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Abstract

Global atmospheric chemical models are an important tool to improve our under-
standing of the Earth’s atmospheric processes and to address the influence of anthro-
pogenic activities on the Earth’s climate. In this context, one of the most important
greenhouse gases is ozone (O3), whose photochemical production in the troposphere
is fueled by volatile organic compounds (VOCs). An important sub-group of VOCs
are oxygenated VOCs (OVOCs), which are photolabile and water soluble. Thus,
a realistic simulation of tropospheric O3 in global atmospheric models also relies
on the realistic representation of OVOCs. The overall objective of this thesis is to
provide a comprehensive assessment of the influences of OVOCs on the atmospheric
composition, by addressing three important aspects and their model representa-
tion. These aspects are: OVOCs’ photochemistry in the gas-phase, their uptake
and transformations in the aqueous phase, and their emissions.
With this aim, five studies are performed. Gas- and aqueous-phase mechanisms are
built from chemical kinetic data, which are obtained from experiments, quantum
chemical and theoretical kinetic calculations, or the literature. In order to inves-
tigate the importance of each mechanism on the atmospheric composition, they
are implemented into the global ECHAM/MESSy Atmospheric Chemistry (EMAC)
model. For analysing the impact of VOC emissions from biomass burning, a combi-
nation of the developed mechanisms is applied.
The first study shows that EMAC underestimates gas-phase OVOC and hydroxyl
radical (OH) concentrations, when ignoring isomerization reactions of isoprene per-
oxy radicals under low-NOx (NOx=NO+NO2) conditions. The second study demon-
strates that in case of isocyanic acid (HNCO), its heterogeneous loss is far more
important than its gas-phase chemical loss. In the third and fourth study, the de-
velopment of the Jülich Aqueous-phase Mechanism of Organic Chemistry (JAMOC)
allows to address the importance of in-cloud OVOC oxidation on tropospheric ox-
idants. This process leads to a significant reduction in gas-phase concentrations
of OVOCs and HOx (HOx=OH+HO2). Elevated in-cloud HO2(aq) concentrations
introduce an enhanced destruction in O3(aq) resulting in reduced gas-phase O3 con-
centrations. Thus, EMAC’s bias towards too high tropospheric O3 concentrations
is diminished. Finally in the fifth study, the investigation of the 2015 Indonesian
peatland fires reveals the significant impact of biomass burning VOC emissions on
the regional tropospheric oxidation capacity. At the same time, enhanced phenol
concentrations are predicted in the lower stratosphere leading to an enhanced de-
struction of O3 by phenoxy radicals, potentially contributing to the variability of O3
observed in satellite retrievals.



vi

The complete assessment demonstrates that a comprehensive and explicit represen-
tation of all OVOC fluxes and transformations in global models is one key to guide
the activities solving humanity’s current and upcoming challenges related to climate
change and air pollution. Especially, the development of JAMOC shows great po-
tential to investigate the influence of aqueous-phase OVOC oxidation on acids and
secondary organic aerosols (SOA) in future studies.
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Chapter 1

Introduction

In the past decades, global atmospheric models have been established as a key tool to
improve our understanding of the Earth’s atmospheric processes and to address the
influence of anthropogenic activities on the Earth’s climate. Especially, the proper
modelling of atmospheric chemistry is an important aspect to tackle humanity’s
current and upcoming challenges related to climate change and air pollution.
One well known tropospheric greenhouse gas (GHG) is ozone (O3). In the tro-
posphere, O3 is of special interest since close to the ground (i.e. the planetary
boundary layer, PBL), it is a pollutant that directly impacts human health (e.g.
respiratory problems, Fowler et al., 2008) and the ecosystem’s productivity (Fowler
et al., 2009). Additionally, O3 absorbs radiation and, therefore, has a direct climate
impact. It is the third largest GHG contributor to radiative forcing (RF) since
pre-industrial times (Myhre et al., 2014). At the same time, O3 is the main tropo-
spheric source of hydroxyl radicals (OH) and thus has an indirect climate impact
by controlling the lifetime of GHGs like methane (CH4). O3 is not directly emit-
ted and its tropospheric abundance depends on its main budget terms: the influx
by stratospheric tropospheric exchange (STE), chemical losses, deposition, and its
chemical production (Young et al., 2018). The latter strongly depends on O3 precur-
sor emissions, like carbon monoxide (CO), nitrogen oxides (NOx=NO+NO2), and
volatile organic compounds (VOCs) (Seinfeld and Pandis, 2016). Oxygenated VOCs
(OVOCs) form an important sub-group of VOCs, which comprise ketones, aldehy-
des, and alcohols. Among other aspects, a realistic simulation of tropospheric O3
in global atmospheric models thus relies on the realistic representation of OVOCs.
Therefore, this thesis aims to provide a comprehensive assessment of the influence
of OVOCs on the atmospheric composition and their representation in the global
ECHAM/MESSy Atmospheric Chemistry model (EMAC, Jöckel et al., 2010).
In the following sections, insights to sources and sinks of OVOCs and O3 in the
atmosphere are provided. In order to understand their relation and the deficits and
consequences of their representation in global models, their most relevant reactions
and processes are described, before addressing the overall research objective of this
thesis.
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1.1 Oxygenated volatile organic compounds in the at-
mosphere

Opposite to O3, the direct effect of OVOCs on climate is minimal. Most of their
lifetimes are rather short and typically range from hours to weeks (except for a few
halogenated OVOCs) and their radiation absorption is relatively weak. Therefore,
the contribution of OVOCs to RF is negligible. However, their degradation leads to
the formation of secondary organic aerosols (SOA) and radicals that influence the
oxidation capacity of the troposphere on a regional and global scale, resulting in an
indirect effect on climate (Mellouki et al., 2015).
In the atmosphere, VOCs (including OVOCs) are directly emitted by biogenic,
biomass burning, and anthropogenic activities, of which biogenic emissions con-
tribute the most. Table 1.1 gives an overview of the total biogenic VOC emissions
estimated for the year 2000 (Guenther et al., 2012). Here, isoprene (C5H8) emissions
are the strongest VOC emissions, which accounts for almost half of the total biogenic
emissions (535 Tg a−1). Isoprene emissions are biologically important for plants since
they protect plants from heat stress (Sharkey and Singsaas, 1995) and O3 damages
(Loreto et al., 2001; Loreto and Velikova, 2001). Table 1.1 also shows that biogenic
OVOC emissions are substantially lower compared to isoprene emissions, with the
highest emissions of methanol (about 100 Tg a−1), followed by acetone, ethanol, and
acetaldehyde. CH4, the simplest hydrocarbon, is the VOC that is emitted the most
by anthropogenic activities. Prather et al. (2012) estimate that anthropogenic activ-
ities contributed about 352 Tg a−1 to the total CH4 emissions of 554 Tg a−1 in 2010.
Additionally, Huang et al. (2017) estimated that anthropogenic activities emitted
about 169 Tg a−1 of non-methane VOCs (NMVOCs). Further, biomass burning
events emit about 400 Tg NMVOCs per year (Akagi et al., 2011).
Even though OVOC emissions contribute significantly to tropospheric OVOC con-
centrations, by far most OVOCs are chemically produced from hydrocarbon oxida-
tion (Mellouki et al., 2015). For example, CH4 reacts initially with OH, which results
in the formation of formaldehyde (HCHO) and methyl hydroperoxide (CH3OOH)
(Seinfeld and Pandis, 2016). These products further oxidise, forming carbon monox-
ide (CO), which ultimately leads to carbon dioxide (CO2). A more complex example
is the oxidation of n-butene (C4H8). Calvert et al. (2011) propose that its oxidation
leads to the formation of about 60 OVOCs including alcohols, aldehydes, carboxylic-
and percarboxylic acids, and organic- and peroxyacyl nitrates (PAN). When isoprene
oxidises under low NOx conditions, isomerization reactions of peroxy radicals (RO2)
become important, leading to a high variety of OVOCs. Under high-NOx condi-
tions, RO2 mainly reacts with NO, leading to the formation of the stable products
methacrolein (MACR) and methyl vinyl ketone (MVK) (Wennberg et al., 2018).
In the atmosphere, OVOCs mainly undergo chemical and physical processes, re-
sulting in their transformation or removal from the atmosphere. During daytime,
the degradation of OVOCs in the gas-phase is mainly initiated by their reaction
with OH. The degradation by photolysis plays a significant role for carbonyls (e.g.
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Table 1.1: A selection of global biogenic VOC emissions for the year 2000. Esti-
mates based on Guenther et al. (2012).

Species Tg a−1 Species Tg a−1 Species Tg a−1

Hydrocarbons
Isoprene 535.0 α-pinene 66.1 Ethene 26.9
Trans-β-ocimene 19.4 β-pinene 18.9 Propene 15.8
Limonene 11.4 Sabinene 9.0 Myrcene 8.7
Butene 8.0 β-caryophyllene 7.4
OVOCs
Methanol 99.6 Acetone 43.7 Ethanol 20.7
Acetaldehyde 20.7
Total biogenic VOC emissions: 1007.4 Tg a−1

aldehydes, ketones). In addition, reactions with O3 may initiate the degradation of
these OVOCs. At nighttime, OH concentrations are low and reactions with the ni-
trate radical (NO3) become important, which are insignificant during daytime since
NO3 is rapidly photolysed. The tropospheric degradation of OVOCs leads to the
formation of a large range of PAN, SOA, highly oxidised VOCs (HOVOCs), and O3.
Many OVOCs are highly soluble and partition into the aqueous-phase (Sander,
2015). Aqueous-phase chemistry in cloud droplets differs significantly from gas-
phase chemistry, mainly due to photolysis enhanced by scattering effects within
cloud droplets (Bott and Zdunkowski, 1987; Mayer and Madronich, 2004), faster
reaction rates, and chemical reactions that do not occur in the gas-phase (Herrmann,
2003; Epstein and Nizkorodov, 2012). The in-cloud degradation of OVOCs is mainly
initiated by OH during daytime and by NO3 during nighttime (Herrmann et al.,
2015). The in-cloud oligomerisation of OVOCs (e.g. from glyoxal and methylglyoxal)
leads to the formation of SOA (Blando and Turpin, 2000; Ervens et al., 2011; Ervens,
2015). Ervens et al. (2011) suggest that in-cloud processes might even contribute in
the same order to SOA formation as gas-phase processes. In the lower troposphere,
OVOCs are additionally removed by dry deposition due to their high solubility.

1.2 A short review of tropospheric ozone

The abundance of tropospheric O3 ranges from less than 10 ppb over remote tropical
oceans to 100 ppb in the upper troposphere. Downwind of polluted urban regions,
100 ppb are frequently exceeded (Myhre et al., 2014). Based on satellite observa-
tions, the tropospheric O3 burden is estimated to be 324 Tg (Young et al., 2018).
Tropospheric O3 levels increased in most parts of the world in the past decades
(Cooper et al., 2014) and it is expected that they will further increase in the next
decades (Young et al., 2013).
The tropospheric O3 abundance depends on its main sources and sinks. About
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500 Tg a−1 of O3 enter the atmosphere as stratospheric influx (Young et al., 2018).
Based on a recent multi-model estimate by Young et al. (2018), the total tropospheric
chemical production is estimated to be about 4950 Tg a−1. In the troposphere, O3 is
produced as a result of chemical reactions involving NOx and VOCs. In absence of
VOCs, O3 and NOx establish a fast photo-chemical null cycle (Seinfeld and Pandis,
2016):

NO2 + hν (λ ≤ 424 nm) → NO +O(3P) (R 1.1)
O2 +O(3P) +M → O3 +M (R 1.2)

NO +O3 → NO2 +O2 (R 1.3)

A net O3 formation in the troposphere is only possible when NO-to-NO2 conversion
occurs by peroxy radicals (HO2 and RO2) without O3 consumption as in Reaction
R 1.3 (Crutzen, 1973). This is done by VOC oxidation that is mainly initiated by
OH, following the scheme of Seinfeld and Pandis (2016):

RH +OH → R +H2O (R 1.4)
R +O2 +M → RO2 +M (R 1.5)
RO2 +NO → RO +NO2 (R 1.6)

RO +O2 → R′CHO +HO2 (R 1.7)
HO2 +NO → OH +NO2 (R 1.8)

The net production of O3 is thus dependent on the available NOx and VOC con-
centrations, on which it depends in a non-linear manner. In the free troposphere,
the formation of O3 is mainly initiated by the oxidation of CO and CH4, whereas
over urban and vegetated regions, the oxidation of VOCs drives the O3 formation.
At low NOx concentration levels with sufficiently available VOCs, the production
of O3 is NOx-limited. Increasing the NOx concentration leads to an enhanced O3
formation. Eventually, the O3 production reaches a local maximum and a further
increase of NOx leads to a reduced production of O3 because of the NOx radical
terminating reaction:

OH +NO2 +M → HNO3 +M (R 1.9)

If NOx concentrations are sufficiently high but VOC concentrations are low, the O3
production becomes VOC-limited (Sillman, 1999).
At the same time, tropospheric O3 is destroyed mainly by its own photolysis yielding
singlet oxygen (O(1D)):

O3 + hν (λ ≤ 319 nm) → O(1D) +O2 (R 1.10)

However, effective O3 destruction is only possible in the presence of water:

O(1D) +H2O → OH +OH (R 1.11)

since O(1D) is efficiently converted to atomic oxygen (O(3P)), and thus to O3 (Re-
action R 1.2) by reacting with N2 and O2:

O(1D) +N2 → O(3P) +N2 (R 1.12)
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O(1D) +O2 → O(3P) +O2 (R 1.13)

Additionally, O3 is destroyed by reactions with HO2, OH, and most VOCs with car-
bon double bonds. The total chemical O3 loss is estimated to be about 4500 Tg a−1

and additional 950 Tg a−1 are lost by dry deposition (Young et al., 2018).
In general, O3 is rather insoluble in water but it is still taken up by warm (liq-
uid) cloud droplets, which act as a significant O3 sink. Within cloud droplets, the
dissolved ozone (O3(aq)) is mainly destroyed via (Staehelin et al., 1984):

O3(aq) +O−2(aq) → O−3(aq) +O2(aq) (R 1.14)
O−3(aq) +H+

(aq) → OH(aq) +O2(aq) (R 1.15)

where the superoxide anion (O–
2(aq)) is in equilibrium with its conjugated base hy-

droperoxyl radical (HO2(aq)):

HO2(aq) ⇌ O−2(aq) +H+
(aq) (R 1.16)

Here, HO2(aq) is either taken up into or produced by photo-oxidation within the
cloud droplet (e.g. by in-cloud OVOC oxidation). The realistic representation of
clouds as O3 sinks in models is thus sensitive to a proper representation of HO2(aq)
and OVOC oxidation in cloud droplets.

1.3 Current modelling status and process representa-
tion

In general, atmospheric models vary in their complexity ranging from simple box-
models, representing a single air parcel, to complex global atmospheric chemistry
models. A comprehensive assessment of the influence of OVOCs on the atmospheric
composition needs to address three important aspects: the OVOCs’ photochemistry
in the gas-phase, their uptake and transformations in the aqueous phase, and their
surface-atmosphere exchanges. The model representation of all three aspects must
be accordingly evaluated.
In the core of global models, atmospheric gas-phase chemistry is represented by a set
of reactions. The oxidation of isoprene, the most abundant VOC, is represented for
example by the highly explicit Master Chemical Mechanism (MCM, Jenkin et al.,
2015). However, due to its complexity, the MCM is not suitable for global model
applications and reduced mechanisms, which vary in their complexity, are used
instead. Example mechanisms for global models comprise the Model of OZone And
Related Tracers (MOZART, Emmons et al., 2010), the Mainz Isoprene Mechanism
2 (MIM2, Taraborrelli et al., 2009), and the Mainz Organic Mechanism (MOM,
Sander et al., 2019, further details in Sect. 2.1.1). Uncertainties originating from
mechanism reduction may introduce significant inaccuracies into the representation
of atmospheric chemistry in global models (Whitehouse et al., 2004a,b).
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Herrmann et al. (2015) showed that the partitioning and oxidation of OVOCs in
cloud droplets significantly influence the OH budget. Thus, the detailed represen-
tation of aqueous-phase chemistry is important to properly predict the atmospheric
concentrations of VOCs and oxidants. However, most global models only include
the uptake of a few soluble compounds, their acid-base equilibria, and the oxida-
tion of sulfur dioxide (SO2) via O3 and hydrogen peroxide (H2O2) (Ervens, 2015,
Table 1). The explicit oxidation of OVOCs is currently not considered in any global
model with one exception, though limited to species containing one carbon atom
(Tost et al., 2006a). It is thus expected that the missing in-cloud OVOC oxidation
leads to too low in-cloud HO2(aq) concentrations, resulting in an underprediction of
clouds as O3 sinks (Reaction R 1.14).
In global models, biomass burning emissions are represented based on a combination
of satellite observations and emission coefficients (Kaiser et al., 2012). The latter
mainly differ for each emitted species and the primary biomass type burned (Akagi
et al., 2011). Recently, multiple studies found substantial differences between mul-
tiple biomass burning emission inventories (Shi and Matsunaga, 2017; Pan et al.,
2020; Liu et al., 2020). As biomass burning releases a significant amount of VOCs
into the atmosphere, the representation of OVOCs in global models also depends on
the representation of the biomass burning inventory used. Additionally, the chem-
ical mechanisms of global models do not represent all OVOCs emitted by biomass
burning and their importance can thus not be addressed. One example of such
OVOCs is isocyanic acid (HNCO), which is strongly emitted by biomass burning
and inadvertently released by NOx mitigation measures in flue gas treatments. Its
chemical lifetime in the gas phase is expected to be in the order of years, since the
reaction with its main chemical reactant (OH) is estimated to be slow (Leslie et al.,
2019). Therefore, heterogeneous losses are expected to be its major sinks, resulting
in an estimated atmospheric lifetime of about a month (Young et al., 2012). HNCO
is linked to protein carbamylation if ambient concentrations exceed 1 ppb, which
causes adverse health effects for humans (Wang et al., 2007; Roberts et al., 2011;
Leslie et al., 2019). Currently, HNCO is not represented in EMAC but with in-
creasing biomass burning and more widespread usage of catalytic converters in car
engines its representation is desirable.

1.4 Scientific approach and thesis structure

This thesis aims to provide a comprehensive assessment of the influence of OVOCs on
the atmospheric composition. The focus is on the importance of the representation
of OVOCs in EMAC and associated uncertainties, in order to improve EMACs
capabilities in representing air pollution and climate change related processes. The
assessment is achieved by investigating the formation and degradation of OVOCs in
the gas-phase, their relevance for aqueous-phase chemistry, and the representation
of VOC emissions from biomass burning. In this scope, five individual studies are
conducted, which can be grouped according to their focus on the importance of:
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• Gas-phase chemistry of OVOCs:
1. Novelli et al. (2020) (here Chapter 3) quantify the OH regeneration in

isoprene oxidation and address the importance of the isomerization re-
actions of isoprene peroxy radicals by using a combination of chamber
experiments, quantum chemical and theoretical kinetic calculations, box-
model studies, and EMAC simulations.

2. Rosanka et al. (2020) (here Chapter 4) investigate the importance of
atmospheric loss processes of HNCO by combining a theoretical kinetic
study and EMAC simulations.

• Aqueous-phase chemistry of OVOCs:
3. Rosanka et al. (2021a) (here Chapter 5) develop the in-cloud oxida-

tion scheme Jülich Aqueous-phase Mechanism of Organic Chemistry (JA-
MOC), which is suitable for global model applications, and implement it
into the Module Efficiently Calculating the Chemistry of the Atmosphere
(MECCA).

4. Rosanka et al. (2021b) (here Chapter 6) apply JAMOC in EMAC and
address the importance of in-cloud OVOC oxidation on tropospheric ox-
idants (OVOCs, HOx, and O3).

• Biomass burning emissions of VOCs:
5. Rosanka et al. (2021c) (here Chapter 7) illustrate the influence of biomass

burning VOC emissions on the troposphere and lower stratosphere by
analysing the impact from Indonesian peatland fires in 2015.

The thesis is organised as follows: in the subsequent Chapter 2 the atmospheric
chemistry models used in the performed studies are reviewed. Here, the main focus
is on the representation of gas- and aqueous-phase chemistry in these models as well
as other important physical processes connected to VOCs. In the follow up chapters
(Chapter 3-7), each individual study is presented as published in the respective
journal in the order listed above. In Chapter 8, all studies are summarised and
discussed in the context of this thesis. Final conclusions are drawn in Chapter 9,
including an outlook for upcoming research projects.





Chapter 2

Modelling systems

In order to address the research objectives of this thesis, the chemical mechanism
used in the global model ECHAM/MESSy Atmospheric Chemistry (EMAC, Jöckel
et al., 2010) has been further developed. Figure 2.1 gives an overview on the gen-
eral approach used during this development process. In a first step, the mechanism
is derived and developed based on chemical kinetic data, which are obtained from
the literature or quantum chemical and theoretical kinetic calculations. Afterwards,
the resulting mechanism is implemented into a box-model (e.g. Chemistry As A
Boxmodel Application (CAABA), Sander et al., 2019) and its simulation results are
compared to measurements or reviewed using earlier studies. Once the mechanism
properly represents the added chemistry, it is optimised with respect to its compu-
tational costs and implemented into EMAC. This allows to investigate the global
implications of the new chemical mechanism. The gas- and aqueous-phase chemistry
mechanisms, which are used across all studies, are introduced in Sect. 2.1. After-
wards, an introduction of the two modelling systems, mainly used in this thesis, is
provided (Sect. 2.2 and 2.3), focusing on the physical aspects most relevant to this
thesis.
In Novelli et al. (2020) (here Chapter 3) and Rosanka et al. (2020) (here Chap-
ter 4), additional methodologies are used, which are not directly related to global
modelling. These techniques mainly concern measurement techniques and theoreti-
cal chemistry modelling. For further details on these techniques, please refer to the
main manuscripts (Chapter 3 and 4) and their supplemental material (Appendix A
and B).

Literature study

Quantum	chemical
and	theoretical	kinetic

calculations

Mechanism
development in a

box-model

Can the mechanism
be simplified or

optimised?

Impact study 
in EMAC

Yes

No

Figure 2.1: General mechanism development strategy used in this thesis.
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2.1 Base chemical mechanisms

All developments in this thesis are based on the same original chemical mechanism,
which is spilt in a gas- and an aqueous-phase mechanism. The base gas-phase
mechanism is the Mainz Organic Mechanism (MOM, Sander et al., 2019), which
includes the most complex VOC oxidation scheme currently available in EMAC. The
base aqueous-phase mechanism is EMAC’s standard aqueous-phase mechanism. In
the following, both are shortly introduced.

2.1.1 The gas-phase Mainz Organic Mechanism (MOM)

In general, MOM contains the basic HOx, NOx, CH4, NMVOCs, halogen (Cl, Br),
and sulfur (S) chemistry and represents a large variety of VOCs. Figure 2.2 shows
this variety by providing an overview on the chemical structure and the classification
of the 43 primarily emitted VOCs. In total, MOM represents more than 600 species
and 1600 reactions (Sander et al., 2019). The following paragraphs focus on the
treatment of isoprene, terpenes, aromatics, and peroxy radicals (RO2).

Oxidation of isoprene

The oxidation scheme of isoprene (C5H8) is based on the Mainz Isoprene Mechanism
Extended (MIME, Nölscher et al., 2014). It has been originally derived from the
Master Chemical Mechanism (MCM, v3.1, Jenkin et al., 1997; Saunders et al., 2003)1

as described by Taraborrelli et al. (2009) and subsequently extended by Taraborrelli
et al. (2012). Figure 2.3 gives an overview of the OH addition pathway as represented
in MIME. In MIME the OH addition to isoprene occurs mostly at position 1 and 4
and to much lesser extent (7 %) at position 2 and 3. In MIME, 93 % of the reaction
flux results in four alkyl radicals. These undergo O2-addition/elimination with 6
peroxy radicals, which in turn then react with HO2, NO, NO3, and RO2. In MOM
for each OH-addition position, the two alkyl radical isomers and associated three
RO2 are lumped together.
The representation of isoprene in MOM includes: (1) the 1,6-H-shift for Z-1,4- and
Z-4,1-ISOPO2 isomers following Peeters et al. (2009) using the rate coefficients esti-
mated by Taraborrelli et al. (2012) and the isoprene-derived hydroperoxy aldehydes
(HPALDs) yield from Nölscher et al. (2014), (2) a simplified mechanism of the non-
HPALD-yielding channel according to Peeters et al. (2014) and Jenkin et al. (2015),
(3) the OH addition of the unsaturated isoprene hydroperoxides following Paulot
et al. (2009) yielding epoxydiols and OH, and (4) the degradation of methacrolein
(MACR) following Orlando et al. (1999) using the MACR peroxy radical 1,4 H-shift
reaction rate as proposed by Crounse et al. (2012). In MOM, the isoprene re-
lated photolysis is implemented for: (1) carbonyl nitrates according to Barnes et al.

1Rickard, A. and Pascoe, S.: The Master Chemical Mechanism (MCM), available at: http:
//mcm.leeds.ac.uk/MCMv3.1/ (last access: 6 September 2020)

http://mcm.leeds.ac.uk/MCMv3.1/
http://mcm.leeds.ac.uk/MCMv3.1/
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Figure 2.2: Overview of the 43 primarily emitted VOCs treated in MOM (obtained
from Sander et al., 2019)

(1993) and Müller et al. (2014), (2) HPALDs following Peeters et al. (2014) and
Jenkin et al. (2015), and (3) hydroxy vinyl methyl ketone (HVMK) and 3-hydroxy-
2-methyl-acrolein (HAMC) following Nakanishi et al. (1977) and Messaadia et al.
(2015).

Oxidation of terpenes

The oxidation of the two terpenes with the highest biogenical emission rates (α-
pinene and β-pinene, see Table 1.1) is based on the MCM implementation as pro-
posed by Jenkin et al. (2000). In general, the oxidation of both terpenes is initialised
by O3 addition to the double bond. This forms an ozonide, which quickly decomposes
by two possible channels. Each leads to the formation of a Criegee intermediate,
which either decomposes yielding an organic radical and OH or stabilises by collision.
This mechanism is modified to include developments from Vereecken et al. (2007),
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Figure 2.3: The isoprene OH-addition pathway as represented in MIME, which
has been reduced to MOM. The species and reactions in red are the ones proposed
originally by Peeters et al. (2009) (obtained from Nölscher et al., 2014).

Nguyen et al. (2009), Vereecken and Peeters (2012), and Capouet et al. (2008). The
modifications obtained from these theoretical works are simplified, neglecting minor
O3 and OH initiated oxidation channels.

Oxidation of aromatics

The oxidation of aromatics (e.g. benzene, toluene, xylenes) is implemented following
Cabrera-Perez et al. (2016), which is a reduction of the aromatics mechanism used
in MCM (v3.2, Jenkin et al., 2003; Bloss et al., 2005)2. Here, the mechanisms for
benzene and toluene are directly taken from MCM, due to their high abundance in
the atmosphere. The first oxidation step of all other aromatics, except for xylenes
and trimethylbenzenes, follows the implementation of MCM. The second oxidation
step of these aromatics is linked to the one of toluene. Xylenes and trimethylben-
zenes are lumped with equal proportion. Products with a lifetime shorter than 1 s
are not explicitly represented and replaced by their respective products. The re-

2Rickard, A., Young, J. and Pascoe, S.: The Master Chemical Mechanism (MCM), available at:
http://mcm.leeds.ac.uk/MCMv3.2/ (last access: 6 September 2020)

http://mcm.leeds.ac.uk/MCMv3.2/
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action of NO2 with phenyl peroxy radicals (C6H5O2) yielding NO3 is implemented
following Jagiella and Zabel (2007). Additionally, the representation of nitrophenols
is expanded to include their photolysis reactions according to Bejan et al. (2006)
and Chen et al. (2011). The non-HONO formation channel from nitrophenol photol-
ysis, which does not destroy the aromatic ring and reforms phenoxy radicals (Cheng
et al., 2009; Vereecken et al., 2016) is neglected in MOM.

VOC oxidation by OH, NO3, and O3

OH is the major daytime oxidant, which reacts with VOCs by either H-abstraction
or OH addition. When available, measured rate coefficients are used, while most
coefficients are taken from the International Union of Pure and Applied Chem-
istry (IUPAC) kinetic data evaluation (Atkinson et al., 2006)3. Rate coefficients
are estimated if no measured values are available. For species containing up to
five carbon atoms, the rate coefficients are estimated using a structure–activity re-
lationship (SAR) based on Atkinson (1987) and Kwok and Atkinson (1995). The
rate coefficients for closed-shell species (containing five- to eleven-carbon atoms)
are taken from MCM. The OH addition is represented using the rate coefficients
from Peeters et al. (2007). In order to take the effect of neighbouring groups into
account, substituent factors are used, which are differentiated by the neighbouring
functional group. In MOM, the NO3 and O3 initiated VOC oxidation follows the
MCM implementation.

Peroxy radicals (RO2)

Under polluted conditions, peroxy radicals (RO2) formed from VOC oxidation pre-
dominantly react with NO. For this reaction, two reaction channels are considered,
resulting either in the formation of the corresponding alkoxy radical (RO) and NO2
or in alkyl nitrate (RONO2). The yields for the formation of alkyl nitrates are
mainly obtained from Arey et al. (2001). The formation and decomposition of per-
oxy nitrates (RO2NO2) are implemented following the MCM implementation using
the kinetic data from the Jet Propulsion Laboratory (JPL)4. Reactions of RO2 with
NO3 produce the corresponding RO and NO2. For the reaction of RO2 with HO2,
three possible channels are considered:

RO2 +HO2 → RO +OH +O2 (R 2.1)
→ ROOH +O2 (R 2.2)
→ ROH +O3 (R 2.3)

3Wallington, T. J., Ammann, M., Cox, R. A., Crowley, J. N., Herrmann, H., Jenkin, M. E., Mc-
Neill, V., Mellouki, A., Rossi,M. J., and Troe, J.: IUPAC Task group on atmospheric chemical
kinetic data evaluation: Evaluated kinetic data, available at: http://iupac.pole-ether.fr
(last access: 6 September 2020)

4Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies, Evaluation No. 19,
available at: http://jpldataeval.jpl.nasa.gov (last access: 6 September 2020)

http://iupac.pole-ether.fr
http://jpldataeval.jpl.nasa.gov
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Additionally, self- and cross-reactions of each RO2 are taken into account using
the permutation reaction formalism from MCM (Jenkin et al., 1997). Here, the
methylperoxy radical (CH3O2) is assumed to be the main co-reactant of each RO2
following Madronich and Calvert (1990). The resulting pseudo-first-order reaction
rate coefficient is represented as:

k1st = 2 ×
√

kRO2 × kCH3O2 × [RO2] (2.1)

where, kRO2 is the second-order rate coefficient of the self-reaction of the respective
RO2, kCH3O2 is the second-order rate coefficient of CH3O2, and [RO2] represents the
concentration sum of all organic peroxy radicals.

2.1.2 The aqueous-phase mechanism

Most global atmospheric chemistry models only include very limited representa-
tions of in-cloud chemistry (Ervens, 2015). Both models used within this study (see
Sect. 2.2 and 2.3) allow to include an advanced aqueous-phase mechanism. It rep-
resents more than 150 reactions (Tost et al., 2007a; Jöckel et al., 2016) including
phase transfer, acid dissociation equilibria, oxidation-reduction reactions, heteroge-
neous reactions on droplet surfaces, and photolysis reactions. This mechanism can
be considered to be the current standard mechanism used in EMAC. Similar to
other global model aqueous-phase mechanisms, it includes the oxidation of sulfur
dioxide (SO2(aq)) via O3(aq) and hydrogen peroxide (H2O2(aq)). Opposite to other
global model mechanisms, it considers the uptake of radicals like HO2 into cloud
droplets, which leads to an active destruction of O3, following the Reactions R 1.14
and R 1.16. In addition, it includes a simplified degradation scheme of methane
oxidation products.

2.2 The box-model CABBA

When implementing advancements in chemical mechanisms, box-models provide
an easy infrastructure to develop these changes and to understand their funda-
mental atmospheric implications. In Rosanka et al. (2021a) (here Chapter 5) and
Rosanka et al. (2021b) (here Chapter 6), the Chemistry As A Boxmodel Application
(CAABA, Sander et al., 2019) is used for this purpose. CAABA represents a single
air parcel (i.e. a box) in the atmosphere under predefined conditions (e.g. tempera-
ture, humidity). The gas- and aqueous-phase chemistry mechanisms are represented
using the multi-purpose Module Efficiently Calculating the Chemistry of the Atmo-
sphere (MECCA), using one aerosol size bin with a constant radius and liquid water
content (LWC). MECCA is capable to integrate the defined multiphase chemical
mechanism as one single system of Ordinary Differential Equations (ODEs) with
appropriate phase-transfer reactions (Sander, 1999; Kerkweg et al., 2007), using the
Kinetic Pre-Processor (KPP version 2.2.3, Sandu and Sander, 2006). In addition
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to chemical processes, CAABA considers physical processes like emissions, depo-
sition, entrainment, and detrainment by using the submodel Simplified EMIssion
and DEPosition (SEMIDEP). Due to the 0-dimensional nature of box-models, no
differences exist between physical processes like emissions and entrainment, as they
can be represented as fluxes into the box, whereas deposition and detrainment are
represented as fluxes out of the box. Concentration changes due to emissions or en-
trainment fluxes and changes due to deposition or detrainment are calculated using
the representations described by Kerkweg et al. (2006b) and Kerkweg et al. (2006a),
respectively. Photolysis rate coefficients are calculated using the submodel JVAL
(Jöckel et al., 2005; Sander et al., 2014), which applies the method of Landgraf and
Crutzen (1998). Here, the rate coefficients for photolysis reactions are calculated
for eight predefined wavelength bands using the spectral actinic flux, the quantum
yield, and absorption cross section.

2.3 The global model EMAC

The global chemistry climate model EMAC is employed to investigate the global in-
fluence of the expanded chemistry mechanism, which are developed in this thesis. It
consists of the Modular Earth Submodel System (MESSy, Jöckel et al., 2010) infras-
tructure applying the 5th generation European Centre Hamburg general circulation
model (ECHAM5, Roeckner et al., 2006) as the base model. Within this section,
the major aspects of EMAC are discussed, including an introduction to the MESSy
infrastructure (Sect. 2.3.1) and the base model ECHAM5 (Sect. 2.3.2). Physical
processes most relevant for this thesis and one key diagnostic method are presented
in Sect. 2.3.3 to 2.3.8.

2.3.1 The MESSy interface

The Modular Earth Submodel System (MESSy)5 is a software providing the frame-
work for the bottom up implementation of Earth System Model components. MESSy
is coded in so-called submodels, i.e. each process or functionality is coded as a sub-
model. Each submodel consists of a ‘core’, which is independent of all other model
components, and an interface managing the communication between this specific
and all other model components (submodels). These submodels may represent in-
frastructure components (e.g. input/output), physical process descriptions (e.g.
gas-phase chemistry), or diagnostics (e.g. sampling along satellite orbits). Techni-
cally, this is achieved by using four different layers: (1) the base model layer (BML),
which in this study is ECHAM5, (2) the base model interface layer (BMIL), which
acts as socket that connects all submodels, (3) the submodel interface layer (SMIL),
which connects the processes described in each submodel with the BMIL, and (4)
the submodel core layer (SMCL), in which the submodel’s process is described (e.g.

5The highly structured Modular Earth Submodel System (MESSy), available at: https://www.
messy-interface.org/ (last accessed: 9 September 2020)

https://www.messy-interface.org/
https://www.messy-interface.org/
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Table 2.1: MESSy submodels used within all studies.
Name Function Reference
AEROPT Aerosol optical depth Jöckel et al. (2006)
AIRSEA Air-sea exchange of trace gases Pozzer et al. (2006)
BIOBURN Biomass burning emissions (see

Sect. 2.3.7)
Cabrera Perez (2017)

CH4 Oxidation of CH4 by OH, O(1D), Cl.
Feedback to the hydrological cycle.

∗

CLOUD ECHAM5 cloud scheme as MESSy
submodel

Roeckner et al. (2006)

CLOUDOPT Calculation of cloud optical properties Dietmüller et al. (2016)
CONVECT Convection parameterisations Tost et al. (2006b)
CVTRANS Convective tracer transport Tost (2006)
DDEP Dry deposition of trace gases and

aerosols (see Sect. 2.3.5)
Kerkweg et al. (2006a)

GWAVE Hines non-orographic gravity wave
routines from ECHAM5

∗

JVAL Photolysis rates Jöckel et al. (2005)
LNOX Lightning NOx production Tost et al. (2007b)
MECCA Atmospheric chemistry (see

Sect. 2.3.3)
Sander et al. (2019)

MEGAN Model of Emissions of Gases and
Aerosols from Nature (see Sect. 2.3.6)

Guenther et al. (2006)

MSBM Multi-phase stratospheric box model Jöckel et al. (2010)
OFFEMIS Prescribed emissions of trace gases and

aerosols
Kerkweg et al. (2006b)

ONEMIS On-line calculated emissions of trace
gases and aerosols

Kerkweg et al. (2006b)

ORBIT Calculation of orbital parameters of
the Earth orbit

Dietmüller et al. (2016)

OROGW Parameterisation of subgrid scale orog-
raphy (SSO) drag due to low level SSO
blocking and orographic gravity wave
forcing

∗

PTRAC Define additional prognostic tracers
via namelist

Jöckel et al. (2008)

QBO Newtonian relaxation of quasi-biennial
oscillation

Jöckel et al. (2006)

RAD Implementation of the ECHAM5 radi-
ation code

Dietmüller et al. (2016)

S4D Sampling in 4 dimensions (e.g. flight
tracks)

Jöckel et al. (2010)
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Table 2.1: MESSy submodels used within all studies (... continued).
Name Function Reference
SCAV Scavenging and wet deposition of trace

gases and aerosol (see Sect. 2.3.4)
Tost et al. (2006a)

SEDI Sedimentation of aerosol particles Kerkweg et al. (2006a)
SORBIT Sampling along sun-synchronous satel-

lite orbits (see Sect. 2.3.8)
Jöckel et al. (2010)

SURFACE The SURFACE submodel is the mod-
ularised version of the ECHAM5 sub-
routines SURF, LAKE, LICETEMP
and SICETEMP

∗

TNUDGE Newtonian relaxation of species as
pseudo-emissions

Kerkweg et al. (2006b)

TREXP Tracer release experiments from point
sources

Jöckel et al. (2010)

TROPOP Tropopause and other diagnostics Jöckel et al. (2006)
VERTEX Represents land-atmosphere exchange

(except for tracers) and vertical diffu-
sion

∗

∗ Modular Earth Submodel System (MESSy) - MESSy Submodels, available at: https://www.messy-inter

face.org/current/auto/messy_submodels.html (last accessed: 9 September 2020)

gas-phase chemistry). One important aspect of MESSy is its infrastructure, which
builds the middleware between the base model and all regular submodels. The
MESSy submodels building the infrastructure (e.g., TRACER, TIMER, IMPORT)
are called generic submodels. By providing standardised interface routines, the sub-
model CHANNEL allows different submodels to access data generated by another
submodel using pointers and avoiding usage of variables throughout the code (Jöckel
et al., 2010). For example, the data object for the atmospheric concentration of O3
can be accessed by the gas- and aqueous-phase chemistry and the dry deposition
submodels. Table 2.1 provides an overview of all non-generic submodels used in this
thesis including their main references.

2.3.2 ECHAM5: EMAC’s dynamical core

ECHAM5 (‘EC’ from ECMWF and ‘HAM’ from HAMburg, version 5) is a global
circulation model (GCM) providing the dynamical core for EMAC. It is based on
the global weather forecast model developed at the European Centre for Medium-
Range Weather Forecasts (ECMWF) and includes additional physical parameterisa-
tions developed at the Max-Plank Institute for Meteorology in Hamburg. A detailed
description of the model is provided by Roeckner et al. (2003). The four prognostic
variables temperature, vorticity, divergence, and the logarithm of the surface pres-
sure are defined in spectral space by a truncated series of spherical harmonics. The

https://www.messy-interface.org/current/auto/messy_submodels.html
https://www.messy-interface.org/current/auto/messy_submodels.html
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Table 2.2: Summary of the different EMAC grid resolutions used in this thesis.

Resolution # of # of Approximated Vertical Model top Time
longitudes latitudes box width levels height [hPa] step [s]

T42L90 128 64 2.81°/313 km 90 0.01 720
T63L90 192 96 1.87°/209 km 90 0.01 600
T106L31 320 160 1.12°/125 km 31 10 360
T106L90 320 160 1.12°/125 km 90 0.01 300

tracer transport is based on a semi-Lagrangian approach (Lin and Rood, 1996).
Within this thesis, EMAC is used at different horizontal resolutions corresponding
to different spherical truncations (T42, T63, and T106) and vertical resolutions with
hybrid pressure levels up to 10 hPa (31 levels) and 0.01 hPa (90 levels), respectively.
Table 2.2 provides an overview of all resolutions used, including approximations for
the different grid box sizes. All simulations performed in this thesis use the Quasi
Chemistry-Transport Model mode (QCTM mode, Deckert et al., 2011). This means
that chemistry and dynamics are decoupled, e.g. fixed tracer mixing rations are
used as input for the radiation scheme instead of the prognostic chemical tracers. In
this way, the meteorology is the same for all simulations enabling the investigation
of the implications of different chemical mechanisms.

2.3.3 Representation of the gas-phase chemistry

In EMAC, MECCA is used to represent chemical processes in the troposphere and
the stratosphere. Differently to CAABA, gas- and aqueous-phase chemistry are
calculated by two different submodels in EMAC. In this thesis, gas-phase chemi-
cal processes are represented by MECCA, using the gas-phase mechanism MOM
described in Sect. 2.1.1. Additionally, MECCA applies the KPP Post Processor
(KP4) when coupled to EMAC, in order to improve computation efficiency for three
dimensional models (Jöckel et al., 2010). MECCA employs a tagging system that
allows to obtain reaction rates from multiple reactions and to combine them into
a single tracer (Gromov et al., 2010). In this thesis, this tagging system is mainly
used to calculate detailed gas-phase chemical budgets, focusing on odd oxygen (Ox)
and HOx.

2.3.4 Representation of the aqueous-phase chemistry

Aqueous-phase chemistry in clouds and wet deposition are represented by using the
SCAVenging submodel (SCAV, Tost et al., 2006a). It simulates the removal of trace
gases and aerosol particles by clouds and precipitation. The phase transfer of species
is described by Schwartz (1986) (see Sander, 1999; Tost et al., 2006a). In this ap-
proach, the outgassing depends on Henry’s law constants. In addition to the phase
transfer, SCAV calculates acid dissociation equilibria, oxidation-reduction reactions,
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heterogeneous reactions on droplet surfaces, and aqueous-phase photolysis reactions
using the aqueous-phase mechanisms presented in Sect. 2.1.2. Wet deposition is
calculated from the in-cloud and in-precipitation chemical concentrations for both,
large-scale and convective clouds. SCAV also employs a rudimental tagging sys-
tem, which allows to budget the in-cloud chemical production and losses of selected
species. Similarly to MECCA, SCAV represents the aqueous-phase mechanism as
an ODE system, which is solved by applying KPP (version 1). The ODE systems
resulting from the combination of gas-phase and in-cloud aqueous-phase suffer from
a higher stiffness due to fast acid-base equilibria and phase-transfer reactions and a
load imbalance on High-Performance Computing (HPC) systems due to the sparsity
of clouds. Thus, the increase in computational demand per added aqueous-phase
reaction is expected to be higher compared to gas-phase reactions (i.e. reactions
added to MOM in MECCA).

2.3.5 Representation of dry deposition

The removal of trace gases (e.g. O3 and many VOCs) by dry deposition is an
important atmospheric sink. For example, dry deposition of O3 accounts for about
20 % of the total O3 loss (Young et al., 2018). In EMAC, this process is represented
by the submodel Dry DEPosition (DDEP, Kerkweg et al., 2006a). It calculates the
dry deposition of trace gases to vegetation using the multiple resistance model by
Wesely (1989). Compared to Wesely (1989), DDEP only considers a reduced number
of surface types. Since the dry deposition velocities of O3 and SO2 are relatively
well known, the dry deposition velocities of other trace gases are scaled to these two
species, using their solubility and reactivity. The so called ‘one big-leaf approach’
is applied, in which the vegetation canopy is represented as a single system in each
grid box, neglecting detailed plant structures and characteristics. Therefore, it is
assumed that the leaf density is vertically uniformly distributed and that leaves are
horizontally oriented (Sellers, 1985).

2.3.6 Representation of biogenic emissions

The strongest atmospheric sources of hydrocarbons are the emissions from biogenic
activities (see Table 1.1). The MESSy submodel Model of Emissions of Gases and
Aerosols from Nature (MEGAN, Guenther et al., 2006) is used in EMAC to represent
these sources. In general, biogenic emissions are driven by the density of plants (leaf
area index, LAI), the plant type (plant functional type, PFT), weather conditions
(i.e. solar radiation, temperature, and moisture), and the atmospheric chemical
composition. In EMAC, global biogenic VOC emissions are dependent on the grid
resolution. In order to allow the comparability of model results across different
resolutions, the global biogenic emissions of important VOCs (e.g. isoprene) are
scaled to the same best estimate.
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2.3.7 Representation of biomass burning events

The second strongest atmospheric source of VOCs is biomass burning (Akagi et al.,
2011). In EMAC, biomass burning emission fluxes are determined by the submodel
BIOBURN (Cabrera Perez, 2017). These fluxes are calculated by using biomass
burning emission factors (EF) and dry matter combustion rates. For the latter,
Global Fire Assimilation System (GFAS, Heil et al., 2010) data are used, which are
based on satellite observations of fire radiative power obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS, Kaufman et al., 1998) satellite in-
struments (Kaiser et al., 2012). In general, the biomass burning emission factors for
VOCs are based on Akagi et al. (2011) and vary for the dominant fire type of each
biomass burning event. The latter depends on the main vegetation in the area of
each fire. In BIOBURN, these vegetation types are categorised into extratropical
forest with organic soil, tropical forest, savanna, and peatland.

2.3.8 Comparison with satellite retrievals

Satellite retrievals provide the unique possibility to compare the global distribution
of important atmospheric species. In Rosanka et al. (2021b) (here Chapter 6) and
Rosanka et al. (2021c) (here Chapter 7), the modelling results are compared to satel-
lite observations obtained from the Infrared Atmospheric Sounding Interferometer
(IASI, Clerbaux et al., 2009) onboard the Metop-A (IASI-A) and Metop-B (IASI-B)
satellites. This is achieved by using the submodel SORBIT (Jöckel et al., 2010),
which samples the model’s output along sun-synchronous satellite orbits at the time
of the satellite overpass. In particular, the Fast Optimal Retrievals on Layers for
IASI Ozone (FORLI-O3, version 20151001; see Hurtmans et al. (2012), for a descrip-
tion of the retrievals) is used for comparison of tropospheric O3 columns in Rosanka
et al. (2021b) (here Chapter 6). The evaluation of simulation results against global
observational datasets of VOC abundance can be performed for only a few species.
In particular, VOC total columns have been retrieved globally from IASI, using the
neural network-based approach Artificial Neural Network for IASI (ANNI, Franco
et al., 2018). In Rosanka et al. (2021b) (here Chapter 6) and Rosanka et al. (2021c)
(here Chapter 7), the modelled columns of methanol (CH3OH) are compared to
these retrievals. In addition, ANNI hydrogen cyanide (HCN) columns are used for
the model evaluation in Rosanka et al. (2021c) (here Chapter 7). Due to the limited
information on the vertical distribution of most VOCs that are contained in the
IASI spectra, only total columns are available for the model evaluation. Since the
neural network-based retrievals do not rely on scene-dependent a priori information,
no averaging kernels are produced. The retrieved total columns can directly be
compared to the model data such that SORBIT is not used when analysing CH3OH
and HCN.
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Abstract. Theoretical, laboratory, and chamber studies have
shown fast regeneration of the hydroxyl radical (OH) in the
photochemistry of isoprene, largely due to unimolecular re-
actions which were previously thought not to be important
under atmospheric conditions. Based on early field measure-
ments, nearly complete regeneration was hypothesized for a
wide range of tropospheric conditions, including areas such
as the rainforest where slow regeneration of OH radicals is
expected due to low concentrations of nitric oxide (NO). In
this work the OH regeneration in isoprene oxidation is di-
rectly quantified for the first time through experiments cov-
ering a wide range of atmospherically relevant NO levels
(between 0.15 and 2 ppbv – parts per billion by volume) in
the atmospheric simulation chamber SAPHIR. These con-
ditions cover remote areas partially influenced by anthro-
pogenic NO emissions, giving a regeneration efficiency of
OH close to 1, and areas like the Amazonian rainforest with
very low NO, resulting in a surprisingly high regeneration ef-
ficiency of 0.5, i.e. a factor of 2 to 3 higher than explainable
in the absence of unimolecular reactions. The measured radi-
cal concentrations were compared to model calculations, and
the best agreement was observed when at least 50 % of the
total loss of isoprene peroxy radicals conformers (weighted
by their abundance) occurs via isomerization reactions for
NO lower than 0.2 ppbv. For these levels of NO, up to 50 %
of the OH radicals are regenerated from the products of the

1,6 α-hydroxy-hydrogen shift (1,6-H shift) of Z-δ-RO2 rad-
icals through the photolysis of an unsaturated hydroperoxy
aldehyde (HPALD) and/or through the fast aldehydic hydro-
gen shift (rate constant∼ 10 s−1 at 300 K) in di-hydroperoxy
carbonyl peroxy radicals (di-HPCARP-RO2), depending on
their relative yield. The agreement between all measured and
modelled trace gases (hydroxyl, hydroperoxy, and organic
peroxy radicals, carbon monoxide, and the sum of methyl
vinyl ketone, methacrolein, and hydroxyl hydroperoxides) is
nearly independent of the adopted yield of HPALD and di-
HPCARP-RO2 as both degrade relatively fast (< 1 h), form-
ing the OH radical and CO among other products. Taking into
consideration this and earlier isoprene studies, considerable
uncertainties remain on the distribution of oxygenated prod-
ucts, which affect radical levels and organic aerosol down-
wind of unpolluted isoprene-dominated regions.

1 Introduction

The hydroxyl radical (OH) is the main daytime oxidant con-
trolling the removal and transformation of gaseous pollutants
in the atmosphere (Levy, 1974). Its high efficiency in the ox-
idation of trace gases is based on the effective regeneration
of OH by radical chain reactions, in which nitric oxide (NO)
is oxidized to nitrogen dioxide (NO2), linking the OH chem-
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istry to the formation of tropospheric pollutant ozone (O3).
Because high levels of OH radicals were observed in field
experiments in mainly forested environments with large con-
centrations of isoprene (Tan et al., 2001; Ren et al., 2008;
Hofzumahaus et al., 2009; Kubistin et al., 2010; Whalley
et al., 2011), a large number of investigations over the last
decade focused on OH-initiated isoprene chemistry, includ-
ing laboratory and chamber studies (Crounse et al., 2011;
Berndt, 2012; Wolfe et al., 2012; Fuchs et al., 2013; Teng
et al., 2017; Berndt et al., 2019), theoretical calculations
(Peeters et al., 2009, 2014; Da Silva et al., 2010; Peeters and
Müller, 2010; 2014; Wang et al., 2018; Møller et al., 2019),
and global model impact (Lelieveld et al., 2008; Tarabor-
relli et al., 2012; Bates and Jacob, 2019; Møller et al., 2019;
Müller et al., 2019). The observed OH levels could only be
explained if an OH radical regeneration mechanism exists in-
dependently of NO and thus without the formation of O3. It
is now widely accepted that unimolecular isomerization re-
actions of peroxy radicals (RO2) formed during the oxida-
tion of organic compounds can contribute to the regeneration
of radicals, in particular if they become competitive against
RO2 radical losses via NO (Praske et al., 2018).

In OH-initiated isoprene oxidation, the first reaction step
comprises the formation of six isoprene-RO2 conformers
from the addition of the OH radical to the terminal carbon
atoms (C1 and C4, 0.91 total yield; Fig. 1), which are in
equilibrium and can quickly inter-convert as first suggested
in the Leuven isoprene mechanism (LIM) (Peeters et al.,
2009) (Fig. 1). The concentration of the different conform-
ers, which is affected by both their losses (unimolecular de-
composition and reaction with NO and the hydroxyl and RO2
radicals) and their re-equilibration, can have a large impact
on the OH radical concentration. There are three different
sets of reaction rate coefficients currently in use in the litera-
ture for equilibrium reactions between the isoprene-RO2 con-
formers (Table 1), differing in the individual rate coefficients
by up to a factor of 35. One set is from theoretical calcula-
tions in the LIM1 study (Peeters et al., 2014). A second set
is currently in use within the Master Chemical Mechanism
version 3.3.1 (MCMv3.3.1; Jenkin et al., 2015), whereby the
rate coefficients are as described in LIM1 but all increased
by a factor of 5. This change was prompted by preliminary
results from Caltech (Crounse et al., 2014) and the review by
one of the LIM1 authors (Peeters, 2015). Finally, Wennberg
et al. (2018), in their recent review paper on the mechanism
of isoprene degradation (Caltech mechanism), applied their
experimentally optimized parameters, as reported by Teng et
al. (2017) (Table 2).

Four of the six isoprene-RO2 conformers can undergo at-
mospherically relevant isomerization reactions (Fig. 2). The
β-RO2 radicals directly reform OH radicals, together with
the oxygenated organic products methacrolein (MACR),
methyl vinyl ketone (MVK), and formaldehyde (HCHO), af-
ter a 1,5 hydroxy-hydrogen shift (1,5-H shift) (Da Silva et
al., 2010) with a slow reaction rate constant (1.1× 10−3 and

Table 1. The rate coefficients for the addition of O2 to OH-isoprene
adducts and for the re-dissociation of isoprene-RO2 (Fig. 1). The
rate coefficients for the oxygen additions (kf; cm3 s−1) are typically
temperature-independent or provided at 298.15 K. The rate coeffi-
cients for the re-dissociations (kr; s−1) are provided at 298.15 K.
The temperature-dependent rate coefficients are given in Table S8.

LIM1a MCMv3.3.1b Caltechc

kf1 0.1× 10−12 0.5× 10−12 0.4× 10−12

kf2 0.6× 10−12 3.0× 10−12 0.8× 10−12

kf3 0.6× 10−12 3.0× 10−12 0.8× 10−12

kf4 0.7× 10−12 3.5× 10−12 0.1× 10−12

kf5 0.4× 10−12 2.0× 10−12 0.2× 10−12

kf6 0.7× 10−12 3.5× 10−12 0.7× 10−12

kf7 0.7× 10−12 3.5× 10−12 0.7× 10−12

kf8 0.1× 10−12 0.5× 10−12 0.5× 10−12

kr1 4.0 20 18
kr2 0.4 2.0 1.8
kr3 0.05 0.3 0.3
kr4 5.0 24 25
kr5 0.7 3.6 11
kr6 0.2 0.1 0.2
kr7 0.03 0.2 0.3
kr8 0.1 0.6 4.3

a Peeters et al. (2014), b Jenkin et al. (2015), c Wennberg et al. (2018).

0.7× 10−3 s−1 at 298 K for OH addition on C4 and C1, re-
spectively) (Peeters et al., 2014), making this reaction com-
petitive only in the presence of exceptionally low NO levels
(< 10 pptv).

The most relevant isomerization reaction, the 1,6 α-
hydroxy-hydrogen shift (1,6-H shift), occurs for the Z-δ-RO2
radicals with a fast reaction rate coefficient (measured at 3.6
and 0.4 s−1 at 298 K for OH addition on C4 and C1, respec-
tively, by Teng et al. (2017). These experimental values are
used directly within the Caltech mechanism and are in good
agreement with the calculated rates in LIM1 (Peeters et al.,
2014) (within 40 %). The MCMv3.3.1 is currently using rate
coefficients slower by a factor of ∼ 5 (Table 2). This change
was suggested by one of the LIM1 authors (Peeters, 2015) to
keep the phenomenological bulk isomerization rate in agree-
ment with previous experimental results on the unsaturated
hydroperoxy aldehyde (HAPLD; Fig. 2) formation (Crounse
et al., 2011). Following the definition by Peeters et al. (2014),
these phenomenological bulk isomerization rates (k(bulk 1,6-
H)) are equal to the sum of the isomer-specific 1,6-H shift
rate multiplied by its steady-state fraction weighted by their
OH addition branching ratio.

One of the predicted (Peeters et al., 2009, 2014) and
measured (Crounse et al., 2011; Berndt, 2012; Teng et al.,
2017; Berndt et al., 2019) products following the 1,6-H shift
is HPALD, which can photolyse, producing OH radicals
(Peeters and Müller, 2010; Wolfe et al., 2012; Liu et al.,
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Figure 1. Schematic of the equilibrium reactions between OH-isoprene adducts and isoprene-RO2 conformers, as well as their formation
reactions. The names used for the different molecules are as in the MCMv3.3.1 (regular text) and in the LIM1 study (bold). The model-
specific rate coefficients for each reaction are summarized in Table 1.

Figure 2. Simplified reaction schematic following OH addition to isoprene on the carbon C1. Only the most relevant reaction paths for
OH radical formation are shown; the implemented mechanism includes all six isoprene-RO2 isomers. The schematic illustrates the RO2
unimolecular H shift reactions (1,5-, 1,6-, and aldehyde-H shifts), but all RO2 species undergo competing reactions with NO, HO2, and RO2
radicals (not shown), and the reaction steps shown can represent multiple fast, sequential elementary reactions. The rate coefficients and
yields shown are obtained from the theoretical work from this study and from recent experimental and theoretical studies. The same yields
for the product of the 1,6-H shift, rate coefficient of the aldehyde-H shift, and photolysis frequencies for HPALD are applied to the chemistry
following the OH addition on C4. All rate coefficients are shown for 298 K and a 30◦ solar zenith angle.
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Table 2. Summary of the relevant differences for assessing the 1,6-H shift impact between available chemical models. All model versions
within this work are based on the MCMv3.3.1 (accounting for chamber properties) with only specific rates and yields included in the table
adapted from different studies. They also include the follow-up chemistry of di-HPCARP-RO2 as theoretically investigated within this study.

Mechanism R+O2 � RO2 k 1,6-H shift (298 K)a HPALD : di-HPCARP-RO2 yield k(bulk 1,6-H)d s−1

LIM1 LIM1 0.5 (C1), 5.8 (C4) 0.5 : 0.5 0.008
MCMv3.3.1 LIM1 ×5 0.1 (C1), 1.2 (C4)b 0.5 : 0.5 0.002
Caltech From Teng et al. (2017) 0.4 (C1), 3.6 (C4) 0.4 : 0.6 0.002

This work

M0 No isomerization n/a
M1 Caltech Caltech Caltech 0.002
M2 MCMv3.3.1 Caltech Caltech 0.006
M3 MCMv3.3.1 Caltech 0.75 : 0.25c 0.006

a s−1. b The same rate coefficient as in LIM1 reduced by a factor of 5. c Adapted from Berndt et al. (2019). d For the experimental concentration as observed in
Fig. 4. n/a – not applicable

2017; Müller et al., 2019) (atmospheric lifetime of ∼ 1 h).
In addition, the formation of a di-hydroperoxy carbonyl per-
oxy radical (di-HPCARP-RO2, Fig. 2) was predicted by the-
oretical calculations (Peeters et al., 2014) and inferred in a
recent experimental study (Teng et al., 2017). Its fate is a
fast unimolecular decomposition (∼ 1 s−1) with the forma-
tion of an OH radical (Wang et al., 2018; Møller et al., 2019)
and suggested subsequent elimination of CO, as well as the
formation of a di-hydroperoxy carbonyl compound (Peeters
et al., 2014; Møller et al., 2019). Large uncertainties remain
on the yield of these two products. One earlier experimen-
tal study proposes a yield for HPALD of the order of 0.04
with a factor of 2 uncertainty (Berndt, 2012). A more recent
experimental study (Teng et al., 2017) suggests a total yield
of HPALD of 0.4, distinguishing between β- (0.25) and δ-
HPALD (0.15) with large uncertainties in the assignment of
the latter; the remainder, 0.6, is assigned to di-HPCARP-RO2
LIM0 (Peeters and Müller, 2010) and LIM1 (Peeters et al.,
2014); both proposed a yield of ∼ 0.5 for HPALD and di-
HPCARP-RO2. In contrast, a recent experimental study by
Berndt et al. (2019) sets a lower limit of 0.75, with a recent
addition (Müller et al., 2019) to the theoretical work within
the LIM1 also rationalizing a much higher yield of HPALD
(0.74) than previously reported in LIM1. In addition to the
above products, both experimental (Berndt et al., 2019) and
theoretical (Müller et al., 2019) studies suggest the formation
of an hydroperoxy-epoxy-carbonyl compound (∼ 0.15).

Both currently available explicit isoprene oxidation mech-
anisms, i.e. the Master Chemical Mechanism (MCMv3.3.1)
(Jenkin et al., 2015) and the Caltech mechanism (Wennberg
et al., 2018), use a yield of 0.5 and 0.4, respectively, for
HPALD, with the Caltech mechanism distinguishing be-
tween β- (0.15) and δ-HPALD (0.25). In both models,
the only other product formed from the 1,6-H shift is di-
HPCARP-RO2.

To summarize, recent experimental and theoretical studies
agree that the most relevant isomerization reaction of iso-

prene peroxy radicals is the 1,6-H shift of Z-δ-RO2. The fol-
lowing kinetic aspects control the impact of the 1,6-H shift
of Z-δ-RO2 on the regeneration of OH radicals and the pro-
duction of oxygenated products:

– the equilibrium between the isoprene-RO2 conformers,
which determines the fraction of Z-δ-RO2 radicals that
can undergo fast 1,6-H shift isomerization;

– the temperature-dependent rate coefficient for the 1,6-H
shift itself;

– the relative yields of HPALD and di-HPCARP-RO2
formed following the 1,6-H shift; and

– the follow-up chemistry of HPALD and di-HPCARP-
RO2.

Despite intensive research as detailed above, there are signif-
icant differences between current chemical mechanisms (Ta-
ble 2); i.e. different sets of rate coefficients are used for the
equilibrium reactions, rate coefficients for the 1,6-H shift dif-
fer by up to a factor of 5, and the measured yield of HPALD
ranges from 0.4 to 0.75.

In this work, new chamber experiments have been per-
formed to test our understanding of the photo-oxidation of
isoprene. The experiments are used to test the ability of the
explicit mechanisms in MCMv3.3.1 to predict OH radical
regeneration from isoprene oxidation over a wide range of
NO concentrations (0.15 to 2 ppbv). The chemistry of di-
HPCARP-RO2 has been investigated (Novelli et al., 2018a)
with high levels of theory, in particular to confirm the role
of these radicals in OH radical formation. Model sensitivity
studies are applied to identify the isoprene-RO2 conformer
equilibrium constants, the 1,6-H shift rate constant, and the
HPALD/di-HPCARP-RO2 branching ratio that provide the
best description of the observed radical and trace gas concen-
trations. The global impact of the optimized isoprene mech-
anism on the OH radical concentration is shown.
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2 Methods

2.1 Quantum chemical and theoretical kinetic
calculations

The reactants, transition states, and products in the studied
mechanistic branches of the isoprene chemistry were charac-
terized at the M06-2X and CCSD(T) levels of theory. The
conformer space for each of these structures was charac-
terized at the M06-2X/cc-pVDZ level of theory (Dunning,
1989; Zhao and Truhlar, 2008; Alecu et al., 2010; Bao et
al., 2017), locating ∼ 24 000 distinguishable structures from
∼ 60 000 systematically generated starting geometries. The
most relevant conformers (∼ 850 structures across all reac-
tions examined) were then fully re-optimized at the M06-
2X/aug-cc-pVTZ level of theory (Dunning, 1989). The num-
ber of conformers re-optimized at this higher level of the-
ory differs per structure (see Table S1 in the Supplement),
but enough were included to cover over ∼ 80 % of the ther-
mal population at 300 K. Intrinsic reaction coordinate (IRC)
calculations were performed on the lowest transition state
(TS) to verify the nature of the transition state and to pro-
vide the energies used for Eckart tunnelling corrections. Fi-
nally, single-point energy calculations at the CCSD(T)/aug-
cc-pVTZ level of theory (Purvis and Bartlett, 1982) were
performed on the energetically lowest-lying geometries of
each structure to further refine the energy barrier estimates.
The thermal rate coefficients were then obtained using multi-
conformer transition state theory (MC-TST) incorporating
the energetic and rovibrational characteristics of all conform-
ers (Vereecken and Peeters, 2003). Temperature-dependent
rate coefficients are derived for the temperature range be-
tween 200 and 400 K, and both isomer-specific and bulk phe-
nomenological rate coefficients are provided; the latter incor-
porate the effect of fast H scrambling in the hydroperoxide-
peroxy radical isomers. See the Supplement for a more de-
tailed description of the methodologies involved.

2.2 Atmospheric simulation chamber SAPHIR and
experimental procedure

The experiments were conducted in the atmospheric simu-
lation chamber SAPHIR at Forschungszentrum Jülich, Ger-
many. The SAPHIR chamber is designed for the investiga-
tion of oxidation processes under atmospheric conditions in
a controlled environment. SAPHIR is made of a double-wall
Teflon (FEP) film that is inert, has a high transmittance for
solar radiation (Bohn and Zilken, 2005), and is equipped
with a shutter system that is opened during photolysis ex-
periments, allowing solar radiation to penetrate the cham-
ber. The synthetic air provided to the chamber is mixed from
ultra-pure nitrogen and oxygen (Linde, > 99.99990 %). Two
fans in the chamber ensure complete mixing of trace gases
within 2 min. The pressure in the chamber is slightly higher
than ambient (∼ 30 Pa) to avoid external air penetrating the

chamber. Due to small leakages and air consumption by in-
struments, trace gases are diluted at a rate of ∼ 6 % h−1 due
to the replenishment flow. More details regarding the cham-
ber can be found elsewhere (Rohrer et al., 2005; Poppe et al.,
2007; Schlosser et al., 2007).

The chamber was cleaned before the experiments by ex-
changing the chamber air 8 to 10 times with pure synthetic
air. Evaporated Milli-Q® water was then introduced into the
dark chamber by a carrier flow of synthetic air until a con-
centration of ∼ 5× 1017 cm−3 of water vapour was reached.
In order to keep the concentration of NO as small as pos-
sible after the opening of the shutters, ozone produced by a
silent discharge ozonizer (O3onia) was added in the chamber
to reach ozone mixing ratios up to 100 ppbv. For experiments
at higher concentrations of NO, NO was injected from a gas
mixture (Linde, 500 ppm NO in N2) into the chamber by a
mass flow controller. After opening the shutter system of the
chamber, nitrous acid (HONO) was photochemically formed
on the Teflon surface and released into the chamber (Rohrer
et al., 2005), and its subsequent photolysis produced OH rad-
icals and NO. Afterwards, isoprene was injected three times
at intervals of about 2 h directly from the liquid (99 % purity,
Sigma Aldrich). The aim was to reach ∼ 6 ppbv of isoprene
in the chamber after each injection (which corresponds to
an OH reactivity between 12 and 15 s−1). Experiments were
designed such that chamber-specific sinks (dilution and wall
loss of trace gases), and sources of trace gases that are formed
in the sunlit chamber, except for nitrous acid, did not influ-
ence the results.

2.3 Instrumentation

Table 4 summarizes the instruments available during the ex-
periment, giving time resolution, accuracy, and precision for
each instrument. The concentrations of OH, HO2, and RO2
radicals were measured with the laser-induced fluorescence
(LIF) instrument permanently in use at the SAPHIR chamber
and described previously (Holland et al., 2003; Fuchs et al.,
2011). Several studies have been recently published showing
the presence of an interference in OH radical detection with
the LIF for ambient measurements in some environments
(Mao et al., 2012; Novelli et al., 2014; Rickly and Stevens,
2018). The interference depends on the chemical conditions
of the sampled air and on the geometry of the different in-
struments. A laboratory study performed with this LIF in-
strument (Fuchs et al., 2016) showed only interferences for
high ozone concentrations (300–900 ppbv) together with bio-
genic volatile organic compound (BVOC) concentrations up
to 450 ppbv, which are far beyond any condition encountered
in this study. Therefore, the OH radical concentration mea-
sured by the LIF instrument in this study is considered free
from interferences. In addition, OH was measured by differ-
ential optical absorption spectroscopy (DOAS) (Dorn et al.,
1995) for some of the experiments shown within this study.
Numerous inter-comparisons between the LIF and the DOAS
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Table 3. Stereospecific rate coefficients (s−1) at 300 K for the relevant reactions of di-HPCARP-RO2-I. The temperature dependence is
given as a Kooij expression, k(T )= A · T n · exp(−Ea/T ), for the temperature range 200–400 K. The effective bulk rates of reactions are
also given, accounting for hydroperoxide H-atom scrambling and aldehyde H migration across all channels. The bottom expression averages
the stereospecific rate coefficients for use in simplified models.

Reaction k (300 K) A (s−1) n Ea (K)

(2R,3R)-2-Me-3,4-diOOH-butanal-2-peroxyl (A)

1,4-aldehyde-H migration to D 1.15× 100 1.21× 10−83 30.69 −4811
1,4-α-OOH-H migration 1.18× 10−5 4.59× 10−82 28.94 −3276
1,5-α-OOH-H migration 4.88× 10−3 2.87× 10−35 15.11 3586
1,6-OOH-H migration to B 1.84× 104 7.26× 10−40 15.39 −3656
1,7-OOH-H migration to C 6.29× 104 2.75× 10−25 10.85 −1725
HO2 elimination ≤ 1× 10−7

(2R,3R)-2-Me-2,4-diOOH-butanal-3-peroxyl (B)

1,5-aldehyde-H migration to D 3.34× 101 1.12× 10−67 25.15 −4273
1,6-OOH-H migration to A 2.97× 104 1.36× 10−38 14.73 −4035
1,6-OOH-H migration to C 1.88× 104 1.17× 10−34 13.27 −3683

(2R,3R)-2-Me-2,3-diOOH-butanal-4-peroxyl (C)

1,6-aldehyde-H migration to D 2.28× 100 3.57× 10−41 16.93 788
1,7-OOH-H migration to A 2.35× 103 3.06× 10−33 13.03 −2486
1,6-OOH-H migration to B 1.27× 104 1.35× 10−22 9.96 −906

(2R,3S)-2-Me-3,4-diOOH-butanal-2-peroxyl (A′)

1,4-aldehyde-H migration to D′ 3.71× 100 7.07× 10−75 27.88 3914
1,4-α-OOH-H migration 8.44× 10−5 2.52× 10−68 24.59 −18.17
1,5-α-OOH-H migration 5.02× 10−2 8.69× 10−27 12.33 3989
1,6-OOH-H migration to B′ 6.34× 104 7.94× 10−17 7.46 −1680
1,7-OOH-H migration to C′ 6.20× 104 4.02× 10−20 9.43 −579
HO2 elimination ≤ 1× 10−7

(2R,3S)-2-Me-2,4-diOOH-butanal-3-peroxyl (B′)

1,5-aldehyde-H migration to D′ 3.05× 10−1 4.28× 10−75 28.30 −25.89
1,6-OOH-H migration to A′ 2.07× 103 7.58× 10−19 7.91 −1277
1,6-OOH-H migration to C′ 1.32× 103 4.40× 10−22 9.34 −926

(2R,3S)-2-Me-2,3-diOOH-butanal-4-peroxyl (C′)

1,6-aldehyde-H migration to D′ 4.86× 101 6.99× 10−37 15.20 −133
1,7-OOH-H migration to A′ 9.89× 102 7.65× 10−28 11.39 −1308
1,6-OOH-H migration to B′ 1.52× 103 6.68× 10−28 11.93 −558

(2R,3R)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D)

CO elimination 1.40× 108 1.02× 1013 0.38 4004

(2R,3S)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D′)

CO elimination 2.40× 108 3.63× 1015
−0.41 4261

(2R,3R)-2-Me-diOOH-butanalperoxyl (A+B+C)

Effective aldehyde H migration to D 5.03× 100 8.43× 10−71 26.62 −3342

(2R,3S)-2-Me-diOOH-butanalperoxyl (A′+B′+C′)

Effective aldehyde H migration to D′ 2.76× 101 5.04× 10−35 14.43 3
2-Me-diOOH-butanalperoxyl aldehyde H migration∗ 11.8 6.52× 10−53 20.52 −1669

∗ Average of the data for (2R,3R) and (2R,3S) conformers.
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instrument in the SAPHIR chamber (Schlosser et al., 2007,
2009; Fuchs et al., 2012) showed very good agreement be-
tween these two instruments, giving high reliability to the
OH radical measurements performed in the chamber. For the
experiments within this study, a slope of 1.1 for the scatter
plot of DOAS OH vs. LIF OH was obtained, with a correla-
tion coefficient, R2, of 0.94.

Several studies have proven that RO2 radicals can cause
an interference signal in the HO2 radicals measured by con-
version to OH after reaction with an excess of NO (Fuchs
et al., 2011; Hornbrook et al., 2011; Whalley et al., 2013;
Lew et al., 2018). It was shown that a reasonable approach
for avoiding the interference is to lower the concentration
of NO reacting with the sampled air inside the instrument.
During this study, the NO concentration used was low (∼
2.5× 1013 cm−3) to minimize the possibility of an interfer-
ence as described in Fuchs et al. (2011). Still, as the RO2
radicals which originate from the oxidation of isoprene by
OH radicals are those able to quickly convert, despite the low
NO used, interference from RO2 radicals was still observed.
Tests performed on the LIF instrument used for this study
showed that, for the conditions the instrument was used in
during the experiments, an interference of ∼ 30 % was ob-
served for isoprene-RO2. As such, the HO2 radical measure-
ment was defined as HO∗2 to indicate the presence of inter-
ference from RO2 radicals. As the measured RO2 concentra-
tion is obtained from the difference between measured ROx
(OH+HO2+RO2) and HO2 radicals, the obtained RO2 radi-
cals are also underestimated due to the interference observed
in the HO2 measurement and will be marked as RO∗2. The
OH reactivity (kOH), the inverse lifetime of OH, was mea-
sured by a pump-and-probe technique coupled with a time-
resolved detection of OH by LIF (Lou et al., 2010; Fuchs et
al., 2017). Isoprene and the sum of MVK and MACR were
measured by a proton-transfer-reaction time-of-flight mass
spectrometer (PTR-TOF-MS; Lindinger et al., 1998; Jordan
et al., 2009) and a gas chromatography system (GC; We-
gener et al., 2007). As the PTR-TOF-MS and the GC were
calibrated only for the species listed in Table 4, concentra-
tions for other species were not available. Carbon monox-
ide (CO), carbon dioxide (CO2), methane (CH4), and water
vapour were measured by an instrument applying cavity ring-
down spectroscopy (CRDS; Picarro). NO and nitrogen diox-
ide (NO2) were measured by chemiluminescence (CL; Rid-
ley et al., 1992) and O3 by UV absorption (Ansyco). Photol-
ysis frequencies were calculated from measurements of solar
actinic radiation by a spectroradiometer (Bohn et al., 2005;
Bohn and Zilken, 2005).

2.4 Model calculations

The measured radicals and trace gases were modelled with
a zero-dimensional box model using chemical mechanistic
information from the Master Chemical Mechanism down-
loaded via the following website: http://mcm.leeds.ac.uk/

MCM (last access: November 2019). The MCMv3.3.1 was
released in 2015 with newly updated isoprene chemistry in
line with LIM1 chemistry, updated and/or optimized to re-
cent experimental results, as described in Jenkin et al. (2015).
The most relevant changes for this study are the inclusion of
the equilibrium reactions between the OH-isoprene adducts
and isoprene-RO2 (Fig. 1) and the inclusion of isomeriza-
tion reactions for isoprene-RO2 radicals (Table 2). Further,
the OH addition to central carbon atoms (C2 and C3, Fig. 1)
and following chemistry was implemented.

Several chamber-specific properties were implemented in
the model. First, a dilution rate was applied to all the trace
gases present in the model to account for dilution from the re-
plenishing flow of the chamber. The background production
of HONO and HCHO known to occur in the sunlit chamber
(Rohrer et al., 2005; Karl et al., 2006) was parameterized by
an empirical function that depends on temperature, relative
humidity, and solar radiation. For the experiments shown in
this study, the background OH reactivity in the chamber was
at most 1 s−1 and was parameterized with a co-reactant Y
added to the model, which converts OH to HO2 in the same
way as CO does (Fuchs et al., 2012, 2014; Kaminski et al.,
2017). The concentration of Y was adjusted to match the
observed OH reactivity during the zero-air phase of the ex-
periment and was kept constant throughout the experiment.
As shown in a previous study (Novelli et al., 2018b), the
unknown chemical nature of the background reactivity that
dominates the loss of OH radicals for the zero-air phase of
the experiment has a negligible impact once the main reac-
tant, in this case isoprene, is added, with total OH reactivity
as high as 20 s−1.

Photolysis frequencies for O3, NO2, HONO, hydrogen
peroxide (H2O2), formaldehyde (HCHO), acetone, glyoxal,
MVK, and MACR were constrained to values calculated
from the measured actinic flux. For HPALD and peroxy
acid aldehyde (PACALD), photolysis frequencies of MACR
scaled up by a factor of 100 and 2, respectively, were used
(Fuchs et al., 2013). All the other photolysis frequencies
present in the model were first calculated for clear-sky con-
ditions according to the MCMv3.3.1 and then scaled by the
ratio of measured to calculated j (NO2) to account for clouds
and transmission of the chamber film. The model was con-
strained to measured chamber pressure (ambient pressure)
and temperature, as well as water vapour, NO, NO2, and O3
concentrations. Model values were re-initiated at 1 min in-
tervals. Isoprene injections were implemented in the model
by applying an isoprene source only active at the time of
the injection, adjusted in strength to reproduce the observed
change in OH reactivity at the injection time. The modelled
OH reactivity used for comparison against the measurement
is the total modelled OH reactivity excluding the reactivity
of isoprene hydroxy hydroperoxides (ISOPOOHs) (Fig. 2),
as for these compounds the OH radicals are recycled at a
timescale much shorter than the OH lifetime observed in
the kOH instrument, negating their measurable OH reactiv-
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Table 4. Instrumentation for radical and trace gas quantification during the oxidation experiment.

Technique Time resolution 1σ precision 1σ accuracy

OH LIF 47 s 0.3× 106 cm−3 13 %
OH DOAS 200 s 0.8× 106 cm−3 6.5 %
HO∗2 and RO2∗ LIF 47 s 1.5× 107 cm−3 16 %
kOH Laser photolysis + LIF 180 s 0.3 s−1 10 %
NO Chemiluminescence 180 s 4 pptv 5 %
NO2 Chemiluminescence 180 s 2 pptv 5 %
O3 UV absorption 10 s 1 ppbv 5 %
Isoprene, MVK+MACR PTR-TOF-MS 30 s > 15 pptv < 14 %
Isoprene, MVK+MACR GC 30 min 4 %–8 % 5 %
CO CRDS 60 s 1.5 ppbv 1 %
Photolysis frequencies Spectroradiometer 60 s 10 % 10 %

ity. Measurements of MVK and MACR by PTRMS and GC
are affected by interferences from ISOPOOHs (Rivera-Rios
et al., 2014). For this reason the measured data are compared
with the sum of MVK and MACR together with ISOPOOHs
(all isomers); the same sensitivity for MVK, MACR, and
ISOPOOHs is assumed. Due to RO2 interference in the HO2
measurement, modelled HO2 concentrations increased by a
small fraction of modelled RO2 (30 % of RO2 radicals from
isoprene and 10 % of RO2 radicals from MVK and MACR;
Fuchs et al., 2013). Likewise, the measured RO∗2 values are
compared against the difference between modelled ROx and
HO∗2, rather than the uncorrected RO2 concentrations, to ac-
count for this interference.

The chemistry of di-HPCARP-RO2-I and di-HPCARP-
RO2-II, originating from the addition of the OH radical on
C1 and C4, respectively, is implemented in the model based
on our explicit study of the di-HPCARP-RO2-I reactions, and
the chemistry for di-HPCARP-RO2-II could thus need refin-
ing in future work (see also below).

This model (MCMv3.3.1, Table 2) served as the basis of
all model calculations done in this work, with variations as
defined below. Table 2 summarizes the additional model runs
performed.

– M0 was constructed by removing all isomerization reac-
tions (no isomerization, Table 2) from the MCMv3.3.1
model (see the Supplement and Table S2).

– M1 (Caltech, Table 2) was built by using the rate coeffi-
cients for the reversible addition of O2 to OH-isoprene
adducts, the rate coefficient for the 1,6-H shift of Z-
δ-RO2 radicals, and the relative yield of HPALD/di-
HPCARP-RO2, as applied in the Caltech mechanism
(Table S3).

– M2 is the same as M1 but using the rate coefficients for
the reversible addition reactions of O2 to OH-isoprene
adducts as applied in the MCMv3.3.1 (Tables 2 and S4).

– M3 is identical to M2 but using a relative yield of
HPALD/di-HPCARP-RO2 of 0.75 : 0.25 adapted from
Berndt et al. (2019) (Tables 2 and S5).

Within this study only δ-HPALD (called HPALD) and its
following chemistry are included in the different models.
For M1 and M2 the sum of the δ- and β-HPALD yield is
used as HPALD (Table S4). The identification of β-HPALD
and its following chemistry is uncertain, but within the Cal-
tech mechanism it will form the same products as formed
from δ-HPALD, albeit with large uncertainties on the yields
and rate coefficients (Wennberg et al., 2018) and without
an experimentally accessible way to distinguish between the
two within this study. Following the same reasoning, within
the M3 model, we do not include the hydroperoxy-epoxy-
carbonyl compound; as its chemistry cannot be univocally
probed, its yield is comparatively small (∼ 15 %, see above),
and it has little influence on the topics investigated in this
work.

2.5 Global model

The ECHAM–MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation sys-
tem that includes submodels describing tropospheric and
middle atmosphere processes and their interaction with
oceans, land, and human influences (Jöckel et al., 2010). It
uses the second version of the Modular Earth Submodel Sys-
tem (MESSy2) to link multi-institutional computer codes.
The core atmospheric model is the fifth-generation Euro-
pean Centre Hamburg general circulation model (ECHAM5)
(Roeckner et al., 2006). For the present study we applied
EMAC (ECHAM5 version 5.3.02, MESSy version 2.53.0) in
the T106L31ECMWF resolution, i.e. with a spherical trun-
cation of T106 (corresponding to a quadratic Gaussian grid
of approximately 1.1 by 1.1◦ in latitude and longitude) with
31 vertical hybrid pressure levels up to 10 hPa. The applied
model setup comprised the submodel MECCA (Module Ef-
ficiently Calculating the Chemistry of the Atmosphere) to
calculate atmospheric chemistry using the Mainz Organic
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Mechanism (MOM) (Sander et al., 2011). The mechanism
was adapted to the changes proposed in this study (Ta-
ble S7). In addition, the submodel MEGAN (Model of Emis-
sions of Gases and Aerosols from Nature) was used to simu-
late biogenic emissions of tracers, including isoprene (Guen-
ther et al., 2006). Global isoprene emissions were scaled to
595 Tg yr−1, which is the best estimate by Sindelarova et al.
(2014). The model was run for 1.5 years (summer 2011–
2012), during which the first half-year was used as spin-up
and 2012 was used for analysis.

3 Theoretical work on isoprene di-HPCARP-RO2-I

3.1 Kinetics of the di-HPCARP-RO2 H-migration
reactions

The di-HPCARP-RO2 chemistry was studied in more de-
tail compared to earlier published work (Wang et al., 2018;
Møller et al., 2019), with more reliable kinetic method-
ologies, to obtain the isomer-specific rate coefficients, the
phenomenological (bulk) rate coefficients, and the subse-
quent chemistry. Table 3 lists the rate coefficients at 300 K
and the Kooij expressions for the key reactions in the di-
HPCARP-RO2-I reaction system for the temperature range
200–400 K. As expected from the higher energy barriers and
entropic considerations, the migration of non-aldehyde H
atoms is not competitive, nor is HO2 elimination. The fastest
reactions are, for all di-HPCARP-RO2-I intermediates, the
hydroperoxide-H scrambling across all peroxyl sites. This
result is anticipated, as fast scrambling has been known for
several years (Miyoshi, 2011; Jorgensen et al., 2016; Knap
and Jorgensen, 2017; Møller et al., 2019; Praske et al., 2019).
Given that these reactions outrun the next fastest reaction by
over an order of magnitude, it can be assumed that the dif-
ferent di-HPCARP-RO2-I isomers are in steady-state equi-
librium and can be considered a unified pool of reactants in
atmospheric models for the purpose of unimolecular reactiv-
ity. The 1,4-aldehyde-H-migration reaction is comparatively
slow owing to its higher energy barrier (see Table S1, Fig. 3),
and the formation of the tri-hydroperoxide acyl radical tri-
HPACYL will thus occur mostly by 1,5- and 1,6-H migration
in the di-HPCARP-RO2-I reactant pool. Table 3 lists the rate
coefficients of the elementary processes, but for atmospheric
modelling the more relevant numbers are the bulk k(T ) ex-
pressions that account for the H scrambling and the com-
bined flux across the 1,4-, 1,5-, and 1,6-H migrations listed
at the bottom of the table. The stereospecific rate coefficients
are not all that different and can be expressed within a factor
of 2 to 3 as a single Kooij expression across the temperature
range 200–400 K as follows (see also Fig. S1 in the Supple-
ment):

k (T )= 6.5× 10−53T 20.5 exp
(

1700K
T

)
. (1)

The effective rate of acyl radical formation by aldehyde-
H migration, i.e. accounting for the rapid re-equilibration
across the di-HPCARP-RO2-I isomers and the different H
shift channels, is then of the order of 10 s−1 at 300 K. For
the (2R, 3R) and (2S, 3S) stereoisomers, 63 % of the reaction
flux at 300 K passes through the 1,5-aldehyde-H migration,
with 35 % undergoing a 1,6-H migration. For the (2R, 3S)
and (2S, 3R) isomers, 1,6-aldehyde-H migration constitutes
over 99 % of the acyl radical formation. The estimated un-
certainty on the rate coefficient is about a factor of 5, mostly
due to the current use of non-conformer-specific tunnelling.

3.2 Elimination of CO from tri-hydroperoxy acyl
radicals

It has been assumed in most models in the literature (Peeters
et al., 2009, 2014; Jenkin et al., 2015; Wennberg et al., 2018)
that the tri-hydroperoxy acyl radical formed, tri-HPACYL,
will eliminate CO, followed by OH elimination and the for-
mation of a di-hydroperoxy carbonyl compound, DHP-MVK
(Fig. 3). All these models seem to be based ultimately on
an estimate by Peeters et al. (2014), who predicted that
the reaction would proceed via a 1,4-H shift, forming tri-
HPACYL intermediates with an internal energy of the or-
der of 22–25 kcal mol−1, rapidly losing CO with a barrier
≤ 7 kcal mol−1. This work, however, shows that these predi-
cates do not represent the chemistry accurately, and the fate
of tri-HPACYL must be examined in more detail.

The lower energy barriers of the effective aldehyde-H-
migration processes imply that the acyl radical tri-HPACYL
is formed with a significantly lower energy content, 17–
19 kcal mol−1, than estimated by Peeters et al. (2014), re-
ducing the likelihood of chemically activated decomposition.
Note that the H-migration reactions are typically found to
be in the high-pressure limit (Miyoshi, 2012; Peeters et al.,
2014; Xing et al., 2018; Møller et al., 2019), and multi-
step chemical activation does not contribute significantly.
Furthermore, we found that the CO elimination barrier in
tri-HPACYL-I, ∼ 8 kcal mol−1 (see Table S1), is higher
than estimated by Peeters et al. (2014) (≤ 7 kcal mol−1),
further hampering prompt decomposition. With only ∼
10 kcal mol−1 excess internal energy, as opposed to 15–
18 kcal mol−1 as proposed by Peeters et al. (2014), a signif-
icant fraction of the nascent acyl radical tri-HPACYL could
be thermalized, and the resulting slower decomposition pro-
cess could potentially allow for O2 addition on the acyl rad-
ical site. However, based on MC-TST calculations incorpo-
rating all conformers, we found that thermal decomposition
of the tri-HPACYL-I acyl radicals is still sufficiently fast to
dominate over O2 addition; i.e. even when assuming a Boltz-
mann energy distribution, the predicted rate coefficient of
∼ 2× 108 s−1 at 300 K (see Table 3) is significantly higher
than the effective O2 addition rate for acyl radicals, exper-
imentally measured at ≤∼ 3× 107 s−1 in atmospheric con-
ditions (Sehested et al., 1998; Blitz et al., 2002; Park et al.,
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Figure 3. Potential energy surface for the aldehyde-H shift reaction showing the multiple competing reactions. A set of fast H-migration
reactions ultimately leads to the formation of a tri-hydroperoxy acyl radical, tri-HPACYL. The main fate of this radical is shown by explicit
theoretical calculations to be CO elimination, forming DHP-MVK; O2 addition to a tri-hydroperoxy acylperoxy radical has only a minor
contribution.

2004; Baulch et al., 2005; Atkinson et al., 2006; Carr et al.,
2011). One could counter that the presence of –OOH groups
might stabilize the acylperoxy radicals formed in the O2 ad-
dition (e.g. by H bonding), thus increasing the addition rate
coefficient above those reported for the smaller acyl radi-
cals in the literature. Sample calculations on a smaller proxy
with substituted acetyl radicals (see Table S1) revealed no
evidence that a hydroperoxide group interacts with the oxy-
gen atom moiety in a way that reduces the entrance energy
barrier (thus increasing the capture rate coefficient) or stabi-
lizes the adduct (thus reducing re-dissociation). From these
results, we conclude that CO elimination will be the domi-
nant fate at 300 K for the tri-HPACYL-I acyl radicals formed
in aldehyde-H migration, with O2 addition as a minor chan-
nel. Whether CO elimination occurs promptly or in a thermal
reaction is then a moot issue.

Based on a preliminary version of our results (Novelli et
al., 2018a), Peeters and coworkers (Müller et al., 2019) now
suggest that tri-HPACYL-II acyl radicals (differing from the
case I acyl radical by the position of the methyl group) would
not eliminate CO due to a higher CO elimination energy bar-
rier (Méreau et al., 2001) compared to the tri-HPACYL-I
acyl radicals we explicitly characterized above. We have as
yet been unable to dedicate the required significant computa-
tional resources for an explicit study of di-HPCARP-RO2-
II and tri-HPACYL-II, so this issue cannot be resolved at
this time. We can, however, estimate the tri-HPACYL-II ther-
mal CO elimination rate by assuming that case I and case

II reactions are entropically similar and increasing the bar-
rier for tri-HPACYL-II by the difference between a tertiary
(case I) and secondary (case II) product radical as calcu-
lated by Méreau et al. (2001). The obtained rate coefficients
at 298 K (∼ 6× 106 s−1 for the (R, R) and (S, S) stereoiso-
mers; ∼ 1× 107 s−1 for the (R, S) and (S, R) stereoisomers)
remain competitive against O2 addition. Though these chan-
nels appear no longer truly dominant thermally, CO elim-
ination from tri-HPACYL-II can clearly not be discounted
with any degree of confidence based on such estimates, espe-
cially as any chemical activation afforded by the preceding H
migration would further shift the subtle competition towards
higher CO yields. Quantifying this yield theoretically would
be a very committed effort, as it requires explicit calcula-
tion of the full conformation space, with chemical activation
depending on the energy-specific state density, conformer-
specific tunnelling, and collisional energy transfer across the
thousands of di-HPCARP-RO2-II and tri-HPACYL-II con-
formers; this is beyond the scope of the current paper. There-
fore, to keep the model simple and for lack of better infor-
mation, the same aldehyde-H shift is implemented for both
HPCARP-RO2 isomers, both followed by the formation of
CO, OH radicals, and DHP compounds.

3.3 Comparison to literature theoretical work

Two earlier studies examined the di-HPCARP-RO2 chem-
istry theoretically. A first study by Wang et al. (2018) was
based on a partial characterization of the conformational
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space. While some of the provided rate coefficients are com-
parable to our values, these predictions carry a larger uncer-
tainty due to the limited number of conformers examined,
and differences of over an order of magnitude are found com-
pared to our predictions, leading to qualitative changes in the
predicted fate of the intermediates. The methodology of the
second study, by Møller et al. (2019), is more comparable
to that used in our work, with the main difference being the
methodology used to screen the conformational space and
select the conformers included in the rate calculations. As
discussed in more detail in the Supplement, we find that this
study only incorporates half or less of the population in the
kinetic predictions, relying on the cancellation of error to a
far greater extent than our more rigorous population descrip-
tion. Though for most reactions the differences in the pre-
dicted rate coefficient at 298 K are small, we find some val-
ues that differ by about an order of magnitude. We surmise
that this is mostly due to the impact of the population trun-
cation in the Møller et al. (2019) study compared to the full
population used our work (e.g. 11 conformers versus∼ 1500
conformers included), making our predictions more robust
in this respect. Improved conformer screening methodolo-
gies, balancing completeness and accuracy against computa-
tional cost, will help to converge the results of the two similar
methodologies; this is discussed briefly in the Supplement.

4 Comparison of measured trace gases with model
calculations

Figure 4 shows the evolution of trace gas concentrations for
an experiment with three separate injections of isoprene and
for which the NO concentration was below 0.15 ppbv for the
entire duration of the experiment. For all three isoprene in-
jections it is possible to observe large discrepancies between
measured trace gases and model calculations when using the
MCMv3.3.1 or the M1 model. Both models underestimate
the measured OH radical concentration with a ratio of mea-
sured to model data of 0.7± 0.07 and overestimate the mea-
sured sum or MVK, MACR, and hydroxyl hydroperoxides
(ISOPOOHs; Fig. 2) by almost a factor of 2. The similarity
between the two models, despite M1 including a factor of 3
faster 1,6-H shift, is due to the different distribution of the
isoprene-RO2 conformers. Specifically, a much smaller frac-
tion of Z-δ-RO2 radicals for M1, ∼ 0.004, is formed com-
pared with 0.015 for the MCMv3.3.1 model, thus reducing
the contribution of the 1,6-H shift. Although a larger frac-
tion of Z-δ-RO2 radicals are formed within the MCMv3.3.1
model, the slow 1,6-H shift used also results in an under-
estimation of the OH radical concentrations. For both mod-
els, for conditions under which the NO concentration is
lower than 0.2 ppbv, i.e. under which isomerization reactions
should become more relevant, ∼ 30 % of the total loss of
isoprene-RO2 conformers (weighted by their abundance) oc-
curs via isomerization reactions. Compared with a simulation

without isomerization reactions (M0) there is an improve-
ment in the reproduction of the measured trace gases, but still
the importance of the isomerization reactions is underesti-
mated. The best agreement between measured and modelled
trace gases was achieved when the equilibrium reactions be-
tween the isoprene-RO2 conformers providing a larger frac-
tion of Z-δ-RO2 radicals in combination with the faster 1,6-H
shift were used (M2, Fig. 5). Ratios of measured to mod-
elled data of 0.97±0.10 and 0.98±0.07 for the OH radicals
and of the sum of the oxidation products MVK, MACR, and
ISOPOOHs, respectively, are found. Also, the increase in the
carbon monoxide (CO) concentration, of which nearly one-
quarter is explained by the CO elimination of di-HPCARP-
RO2, is well captured by the model calculations (ratio of
measured to modelled data of 0.98± 0.05). In comparison
with MCMv3.3.1 and M1 model runs, ∼ 50 % of the total
loss of isoprene-RO2 conformers proceeds via isomerization
reactions. In addition, both the MCMv3.3.1 and M1 mod-
els predict a larger concentration of ISOPOOHs compared to
the optimized model M2 due to the different distribution of
isoprene-RO2 conformers. This will cause a larger expected
concentration of new particles formed during the oxidation
of isoprene due to the subsequent degradation products of
ISOPOOHs, which includes epoxides (St. Clair et al., 2016).

The yields of the chemical compounds formed following
the 1,6-H shift of Z-δ-RO2 radicals carry a large uncertainty
as summarized in the Introduction. Two HPALD yields are
currently described in the literature: one in the range of 0.4 to
0.5, used within the Caltech mechanism and the MCMv3.3.1,
and the other exceeding 0.75 based on the most recent litera-
ture. To quantify the impact of the uncertainty on the HPALD
yield, a sensitivity model run was performed by changing
the yield of HPALD from 0.4 to 0.75, with the yield of di-
HPCARP-RO2 set to 0.25 (M3, Table 2). As can be seen in
Fig. 5, increasing the yield of HPALD by almost a factor of
2 does not have a large impact on model reproduction of the
measured trace gases. The degradation of HPALD and di-
HPCARP-RO2 is followed by the formation of OH radicals
and CO. On the timescale of the experiments in the chamber,
it is not possible to distinguish between the relatively slow
formation of OH radicals from the photolysis of HPALD
(∼ 1 h) from their formation from the fast aldehyde-H shift
of di-HPCARP-RO2 (∼ 0.1 s). This is not entirely true for the
CO, for which the measurement indicates a faster formation
rate, better agreeing with the model and including a larger
yield towards di-HPCARP-RO2 (M2 model). A better agree-
ment is, however, observed between measured and modelled
HO∗2 radicals for the HPALD 0.75 model, although this re-
mains within the uncertainty of the measurement, due to the
formation of HO2 radicals together with HPALD following
the 1,6-H shift.

For experiments transitioning from high (1.5 ppbv) to low
(0.2 ppbv) NO (Fig. 6) all the models are able to reproduce
(within 10 %) the measured trace gases and the OH reactivity
for the first injection of isoprene when the NO concentration
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Figure 4. Comparison of modelled and measured trace gases for an experiment with NO < 0.2 ppbv. Measured time series of radicals and
OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC), and CO (Picarro) are compared to model calculations. Vertical dashed
lines indicate the times when isoprene was injected. No good agreement is observed when using the MCMv3.3.1 or a modified version (M1,
Table 2) including isoprene-RO2 conformer equilibrium reactions as included in the Caltech mechanism. Error bars represent 1σ standard
deviation.

Figure 5. Comparison of modelled and measured trace gases for an experiment with NO < 0.2 ppbv. Measured time series of radicals and
OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC), and CO (Picarro) are compared to model calculations. Vertical dashed
lines indicate the times when isoprene was injected. Good agreement is observed when using M2 or M3 (Table 2), which use a different yield
for HPALD of 0.40 and 0.75, respectively. Within both models, ∼ 50 % of isoprene-RO2 radicals (weighted by their abundance) are lost via
isomerization reactions. Error bars represent 1σ standard deviation.
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is above 0.5 ppbv. At this NO level, the OH production is
mainly controlled by the reaction between HO2 radicals and
NO; therefore, the impact of the isomerization reactions on
the OH radical production is marginal. As soon as the con-
centration of NO decreases below this threshold, larger dis-
crepancies between the model calculations and the measured
trace gases can be observed.

One additional model run (Fig. S5) was performed by
re-implementing the original LIM1 within the MCMv3.3.1
model (Table 2), which includes a factor 5 slower equilibrium
reactions between the isoprene-RO2 conformers and a factor
of 5 faster 1,6-H shift. Despite the large reduction in the equi-
librium reactions between the isoprene-RO2 conformers the
LIM1 model run can reproduce the measured data as well as
M2 and M3 for all concentrations of NO investigated in this
study, as a change of only 5 % in the fraction of Z-δ-RO2
radicals formed is observed.

When comparing the phenomenological bulk isomeriza-
tion rate among the different models tested within this study
calculated for the low NO experiment (Table 2) a similar
value is observed for both the MCMv3.3.1 and M1 mod-
els. This is to be expected as both models are optimized to
reproduce the phenomenological bulk isomerization rate as
measured from the formation rate of HPALD (Crounse et
al., 2011). In addition, in a study by Jenkin et al. (2019), the
MCMv3.3.1 and M1 models are compared for different NO
values and show no significant differences, as also observed
within this study. On the other hand, the value obtained from
this study is in good agreement with the LIM1 theoretical
calculations and is needed to bring measurements and model
results into agreement. Between these two groups of models,
the bulk rate differs by a factor of 3 to 4.

5 Modelled contributions to the measured OH radical
regeneration efficiency

The extensive range of NO concentrations in the experimen-
tal studies, reaching up to 2.0 ppbv, allowed for the explo-
ration of the ability of the models to reproduce the measured
data and to quantify the efficiency of the regeneration of
OH radicals across a wide range of atmospheric conditions
(Fig. 7) by drastically changing the competition between the
isomerization reactions of RO2 and the RO2 + NO reactions.

The efficiency of OH regeneration, noted RE hencefor-
ward, is defined as the number of OH radicals that are pro-
duced after one OH radical has reacted with isoprene. It is
calculated as the ratio of the OH regeneration rate R and
the OH loss rate L. The modelled R quantifies the OH
production via radical chain reactions (HO2+NO, HO2+O3
and isomerization of isoprene-RO2) and the photolysis of
HPALD as produced in the isomerization reactions. It also
includes the OH regenerated from the direct products of
HPALD photolysis and the aldehyde-H shift of di-HPCARP-
RO2 and following products as well as the OH regenerated

from the aldehyde-H shift of the MACR-RO2 (Table S6). L
represents the OH loss by reaction with isoprene and its prod-
ucts. As such, the model values for the OH regeneration effi-
ciency represent a lower limit. The measured RE is obtained
from the difference between the total OH loss rate and the
primary OH production rate (ozone and nitrous acid photol-
ysis) divided by the total OH loss rate.

RE=
R

L
=(

kOH × [OH] − ([O3] × jO(1D)× y+ [HONO]× jHONO)
)

kOH × [OH]
(2)

Here, most values used ([OH], kOH, [O3], [H2O], jO(1D),
jHONO) are experimentally measured quantities. Only the
HONO concentration was not measured but taken from the
model; y is the fraction of O(1D) reacting with water vapour
multiplied by the OH yield of the O(1D) + H2O reaction.

Good agreement is found between measured and modelled
OH regeneration efficiency at all values of NO within the un-
certainty of the measurements when using either M2 or M3
(Fig. 7), suggesting that all relevant OH production pathways
are included.

In environments influenced by anthropogenic emissions,
with NO values higher than 0.2 ppbv, 75 % of OH radicals
are regenerated by the reaction of HO2 radicals with NO. In
contrast, at the lowest NO values representative of rainforest
conditions, only 10 % of OH radicals reacting with isoprene
are reformed by the HO2 + NO reaction. This decrease in
the OH RE from radical reactions with NO is partly compen-
sated for by an increased contribution of regeneration from
RO2 isomerization reactions such that the total OH RE is
still approximately 0.5 at the lowest NO concentration in-
vestigated. Though contributions of isomerization reactions
to the OH RE diminish with increasing NO concentrations,
their reaction rate coefficients are high enough to still con-
stitute a competitive loss path for Z-δ-RO2 radicals even at
2 ppbv of NO, with 10 % of the OH radicals consumed still
regenerated by RO2 isomerization reactions. The differences
in the contribution of the isomerization reactions to the OH
RE found for [NO] above 0.3 ppbv are mainly due to dif-
ferences in ambient temperature impacting the isomerization
rate coefficient. Although no experiments are available for
levels of NO lower than 0.15 ppbv, a model simulation for
the OH RE for up to 0.005 ppbv of NO indicates that the
value of OH RE remains constant at around 0.5.

Among the isomerization reactions, the 1,5-H shift con-
tributes less than 5 % to OH radical regeneration, with the
large majority of the OH radical regenerated by the prod-
ucts following the 1,6-H shift. This is not surprising as the
1,5-H shift rate coefficient is∼ 2 orders of magnitude slower
than the 1,6-H shift. A more detailed analysis of the contribu-
tion of HPALD vs. Di-HPCARP-RO2 and its products to OH
regeneration is hindered by the uncertainty on their relative
yield. Anyway, it is interesting to see that when a larger yield
for di-HPCARP-RO2 (0.6, M2) is applied, the largest frac-
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Figure 6. Comparison of modelled and measured trace gases for an experiment with variable NO concentrations, 1.5> NO> 0.2 ppbv.
Measured time series of radicals and OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC), and CO (Picarro) are compared
to model calculations. Vertical dashed lines indicate the times when isoprene was injected. All models are able to reproduce the observed
trace gases within their uncertainties for NO > 0.2 ppbv.

tion of the OH radical is regenerated via the aldehyde-H shift
of di-HPCARP-RO2 and its direct di-hydroperoxy carbonyl
products (∼ 70 %; Fig. 7a). When using a yield of HPALD
of 0.75 (Fig. 7b) the photolysis of HPALD and the follow-
ing direct products increase their contribution from 12 % to
60 %. Still, despite a much smaller yield (0.25) compared to
HPALD, di-HPCARP-RO2 and direct products contribute up
to 30 % to OH radical regeneration due to the fast aldehyde-
H shift.

The magnitude of the OH RE observed in this study, how-
ever, remains much lower than anticipated from OH concen-
tration measurements in field campaigns under similar con-
ditions, requiring an OH RE of nearly 1 to reproduce the ob-
servations (Rohrer et al., 2014). The reason for the discrep-
ancy is still not fully understood. On the one hand, the ex-
periments in the chamber refer only to isoprene chemistry,
while the field studies, although performed in areas with
large emissions of isoprene, include several different organic
compounds which could contribute to the OH concentration.
On the other hand, it could be that part of the measured OH
radical concentrations in field campaigns was due to an in-
terference. However, an LIF instrument with the same de-
sign as that used in this study was deployed in several field
campaigns in China with the addition of a chemical titration
device to separate ambient OH radicals from interferences,
showing at maximum an interference of 10 % during daytime
(Tan et al., 2017, 2018, 2019).

6 Global impact

Results from the simulation chamber experiments are used to
investigate the impact on the global distribution of the OH re-
generation efficiency due to either radical reactions with NO
or isomerization reactions by implementing the detailed iso-
prene chemistry as derived in this study within the M2 model
(Table S7). The global atmospheric chemistry model EMAC
(Jöckel et al., 2010) was applied, including a modified ver-
sion of the Mainz Organic Mechanism (MOM) (Sander et al.,
2019) that represents an advanced isoprene oxidation mech-
anism with a complexity comparable to the MCM.

In regions with low NO concentrations, OH regeneration
by HO2 + NO is suppressed but compensated for by the OH
regenerated from RO2 radical isomerization reactions. These
reactions globally have the largest impact in the tropics due to
high isoprene concentrations and high temperatures (Peeters
et al., 2014). The inclusion of OH regeneration routes gives
an OH regeneration efficiency that is at least 60 % globally
over all land masses covered with vegetation (Fig. 8). As a
consequence, in areas where isoprene is the most important
reactant for the OH radicals, the concentration at the surface
is enhanced by more than a factor of 3 compared to model
predictions neglecting RO2 isomerization reactions (Fig. S3).
Several studies showing the global impact of isomerization
reactions were performed (Bates and Jacob, 2019; Møller et
al., 2019; Müller et al., 2019), all showing, similarly to the
results within this study, an enhanced concentration of the
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Figure 7. OH regeneration efficiency at different NO concentra-
tions. The experimental OH regeneration efficiency (RE) is com-
pared with the modelled one (M2, panel a; M3, panel b) for different
NO values. The modelled OH RE is colour-coded by its main con-
tributors (see Table S6 for more details). The RE is sustained at low
levels of NO by the contribution from isomerization reactions, in
particular by the aldehyde-H shift and its products. For [NO] higher
than 0.3 ppbv, most of the OH recycling originates from the reac-
tion of HO2 with NO, but, although to a small extent, isomerization
reactions still contribute up to 2 ppbv NO as the 1,6-H shift is still
a competitive loss path for Z-δ-RO2 radicals. The relatively large
contribution to RE by the reaction between HO2 radicals and O3 at
low NO is due to the large concentration of O3 (90 ppbv) needed
in the simulation chamber to maintain low values of NO, and it is
not representative of ambient conditions. Error bars (1σ ) for the
measured OH regeneration efficiency include the accuracy of the
measurements.

OH radical, in particular at the tropics where high concen-
trations of isoprene and high temperatures can be observed.
A detailed comparison between the different models is not
straightforward as they all contain different sets of reactions
and are performed with different model parameters (e.g. NOx
and isoprene emissions). Three published studies are based
on the isoprene Caltech mechanism (Table 2), which under-
estimates the measured OH radical concentration from this
study due to a low yield of the formation of the Z-δ-RO2
radical (Fig. 4). In addition, the model used in the study by
Müller et al. (2019) includes large yields towards HPALD
(0.75) as suggested from the study by Berndt et al. (2019),

which is different from the other models. Thus, one addi-
tional global model test run within this work was performed
with a yield of HPALD of 0.75 and of di-HPCARP-RO2 of
0.25 (comparable to M3) to verify if the alternative branch-
ing ratio would result in significant differences. However,
no change in the expected OH radical concentration was
observed, in agreement with the model runs for the cham-
ber experiments. However, for small oxygenated volatile or-
ganic compounds (OVOCs) like formaldehyde, formic acid,
methanol, glyoxal, methyl glyoxal, hydroxyacetone, and per-
oxy acetyl nitrate, a change of up to 30 % was found at the
ground level in isoprene-dominated regions. In the same re-
gions, the change in the CO concentration was less than 5 %.

7 Remaining uncertainties

7.1 Yield of di-HPCARP-RO2 versus HPALD

The LIM1 mechanism by Peeters et al. (2014) proposed a low
ratio of HPALD to di-HPCARP-RO2 formation, in agree-
ment with the Teng et al. (2017) experiments. Since then,
the experimental study of Berndt et al. (2019) found a much
higher HPALD yield, with small contributions only of di-
HPCARP-RO2. The HPALD to di-HPCARP-RO2 ratio is
governed by the chemistry of the HOO-hydroxy-allyl radi-
cals formed after the dominant 1,6-H shift in the Z-δ-1,4-
ISOPOO radicals (Fig. S4). The Müller et al. (2019) ratio-
nalization of the high HPALD yield by Berndt et al. (2019) is
based mostly on the stereoselectivity of the Z-δ-1,4-ISOPOO
H migration and the subsequent O2 addition, in connec-
tion with which new theoretical work (Müller et al., 2019)
showed a comparatively high barrier for internal rotation of
the HOC qH–C=C moiety in the HOO-hydroxy-allyl radi-
cals due to the partial double bond. The nascent stereospeci-
ficity (Z,E′ versus Z,Z′; see Fig. S4 box A) then remains
essentially unchanged throughout the subsequent chemistry
of the HOO-hydroxy-allyl radicals; this is contrary to ear-
lier assumptions in Peeters et al. (2014). HPALD can be
formed rapidly from both stereoisomers by O2 addition on
the HOC qH– radical carbon (Fig. S4 box D), followed by fast
HO2 elimination. Di-HPCARP-RO2 is formed only from the
Z,Z′-HOO-hydroxy-allyl radicals (Fig. S4 box E), as the fast
enol H migration requires the geometric proximity of the –
OH and –OO q groups.

Müller et al. (2019) suggest, based on the stereospe-
cific chemistry, that the E′-enol-peroxy radicals formed from
O2 addition on C4 of the Z,E′-HOO-hydroxy-allyl radicals
(Fig. S4 box B) will solely undergo re-dissociation, as well
as the subsequent re-addition of O2 on either of the radi-
cal sites of the Z,E′-HOO-hydroxy-allyl radical, until “indi-
rect” (Müller et al., 2019) HPALD is formed. Thus, the high
yield of HPALD is explained based on its formation from
all Z,E′-HOO-hydroxy-allyl radicals and part of the Z,Z′-
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Figure 8. Global model of the OH regeneration efficiency at the surface (M2). (a) The OH regeneration efficiency when considering only
the reaction between HO2 radicals with NO and with O3. (b) Including the remaining contributions by isomerization reactions and the
photolysis of HPALD. Isomerization reactions are very efficient in recycling the OH radicals and thus maintaining the oxidation capacity of
the atmosphere in environments characterized by high isoprene and low NO.

HOO-hydroxy-allyl radicals, whereas di-HPCARP-RO2 is
only formed from part of the Z,Z′ radicals.

While this mechanism can indeed lead to numerical agree-
ment with the Berndt et al. yields, the argumentation is not
based on actual quantitative theoretical work on each reac-
tion step and may thus be unable to discriminate between al-
ternative mechanisms or yields in this subtle, complex chem-
istry; in this paragraph, we briefly examine a few aspects
of the mechanism that warrant further investigation. Dif-
ferent yields would be obtained if the stereospecific yields
(determined based on minimum energy pathways) are af-
fected by non-statistical dynamics induced by chemical ac-
tivation or post-barrier energy release. Likewise, the site
specificity of O2 addition, based on radical spin densities
as a first-order approximation rather than on characteriza-
tions of the addition TS, carries a large uncertainty. The
rate of re-dissociation of the HOO-enol-peroxy adducts is
suggested by Müller et al. (2019) to be very similar to the
initial Z- and E-δ-OH-peroxy radicals from isoprene. How-
ever, H scrambling between the –OOH and –OO q groups
(see Fig. S4 box C) is expected to be orders of magnitude
faster (Miyoshi, 2011), leading to an equilibrated popula-
tion in which the terminal peroxy radical has no access to
a rapid re-dissociation channel, leading to lower overall phe-
nomenological rate coefficients for re-dissociation. Without
characterization of the impact of the terminal peroxy radical

in the bulk rate coefficient it is difficult to assess whether
sufficient re-dissociation and/or re-addition events can oc-
cur on the experimental timescale to ensure complete re-
conversion to HPALD. H scrambling also allows access to
enol reaction pathways ignored by Müller et al. (2019). We
examined ring closure and H-migration reactions for the
HOCH=C(CH3)CH2CH2OO q proxy molecule, predicting a
ring closure rate coefficient of ∼ 1× 103 s−1 (see Fig. S2)
that dominates re-dissociation. The impact of the additional
–OOH group in HOCH=C(CH3)CH(OOH)CH2OO q on the
ring closure rate is hard to estimate without computational
work, and these proxy results may thus not be applicable to
the isoprene chemistry. At the very least, one expects signif-
icant differences between the case I and II rate coefficients.
However, even a slower rate of ring closure would disrupt the
reaction flow as laid out by Müller et al. (2019) and affect the
predicted HPALD yield.

At this moment, there are contradictory experimental data
on the HPALD vs. di-HPCARP-RO2 yield (Berndt, 2012;
Teng et al., 2017; Berndt et al., 2019). The authors acknowl-
edge that the reasons behind the disagreement are not clear.
The earlier mechanism by Peeters et al. (2014) was used to
rationalize the low HPALD observations of Teng et al. (2017)
but did not appropriately account for stereospecificity. The
Müller et al. (2019) mechanism is compatible with the high
HPALD yield by Berndt et al. (2019), but it is based par-
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tially on mechanistic argumentations that may not be com-
patible with new and existing quantitative theoretical work
despite the excellent apparent numerical agreement with ex-
periments. We must stress that none of the aforementioned
considerations listed here on the Müller et al. (2019) reac-
tion scheme have the strength by themselves to invalidate the
proposed mechanism and are mostly indications that caveats
apply when implementing this scheme in chemical models.
In this complex chemistry, with subtle competition between
many channels, we feel there is as yet not enough quantita-
tive theoretical work to claim theory-based support for either
experimental yield.

It is therefore not possible from this study to unequivocally
determine the correct yield of HPALD versus di-HPCARP-
RO2, highlighting the need for further studies measuring
their degradation products to pinpoint their yield of forma-
tion.

7.2 Fate of HPALD and di-hydroperoxy carbonyl
compounds

HPALD is assumed to photolyse at a relatively fast rate
(∼ 2× 10−4 s−1 at a 30◦ solar zenith angle), producing CO
and OH radicals among other trace gases (Wolfe et al.,
2012; Liu et al., 2017). In addition to photolysis it will re-
act with OH radicals, for which MCMv3.3.1 includes three
site-specific reactions with a total rate of 5.2×10−11 cm3 s−1

(Wolfe et al., 2012). This reaction can compete with pho-
tolysis when OH radical concentrations reach 4× 106 cm−3

(∼ 2× 10−4 s−1), but the product distribution has not yet
been measured. The fate of the di-hydroperoxy carbonyl
compounds (DHPMEK and DHPMPAL in the MCMv3.3.1
and MVK3OOH4OOH and MACR2OOH3OOH in the Cal-
tech mechanism), formed from the aldehyde shift of the
di-HPCARP-RO2, is more uncertain and within the M2
model they are predicted in relatively large concentra-
tions (∼ 1010 cm−3). In the MCMv3.3.1 model, the two di-
hydroperoxy carbonyl compounds degrade either by react-
ing with OH radicals, regenerating the OH radical, or by
photolysis. Only two of the possible five site-specific reac-
tions (Jenkin et al., 2018) are included, with a total rate co-
efficient of the order of ∼ 3.3× 10−11 cm3 s−1. Within the
MCMv3.3.1 this is the main loss path for these species as
photolysis is slower than 1.3× 10−5 s−1 and does not com-
pete with the pseudo-first-order rate coefficient for the ambi-
ent concentration of OH radicals. A recent theoretical study
by Liu et al. (2018) suggests, based on a calculation for the
proxy molecule 2-hydroperoxypropanal, a much faster rate
for the photolysis (∼ 1 to 5× 10−4 s−1 at a 30◦ solar zenith
angle) with a yield of ∼ 20 % OH radicals. At an ambient
concentration of OH radicals lower than 4× 106 cm−3, pho-
tolysis would then become the dominant path. The Caltech
mechanism, based on Liu et al. (2018), then has photolysis
as the only degradation path for the di-hydroperoxy carbonyl
compounds. As long as the yield of HPALD remains uncer-

tain, it is difficult to assess the importance of these reactions.
This underlines the need for additional studies on the degra-
dation of di-hydroperoxy carbonyl compounds and HPALD
as they can have, locally, a large impact on the type of oxy-
genated products obtained.

8 Summary and conclusion

Photo-oxidation experiments on isoprene, the globally dom-
inant biogenic volatile organic compound emitted, were per-
formed in the atmospheric simulation chamber SAPHIR for
a range of NO mixing ratios to explore the importance of the
isomerization reaction for OH radical regeneration. Measure-
ments of OH reactivity, OH, HO∗2 and RO∗2 radical concen-
trations, and other important trace gases were compared to
results from different model calculations all based on a state-
of-the-art chemical mechanistic model (MCMv3.3.1) (Jenkin
et al., 2015).

It was found that the MCMv3.3.1 for isoprene degradation
initiated by OH radicals is not able to reproduce the measured
trace gas concentrations in the experiments despite the inclu-
sion of the isomerization reaction for isoprene-RO2 follow-
ing the LIM1 mechanism for NO mixing ratios < 0.2 ppbv.
Large discrepancies are observed, in particular for OH radi-
cals, with a ratio of modelled to measured OH of 0.7± 0.07
and of almost a factor of 2 for the sum of MVK, MACR, and
ISOPOOHs (all isomers).

Summarizing the theoretical analysis, we find that the
main fate of di-HPCARP-RO2-I is migration of the alde-
hyde H atom followed by rapid CO loss, leading to an un-
stable α-OOH alkyl radical that will eliminate an OH radi-
cal (Vereecken et al., 2004), forming DHP-MVK. The rate-
limiting reaction is the aldehyde H migration, with an ef-
fective rate coefficient k(300 K) =∼ 10 s−1. Alternative re-
action channels are found to be uncompetitive. The mecha-
nism leading to these results is significantly more complex
than originally proposed (Peeters et al., 2014), with a rate
coefficient significantly higher than the original 0.1 s−1 es-
timate and possibly a contribution of thermalized reactions
of the tri-HPACYL intermediate. However, the nett product
formation remains identical to that incorporated in the mech-
anisms by Peeters et al. (2014) and Wennberg et al. (2018)
and implemented in e.g. the Master Chemical Mechanism
v3.3.1 (Jenkin et al., 2015). Extrapolating these results to the
di-HPCARP-RO2-II radicals by accounting for the expected
barrier difference due to the different position of the methyl
group, we find there is competition between CO elimination
versus O2 addition in the tri-HPACYL-II radicals formed, es-
pecially when assuming the absence of chemical activation.

The kinetic aspects controlling the impact of the 1,6-H
shift of Z-δ-RO2 on the regeneration of OH radicals and the
production of oxygenated products were carefully checked
based on what is available in the literature (Table 2). It was
found that the best agreement between measured and mod-
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elled trace gases is observed when up to 50 % of the isoprene-
RO2 conformers (weighted by their abundance) are isomer-
ized. This is achieved when including within the MCMv3.3.1
a faster rate coefficient (3.6 and 0.4 s−1 at 298 K for OH ad-
dition on C4 and C1, respectively; Fig. 1) for the 1,6-H shift
of the Z-δ-RO2 radical based on a recent experimental study
(Teng et al., 2017). These changes result in a phenomenolog-
ical bulk isomerization rate in agreement with what can be
obtained from the LIM1 study by Peeters et al. (2014). Large
uncertainties remain regarding the relative yield of HPALD
and di-HPCARP-RO2 following the 1,6-H shift of Z-δ-RO2
radicals. Within this study, no meaningful differences be-
tween the results of different model calculations could be
observed when the yield of HPALD was varied from 0.4 to
0.75. Both HPALD and di-HPCARP-RO2 produce OH rad-
icals and CO in a relatively short timescale (less than 1 h).
Therefore, as long as the 1,6-H shift is fast and there are suf-
ficient Z-δ-RO2 radicals undergoing isomerization, the mea-
surements from this study are not sensitive to the HPALD to
di-HPCARP-RO2 ratio.

A detailed study of the path contribution to the OH rad-
ical regeneration highlights how, for NO mixing ratios <
0.2 ppbv, ∼ 50 % of the OH radical is regenerated from the
products following the 1,6-H shift: the photolysis of HPALD
and aldehyde shift of the di-HPCARP-RO2. These processes
help maintain the OH radical regeneration efficiency up to
0.5 in environments with low NO mixing ratios wherein re-
generation via the reaction of HO2 with NO becomes less im-
portant. For environments in which the NO concentration is
higher, regeneration via HO2 plus NO dominates (> 75 %),
and even models not including isomerization reactions are
able to reproduce the measured trace gases. The observed
OH radical regeneration efficiency in this chamber study at
low NO mixing ratios study is, however, lower than what is
observed and needed in the field to explain the measured OH
radical concentrations in isoprene-dominated environments
(Rohrer et al., 2014).

A semi-explicit global model which includes the chem-
istry highlighted in this study shows how isomerization helps
maintain an OH regeneration efficiency up to 0.6 globally. In
the Amazon at the ground level, the inclusion of isomeriza-
tion reactions increases the OH radical concentrations up to a
factor of 3, although this has no relevant impact on the global
budget of methane or CO.

Code and data availability. The data from the experiments in the
SAPHIR chamber used in this work are available on the EU-
ROCHAMP data home page (https://data.eurochamp.org/, last ac-
cess: 1 October 2019, EUROCHAMP, 2019).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-20-3333-2020-supplement.

Author contributions. HF and AH designed the experiments. AN
analysed the data, performed the box model simulations, and wrote
the paper together with HF. LV did the theoretical calculations.
SR and DT performed the global model simulations. All other co-
authors participated in data collection and experiment operations,
and all co-authors participated in paper discussion.

Competing interests. The authors declare that they have no conflict
of interest.

Special issue statement. This article is part of the special is-
sue “Simulation chambers as tools in atmospheric research
(AMT/ACP/GMD inter-journal SI)”. It is not associated with a con-
ference.

Acknowledgements. This project has received funding from the
European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (SARLEP grant
agreement no. 681529). The authors gratefully acknowledge the
computing time granted through JARA-HPC on the supercomputer
JURECA at Forschungszentrum Jülich Centre, 2018.

Financial support. This research has been supported by the
European Research Council (SARLEP (grant no. 681529)), the
European Commission, and the H2020 Research Infrastructures
(EUROCHAMP-2020 (grant no. 730997)).

The article processing charges for this open-access
publication were covered by a Research
Centre of the Helmholtz Association.

Review statement. This paper was edited by Dwayne Heard and re-
viewed by three anonymous referees.

References

Alecu, I. M., Zheng, J., Zhao, Y., and Truhlar, D. G.: Compu-
tational Thermochemistry: Scale Factor Databases and Scale
Factors for Vibrational Frequencies Obtained from Electronic
Model Chemistries, J. Chem. Theory Comput., 6, 2872–2887,
https://doi.org/10.1021/ct100326h, 2010.

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-
son, R. F., Hynes, R. G., Jenkin, M. E., Rossi, M. J., Troe, J.,
and IUPAC Subcommittee: Evaluated kinetic and photochemi-
cal data for atmospheric chemistry: Volume II – gas phase re-
actions of organic species, Atmos. Chem. Phys., 6, 3625–4055,
https://doi.org/10.5194/acp-6-3625-2006, 2006.

Bao, J. L., Zheng, J., Alecu, I. M., Lynch, B. J., Zhao, Y.,
and Truhlar, D. G.: DDatabase of Frequency Scale Factors
for Electronic Model Chemistries (Version 3 Beta 2), available
at: http://comp.chem.umn.edu/freqscale/index.html (last access:
June 2018), 2017.

Atmos. Chem. Phys., 20, 3333–3355, 2020 www.atmos-chem-phys.net/20/3333/2020/

39



A. Novelli et al.: Importance of isomerization reactions for OH recycling in an isoprene environment 3351

Bates, K. H. and Jacob, D. J.: A new model mechanism for atmo-
spheric oxidation of isoprene: global effects on oxidants, nitro-
gen oxides, organic products, and secondary organic aerosol, At-
mos. Chem. Phys., 19, 9613–9640, https://doi.org/10.5194/acp-
19-9613-2019, 2019.

Baulch, D. L., Bowman, C. T., Cobos, C. J., Cox, R. A., Just, T.,
Kerr, J. A., Pilling, M. J., Stocker, D., Troe, J., Tsang, W., Walker,
R. W., and Warnatz, J.: Evaluated Kinetic Data for Combustion
Modeling: Supplement II, J. Phys. Chem. Ref. Data, 34, p. 757,
https://doi.org/10.1063/1.1748524, 2005.

Berndt, T.: Formation of carbonyls and hydroperoxyenals
(HPALDs) from the OH radical reaction of isoprene for low-NOx
conditions: influence of temperature and water vapour content,
J. Atmos. Chem., 69, 253–272, https://doi.org/10.1007/s10874-
012-9245-2, 2012.

Berndt, T., Hyttinen, N., Herrmann, H., and Hansel, A.: First oxi-
dation products from the reaction of hydroxyl radicals with iso-
prene for pristine environmental conditions, Comm. Chem., 2,
p. 21, https://doi.org/10.1038/s42004-019-0120-9, 2019.

Blitz, M. A., Heard, D. E., and Pilling, M. J.: OH forma-
tion from CH3CO+O2: a convenient experimental marker
for the acetyl radical, Chem. Phys. Lett., 365, 374–379,
https://doi.org/10.1016/S0009-2614(02)01484-7, 2002.

Bohn, B. and Zilken, H.: Model-aided radiometric determi-
nation of photolysis frequencies in a sunlit atmosphere
simulation chamber, Atmos. Chem. Phys., 5, 191–206,
https://doi.org/10.5194/acp-5-191-2005, 2005.

Bohn, B., Rohrer, F., Brauers, T., and Wahner, A.: Actinometric
measurements of NO2 photolysis frequencies in the atmosphere
simulation chamber SAPHIR, Atmos. Chem. Phys., 5, 493–503,
https://doi.org/10.5194/acp-5-493-2005, 2005.

Carr, S. A., Glowacki, D. R., Liang, C.-H., Baeza-Romero, M.
T., Blitz, M. A., Pilling, M. J., and Seakins, P. W.: Exper-
imental and Modeling Studies of the Pressure and Tempera-
ture Dependences of the Kinetics and the OH Yields in the
Acetyl + O2 Reaction, J. Phys. Chem. A, 115, 1069–1085,
https://doi.org/10.1021/jp1099199, 2011.

Crounse, J. D., Teng, A., and Wennberg, P. O.: Experimental con-
strains on the distribution and fate of peroxy radicals formed
in the reactions of isoprene + OH + O2 presented at the At-
mospheric Chemical Mechanisms: Simple Models – Real world
Complexities, Universtiy of California, Davis, USA, 10–12 De-
cember 2014.

Crounse, J. D., Paulot, F., Kjaergaard, H. G., and Wennberg,
P. O.: Peroxy radical isomerization in the oxidation of
isoprene, Phys. Chem. Chem. Phys., 13, 13607–13613,
https://doi.org/10.1039/c1cp21330j, 2011.

Da Silva, G., Graham, C., and Wang, Z.-F.: Unimolecular β-
hydroxyperoxy radical decomposition with OH recycling in the
photochemical oxidation of isoprene, Environ. Sci. Technol., 44,
250–256, https://doi.org/10.1021/es900924d, 2010.

Dorn, H.-P., Brandenburger, U., Brauers, T., and Hausmann,
M.: A New In Situ Laser Long-Path Absorption Instru-
ment for the Measurement of Tropospheric OH Radicals,
J. Atmos. Sci., 52, 3373–3380, https://doi.org/10.1175/1520-
0469(1995)052<3373:anisll>2.0.co;2, 1995.

Dunning, T. H.: Gaussian basis sets for use in correlated molecular
calculations. I. The atoms boron through neon and hydrogen, J.

Chem. Phys., 90, 1007–1023, https://doi.org/10.1063/1.456153,
1989.

EUROCHAMP: EUROCHAMP Data Centre, https:
//data.eurochamp.org/, last access: 1 October 2019.

Fuchs, H., Bohn, B., Hofzumahaus, A., Holland, F., Lu, K.
D., Nehr, S., Rohrer, F., and Wahner, A.: Detection of
HO2 by laser-induced fluorescence: calibration and interfer-
ences from RO2 radicals, Atmos. Meas. Tech., 4, 1209–1225,
https://doi.org/10.5194/amt-4-1209-2011, 2011.

Fuchs, H., Dorn, H.-P., Bachner, M., Bohn, B., Brauers, T., Gomm,
S., Hofzumahaus, A., Holland, F., Nehr, S., Rohrer, F., Tillmann,
R., and Wahner, A.: Comparison of OH concentration measure-
ments by DOAS and LIF during SAPHIR chamber experiments
at high OH reactivity and low NO concentration, Atmos. Meas.
Tech., 5, 1611–1626, https://doi.org/10.5194/amt-5-1611-2012,
2012.

Fuchs, H., Hofzumahaus, A., Rohrer, F., Bohn, B., Brauers, T.,
Dorn, H. P., Haseler, R., Holland, F., Kaminski, M., Li, X.,
Lu, K., Nehr, S., Tillmann, R., Wegener, R., and Wahner,
A.: Experimental evidence for efficient hydroxyl radical re-
generation in isoprene oxidation, Nat. Geosci., 6, 1023–1026,
https://doi.org/10.1038/Ngeo1964, 2013.

Fuchs, H., Acir, I.-H., Bohn, B., Brauers, T., Dorn, H.-P., Häseler,
R., Hofzumahaus, A., Holland, F., Kaminski, M., Li, X., Lu, K.,
Lutz, A., Nehr, S., Rohrer, F., Tillmann, R., Wegener, R., and
Wahner, A.: OH regeneration from methacrolein oxidation in-
vestigated in the atmosphere simulation chamber SAPHIR, At-
mos. Chem. Phys., 14, 7895–7908, https://doi.org/10.5194/acp-
14-7895-2014, 2014.

Fuchs, H., Tan, Z., Hofzumahaus, A., Broch, S., Dorn, H.-P., Hol-
land, F., Künstler, C., Gomm, S., Rohrer, F., Schrade, S., Till-
mann, R., and Wahner, A.: Investigation of potential interfer-
ences in the detection of atmospheric ROx radicals by laser-
induced fluorescence under dark conditions, Atmos. Meas. Tech.,
9, 1431–1447, https://doi.org/10.5194/amt-9-1431-2016, 2016.

Fuchs, H., Novelli, A., Rolletter, M., Hofzumahaus, A., Pfannerstill,
E. Y., Kessel, S., Edtbauer, A., Williams, J., Michoud, V., Du-
santer, S., Locoge, N., Zannoni, N., Gros, V., Truong, F., Sarda-
Esteve, R., Cryer, D. R., Brumby, C. A., Whalley, L. K., Stone,
D., Seakins, P. W., Heard, D. E., Schoemaecker, C., Blocquet,
M., Coudert, S., Batut, S., Fittschen, C., Thames, A. B., Brune,
W. H., Ernest, C., Harder, H., Muller, J. B. A., Elste, T., Ku-
bistin, D., Andres, S., Bohn, B., Hohaus, T., Holland, F., Li, X.,
Rohrer, F., Kiendler-Scharr, A., Tillmann, R., Wegener, R., Yu,
Z., Zou, Q., and Wahner, A.: Comparison of OH reactivity mea-
surements in the atmospheric simulation chamber SAPHIR, At-
mos. Meas. Tech., 10, 4023–4053, https://doi.org/10.5194/amt-
10-4023-2017, 2017.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.
I., and Geron, C.: Estimates of global terrestrial isoprene
emissions using MEGAN (Model of Emissions of Gases and
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210,
https://doi.org/10.5194/acp-6-3181-2006, 2006.

Hofzumahaus, A., Rohrer, F., Lu, K., Bohn, B., Brauers, T., Chang,
C.-C., Fuchs, H., Holland, F., Kita, K., Kondo, Y., Li, X., Lou,
S., Shao, M., Zeng, L., Wahner, A., and Zhang, Y.: Amplified
trace gas removal in the troposphere, Science, 324, 1702–1704,
https://doi.org/10.1126/science.1164566, 2009.

www.atmos-chem-phys.net/20/3333/2020/ Atmos. Chem. Phys., 20, 3333–3355, 2020

40 3. Importance of isomerization reactions of isoprene peroxy radicals



3352 A. Novelli et al.: Importance of isomerization reactions for OH recycling in an isoprene environment

Holland, F., Hofzumahaus, A., Schafer, R., Kraus, A., and Patz,
H. W.: Measurements of OH and HO2 radical concentrations
and photolysis frequencies during BERLIOZ, J. Geophys. Res.-
Atmos., 108, 8246, https://doi.org/10.1029/2001jd001393, 2003.

Hornbrook, R. S., Crawford, J. H., Edwards, G. D., Goyea, O.,
Mauldin III, R. L., Olson, J. S., and Cantrell, C. A.: Mea-
surements of tropospheric HO2 and RO2 by oxygen dilution
modulation and chemical ionization mass spectrometry, At-
mos. Meas. Tech., 4, 735–756, https://doi.org/10.5194/amt-4-
735-2011, 2011.

Jenkin, M. E., Young, J. C., and Rickard, A. R.: The MCM
v3.3.1 degradation scheme for isoprene, Atmos. Chem. Phys.,
15, 11433–11459, https://doi.org/10.5194/acp-15-11433-2015,
2015.

Jenkin, M. E., Valorso, R., Aumont, B., Rickard, A. R., and
Wallington, T. J.: Estimation of rate coefficients and branch-
ing ratios for gas-phase reactions of OH with aliphatic organic
compounds for use in automated mechanism construction, At-
mos. Chem. Phys., 18, 9297–9328, https://doi.org/10.5194/acp-
18-9297-2018, 2018.

Jenkin, M. E., Khan, M. A. H., Shallcross, D. E., Bergström, R.,
Simpson, D., Murphy, K. L. C., and Rickard, A. R.: The CRI v2.2
reduced degradation scheme for isoprene, Atmos. Environ., 212,
172–182, https://doi.org/10.1016/j.atmosenv.2019.05.055, 2019.

Jöckel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede,
H., Baumgaertner, A., Gromov, S., and Kern, B.: Development
cycle 2 of the Modular Earth Submodel System (MESSy2),
Geosci. Model Dev., 3, 717–752, https://doi.org/10.5194/gmd-3-
717-2010, 2010.

Jordan, A., Haidacher, S., Hanel, G., Hartungen, E., Mark, L., See-
hauser, H., Schottkowsky, R., Sulzer, P., and Mark, T. D.: A high
resolution and high sensitivity proton-transfer-reaction time-of-
flight mass spectrometer (PTR-TOF-MS), Int. J. Mass Spec-
trom., 286, 122–128, https://doi.org/10.1016/j.ijms.2009.07.005,
2009.

Jorgensen, S., Knap, H. C., Otkjaer, R. V., Jensen, A. M., Kjeld-
sen, M. L. H., Wennberg, P. O., and Kjaergaard, H. G.:
Rapid Hydrogen Shift Scrambling in Hydroperoxy-Substituted
Organic Peroxy Radicals, J. Phys. Chem. A, 120, 266–275,
https://doi.org/10.1021/acs.jpca.5b067613, 2016.

Kaminski, M., Fuchs, H., Acir, I.-H., Bohn, B., Brauers, T., Dorn,
H.-P., Häseler, R., Hofzumahaus, A., Li, X., Lutz, A., Nehr,
S., Rohrer, F., Tillmann, R., Vereecken, L., Wegener, R., and
Wahner, A.: Investigation of the β-pinene photooxidation by
OH in the atmosphere simulation chamber SAPHIR, Atmos.
Chem. Phys., 17, 6631–6650, https://doi.org/10.5194/acp-17-
6631-2017, 2017.

Karl, M., Dorn, H.-P., Holland, F., Koppmann, R., Poppe, D.,
Rupp, L., Schaub, A., and Wahner, A.: Product study of the
reaction of OH radicals with isoprene in the atmosphere sim-
ulation chamber SAPHIR, J. Atmos. Chem., 55, 167–187,
https://doi.org/10.1007/s10874-006-9034-x, 2006.

Knap, H. C. and Jorgensen, S.: Rapid Hydrogen Shift Reactions
in Acyl Peroxy Radicals, J. Phys. Chem. A, 121, 1470–1479,
https://doi.org/10.1021/acs.jpca.6b12787, 2017.

Kubistin, D., Harder, H., Martinez, M., Rudolf, M., Sander, R.,
Bozem, H., Eerdekens, G., Fischer, H., Gurk, C., Klüpfel, T.,
Königstedt, R., Parchatka, U., Schiller, C. L., Stickler, A.,
Taraborrelli, D., Williams, J., and Lelieveld, J.: Hydroxyl rad-

icals in the tropical troposphere over the Suriname rainforest:
comparison of measurements with the box model MECCA, At-
mos. Chem. Phys., 10, 9705–9728, https://doi.org/10.5194/acp-
10-9705-2010, 2010.

Lelieveld, J., Butler, T. M., Crowley, J. N., Dillon, T. J., Fis-
cher, H., Ganzeveld, L., Harder, H., Lawrence, M. G., Martinez,
M., Taraborrelli, D., and Williams, J.: Atmospheric oxidation
capacity sustained by a tropical forest, Nature, 452, 737–740,
https://doi.org/10.1038/nature06870, 2008.

Levy, H.: Photochemistry of the Troposphere, in: Advances in Pho-
tochemistry, John Wiley & Sons, Inc., 369–524, 1974.

Lew, M. M., Dusanter, S., and Stevens, P. S.: Measurement of
interferences associated with the detection of the hydroperoxy
radical in the atmosphere using laser-induced fluorescence, At-
mos. Meas. Tech., 11, 95–109, https://doi.org/10.5194/amt-11-
95-2018, 2018.

Lindinger, W., Hansel, A., and Jordan, A.: On-line monitoring
of volatile organic compounds at pptv levels by means of
proton-transfer-reaction mass spectrometry (PTR-MS) – Medi-
cal applications, food control and environmental research, Int. J.
Mass. Spectrom., 173, 191–241, https://doi.org/10.1016/S0168-
1176(97)00281-4, 1998.

Liu, Z., Nguyen, V. S., Harvey, J., Müller, J.-F., and Peeters, J.:
Theoretically derived mechanisms of HPALD photolysis in iso-
prene oxidation, Phys. Chem. Chem. Phys., 19, 9096–9106,
https://doi.org/10.1039/C7CP00288B, 2017.

Liu, Z., Nguyen, V. S., Harvey, J., Muller, J.-F.,
and Peeters, J.: The photolysis of [small alpha]-
hydroperoxycarbonyls, Phys. Chem. Chem. Phys., 20, 6970–
6979, https://doi.org/10.1039/C7CP08421H, 2018.

Lou, S., Holland, F., Rohrer, F., Lu, K., Bohn, B., Brauers, T.,
Chang, C. C., Fuchs, H., Häseler, R., Kita, K., Kondo, Y.,
Li, X., Shao, M., Zeng, L., Wahner, A., Zhang, Y., Wang,
W., and Hofzumahaus, A.: Atmospheric OH reactivities in
the Pearl River Delta – China in summer 2006: measurement
and model results, Atmos. Chem. Phys., 10, 11243–11260,
https://doi.org/10.5194/acp-10-11243-2010, 2010.

Mao, J., Ren, X., Zhang, L., Van Duin, D. M., Cohen, R. C., Park,
J.-H., Goldstein, A. H., Paulot, F., Beaver, M. R., Crounse, J.
D., Wennberg, P. O., DiGangi, J. P., Henry, S. B., Keutsch, F.
N., Park, C., Schade, G. W., Wolfe, G. M., Thornton, J. A., and
Brune, W. H.: Insights into hydroxyl measurements and atmo-
spheric oxidation in a California forest, Atmos. Chem. Phys., 12,
8009–8020, https://doi.org/10.5194/acp-12-8009-2012, 2012.

Méreau, R., Rayez, M.-T., Rayez, J.-C., Caralp, F., and Lesclaux,
R.: Theoretical study on the atmospheric fate of carbonyl rad-
icals: kinetics of decomposition reactions, Phys. Chem. Chem.
Phys., 3, 4712–4717, https://doi.org/10.1039/B105824J, 2001.

Miyoshi, A.: Systematic computational study on the unimolecular
reactions of alkylperoxy (RO2), hydroperoxyalkyl (QOOH), and
hydroperoxyalkylperoxy (O2QOOH) radicals, J. Phys. Chem. A,
115, 3301–3325, https://doi.org/10.1021/jp112152n, 2011.

Miyoshi, A.: Molecular size dependent falloff rate constants for the
recombination reactions of alkyl radicals with O2 and implica-
tions for simplified kinetics of alkylperoxy radicals, Int. J. Chem.
Kinet., 44, 59–74, https://doi.org/10.1002/kin.20623, 2012.

Møller, K. H., Bates, K. H., and Kjaergaard, H. G.: The im-
portance of peroxy radical hydrogen-shift reactions in atmo-

Atmos. Chem. Phys., 20, 3333–3355, 2020 www.atmos-chem-phys.net/20/3333/2020/

41



A. Novelli et al.: Importance of isomerization reactions for OH recycling in an isoprene environment 3353

spheric isoprene oxidation, J. Phys. Chem. A, 123, 920–932,
https://doi.org/10.1021/acs.jpca.8b10432, 2019.

Müller, J.-F., Stavrakou, T., and Peeters, J.: Chemistry and depo-
sition in the Model of Atmospheric composition at Global and
Regional scales using Inversion Techniques for Trace gas Emis-
sions (MAGRITTE v1.1) – Part 1: Chemical mechanism, Geosci.
Model Dev., 12, 2307–2356, https://doi.org/10.5194/gmd-12-
2307-2019, 2019.

Novelli, A., Hens, K., Tatum Ernest, C., Kubistin, D., Regelin,
E., Elste, T., Plass-Dülmer, C., Martinez, M., Lelieveld, J.,
and Harder, H.: Characterisation of an inlet pre-injector laser-
induced fluorescence instrument for the measurement of atmo-
spheric hydroxyl radicals, Atmos. Meas. Tech., 7, 3413–3430,
https://doi.org/10.5194/amt-7-3413-2014, 2014.

Novelli, A., Bohn, B., Dorn, H.-P., Hofzumahaus, A., Holland, F.,
Li, X., Kaminski, M., Yu, Z., Rosanka, S., Reimer, D., Gkatzelis,
G. I., Taraborrelli, D., Vereecken, L., Rohrer, F., Tillmann, R.,
Wegener, R., Kiendler-Scharr, A., Wahner, A., and Fuchs, H.:
The atmosphere of a tropical forest simulated in a chamber: ex-
periments, theory and global significance of OH regeneration
in isoprene oxidation, iCACGP-IGAC 2018 Conference, 25–29
September 2018, Takamatsu, Japan, 2018a.

Novelli, A., Kaminski, M., Rolletter, M., Acir, I.-H., Bohn, B.,
Dorn, H.-P., Li, X., Lutz, A., Nehr, S., Rohrer, F., Tillmann,
R., Wegener, R., Holland, F., Hofzumahaus, A., Kiendler-
Scharr, A., Wahner, A., and Fuchs, H.: Evaluation of OH and
HO2 concentrations and their budgets during photooxidation
of 2-methyl-3-butene-2-ol (MBO) in the atmospheric simula-
tion chamber SAPHIR, Atmos. Chem. Phys., 18, 11409–11422,
https://doi.org/10.5194/acp-18-11409-2018, 2018b.

Park, J., Jongsma, C. G., Zhang, R., and North, S. W.:
OH/OD Initiated Oxidation of Isoprene in the Presence
of O2 and NO, J. Phys. Chem. A, 108, 10688–10697,
https://doi.org/10.1021/jp040421t, 2004.

Peeters, J.: Interactive comment on “The MCM v3.3. degradation
scheme for isoprene” by M. E. Jenkin et al., Atmos. Chem. Phys.
Discuss., 15, C2486–C2486, 2015.

Peeters, J. and Müller, J.-F.: HOx radical regeneration in isoprene
oxidation via peroxy radical isomerisations. II: experimental ev-
idence and global impact, Phys. Chem. Chem. Phys., 12, 14227–
14235, https://doi.org/10.1039/c0cp00811g, 2010.

Peeters, J., Nguyen, T. L., and Vereecken, L.: HOx radical regener-
ation in the oxidation of isoprene, Phys. Chem. Chem. Phys., 11,
5935–5939, https://doi.org/10.1039/b908511d, 2009.

Peeters, J., Müller, J.-F., Stavrakou, T., and Nguyen, V. S.:
Hydroxyl radical recycling in isoprene oxidation driven by
hydrogen bonding and hydrogen tunneling: the upgraded
LIM1 mechanism, J. Phys. Chem. A, 118, 8625–8643
https://doi.org/10.1021/jp5033146, 2014.

Poppe, D., Brauers, T., Dorn, H.-P., Karl, M., Mentel, T., Schlosser,
E., Tillmann, R., Wegener, R., and Wahner, A.: OH-initiated
degradation of several hydrocarbons in the atmosphere sim-
ulation chamber SAPHIR, J. Atmos. Chem., 57, 203–214,
https://doi.org/10.1007/s10874-007-9065-y, 2007.

Praske, E., Otkjær, R. V., Crounse, J. D., Hethcox, J. C., Stoltz,
B. M., Kjaergaard, H. G., and Wennberg, P. O.: Atmospheric
autoxidation is increasingly important in urban and subur-
ban North America, P. Natl. Acad. Sci. USA, 115, 64–69,
https://doi.org/10.1073/pnas.1715540115, 2018.

Praske, E., Otkjær, R. V., Crounse, J. D., Hethcox, J. C.,
Stoltz, B. M., Kjaergaard, H. G., and Wennberg, P. O.:
Intramolecular Hydrogen Shift Chemistry of Hydroperoxy-
Substituted Peroxy Radicals, J. Phys. Chem. A, 123, 590–600,
https://doi.org/10.1021/acs.jpca.8b09745, 2019.

Purvis, G. D. and Bartlett, R. J.: A full coupled-cluster singles and
doubles model: The inclusion of disconnected triples, J. Chem.
Phys., 76, 1910, https://doi.org/10.1063/1.443164, 1982.

Ren, X., Olson, J. R., Crawford, J. H., Brune, W. H., Mao,
J., Long, R. B., Chen, Z., Chen, G., Avery, M. A., Sachse,
G. W., Barrick, J. D., Diskin, G. S., Huey, L. G., Fried,
A., Cohen, R. C., Heikes, B., Wennberg, P. O., Singh, H.
B., Blake, D. R., and Shetter, R. E.: HOx chemistry dur-
ing INTEX-A 2004: Observation, model calculation, and com-
parison with previous studies, J. Geophys. Res.-Atmos., 113,
D05310, https://doi.org/10.1029/2007jd009166, 2008.

Rickly, P. and Stevens, P. S.: Measurements of a potential inter-
ference with laser-induced fluorescence measurements of ambi-
ent OH from the ozonolysis of biogenic alkenes, Atmos. Meas.
Tech., 11, 1–16, https://doi.org/10.5194/amt-11-1-2018, 2018.

Ridley, B. A., Grahek, F. E., and Walega, J. G.: A small, high-
sensitivity, medium-response ozone detector suitable for mea-
surements from light aircraft, J. Atmos. Ocean. Tech., 9, 142–
148, https://doi.org/10.1175/1520-0426(1992)009, 1992.

Rivera-Rios, J. C., Nguyen, T. B., Crounse, J. D., Jud, W., St. Clair,
J. M., Mikoviny, T., Gilman, J. B., Lerner, B. M., Kaiser, J. B.,
de Gouw, J., Wisthaler, A., Hansel, A., Wennberg, P. O., Sein-
feld, J. H., and Keutsch, F. N.: Conversion of hydroperoxides to
carbonyls in field and laboratory instrumentation: observational
bias in diagnosing pristine versus anthropogenically-controlled
atmospheric chemistry, Geophys. Res. Lett., 41, 8645–8651,
https://doi.org/10.1002/2014gl061919, 2014.

Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann,
S., Kornblueh, L., Manzini, E., Schlese, U., and Schulzweida,
U.: Sensitivity of Simulated Climate to Horizontal and Vertical
Resolution in the ECHAM5 Atmosphere Model, J. Climate, 19,
3771–3791, https://doi.org/10.1175/jcli3824.1, 2006.

Rohrer, F., Bohn, B., Brauers, T., Brüning, D., Johnen, F.-J., Wah-
ner, A., and Kleffmann, J.: Characterisation of the photolytic
HONO-source in the atmosphere simulation chamber SAPHIR,
Atmos. Chem. Phys., 5, 2189–2201, https://doi.org/10.5194/acp-
5-2189-2005, 2005.

Rohrer, F., Lu, K., Hofzumahaus, A., Bohn, B., Brauers, T., Chang,
C.-C., Fuchs, H., Häseler, R., Holland, F., Hu, M., Kita, K.,
Kondo, Y., Li, X., Lou, S., Oebel, A., Shao, M., Zeng, L., Zhu, T.,
Zhang, Y., and Wahner, A.: Maximum efficiency in the hydroxyl-
radical-based self-cleansing of the troposphere, Nat. Geosci., 7,
559, https://doi.org/10.1038/ngeo2199, 2014.

Sander, R., Baumgaertner, A., Gromov, S., Harder, H., Jöckel, P.,
Kerkweg, A., Kubistin, D., Regelin, E., Riede, H., Sandu, A.,
Taraborrelli, D., Tost, H., and Xie, Z.-Q.: The atmospheric chem-
istry box model CAABA/MECCA-3.0, Geosci. Model Dev., 4,
373–380, https://doi.org/10.5194/gmd-4-373-2011, 2011.

Sander, R., Baumgaertner, A., Cabrera-Perez, D., Frank, F., Gro-
mov, S., Grooß, J.-U., Harder, H., Huijnen, V., Jöckel, P., Kary-
dis, V. A., Niemeyer, K. E., Pozzer, A., Riede, H., Schultz,
M. G., Taraborrelli, D., and Tauer, S.: The community atmo-
spheric chemistry box model CAABA/MECCA-4.0, Geosci.

www.atmos-chem-phys.net/20/3333/2020/ Atmos. Chem. Phys., 20, 3333–3355, 2020

42 3. Importance of isomerization reactions of isoprene peroxy radicals



3354 A. Novelli et al.: Importance of isomerization reactions for OH recycling in an isoprene environment

Model Dev., 12, 1365–1385, https://doi.org/10.5194/gmd-12-
1365-2019, 2019.

Schlosser, E., Bohn, B., Brauers, T., Dorn, H.-P., Fuchs, H., Häseler,
R., Hofzumahaus, A., Holland, F., Rohrer, F., Rupp, L., Siese,
M., Tillmann, R., and Wahner, A.: Intercomparison of two
hydroxyl radical measurement techniques at the atmosphere
simulation chamber SAPHIR, J. Atmos. Chem., 56, 187–205,
https://doi.org/10.1007/s10874-006-9049-3, 2007.

Schlosser, E., Brauers, T., Dorn, H.-P., Fuchs, H., Häseler, R.,
Hofzumahaus, A., Holland, F., Wahner, A., Kanaya, Y., Kajii,
Y., Miyamoto, K., Nishida, S., Watanabe, K., Yoshino, A., Ku-
bistin, D., Martinez, M., Rudolf, M., Harder, H., Berresheim, H.,
Elste, T., Plass-Dülmer, C., Stange, G., and Schurath, U.: Techni-
cal Note: Formal blind intercomparison of OH measurements: re-
sults from the international campaign HOxComp, Atmos. Chem.
Phys., 9, 7923–7948, https://doi.org/10.5194/acp-9-7923-2009,
2009.

Sehested, J., Christensen, L. K., Nielsen, O. J., and Walling-
ton, T. J.: Absolute rate constants for F + CH3CHO and
CH3CHO + O2, relative rate study of CH3CHO + NO, and
the product distribution of the F + CH3CHO reaction, Int. J.
Chem. Kinet., 30, 913–921, https://doi.org/10.1002/(SICI)1097-
4601(1998)30:12<913::AID-KIN6>3.0.CO;2-5, 1998.

Sindelarova, K., Granier, C., Bouarar, I., Guenther, A., Tilmes, S.,
Stavrakou, T., Müller, J.-F., Kuhn, U., Stefani, P., and Knorr, W.:
Global data set of biogenic VOC emissions calculated by the
MEGAN model over the last 30 years, Atmos. Chem. Phys., 14,
9317–9341, https://doi.org/10.5194/acp-14-9317-2014, 2014.

St. Clair, J. M., Rivera-Rios, J. C., Crounse, J. D., Knap, H. C.,
Bates, K. H., Teng, A. P., Jørgensen, S., Kjaergaard, H. G.,
Keutsch, F. N., and Wennberg, P. O.: Kinetics and Products of the
Reaction of the First-Generation Isoprene Hydroxy Hydroperox-
ide (ISOPOOH) with OH, The J. Phys. Chem. A, 120, 1441–
1451, https://doi.org/10.1021/acs.jpca.5b06532, 2016.

Tan, D., Faloona, I., Simpas, J. B., Brune, W., Shepson, P.
B., Couch, T. L., Sumner, A. L., Carroll, M. A., Thorn-
berry, T., Apel, E., Riemer, D., and Stockwell, W.: HOx bud-
gets in a deciduous forest: Results from the PROPHET sum-
mer 1998 campaign, J. Geophys. Res., 106, 24407–24427,
https://doi.org/10.1029/2001jd900016, 2001.

Tan, Z., Fuchs, H., Lu, K., Hofzumahaus, A., Bohn, B., Broch, S.,
Dong, H., Gomm, S., Häseler, R., He, L., Holland, F., Li, X., Liu,
Y., Lu, S., Rohrer, F., Shao, M., Wang, B., Wang, M., Wu, Y.,
Zeng, L., Zhang, Y., Wahner, A., and Zhang, Y.: Radical chem-
istry at a rural site (Wangdu) in the North China Plain: obser-
vation and model calculations of OH, HO2 and RO2 radicals,
Atmos. Chem. Phys., 17, 663–690, https://doi.org/10.5194/acp-
17-663-2017, 2017.

Tan, Z., Rohrer, F., Lu, K., Ma, X., Bohn, B., Broch, S., Dong,
H., Fuchs, H., Gkatzelis, G. I., Hofzumahaus, A., Holland, F.,
Li, X., Liu, Y., Liu, Y., Novelli, A., Shao, M., Wang, H., Wu,
Y., Zeng, L., Hu, M., Kiendler-Scharr, A., Wahner, A., and
Zhang, Y.: Wintertime photochemistry in Beijing: observations
of ROx radical concentrations in the North China Plain dur-
ing the BEST-ONE campaign, Atmos. Chem. Phys., 18, 12391–
12411, https://doi.org/10.5194/acp-18-12391-2018, 2018.

Tan, Z., Lu, K., Hofzumahaus, A., Fuchs, H., Bohn, B., Hol-
land, F., Liu, Y., Rohrer, F., Shao, M., Sun, K., Wu, Y., Zeng,
L., Zhang, Y., Zou, Q., Kiendler-Scharr, A., Wahner, A., and

Zhang, Y.: Experimental budgets of OH, HO2, and RO2 rad-
icals and implications for ozone formation in the Pearl River
Delta in China 2014, Atmos. Chem. Phys., 19, 7129–7150,
https://doi.org/10.5194/acp-19-7129-2019, 2019.

Taraborrelli, D., Lawrence, M. G., Crowley, J. N., Dillon, T. J.,
Gromov, S., Groß, C. B. M., Vereecken, L., and Lelieveld, J.:
Hydroxyl radical buffered by isoprene oxidation over tropical
forests, Nat. Geosci., 5, 190–193, 2012.

Teng, A. P., Crounse, J. D., and Wennberg, P. O.: Isoprene per-
oxy radical dynamics, J. Am. Chem. Soc., 139, 5367–5377,
https://doi.org/10.1021/jacs.6b12838, 2017.

Vereecken, L. and Peeters, J.: The 1,5-H-shift in 1-butoxy: A case
study in the rigorous implementation of transition state theory
for a multirotamer system, J. Chem. Phys., 119, 5159–5170,
https://doi.org/10.1063/1.1597479, 2003.

Vereecken, L., Nguyen, T. L., Hermans, I., and Peeters, J.: Com-
putational study of the stability of α-hydroperoxyl- or α-
alkylperoxyl substituted alkyl radicals, Chem. Phys. Lett., 393,
432–436, https://doi.org/10.1016/j.cplett.2004.06.076, 2004.

Wang, S., Riva, M., Yan, C., Ehn, M., and Wang, L.: Primary
formation of highly oxidized multifunctional products in the
OH-Initiated oxidation of Isoprene: a combined theoretical and
experimental study, Environ. Sci. Technol., 52, 12255–12264,
https://doi.org/10.1021/acs.est.8b02783, 2018.

Wegener, R., Brauers, T., Koppmann, R., Rodríguez Bares, S.,
Rohrer, F., Tillmann, R., Wahner, A., Hansel, A., and Wisthaler,
A.: Simulation chamber investigation of the reactions of ozone
with short-chained alkenes, J. Geophys. Res.-Atmos., 112,
D13301, https://doi.org/10.1029/2006JD007531, 2007.

Wennberg, P. O., Bates, K. H., Crounse, J. D., Dodson, L. G.,
McVay, R. C., Mertens, L. A., Nguyen, T. B., Praske, E.,
Schwantes, R. H., Smarte, M. D., St Clair, J. M., Teng, A. P.,
Zhang, X., and Seinfeld, J. H.: Gas-phase reactions of isoprene
and its major oxidation products, Chem. Rev., 118, 3337–3390,
https://doi.org/10.1021/acs.chemrev.7b00439, 2018.

Whalley, L. K., Edwards, P. M., Furneaux, K. L., Goddard, A.,
Ingham, T., Evans, M. J., Stone, D., Hopkins, J. R., Jones, C.
E., Karunaharan, A., Lee, J. D., Lewis, A. C., Monks, P. S.,
Moller, S. J., and Heard, D. E.: Quantifying the magnitude of
a missing hydroxyl radical source in a tropical rainforest, At-
mos. Chem. Phys., 11, 7223–7233, https://doi.org/10.5194/acp-
11-7223-2011, 2011.

Whalley, L. K., Blitz, M. A., Desservettaz, M., Seakins, P. W., and
Heard, D. E.: Reporting the sensitivity of laser-induced fluores-
cence instruments used for HO2 detection to an interference from
RO2 radicals and introducing a novel approach that enables HO2
and certain RO2 types to be selectively measured, Atmos. Meas.
Tech., 6, 3425–3440, https://doi.org/10.5194/amt-6-3425-2013,
2013.

Wolfe, G. M., Crounse, J. D., Parrish, J. D., St. Clair, J.
M., Beaver, M. R., Paulot, F., Yoon, T. P., Wennberg,
P. O., and Keutsch, F. N.: Photolysis, OH reactivity and
ozone reactivity of a proxy for isoprene-derived hydroperox-
yenals (HPALDs), Phys. Chem. Chem. Phys., 14, 7276–7286,
https://doi.org/10.1039/C2CP40388A, 2012.

Xing, L., Lucas, J., Wang, Z., Wang, X., and Truhlar, D. G.: Hydro-
gen shift isomerizations in the kinetics of the second oxidation
mechanism of alkane combustion, Reactions of the hydroper-

Atmos. Chem. Phys., 20, 3333–3355, 2020 www.atmos-chem-phys.net/20/3333/2020/

43



A. Novelli et al.: Importance of isomerization reactions for OH recycling in an isoprene environment 3355

oxypentylperoxy OOQOOH radical, Combust. Flame, 197, 88–
101, https://doi.org/10.1016/j.combustflame.2018.07.013, 2018.

Zhao, Y. and Truhlar, D. G.: The M06 suite of density functionals
for main group thermochemistry, thermochemical kinetics, non-
covalent interactions, excited states, and transition elements: two
new functionals and systematic testing of four M06-class func-
tionals and 12 other functionals, Theor. Chem. Acc., 120, 215–
241, https://doi.org/10.1007/s00214-007-0310-x, 2008.

www.atmos-chem-phys.net/20/3333/2020/ Atmos. Chem. Phys., 20, 3333–3355, 2020

44 3. Importance of isomerization reactions of isoprene peroxy radicals



Chapter 4

Atmospheric chemical loss processes
of isocyanic acid (HNCO): a combined
theoretical kinetic and global model-
ling study

Rosanka, S., Vu, G. H. T., Nguyen, H. M. T., Pham, T. V., Javed, U., Taraborr-
elli, D., and Vereecken, L.: Atmospheric chemical loss processes of isocyanic acid
(HNCO): a combined theoretical kinetic and global modelling study, Atmospheric
Chemistry and Physics, 20, 6671–6686, https://doi.org/10.5194/acp-20-6671-2020,
2020
General information:
The manuscript has been submitted on 11 December 2019 and it has been published
on 8 June 2020. The authors hold the copyright of this work (©Author(s) 2020),
which is distributed under the Creative Commons Attribution 4.0 License1. The
supplemental material of this manuscript is presented in Appendix B.
Importance for this thesis and the author’s contribution:
In this study, the importance of atmospheric loss processes (gas-, aqueous-phase,
and deposition) of HNCO is addressed. It contributes to the assessment of the
representation of gas- and aqueous-phase OVOC chemistry. Additionally, the influ-
ence of varying biomass burning emission factors is addressed. Further details are
discussed in Sect. 8.2.
I developed and implemented the gas- and aqueous-phase mechanism into the global
model EMAC. Afterwards, I performed and analysed the global model simulations.
I created the figures related to the global model analysis and wrote the global model
description, the global model result section, and parts of the introduction. Addi-
tionally, I contributed to the general discussion and contributed to other parts of
the manuscript. Further information and the contributions of all co-authors are
available in the manuscript’s ‘Author contributions’ section.

1https://creativecommons.org/licenses/by/4.0/ (last access: 6 September 2020)

https://dx.doi.org/10.5194/acp-20-6671-2020
https://creativecommons.org/licenses/by/4.0/


Atmos. Chem. Phys., 20, 6671–6686, 2020
https://doi.org/10.5194/acp-20-6671-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric chemical loss processes of isocyanic acid (HNCO): a
combined theoretical kinetic and global modelling study
Simon Rosanka1, Giang H. T. Vu2, Hue M. T. Nguyen2, Tien V. Pham3, Umar Javed1, Domenico Taraborrelli1, and
Luc Vereecken1

1Institute for energy and climate research, Forschungszentrum Jülich GmbH, Jülich, Germany
2Faculty of Chemistry and Center for Computational Science, Hanoi National University of Education, Hanoi, Vietnam
3School of Chemical Engineering, Hanoi University of Science and Technology, Hanoi, Vietnam

Correspondence: Hue M. T. Nguyen (hue.nguyen@hnue.edu.vn) and Domenico Taraborrelli (d.taraborrelli@fz-juelich.de)

Received: 11 December 2019 – Discussion started: 3 February 2020
Revised: 4 May 2020 – Accepted: 6 May 2020 – Published: 8 June 2020

Abstract. Isocyanic acid (HNCO) is a chemical constituent
suspected to be harmful to humans if ambient concentrations
exceed ∼ 1 ppbv. HNCO is mainly emitted by combustion
processes but is also inadvertently released by NOx mitiga-
tion measures in flue gas treatments. With increasing biomass
burning and more widespread usage of catalytic convert-
ers in car engines, good prediction of HNCO atmospheric
levels with global models is desirable. Little is known di-
rectly about the chemical loss processes of HNCO, which
limits the implementation in global Earth system models.
This study aims to close this knowledge gap by combin-
ing a theoretical kinetic study on the major oxidants react-
ing with HNCO with a global modelling study. The po-
tential energy surfaces of the reactions of HNCO with OH
and NO3 radicals, Cl atoms, and ozone were studied us-
ing high-level CCSD(T)/CBS(DTQ)//M06-2X/aug-cc-pVTZ
quantum chemical methodologies, followed by transition
state theory (TST) theoretical kinetic predictions of the rate
coefficients at temperatures of 200–3000 K. It was found that
the reactions are all slow in atmospheric conditions, with
k(300K)≤ 7× 10−16 cm3 molecule−1 s−1, and that product
formation occurs predominantly by H abstraction; the predic-
tions are in good agreement with earlier experimental work,
where available. The reverse reactions of NCO radicals with
H2O, HNO3, and HCl, of importance mostly in combustion,
were also examined briefly.

The findings are implemented into the atmospheric model
EMAC (ECHAM/MESSy Atmospheric Chemistry) to esti-
mate the importance of each chemical loss process on a
global scale. The EMAC predictions confirm that the gas-

phase chemical loss of HNCO is a negligible process, con-
tributing less than 1 % and leaving heterogeneous losses as
the major sinks. The removal of HNCO by clouds and pre-
cipitation contributes about 10 % of the total loss, while glob-
ally dry deposition is the main sink, accounting for ∼ 90 %.
The global simulation also shows that due to its long chemi-
cal lifetime in the free troposphere, HNCO can be efficiently
transported into the UTLS by deep convection events. Daily-
average mixing ratios of ground-level HNCO are found to
regularly exceed 1 ppbv in regions dominated by biomass
burning events, but rarely exceed levels above 10 ppt in other
areas of the troposphere, though locally instantaneous toxic
levels are expected.

1 Introduction

The existence of isocyanic acid (HNCO) in the atmosphere
has been established only recently (Roberts et al., 2011;
Wentzell et al., 2013) despite its molecular structure and
chemical synthesis being first discovered in the 19th cen-
tury (Liebig and Wöhler, 1830). HNCO can form H-bonded
clusters (Zabardasti et al., 2009, 2010; Zabardasti and Soli-
mannejad, 2007) and in pure form appreciably polymerizes
to other species (Belson and Strachan, 1982) but becomes
relatively stable in the gaseous phase (ppm level) under am-
bient temperature conditions (Roberts et al., 2010). It is thus
near-exclusively present as a monomer in the gaseous phase
under ambient temperature conditions (Fischer et al., 2002;
Roberts et al., 2010). The background ambient mixing ratios
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of HNCO as determined by Young et al. (2012) using a global
chemistry transport model vary in the range of a few parts per
trillion by volume (pptv) over the ocean and remote South-
ern Hemisphere to tens of pptv over land. In urban regions,
HNCO mixing ratio increases from tens of pptv to hundreds
of pptv (Roberts et al., 2014; Wentzell et al., 2013). Peak lev-
els can reach up to a few parts per billion by volume under
the conditions impacted by direct emissions (Chandra and
Sinha, 2016).

HNCO has been linked to adverse health effects such
as cataracts, cardiovascular disease, and rheumatoid arthri-
tis via a process called protein carbamylation (see Leslie
et al., 2019; Roberts et al., 2011; Suarez-Bertoa and As-
torga, 2016; SUVA, 2016; Wang et al., 2007, and references
therein). To our knowledge, no past studies have been per-
formed to provide a direct link between inhalation expo-
sure and related adverse health effects. However, human ex-
posure to HNCO concentrations of 1 ppbv is estimated to
be potentially sufficient to start the process of protein car-
bamylation (Roberts et al., 2011). Unfortunately, an air qual-
ity standard for HNCO does not exist in most of the coun-
tries, whereas an occupational exposure limit has been estab-
lished by law in only a few countries, including the Swedish
Work Environment Authority (SWEA, 2011) and the Swiss
National Accident Insurance Fund (SUVA, 2016). For ex-
ample, the Swedish Work Environment Authority sets the
level limit value (LLV) for HNCO at about 0.018 mgm−3,
i.e. 10 ppbv (SWEA, 2011). The potential negative impact on
health makes it important to assess the atmospheric sources
and sinks of HNCO to determine its fate and lifetime.

HNCO emission into the atmosphere is driven primarily
by combustion processes based on both natural and anthro-
pogenic activities (see Leslie et al., 2019, and references
therein), where the pyrolysis of nitrogen-containing biomass
materials during the events of wildfires and agricultural fires
leads to the emission of HNCO into the atmosphere. The
presence of HNCO in cigarette smoke has been established
via the pyrolysis of urea used as a cigarette additive (Baker
and Bishop, 2004), oxidation of nicotine (Borduas et al.,
2016a), and oxidation of formamide (Barnes et al., 2010;
Borduas et al., 2015; Bunkan et al., 2015). Even the combus-
tion of almost all sorts of common household materials, in-
cluding fibre glass, rubber, wood, PVC-based carpet, and ca-
bles (Blomqvist et al., 2003), and polyurethane-based foam
(Blomqvist et al., 2003; Jankowski et al., 2014), leads to
HNCO emissions along with other isocyanates (Leslie et al.,
2019). HNCO emissions from traffic are originating mainly
from usage of recent catalytic converters in the exhaust sys-
tems of gasoline-based (Brady et al., 2014) and diesel-based
(Heeb et al., 2011) vehicles. These converters are imple-
mented to control the emission of primary pollutants such
as hydrocarbons, carbon monoxide, particulate matter, and
nitrogen oxides. However, these implementations have pro-
moted (Suarez-Bertoa and Astorga, 2016) the formation and
emissions of HNCO via surface-bound chain reactions at dif-

ferent stages of the flue gas exhaust and additionally due to
emission of unreacted HNCO in the most commonly used
urea-based SCR (selective catalytic reduction) system (Heeb
et al., 2011). The usages of catalytic converters in modern
vehicles potentially give rise to the emission of HNCO es-
pecially in urban regions with a growing density of vehicles.
A few studies also reported a direct formation of HNCO in
the diesel engines during fuel combustion without any after-
treatments (Heeb et al., 2011; Jathar et al., 2017). A tabu-
lar overview of past studies for HNCO emissions related to
gasoline or diesel exhausts can be found in Wren et al. (2018)
and Leslie et al. (2019). HNCO emissions via fossil fuel us-
age are not limited to on-road activity. Off-road fossil fuel
activities (e.g. tar sands) also contribute to significant HNCO
emissions on regional scales (Liggio et al., 2017). Finally,
secondary HNCO formation in the atmosphere is also known
through the oxidation of amines and amides (e.g. Borduas et
al., 2016a; Parandaman et al., 2017).

The number of studies examining HNCO gas-phase chem-
istry is limited and mostly focused on its role in the chemistry
in NOx mitigation strategies in combustion systems. The
scarce data suggest that HNCO destruction in the atmosphere
by typical pathways such as reactions with oxidizing agents
or by photolysis is ineffective. We give a short overview here
to supplement a recent review (Leslie et al., 2019). The reac-
tion of HNCO with the hydroxyl radical (OH), the most im-
portant daytime oxidizing agent, has only been studied exper-
imentally at temperatures between 620 and 2500 K (Baulch
et al., 2005; Mertens et al., 1992; Tsang, 1992; Tully et
al., 1989; Wooldridge et al., 1996), where the extrapolated
rate expressions lead to an estimated rate coefficient of 5–
12× 10−16 cm3 molecule−1 s−1 at 298 K, i.e. a HNCO life-
time towards OH of over 25 years when assuming a typi-
cal OH concentration of 1× 106 molecule cm−3. Early the-
oretical work by Sengupta and Nguyen (1997) at tempera-
tures≥ 500 K showed that the mechanism proceeds predomi-
nantly by H abstraction, forming NCO+H2O, with an energy
barrier of ∼ 6 kcalmol−1. Wooldridge et al. (1996) deter-
mined an upper limit of ≤ 0.1 for the fraction of CO2+NH2
formation. To our knowledge, no experimental or theoretical
data are available on HNCO reactions with other dominant
atmospheric oxidants, including the nitrate radicals (NO3),
chlorine atoms (Cl), or ozone (O3). Some data are avail-
able for H- and O-atom co-reactants of importance in com-
bustion, as well as estimates for HCO and CN (Baulch et
al., 2005; Tsang, 1992), but these are not reviewed here.
There is no direct measurement for the dry deposition of
HNCO. In a global chemical-transport-model-based study,
the deposition velocity was considered to be similar to formic
acid, yielding a HNCO lifetime of 1–3 d (over the ocean)
to 1–2 weeks (over vegetation) (Young et al., 2012). The
UV absorption for HNCO is only reported at wavelengths
< 262 nm, and photolysis is mostly reported for energies
at wavelengths below 240 nm by excitation to the first sin-
glet excited states, forming H+NCO or NH+CO (Keller-
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Rudek et al., 2013; Okabe, 1970; Spiglanin et al., 1987;
Spiglanin and Chandler, 1987; Uno et al., 1990; Vatsa and
Volpp, 2001). In the troposphere photolysis occurs only at
the UV absorption wavelength band > 290 nm due to fil-
tering of shorter-wavelength radiation (Hofzumahaus et al.,
2002). DrozGeorget et al. (1997) have reported the photoly-
sis of HNCO forming NH(a11)+CO(X1∑+) at 332.4 nm,
but the HNCO absorption cross section at this wavelength
would lead to a lifetime of months (Roberts et al., 2011).
Therefore, HNCO loss due to photo-dissociation appears to
be negligible in the lower atmosphere. HNCO has absorp-
tion bands in the infrared (Sharpe et al., 2004), but at these
wavelengths the photon energy is generally too limited for
photo-dissociation (Hofzumahaus et al., 2002). The main at-
mospheric loss processes are considered to be the transfer
to the liquid phase, followed by hydrolysis, and deposition.
This process depends on the varying atmospheric liquid wa-
ter contents, relevant temperatures, and pH of cloud droplets.
Therefore, the gas-to-liquid partitioning, in the varying atmo-
spheric properties, i.e. water content, temperature, and pH of
cloud droplets, becomes important to determine the atmo-
spheric fate of HNCO (Leslie et al., 2019). The gas-to-liquid
partitioning has been described by the Henry’s law coeffi-
cient KH (ranging from 20 to 26± 2 Matm−1) and related
parameters by a handful of studies (Borduas et al., 2016b;
Roberts et al., 2011; Roberts and Liu, 2019). Based on a re-
cent study (Barth et al., 2013), the lifetime of HNCO due to
heterogeneous processes is known to be of the order of a few
hours (in-cloud reactions) to weeks (aerosol deposition).

The emissions and sources of HNCO have been focused on
by many past studies, but there remain large uncertainties in
our understanding of HNCO removal processes, especially in
gas-phase chemistry. This missing information on HNCO re-
moval processes limits global models to predict HNCO with
confidence. To alleviate the dearth of direct data and there-
fore improve the representation of HNCO in global models,
we first provide a theoretical analysis of the chemical reac-
tions of HNCO with the dominant atmospheric oxidants: OH
and NO3 radicals, Cl atoms, and O3 molecules, including the
prediction of each rate coefficient at atmospheric conditions.
In a second step, these results are included in a global nu-
merical chemistry and climate model to assess the impact
of chemical loss of HNCO in competition against hydrolysis
within cloud droplets and against deposition to the Earth’s
surface. Additionally, the model is used to provide an es-
timate of the relative importance of primary and secondary
HNCO sources.

2 Methodologies

2.1 Theoretical methodologies

The potential energy surfaces of the initiation reactions of all
four reaction systems were characterized at the M06-2X/aug-

cc-pVTZ level of theory (Dunning, 1989; Zhao and Truhlar,
2008), optimizing the geometries and rovibrational charac-
teristics of all minima and transition states. The relative en-
ergy of the critical points was further refined at the CCSD(T)
level of theory in a set of single-point energy calculations us-
ing a systematic series of basis sets, aug-cc-pVxZ (x =D,
T , Q) (Dunning, 1989; Purvis and Bartlett, 1982). These
energies were extrapolated to the complete basis set (CBS)
limit using the aug-Schwartz6(DTQ) scheme as proposed by
Martin (1996). The rate coefficients were then obtained by
transition state theory (Truhlar et al., 1996) in a rigid rotor,
harmonic oscillator approximation, applying a scaling factor
of 0.971 to the vibrational wavenumbers (Alecu et al., 2010;
Bao et al., 2017). The spin–orbit splitting of the OH radicals
of 27.95 cm−1 was taken into account (Huber and Herzberg,
1979). Tunnelling was incorporated using an asymmetric
Eckart correction (Johnston and Heicklen, 1962).

To further complete our knowledge on some of the reac-
tions beyond their initiation steps, the full potential energy
surfaces of the HNCO+Cl and HNCO+O3 reactants were
characterized at the M06-2X/aug-cc-pVTZ or B3LYP/aug-
cc-pVTZ level of theory (Becke, 1993; Dunning, 1989; Lee
et al., 1988), combined with CCSD(T)/aug-cc-pVTZ single-
point energy calculations. To our knowledge, these are the
first characterizations of these surfaces. At atmospheric tem-
peratures, most of the reaction channels are negligible, and a
detailed kinetic analysis is not performed at this time.

The expected uncertainty of the rate predictions at room
temperature is of a factor of 4, based on an estimated un-
certainty on the barrier height of at least 0.5 kcalmol−1, and
on the tunnelling correction of a factor of 1.5. Though the
level of theory used is robust, there are some aspects that
are not treated with the highest possible precision. For ex-
ample, post-CCSD(T)/CBS calculations could refine the pre-
dicted energies but are not expected to change our values by
more than a few tenths of a kilocalorie per mole (kcalmol−1).
The calculation of the state densities could be improved for
internal rotation (especially at temperatures outside the at-
mospheric range), for the notoriously complex rovibronic
structure of the NO3 radical (Stanton, 2007, 2009; Stanton
and Okumura, 2009), or by treating the transition states (mi-
cro)variationally to better characterize the energy-specific ki-
netic bottleneck. Another aspect is the effect of redissoci-
ation of chemically activated adducts, which decreases the
effective rate of HNCO loss. Finally, tunnelling corrections
for the H-abstraction reactions could benefit from higher-
dimensional (curvature and corner-cutting) corrections. The
tunnelling corrections are currently predicted to be smaller
than a factor of 15 at room temperature due to the low and
broad energy barriers, except for a factor of ∼ 40 for the
HNCO+NO3 H abstraction with a somewhat higher bar-
rier. Incorporating any of the aforementioned improvements
in the theoretical predictions, however, has a high to very
high computational burden with strongly diminished return,
as none are expected to change the rate coefficient by a fac-
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tor large enough to affect the conclusions of our calculations;
i.e. that the reactions are negligibly slow by many orders
of magnitude compared to other HNCO loss processes (see
further text). This is also illustrated in Fig. 2. We refer to
Vereecken and Francisco (2012), Vereecken et al. (2015), and
Papajak and Truhlar (2012) for further information on theo-
retical methodologies in atmospheric chemistry.

2.2 Global modelling

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation
system that includes submodels describing tropospheric
and middle-atmosphere processes and their interaction with
oceans, land, and human influences (Jöckel et al., 2010). It
uses the second version of the Modular Earth Submodel Sys-
tem (MESSy2) to link multi-institutional computer codes.
The core atmospheric model is the fifth-generation Euro-
pean Centre Hamburg general circulation model (ECHAM5)
(Roeckner et al., 2006). A hierarchal diagram of EMAC
is given in Jöckel et al. (2005). Additionally, Jöckel et
al. (2010) provide an update on all modelling components
used. For the present study, we applied EMAC (ECHAM5
version 5.3.02, MESSy version 2.54.0) in the T63L90MA
resolution, i.e. with a spherical truncation of T63 (corre-
sponding to a quadratic Gaussian grid of approximately
1.875◦ by 1.875◦ in latitude and longitude) with 90 verti-
cal hybrid pressure levels up to 0.01 hPa. By using this hori-
zontal resolution, assessing the global impact is still feasible
while at the same time being of a computationally reason-
able cost. The 90 vertical layers used (focusing on the lower
and middle atmosphere) represent tropospheric and strato-
spheric transport processes reasonable well (Jöckel et al.,
2010) such that the tropospheric impact and the impact on
the UTLS (upper troposphere/lower stratosphere) can be ad-
dressed. The applied model setup comprised the submodel
MECCA (Module Efficiently Calculating the Chemistry of
the Atmosphere) to calculate atmospheric chemistry using
parts of the Mainz Organic Mechanism (MOM) (Sander et
al., 2011). Within MOM, aromatics and terpenes were ex-
cluded to reduce the computational demand of all simula-
tions performed; this chemistry has no relevant impact on
HNCO. The mechanism was extended to include the pro-
posed changes of this study: formamide as an additional
chemical source of HNCO (Bunkan et al., 2016) and chem-
ical mechanisms for nitromethane (Calvert, 2008; Taylor et
al., 1980), methylamine, dimethylamine, and trimethylamine
(Nielsen et al., 2012). The reaction rates used for the lat-
ter three are average values of the measured values reported
in Nielsen et al. (2012). The product yields reported in the
same source are simplified to suit a global model appli-
cation. The submodel SCAV (SCAVenging submodel) was
used to simulate the physical and chemical removal of trace
gases and aerosol particles by clouds and precipitation (Tost
et al., 2006). The aqueous-phase mechanism was extended

to include the HNCO and formamide mechanism proposed
by Borduas et al. (2016b), Barnes et al. (2010), and Behar
(1974). These lead to the formation to ammonia in the aque-
ous phase, which was before limited to the acid–base equi-
librium in cloud droplets. The representation of cyanide was
improved based on Buechler et al. (1976). Tables S1 and
S2 in the Supplement summarize all additional changes to
the chemical mechanism in gas and aqueous phases, respec-
tively. The submodel DDEP (Dry DEPosition) is used to sim-
ulate the dry deposition of HNCO using the default scheme,
where non-stomatal uptake is effectively disabled by using
a large and constant resistance (Kerkweg et al., 2006a). The
effective Henry’s law coefficient (H ∗) is used, as proposed
by Borduas et al. (2016b), modified to a pH of 7. Differ-
ently from Young et al. (2012), the same H ∗ over the ocean
is used. This approximation is reasonable since the levels of
HNCO in the marine boundary layer are expected to be mi-
nor. In a global context, the major sources of HNCO and
formamide are biomass burning emissions. From literature,
two emission factors are available, which differ substantially:
0.53 gkg−1 (Koss et al., 2018) versus 0.2 gkg−1 (Kumar et
al., 2018). Thus two simulations are performed to quantify
the uncertainty due to those emission factors. The MESSy
submodel BIOBURN is used to calculate biomass burning
fluxes based on the selected emission factor and Global Fire
Assimilation System (GFAS) data. GFAS data are calculated
based on fire radiative power observations from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) satellite
instruments, which are used to calculate the dry-matter com-
bustion rates (Kaiser et al., 2012). The biomass burning emis-
sion fluxes are then obtained by combining these dry-matter
combustion rates with the defined biomass burning emission
factors per unit of dry matter burned. The MESSy submodel
OFFEMIS (OFFline EMISsions) then calculates the result-
ing concentration changes for each tracer due to the biomass
burning emissions (Kerkweg et al., 2006b). Anthropogenic
HNCO emissions from diesel cars are scaled to ammonia
EDGAR (Crippa et al., 2016) road emissions by 15 % (Heeb
et al., 2011). Other known sources of HNCO (e.g. cigarette
smoke) were not taken into account due to the resolution of
the spatial grid used. The model was run for 2 years (2010–
2011) in which the first year was used as spin-up and 2011
for analysis. In 2010, the biomass burning emissions were
particularly high (Kaiser et al., 2012), providing higher back-
ground HNCO concentrations during spin-up and improving
the representation of HNCO, which allows for a more repre-
sentative comparison in 2011.

3 Loss processes by chemical oxidants

3.1 HNCO + OH

The reaction of HNCO with OH can proceed by four
distinct pathways: H abstraction or OH addition on the
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carbon, nitrogen, or oxygen atom of HNCO; a poten-
tial energy surface is shown in Fig. 1. Formation of the
HN=C qOOH and HN(OH)C q=O adducts through OH ad-
dition on the oxygen or nitrogen atom is highly endother-
mic by 20 kcal mol−1 or more, and it is not competitive at
any temperature. The two remaining pathways are exother-
mic, with HN qC(=O)OH being the most stable nascent prod-
uct, 19.8 kcal mol−1 below the reactants, followed by H2O+qN=C=O, at 7.5 kcalmol−1 exoergicity. Despite the higher
energy of the products, we predict this last reaction to have a
lower barrier, 6.0 kcalmol−1, compared to the addition pro-
cess, 8.7 kcal mol−1, in agreement with the theoretical pre-
dictions of Sengupta and Nguyen (1997). Furthermore, the
H-abstraction process allows for faster tunnelling, making
this process the fastest reaction channel, while addition con-
tributes less than 0.5 % of product formation at temperatures
below 400 K. From these data, we derive the following rate
coefficient expressions (see also Fig. 2):

kOH(298K)= 7.03× 10−16 cm3 molecule−1 s−1,

kOH(200− 450 K)= 3.27× 10−34T 7.01

exp(685K/T )cm3 molecule−1 s−1,

kOH(300− 3000 K)= 1.79× 10−23T 3.48

exp(−733K/T )cm3 molecule−1 s−1.

Our predictions are in very good agreement between 624 and
875 K, when compared with experimental data from Tully et
al. (1989), which served as the basis for the recommendation
of Tsang (1992); our predictions reproduce the rate coeffi-
cients within a factor of 1.7, comparable to the experimental
uncertainty of a factor of 1.5 (see Fig. 2). Likewise, our pre-
dictions agree within a factor of 1.7 with the experimental de-
termination by Wooldridge et al. (1996) over the entire 620–
1860 K temperature range. Our predictions overshoot the up-
per limit estimated by Mertens et al. (1992) by a factor of
up to 4 at the upper end of the temperature range (2120 to
2500 K). At these elevated temperatures, it is expected that
our theoretical kinetic calculations are less accurate since
anharmonicity, internal rotation, and possibly pressure ef-
fects are not fully accounted for. At this time, we choose not
to invest the computational cost to improve the predictions
at these temperatures. The predicted rate at room tempera-
ture is within a factor of 2 of the extrapolation of the rec-
ommended expression derived by Tsang (1992), k(298 K)≈
1.24× 10−15 cm3 molecule−1 s−1 and very close to the ex-
trapolation of the expression by Wooldridge et al. (1996),
which is 7.2× 10−16 cm3 molecule−1 s−1. The good agree-
ment of our rate coefficient with the experimental data ex-
trapolated to room temperature is mainly due to the curvature
predicted in the temperature dependence (see Fig. 2), as our
calculations have a slightly steeper temperature dependence
than the experiments in the high-temperature range. Though
negligible at low temperature, we find that OH addition on
the C atom of HNCO accounts for 7 % to 8 % of the reaction

rate between 2000 and 3000 K, with other non-H-abstraction
channels remaining negligible (< 0.1 %). The addition chan-
nel is the likely origin of CO2+NH2 products (Sengupta and
Nguyen, 1997), for which Wooldridge et al. (1996) experi-
mentally determined an upper limit of ≤ 0.1 over the tem-
perature range 1250–1860 K, corroborating our predictions
to its low contribution.

Typical concentrations of the OH radical during daytime
are measured at ∼ 106 molecule cm−3 (Stone et al., 2012),
leading to a pseudo-first order rate coefficient for HNCO loss
by OH radicals of k(298K)= 7× 10−10 s−1, i.e. suggesting
an atmospheric chemical lifetime of decades to several cen-
turies, depending on local temperature and OH concentra-
tion, negligible compared to other loss processes like scav-
enging. Even in extremely dry conditions, where aqueous
uptake is slow, heterogeneous loss processes will dominate,
or alternatively atmospheric mixing processes will transport
HNCO to more humid environments where it will hydrolyze.

3.2 HNCO + Cl

From the potential energy surface (PES) shown in Fig. 1, we
see that the reaction between HNCO and the Cl atom can oc-
cur by abstraction of the H atom from HNCO or by addition
of the Cl atom on the C, N, or O atoms. Contrary to the OH
reaction, all entrance reactions are endothermic, with forma-
tion of the HN qC(Cl)=O alkoxy radical nearly energy neutral
(see Fig. 1). Formation of this latter product, proceeding by
the addition of a Cl atom to the carbon atom of HNCO, also
has the lowest energy barrier, which is 7.3 kcal mol−1 above
the reactants. The hydrogen abstraction, forming HCl andqNCO, requires passing a higher barrier of 11.2 kcalmol−1,
whereas additions on the N and O atoms have very high barri-
ers exceeding 34 kcal mol−1. The product energy difference
between addition and H abstraction is much smaller com-
pared to the HNCO+OH reaction. Despite this reduced re-
action energy, the addition barrier remains 4 kcalmol−1 be-
low the H-abstraction barrier, making the HNCO+Cl reac-
tion the only reaction studied here where H abstraction is not
dominant. For the HNCO+Cl reaction, we then obtain the
following rate coefficients (see also Fig. 3):

kCl(298K)= 3.19× 10−17 cm3 molecule−1 s−1,

kCl(200− 450 K)= 1.11× 10−17T 1.97

exp(−3031 K/T )cm3 molecule−1 s−1.

We find that the overall rate coefficient of the HNCO+Cl
reaction is almost 1 order of magnitude below that for the
OH radical. The HN qC(Cl)=O radical formed, however, has
a weak C−Cl bond requiring only 5.4 kcal mol−1 to redisso-
ciate. The rate coefficient of 8× 108 s−1 for dissociation at
room temperature (k(T )= 8.3×1012 exp(−2760/T ) s−1) is
over an order of magnitude faster than O2 addition under at-
mospheric conditions, assuming the latter is equally fast as
for H2C qCH=O vinoxy radicals, i.e. k(298 K, 0.2atmO2)≤

https://doi.org/10.5194/acp-20-6671-2020 Atmos. Chem. Phys., 20, 6671–6686, 2020

50 4. Atmospheric chemical loss processes of isocyanic acid (HNCO)



6676 S. Rosanka et al.: Atmospheric chemical loss processes of isocyanic acid (HNCO)

Figure 1. Potential energy surfaces for the initiation reactions of HNCO with OH radicals, Cl atoms, NO3 radicals, and ozone, showing
CCSD(T)/CBS(DTQ) energies (kcal mol−1) based on M06-2X/aug-cc-pVTZ geometries. The pre-reactive complexes are omitted as they do
not influence the kinetics; similarly, the subsequent reactions of the products are not shown. The Supplement has additional energetic and
rovibrational data, more complete potential energy surfaces for some of the reactions, and three-dimensional representations of the molecular
structures with bond lengths and angles.

Figure 2. Predicted rate coefficient k(T ) for the reaction of
HNCO+OH compared against experimental data. The shaded area
indicates the experimental uncertainty reported by Wooldridge et
al. (1996). The dashed line estimates the 298 K rate coefficient that
would be needed to remove 10 % of the atmospheric HNCO by re-
action with OH (see text).

Figure 3. Total rate coefficient predictions for the reaction of
HNCO with NO3, Cl, and O3. The addition of Cl atoms on HNCO
leads to the formation of a very short-lived adduct, which rapidly re-
dissociates to the reactants; the effective rate coefficient for HNCO
loss by Cl atoms, keff (Cl), is thus equal to the H-abstraction rate
forming HCl+NCO (see text).
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107 s−1 (IUPAC Subcommittee on Atmospheric Chemical
Kinetic Data Evaluation, 2017). This makes redissociation to
the reactants the most likely fate of the HN qC(Cl)=O adduct.
Addition is thus an ineffective channel for HNCO removal,
and the effective reaction with Cl atoms is dominated by the
H-abstraction reaction, forming HCl+ qNCO, with the fol-
lowing rate coefficient (see also Fig. 3):

kCl,eff(298K)= 2.23× 10−19 cm3 molecule−1 s−1,

kCl,eff(200− 450K)= 1.01× 10−24T 4.40

exp(−3799K/T )cm3 molecule−1 s−1.

Globally, Cl atoms have a lower concentration, about 5×
103 atom cm−3, compared to OH radicals (Finlayson-Pitts
and Pitts, 1999). Under such conditions, lifetimes estimated
for HNCO towards Cl atoms are about 3×107 years, which is
much longer than towards the OH radial. Therefore, HNCO
loss by Cl radicals is negligible.

The supporting information provides information on the
extended potential energy surface of the HNCO+Cl reaction,
with information on nine intermediates, 19 transition states,
and 16 products.

3.3 HNCO + NO3

The reaction of NO3 with HNCO shows the same four radical
mechanisms found for OH and Cl, i.e. H abstraction and ad-
dition on the three heavy atoms. As for Cl atoms, none of the
reactions are exothermic, and the energy difference between
the two most stable products is reduced to 3 kcalmol−1, in-
dicating that NO3 addition is even less favourable than Cl
addition. Formation of HNO3+

qNCO is more favourable
than HCl+NCO formation by about 2 kcalmol−1. The bar-
rier for H abstraction, however, is larger compared to abstrac-
tion by both OH and Cl and exceeds 12 kcalmol−1. The most
favourable addition process, forming HN qC(=O)NO3, has a
barrier of 15.1 kcalmol−1, but it contributes less than 0.01 %
to the reaction rate at room temperature. The overall reaction
thus proceeds nearly exclusively by H abstraction forming
HNO3+

qNCO for which we derived the following rate co-
efficients (see also Fig. 3):

kNO3(298K)= 1.11× 10−21 cm3 molecule−1 s−1,

kNO3(200− 450 K)= 8.87× 10−42T 9.06

exp(−1585K/T )cm3 molecule−1 s−1.

While this rate coefficient is almost 5 orders of magnitude
below that of the OH radical, the nitrate radical is known to
be present in higher concentrations during night-time, reach-
ing concentrations as high as 109 moleculecm−3 (Finlayson-
Pitts and Pitts, 1999). The effective rate of the NO3 reaction
at night-time is similar to the reaction with OH at daytime.
The NO3 radical is thus likewise considered to be ineffective
for atmospheric removal of HNCO, compared to heteroge-
neous loss processes.

3.4 HNCO + O3

The chemistry of ozone with organic compounds is drasti-
cally different from radicals, where O3 typically reacts by
cycloaddition on double bonds in unsaturated compounds.
For HNCO, cycloaddition pathways have been character-
ized for both double bonds (HN=C=O). Only cycloaddition
on the N=C bond leads to an exothermic reaction, with the
oxo-ozonide product being 12 kcalmol−1 more stable than
the reactants (see Fig. 1). In addition to the traditional cy-
cloaddition channels, three further channels were found, cor-
responding to H abstraction, forming HO3+NCO; oxygen
transfer to the N atom, forming ON(H)CO+ 1O2; and addi-
tion on the C and N atoms, forming HN(OO)C(O)O. The
HO3 product radical is known to be only weakly bonded
by 2.94 kcalmol−1, falling apart to OH+O2 (Bartlett et al.,
2019; Le Picard et al., 2010; Varandas, 2014).

The cyclo-addition channels on the hetero-atom double
bonds have high-energy barriers, exceeding 30 kcalmol−1,
significantly larger than typical barriers for C=C bonds with
aliphatic substitutions. Surprisingly, this allows H abstraction
to become competitive to cycloaddition, with a comparable
barrier of 32 kcal mol−1. For the overall reaction, we obtain
the following rate coefficients (see also Fig. 3):

kO3(298K)= 2.95× 10−37 cm3 molecule−1 s−1,

kO3(200− 450 K)= 3.72× 10−23T 2.96

exp(−14700 K/T )cm3 molecule−1 s−1.

At room temperature, H abstraction contributes 80 % to the
total reaction and cycloaddition on the N=C bond the remain-
ing 20 %. All other channels are negligible. The rate coeffi-
cient is exceedingly low, ∼ 10−37 cm3 molecule−1 s−1, such
that even in areas with very high ozone concentrations of
100 ppbv the loss by ozonolysis is expected to be negligible.

The Supplement provides information on the extended po-
tential energy surface of the HNCO+O3 reaction, with in-
formation on 10 intermediates, 30 transition states, and 15
products. The lowest-energy unimolecular product channel
leads to formation of CO2+HNOO by breaking of the cyclic
primary ozonide (see Fig. 1) following the traditional Criegee
mechanism (Criegee, 1975).

4 H-abstraction reactions by NCO radicals

The radical reactions characterized above proceed by H ab-
straction, forming the NCO radical with an H2O, HNO3,
or HCl co-product. Likewise, the ozonolysis reaction pro-
ceeds for a large part by H abstraction, forming NCO with a
HO3 co-product that readily dissociates to OH+O2. Though
NCO radical formation through these reactions is found
to be negligibly slow in atmospheric conditions, this rad-
ical remains of interest in other environments. Examples
include combustion chemistry, where it can be formed di-
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rectly from nitrogen-containing fuels and where it is a crit-
ical radical intermediate in, for example, the RAPRENOx
(RAPid REmoval of nitrogen oxides) NOx mitigation strat-
egy which employs HNCO introduced in the combustion
mixture through (HOCN)3 (cyanuric acid) injection (Fen-
imore, 1971; Gardiner, 2000). The NCO radical has also
been observed in space (Marcelino et al., 2018). There is
extensive experimental and theoretical information on the
reactions of NCO radicals, e.g. tabulated in Tsang (1992),
Baulch et al. (2005), and other works. To our knowledge, the
rate coefficients of the reactions of NCO radicals with H2O,
HNO3, and HCl have not been determined before, but Tsang
(1992) has estimated a rate coefficient k(NCO+H2O)=
3.9×10−19T 2.1 exp(−3046K/T ) cm3 molecule−1 s−1 based
on the equilibrium constant and rate coefficient of the
HNCO+OH reaction. Since the H–N bond in HNCO is
quite strong, with a bond energy of ∼ 110 kcalmol−1 (Rus-
cic, 2014; Ruscic and Bross, 2019), it is expected that NCO
can readily abstract a hydrogen atom from most hydrogen-
bearing species to produce HNCO, and that H abstraction
is the main reaction channel. Hence, despite that our poten-
tial energy surfaces do not include an exhaustive search of
all possible reaction channels in the NCO radical chemistry,
we expect that the single-channel H-abstraction rate predic-
tions for NCO from H2O, HNO3, and HCl are sufficiently
dominant that these rates are fair estimates of the total rate
coefficients including all possible channels for each of these
reactions.

The energy barriers for the NCO radical reactions with
H2O, HNO3, and HCl, being 14, 7, and 4 kcalmol−1, re-
spectively (see Fig. 1), follow the bond strength trend in
these reactants, withD0(H−OH)= 118 kcalmol−1,D0(H−
NO3)= 104 kcalmol−1, and D0(H−Cl)= 103 kcal mol−1

(Luo, 2007; Ruscic et al., 2002). Figure 1 also shows that
the NCO+H2O reaction is endothermic by 8 kcal mol−1,
while the HNO3 and HCl paths are exothermic by −5 and
−7 kcalmol−1, respectively. The predicted rate coefficients
are then the following:

kNCO+H2O(300K)= 1.36× 10−21 cm3 molecule−1 s−1,

kNCO+HNO3(300K)= 3.37× 10−17 cm3 molecule−1 s−1,

kNCO+HCl(300K)= 1.39× 10−14 cm3 molecule−1 s−1,

kNCO+H2O(300− 3000K)= 4.59× 10−24T 3.63

exp(−4530K/T )cm3 molecule−1 s−1,

kNCO+HNO3(300− 3000K)= 7.18× 10−26T 4.21

exp(−1273K/T )cm3 molecule−1 s−1,

kNCO+HCl(300− 3000K)= 3.73× 10−20T 2.63

exp(−662K/T )cm3 molecule−1 s−1.

The indirect estimate of Tsang (1992) compares well to our
prediction for NCO+H2O, reproducing our values within a
factor of 15 at 1000 K and a factor of 3 at 2000 K, i.e. within

the stated uncertainties. An analysis of the impact of the
NCO reactions in combustion or non-terrestrial environ-
ments is well outside the scope of this paper, and reactions
with other co-reactants not discussed in this paper are likely
to be of higher importance, e.g. H abstraction from organic
compounds or recombination with other radicals. In atmo-
spheric conditions, the fate of the NCO radical is likely re-
combination with an O2 molecule, with a rate coefficient of
k(298 K)= 1.3× 10−12 cm3 molecule−1 s−1 (Manion et al.,
2020; Schacke et al., 1974), leaving H2O, HNO3, and HCl
as negligible co-reactants. Hence, the NCO radical will not
affect the atmospheric fate of any of these compounds to any
extent. Subsequent chemistry of the qOONCO radical is as-
sumed to be conversion to an qONCO alkoxy radical through
reactions with NO, HO2, or RO2, followed by dissociation to
NO+CO.

5 Global impact

Global atmospheric simulations allow us to gain insights into
the significance of the chemical loss processes of HNCO and
its distribution. Table 1 shows the corresponding HNCO bud-
get for both performed simulations. The full kinetic model
including our theoretically predicted gas-phase chemical re-
actions of HNCO is detailed in Tables S1 and S2 of the Sup-
plement. Figure 4 shows the mean seasonal surface mixing
ratio of HNCO using the biomass burning emission factors
by Koss et al. (2018). It can be observed that high levels per-
sist in each season. In general, high HNCO levels occur in
regions associated with frequent biomass burning activities.
Regions with no biomass burning activities have low HNCO
concentrations, mainly caused by free tropospheric entrain-
ment from regions with higher concentrations. The global
vertical profile of HNCO is well illustrated by that for Jan-
uary as given in Fig. 5, showing that the free troposphere
contains about 81 % of the total HNCO mass. The gas-phase
production via formamide differs greatly depending on the
biomass burning emissions used. In the case of Kumar et
al. (2018), significantly more formamide is emitted, leading
to a higher production of HNCO in the gas phase. The hy-
drolysis of HNCO produces ∼ 120 Tgyr−1 of ammonia and
thus contributing little to the global ammonia budget. Our es-
timate is a factor of 5–6 lower than the upper limit estimated
by Leslie et al. (2019).

The model predictions for local OH radical concentra-
tions range from 1.15× 100 to 1.56× 107 moleculecm−3,
with a weighted atmospheric global average of 1.14×
106 moleculecm−3; in the air parcel where the highest
OH concentration is found this leads to a HNCO life-
time towards OH of more than 500 years when account-
ing for the temperature-dependent rate coefficient (∼ 276 K).
In the planetary boundary layer, the highest OH concen-
tration predicted is 7.6× 106 molecule cm−3 at a temper-
ature of 297.8 K, leading to a HNCO lifetime to OH of
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Table 1. Yearly global HNCO budget in 2011 for both biomass burning emission datasets by Kumar et al. (2018) and Koss et al. (2018).
Additionally, the HNCO budget from Young et al. (2012) is given for comparison.

Simulations in this study based on emission factors Comparable literature

Koss et al. (2018) Kumar et al. (2018) Young et al. (2012)

Emissions (Gg yr−1)

Biomass burning (HNCO) 2160 815 661
Anthropogenic (HNCO) 177 177 828

Gas-phase production (Gg yr−1)

NH2CHO+OH 482a 2370b –

Gas-phase loss (Gg yr−1)

HNCO+OH 4.0 5.4 ∼ 6.0
HNCO+O3 1.9× 10−16 2.4× 10−16 –
HNCO+NO3 1.1× 10−4 1.4× 10−4 –
HNCO+Cl 1.0× 10−7 1.4× 10−7 –

Heterogeneous losses (Ggyr−1)

Dry deposition 250 2890 ∼ 1420
Over land 1170 1090 –
Over ocean 1340 1810 –
Scavenging 275 377 –
Wet deposition 0.13 0.16 ∼ 67
Yearly-mean burden (Gg) 201 272 ∼ 150
Atmospheric lifetime (d) 26 30 37

a of which 51 Gg yr−1 is NH2CHO biomass burning emissions (Koss et al., 2018)
b of which 2340 Gg yr−1 is NH2CHO biomass burning emissions (Kumar et al., 2018)

Figure 4. Mean seasonal surface concentration of HNCO using Koss et al. (2018) biomass burning emission factors.

∼ 6 years in that air parcel. The calculated average OH
concentration of 1.2× 106 moleculecm−3 in the boundary
layer leads to lifetimes towards OH of about 40 years
near the surface. For O3, Cl, and NO3 – with maxi-
mum oxidant concentrations of 1.0× 1013, 7.8× 105, 1.5×

109 molecule cm−3 and atmospheric average concentrations
of 1.0× 1012, 2.0× 103, and 1.1× 107 moleculecm−3, re-
spectively – even longer temperature-dependent lifetimes are
found, exceeding 5000 years even in the air parcels with the
most favourable co-reactant concentration and temperature.
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Figure 5. Mean vertical profiles of HCN (black) and HNCO (red)
for January (solid lines) and November (dashed-dotted lines) over
South East Asia. Biomass burning emission factors are based on
Koss et al. (2018).

The relative contributions of the different co-reactants varies
locally and temporally, and shorter lifetimes might occur lo-
cally when co-reactant concentration and temperature are at
their most favourable, but it is clear that gas-phase chemi-
cal losses of HNCO are small. Only the reaction of HNCO
with OH leads to some destruction of HNCO, while the other
chemical sinks (O3, NO3, and Cl) are negligible. When com-
pared to the major loss processes, however, all these loss pro-
cesses are negligible on a global scale (see Table 1). Young
et al. (2012) have a somewhat higher chemical loss via OH
compared to our result, which is due to the higher rate con-
stant used. Figure 2 shows the rate coefficient that would be
required to allow for the gas-phase loss of HNCO by reaction
with OH radicals to contribute 10 % of the total atmospheric
sink, which is well outside the expected uncertainty of the
theoretical kinetic rate predictions. It can therefore be ro-
bustly concluded that the gas-phase chemical sinks predicted
and assessed in this study (OH, Cl, NO3, O3) are insignificant

when compared to heterogeneous loss processes, confirming
earlier assumptions. This is independent of the high uncer-
tainty in the available biomass burning emission factors or
missing road emission datasets.

As seen in Table 1 the major sinks are dry deposition and
scavenging (heterogeneous losses), where the former con-
tributes between 2520 and 2890 Ggyr−1 and the latter from
274 to 377 Ggyr−1, when using the emission factors by Koss
et al. (2018) and Kumar et al. (2018), respectively. The re-
sults in this study are in a similar range as the modelling
study by Young et al. (2012). These authors had lower to-
tal HNCO emissions and did not include formamide as a
secondary source of HNCO. The lower total HNCO emis-
sions could be explained by a different year simulated in
that study and different biomass burning emission model ap-
proaches used. Young et al. (2012) also scaled their HNCO
emissions to the HCN emissions by a factor of 0.3, whereas
in this study actual measured emission factors are used. In
our study, formamide contributes between 17 % and 70 %
of the total HNCO emissions when using the biomass burn-
ing emission factors by Koss et al. (2018) and Kumar et
al. (2018) respectively. Young et al. (2012) find a higher
HNCO lifetime due to generally lower total heterogeneous
loss terms (dry and wet deposition). The total dry deposition
varies slightly depending on the biomass burning emission
factor used (see Table 1). In both scenarios, most HNCO is
deposited over the ocean. For biomass burning emission fac-
tors from Koss et al. (2018), this contribution 53 %, is signif-
icantly lower when compared to the simulation using emis-
sion factors from Kumar et al. (2018), where about 62 % of
the total HNCO deposition is deposited over the ocean. The
larger fraction of computed HNCO deposition over the ocean
is a consequence of the much larger secondary HNCO pro-
duction from formamide far from its source regions (conti-
nents). Young et al. (2012) found that the importance of both
heterogeneous loss processes depends on the cloud pH. In the
SCAV submodel, as used in this work, cloud droplet pH is
calculated online and includes an explicit hydrolysis scheme
for HNCO, whereas Young et al. (2012) used a simplified ap-
proach. The relative importance of dry deposition is higher
in the simulation in which Young et al. (2012) calculated pH
online, when compared to the findings in this study.

The atmospheric lifetime of HNCO is dominated by its
heterogeneous loss processes, leading to an atmospheric life-
time of multiple weeks when accounting for all HNCO losses
(chemical and heterogeneous), as opposed to a gas-phase
lifetime in the free troposphere of about 50 years when cal-
culated solely based on the chemical losses towards the four
chemical oxidants described in this study. This long gas-
phase lifetime and the fact that mainly surface sources are
relevant indicate that atmospheric HNCO distribution is sig-
nificantly affected by transport processes. Our simulations
even show that HNCO is transported from the surface into the
UTLS and that about 10 % of the total atmospheric HNCO
mass is located in the stratosphere (see Fig. 5), with mod-
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Figure 6. Number of days exceeding 1 ppb of HNCO at the surface.
Biomass burning emission factors are based on Koss et al. (2018).

elled concentrations of HNCO in the lower stratosphere of
typically tens of parts per trillion by volume but reaching
up to hundreds of parts per trillion by volume in tropical re-
gions. In the chemical model, photolysis in the stratosphere
was not taken into account. Thus, OH is the only significant
stratospheric sink included, resulting in a stratospheric life-
time of more than 330 years. During the monsoon period,
the total stratospheric HNCO mass increases from 15 Gg be-
fore to 20 Gg at the end of the monsoon season. Pumphrey et
al. (2018) demonstrated that in 2015 and 2016, elevated lev-
els of stratospheric hydrogen cyanide (HCN) can be linked to
biomass burning emissions from Indonesian fires. Figure 5
shows the vertical profiles of HCN and HNCO over South
East Asia well before (January) and after (November) the
Indian monsoon. It becomes evident that, similar to HNCO
in our simulations, tropospheric and stratospheric concentra-
tions of HCN increase during the Indian monsoon period.
In the performed simulations, the ratio between stratospheric
HCN and HNCO is very similar throughout the year, indi-
cating that HCN and HNCO are similarly affected by trans-
port processes within this period. The combination of strong
biomass burning events and strong vertical transport during
the monsoon period leads to high HNCO concentrations in
the UTLS, indicating that pollutants from biomass burning
events could potentially influence stratospheric chemistry.

Figure 6 shows the number of days exceeding a daily mean
HNCO concentration of 1 ppbv. Mainly regions impacted by
biomass burning events have frequent concentrations above
this threshold. When using 10 ppbv as a limit for toxic con-
centrations of HNCO, as proposed by the Swedish Work En-
vironment Authority (SWEA, 2011), only a few days can
be observed in which this limit is exceeded. The maximum
number of days exceeding 10 ppbv is 10 d over Africa, com-
pared to 120 d above 1 ppbv. It is important to take into ac-
count that this analysis is limited by the computational output
available in this study, which has only daily averages. There-
fore, it is expected that areas which frequently exceed daily
averages of 1 ppbv are potentially areas in which peak HNCO
can be observed above 10 ppbv throughout the day.

No correlation exists between the number of days exceed-
ing 1 or 10 ppbv and road traffic emissions. This becomes

evident since typical areas of high road traffic activities
(i.e. USA and Europe) do not exceed daily averages of 1 ppbv
(see Fig. 6). Road traffic activities occur on a smaller spatial
scale than biomass burning events. The EMAC model used
is not capable of representing, for example, inner-city road
traffic activities, due to the spatial resolution of the model
used (1.875◦ by 1.875◦ in latitude and longitude). Therefore,
we are not capable of drawing any conclusion if 10 ppbv is
exceeded regionally in densely populated areas, impacted by
high traffic emissions.

6 Conclusions

The isocyanic acid molecule, HNCO, is found to be chem-
ically unreactive towards the dominant atmospheric gas-
phase oxidants, i.e. OH and NO3 radicals, Cl atoms, and
O3 molecules. The reactions all remove HNCO predom-
inantly by H abstraction and have low rates of reactions
with k(298K)≤ 7× 10−16 cm3 molecule−1 s−1, leading to
chemical gas-phase lifetimes of decades to centuries. Yearly
loss of HNCO towards these reactants is only ∼ 5 Ggyr−1

out of ∼ 3000 Gg yr−1 total losses. Removal of HNCO by
clouds and precipitation (“scavenging”), with hydrolysis to
ammonia, is also implemented in the global model and
was found to contribute significantly more, ∼ 300 Ggyr−1,
than the gas-phase loss processes. Still, these combined pro-
cesses are overwhelmed by the loss of HNCO by dry de-
position, which is removing ∼ 2700 Ggyr−1. These conclu-
sions are robust against modifications of the emission sce-
narios, where two distinct sets of emission factors were used,
incorporating HNCO formation from biomass burning, as
well as anthropogenic sources such as formamide oxida-
tion and road traffic. The inefficiency of gas-phase chem-
ical loss processes confirms earlier assumptions; inclusion
of the gas-phase chemical loss processes in kinetic models
appears superfluous except in specific experimental condi-
tions with very high co-reactant concentrations. The long
gas-phase chemical lifetime (multiple decades to centuries)
allows HNCO to be transported efficiently into the upper tro-
posphere lower stratosphere (UTLS) demonstrating that sur-
face emissions may impact the upper troposphere. Further
research is necessary to identify the importance of strong
biomass burning events coupled to strong vertical transport
processes (i.e. monsoon systems) on the chemical composi-
tion of the UTLS.

On a global scale, the daily-average concentrations of
HNCO rarely exceed 10 ppbv, which is the threshold as-
sumed here for toxicity; the exceedances are mainly located
in regions with strong biomass burning emissions. Average
daily concentrations of the order of 1 ppbv are encountered
more frequently, with about one-third of the year exceeding
this limit. This suggests that local concentrations might peak
to much higher values, e.g. in urban environments where road
traffic emissions are highest, or in the downwind plume of
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biomass burning events, and could impact regional air qual-
ity. Such regional effects were not studied in the current
work, as the resolution of the global model used here is not
sufficiently fine grained.

Though not important for the atmosphere, we briefly ex-
amined the reactions of the NCO radical formed in the
chemical reactions studied. The rate coefficients of the H-
abstraction reactions with H2O, HNO3, and HCl suggest that
these reactions might contribute in high-temperature envi-
ronments, such as combustion processes.
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Abstract. The Jülich Aqueous-phase Mechanism of Organic
Chemistry (JAMOC) is developed and implemented in the
Module Efficiently Calculating the Chemistry of the Atmo-
sphere (MECCA; version 4.5.0). JAMOC is an explicit in-
cloud oxidation scheme for oxygenated volatile organic com-
pounds (OVOCs), suitable for global model applications. It
is based on a subset of the comprehensive Cloud Explicit
Physico-chemical Scheme (CLEPS; version 1.0). The phase
transfer of species containing up to 10 carbon atoms is in-
cluded, and a selection of species containing up to 4 carbon
atoms reacts in the aqueous phase. In addition, the follow-
ing main advances are implemented: (1) simulating hydra-
tion and dehydration explicitly; (2) taking oligomerisation
of formaldehyde, glyoxal, and methylglyoxal into account;
(3) adding further photolysis reactions; and (4) considering
gas-phase oxidation of new outgassed species. The imple-
mentation of JAMOC in MECCA makes a detailed in-cloud
OVOC oxidation model readily available for box as well as
for regional and global simulations that are affordable with
modern supercomputing facilities. The new mechanism is
tested inside the box model Chemistry As A Boxmodel Ap-
plication (CAABA), yielding reduced gas-phase concentra-
tions of most oxidants and OVOCs except for the nitrogen
oxides.

1 Introduction

Aqueous-phase chemistry in cloud droplets differs signifi-
cantly from gas-phase chemistry, mainly due to enhanced
photolysis based on scattering effects within cloud droplets
(Bott and Zdunkowski, 1987; Mayer and Madronich, 2004),
faster reaction rates, and ion reactions that do not occur in the
gas phase (Herrmann, 2003; Epstein and Nizkorodov, 2012).
Moreover, conversion of nitrogen monoxide (NO) to nitrogen
dioxide (NO2) by peroxy radicals (RO2) essentially does not
take place in aqueous droplets because NO is insoluble. In
the aqueous phase, oxygenated volatile organic compounds
(OVOCs) are mainly oxidised during the daytime by the hy-
droxyl radical (OH) and by the nitrate radical (NO3) during
the nighttime (Herrmann et al., 2015). Even though ozone
(O3) is not very soluble, it can be taken up into cloud droplets
where it is destroyed by

O3+O−2 → O−3 +O2, (R1)

for which the superoxide anion (O−2 ) is in equilibrium with
its conjugate acid, the hydroperoxyl radical (HO2). This indi-
cates that the in-cloud O3 destruction is sensitive to in-cloud
OVOC oxidation. Lelieveld and Crutzen (1990) have already
proposed that clouds can influence HOx (HOx =OH+HO2)
and NOx (NOx = NO+NOx), resulting in regional changes
of up to 40 % in particular locations, being subject to cloud
processing. At the tropics and mid-latitudes, Liang and Ja-
cob (1997) suggest that clouds may reduce O3 by 3 % in
summer. By changing the gas-phase oxidant budgets, clouds
can indirectly influence the formation of secondary organic
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aerosols (SOAs). Within cloud droplets, OVOC oxidation ad-
ditionally can lead to the formation and destruction of SOA
precursors, and clouds can act as SOA sources (Blando and
Turpin, 2000). Further modelling studies suggest that clouds
may contribute to the SOA formation on a par with gas-phase
sources (Ervens et al., 2011; Lin et al., 2012; Ervens, 2015).
By scattering, SOAs are known to influence the aerosol op-
tical depth (AOD), leading to a reduction in NO2 photolysis
(Tie et al., 2005). In addition, SOAs may act as cloud conden-
sation nuclei (CCN) (Andreae and Rosenfeld, 2008), affect-
ing cloud properties. An increased formation of SOAs would
thus influence tropospheric HOx and O3 chemistry.

When performing global modelling studies, it is thus desir-
able to include the in-cloud oxidation of OVOCs. However,
compared to gas-phase chemistry, knowledge of aqueous-
phase chemistry still suffers from large uncertainties and
most global models only include very limited representa-
tions. Most global models include only the uptake of a few
soluble compounds, their acid–base equilibria, and the oxi-
dation of sulfur dioxide (SO2) by ozone (O3) and hydrogen
peroxide (H2O2) (Ervens, 2015, their Table 1). The explicit
oxidation of OVOCs is currently not considered in any global
model, with one exception – though limited to species con-
taining one carbon atom (Tost et al., 2006). Mouchel-Vallon
et al. (2017) recently presented the Cloud Explicit Physico-
chemical Scheme (CLEPS; version 1.0), a complex new ox-
idation scheme coupled to the gas-phase Master Chemical
Mechanism (MCM; version 3.3.1; Jenkin et al., 2015). How-
ever, their comprehensive mechanism is targeted for box-
model applications and is not suitable for global model ap-
plications due to its complexity.

In this study, the in-cloud OVOC oxidation scheme
Jülich Aqueous-phase Mechanism of Organic Chemistry
(JAMOC) is presented and implemented into the chem-
istry mechanism Module Efficiently Calculating the Chem-
istry of the Atmosphere (MECCA). Here, JAMOC’s rep-
resentation of organic chemistry is based on CLEPS and
is thus an addition to MECCA’s existing aqueous-phase
chemical mechanism. Therefore, JAMOC needs to be se-
lected by the user upon compilation of MECCA’s chemical
mechanism. A visualisation of this procedure can be found
in MECCA’s user manual available in the archived model
code (caaba_mecca_manual.pdf). The modular structure of
MECCA allows it to be connected to different base models,
e.g. to the Chemistry As A Boxmodel Application (CAABA)
by Sander et al. (2019) or to the global ECHAM/MESSy
Atmospheric Chemistry Model (EMAC) by Jöckel et al.
(2010). In this combination, the proposed mechanism closes
the gap between box models and global model applications.
In addition to the new aqueous-phase OVOC chemistry,
MECCA also contains the gas-phase Mainz Organic Mecha-
nism (MOM; Sander et al., 2019) with an extensive oxidation
scheme for isoprene (Taraborrelli et al., 2009, 2012; Nölscher
et al., 2014), monoterpenes (Hens et al., 2014), and aromat-
ics (Cabrera-Perez et al., 2016). VOCs are oxidised by OH,

O3, and NO3, whereas RO2 reacts with HO2, NOx , and NO3
and undergoes self- and cross-reactions (Sander et al., 2019).

The mechanism of JAMOC is described in Sect. 2, fol-
lowed by a short description of its implications in the box
model CAABA (Sect. 3). Global implications are analysed in
our companion paper (Rosanka et al., 2021a), and the mecha-
nism’s importance for global models simulating extreme pol-
lution events is addressed by Rosanka et al. (2020). Mod-
elling uncertainties are discussed in Sect. 4 before drawing
final conclusions in Sect. 5.

2 The Jülich Aqueous-phase Mechanism of Organic
Chemistry (JAMOC)

The detailed mechanism CLEPS includes 850 aqueous-phase
reactions, focusing on the oxidation of species containing up
to four carbon atoms (Mouchel-Vallon et al., 2017). Since
our target is to simulate OVOC chemistry inside the global
model EMAC (Rosanka et al., 2021a), using such a large
mechanism is not feasible. Therefore, we have developed
the reduced mechanism JAMOC. Only a selection of species
containing up to four carbon atoms is considered in the
aqueous phase. The gas-phase oxidation of the most abun-
dant hydrocarbons (e.g. methane, isoprene) leads to many
highly soluble organic species with one or two carbon atoms
(e.g. formaldehyde, methanol, glyoxal). In order to prop-
erly represent these degradation products, JAMOC includes
the aqueous-phase oxidation of all species containing one
and two carbon atoms treated in CLEPS. Even though iso-
prene (C5H8), the biogenic VOC emitted the most (Guen-
ther et al., 2012), is not soluble, the representation of its
oxidation products containing more than two carbon atoms
(i.e. methylglyoxal, methacrolein, methyl vinyl ketone) is de-
sirable for global model applications. Therefore, the oxida-
tion of species containing three carbon atoms in JAMOC fo-
cuses on the representation of the aqueous-phase oxidation
of methylglyoxal and its aqueous-phase oxidation products
(e.g. pyruvic acid). Additionally, its aqueous-phase sources
from acetone, hydroxy acetone, isopropanol, hydroperox-
ide, and isopropyl hydroperoxide are included. The aqueous-
phase oxidation of species containing four carbon atoms
in JAMOC is limited to methacrolein (MACR) and methyl
vinyl ketone (MVK). The phase transfer of species contain-
ing up to 10 carbon atoms is included so that their wet
deposition can be represented in global model applications
(i.e. by using EMAC; see Rosanka et al., 2021a). In order
to reduce the stiffness of the ordinary differential equation
(ODE) system and the required computational demand, the
representation of organic radicals (see Sect. 2.7) is simpli-
fied. It is assumed that the following reactions occur in-
stantly and are not explicitly represented in the ODE sys-
tem if they are the only fate of the respective radical: (1) the
O2 addition to alkyl radicals; (2) the HO2 elimination of α-
hydroxyperoxyl; and (3) the carbon bond scission or 1,2-
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Figure 1. Oxidation of glyoxal (CHOCHO) by radicals in JAMOC. The oligomerisation of the glyoxal monohydrate occurs with glyoxal
as well as with its hydrates (see Sect. 2.6). Here, Glyaq denotes all three forms of glyoxal (glyoxal, its monohydrate, and its dihydrate),
which is consistent with the kinetic data published by Ervens and Volkamer (2010). (COOH)2 denotes oxalic acid whose representation in
JAMOC is illustrated in Fig. 2. The following aspects are not explicitly represented: (1) the oxidation of the glyoxal dihydrate by the sulfate
radical anion (SO−4 ), (2) the aqueous-phase sources of glyoxal and the glyoxal monohydrate from the oxidation of glycolaldehyde and the
glycolaldehyde monohydrate, and (3) the aqueous-phase oxidation of dihydroxyacetic acid.

hydrogen shift of alkoxyl radicals. In addition to the chem-
istry from CLEPS, JAMOC includes (1) explicit hydration
and dehydration; (2) oligomerisation of formaldehyde, gly-
oxal, and methylglyoxal as an in-cloud SOA source; (3) fur-
ther aqueous-phase photolysis reactions; and (4) the gas-
phase photo-oxidation of new outgassed species. The com-
plete aqueous-phase mechanism represents the phase trans-
fer of 368 species, 68 equilibria (acid–base and hydration–
dehydration), 402 reactions, and 27 aqueous-phase photoly-
sis reactions. In the gas phase, 1 photolysis and 18 OH oxi-
dation reactions are added to MOM. A list detailing the com-
plete mechanism is available in the archived model code.

This section provides a general overview of the developed
mechanism. For completeness, short summaries of CLEPS
are provided if no significant difference exists between both
mechanisms. Figures 1 and 2 give a graphical representation
of all parts of the developed mechanism, using glyoxal and
oxalic acid as examples.

2.1 Inorganic chemistry

The inorganic chemistry for the proposed mechanism is very
similar to the inorganic chemistry of the standard aqueous-
phase mechanism used in EMAC (Tost et al., 2007; Jöckel
et al., 2016). In this standard mechanism, the major aqueous-
phase O3 sink, the reaction with O−2 , is represented as

O3+O−2 → OH+OH−. (R2)

In JAMOC, this aqueous-phase O3 chemistry is updated to
the mechanism proposed by Staehelin et al. (1984) with cor-
rections from Staehelin and Hoigné (1985), in which the O3
destruction by O−2 is represented as given in Reaction (R1).

2.2 Uptake of gaseous species into cloud droplets

The mass transfer of species between the gas and the aqueous
phase is described following Schwartz (1986) (see Sander,
1999; Tost et al., 2006). The explicit bidirectional phase
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Figure 2. Formation and oxidation of oxalic acid ((COOH)2) by radicals in JAMOC. The oxidation by the sulfate radical anion (SO−4 ) is not
shown.

transfer of 45 carbon-containing species, which explicitly re-
act in the aqueous phase, is considered (indicated in pink in
Figs. 1 and 2). In this model framework, Henry’s law con-
stants are mainly taken from Sander (2015), Burkholder et al.
(2015), and sources therein. In order to account for the hy-
dration of aldehydes (for more details see Sect. 2.3), a dis-
tinction is made between the effective Henry’s law constant
(H ∗) and the intrinsic Henry’s law constant (H ). The latter
is calculated by

H =H ∗/(1+Khyd), (1)

where Khyd is the ratio between the forward and reverse ki-
netic rate constant of the hydration equilibrium (see Reac-
tion R3). Table 1 gives an overview of the hydration con-
stants and the effective Henry’s law constants, including the
resulting intrinsic Henry’s law constants, for all aldehydes.
The temperature dependencies of the intrinsic Henry’s law
constants are assumed to be the same as for the effective con-
stants. The accommodation constant (α) is known for a few
species; if unknown, the standard EMAC estimate of 0.1 is
used. In addition to the phase transfer of all species that ex-
plicitly react in the aqueous phase, the phase transfer of all
soluble MOM species containing up to 10 carbon atoms is
represented in order to allow their removal by wet deposition
in global models (i.e. by using EMAC; see Rosanka et al.,

Table 1. Hydration constants (Khyd) and effective (H∗) and intrin-
sic (H ) Henry’s law constants for aldehydes (see Sect. 2.2 for de-
tails). If not stated otherwise, hydration constants are obtained from
Doussin and Monod (2013) and sources therein. If not stated oth-
erwise, effective Henry’s law constants are taken from Burkholder
et al. (2015).

Species Khyd H∗ [Matm−1] H [Matm−1]

Formaldehyde 1278.0 3.23× 103 2.53
Acetaldehyde 1.2 1.29× 101 5.91
Glycolaldehyde 15.7 4.00× 104 2.40× 103

Glyoxal 350.0a 4.19× 105 1.19× 103

Glyoxylic acid 1100.0 1.09× 104 9.90
Methylglyoxal 2000.0 3.50× 103,b 1.75

a Ervens and Volkamer (2010). b Betterton and Hoffmann (1988).

2021a). A list summarising all Henry’s law and accommoda-
tion constants is available in the archived model code.

2.3 Hydration of carbonyls

Gem-diols are formed when aldehydes (carbonyl com-
pounds) hydrate:

R2C=O+H2O 
 R2C(OH)(OH) (R3)
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Table 2. Estimated effective (H∗) Henry’s law constants for all
gem-diols represented in JAMOC. Estimates with the bond method
(Meylan and Howard, 1991) are obtained from United States Envi-
ronmental Protection Agency (US EPA) (2012).

Species H∗ [Matm−1]

Methanediol 1.02× 104

1,1-Ethanediol 7.63× 103

Dihydroxyacetaldehyde 2.58× 103

1,1,2,2-Ethanetetrol 5.71× 106

2,2-Dihydroxyacetic acid 3.21× 105

1,1,2-Ethanetriol 2.09× 105

Hydroperoxyacetaldehyde hydrate 2.09× 105

1,1-Dihydroxyacetone 3.53× 103

In the new mechanism, 12 carbonyl species undergo hydra-
tion (indicated with blue arrows in Fig. 1). The monohy-
drate of glyoxal (dihydroxyacetaldehyde) undergoes addi-
tional hydration to form its dihydrate (1,1,2,2-ethanetetrol).
Pseudo-first-order rate constants for the hydration and dehy-
dration are mainly obtained from the literature (e.g. Doussin
and Monod, 2013). In the case of formyldioxidanyl and hy-
droperoxyacetaldehyde, the pseudo-first-order rate constants
are assumed to be the same as for formaldehyde and glyco-
laldehyde, respectively.

The typical lifetime of a warm cloud droplet can be several
minutes, but their typical evaporation timescale is less than
100 s (Jarecka et al., 2013). Following the dehydration con-
stants presented by Doussin and Monod (2013), the dehydra-
tion of some gem-diols can be slower than the typical cloud
droplet evaporation timescale. Additionally, their rapid trans-
fer across the phases is expected to affect the gas-phase con-
centration of gem-diols, for which no other significant source
is known. This process could be an important removal of
gem-diols from the aqueous phase, without yielding the orig-
inal aldehyde. Therefore, their outgassing is considered for
use with the models representing evaporating clouds like the
EMAC model (following Sect. 2.2). However, their Henry’s
law constants are unknown. Thus, estimates are obtained at
25 ◦C using the bond method (Meylan and Howard, 1991)
from the United States Environmental Protection Agency Es-
timation Programs Interface (EPI) Suite (United States Envi-
ronmental Protection Agency (US EPA), 2012). An overview
of all estimated effective Henry’s law constants is given in
Table 2.

In CLEPS, acyl peroxy radicals (RC(O)(OO)) are as-
sumed to be in a hydration–dehydration equilibrium simi-
larly to their parent aldehydes (Mouchel-Vallon et al., 2017).
However, experimental results by Villalta et al. (1996) show
that in the case of peroxyacetyl radicals (CH3C(O)(OO)),
no equilibrium exists. Instead, hydrolysis takes place, likely
yielding acetic acid (CH3CO2H) and HO2. It is thus as-
sumed that all acyl peroxy radicals undergo hydrolysis fol-

lowing Reaction (R4), with a reaction rate constant of 7.0×
105 M−1 s−1, as proposed by Villalta et al. (1996).

(R4)

2.4 Acid dissociation

The dissociation of acids is taken into account following

R2CO(OH)
 R2CO(O−)+H+, (R5)

which is indicated in green in Fig. 2. The acidity constants
(Ka) for most of the one-carbon-, two-carbon-, and three-
carbon-containing acids taken into account in JAMOC are
known from the literature (Rumble, 2020). If unknown, the
acidity constants are used as proposed by Mouchel-Vallon
et al. (2017). The dissociation and association rate constants
are selected such that the equilibrium between dissociation
and association is reached quickly, while still avoiding nu-
merical stiffness problems in the numerical integrator.

2.5 Oxidation by OH, NO3, and other oxidants

In JAMOC, OH and NO3 are the main oxidants taken into ac-
count. Reactions of OVOCs with oxidants are treated as pro-
posed by Mouchel-Vallon et al. (2017). Organic compounds
may react in three different ways with OH radicals (Her-
rmann et al., 2015), each indicated in orange in Figs. 1 and 2.
They form an alkyl radical following H abstraction:

RH+OH→ R+H2O. (R6)

If the organic compound contains a double bond, OH addi-
tion is favoured.

(R7)

With anions like carboxylates, electron transfer takes place.

(R8)

When available, rate constants are obtained from the litera-
ture. If unavailable, the rate constant for the H abstraction is
estimated based on the structure–activity relationship (SAR)
by Doussin and Monod (2013), which for carboxylate com-
pounds is extended to account for the electron transfer as de-
scribed by Mouchel-Vallon et al. (2017). In all cases, branch-
ing ratios are obtained from the SAR with simplifications by
Mouchel-Vallon et al. (2017).

During the nighttime, OH radical concentrations are low
and, due to missing photolysis, NO3 radicals are considered
the main nighttime oxidant. Similar to CLEPS, JAMOC only
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considers the H abstraction leading to alkyl radicals for NO3
reactions (Herrmann et al., 2015):

RH+NO3→ R+NO−3 +H+. (R9)

For most species containing one or two carbon atoms, rate
constants are obtained from the literature. In contrast to OH,
no SAR is available for the H abstraction by NO3. Therefore,
rate constants are obtained from the similar criteria described
by Mouchel-Vallon et al. (2017). Due to missing branching
ratios from the literature, branching ratios are assumed to be
the same as for the H abstraction by OH.

In addition to reactions of organic compounds with OH
and NO3, reactions with other oxidants are implemented
when available from the literature. The oxidants considered
here are O−2 , O3, H2O2, CO−3 , and sulfur-containing oxidants
(SO−4 and SO−5 ). For all oxidation reactions, reaction rates
and branching ratios are either taken from the literature or as
proposed by Mouchel-Vallon et al. (2017).

2.6 Oligomerisation

The formation of oligomers within the atmospheric aque-
ous phase is known to be a source of SOAs. Even though
Tan et al. (2009) suggest that the formation of oligomers be-
comes increasingly important for aerosol water, where pre-
cursor concentrations are found to be higher, Lin et al. (2012)
have demonstrated that SOA formation from cloud pro-
cessing is globally important. Therefore, JAMOC includes
self- and cross-reactions leading to oligomers for formalde-
hyde, glyoxal, and methylglyoxal. The oligomerisation of
formaldehyde is implemented following Hahnenstein et al.
(1995), in which the methanediol formed from hydrolysis
(see Sect. 2.3) reacts with itself and the dimer formed from
this self-reaction. Ervens and Volkamer (2010) studied the
oligomerisation of glyoxal. Here, glyoxal and its hydrates
react with the monohydrate to form three oligomers (indi-
cated in green in Fig. 1). The oligomerisation of methylgly-
oxal is assumed to follow the same mechanisms as for gly-
oxal. However, only the monohydrate of methylglyoxal is
taken into account in this mechanism, leading to only two
oligomers. Each oligomer is assumed to react with OH, lead-
ing to HO2, with reaction rate constants that are double for
the corresponding (hydrated) monomer due to an increased
number of abstractable H atoms.

2.7 Organic radicals

Organic radicals are generally treated following Mouchel-
Vallon et al. (2017). Alkyl radicals can either form oligomers
via self- and cross-reactions (e.g. Lim et al., 2013; Ervens
et al., 2015) or undergo O2 addition:

R+O2→ R(OO). (R10)

As proposed by Mouchel-Vallon et al. (2017), it is as-
sumed that O2 addition is the fastest pathway, due to high

O2 concentrations following fast O2 saturation in cloud
droplets (Ervens, 2015). Thus, oligomers formed from the
self- and cross-reactions of alkyl radicals are not considered
in JAMOC.

Peroxyl radicals generally undergo self- or cross-reactions
forming short-lived tetroxides that quickly decompose (von
Sonntag and Schuchmann, 1997). Due to limited com-
putation resources, only self-reactions are taken into ac-
count. Mouchel-Vallon et al. (2017) propose three similar-
ity criteria for the decomposition of tetroxides depending
on the peroxyl radical: (1) for β-peroxycarboxylic acids
(RC(OO)C(=O)(OH)) experimental results from Schuch-
mann et al. (1985) are generalised, (2) β-hydroxyperoxyl
radicals (> C(OH)C(OO) <) are represented according
to Piesiak et al. (1984), and (3) β-oxoperoxyl radicals
(−COC(OO) <) are treated based on Zegota et al. (1986)
and Poulain et al. (2010). If some products are unknown,
branching ratios of the known products are rescaled to 100 %
in order to preserve mass. The peroxyl radicals undergo HO2
elimination (von Sonntag, 1987) if the hydroxyl moiety is in
the alpha position (α-hydroxyperoxyl).

(R11)

The generalised corresponding rate constants are used as pro-
posed by Mouchel-Vallon et al. (2017, Table 3), which are
based on the work of von Sonntag (1987). In CLEPS, peroxyl
radicals additionally undergo O−2 elimination when reacting
with OH− (Zegota et al., 1986; Mouchel-Vallon et al., 2017).

(R12)

In order to decrease the number of reactions and due to the
fast HO2 elimination, this O−2 elimination is not considered
explicitly in JAMOC.

Acyl peroxy radicals (RC(O)(OO)) are treated like per-
oxyl radicals, as described in Monod et al. (2007), but only
form alkoxyl radicals. Peroxyl radicals that have not explic-
itly been discussed so far are treated following Monod et al.
(2007) (Mouchel-Vallon et al., 2017).

Mouchel-Vallon et al. (2017) suggest that alkoxyl radi-
cals (RO) undergo either a carbon bond scission (Hilborn
and Pincock, 1991) if the neighbouring carbon atom is oxy-
genated (Reaction R13) or a 1,2-hydrogen shift (DeCosta and
Pincock, 1989) if the neighbouring carbon atom is not oxy-
genated (Reaction R14).

(R13)
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(R14)

2.8 Photolysis

In general, the photolysis of some organic compounds (e.g.
organic peroxides, pyruvic acid) competes with other oxida-
tion pathways (see Sect. 2.5) and can be a source of OH. In
Rosanka et al. (2021a), a global tropospheric in-cloud OH
budget is presented. When using JAMOC, EMAC predicts
that about 40 % of all in-cloud OH is produced from the pho-
tolysis of a selection of organic compounds. However, Fen-
ton chemistry is not considered by Rosanka et al. (2021a),
and the relative contribution is therefore expected to be over-
estimated. The photolysis of glyoxal and oxalic acid is indi-
cated in orange in Figs. 1 and 2. The number of photolytic
reactions known from the literature, of which some are im-
plemented in CLEPS (Mouchel-Vallon et al., 2017), is lim-
ited. In JAMOC, the photolysis of additional compounds is
taken into account. This includes the photolysis of oxalic acid
((COOH)2), which is implemented following Yamamoto and
Back (1985) using the ultraviolet absorption spectrum pre-
sented in Back (1984). If available, additional photolysis re-
actions are implemented following Sander et al. (2014). In
order to account for scattering effects within cloud droplets
(Ruggaber et al., 1997), an enhancement factor of 2.33, the
same as that used in EMAC’s standard aqueous-phase mech-
anism for the photolysis of H2O2 (Tost et al., 2007; Jöckel
et al., 2016), is applied to each gas-phase photolysis rate.

2.9 Gas-phase oxidation of new species

Oxalic acid was not represented in the gas-phase mechanism
(i.e. in MOM). The gas-phase oxidation of oxalic acid by OH
and its photolysis are implemented in order to realistically
represent oxalic acid in the gas phase. Similarly to the imple-
mentation in the aqueous phase, the photolysis of oxalic acid
is implemented following Yamamoto and Back (1985) and
Back (1984). All gem-diols (see Sect. 2.3) formed from hy-
dration are transferred to the gas phase and oxidised by OH
(indicated in orange in Figs. 1 and 2). All OH oxidation reac-
tion rates are estimated following the description of Sander
et al. (2019).

3 Influence of JAMOC on a single air parcel

The implications of the developed mechanism are tested by
comparing it to the minimum in-cloud oxidation scheme
available in CAABA/MECCA and EMAC. The minimum
mechanism only includes the uptake of a few soluble com-
pounds, their acid–base equilibria, and the oxidation of SO2
by O3 and H2O2 (Jöckel et al., 2006). This minimal mech-
anism is thus representative of most global models (Ervens,

Table 3. Initial box-model (CAABA) mixing ratios and emission
rates for selected gas-phase species. Initial mixing ratios are a mod-
ified version of the scenario used by Taraborrelli et al. (2012).

Gas-phase Initial mixing ratio Emission
species [nmol mol−1] [molec.cm−2 s−1]

O3 30 –
NO 0.01 3.3× 10−9

NO2 0.1 –
HNO3 5.0× 10−3 –
H2O2 7 –
CO 100 –
CO2 3.5× 105 –
CH4 1.8× 103 –
Formaldehyde 5 –
Methanol 0.5 –
Methyl peroxide 4 –
Formic acid 0.35 –
Acetic acid 2 –
Peroxy acetic acid 1.5 –
Hydroxy acetone 4 –
Methylglyoxal 0.5 –
Isoprene 0.1 –
Peroxyacetyl nitrate 0.1 –
Ethane 2 –

2015). For both mechanisms, an air parcel is simulated in
CAABA, taking the same conditions into account: the air par-
cel is simulated during summer at a mid-latitude with a con-
stant temperature of 278 K and relative humidity of 100 %.
Table 3 provides a selection of initial mixing ratios and emis-
sion fluxes of gas-phase species treated in MOM. The ini-
tial conditions are a modified version of the scenario used by
Taraborrelli et al. (2009). Within the air parcel, a stable cloud
droplet population is simulated with a radius of 20 µm and a
liquid water content of 0.3 gm−3. Both simulations are in-
tended as a sensitivity study of JAMOC. Therefore, CAABA
is initialised at 00:00 UTC and simulates the air parcel for 5 d
in total. A realistic cloud event with a cloud droplet lifetime
of 1 h using CAABA is presented in Rosanka et al. (2021a).
In addition, Rosanka et al. (2021a) study the implications of
JAMOC on a global scale using EMAC.

Figure 3 gives an overview of the temporal development
of the total mixing ratios (gas + aqueous phase) for a se-
lection of species during the simulated daily cycles of 5 d.
Comparing the new and the minimum mechanisms, it be-
comes clear that the newly developed mechanism has a sig-
nificant impact on most trace gases. With the explicit oxida-
tion of many OVOCs in the aqueous phase, the mixing ra-
tio of the sum of all OVOCs explicitly reacting in JAMOC
(
∑

OVOCs; see Eq. A1 in Appendix A) is significantly re-
duced. This reduction is a combined effect from (1) the in-
cloud oxidation of these OVOCs and (2) their dampened gas-
phase production. In the gas-phase, most OVOCs are formed
by secondary production (e.g. oxidation of primarily emit-
ted VOCs). The decrease in the main VOC oxidant (i.e. OH)
leads to reduced oxidation of primarily emitted VOCs re-
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Figure 3. Time evolution for total mixing ratios (gas + aqueous phase) of the sum of all the OVOCs explicitly oxidised in the proposed
mechanism (

∑
OVOCs; see Eq. A1 in Appendix A), methanol, glycolaldehyde, methylglyoxal, HO2, OH, NOx , and O3 within the box model

CAABA. Mixing ratios are provided for two cases, one using the minimum aqueous-phase mechanism in global models (sulfur oxidation
only, black line) and the other using JAMOC (red line). In addition, aqueous-phase mixing ratios of

∑
OVOCs, methanol, glycolaldehyde,

and methylglyoxal are given for the simulation using JAMOC. The aqueous-phase mixing ratios include the gem-diols formed for the species
listed in Table 1. Nighttime is indicated by grey background shading. Note that lines may overlap.

sulting in a reduced gas-phase OVOC formation. The cal-
culated diurnal cycles of OH, HO2, NOx , and O3 are similar
for both mechanisms and differ mainly in the absolute mix-
ing ratios calculated. When JAMOC is used, HO2 partitions
into the cloud droplets, whereas NO stays in the gas phase
due to its low solubility (Jacob, 1986; Lelieveld and Crutzen,
1990). This results in substantial changes in the NOx–HOx
relation, resulting in reduced OH formation from its second-
most-important atmospheric gas-phase source:

NO+HO2→ NO2+OH. (R15)

Overall, this results in reduced HOx and elevated NOx mix-
ing ratios. In addition, lower HO2 mixing ratios lead to a
reduced removal of NOx by the formation of nitric acid
(HNO3) and peroxynitric acid (HNO4). Within the cloud
droplet, O−2 is in equilibrium with its conjugated base HO2.
Higher in-cloud HO2 concentrations, caused by mass trans-
fer and in-cloud OVOC oxidation, consequently lead to an
increased destruction of O3 via Reaction (R1). This results
in an enhanced uptake of O3 into the cloud droplet and an
increased importance of cloud droplets as O3 sinks.

The impact of the newly proposed mechanism is consistent
with earlier box-model studies. The reduction in OVOCs is
similar to the findings given in Mouchel-Vallon et al. (2017)
when using CLEPS. In contrast, the reduction in methylgly-
oxal differs since, in CLEPS, gas-phase methylglyoxal mix-

ing ratios first increase and later decrease during the mod-
elled cloud event of Mouchel-Vallon et al. (2017). This dif-
ference is most likely linked to the usage of the intrinsic
Henry’s law constant and the explicit representation of the
methylglyoxal hydration–dehydration in JAMOC. In contrast
to Mouchel-Vallon et al. (2017), CAABA predicts a reduc-
tion in OH levels. However, this reduction in OH is in line
with other modelling studies predicting a similar reduction
in gas-phase OH during cloud events (Tilgner et al., 2013).
It is important to keep in mind that in Mouchel-Vallon et al.
(2017), a different cloud event is simulated, including dif-
ferent initial conditions and a different emission scenario.
In their study, the cloud forms after a certain time period,
whereas in CAABA the cloud is present the whole time.

4 Model uncertainties

The uncertainties associated with the present kinetic model
are mainly attributed to (1) assumptions and simplifications
in the aqueous-phase mechanism and (2) missing sinks of
key oxidants. Each possible uncertainty is discussed in this
section.

In general, aqueous-phase kinetics data suffer from many
large uncertainties compared to the data available for the
gas phase. In the development of the implemented in-cloud
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oxidation scheme JAMOC, some assumptions are made
that introduce modelling uncertainties. If rate constants are
unknown, estimates are taken from Mouchel-Vallon et al.
(2017). These are based on a structure–activity relationship
(SAR) for the H abstraction by OH for dissolved carbonyls
and carboxylic acids considered in this study (Doussin and
Monod, 2013). However, it is expected that the uncertainty in
the estimated rate constants is low since Doussin and Monod
(2013) report that when evaluated using experimental data,
their estimates were within±20 % for 58 % of the calculated
rate constants. Also the up-scaling of branching ratios to con-
serve mass further influences the predictions of VOC oxida-
tion. The mechanism should be updated with rate constants
and branching ratios as soon as experimental results become
available. The increased concentration and burden of certain
organic acids heavily depend on the chemistry and solubil-
ity of some gem-diols. For example, the gas-phase oxidation
of the methylglyoxal monohydrate leads to the formation of
pyruvic acid. The gas-phase production of pyruvic acid there-
fore depends on the mass transfer of this specific monohy-
drate. In the current implementation, the Henry’s law con-
stants for all gem-diols are estimated. For the methylglyoxal
monohydrate, the estimated values range from 3.5× 103 to
2.4× 104 M atm−1.

Phase transfer of soluble VOCs into cloud droplets is con-
sidered in JAMOC even when their oxidation is not explic-
itly represented (see Sect. 2.2). This allows their removal
from the atmosphere by rain-out when JAMOC is connected
to a global model (e.g. using EMAC; see Rosanka et al.,
2021a). Arakaki et al. (2013) point out that by not taking
the oxidation of all dissolved organic carbon (DOC) into ac-
count, aqueous-phase OH concentrations might be overes-
timated. Based on observational estimates, they suggest a
general scavenging rate constant of kC,OH = (3.8± 1.9)×
108 M−1 s−1 for all DOC. If each DOC species reacts with
OH, the gas-phase concentration would be reduced, further
influencing gas-phase VOC concentrations and the overall
oxidation capacity. Implementing the DOC oxidation, sug-
gested by Arakaki et al. (2013), for every scavenged DOC
species would increase the aqueous-phase mechanism by
more than 280 reactions, which is almost a doubling of the
proposed organic mechanism. Within the scope of this study,
it is thus computationally not feasible to include this addi-
tional OH sink. Currently, the model runtime increases from
4.3 s for EMACs minimum in-cloud oxidation scheme to
6.5 s for the newly proposed mechanism JAMOC.

Reducing the model uncertainties introduced by estimates
of Henry’s law constants of gem-diols and missing in-cloud
DOC oxidation is outside the scope of this study due to the
uncertainties’ complexity. Model representation of the latter
is expected to influence the oxidation rate of VOCs in the
cloud droplets and aerosols.

5 Conclusions

In this study, the new in-cloud oxidation scheme of soluble
VOCs JAMOC is developed and implemented into MECCA.
This mechanism is suitable for global model applications
and based on the box-model mechanism CLEPS proposed by
Mouchel-Vallon et al. (2017). The mechanism considers the
phase transfer of OVOCs containing up to 10 carbon atoms.
For a selection of OVOCs containing up to 4 carbon atoms,
their acid–base and/or hydration–dehydration equilibria and
their reactions with OH, NO3, and other oxidants (if avail-
able) are explicitly represented. Additionally, the gas-phase
photo-oxidation of gem-diols and oxalic acid is implemented
into the gas-phase mechanism MOM. Finally, JAMOC is
tested within the CAABA box model.

The proposed mechanism leads to a significant reduction
in OVOCs and an overall reduction in important oxidants.
These findings are in line with other box-model studies and
demonstrate the importance of in-cloud chemistry in atmo-
spheric chemistry. By not taking the in-cloud oxidation of
OVOCs into account, global models will tend to overesti-
mate the levels of OVOCs and atmospheric oxidants. A com-
plete analysis on the importance of JAMOC at a global scale
is presented in Rosanka et al. (2021a). In future studies, the
modular implementation of JAMOC, with the necessary ad-
justments, will allow its application to aerosol water.
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Appendix A: Definition of
∑

OVOCs

In Fig. 3, the mixing ratios of the sum of all the OVOCs ex-
plicitly reacting in JAMOC (

∑
OVOCs) are shown. In these

cases,
∑

OVOCs is defined as follows:∑
OVOCs= methanol+ formaldehyde

+methyl hydroperoxide
+ hydroxymethylhydroperoxide+ ethanol
+ ethylene glycol+ acetaldehyde
+ glycolaldehyde+ glyoxal
+ 1-hydroperoxyacetone+methylglyoxal
+ isopropanol+ isopropyl hydroperoxide
+methacrolein+methyl vinyl ketone.

(A1)
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Code and data availability. The current version of the
CAABA/MECCA model code is available as a community model in
the code repository at https://gitlab.com/RolfSander/caaba-mecca
(last access: 25 May 2021, Sander, 2021a), published under the
GNU General Public License (http://www.gnu.org/copyleft/gpl.
html, last access: 23 April 2021).

The exact version of the CAABA/MECCA model (version 4.5.0)
developed in this paper and used in each simulation presented in
this paper is archived at Zenodo (http://doi.org/10.5281/zenodo.
4707938; Sander, 2021b). All future versions of CAABA/MECCA
will be made available at https://doi.org/10.5281/zenodo.4707937.

The archived model code includes a list of all chem-
ical reactions including rate constants and references
(caaba/manual/meccanism.pdf), a list of all Henry’s law and
accommodation constants (caaba/tools/chemprop/chemprop.pdf),
and a user manual (caaba/manual/caaba_manual_manual.pdf). For
further information and updates, the CAABA/MECCA web page at
http://www.mecca.messy-interface.org (last access: 23 April 2021)
can be consulted.

The model output of all simulations presented in this
paper is archived at Jülich DATA (https://doi.org/10.26165/
JUELICH-DATA/SD9F6B; Rosanka et al., 2021b).
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Abstract. In liquid cloud droplets, superoxide anion (O−2(aq))
is known to quickly consume ozone (O3(aq)), which is rel-
atively insoluble. The significance of this reaction as a tro-
pospheric O3 sink is sensitive to the abundance of O−2(aq)
and therefore to the production of its main precursor, the hy-
droperoxyl radical (HO2(aq)). The aqueous-phase oxidation
of oxygenated volatile organic compounds (OVOCs) is the
major source of HO2(aq) in cloud droplets. Hence, the lack
of explicit aqueous-phase chemical kinetics in global atmo-
spheric models leads to a general underestimation of clouds
as O3 sinks. In this study, the importance of in-cloud OVOC
oxidation for tropospheric composition is assessed by us-
ing the Chemistry As A Boxmodel Application (CAABA)
and the global ECHAM/MESSy Atmospheric Chemistry
(EMAC) model, which are both capable of explicitly repre-
senting the relevant chemical transformations. For this anal-
ysis, three different in-cloud oxidation mechanisms are em-
ployed: (1) one including the basic oxidation of SO2(aq) by
O3(aq) and H2O2(aq), which thus represents the capabilities of
most global models; (2) the more advanced standard EMAC
mechanism, which includes inorganic chemistry and simpli-
fied degradation of methane oxidation products; and (3) the
detailed in-cloud OVOC oxidation scheme Jülich Aqueous-
phase Mechanism of Organic Chemistry (JAMOC). By using
EMAC, the global impact of each mechanism is assessed fo-
cusing mainly on tropospheric volatile organic compounds
(VOCs), HOx (HOx = OH+HO2), and O3. This is achieved
by performing a detailed HOx and O3 budget analysis in
the gas and aqueous phase. The resulting changes are eval-
uated against O3 and methanol (CH3OH) satellite observa-

tions from the Infrared Atmospheric Sounding Interferome-
ter (IASI) for 2015. In general, the explicit in-cloud oxidation
leads to an overall reduction in predicted OVOC levels and
reduces EMAC’s overestimation of some OVOCs in the trop-
ics. The in-cloud OVOC oxidation shifts the HO2 production
from the gas to the aqueous phase. As a result, the O3 budget
is perturbed with scavenging being enhanced and the gas-
phase chemical losses being reduced. With the simplified in-
cloud chemistry, about 13 Tgyr−1 of O3 is scavenged, which
increases to 336 Tgyr−1 when JAMOC is used. The highest
O3 reduction of 12 % is predicted in the upper troposphere–
lower stratosphere (UTLS). These changes in the free tropo-
sphere significantly reduce the modelled tropospheric ozone
columns, which are known to be generally overestimated by
EMAC and other global atmospheric models.

1 Introduction

Aqueous-phase chemistry in cloud droplets differs signifi-
cantly from gas-phase chemistry, mainly due to photolysis
enhanced by scattering effects within cloud droplets (Bott
and Zdunkowski, 1987; Mayer and Madronich, 2004), faster
reaction rates, and chemical reactions that do not occur in
the gas phase (Herrmann, 2003; Epstein and Nizkorodov,
2012). Moreover, the conversion of nitrogen monoxide (NO)
to nitrogen dioxide (NO2) by peroxy radicals (RO2) essen-
tially does not take place in liquid droplets because NO
is very insoluble (Lelieveld and Crutzen, 1990). Compared
to gas-phase chemistry, models of aqueous-phase chemistry
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Figure 1. Graphical representation of inorganic aqueous-phase
ozone chemistry based on Staehelin et al. (1984).

still suffer from large uncertainties, and most global models
only include rudimentary implementations (Ervens, 2015).
In general, warm (liquid) clouds can act as a sink for ozone
(O3) and its precursors in the troposphere. Figure 1 gives
an overview of the inorganic aqueous-phase chemistry for
O3(aq) according to the mechanism by Staehelin et al. (1984).
When O3 is taken up into cloud droplets, it is mainly de-
stroyed via

O3(aq)+O−2(aq)→ O−3(aq)+O2(aq) . (R1)

The superoxide anion (O−2(aq)) is in equilibrium with its con-
jugate acid, the hydroperoxyl radical (HO2(aq)):

HO2(aq) 
 O−2(aq)+H+(aq) . (R2)

Here, HO2(aq) is either scavenged from the gas phase or pro-
duced by photo-oxidation inside the cloud droplet. The real-
istic representation of clouds as O3 sinks is thus sensitive to
a proper representation of HO2(aq) in cloud droplets.

The importance of aqueous-phase chemistry for tropo-
spheric O3 has already been the topic of many earlier studies.
Lelieveld and Crutzen (1990) proposed that clouds strongly
influence O3, HOx (HOx = HO2+OH), and NOx (NOx =
NO+NO2). They concluded that under high-NOx condi-
tions, the net O3 production is decreased by as much as 40 %
at particular regions affected by clouds. However, Liang and
Jacob (1997) suggested that Lelieveld and Crutzen (1990)
grossly overestimated the impact of clouds on O3 because
they made the assumption that the methyl peroxy radical
(CH3O2) could have the same solubility as HO2. They pre-
dicted that clouds reduce tropospheric O3 by less than 3 %
in the tropics and at mid-latitudes during summer. A major
aqueous-phase source of HO2(aq) is the oxidation of water-
soluble oxygenated volatile organic compounds (OVOCs).
However, by not considering additional in-cloud HO2(aq)

sources, Liang and Jacob (1997) underestimated O−2(aq) con-
centrations dampening the in-cloud destruction of O3(aq).
Due to these changes in the gas-phase oxidation budgets,
clouds indirectly impact the formation of secondary organic
aerosols (SOAs). Further, the in-cloud oxidation of OVOC
leads to the formation and destruction of SOA precursors.
Therefore, clouds can act as SOA sources (Blando and
Turpin, 2000), and modelling studies suggest that clouds may
contribute on the same order of magnitude to the SOA forma-
tion as gas-phase sources (Ervens et al., 2011; Ervens, 2015;
Lin et al., 2012).

It is thus desirable to properly represent aqueous-phase
chemistry in global models. Unfortunately, the detailed rep-
resentation of aqueous-phase chemistry comes at a high
computational cost. Thus, compared to gas-phase chemistry,
aqueous-phase chemistry is poorly represented in most re-
gional and global models. Further, it is often limited to
basic sulfur dioxide (SO2(aq)) oxidation as the only in-
cloud O3(aq) destruction pathway in the aqueous phase (Er-
vens, 2015). The reduced Chemical Aqueous Phase Radi-
cal Mechanism (CAPRAM-RED) is based on CAPRAM 3.0i
(Tilgner and Herrmann, 2010) and represents about 200 re-
actions (Deguillaume et al., 2009). So far, it has been ap-
plied in 2-D applications using the regional chemistry trans-
port model COSMO-MUSCAT (Deguillaume et al., 2009;
Schrödner et al., 2014). On a global scale, Myriokefalitakis
et al. (2011) studied the formation of oxalate using an ex-
plicit aqueous-phase mechanism using about 50 reactions
in an offline 3-D model. When investigating present online
global modelling capabilities, the global ECHAM/MESSy
Atmospheric Chemistry (EMAC) model constitutes an ex-
ception. The technical advances implemented by Tost et al.
(2006) allow an explicit representation of aqueous-phase pro-
cesses. EMAC’s standard aqueous-phase mechanism repre-
sents more than 150 reactions and even includes a sim-
plified degradation scheme of methane oxidation products
(Tost et al., 2007). However, an extensive and explicit in-
cloud OVOC oxidation scheme suitable for EMAC and other
global models in general has not been available. By neglect-
ing in-cloud OVOC oxidation, aqueous-phase HO2(aq) con-
centrations are very likely underestimated. Thus, it is ex-
pected that global atmospheric models underestimate clouds
as O3 sinks. In order to make a detailed in-cloud OVOC ox-
idation scheme readily available for box as well as for re-
gional and global simulations that is affordable with mod-
ern supercomputing facilities, we have developed the Jülich
Aqueous-phase Mechanism of Organic Chemistry (JAMOC)
and implemented it into the atmospheric chemistry mech-
anism Module Efficiently Calculating the Chemistry of the
Atmosphere (MECCA) in our companion paper by Rosanka
et al. (2021). In JAMOC, the phase transfer of species con-
taining up to 10 carbon atoms is taken into account, and a
selection of species containing up to 4 carbon atoms is con-
sidered to react in the aqueous phase, resulting in more than
1000 reactions. Isoprene (C5H8), the most abundantly emit-
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ted volatile organic compound (VOC), is not explicitly dis-
solved but many of its oxidation products explicitly react
inside cloud droplets. Here, OVOC reactions with hydroxyl
radicals (OH(aq)) are implemented as the main daytime oxi-
dation pathway, whereas nitrate radicals (NO3(aq)) represent
the main nighttime oxidant.

In this study, JAMOC is implemented into the global
model EMAC (Sect. 2) and its importance for tropospheric
VOCs, HOx , and O3 is addressed. The performance of
JAMOC is compared to the performance of an aqueous-phase
mechanism including only minimal aqueous-phase chem-
istry and to that of the standard mechanism of EMAC (each
presented in Sect. 2.1). In order to understand the mechanism
behind the impact of in-cloud OVOC oxidation on a single
air parcel, a box-model study is performed in Sect. 3. Af-
terwards, the impact on a global scale is analysed (Sect. 4).
The analysis focuses on a selection of VOCs, HOx , and O3.
The multiphase chemistry of JAMOC is expected to impact
tropospheric organic acids, which will be the topic of a fur-
ther study. When considering the global O3 budget, odd oxy-
gen (Ox) is analysed to account for rapid cycling between
species of the Ox family. In the scope of this study, Ox is
defined as

Ox ≡ O+O3+NO2+ 2×NO3+ 3×N2O5+HNO3

+HNO4+ClO+HOCl+ClNO2+ 2×ClNO3

+BrO+HOBr+BrNO2+ 2×BrNO3+PANs
+PNs+ANs+NPs, (1)

where PANs are peroxyacyl nitrates, PNs are alkyl peroxy
nitrates, ANs are alkyl nitrates, and NPs are nitrophenols.
In Sect. 4, all EMAC simulations performed are evaluated
against satellite observations of O3 and methanol (CH3OH)
obtained from the Infrared Atmospheric Sounding Interfer-
ometer (IASI). Model uncertainties are discussed in Sect. 5,
followed by a general conclusion (Sect. 6).

2 Modelling approach

The aqueous- and gas-phase mechanisms are presented in
Sect. 2.1. They are used within two different modelling
frameworks: a box model and a global atmospheric model.
The box model, used to investigate the local impact on an
air parcel, is presented in Sect. 2.2, and the global chemical
atmospheric model is presented in Sect. 2.3. Section 2.4 pro-
vides an overview of all simulations performed in this study.

2.1 The chemical mechanisms

The study is based on the comparison of three different
aqueous-phase mechanisms (Sect. 2.1.1). While they are
characterised by different levels of complexity, especially in
terms of the species and reactions taken into account, they are
all coupled to the same gas-phase mechanism (Sect. 2.1.2).

2.1.1 Aqueous phase

The first aqueous-phase mechanism includes the uptake of a
few soluble compounds, their acid–base equilibria, and the
oxidation of SO2(aq) by O3(aq) and H2O2(aq). This mech-
anism was applied by Jöckel et al. (2006) and is consid-
ered to represent the capabilities of most global models
(Ervens, 2015). The second aqueous-phase mechanism in-
cludes an advanced scheme, representing more than 150 re-
actions (Tost et al., 2007; Jöckel et al., 2016). It includes
in-cloud HOx(aq) chemistry and the destruction of O3(aq)
by O−2(aq), but it misses a detailed in-cloud OVOC oxida-
tion scheme. This mechanism can be considered the cur-
rent standard mechanism used in EMAC. The last aqueous-
phase mechanism is the complex OVOC oxidation scheme
JAMOC developed in our companion paper by Rosanka et al.
(2021). This mechanism is based on the box-model mecha-
nism Cloud Explicit Physico-chemical Scheme (CLEPS 1.0;
Mouchel-Vallon et al., 2017). In order to make it applicable
for global models, Rosanka et al. (2021) reduced the num-
ber of aqueous-phase species to a selection containing up to
4 carbon atoms. JAMOC represents the photo-oxidation of
all species containing 1 and 2 carbon atoms represented in
CLEPS but limits the photo-oxidation of species with 3 or
4 carbon atoms to the major products from C5H8 oxidation
(i.e. methylglyoxal, methacrolein, and methyl vinyl ketone)
and the in-cloud sources of methylglyoxal. Still, the phase
transfer of soluble species containing up to 10 carbon atoms
is represented in JAMOC. In addition to CLEPS, Rosanka
et al. (2021) extended JAMOC by (1) simulating hydration
and dehydration explicitly; (2) taking the oligomerisation of
formaldehyde, glyoxal, and methylglyoxal into account; (3)
adding further aqueous-phase photolysis reactions; and (4)
considering the gas-phase photo-oxidation of new outgassed
species. Overall, JAMOC represents the phase transfer of 350
species, 43 equilibria (acid–base and hydration), and more
than 280 photo-oxidation reactions. A complete description
of JAMOC, including a list of all reactions, is available in
Rosanka et al. (2021). Even though Fenton’s chemistry is an
in-cloud source of OH(aq), this chemistry is not considered
in this study (switched off in JAMOC) due to missing global
iron (Fe) distributions and emissions in EMAC. The associ-
ated uncertainties for excluding this OH(aq) sources are dis-
cussed in Sect. 5.

2.1.2 Gas phase

The Mainz Organic Mechanism (MOM; Sander et al., 2019)
is used to model gas-phase chemistry, containing an ex-
tensive oxidation scheme for isoprene (Taraborrelli et al.,
2009, 2012; Nölscher et al., 2014), monoterpenes (Hens
et al., 2014), and aromatics (Cabrera-Perez et al., 2016).
In addition, comprehensive reaction schemes are considered
for the modelling of the chemistry of NOx , HOx , CH4, and
anthropogenic linear hydrocarbons. VOCs are oxidised by

https://doi.org/10.5194/acp-21-9909-2021 Atmos. Chem. Phys., 21, 9909–9930, 2021

80 6. The importance of in-cloud OVOC oxidation on the troposphere



9912 S. Rosanka et al.: Impact of in-cloud OVOC chemistry on tropospheric oxidants

OH, O3, and NO3, whereas RO2 reacts with HO2, NOx , and
NO3 and undergoes self- and cross-reactions (Sander et al.,
2019). When the complex in-cloud OVOC oxidation scheme
JAMOC is coupled to MOM, MOM is modified following
the gas-phase additions as described in Rosanka et al. (2021).

2.2 Chemistry box model CAABA

Each of the three mechanisms is implemented in the Chem-
istry As A Boxmodel Application (CAABA; Sander et al.,
2019) in order to investigate their implications for a sin-
gle air parcel under predefined atmospheric conditions. The
MECCA submodel in CAABA is capable of numerically in-
tegrating the multiphase chemical mechanism as one single
system of ordinary differential equations (ODEs) with appro-
priate phase-transfer reactions (Sander, 1999; Kerkweg et al.,
2007). The Kinetic PreProcessor (KPP version 2.2.3; Sandu
and Sander, 2006) is used in MECCA to integrate these ODE
systems. Further, photolysis, emissions and dry deposition
of chemical species, and the exchange with other air masses
outside the box (entrainment) are represented in a simplified
manner.

In this study, an air parcel during summer is simulated at a
mid-latitude with a constant temperature of 278 K and a rela-
tive humidity of 100 %. The same initial conditions are used
as proposed in Rosanka et al. (2021, see their Table 3), but
the NO emissions are neglected in this study. In order to rep-
resent a realistic atmospheric cloud event and investigate the
impact of the newly developed aqueous-phase mechanism,
three atmospheric conditions are modelled during the simu-
lated day. First, CAABA is initialised at 00:00 UTC, and no
cloud droplets are present until 12:00 UTC. At 12:00 UTC a
cloud is formed with droplet radii of 20 µm and a liquid wa-
ter content of 0.3 gm−3. After 1 h, the cloud evaporates and
all species outgas. The rest of the day is simulated using the
same conditions as before the cloud event.

2.3 Global model EMAC

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation sys-
tem that includes submodels describing tropospheric and
middle atmospheric processes and their interaction with
oceans, land, and human influences (Jöckel et al., 2010). It
uses the second version of the Modular Earth Submodel Sys-
tem (MESSy2) to link multi-institutional computer codes.
The core atmospheric model is the fifth-generation Euro-
pean Centre Hamburg general circulation model (ECHAM5;
Roeckner et al., 2003). For the present study, EMAC
(ECHAM5 version 5.3.02, MESSy version 2.54.0) is used
at T63L90MA resolution, i.e. with a spherical truncation of
T63 (corresponding to a quadratic Gaussian grid of approx-
imately 1.875◦ by 1.875◦ in latitude and longitude) with 90
vertical hybrid pressure levels up to 0.01 hPa.

In contrast to CAABA, gas- and aqueous-phase chem-
istry are calculated separately. In order to model the gas-
phase mechanism MOM in the troposphere and stratosphere,
the submodel MECCA is used. The SCAVenging submodel
(SCAV; Tost et al., 2006) is used to simulate the removal
of trace gases and aerosol particles by clouds and precipita-
tion. SCAV calculates the transfer of species into and out of
rain and cloud droplets using the Henry’s law equilibrium,
acid dissociation equilibria, oxidation–reduction reactions,
heterogeneous reactions on droplet surfaces, and aqueous-
phase photolysis reactions (Tost et al., 2006). In this study,
SCAV is used to calculate the three aqueous-phase mecha-
nisms presented in Sect. 2.1.1. Like MECCA, SCAV treats
the aqueous-phase mechanism as an ODE system and uses
KPP (version 1) to solve it. This operator splitting is neces-
sary because the ODE systems resulting from the combina-
tion of gas-phase and in-cloud aqueous-phase mechanisms
would suffer from (1) a higher stiffness due to fast acid–base
equilibria and phase-transfer reactions and (2) load imbal-
ances on high-performance computing (HPC) systems due to
the sparsity of clouds. In both MECCA and to some degree
SCAV, tagging systems are used to calculate detailed gas-
and aqueous-phase Ox and HOx budgets. These systems al-
low the estimation of the full implications of the aqueous-
phase mechanism for atmospheric chemistry. The tagging
system of MECCA is more sophisticated and allows for ob-
taining reaction rates from multiple reactions and combining
them into a single tracer (Gromov et al., 2010). For the tro-
pospheric Ox budget, the gas-phase chemical production and
loss and the scavenging and wet deposition are taken into ac-
count by using MECCA and SCAV, respectively. Addition-
ally, the dry deposition of Ox and many MOM species is cal-
culated by the submodel Dry DEPosition (DDEP; Kerkweg
et al., 2006) using its default scheme.

The MESSy submodel Model of Emissions of Gases and
Aerosols from Nature (MEGAN) is used to model bio-
genic VOC emissions (Guenther et al., 2006). Global iso-
prene emissions are scaled to the best estimate of Sinde-
larova et al. (2014), which is 595 Tgyr−1. Biomass burning
emission fluxes are calculated using the MESSy submodel
BIOBURN, which calculates these fluxes based on biomass
burning emission factors and dry matter combustion rates.
For the latter, Global Fire Assimilation System (GFAS) data
are used, which are based on satellite observations of fire ra-
diative power from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) satellite instruments (Kaiser et al.,
2012). The biomass burning emission factors for VOCs are
based on Akagi et al. (2011).

The submodel SORBIT (Jöckel et al., 2010) is used to
sample the model state along sun-synchronous satellite or-
bits, at the time of the satellite overpass, and to compare
the model outputs to satellite observations obtained from
the Infrared Atmospheric Sounding Interferometer (IASI,
Clerbaux et al., 2009) on board the Metop-A (IASI-A)
and Metop-B (IASI-B) satellites. In particular, Fast Opti-
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mal Retrievals on Layers for IASI Ozone (FORLI-O3, ver-
sion 20151001; see Hurtmans et al., 2012, for a description
of the retrievals) is used for the comparison of tropospheric
O3 columns. In general, when analysing tropospheric bur-
dens and budgets, the standard EMAC tropopause defini-
tion is used. Here, the tropopause is defined in the extrat-
ropics using potential vorticity, whereas temperature lapse
rates are used in the tropics (Jöckel et al., 2006). However,
when comparing modelled tropospheric O3 columns to IASI-
FORLI measurements, the troposphere is defined as ranging
from the ground to 300 hPa in order to limit the influences of
the stratospheric O3 but to include the altitude of maximum
sensitivity of IASI in the troposphere (Wespes et al., 2017).
Moreover, this allows the avoiding of larger errors that affect
the O3 retrievals in the upper troposphere–lower stratosphere
(UTLS) (Wespes et al., 2016) and that result in a positive
column bias (Boynard et al., 2016). The evaluation of sim-
ulation results against global observational datasets of VOC
abundance can be performed for only a few species. Daily
global distributions of methanol total columns are avail-
able from IASI-A and IASI-B observations, using a neural-
network-based retrieval approach (Franco et al., 2018). Due
to the limited vertical information on methanol that is con-
tained in the IASI spectra, only total columns have been re-
trieved. Since the neural-network-based retrievals do not rely
on scene-dependent a priori information, no averaging ker-
nels are produced and the retrieved total columns are meant
to be compared at face value with model data (see Franco
et al., 2018, and references therein). For this purpose, the
IASI methanol measurements have been daily averaged on
the EMAC T63 spatial grid. The comparisons with IASI O3
and methanol data are associated with some observational
uncertainties. IASI retrievals are obtained in the thermal in-
frared range, resulting in an especially high sensitivity to
clouds. Appropriate filters are applied in order to account
for cloud-contaminated IASI scene observations. These fil-
ters are based on defined cloud cover thresholds, using infor-
mation from the EUMETCast operational processing system
(August et al., 2012). The fractional cloud cover threshold
depends on the species observed. For O3 and methanol, all
observations with a fractional cloud cover above 13 % (We-
spes et al., 2017) and 25 % (Franco et al., 2018) have been
excluded, respectively. The IASI methanol retrievals are less
sensitive to the presence of residual clouds since no radia-
tive transfer model is used, resulting in a higher threshold for
methanol. Of course, it cannot be completely ruled out that
individual IASI measurements are locally affected by resid-
ual clouds that passed the filtering. However, due to the huge
dataset used for the seasonal averages, it is considered that
such an effect is diluted and is globally negligible.

2.4 Simulations performed

In both modelling frameworks, multiple simulations are
performed. In CAABA, the impact of each aqueous-phase

mechanism on a single air parcel is investigated. For com-
parison, the same day is simulated in CAABA using the
same initial conditions but excluding the specific cloud event
at 12:00 UTC. The global impact is investigated by per-
forming a reference and two sensitivity simulations with
EMAC. Global simulations without any in-cloud aqueous-
phase chemistry lead to unrealistic concentrations of O3
and other chemical species (Tost et al., 2007). Therefore,
the reference simulation includes the minimal scavenging
mechanism (in the following called Scm). The two sensi-
tivity simulations use the standard EMAC (in the follow-
ing called ScSta) and the detailed OVOC oxidation aqueous-
phase mechanism (in the following called ScJAMOC). For
consistency, the same simulation names are used for the
CAABA simulations. In EMAC, the years 2014 and 2015 are
simulated, where 2014 is discarded as spin-up. A summary
of the gas- and aqueous-phase mechanisms used in each
CAABA and EMAC simulation performed in this study is
given in Table 1. All simulations were performed at the Jülich
Supercomputing Centre with the JURECA and JUWELS
clusters (Jülich Supercomputing Centre, 2018, 2019).

3 Box-model results

Figure 2 shows the time evolution of selected gas-phase
species for the different aqueous-phase mechanisms Scm,
ScSta, and ScJAMOC for the cloud scenario of CAABA (see
Sect. 2.2). For comparison, the results of the no-cloud sce-
nario are also shown. Both Scm and ScSta have only little
impact on most of the OVOCs explicitly treated in JAMOC.
For some OVOCs, the phase transfer considered in Scm and
ScSta leads to reduced gas-phase concentrations during the
cloud event. After the cloud evaporates, gas-phase concentra-
tions are slightly higher compared to the no-cloud scenario,
since the OVOCs transferred into the cloud droplet generally
do not oxidise. Within ScSta, a subset of these OVOCs (con-
taining one carbon atom) are oxidised, leading to a slight re-
duction compared to Scm. In contrast, ScJAMOC efficiently
removes OVOCs, leading to reduced OVOC concentrations
overall. Glyoxal, one of the OVOC examples presented in
Fig. 2, is completely removed from the gas phase and quickly
hydrated within the cloud droplet. The irreversible oxidation
of its hydrated forms and oligomers leads to a reduction in in-
cloud glyoxal concentrations. In the gas-phase, glyoxal itself
is produced by the oxidation of hydrocarbons. Due to low
aqueous-phase HOx concentrations during the cloud event,
the oxidation of these hydrocarbons is reduced. After the
cloud evaporates, the higher hydrocarbon concentrations lead
to some glyoxal being produced.

Each mechanism leads to changes in most gas-phase radi-
cal concentrations. As soon as the cloud droplets form, gas-
phase HOx is reduced due to the uptake of radicals and rad-
ical precursors within the first few minutes. This becomes
evident when inspecting the results of Scm: in this mecha-
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Table 1. Characteristics of the gas- and aqueous-phase mechanism used for each simulation performed in this study using CAABA and
EMAC.

Gas-phase Aqueous-phase mechanism

Simulation mechanism Phase transfer Equilibriaa Oxidation Photolysis Original reference

Scm MOMb 14 12 3 – Jöckel et al. (2006) c

ScSta MOMb 34 17 58 3 Tost et al. (2007)
ScJAMOC MOMb, d 350 43 266 23 Rosanka et al. (2021)

a Acid–base and hydration equilibria. b Mainz Organic Mechanism (MOM; Sander et al., 2019). c Representative of most global models (see
Table 1 in Ervens, 2015). d Modified to represent the gas-phase photo-oxidation of gem-diols and oxalic acid (see Sect. 2.1.2 and Rosanka et al.,
2021).

Figure 2. Time evolution for gas-phase mixing ratios of the sum of all the OVOCs explicitly reacting in JAMOC (
∑

OVOCs; see Eq. A1 in
Appendix A), glyoxal, glycolaldehyde, methylglyoxal, HO2, OH, NOx , and O3 within the box model CAABA. The time when the cloud is
present (between 12:00 and 13:00 UTC) is indicated by blue background shading. Nighttime is indicated by grey background shading. Mixing
ratios are provided for no-cloud event (black line), Scm (green line), ScSta (purple line), and ScJAMOC (red line). The characteristics of
each simulation are provided in Table 1. Note that lines may overlap.

nism, the uptake of HOx is not taken into account. Here, the
gas-phase HO2 concentration is still reduced due to the up-
take of a few HO2 sources (e.g. formaldehyde). In the case of
the other mechanisms, the uptake of HOx is explicitly con-
sidered and leads to an additional reduction in gas-phase con-
centrations when the cloud forms. In the case of ScJAMOC
and, to some extent, of ScSta, the additional partitioning of
OVOCs into the cloud droplet leads to a further decrease in
gas-phase HOx concentrations. The reduction in OH is in
line with other modelling studies for cloud events (Tilgner
et al., 2013). When the cloud evaporates, radicals and radical
sources are transferred to the gas phase. For ScJAMOC, the
efficient in-cloud oxidation of radical sources induces signif-
icantly lower HOx concentrations after the cloud evaporates.
The photolysis of OVOCs and their oxidation within cloud
droplets cause an increase in HOx(aq) of about 50 %. In Sc-
JAMOC, CAABA predicts average in-cloud concentrations

of 1.3×10−13 and 2.5×10−8 M for OH(aq) and HO2(aq), re-
spectively. These predictions are of similar magnitude com-
pared to the results of CLEPS (see Fig. 4 in Mouchel-Vallon
et al., 2017) and observations and predictions by Tilgner et al.
(2013) and Arakaki et al. (2013).

When the cloud forms, gas-phase O3 is reduced in compar-
ison to the no-cloud scenario because of its reactive uptake
into the cloud droplet. Within Scm, O3(aq) only reacts with
SO2(aq), leading to only a little reduction in gas-phase O3.
This reduction is more pronounced for ScSta and ScJAMOC
due to additional aqueous-phase sinks and the uptake of HO2
into the cloud droplet. For ScJAMOC, the reduction in O3 is
larger due to the additional aqueous-phase HO2(aq) sources
from OVOC oxidation. In the gas phase, the significantly re-
duced HO2 concentrations cause NOx to increase (HO2 be-
ing the major sink of NOx). However, it mostly dampens the
production of O3 after the cloud event.
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Figure 3. Yearly zonal mean mixing ratio of the sum of all the
OVOCs explicitly reacting in JAMOC (

∑
OVOCs; see Eq. A1 in

Appendix A) for Scm (a) and in comparison to ScJAMOC (b).
The characteristics of each simulation are provided in Table 1. The
yearly mean tropopause is depicted by a black line.

4 Global impact on atmospheric composition

This section evaluates the importance of in-cloud OVOC ox-
idation on a global scale by focusing on VOCs (Sect. 4.1),
and HOx (Sect. 4.2). The importance for tropospheric O3 is
discussed in Sect. 4.3.

4.1 Impact on tropospheric VOCs

The extensive aqueous-phase OVOC oxidation scheme
JAMOC considers many VOC sinks. These significantly in-
fluence the concentrations of tropospheric VOCs. In general,
VOCs can be split into primarily emitted VOCs and OVOCs
mostly formed from secondary production (e.g. oxidation of
primarily emitted VOCs). The main global source of pri-
marily emitted VOCs is biogenic processes. The largest bio-
genic emissions take place in the equatorial region (e.g. Ama-
zon Basin, Central Africa) with additional emissions in the
Northern Hemisphere (NH) and Southern Hemisphere (SH)
extratropics. Isoprene, the most abundant biogenic VOC, is
only slightly influenced by ScJAMOC. The yearly mean tro-
pospheric burden increases from 204 (Scm) to 213 Gg (Sc-
JAMOC). This increase is caused by changes in OH concen-
trations, the main isoprene oxidant (see Sect. 4.2). Primar-
ily emitted VOCs are quickly oxidised in the lower tropo-
sphere, leading to low concentrations in the free troposphere.
The top panel of Fig. 3 shows the zonal mean mixing ra-

Table 2. Mean gas-phase tropospheric burden in 2015 for a selec-
tion of VOCs for Scm and the changes induced by ScSta and Sc-
JAMOC. The characteristics of each simulation are provided in Ta-
ble 1. Burden values are given in gigagrams (Gg).

Scm 1ScSta 1ScJAMOC

C1 VOCs

Formaldehyde 1212.3 −46.6 −204.2
Methanol 3279.3 −341.0 −998.8
Methyl hydroperoxide 1914.5 −32.9 −849.9
Hydroxymethyl hydroperoxide 67.8 +0.2 −16.0

C2 VOCs

Ethanol 110.9 +0.4 −16.6
Ethylene glycol 3.1 +0.1 −1.4
Acetaldehyde 147.1 +1.7 +12.1
Glycolaldehyde 278.8 −0.9 −101.2
Glyoxal 44.6 0.0 −12.7
Ethyl hydroperoxide 62.9 −0.9 −28.3

C3 VOCs

Methylglyoxal 181.8 −0.6 −35.3
Isopropyl hydroperoxide 13.0 −0.2 −4.6

tio of the sum of all OVOCs that are explicitly treated in
JAMOC (

∑
OVOCs; see Eq. A1 in Appendix A) for Scm.

High OVOC concentrations are predicted in the lower tro-
posphere and at lower latitudes, consistent with strong ter-
restrial biogenic emissions at the Earth surface. By the gen-
eral upward transport in the equatorial region, OVOCs are
transported into the free troposphere. Due to deep convec-
tion events in the same region, OVOCs are even transported
into the dry tropical upper troposphere. The lower panel of
Fig. 3 shows the changes in the sum of OVOCs explicitly
treated in JAMOC (

∑
OVOCs; see Eq. A1 in Appendix A)

obtained by comparing Scm and ScJAMOC. Overall, the tro-
pospheric OVOC burden is reduced with the largest change
in the tropical free troposphere. The frequent occurrence of
clouds in this region and the high OVOC concentrations lead
to an efficient removal of gas-phase OVOCs. The ubiquity of
clouds in the NH extratropics allows for additional removal
of OVOCs from the gas phase. These results are in line with
the box-model results presented above (see Fig. 2). The effi-
cient removal of OVOCs in warm clouds significantly affects
the OVOC levels in the dry tropical upper troposphere. Here,
these OVOCs act as an important HOx source, potentially
influencing the production of O3 (Jaeglé et al., 2001).

Table 2 provides an overview of the annual tropospheric
burden for a selection of VOCs explicitly treated in JAMOC.
As shown in Fig. 3, the global burden of most VOCs is
reduced due to the uptake and oxidation processes imple-
mented in ScJAMOC. Because of the low number of VOCs
containing one carbon atom treated in ScSta, changes be-
tween Scm and ScSta are only minor. The burden of some
VOCs even increases in ScSta, which is caused by reduced
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Figure 4. Seasonal-mean (seasons are December–February, DJF; March–May, MAM; June–August, JJA; September–November, SON) inte-
grated methanol column obtained from IASI satellite observations (left), of the Scm simulation in comparison to IASI observations (centre),
and of ScJAMOC in comparison to Scm (right). The characteristics of each simulation are provided in Table 1.

HOx concentrations (see Sect. 4.2). The impact in ScJAMOC
differs for each VOC, with some VOCs in terms of absolute
changes being efficiently removed, whereas others are only
slightly impacted. The varying efficiency of the VOCs re-
moval by clouds is explained by differences in their Henry’s
law constants, accommodation coefficients, and aqueous-
phase reactivities. The burden of methanol, the OVOC con-
taining one carbon atom for which the highest absolute
change is predicted, is reduced by about 1000 Gg. For methyl
hydroperoxide the total change is lower but the relative re-
duction is higher, which is due to slightly higher solubility
and overall higher reaction rate constants for the oxidation
by OH(aq) and NO3(aq). Formaldehyde is reduced by about
16 %. Even though ethanol has a Henry’s law constant sim-
ilar to that of methanol, the relative reduction is still signifi-
cantly smaller, due to slower aqueous-phase oxidation. Ethy-
lene glycol has slow aqueous-phase oxidation but very high
solubility, which results in a substantial reduction in its tro-
pospheric burden. The opposite holds for ethyl hydroperox-
ide, which is 4 times less soluble but undergoes fast aqueous-

phase oxidation. This leads to a relative change that is sim-
ilar to the one of ethylene glycol. Acetaldehyde is the only
OVOC for which an enhanced burden is predicted. This is
partially due to newly implemented in-cloud sources but in
particular to the aqueous-phase oxidation of methylglyoxal
yielding pyruvic acid, which is a known source of acetalde-
hyde (Berges and Warneck, 1992).

Figure 4 shows the seasonal-mean methanol column for
the IASI observations. In addition, the differences of Scm
vs. IASI and ScJAMOC vs. Scm are shown. The high-
est methanol columns occur close to its major biogenic
sources (e.g. Amazon Basin, boreal forests). When using
Scm, EMAC underestimates methanol at mid-latitudes and
overestimates it close to methanol’s main tropical biogenic
sources (see centre column, Fig. 4). Both these model in-
consistencies are caused by an incorrect spatial distribu-
tion of biogenic emissions. The submodel MEGAN, used to
simulate biogenic methanol emissions (see Sect. 2.3), esti-
mates yearly biogenic methanol emissions of 104 Tgyr−1,
which is close to the 103 Tgyr−1 estimated by Millet et al.
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(2008, their Table 2). However, the spatial distribution of
biogenic emissions from MEGAN is different to their pre-
dictions. Compared to Millet et al. (2008), MEGAN sig-
nificantly overestimates biogenic emissions in the Amazon
Basin but underestimates emissions at middle and high lati-
tudes. EMAC simulates the Amazon Basin as too dry in the
dry season (September–November, SON) and consequently
too hot (Hagemann and Stacke, 2015). The biogenic emis-
sions in MEGAN are temperature-dependent, and generally
higher temperatures induce higher emissions. Thus, the posi-
tive bias in surface temperatures in EMAC leads to an overes-
timation in the Amazon Basin. Additionally, uncertainties for
all coefficients used in MEGAN, related to the emissions of
methanol and primarily emitted VOCs (e.g. isoprene) further
influence the incorrect emission distribution. EMAC also un-
derestimates methanol over the oceans. In the current simula-
tion setup, the ocean is represented to only act as a methanol
sink but should be considered a source as well over certain
oceans (e.g. over the Pacific; see Millet et al., 2008). How-
ever, EMAC models the ocean as a net sink with an uptake
of about 2.1 Tgyr−1, which is smaller than the predicted net
sink from Millet et al. (2008) of 16 Tgyr−1. It is thus ex-
pected that there is an additional deficiency in the represen-
tation of the gas-phase chemistry of methanol in MOM. Still,
when using ScJAMOC, the model bias for methanol is par-
tially resolved (see right column of Fig. 4). In areas where the
sources are expected to be modelled correctly (i.e. Central
Africa, East Asia), the additional in-cloud OVOC oxidation
leads to a reduction in methanol partially resolving the model
bias in these regions. However, ScJAMOC is not able to com-
pletely resolve the model bias over the Amazon Basin. The
positive model bias away from its major sources (i.e. over
oceans) is reduced and partially resolved. Especially during
the NH autumn (SON), the strong model bias over the East
Pacific and the South Atlantic Ocean is reduced. At the same
time, a high overestimation for Scm is observed southeast
of India over the Indian Ocean. The strong El Niño event
in 2015/16 led to droughts, draining the already-dry Indone-
sian peatland. This drying, in combination with widespread
deforestation, led to strong Indonesian fires, emitting large
amounts of VOCs (Parker et al., 2016). This positive model
bias is strongly reduced when in-cloud methanol oxidation
is taken into account (ScJAMOC). A detailed analysis of
the Indonesian peatland fires in 2015 and the importance of
detailed in-cloud OVOC oxidation during such a pollution
event is presented by Rosanka et al. (2020b).

To the best of our knowledge, glyoxal satellite retrievals
from the Ozone Monitoring Instrument (OMI; Levelt et al.,
2006) are only available up to 2014, while the TROPO-
spheric Monitoring Instrument (TROPOMI) started its oper-
ations in late 2017. Levelt et al. (2018) report that this is due
to detector degradation and the challenging nature of glyoxal
retrievals. A detailed analysis for the year 2007 is performed
by Alvarado et al. (2014). Figure 5 gives the yearly mean in-
tegrated glyoxal column for Scm and the changes introduced

Figure 5. Mean integrated tropospheric glyoxal column for Scm
(a) and in comparison to ScJAMOC (b). The characteristics of each
simulation are provided in Table 1.

by ScJAMOC. In the gas phase, glyoxal is an oxidation prod-
uct of hydrocarbons. Therefore, high glyoxal concentrations
are predicted by EMAC close to strong biogenic hydrocarbon
sources (e.g. Amazon Basin). As found with the CAABA box
model, atmospheric glyoxal levels are significantly reduced
by the chemical loss in cloud droplets with ScJAMOC (see
Table 2). When comparing these results to satellite retrievals
from Alvarado et al. (2014, their Fig. 9), it can be concluded
that the spatial distribution is reasonably well captured by
Scm. However, glyoxal levels are generally overestimated in
regions where biogenic emissions dominate. The additional
sink introduced into ScJAMOC leads to a significant reduc-
tion in the model bias, especially in the Amazon Basin and
over Central Africa. However, the model bias is not yet fully
resolved in the Amazon Basin. Here, the too-high biogenic
hydrocarbon emissions from MEGAN are the cause of an
overestimated production of glyoxal. It is important to keep
in mind that the comparability with these satellite retrievals
is limited due to a different year simulated. It is still expected
that the yearly mean spatial distributions of biogenic emis-
sions are comparable for both years and mainly vary in their
magnitudes. To conclude, when using JAMOC (ScJAMOC)
the representation of methanol and glyoxal gas-phase con-
centrations is significantly improved within EMAC.

4.2 Impact on tropospheric HOx

VOCs play an important role in the production and loss of
OH and HO2. Thus, the additional uptake of VOCs will influ-
ence the tropospheric OH budget. In the troposphere, OH is
primarily produced by the reaction of O(1D)with H2O. Here,
the main source of O(1D) is the photolysis of O3. Figure 6
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Figure 6. Zonal-mean gross OH formation for Scm (a) and in com-
parison to ScJAMOC (b). The characteristics of each simulation are
provided in Table 1. The yearly mean tropopause is depicted by a
black line.

gives the zonal mean of the total OH production of Scm and
the changes predicted by ScJAMOC. OH is mainly produced
in the lower troposphere by both its primary and its sec-
ondary sources, whereas in the upper troposphere secondary
sources dominate. Table 3 gives an overview of the tropo-
spheric gas-phase OH sources and sinks. With ScJAMOC,
the gross OH formation decreases by about 7.3 % from 280.2
to 259.8 Tmolyr−1. This finding is consistent with the box-
model results (Fig. 2). The uptake and oxidation of VOCs in
the aqueous phase reduce the contribution of VOCs to the OH
production. However, the major reduction in the OH produc-
tion is caused by overall reduced tropospheric O3 concentra-
tions. Specifically, the two largest O3 sinks, namely the OH
production induced by O3 photolysis and the reaction of O3
with HO2, are reduced by 8.5 %. O3 has a long atmospheric
lifetime, leading to low spatial variability in the reduction
in tropospheric O3. However, the reduction in VOC concen-
trations has high spatial variability (see Fig. 3), largely de-
termining the spatial distribution of the reduction in the to-
tal OH formation by ScJAMOC (Fig. 6b). The removal of
VOCs containing one carbon atom presents the largest con-
tribution to the reduction. The reduction in HOx leads to
an additional reduction in the destruction of OH from HOx
cross-reactions (HO2+OH and OH+OH). The OH budget
presented in this study compares well with earlier EMAC
studies by Lelieveld et al. (2016), which used the standard
in-cloud EMAC mechanism (ScSta). The relative contribu-
tions of each OH source and sink in ScSta are comparable

Figure 7. Zonal-mean gross HO2 formation for Scm (a) and in com-
parison to ScJAMOC (b). The characteristics of each simulation are
provided in Table 1. The yearly mean tropopause is depicted by a
black line.

with their reported budgets. However, the authors report a
lower tropospheric gross OH formation of 251.2 Tmolyr−1

while using the same tropopause definition. This difference
is mainly related to the different years simulated (leading
to different emissions) and a lower model resolution used
(T42L31, approximately 2.8 by 2.8◦ in latitude and longi-
tude with 31 vertical layers). Specifically, the lower number
of tropospheric levels is expected to influence tropospheric
budgets.

Figure 7 shows the zonal HO2 production for Scm and the
changes predicted in ScJAMOC. Due to the fast intercon-
version within the HOx family, the spatial distribution and
magnitude of the HO2 production are similar to the produc-
tion of OH. Table 4 gives the gas-phase HO2 budget for each
simulation. The HO2 production changes from about 315 to
290 Tmolyr−1 for Scm and ScJAMOC, respectively. Lower
VOC concentrations lead to a reduction in the HO2 produc-
tion. Here, the influence of VOCs containing one carbon
atom is the highest (see Table 2). Thus, VOCs become less
important as an HO2 sink. The highest reduction is caused
by the reduced availability of HO2, significantly reducing
radical–radical reactions as an HO2 sink.

Tables 3 and 4 also provide the in-cloud budgets for OH(aq)
and HO2(aq). The representation of the aqueous-phase chem-
istry of OH(aq) in clouds strongly affects the HO2(aq) pro-
duction. The aqueous-phase budget of OH(aq) differs signif-
icantly between ScSta and ScJAMOC, which explicitly treat
in-cloud HOx(aq) kinetics. ScJAMOC has the highest total
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Table 3. Global tropospheric mean gas- and aqueous-phase source and sink fluxes of OH for Scm and the changes induced by ScSta and
ScJAMOC. The characteristics of each simulation are provided in Table 1. All values are given in Tmolyr−1. The aqueous-phase budget is
only based on cloud droplets. Rain droplets are not taken into account. For comparison, the tropospheric OH budget presented by Lelieveld
et al. (2016) is shown in the last column. Please note that Lelieveld et al. (2016) simulated a different year and used EMAC at a lower model
resolution.

Scm 1ScSta 1ScJAMOC Lelieveld et al. (2016)

Gas-phase sources

O(1D)+H2O 96.67 −1.39 −7.11 84.0
NO+HO2 84.53 −0.25 −2.10 76.6
O3+HO2 32.36 −0.95 −3.93 34.4
H2O2+hν 26.70 −0.85 −1.39 24.8
OVOCs 30.40 −0.30 −5.82 31.4
Other 9.54 +0.01 −0.02 –
Total 280.20 −3.73 −20.37 251.2

Gas-phase sinks

OH+HOyg
a 49.88 +0.06 −1.90 46.2

OH+NOyb 4.73 +0.01 +0.11 4.1
OH+CH4 32.85 −0.02 −0.35 29.8
OH+C1

c 150.90 −2.73 −16.20 134.8
OH+Cn VOCs 39.75 −0.15 −2.70 34.7
Other 2.09 0.00 0.00 1.6
Total 280.20 −3.73 −20.37 251.2

Aqueous-phase sources

O3+O−2 – +1.94 +6.30 –
H2O2+hν – +0.95 +1.08 –
C1 VOCs+hν – – +4.71 –
Cn VOCs+hν – – +0.32 –
Other – +0.02 +0.02 –
Total – +2.91 +12.43 –

Aqueous-phase sinks

OH+HOyaq
d – +0.42 +2.20 –

C1 VOCs – +2.40 +8.98 –
Cn VOCs – – +0.91 –
Other – +0.09 +0.34 –
Total – +2.91 +12.43 –

a HOyg ≡ H2,O3,H2O2, radical–radical reactions. b NOy ≡ NO, NO2, HNO2. HNO3, HNO4, NH3, N-reaction

products. c C1 ≡ CO, VOCs with one C atom. d HOyaq ≡ O−2 , H2O2, radical–radical reactions.

OH(aq) production with more than 12 Tmolyr−1, which is
about 4 times higher than in ScSta. The higher increase, com-
pared to the box model (Sect. 3), is attributed to the spe-
cific box-model scenario (Sect. 2.2 and Rosanka et al., 2021,
their Table 3). In both ScSta and ScJAMOC, most OH(aq) is
formed by the destruction of O3(aq). In ScJAMOC, the pho-
tolysis of OVOCs leads to the second-highest formation of
OH(aq). Here, OVOCs containing one carbon atom contribute
the most, of which most OH(aq) is formed from methyl hy-
droperoxide. Due to higher radical concentrations, the reac-
tions of OH(aq) with O3(aq) and radical–radical reactions in
ScJAMOC contribute about 4 times as much to the loss of
HOx(aq) compared to in ScSta. The oxidation of OVOCs is

the major OH(aq) sink, with OVOCs containing one carbon
atom contributing the most. This oxidation leads to the most
significant production of HO2(aq), followed by OVOC pho-
tolysis. Due to increased aqueous-phase OH(aq) and H2O2(aq)
concentrations, the oxidation of H2O2(aq) increases by a fac-
tor of 4 in ScJAMOC. The destruction of O3(aq) leads to a re-
duction in O−2(aq). This equilibrium is therefore the dominant
HO2(aq) sink for both ScSta and ScJAMOC, since HO2(aq) is
in equilibrium with O−2(aq) (Reaction R2). To the best of our
knowledge, no in-cloud HOx(aq) budget has been presented
so far in the literature on a global scale. The novel in-cloud
aqueous-phase budgets can thus not be compared to earlier
studies.
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Table 4. Global tropospheric mean gas- and aqueous-phase source
and sink fluxes of HO2 for Scm and the changes induced by ScSta
and ScJAMOC. The characteristics of each simulation are provided
in Table 1. All values are given in Tmolyr−1. The aqueous-phase
budget is only based on cloud droplets. Rain droplets are not taken
into account.

Scm 1ScSta 1ScJAMOC

Gas-phase sources

OH+O3 12.51 −0.18 −0.71
H2O2+OH 13.86 −0.44 −0.56
HNO4

a 26.38 −0.52 −1.59
C1 VOCs 214.71 −3.58 −17.76
Cn VOCs 22.33 +0.01 −0.64
Photolysis 24.64 −0.47 −3.88
Other 1.26 −0.01 −0.01
Total 315.69 −5.19 −25.15

Gas-phase sinks

HO2+O3 32.36 −0.95 −3.93
HO2+OH 12.86 −0.21 −0.69
HO2+HO2 77.34 −2.33 −8.37
HO2+NO 84.53 −0.25 −2.10
HO2+NO2 and NO3 27.31 −0.44 −1.58
C1 VOCs+HO2 47.63 −1.34 −6.74
Cn VOCs+HO2 26.85 −0.22 −2.08
Other 6.81 +0.55 +0.34
Total 315.69 −5.19 −25.15

Aqueous-phase sources

Mass transfer – +0.60 +0.51
H2O2+OH – +0.38 +1.61
C1 VOCs – +2.39 +10.80
C2 VOCs – – +0.92
Other – +0.01 +0.09
Total – +3.38 +13.93

Aqueous-phase sinks

HO2 
 O−2 +H+ – +2.68 +8.69
HO2+HOyaq

b – +0.69 +5.22
Other – +0.01 +0.02
Total – +3.38 +13.93

a HNO4→ NO2 +HO2. b HOyaq ≡ O−2 , radical–radical reactions.

4.3 Impact on tropospheric O3

The efficient oxidation of OVOCs by cloud droplets leads
to elevated aqueous-phase HO2(aq) concentrations acceler-
ating the in-cloud O3(aq) destruction. This has a significant
impact on tropospheric O3 levels predicted by EMAC. Ta-
ble 5 gives the Ox budget for the three simulations. The
chemical production increases for ScSta compared to Scm.
Slightly elevated NOx concentrations lead to an increased
contribution of methylperoxy radicals and RO2 reactions
with NO, compensating for the reduced production from

HO2. For ScJAMOC, the chemical production decreases by
about 150 Tgyr−1 (2.6 %), mainly caused by an overall re-
duction in HO2 (see Sect. 4.2) and in RO2 radicals due to
the uptake and explicit oxidation of VOCs. The chemical
loss on the other hand is reduced by about 90 (1.7 %) and
about 420 Tgyr−1 (8.0 %) for ScSta and ScJAMOC, respec-
tively. This reduction is mainly attributed to an overall re-
duction in tropospheric levels of O3 and HOx . The loss by
dry deposition reduces by about 50 Tgyr−1 (5.6 %) for Sc-
JAMOC, due to generally reduced surface O3 concentrations.
The largest change in the Ox budget is related to scavenging
processes. Ox scavenging increases from about 150 (Scm) to
about 260 (73.3 %) and 480 Tgyr−1 (220.0 %) for ScSta and
ScJAMOC, respectively. Here, the biggest increase occurs
for O3 scavenging, due to the accelerated O3(aq) destruction
by enhanced HO2(aq) (Reaction R1), which in turn enhances
the O3 uptake. These changes in the Ox budget terms lead
to a reduced O3 burden. Compared to the literature, the O3
burden from ScJAMOC is closer to the observational esti-
mate from satellite retrievals for the same time period of 287–
311 Tg in the 60◦ S–60◦ N latitudinal band and closer to the
global tropospheric burden of 324 Tg derived from the IASI-
FORLI observations (Gaudel et al., 2018, their Table 5).
However, it is important to take into account that different
tropopause definitions are used in the extratropics. In Gaudel
et al. (2018), the tropopause definition for IASI-FORLI is the
WMO tropopause altitude definition, based on the tempera-
ture lapse rate (WMO, 1957). In this study, potential vorticity
is used as the tropopause definition in the extratropics (see
Sect. 2.3). All three Ox budgets (Table 5) compare well with
a recent multi-model comparison of Young et al. (2018, see
their Fig. 3). The chemical loss and chemical production get
closer to the multi-model mean of 4442 and 4937 Tgyr−1,
respectively. The tropospheric O3 burden in ScJAMOC is
now lower than the multi-model mean of 337 Tg but closer
to the observational estimate from Ziemke et al. (2011). The
increased stratospheric–tropospheric exchange (STE) is still
lower than the multi-model mean (535 Tg yr−1) and the ob-
servational estimate of 489 Tgyr−1 by Olsen et al. (2013).
The tropospheric O3 lifetime is reduced by 1 d, due to higher
relative changes in the Ox loss than in the tropospheric O3
burden.

Figure 8 gives the zonal net Ox production for Scm and
the changes in ScJAMOC. In general, Ox is produced where
NOx concentrations are high (close to the surface and in the
upper troposphere). In the free troposphere, above the plan-
etary boundary layer (PBL), the increased destruction of O3
over the ocean leads to an overall net Ox loss in the zonal
mean. The changes in the chemical production and in the loss
of Ox and the increase in scavenging lead to changes in the
net Ox production in ScJAMOC. At the surface, the net Ox
production increases. Here, the efficient uptake of O3 sink
precursors overcompensates for the reduction in the chemi-
cal production and leads to a reduced chemical loss. This in-
crease mainly occurs over continental regions. In the free tro-
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Table 5. Detailed tropospheric Ox budget for Scm and the changes induced by ScSta and ScJAMOC. The characteristics of each simulation
are provided in Table 1. The gross terms as well as the relative contributions of the major contributors are given. For comparison, the range
of Ox budgets in other models and the multi-model mean values from the Tropospheric Ozone Assessment Report (TOAR) are also shown.
Please note that the models in the multi-model comparison and from TOAR differ in their resolution, tropopause definition, Ox definition,
and chemical mechanism used.

Scm 1ScSta 1ScJAMOC Other modelsa TOARb

Sources [Tg yr−1]

Chemical production 5895.6 +7.1 −155.8 4751–5249 4937± 656
HO2+NO 4050.3 −12.8 −101.3 3185–3436 –
CH3O2+NO 1084.8 +13.1 −22.9 1092–1288 –
RO2+NO 731.1 +6.7 −30.8 345–525 –
Other 29.4 +0.1 +0.1 – –

STEc 355.2 +5.6 +15.3 325–391 535± 161

Sinks [Tgyr−1]

Chemical loss 5254.7 −91.2 −423.2 4193–4841 4442± 570
O(1D)+H2O 2317.3 −35.0 −167.3 1997–2224 –
HO2+O3 1550.1 −42.4 −187.6 1061–1356 –
OH+O3 599.0 −1.4 −0.6 518–654 –
HOBr+hv 341.6 −0.8 −54.6 174–285 –
PhO+O3

d 215.4 +1.5 −31.8 – –
Other 231.3 −4.1 −81.5 – –

Dry deposition 846.5 −9.1 −47.3 799–908 996± 203
O3 801.6 −9.4 −47.1 – –
Other 44.9 +0.3 −0.2 – –

Scavenging 149.7 +112.9 +329.7 – –
O3 13.2 +104.4 +323.1 – –
N2O5 25.0 −2.3 −2.7 – –
HNO3 111.5 −0.3 −1.0 – –
Other – +11.2 +10.3 – –

O3 burden [Tg] 348.2 −5.0 −25.0 339–351 337± 23
O3 lifetime [d] 20.3 −0.3 −1.0 22–24.2 22.5e

a Based on Sherwen et al. (2016), Hu et al. (2017), and Griffiths et al. (2020). b Values obtained from Young et al. (2018)
and Gaudel et al. (2018). c Stratospheric–tropospheric exchange. d O3 loss due to reaction with phenoxy radicals from
oxidation of aromatics (Taraborrelli et al., 2021). e Calculated based on mean burden and the mean total production.

posphere above the PBL, the net Ox change is reduced, lead-
ing to increased Ox destruction. This is directly caused by
the efficient uptake of HO2, VOCs, and O3 precursors in this
cloud-dominated region in ScJAMOC. In the tropical UTLS,
VOCs are an important HO2 source. The efficient removal of
VOCs in the lower troposphere reduces the total VOC mass
transported into this region (see Fig. 3). The chemical pro-
duction of Ox is therefore reduced in the tropical UTLS, due
to limited availability of HO2.

Figures 9 and 10 give the yearly mean surface mixing ratio
and the zonal mean O3 mixing ratios for Scm and the changes
in ScJAMOC. In general, O3 concentrations are higher in
the NH with the highest values found over continental areas.
Overall, surface O3 slightly decreases for ScJAMOC with
the maximum mean reduction of about 4 nmolmol−1. The
decrease in surface O3 is very low where the net Ox produc-
tion increases. The highest reduction in O3 is predicted in the
UTLS, where tropospheric O3 concentrations are the highest.

Here, O3 is reduced by more than 12 % for ScJAMOC. Even
though the total lower tropospheric change is similar in both
hemispheres, the relative reduction is higher in the SH (NH,
about 4 %; SH, about 10 %).

Figure 11 shows the seasonal, tropospheric integrated O3
columns from IASI-FORLI O3 retrievals. In addition, the
differences in Scm with respect to IASI-FORLI and in Sc-
JAMOC with respect to Scm are shown. As explained pre-
viously, the comparison is performed here by using the tro-
pospheric O3 column integrated between the Earth surface
and 300 hPa (see Sect. 2.3). To meaningfully compare the
model profile to the IASI observation, the non-uniform sen-
sitivity of the IASI-FORLI retrievals to the O3 vertical dis-
tribution was accounted for by applying the averaging ker-
nels. They provide the model vertical distribution of O3 as
would be seen by IASI. For this purpose, the model pro-
files sampled at the place and time of the IASI overpasses
(see Sect. 2.3) were first vertically interpolated to the IASI
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Figure 8. Mean zonal net Ox change for Scm (a) and in compar-
ison to ScJAMOC (b). The characteristics of each simulation are
provided in Table 1. The yearly mean tropopause is depicted by a
black line. Deposition in the lowest model layer is not taken into
account.

Figure 9. Mean surface O3 mixing ratios for Scm (a) and in com-
parison to ScJAMOC (b). The characteristics of each simulation are
provided in Table 1.

pressure levels. Then the smoothing of the model profiles
to the lower vertical resolution of IASI was performed fol-
lowing Rodgers (2000). In order to take the specific scene
of each IASI observation into account, the averaging ker-
nels of the different observations contained in the model grid

Figure 10. Mean zonal O3 mixing ratios for Scm (a) and in com-
parison to ScJAMOC (b). The characteristics of each simulation are
provided in Table 1. The yearly mean tropopause is depicted by a
solid red line. In addition, the 300 hPa tropopause layer used for the
O3 IASI-FORLI comparison (see Fig. 11) is depicted by a dash-
dotted red line.

cell have all been considered to smooth the gridded model
profile, similarly to previous model–FORLI-O3 comparison
studies (Wespes et al., 2012; Supplement in Wespes et al.,
2016). The smoothed model profiles are finally averaged to
derive the smoothed gridded model profile. In Scm, EMAC
generally overestimates tropospheric O3 in the tropics and at
mid-latitudes regionally by more than 10 DU. This general
overestimation is lower but consistent with an earlier EMAC
study by Jöckel et al. (2016). They report an overestimation
of up to 15 DU (see their Fig. 29), based on a comparison of
a nudged simulation with OMI O3 retrievals using EMAC’s
standard aqueous-phase mechanism (here ScSta). These dif-
ferences can be attributed to a much simplified gas-phase
chemical mechanism, a lower spatial resolution (inducing
artificial dilution of NOx point sources; Fiore et al., 2003),
and different emission datasets. At higher latitudes, espe-
cially during the NH winter (December–February, DJF) and
spring (March–May, MAM), EMAC slightly underestimates
tropospheric O3. In ScJAMOC, the overall modelled O3 bias
compared to IASI-FORLI is reduced by 1–2 DU, improving
the representation of O3 in EMAC. Here, due to the long
lifetime of O3, the reduction in tropospheric O3 is not lim-
ited to the typical cloud-dominated and precipitation regions.
This demonstrates the importance of a proper representation
of in-cloud O3(aq) and OVOC oxidation chemistry in global
models. By not taking these processes into account, as is the
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Figure 11. Seasonal (December–February, DJF; March–May, MAM; June–August, JJA; September–November, SON) tropospheric O3 col-
umn comparison between IASI-FORLI satellite observations and EMAC: IASI-FORLI satellite observations (left), Scm simulation in com-
parison to IASI-FORLI observations (centre), and ScJAMOC in comparison to Scm (right). The characteristics of each simulation are
provided in Table 1. For this comparison, the tropopause is defined at 300 hPa.

case in most global models (Ervens, 2015), tropospheric O3
is overestimated. It is expected that the bias reduction is even
more pronounced for the complete troposphere (when using
the standard EMAC definition, see Sect. 2.3), since the high-
est relative reduction in O3 is predicted in the UTLS above
300 hPa (Fig. 10). Similarly to methanol, Scm strongly over-
estimates the tropospheric O3 column west of Indonesia over
the Indian Ocean in the NH autumn. This overestimation is
also linked to the strong Indonesian peatland fires (Parker
et al., 2016). Due to the ongoing Asian monsoon, the emitted
VOCs are quickly transported to higher altitudes, where they
act as O3 precursors. The efficient upward transport of the
biomass burning tracers isocyanic acid (HNCO) and hydro-
gen cyanide (HCN) during the summer monsoon phase has
already been investigated in earlier EMAC simulations by
Rosanka et al. (2020a). In the same region, surface O3 is also
substantially reduced in ScJAMOC (Fig. 9). These results in-
dicate that soluble OVOCs are efficiently removed by clouds.
As a consequence, the reactive uptake of O3 is enhanced and

O3 production dampens. This leads to a reduction in the mod-
elled bias for this region and period when using JAMOC.

5 Model uncertainties

In our companion paper (Rosanka et al., 2021), uncertain-
ties related to the kinetic data used in JAMOC are discussed.
The global model simulations performed in this study suf-
fer from additional uncertainties mainly attributed to (1) the
representation of VOC emissions and (2) missing sources of
key oxidants. Each uncertainty will be briefly discussed in
this section.

As demonstrated for methanol (see Sect. 4.1), a satis-
factory reproduction of tropospheric VOC concentrations
strongly depends on the realistic representation of VOC
emissions. As pointed out earlier, the highest uncertainty
is introduced by the biogenic emission submodel MEGAN.
For instance, isoprene emissions are very sensitive to tem-
perature and light. These uncertainties are not well quanti-
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fied. Drought stress also affects isoprene emissions, and it
is estimated to reduce the emissions by 17 %–50 % globally
(Jiang et al., 2018; Sindelarova et al., 2014). Additionally,
biomass burning emissions in Indonesia are potentially un-
derestimated. Parker et al. (2016) pointed out that in the mon-
soon period of 2015, a high fraction of the Indonesian fire
emissions originates from peatland, which is known to pro-
duce significantly high VOC emissions (Akagi et al., 2011).
In the GFAS retrievals used for biomass burning, the domi-
nant fire type in Indonesia is assigned to tropical forest fires
with the exceptions of a few grid points. The strength of VOC
emissions for the Indonesian fire period in 2015 is therefore
underestimated. It is thus expected that when using JAMOC
and a realistic combination of peatland and tropical forest
fire types, the overestimation of tropospheric O3 in this re-
gion and time period will be further reduced (see Sect. 4.3
and Fig. 11).

Fenton chemistry is a major source of in-cloud OH(aq)
(Deguillaume et al., 2004). Even though these reactions are
available in JAMOC, Fenton chemistry is not taken into ac-
count in this study, due to missing global iron (Fe) distri-
butions and emissions in EMAC. However, Scanza et al.
(2018) present an approach to implementing these into a
global model. Realising this approach in EMAC would make
Fenton chemistry feasible in the future. From the literature,
no global modelling study is known that couples this OH(aq)
source to a detailed in-cloud OVOC oxidation scheme, mak-
ing it difficult to estimate its impact on a global scale. In
the highly idealised box-modelling study of Mouchel-Vallon
et al. (2017), most OH(aq) (63 %) is produced from Fenton
chemistry (see their supplemental material SM5). This indi-
cates the importance of Fenton chemistry in areas with high
iron concentrations. The major source of atmospheric iron is
mineral dust. Fossil fuel and biomass burning also emit some
iron. Thus, iron concentrations are high close to deserts with
the highest concentrations in the Sahara, Lut Desert, Thar
Desert, and Arabian Desert (Wang et al., 2015, their Fig. 6).
Not considering this OH(aq) source catalysed by iron might
lead to an underestimation of OVOC oxidation rates in the
aqueous phase. In particular Central Africa, a region with
high biogenic VOC emissions, might be influenced by Fe
being transported from the Sahara. In addition, mineral dust
will be transported over the tropical Atlantic to the Amazon
Basin. Here, the missing OH(aq) source could be responsi-
ble for the underestimation of in-cloud OVOC oxidation and
thus the destruction of O3(aq).

To conclude, the impact of the in-cloud OVOC chemistry
on the tropospheric composition estimated in this study is
influenced by some model and observational uncertainties.
However, the findings of the simulations performed in this
study are still consistent with earlier studies and improve the
representation of a selection of OVOCs and the EMAC bias
towards high O3 concentrations. Due to their complexity, re-
ducing the model uncertainties introduced by biogenic and
biomass burning emissions and missing aqueous-phase Fen-

ton chemistry is outside the scope of this study. Model repre-
sentation of the latter is expected to substantially increase the
oxidation rate of OVOCs in the cloud droplets and aerosols.
Additional global modelling studies need to be performed to
address these issues.

6 Conclusions

In this study, the influence of in-cloud oxidation of solu-
ble OVOCs on the tropospheric gas-phase composition was
studied. This was achieved by implementing the extensive
aqueous-phase OVOC oxidation scheme JAMOC, initially
presented by Rosanka et al. (2021), into the global model
EMAC. The mechanism considers a selection of VOCs
containing up to 4 carbon atoms; their acid–base and/or
hydration–dehydration equilibria; and their reactions with
OH(aq), NO3(aq), and other oxidants (if available). Addition-
ally, the phase transfer of species containing up to 10 carbon
atoms is taken into account. In addition to the EMAC simula-
tions, a representative cloud droplet was simulated in the box
model CAABA in order to understand all processes involved.

When in-cloud OVOC oxidation is taken into account,
VOCs are efficiently removed from the gas phase, leading to
generally reduced tropospheric VOC burdens. The reduction
in modelled methanol and glyoxal concentrations is in line
with satellite retrievals. The overall reduction in VOC con-
centrations leads to lower formation rates of HOx in the gas
phase. Higher in-cloud HO2(aq) concentrations, formed from
OVOC oxidation, lead to accelerated destruction of O3(aq) in
clouds. In addition, the chemical production and loss of O3
in the gas phase are reduced due to lower VOC and HOx
concentrations. This results in a reduced O3 burden and de-
creases EMAC’s bias towards too-high O3 concentrations. In
ScJAMOC, many secondary organic aerosol (SOA) precur-
sors are explicitly treated, impacting the formation of SOAs
(Blando and Turpin, 2000; Ervens et al., 2011; Ervens, 2015).
The potentially enhanced SOA formation will further influ-
ence tropospheric HOx chemistry and NO2 photolysis, re-
sulting in a higher reduction in tropospheric O3 and EMAC’s
O3 bias. However, studying the influence of in-cloud OVOC
oxidation on SOA formation is outside the scope of this
study.

The findings in this study demonstrate the importance of
in-cloud chemistry on tropospheric O3. Most atmospheric
global models do not take detailed aqueous-phase chemistry
into account (Ervens, 2015). With the minimal oxidation of
SO2(aq) by O3(aq), which is representative of most global
models, only about 13 Tgyr−1 of O3 is scavenged by clouds.
With explicit in-cloud OVOC oxidation considered, O3 scav-
enging increases to about 336 Tgyr−1. This estimate neglects
the O3 sink in deliquescent aerosols, which might turn out to
be significant as well. The predicted O3 loss by clouds is sig-
nificantly higher than the global estimates by Liang and Ja-
cob (1997), and regional changes might be on the same order
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of magnitude as predicted by Lelieveld and Crutzen (1990).
To conclude, global models, which neglect explicit in-cloud
OVOC oxidation, significantly underestimate clouds as O3
sinks and show a general tendency to overestimate tropo-
spheric O3.
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Appendix A: Definition of
∑

OVOCs

In Figs. 2 and 3, the mixing ratios of the sum of all
the OVOCs explicitly reacting in JAMOC (

∑
OVOCs) are

shown. In these cases,
∑

OVOCs is defined as follows:∑
OVOCs= methanol+ formaldehyde

+methyl hydroperoxide
+ hydroxymethylhydroperoxide+ ethanol
+ ethylene glycol+ acetaldehyde
+ glycolaldehyde+ glyoxal
+ 1-hydroperoxyacetone+methylglyoxal
+ isopropanol+ isopropyl hydroperoxide
+methacrolein+methyl vinyl ketone. (A1)

Atmos. Chem. Phys., 21, 9909–9930, 2021 https://doi.org/10.5194/acp-21-9909-2021

95



S. Rosanka et al.: Impact of in-cloud OVOC chemistry on tropospheric oxidants 9927

Data availability. The simulation results are archived at the Jülich
Supercomputing Centre (JSC) and are available on request. The
IASI O3 data processed with FORLI-O3 v0151001 can be down-
loaded from the AERIS portal at http://iasi.aeris-data.fr/O3/ (last
access: 2 August 2020) (IASI, 2020). The IASI methanol columns
are archived at ULB and available on request.

Author contributions. SR and DT designed the study. SR per-
formed the simulations and analysed the data with contributions
from DT. BF and CW acted as IASI data providers and analysts.
SR and DT discussed the results with contributions from RS, BF,
and AW. The manuscript was prepared by SR with the help of all
co-authors.

Competing interests. The authors declare that they have no com-
peting interests.

Special issue statement. This article is part of the special issue
“The Modular Earth Submodel System (MESSy) (ACP/GMD inter-
journal SI)”. It is not associated with a conference.

Acknowledgements. The work described in this paper has received
funding from the Initiative and Networking Fund of the Helmholtz
Association through the project Advanced Earth System Modelling
Capacity (ESM). The content of this paper is the sole responsibility
of the authors, and it does not represent the opinion of the Helmholtz
Association, and the Helmholtz Association is not responsible for
any use that might be made of the information contained. The au-
thors gratefully acknowledge the ESM project for funding this work
by providing computing time on the ESM partition of the super-
computer JUWELS at the Jülich Supercomputing Centre (JSC).
The authors gratefully acknowledge the computing time granted
through JARA on the supercomputer JURECA at Forschungszen-
trum Jülich. IASI is a joint mission of EUMETSAT and the Centre
National d’Etudes Spatiales (CNES, France). The authors acknowl-
edge the AERIS data infrastructure for providing access to the IASI
data in this study and ULB-LATMOS, in particular Daniel Hurt-
mans, for the development of the retrieval algorithms. The research
in Belgium is funded by the Belgian Federal Science Policy Of-
fice (BELSPO) and the European Space Agency (ESA–BELSPO
Prodex arrangement IASI.FLOW and Satellite Application Facility
on Atmospheric Composition Monitoring (ACSAF)).

Financial support. This research has been supported by the Initia-
tive and Networking Fund of the Helmholtz Association through
the project Advanced Earth System Modelling Capacity (ESM)
(grant no. DB001549).

The article processing charges for this open-access
publication were covered by the Forschungszentrum Jülich.

Review statement. This paper was edited by John Orlando and re-
viewed by Hartmut Herrmann and one anonymous referee.

References

Akagi, S. K., Yokelson, R. J., Wiedinmyer, C., Alvarado, M. J.,
Reid, J. S., Karl, T., Crounse, J. D., and Wennberg, P. O.: Emis-
sion factors for open and domestic biomass burning for use
in atmospheric models, Atmos. Chem. Phys., 11, 4039–4072,
https://doi.org/10.5194/acp-11-4039-2011, 2011.

Alvarado, L. M. A., Richter, A., Vrekoussis, M., Wittrock, F.,
Hilboll, A., Schreier, S. F., and Burrows, J. P.: An improved gly-
oxal retrieval from OMI measurements, Atmos. Meas. Tech., 7,
4133–4150, https://doi.org/10.5194/amt-7-4133-2014, 2014.

Arakaki, T., Anastasio, C., Kuroki, Y., Nakajima, H., Okada,
K., Kotani, Y., Handa, D., Azechi, S., Kimura, T., Tsuhako,
A., and Miyagi, Y.: A General Scavenging Rate Constant
for Reaction of Hydroxyl Radical with Organic Carbon in
Atmospheric Waters, Environ. Sci. Technol., 47, 8196–8203,
https://doi.org/10.1021/es401927b, 2013.

August, T., Klaes, D., Schlüssel, P., Hultberg, T., Crapeau, M., Ar-
riaga, A., O’Carroll, A., Coppens, D., Munro, R., and Calbet, X.:
IASI on Metop-A: Operational Level 2 retrievals after five years
in orbit, three Leaders in Spectroscopy, J. Quant. Spectrosc. Ra.,
113, 1340–1371, https://doi.org/10.1016/j.jqsrt.2012.02.028,
2012.

Berges, M. G. M. and Warneck, P.: Product Quantum Yields for
the 350 nm Photodecomposition of Pyruvic Acid in Air, Berichte
der Bunsengesellschaft für physikalische Chemie, 96, 413–416,
https://doi.org/10.1002/bbpc.19920960334, 1992.

Blando, J. D. and Turpin, B. J.: Secondary organic aerosol
formation in cloud and fog droplets: a literature eval-
uation of plausibility, Atmos. Environ., 34, 1623–1632,
https://doi.org/10.1016/S1352-2310(99)00392-1, 2000.

Bott, A. and Zdunkowski, W.: Electromagnetic energy within
dielectric spheres, J. Opt. Soc. Am. A, 4, 1361–1365,
https://doi.org/10.1364/JOSAA.4.001361, 1987.

Boynard, A., Hurtmans, D., Koukouli, M. E., Goutail, F., Bureau,
J., Safieddine, S., Lerot, C., Hadji-Lazaro, J., Wespes, C., Pom-
mereau, J.-P., Pazmino, A., Zyrichidou, I., Balis, D., Barbe, A.,
Mikhailenko, S. N., Loyola, D., Valks, P., Van Roozendael, M.,
Coheur, P.-F., and Clerbaux, C.: Seven years of IASI ozone re-
trievals from FORLI: validation with independent total column
and vertical profile measurements, Atmos. Meas. Tech., 9, 4327–
4353, https://doi.org/10.5194/amt-9-4327-2016, 2016.

Cabrera-Perez, D., Taraborrelli, D., Sander, R., and Pozzer,
A.: Global atmospheric budget of simple monocyclic aro-
matic compounds, Atmos. Chem. Phys., 16, 6931–6947,
https://doi.org/10.5194/acp-16-6931-2016, 2016.

Clerbaux, C., Boynard, A., Clarisse, L., George, M., Hadji-Lazaro,
J., Herbin, H., Hurtmans, D., Pommier, M., Razavi, A., Turquety,
S., Wespes, C., and Coheur, P.-F.: Monitoring of atmospheric
composition using the thermal infrared IASI/MetOp sounder, At-
mos. Chem. Phys., 9, 6041–6054, https://doi.org/10.5194/acp-9-
6041-2009, 2009.

Deguillaume, L., Leriche, M., Monod, A., and Chaumerliac, N.:
The role of transition metal ions on HOx radicals in clouds: a nu-
merical evaluation of its impact on multiphase chemistry, Atmos.

https://doi.org/10.5194/acp-21-9909-2021 Atmos. Chem. Phys., 21, 9909–9930, 2021

96 6. The importance of in-cloud OVOC oxidation on the troposphere



9928 S. Rosanka et al.: Impact of in-cloud OVOC chemistry on tropospheric oxidants

Chem. Phys., 4, 95–110, https://doi.org/10.5194/acp-4-95-2004,
2004.

Deguillaume, L., Tilgner, A., Schrödner, R., Wolke, R., Chaumer-
liac, N., and Herrmann, H.: Towards an operational aque-
ous phase chemistry mechanism for regional chemistry-
transport models: CAPRAM-RED and its application to
the COSMO-MUSCAT model, J. Atmos. Chem., 64, 1–35,
https://doi.org/10.1007/s10874-010-9168-8, 2009.

Epstein, S. A. and Nizkorodov, S. A.: A comparison of the chemical
sinks of atmospheric organics in the gas and aqueous phase, At-
mos. Chem. Phys., 12, 8205–8222, https://doi.org/10.5194/acp-
12-8205-2012, 2012.

Ervens, B.: Modeling the Processing of Aerosol and Trace
Gases in Clouds and Fogs, Chem. Rev., 115, 4157–4198,
https://doi.org/10.1021/cr5005887, 2015.

Ervens, B., Turpin, B. J., and Weber, R. J.: Secondary organic
aerosol formation in cloud droplets and aqueous particles (aq-
SOA): a review of laboratory, field and model studies, Atmos.
Chem. Phys., 11, 11069–11102, https://doi.org/10.5194/acp-11-
11069-2011, 2011.

Fiore, A. M., Jacob, D. J., Mathur, R., and Martin, R. V.: Applica-
tion of empirical orthogonal functions to evaluate ozone simula-
tions with regional and global models, J. Geophys. Res.-Atmos.,
108, 4431, https://doi.org/10.1029/2002JD003151, 2003.

Franco, B., Clarisse, L., Stavrakou, T., Müller, J.-F., Van Damme,
M., Whitburn, S., Hadji-Lazaro, J., Hurtmans, D., Taraborrelli,
D., Clerbaux, C., and Coheur, P.-F.: A General Framework for
Global Retrievals of Trace Gases From IASI: Application to
Methanol, Formic Acid, and PAN, J. Geophys. Res.-Atmos., 123,
13963–13984, https://doi.org/10.1029/2018JD029633, 2018.

Gaudel, A., Cooper, O. R., Ancellet, G., Barret, B., Boynard,
A., Burrows, J. P., Clerbaux, C., Coheur, P. F., Cuesta, J.,
Cuevas, E., Doniki, S., Dufour, G., Ebojie, F., Foret, G., Gar-
cia, O., Granados Muños, M. J., Hannigan, J. W., Hase, F.,
Huang, G., Hassler, B., Hurtmans, D., Jaffe, D., Jones, N., Kal-
abokas, P., Kerridge, B., Kulawik, S. S., Latter, B., Leblanc,
T., Le Flochmoën, E., Lin, W., Liu, J., Liu, X., Mahieu, E.,
McClure-Begley, A., Neu, J. L., Osman, M., Palm, M., Pe-
tetin, H., Petropavlovskikh, I., Querel, R., Rahpoe, N., Rozanov,
A., Schultz, M. G., Schwab, J., Siddans, R., Smale, D., Stein-
bacher, M., Tanimoto, H., Tarasick, D. W., Thouret, V., Thomp-
son, A. M., Trickl, T., Weatherhead, E., Wespes, C., Worden,
H. M., Vigouroux, C., Xu, X., Zeng, G., and Ziemke, J.: Tropo-
spheric Ozone Assessment Report: Present-day distribution and
trends of tropospheric ozone relevant to climate and global at-
mospheric chemistry model evaluation, LK 01, Elementa, 6, 39,
https://doi.org/10.1525/elementa.291, 2018.

Griffiths, P. T., Keeble, J., Shin, Y. M., Abraham, N. L.,
Archibald, A. T., and Pyle, J. A.: On the Changing
Role of the Stratosphere on the Tropospheric Ozone Bud-
get: 1979–2010, Geophys. Res. Lett., 47, e2019GL086 901,
https://doi.org/10.1029/2019GL086901, 2020.

Gromov, S., Jöckel, P., Sander, R., and Brenninkmeijer, C. A. M.: A
kinetic chemistry tagging technique and its application to mod-
elling the stable isotopic composition of atmospheric trace gases,
Geosci. Model Dev., 3, 337–364, https://doi.org/10.5194/gmd-3-
337-2010, 2010.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.
I., and Geron, C.: Estimates of global terrestrial isoprene

emissions using MEGAN (Model of Emissions of Gases and
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210,
https://doi.org/10.5194/acp-6-3181-2006, 2006.

Hagemann, S. and Stacke, T.: Impact of the soil hydrology scheme
on simulated soil moisture memory, Clim. Dynam., 44, 1731–
1750, https://doi.org/10.1007/s00382-014-2221-6, 2015.

Hens, K., Novelli, A., Martinez, M., Auld, J., Axinte, R., Bohn,
B., Fischer, H., Keronen, P., Kubistin, D., Nölscher, A. C., Os-
wald, R., Paasonen, P., Petäjä, T., Regelin, E., Sander, R., Sinha,
V., Sipilä, M., Taraborrelli, D., Tatum Ernest, C., Williams, J.,
Lelieveld, J., and Harder, H.: Observation and modelling of HOx
radicals in a boreal forest, Atmos. Chem. Phys., 14, 8723–8747,
https://doi.org/10.5194/acp-14-8723-2014, 2014.

Herrmann, H.: Kinetics of Aqueous Phase Reactions Relevant
for Atmospheric Chemistry, Chem. Rev., 103, 4691–4716,
https://doi.org/10.1021/cr020658q, 2003.

Hu, L., Jacob, D. J., Liu, X., Zhang, Y., Zhang, L., Kim,
P. S., Sulprizio, M. P., and Yantosca, R. M.: Global
budget of tropospheric ozone: Evaluating recent model
advances with satellite (OMI), aircraft (IAGOS), and
ozonesonde observations, Atmos. Environ., 167, 323–334,
https://doi.org/10.1016/j.atmosenv.2017.08.036, 2017.

Hurtmans, D., Coheur, P.-F., Wespes, C., Clarisse, L., Scharf, O.,
Clerbaux, C., Hadji-Lazaro, J., George, M., and Turquety, S.:
FORLI radiative transfer and retrieval code for IASI, three Lead-
ers in Spectroscopy, J. Quant. Spectrosc. Ra., 113, 1391–1408,
https://doi.org/10.1016/j.jqsrt.2012.02.036, 2012.

IASI: O3 total column from IASI (Level 2), available at: http://iasi.
aeris-data.fr/O3/, last access: 2 August 2020.

Jaeglé, L., Jacob, D. J., Brune, W. H., and Wennberg, P. O.: Chem-
istry of HOx radicals in the upper troposphere, Atmos. Environ.,
35, 469–489, https://doi.org/10.1016/S1352-2310(00)00376-9,
2001.

Jiang, X., Guenther, A., Potosnak, M., Geron, C., Seco,
R., Karl, T., Kim, S., Gu, L., and Pallardy, S.: Iso-
prene emission response to drought and the impact on
global atmospheric chemistry, Atmos. Environ., 183, 69–83,
https://doi.org/10.1016/j.atmosenv.2018.01.026, 2018.

Jöckel, P., Tost, H., Pozzer, A., Brühl, C., Buchholz, J., Ganzeveld,
L., Hoor, P., Kerkweg, A., Lawrence, M. G., Sander, R., Steil,
B., Stiller, G., Tanarhte, M., Taraborrelli, D., van Aardenne, J.,
and Lelieveld, J.: The atmospheric chemistry general circulation
model ECHAM5/MESSy1: consistent simulation of ozone from
the surface to the mesosphere, Atmos. Chem. Phys., 6, 5067–
5104, https://doi.org/10.5194/acp-6-5067-2006, 2006.

Jöckel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede,
H., Baumgaertner, A., Gromov, S., and Kern, B.: Development
cycle 2 of the Modular Earth Submodel System (MESSy2),
Geosci. Model Dev., 3, 717–752, https://doi.org/10.5194/gmd-3-
717-2010, 2010.

Jöckel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmei-
jer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J.,
Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V.,
Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neu-
maier, M., Nützel, M., Oberländer-Hayn, S., Ruhnke, R., Runde,
T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chem-
istry integrated Modelling (ESCiMo) with the Modular Earth
Submodel System (MESSy) version 2.51, Geosci. Model Dev.,
9, 1153–1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.

Atmos. Chem. Phys., 21, 9909–9930, 2021 https://doi.org/10.5194/acp-21-9909-2021

97



S. Rosanka et al.: Impact of in-cloud OVOC chemistry on tropospheric oxidants 9929

Jülich Supercomputing Centre: JURECA: Modular supercomputer
at Jülich Supercomputing Centre, J. Large-scale Res. Facil., 4,
A132, https://doi.org/10.17815/jlsrf-4-121-1, 2018.

Jülich Supercomputing Centre: JUWELS: Modular Tier-0/1 Super-
computer at the Jülich Supercomputing Centre, J. Large-scale
Res. Facil., 5, A135, https://doi.org/10.17815/jlsrf-5-171, 2019.

Kaiser, J. W., Heil, A., Andreae, M. O., Benedetti, A., Chubarova,
N., Jones, L., Morcrette, J.-J., Razinger, M., Schultz, M. G.,
Suttie, M., and van der Werf, G. R.: Biomass burning emis-
sions estimated with a global fire assimilation system based
on observed fire radiative power, Biogeosciences, 9, 527–554,
https://doi.org/10.5194/bg-9-527-2012, 2012.

Kerkweg, A., Buchholz, J., Ganzeveld, L., Pozzer, A., Tost, H., and
Jöckel, P.: Technical Note: An implementation of the dry removal
processes DRY DEPosition and SEDImentation in the Modu-
lar Earth Submodel System (MESSy), Atmos. Chem. Phys., 6,
4617–4632, https://doi.org/10.5194/acp-6-4617-2006, 2006.

Kerkweg, A., Sander, R., Tost, H., Jöckel, P., and Lelieveld, J.:
Technical Note: Simulation of detailed aerosol chemistry on
the global scale using MECCA-AERO, Atmos. Chem. Phys., 7,
2973–2985, https://doi.org/10.5194/acp-7-2973-2007, 2007.

Lelieveld, J. and Crutzen, P. J.: Influences of cloud photochem-
ical processes on tropospheric ozone, Nature, 343, 227–233,
https://doi.org/10.1038/343227a0, 1990.

Lelieveld, J., Gromov, S., Pozzer, A., and Taraborrelli, D.: Global
tropospheric hydroxyl distribution, budget and reactivity, Atmos.
Chem. Phys., 16, 12477–12493, https://doi.org/10.5194/acp-16-
12477-2016, 2016.

Levelt, P. F., van den Oord, G. H. J., Dobber, M. R.,
Malkki, A., Huib Visser, Johan de Vries, Stammes, P.,
Lundell, J. O. V., and Saari, H.: The ozone monitor-
ing instrument, IEEE T. Geosci. Remote, 44, 1093–1101,
https://doi.org/10.1109/TGRS.2006.872333, 2006.

Levelt, P. F., Joiner, J., Tamminen, J., Veefkind, J. P., Bhartia, P. K.,
Stein Zweers, D. C., Duncan, B. N., Streets, D. G., Eskes, H.,
van der A, R., McLinden, C., Fioletov, V., Carn, S., de Laat, J.,
DeLand, M., Marchenko, S., McPeters, R., Ziemke, J., Fu, D.,
Liu, X., Pickering, K., Apituley, A., González Abad, G., Arola,
A., Boersma, F., Chan Miller, C., Chance, K., de Graaf, M.,
Hakkarainen, J., Hassinen, S., Ialongo, I., Kleipool, Q., Krotkov,
N., Li, C., Lamsal, L., Newman, P., Nowlan, C., Suleiman,
R., Tilstra, L. G., Torres, O., Wang, H., and Wargan, K.: The
Ozone Monitoring Instrument: overview of 14 years in space, At-
mos. Chem. Phys., 18, 5699–5745, https://doi.org/10.5194/acp-
18-5699-2018, 2018.

Liang, J. and Jacob, D. J.: Effect of aqueous phase cloud chemistry
on tropospheric ozone, J. Geophys. Res.-Atmos., 102, 5993–
6001, https://doi.org/10.1029/96JD02957, 1997.

Lin, G., Penner, J. E., Sillman, S., Taraborrelli, D., and Lelieveld, J.:
Global modeling of SOA formation from dicarbonyls, epoxides,
organic nitrates and peroxides, Atmos. Chem. Phys., 12, 4743–
4774, https://doi.org/10.5194/acp-12-4743-2012, 2012.

Mayer, B. and Madronich, S.: Actinic flux and photolysis in water
droplets: Mie calculations and geometrical optics limit, Atmos.
Chem. Phys., 4, 2241–2250, https://doi.org/10.5194/acp-4-2241-
2004, 2004.

Millet, D. B., Jacob, D. J., Custer, T. G., de Gouw, J. A., Goldstein,
A. H., Karl, T., Singh, H. B., Sive, B. C., Talbot, R. W., Warneke,
C., and Williams, J.: New constraints on terrestrial and oceanic

sources of atmospheric methanol, Atmos. Chem. Phys., 8, 6887–
6905, https://doi.org/10.5194/acp-8-6887-2008, 2008.

Mouchel-Vallon, C., Deguillaume, L., Monod, A., Perroux,
H., Rose, C., Ghigo, G., Long, Y., Leriche, M., Aumont,
B., Patryl, L., Armand, P., and Chaumerliac, N.: CLEPS
1.0: A new protocol for cloud aqueous phase oxidation
of VOC mechanisms, Geosci. Model Dev., 10, 1339–1362,
https://doi.org/10.5194/gmd-10-1339-2017, 2017.

Myriokefalitakis, S., Tsigaridis, K., Mihalopoulos, N., Sciare,
J., Nenes, A., Kawamura, K., Segers, A., and Kanakidou,
M.: In-cloud oxalate formation in the global troposphere: a
3-D modeling study, Atmos. Chem. Phys., 11, 5761–5782,
https://doi.org/10.5194/acp-11-5761-2011, 2011.

Nölscher, A., Butler, T., Auld, J., Veres, P., Muñoz, A., Tarabor-
relli, D., Vereecken, L., Lelieveld, J., and Williams, J.: Us-
ing total OH reactivity to assess isoprene photooxidation
via measurement and model, Atmos. Environ., 89, 453–463,
https://doi.org/10.1016/j.atmosenv.2014.02.024, 2014.

Olsen, M. A., Douglass, A. R., and Kaplan, T. B.: Variability of ex-
tratropical ozone stratosphere–troposphere exchange using mi-
crowave limb sounder observations, J. Geophys. Res.-Atmos.,
118, 1090–1099, https://doi.org/10.1029/2012JD018465, 2013.

Parker, R. J., Boesch, H., Wooster, M. J., Moore, D. P., Webb, A.
J., Gaveau, D., and Murdiyarso, D.: Atmospheric CH4 and CO2
enhancements and biomass burning emission ratios derived from
satellite observations of the 2015 Indonesian fire plumes, Atmos.
Chem. Phys., 16, 10111–10131, https://doi.org/10.5194/acp-16-
10111-2016, 2016.

Rodgers, C. D.: Inverse Methods for Atmospheric Sounding, World
Scientific, Singapore, https://doi.org/10.1142/3171, 2000.

Roeckner, E., Bäuml, G., Bonaventura, L., Brokopf, R., Esch,
M., Giorgetta, M., Hagemann, S., Kirchner, I., Kornblueh,
L., Manzini, E., Rhodin, A., Schlese, U., Schulzweida, U.,
and Tompkins, A.: The atmospheric general circulation model
ECHAM 5. Part I: Model description, Tech. Rep. 349, Max-
Planck-Institute for Meteorology, Hamburg, 2003.

Rosanka, S., Vu, G. H. T., Nguyen, H. M. T., Pham, T. V., Javed,
U., Taraborrelli, D., and Vereecken, L.: Atmospheric chemical
loss processes of isocyanic acid (HNCO): a combined theoreti-
cal kinetic and global modelling study, Atmos. Chem. Phys., 20,
6671–6686, https://doi.org/10.5194/acp-20-6671-2020, 2020a.

Rosanka, S., Franco, B., Clarisse, L., Coheur, P.-F., Wahner,
A., and Taraborrelli, D.: Organic pollutants from tropical
peatland fires: regional influences and its impact on lower
stratospheric ozone, Atmos. Chem. Phys. Discuss. [preprint],
https://doi.org/10.5194/acp-2020-1130, in review, 2020b.

Rosanka, S., Sander, R., Wahner, A., and Taraborrelli, D.: Oxi-
dation of low-molecular-weight organic compounds in cloud
droplets: development of the Jülich Aqueous-phase Mecha-
nism of Organic Chemistry (JAMOC) in CAABA/MECCA
(version 4.5.0), Geosci. Model Dev., 14, 4103–4115,
https://doi.org/10.5194/gmd-14-4103-2021, 2021.

Sander, R.: Modeling Atmospheric Chemistry: In-
teractions between Gas-Phase Species and Liquid
Cloud/Aerosol Particles, Surv. Geophys., 20, 1–31,
https://doi.org/10.1023/A:1006501706704, 1999.

Sander, R., Baumgaertner, A., Cabrera-Perez, D., Frank, F., Gro-
mov, S., Grooß, J.-U., Harder, H., Huijnen, V., Jöckel, P., Kary-
dis, V. A., Niemeyer, K. E., Pozzer, A., Riede, H., Schultz,

https://doi.org/10.5194/acp-21-9909-2021 Atmos. Chem. Phys., 21, 9909–9930, 2021

98 6. The importance of in-cloud OVOC oxidation on the troposphere



9930 S. Rosanka et al.: Impact of in-cloud OVOC chemistry on tropospheric oxidants

M. G., Taraborrelli, D., and Tauer, S.: The community atmo-
spheric chemistry box model CAABA/MECCA-4.0, Geosci.
Model Dev., 12, 1365–1385, https://doi.org/10.5194/gmd-12-
1365-2019, 2019.

Sandu, A. and Sander, R.: Technical note: Simulating chem-
ical systems in Fortran90 and Matlab with the Kinetic
PreProcessor KPP-2.1, Atmos. Chem. Phys., 6, 187–195,
https://doi.org/10.5194/acp-6-187-2006, 2006.

Scanza, R. A., Hamilton, D. S., Perez Garcia-Pando, C., Buck,
C., Baker, A., and Mahowald, N. M.: Atmospheric process-
ing of iron in mineral and combustion aerosols: develop-
ment of an intermediate-complexity mechanism suitable for
Earth system models, Atmos. Chem. Phys., 18, 14175–14196,
https://doi.org/10.5194/acp-18-14175-2018, 2018.

Schrödner, R., Tilgner, A., Wolke, R., and Herrmann, H.: Mod-
eling the multiphase processing of an urban and a rural air
mass with COSMO–MUSCAT, source apportionment and mod-
elling of urban air pollution, Urban Climate, 10, 720–731,
https://doi.org/10.1016/j.uclim.2014.02.001, 2014.

Sherwen, T., Schmidt, J. A., Evans, M. J., Carpenter, L. J., Groß-
mann, K., Eastham, S. D., Jacob, D. J., Dix, B., Koenig, T. K.,
Sinreich, R., Ortega, I., Volkamer, R., Saiz-Lopez, A., Prados-
Roman, C., Mahajan, A. S., and Ordóñez, C.: Global impacts
of tropospheric halogens (Cl, Br, I) on oxidants and composi-
tion in GEOS-Chem, Atmos. Chem. Phys., 16, 12239–12271,
https://doi.org/10.5194/acp-16-12239-2016, 2016.

Sindelarova, K., Granier, C., Bouarar, I., Guenther, A., Tilmes, S.,
Stavrakou, T., Müller, J.-F., Kuhn, U., Stefani, P., and Knorr, W.:
Global data set of biogenic VOC emissions calculated by the
MEGAN model over the last 30 years, Atmos. Chem. Phys., 14,
9317–9341, https://doi.org/10.5194/acp-14-9317-2014, 2014.

Staehelin, J., Buehler, R. E., and Hoigné, J.: Ozone decomposition
in water studied by pulse radiolysis. 2. Hydroxyl and hydrogen
tetroxide (HO4) as chain intermediates, J. Phys. Chem.-US, 88,
5999–6004, https://doi.org/10.1021/j150668a051, 1984.

Taraborrelli, D., Lawrence, M. G., Butler, T. M., Sander, R.,
and Lelieveld, J.: Mainz Isoprene Mechanism 2 (MIM2): an
isoprene oxidation mechanism for regional and global at-
mospheric modelling, Atmos. Chem. Phys., 9, 2751–2777,
https://doi.org/10.5194/acp-9-2751-2009, 2009.

Taraborrelli, D., Lawrence, M. G., Crowley, J. N., Dillon,
T. J., Gromov, S., Groß, C. B. M., Vereecken, L., and
Lelieveld, J.: Hydroxyl radical buffered by isoprene ox-
idation over tropical forests, Nat. Geosci., 5, 190–193,
https://doi.org/10.1038/ngeo1405, 2012.

Taraborrelli, D., Cabrera-Perez, D., Bacer, S., Gromov, S.,
Lelieveld, J., Sander, R., and Pozzer, A.: Influence of aromatics
on tropospheric gas-phase composition, Atmos. Chem. Phys., 21,
2615–2636, https://doi.org/10.5194/acp-21-2615-2021, 2021.

Tilgner, A. and Herrmann, H.: Radical-driven carbonyl-to-acid
conversion and acid degradation in tropospheric aqueous sys-
tems studied by CAPRAM, atmospheric Chemical Mechanisms:
Selected Papers from the 2008 Conference, Atmos. Environ.,
44, 5415–5422, https://doi.org/10.1016/j.atmosenv.2010.07.050,
2010.

Tilgner, A., Bräuer, P., Wolke, R., and Herrmann, H.: Mod-
elling multiphase chemistry in deliquescent aerosols and
clouds using CAPRAM3.0i, J. Atmos. Chem., 70, 221–256,
https://doi.org/10.1007/s10874-013-9267-4, 2013.

Tost, H., Jöckel, P., Kerkweg, A., Sander, R., and Lelieveld, J.: Tech-
nical note: A new comprehensive SCAVenging submodel for
global atmospheric chemistry modelling, Atmos. Chem. Phys.,
6, 565–574, https://doi.org/10.5194/acp-6-565-2006, 2006.

Tost, H., Jöckel, P., Kerkweg, A., Pozzer, A., Sander, R.,
and Lelieveld, J.: Global cloud and precipitation chem-
istry and wet deposition: tropospheric model simulations
with ECHAM5/MESSy1, Atmos. Chem. Phys., 7, 2733–2757,
https://doi.org/10.5194/acp-7-2733-2007, 2007.

Wang, R., Balkanski, Y., Boucher, O., Bopp, L., Chappell, A.,
Ciais, P., Hauglustaine, D., Peñuelas, J., and Tao, S.: Sources,
transport and deposition of iron in the global atmosphere, At-
mos. Chem. Phys., 15, 6247–6270, https://doi.org/10.5194/acp-
15-6247-2015, 2015.

Wespes, C., Emmons, L., Edwards, D. P., Hannigan, J., Hurtmans,
D., Saunois, M., Coheur, P.-F., Clerbaux, C., Coffey, M. T.,
Batchelor, R. L., Lindenmaier, R., Strong, K., Weinheimer, A.
J., Nowak, J. B., Ryerson, T. B., Crounse, J. D., and Wennberg,
P. O.: Analysis of ozone and nitric acid in spring and summer
Arctic pollution using aircraft, ground-based, satellite observa-
tions and MOZART-4 model: source attribution and partitioning,
Atmos. Chem. Phys., 12, 237–259, https://doi.org/10.5194/acp-
12-237-2012, 2012.

Wespes, C., Hurtmans, D., Emmons, L. K., Safieddine, S., Cler-
baux, C., Edwards, D. P., and Coheur, P.-F.: Ozone variability in
the troposphere and the stratosphere from the first 6 years of IASI
observations (2008–2013), Atmos. Chem. Phys., 16, 5721–5743,
https://doi.org/10.5194/acp-16-5721-2016, 2016.

Wespes, C., Hurtmans, D., Clerbaux, C., and Coheur, P.-
F.: O3 variability in the troposphere as observed by IASI
over 2008–2016: Contribution of atmospheric chemistry
and dynamics, J. Geophys. Res.-Atmos., 122, 2429–2451,
https://doi.org/10.1002/2016JD025875, 2017.

WMO: Meteorology-A three-dimensional science: Second ses-
sionof the commission for aerology, WMO Bull., Geneva, 134–
138, 1957.

Young, P. J., Naik, V., Fiore, A. M., Gaudel, A., Guo, J., Lin, M.,
Neu, J., Parrish, D., Rieder, H., Schnell, J. L., Tilmes, S., Wild,
O., Zhang, L., Ziemke, J., Brandt, J., Delcloo, A., Doherty, R. M.,
Geels, C., Hegglin, M. I., Hu, L., Im, U., Kumar, R., Luhar, A.,
Murray, L., Plummer, D., Rodriguez, J., Saiz-Lopez, A., Schultz,
M. G., Woodhouse, M. T., and Zeng, G.: Tropospheric Ozone As-
sessment Report: Assessment of global-scale model performance
for global and regional ozone distributions, variability, and
trends, Elementa, 6, 10, https://doi.org/10.1525/elementa.265,
2018.

Ziemke, J. R., Chandra, S., Labow, G. J., Bhartia, P. K., Froide-
vaux, L., and Witte, J. C.: A global climatology of tropo-
spheric and stratospheric ozone derived from Aura OMI and
MLS measurements, Atmos. Chem. Phys., 11, 9237–9251,
https://doi.org/10.5194/acp-11-9237-2011, 2011.

Atmos. Chem. Phys., 21, 9909–9930, 2021 https://doi.org/10.5194/acp-21-9909-2021

99





Chapter 7

The impact of organic pollutants from
Indonesian peatland fires on the tro-
pospheric and lower stratospheric
composition

Rosanka, S., Franco, B., Clarisse, L., Coheur, P.-F., Pozzer, A., Wahner, A., and
Taraborrelli, D.: The impact of organic pollutants from Indonesian peatland fires on
the tropospheric and lower stratospheric composition, Atmospheric Chemistry and
Physics, 21, 11 257–11 288, https://doi.org/10.5194/acp-21-11257-2021, 2021c
General information:
The manuscript has been submitted on 28 October 2020 and it has been published
on 27 July 2021. The authors hold the copyright of this work (©Author(s) 2021),
which is distributed under the Creative Commons Attribution 4.0 License1.
Importance for this thesis and the author’s contribution:
In this study, the importance of VOC biomass burning emissions on the atmospheric
composition and the importance of in-cloud OVOC oxidation during such events are
addressed. It contributes to the assessment of the representation of aqueous-phase
OVOC chemistry and VOC emissions in global models. This is further discussed in
Sect. 8.5.
The idea for this study was developed together with Domenico Taraborrelli. I per-
formed all EMAC simulations, analysed the results, and discussed the results with
all co-authors. I created all figures in the manuscript, except for the figures in the
appendix, and I wrote the manuscript. Further information and the contributions
of all co-authors are available in the manuscript’s ‘Author contributions’ section.

1https://creativecommons.org/licenses/by/4.0/ (last access: 6 September 2020)

https://dx.doi.org/10.5194/acp-21-11257-2021
https://creativecommons.org/licenses/by/4.0/


Atmos. Chem. Phys., 21, 11257–11288, 2021
https://doi.org/10.5194/acp-21-11257-2021
© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

The impact of organic pollutants from Indonesian peatland fires on
the tropospheric and lower stratospheric composition
Simon Rosanka1, Bruno Franco2, Lieven Clarisse2, Pierre-François Coheur2, Andrea Pozzer3, Andreas Wahner1, and
Domenico Taraborrelli1
1Institute of Energy and Climate Research: Troposphere (IEK-8), Forschungszentrum Jülich GmbH, Jülich, Germany
2Spectroscopy, Quantum Chemistry and Atmospheric Remote Sensing (SQUARES), Université libre de Bruxelles (ULB),
Brussels, Belgium
3Atmospheric Chemistry Department, Max-Planck-Institute for Chemistry, Mainz, Germany

Correspondence: Simon Rosanka (s.rosanka@fz-juelich.de)

Received: 28 October 2020 – Discussion started: 17 November 2020
Revised: 21 May 2021 – Accepted: 25 May 2021 – Published: 27 July 2021

Abstract. The particularly strong dry season in Indonesia
in 2015, caused by an exceptionally strong El Niño, led
to severe peatland fires resulting in high volatile organic
compound (VOC) biomass burning emissions. At the same
time, the developing Asian monsoon anticyclone (ASMA)
and the general upward transport in the Intertropical Con-
vergence Zone (ITCZ) efficiently transported the resulting
primary and secondary pollutants to the upper troposphere
and lower stratosphere (UTLS). In this study, we assess the
importance of these VOC emissions for the composition of
the lower troposphere and the UTLS and investigate the ef-
fect of in-cloud oxygenated VOC (OVOC) oxidation during
such a strong pollution event. This is achieved by performing
multiple chemistry simulations using the global atmospheric
model ECHAM/MESSy (EMAC). By comparing modelled
columns of the biomass burning marker hydrogen cyanide
(HCN) and carbon monoxide (CO) to spaceborne measure-
ments from the Infrared Atmospheric Sounding Interferom-
eter (IASI), we find that EMAC properly captures the excep-
tional strength of the Indonesian fires.

In the lower troposphere, the increase in VOC levels is
higher in Indonesia compared to other biomass burning re-
gions. This has a direct impact on the oxidation capacity,
resulting in the largest regional reduction in the hydroxyl
radical (OH) and nitrogen oxides (NOx). While an increase
in ozone (O3) is predicted close to the peatland fires, simu-
lated O3 decreases in eastern Indonesia due to particularly
high phenol concentrations. In the ASMA and the ITCZ,
the upward transport leads to elevated VOC concentrations

in the lower stratosphere, which results in the reduction of
OH and NOx and the increase in the hydroperoxyl radical
(HO2). In addition, the degradation of VOC emissions from
the Indonesian fires becomes a major source of lower strato-
spheric nitrate radicals (NO3), which increase by up to 20 %.
Enhanced phenol levels in the upper troposphere result in
a 20 % increase in the contribution of phenoxy radicals to
the chemical destruction of O3, which is predicted to be as
large as 40 % of the total chemical O3 loss in the UTLS. In
the months following the fires, this loss propagates into the
lower stratosphere and potentially contributes to the variabil-
ity of lower stratospheric O3 observed by satellite retrievals.
The Indonesian peatland fires regularly occur during El Niño
years, and the largest perturbations of radical concentrations
in the lower stratosphere are predicted for particularly strong
El Niño years. By activating the detailed in-cloud OVOC oxi-
dation scheme Jülich Aqueous-phase Mechanism of Organic
Chemistry (JAMOC), we find that the predicted changes are
dampened. Global models that neglect in-cloud OVOC oxi-
dation tend to overestimate the impact of such extreme pol-
lution events on the atmospheric composition.
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1 Introduction

Particularly strong Indonesian wildfires during the El Niño in
2015 led to severe air pollution and reduced visibility (Kim
et al., 2015; Lee et al., 2017), resulting in increased mor-
bidity and mortality (Marlier et al., 2013; Reddington et al.,
2014; Crippa et al., 2016) in South East Asia (SEA). In gen-
eral, El Niño is a large-scale climate anomaly, which is char-
acterised by significantly warmer eastern equatorial Pacific
Ocean sea surface temperatures (Trenberth, 1997), resulting
in a dry season in SEA (Weng et al., 2007). The very strong
El Niño phase in 2015–2016, which is the third strongest on
record (after 1997–1998 and 1982–1983, NOAA, 2020), led
to a particularly strong dry season in Indonesia (Jiménez-
Muñoz et al., 2016), which started in mid-July and lasted
until November (Field et al., 2016). In the past, much of
the originally forested and moist peatland in Kalimantan
and Sumatra has been drained and cleared during agricul-
tural land management. In order to clear these forests, land-
scape fires are commonly used. Even small local fires in these
regions during non-El Niño years may induce particularly
strong biomass burning emissions. Gaveau et al. (2014) esti-
mated that a local 1-week Indonesian biomass burning event
in 2013 contributed to about 5 %–10 % of Indonesian’s total
greenhouse gas emissions in that year. The additional drying
during El Niño years favours fires that burn deep down into
the peat and can last for multiple weeks. Due to their long
lifetimes, these fires spread and ignite new areas, which are
not necessarily prone to biomass burning. Compared to non-
El Niño years, this results in strong biomass burning emis-
sions from Indonesia (van der Werf et al., 2017). The under-
ground conditions inherently determine smouldering fires,
which are characterised by low combustion temperatures. In
combination with the high carbon content of peat, smoulder-
ing fires emit much larger amounts of non-CO2 emissions
from peatlands than from other fuels (Christian et al., 2003;
Rein et al., 2009; Yu et al., 2010). A major fraction of these
non-CO2 emissions is volatile organic compounds (VOCs),
which comprise a large variety of species and can influence
atmospheric chemistry on a regional and global scale. In the
atmosphere, VOCs mainly react with the hydroxyl radical
(OH), ozone (O3), and the nitrate radical (NO3) or photodis-
sociate. Their atmospheric lifetimes range from minutes to
years. Figure 1 shows the dry matter burned (DMB) during
the 2015 Indonesian fires along the distribution of the peat-
lands (indicated in blue). It becomes evident that most of the
areas influenced by biomass burning (e.g. Sumatra, Kaliman-
tan) are covered with peatland, indicating that the 2015 In-
donesian fires are characterised by high VOC emissions.

During the Indonesian biomass burning season, usually the
Asian monsoon is ongoing such that a large anticyclone span-
ning from tropical to temperate regions (from about 10 to
40◦ N) evolves. This semi-stationary large-scale meteorolog-
ical pattern typically extends from the Middle East to Asia in
the upper troposphere and lower stratosphere (UTLS) (Basha

et al., 2020). As a convective system, the Asian monsoon an-
ticyclone (ASMA) acts as a pollution pump facilitating a fast
transport of surface emissions to the UTLS (Park et al., 2008;
Randel et al., 2010; Lelieveld et al., 2018). Vogel et al. (2015)
analysed the impact of different regions in Asia on the chem-
ical composition of the 2012 ASMA by using a chemical La-
grangian model. They found that air masses from SEA con-
tribute significantly to the composition of the anticyclone in
the UTLS. In addition, the vertically convective transport in
the Intertropical Convergence Zone (ITCZ) and in the south-
eastern flank of the anticyclone carries air masses from SEA
into the UTLS. Thus, even short-lived VOCs from Indone-
sian fires are transported into the UTLS and potentially affect
the lower stratospheric composition.

The Asian monsoon is characterised by the frequent oc-
currence of clouds and precipitation, and it has been demon-
strated that the ASMA has a higher water vapour content
than other meteorological systems (Fu et al., 2006). At the
same time, the Madden–Julian Oscillation (MJO) leads to
enhanced water vapour concentrations and precipitation over
the Indian Ocean and Indonesia (Zhang, 2013). Many oxy-
genated VOCs (OVOCs) have a high solubility and quickly
partition and react in cloud droplets influencing radical con-
centrations and the atmospheric composition in general (Her-
rmann et al., 2015). Rosanka et al. (2021a) showed that
the in-cloud OVOC oxidation has a significant impact on
the predicted concentrations of VOCs, key oxidants, and
O3. In the past, global atmospheric chemistry models were
not capable of representing this process explicitly or in its
full complexity (Ervens, 2015). However, the recently devel-
oped Jülich Aqueous-phase Mechanism of Organic Chem-
istry (JAMOC, Rosanka et al., 2021a, b) comprises an ad-
vanced in-cloud OVOC oxidation scheme suitable to be used
in the ECHAM/MESSy Atmospheric Chemistry (EMAC,
Jöckel et al., 2010) model. This allows us to assess the im-
portance of this in-cloud oxidation process during the VOC-
dominated Indonesian peatland fires.

In this study, we therefore investigate the importance of
biomass burning VOC emissions from the strong 2015 In-
donesian peatland fires on (1) the lower tropospheric com-
position, (2) the UTLS, and (3) the importance of in-cloud
OVOC oxidation in such an extreme pollution event. This
is addressed by performing multiple global chemistry simu-
lations using the ECHAM/MESSy Atmospheric Chemistry
(EMAC, Sect. 2) model. In addition to the 2015 fires, strong
peatland fires frequently occur in Indonesia. Especially dur-
ing El Niño years (in 2002–2003, 2004–2005, 2006–2007,
2009–2010, and 2014–2016), high emissions have been ob-
served (van der Werf et al., 2017). Therefore, the long-term
impact of these periodically occurring events is additionally
addressed. Globally, biomass burning is not limited to In-
donesia, and many regions are frequently affected. In each
region, biomass burning varies in strength, frequency, the
characteristics of the biomass burned, and the chemical back-
ground conditions. In a first step, we therefore compare the
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Figure 1. Accumulated dry matter burned (DMB) during the Indonesian peatland fires of 2015. The distribution of Indonesian peatland is
indicated in blue. The data for the peatland distribution are obtained from Xu et al. (2017, 2018).

Indonesian peatland fires to other biomass burning regions,
focusing on their specific emission footprint (Sect. 3). The
ability of EMAC to represent biomass burning events is eval-
uated using hydrogen cyanide (HCN) and carbon monoxide
(CO) satellite retrievals (Sect. 4). Afterwards the impact of
the 2015 Indonesian peatland fires on the troposphere and the
UTLS is analysed, focusing on hydrocarbons, oxygenated or-
ganics, nitrogen-containing compounds, key radicals, and O3
in Sects. 5 and 6, respectively. In Sect. 7, the importance of
in-cloud OVOC oxidation during this pollution event is ad-
dressed. Modelling uncertainties related to this study are dis-
cussed in Sect. 8 before drawing final conclusions (Sect. 9).

2 Modelling approach

This section provides an overview on the global model used
in this study. The main focus is placed on the representation
of atmospheric gas- and aqueous-phase chemistry, biogenic
and biomass burning emissions, and the strategy to compare
EMAC’s simulated results with satellite retrievals (Sect. 2.1).
Section 2.2 provides an overview of each simulation per-
formed in this study.

2.1 EMAC

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation
system that includes submodels describing tropospheric
and middle-atmosphere processes and their interaction with
oceans, land, and human influences (Jöckel et al., 2010). It
uses the second version of the Modular Earth Submodel Sys-
tem (MESSy2) to link multi-institutional computer codes.
The core atmospheric model is the fifth-generation Euro-
pean Centre Hamburg general circulation model (ECHAM5,
Roeckner et al., 2006). Jöckel et al. (2010) provided an up-
date on all modelling components used. For the present study,
we applied EMAC (ECHAM5 version 5.3.02, MESSy ver-
sion 2.54.0) in the T106L90MA and T42L90MA resolu-
tion, i.e. with a spherical truncation of T106 and T42 (cor-

responding to a quadratic Gaussian grid of approximately
1.1◦ by 1.1◦ and 2.8◦ by 2.8◦, respectively). By using this
horizontal resolution, addressing the short-term implications
for 2015–2016 as well as the long-term impact (2001–2016)
on a global scale is still feasible while at the same time the
computational costs are affordable. For both resolutions, 90
(L90) vertical hybrid pressure levels up to 0.01 hPa are used
focusing on the lower and middle atmosphere (MA), rep-
resenting tropospheric and stratospheric transport processes
reasonably well (Jöckel et al., 2010). Thus, the impact on the
troposphere and the UTLS can be addressed. A detailed dis-
cussion on the comparability of both resolutions is performed
in Sect. 8.

2.1.1 Atmospheric chemistry

For this study, the gas- and aqueous-phase chemical kinetics
is integrated by two separate submodels. For the atmospheric
gas-phase chemistry, the applied model setup comprised the
submodel Module Efficiently Calculating the Chemistry of
the Atmosphere (MECCA, Sander et al., 2019) using the
gas-phase Mainz Organic Mechanism (MOM). MOM con-
tains an extensive oxidation scheme for isoprene (Tarabor-
relli et al., 2009, 2012; Nölscher et al., 2014), monoterpenes
(Hens et al., 2014), and aromatics (Cabrera-Perez et al.,
2016) and is therefore capable of representing all the biomass
burning VOCs considered in EMAC. In addition, compre-
hensive reactions schemes are considered for the modelling
of the chemistry of NOx (NO+NO2), HOx (OH+HO2),
CH4, and anthropogenic aliphatic and aromatic hydrocar-
bons. VOCs are oxidised by OH, O3, and NO3, whereas
peroxy radicals (RO2) react with HO2, NOx , and NO3 and
undergo self- and cross-reactions (Sander et al., 2019). Iso-
cyanic acid (HNCO) is a chemical constituent that is pri-
marily emitted by biomass burning and potentially harmful
to humans (Wang et al., 2007; Roberts et al., 2011; Leslie
et al., 2019). In order to properly represent this toxic con-
stituent within EMAC, MOM has been extended to represent
the atmospheric chemistry of HNCO. For this, the mech-
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anism proposed by Rosanka et al. (2020a) is implemented
into MOM. Their mechanism includes formamide as an ad-
ditional chemical source of HNCO and chemical mecha-
nisms for nitromethane, methylamine, dimethylamine, and
trimethylamine.

The atmospheric aqueous-phase chemistry is modelled us-
ing the SCAVenging submodel (SCAV, Tost et al., 2006).
It simulates the removal of trace gases and aerosol parti-
cles by clouds and precipitation. SCAV calculates the trans-
fer of species into and out of rain and cloud droplets us-
ing the Henry’s law equilibrium, acid dissociation equilib-
ria, oxidation–reduction reactions, heterogeneous reactions
on droplet surfaces, and aqueous-phase photolysis reactions
(Tost et al., 2006). As mentioned earlier and as demonstrated
by Rosanka et al. (2021a), in-cloud OVOC oxidation signifi-
cantly influences the atmospheric composition. However, the
ordinary differential equations (ODE) systems resulting from
the combination of gas-phase and in-cloud aqueous-phase
suffer from (1) a higher stiffness due to fast acid–base equi-
libria and phase-transfer reactions and (2) load imbalance on
high-performance computing (HPC) systems due to the spar-
sity of clouds. This leads to a significant increase in compu-
tational costs when using larger chemical mechanisms like
the Jülich Aqueous-phase Mechanism of Organic Chemistry
(JAMOC), i.e. larger ODE systems (Rosanka et al., 2021b).
Using JAMOC in each simulation performed in this study is
thus not feasible. As a trade-off, JAMOC is used in a sim-
ulation subset in order to address and estimate its implica-
tions on the other simulations. Thus, two different aqueous-
phase mechanisms are used within this study: (1) the stan-
dard aqueous-phase mechanism of EMAC (in the following
called ScSta), which includes a detailed oxidation scheme
and represents more than 150 reactions (Jöckel et al., 2016),
and (2) JAMOC (Rosanka et al., 2021b), which includes a
complex in-cloud OVOC oxidation scheme. In JAMOC, the
phase transfer of species containing up to 10 carbon atoms
and the oxidation of species containing up to 4 carbon atoms
are represented. Similar to MOM, both aqueous-phase mech-
anisms are modified to include the changes proposed by
Rosanka et al. (2020a) to properly represent HNCO.

2.1.2 Biogenic and biomass burning VOC emissions

In the atmosphere, biogenic and biomass burning emissions
are two major sources of VOCs. The largest biogenic emis-
sions take place in the equatorial region (e.g. Amazon basin,
central Africa) with additional emissions in the Northern
Hemisphere (NH) and Southern Hemisphere (SH) extratrop-
ics. The MESSy submodel uses the Model of Emissions of
Gases and Aerosols from Nature (MEGAN, Guenther et al.,
2006) to calculate biogenic VOC emissions. The global emis-
sions of isoprene, the most abundant biogenic VOC, are
scaled to 595 Tga−1, the best estimate of Sindelarova et al.
(2014).

Biomass burning emission fluxes are calculated using the
MESSy submodel BIOBURN, which determines these fluxes
based on biomass burning emission factors and dry matter
combustion rates. For the latter, data from the Global Fire
Assimilation System (GFAS) that are based on satellite ob-
servations of the fire radiative power obtained from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) satel-
lite instruments are used (Kaiser et al., 2012). In BIOBURN,
the emission strength depends on the dominant fuel type in
the respective area. From the GFAS dataset used in EMAC,
in 2015, the dominant fuel type over Indonesia is tropi-
cal forest fire. However, as discussed earlier, peatland fires
contribute substantially to the Indonesian fires. The GFAS
dataset of EMAC is changed such that the dominant fuel
type over Indonesia is a combination of peat and tropical
forest fires with equal contributions (following van der Werf
et al., 2017). In general, biomass burning emission factors
for VOCs are based on Akagi et al. (2011). Biomass burn-
ing emissions for HNCO, formamide, nitromethane, methy-
lamine, dimethylamine, and trimethylamine are implemented
following Rosanka et al. (2020a) using emission factors from
Koss et al. (2018) for HNCO and formamide.

2.1.3 Observational comparison

The evaluation of model simulation results against global
observational datasets of VOC abundance can be performed
for only a few species, mainly because of the limited avail-
ability in spaceborne measurements of such compounds.
Among them, several VOCs are retrieved globally from the
observations made by the nadir-viewing hyperspectral In-
frared Atmospheric Sounding Interferometer (IASI, Cler-
baux et al., 2009). Embarked on the Metop platforms on
sun-synchronous polar orbits, IASI crosses the Equator at
09:30 and 21:30 local solar time and achieves a global
coverage twice daily with a fairly dense spatial sampling.
Here, we make use of the HCN abundance retrieved from
the IASI/Metop-A and B observations to assess the ability
of EMAC to represent such an important biomass burning
event. In addition, IASI methanol (CH3OH) data are used to
assess the impact of in-cloud OVOC oxidation in the model
simulations (Sect. 7).

The retrieval method used to obtain the HCN measure-
ments from the IASI observations follows closely the ver-
sion 3 of the Artificial Neural Network for IASI (ANNI),
which already allowed the retrieval of a suite of VOCs, in-
cluding CH3OH (Franco et al., 2018). ANNI is a general re-
trieval framework that consists in quantifying, for each IASI
observation, the spectral signature of the target gas with a
sensitive hyperspectral metric and in converting this met-
ric into gas total column via an artificial feedforward neural
network (NN). Details on the ANNI retrieval approach, the
HCN retrieval specificities, and the HCN product itself are
provided in Appendix A. We refer to Franco et al. (2018)
for a description of the IASI methanol retrievals. The satel-
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lite datasets exploited in this study consist of daily global
distributions of HCN and CH3OH total columns derived
from the daytime observations (approximately 09:30 local
time) of the IASI/Metop-A and B overpasses. These offer
a better measurement sensitivity than the evening overpasses
(Franco et al., 2018). Scenes affected by clouds or poor re-
trieval performance are removed from the final dataset by
specific filters. Examples of daily regional distributions of
HCN columns in the 2015 Indonesian fires as well as the
seasonal global distributions of HCN as retrieved from IASI
are presented in Appendix A. Those highlight the ability of
IASI to capture the enhancements of HCN during biomass
burning events as well as its downwind transport over long
distances.

Significant enhancements of carbon monoxide (CO) have
already been captured by IASI in the 2015 Indonesian fires
(e.g. Whitburn et al., 2016b; Nechita-Banda et al., 2018).
Therefore, we also evaluate the ability of EMAC to repro-
duce the CO columns observed from space during this event.
The vertical profile and column abundance of CO are ob-
tained in near real time from the IASI/Metop-A and B spectra
with the Fast Optimal Retrievals on Layers for IASI (FORLI)
algorithm (Hurtmans et al., 2012). Several quality flags en-
sure that IASI observations affected by clouds, unstable re-
trieval, and measurement sensitivity that is too weak are ex-
cluded from the final CO dataset. The FORLI algorithm,
characterisation of the retrieved CO product, and validation
against independent measurements are reported in Hurtmans
et al. (2012) and George et al. (2015). Following the formal-
ism of Rodgers (2000), the IASI averaging kernels are ap-
plied to the CO model profiles to account for the inhomo-
geneous vertical sensitivity of the IASI measurements and
to compute modelled CO columns as would be seen by the
satellite instrument (see e.g. Sect. 5.1 in Schultz et al., 2018).

2.2 Simulations performed

Within this study, seven simulations are performed, which
can be summarised in three simulation sets. Each simulation
differs either in the biomass burning emissions, the aqueous-
phase mechanism used, or the modelled time period. Table 1
provides an overview of all simulations and their character-
istics. For each simulation set, in one simulation all VOC
emissions from biomass burning are switched off (named
REF and REFLONG). A second simulation includes biomass
burning VOC emissions as described in Sect. 2.1.2 (named
FIR and FIRLONG). Performing high-resolution simulations
with the highest complexity in the chemical mechanisms in
EMAC comes with high computational costs. The strong In-
donesian peatland fires of 2015 and the following year are
selected as a specific case study (named REF and FIR).
For both simulations, the year 2014 is simulated as spin-up,
which is not considered for the analysis. For this case study,
high-resolution simulations are performed at T106L90MA.
In order to isolate the impact of the Indonesian peatland

fires in 2015, an additional simulation (named FIRNOINDO)
is performed, for which all biomass burning VOC emissions
from Indonesia are switched off. In order to address the im-
pact of in-cloud OVOC oxidation on such a VOC-dominated
pollution event, two simulations including JAMOC are per-
formed (named REFJAMOC and FIRJAMOC). However, to re-
duce the computational demand (see Sect. 2.1.1), these sim-
ulations focus only on the second half of 2015 at a resolu-
tion of T106L90MA. The long-term effect of reoccurring
Indonesian peatland fires are addressed by performing two
long simulations for the time period of 2001–2016 (named
REFLONG and FIRLONG). Here, the year 2000 is simulated
for spin-up, which is not used for the analysis. Performing
these simulations at T106L90MA and using JAMOC is com-
putationally not feasible. Therefore, the EMAC’s standard
aqueous-phase mechanism is used and the resolution is re-
duced to T42L90MA. All simulations are performed using
the quasi chemistry–transport model mode (QCTM mode,
Deckert et al., 2011), meaning that chemistry and dynam-
ics are decoupled; e.g. fixed tracer mixing rations are used
as input for the radiation scheme instead of the prognos-
tic chemical tracers. In this way, the meteorology is the
same for all simulations, and all changes in the atmospheric
chemical composition predicted by EMAC are due to either
the additional VOC emissions from biomass burning (when
comparing REF with FIR or REFLONG with FIRLONG) or
the in-cloud OVOC oxidation (when comparing REF, FIR,
REFJAMOC, and FIRJAMOC).

3 Peatland fires in Indonesia compared to biomass
burning in other regions

Globally, biomass burning frequently occurs in seven regions
for which Fig. 2 and Table 2 provide an overview. In each re-
gion, biomass burning varies in strength, frequency, the char-
acteristics of the biomass burned, and the chemical back-
ground conditions. Only about 2.84 % of the Earth’s land
mass is covered by peatland (Xu et al., 2018), making equa-
torial Asia the region where the most of peatland is burned.
Since non-peatland biomass burning fuels have lower VOC
(and higher NOx) emission factors (Akagi et al., 2011), In-
donesia is characterised by a unique emission footprint. Fig-
ure 3 shows the total trace gas (VOC and non-VOC), the
VOC, and the aromatic biomass burning emissions for each
region in non-El Niño years, El Niño years, and in 2015
predicted by EMAC (based on FIRLONG). In non-El Niño
years, the highest total biomass burning emissions of about
1.38 and 1.76 Pga−1 originate from central Africa (CAF)
and southern Africa (SAF), respectively, whereas the low-
est biomass burning emissions of about 0.13 Pg a−1 occur in
Alaska (ALA). SEA contributes only 0.55 Pga−1 to the to-
tal biomass burning emissions, which is about one-third of
the SAF biomass burning emissions. However, in El Niño
years this almost doubles (1.05 Pg a−1), and in the exception-
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Table 1. List of EMAC simulations performed in this study. Here, ScSta indicates EMAC’s standard aqueous-phase mechanism (Jöckel et al.,
2016) and JAMOC indicates the complex in-cloud OVOC oxidation scheme by Rosanka et al. (2021b, a) (for further details see Sect. 2.1.1).

Name Analysed VOC BIOBURN Aqueous-phase Resolution
period emissions mechanism

REF 2015–2016 no ScSta T106L90MA
FIR 2015–2016 yes ScSta T106L90MA
FIRNOINDO SONDa in 2015 yesb ScSta T106L90MA
REFLONG 2001–2016 no ScSta T42L90MA
FIRLONG 2001–2016 yes ScSta T42L90MA
REFJAMOC SONDa in 2015 no JAMOC T106L90MA
FIRJAMOC SONDa in 2015 yes JAMOC T106L90MA

a Focus on Indonesia in September, October, November, and December. b No VOC biomass burning emissions from
Indonesian peatland fires.

ally strong year 2015 the biomass burning emissions from
SEA of about 1.62 Pga−1 are almost the same as the to-
tal biomass burning emissions from SAF. In CAF and SAF,
mainly tropical forest and savanna are burned, resulting in
low VOC emissions. In 2015, the VOC and aromatic emis-
sions of both regions ranged between 11.32 to 14.34 Tg a−1

and 0.89 to 1.20 Tga−1, respectively, which compared to
SEA is significantly lower (VOCs: 23.61 Tga−1; aromatics:
2.52 Tga−1). The two northern regions ALA and northern
Asia (NAS), which are characterised by extratropical for-
est with organic soil, add significantly to the global VOC
emissions from biomass burning, even though their contri-
bution to the total biomass burning emissions is low. The
contribution of NAS to the total biomass burning is less
than half of the contribution by SAF (0.69 Pga−1 compared
to 1.76 Pga−1), but its contribution to the aromatic biomass
burning emissions is almost the same (1.11 Tga−1 compared
to 1.20 Tga−1). The contribution of ALA strongly depends
on the El Niño. In non-El Niño years, the total biomass burn-
ing emissions are very low (0.13 Pga−1) but increase in El
Niño years (0.29 Pga−1). In the exceptionally strong year
2015, the contribution of ALA to the aromatic biomass burn-
ing emissions is 0.82 Tga−1, which is of similar strength
as from CAF (0.89 Tga−1) even though its total contribu-
tion is only one-third when compared to CAF. The two re-
gions dominated by savanna, central South America (CSA)
and northern Australia (NAU) emit 7.72 and 3.30 Tga−1 of
VOCs from biomass burning, respectively.

4 The representation of the Indonesian peatland fires
in EMAC

In order to analyse the ability of EMAC to represent the In-
donesian peatland fires, we compare predicted EMAC total
columns of HCN and CO to observations obtained from IASI
retrievals.

4.1 Comparison to IASI HCN retrievals

HCN mainly originates from combustion processes and is
therefore largely emitted by biomass burning (Shim et al.,
2007). Other emission sources including industrial activities,
automobile exhaust, and domestic biofuel are assumed to be
very weak (Lobert et al., 1990; Li et al., 2009). Reactions in-
volving acetonitrile (CH3CN) are the only gas-phase source
of HCN, but those are estimated to be a minor contribution to
the atmospheric HCN burden (Li et al., 2009). The slow oxi-
dation of HCN by OH and O(1D) is considered to be the most
important atmospheric gas-phase sink, leading to long chem-
ical lifetimes (Cicerone and Zellner, 1983). However, due to
a strong ocean uptake, the overall atmospheric lifetime is re-
duced to a few months (Li et al., 2000, 2009). The almost
exclusive biomass burning source, combined with a long at-
mospheric residence time that allows for long-range trans-
port, makes HCN a widely used primary tracer of biomass
burning emissions and fire plumes (Li et al., 2009). More-
over, substantial emissions of HCN are expected from strong
peatland fires (e.g. Akagi et al., 2011; Andreae, 2019). There-
fore, HCN satellite data from IASI are used here to evaluate
the performance of EMAC in representing the 2015 Indone-
sian peatland fires.

At the beginning of the Indonesian fires, the emitted HCN
is transported westward, leading to high HCN column val-
ues over the Indian Ocean (see Fig. A3). While the fires
are ongoing throughout October, the strong westward trans-
port of HCN results in the complete covering of the Indian
Ocean. Some HCN is also transported eastward over Aus-
tralia and the Pacific Ocean. In November, the air masses
from Indonesia mix with emissions from Africa and the
eastward-transported air masses reach South America. Fig-
ure 4 shows the comparison of modelled HCN total columns
to IASI satellite retrievals for the 3-month mean with strong
peatland emissions in Indonesia. In general, EMAC strongly
underestimates HCN when its main source from biomass
burning is not taken into account (simulation REF). Once
the HCN biomass burning emissions are taken into account,
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Figure 2. Mean dry matter burned (DMB) in 2015. The naming of each region is as follows: Alaska (ALA), central Africa (CAF), central
South America (CSA), northern Asia (NAS), northern Australia (NAU), southern Africa (SAF), and South East Asia (SEA). Further details
about each region are presented in Table 2.

Table 2. Characteristics of the different biomass burning regions focusing on the dominant fuel type, the main biomass burning season, and
the dry matter burned (DMB). The global DMB by GFAS (Kaiser et al., 2012) for the year 2015 is 4985 Tga−1. The naming of each region
is as follows: Alaska (ALA), central Africa (CAF), central South America (CSA), northern Asia (NAS), northern Australia (NAU), southern
Africa (SAF), and South East Asia (SEA). Each region is graphically illustrated in Fig. 2.

Region Dominant fuel type Main biomass 2015
burning season DMB [Tga−1]

ALA Extratropical forest with organic soil JJA 295
CAF Tropical forest and savanna DJF 778
CSA Savanna SON 439
NAS Extratropical forest with organic soil MMA and JJA 363
NAU Savanna SON 260
SAF Tropical forest and savanna JJA 1036
SEA Tropical foresta SON 1237b

a In this study a combination of tropical forest (50 %) and peatland (50 %) is assumed in Indonesia (Sect. 2.1.2).
b Of which 949 Tg a−1 is from Indonesian peatland fires.

the overall underprediction in EMAC is mostly resolved,
but EMAC partially overpredicts HCN in SEA. Figure 5
gives the frequency of the global HCN EMAC total column
bias in relation to the IASI retrievals during the Indonesian
peatland fires, once including biomass burning emissions
in the simulations and once not. This comparison clearly
shows that HCN is strongly underestimated when its main
source is not represented in EMAC. With HCN from biomass
burning, the mean column bias reduces from −5.32× 1015

to −1.06× 1015 molecules cm−2, and its variance reduces
from 1.75× 1031 to 2.57× 1030 molecules2 cm−4, signifi-
cantly improving the representation of HCN in EMAC.

In general, EMAC’s representation of HCN is associated
with some uncertainties. Another important source of HCN
is terrestrial vegetation, which may contribute to atmospheric
concentrations by up to 18 % (Shim et al., 2007). In EMAC,
the submodule MEGAN calculates that biogenic emissions
contribute about 15 % to the total HCN emissions. Consider-

ing the particularly high atmospheric concentrations in 2015,
this slightly lower contribution suggests that this source
strength may be well represented in EMAC. Overall, it is
expected that the HCN atmospheric lifetime is realistically
modelled, since globally HCN columns are well reproduced.
Moreover, the ocean uptake accounts for 1.2 Tg(N)a−1,
which is well in the range of 1.1 to 2.6 Tg(N)a−1 pro-
posed by Li et al. (2000) and very close to the Singh
et al. (2003) estimate of 1.0 Tg(N)a−1. The representation of
biomass burning within EMAC depends on satellite obser-
vations (Sect. 2.1.2), which retrieve the fire radiative power
and are thus sensitive to clouds. This introduces some un-
certainties in regions that are characterised by the frequent
occurrence of clouds, like equatorial Asia. Focusing on In-
donesia, Liu et al. (2020) compared five different global
fire inventories and found that GFAS, the inventory used in
this study, represents the strength of these fires best. Still,
GFAS tends to slightly underestimate the strength, when
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Figure 3. The total trace gas (VOC and non-VOC), the VOC, and
the aromatic biomass emissions for each region in non-El Niño
years, El Niño years, and in 2015 predicted by EMAC (based on
REFLONG and FIRLONG). Further details about each region are
presented in Table 2 and Fig. 2.

compared to regional observations in Singapore, Malaysia,
and Indonesia. This suggests that the magnitude of the In-
donesian fires is well represented in EMAC. However, from
the literature a high uncertainty in the emission factors for
HCN is reported. Here, we use the emission factors opti-
mised for atmospheric models by Akagi et al. (2011), which
suggest 5.0 g kg−1 for HCN from peatland fires. From re-
cent field measurements in Indonesia and Malaysia, Stock-
well et al. (2016) and Smith et al. (2018) report values rang-
ing from 0.34 to 8.21 gkg−1, whereas lab measurements for
Indonesian peatland by Stockwell et al. (2015) suggest val-
ues between 3.30 and 3.83 gkg−1. Overall, this results in a
mean emission factor of 4.40 gkg−1 across all studies (An-
dreae, 2019), suggesting that the HCN emission factor used
in EMAC is slightly too high, influencing EMAC’s over-
prediction of HCN columns. Lastly, EMAC’s overprediction
west of Indonesia suggests that some of the overprediction is
caused by the deviation of horizontal transport (further dis-
cussed in Sect. 8).

4.2 Comparison to IASI CO retrievals

At the surface, CO is primarily emitted by natural and an-
thropogenic combustion processes like biomass and fos-

Figure 4. HCN comparison between IASI, REF, and FIR. (a) Mean
global observed IASI HCN columns for September to November.
(b) Mean global HCN column comparison between REF and IASI
for September to November. (c) Mean global HCN column compar-
ison between FIR and IASI for September to November.

sil fuel burning and to a lesser extent by biogenic and
oceanic sources. The degradation of methane (CH4) and
non-methane hydrocarbons (NMHC) in the atmosphere ac-
counts for almost half of the global CO sources (Zheng et al.,
2019). In the atmosphere, CO mainly reacts with OH, and the
EMAC estimates by Lelieveld et al. (2016) and more recently
by Rosanka et al. (2021a) show that CO largely determines
the atmospheric oxidation capacity. To a lesser extent, CO is
deposited (Stein et al., 2014).

Figure 6a shows the total CO columns observed by IASI
for the 3-month mean with strong peatland emissions in In-
donesia. Similar to HCN, high CO columns up to about
6.0× 1018 molecules cm−2 are observed over Indonesia. Ad-
ditionally, high CO columns are also observed in Africa and
South America. Compared to HCN, CO is characterised by a
shorter lifetime. Therefore, less CO from Indonesia is trans-
ported towards Africa at the end of the peatland fire pe-
riod. Figure 6b shows the comparison of modelled total CO
columns for FIR to the IASI retrievals for the same period.
Overall EMAC captures the spatial CO pattern with over-
prediction of 1.0× 1018 molecules cm−2 in South America.
Rosanka et al. (2021a) showed that EMAC predicts total
methanol columns too high in this region, which is related to
EMAC’s tendency to simulate the Amazon basin too dry in
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Figure 5. Global HCN column bias between EMAC simulations
and IASI satellite data. The column bias is calculated based on
monthly mean data during the Indonesian peatland fires in 2015.

the dry season (September–November) and consequently too
hot (Hagemann and Stacke, 2015). This results in an over-
estimation of biogenic VOC emissions in South America.
Since VOC degradation is the main atmospheric CO source,
their overprediction explains EMAC’s high bias for CO total
columns in this region and its outflows.

As seen in Fig. 6b and c, EMAC constantly underestimate
total CO columns over Indonesia during the main peatland
fire period. However, overall the model bias stays within a
factor of 2 (dashed lines in Fig. 6c). This underprediction can
be explained by the emission factors used by EMAC. Stock-
well et al. (2016) and Smith et al. (2018) report CO emission
factors ranging from 216 to 314 gkg−1 obtained from ob-
servation in Indonesia and Malaysia during the Indonesian
peatland fires of 2015. In addition, in the recent assessment
of Andreae (2019) a mean emission factor of 260 gkg−1 for
peatland is reported across multiple studies, which is higher
than the emission factor used by EMAC (182 gkg−1, Akagi
et al., 2011).

From this analysis we conclude that even though EMAC
does not reproduce HCN and CO columns perfectly, the In-
donesian fires are reasonably well represented, especially
when considering the exceptional strength of the 2015 In-
donesian fires (for further discussion see Appendix A and
Fig. A3). This also holds true considering all global biomass
burning emission events.

5 The impact of biomass burning on the troposphere

In the following subsections, the impact of the 2015 In-
donesian peatland fires on the lower tropospheric compo-
sition is analysed. In addition, substantial differences com-
pared to the other six biomass-burning-dominated regions

Figure 6. CO comparison between IASI and FIR. (a) Mean global
observed IASI CO columns for September to November. (b) Mean
global CO column comparison between FIR and IASI for Septem-
ber to November. (c) Scatter plot for direct comparison between FIR
and IASI over Indonesia for September to November.

are discussed. All results are based on the simulations REF
and FIR. Figure 7 depicts how the Indonesian peatland fires
affect the atmospheric gas-phase composition. Table 3 pro-
vides an overview on the global and regional changes (be-
tween simulation REF and FIR) in the tropospheric burden
of each species discussed in the following subsections. The
regional changes reported in Table 3 are calculated for the
respective main biomass burning season defined in Table 2.

5.1 Hydrocarbons

Many VOCs are characterised by short lifetimes resulting in
highly-location-dependent changes within the troposphere.
Globally, biomass burning emissions of VOCs significantly
increase the atmospheric concentration of many hydrocar-
bons. In general, hydrocarbons can be separated into the
aliphatic hydrocarbons and aromatic hydrocarbons. For both,
direct emissions are the only atmospheric source.

Aliphatic hydrocarbons are further grouped into alkanes
(only single covalent bonds), alkenes (containing at least
one C−C double bond), and alkynes (containing at least one
C−C triple bond). Ethane (C2H6) is globally the most abun-
dant alkane and is impacted the most by biomass burning.
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Figure 7. Illustration of the impact of VOC emissions from the Indonesian peatland fires on the atmospheric composition.

Its global burden is increased by 32.6 %, whereas the burden
of less abundant alkanes like propane (C3H8) and n-butane
(C4H10) only increases by 6.3 % and 2.4 %, respectively.
Overall, the global change in the burden of alkenes is lower
than that of alkanes. Here, ethylene (C2H4) has the highest
absolute change of 13.5 Gg (12.5 %) followed by propene
(C3H6) with 3.3 Gg (11.3 %). Even tough its abundance is
the lowest, the highest global relative change of 20.2 % is
predicted for isobutene (C4H8). In addition, EMAC predicts
an increase of 20.5 % due to biomass burning emissions for
the alkyne acetylene (C2H2). In general, the highest absolute
change is predicted for SEA, except for propane since its bur-
den increase is 0.3 Gg higher in NAS than in SEA. In both
cases, the relative change is very similar. For many aliphatic
hydrocarbons, the lowest absolute changes are predicted in
ALA. However, due to the generally low background con-
centrations in this area, the relative changes are the highest,
making biomass burning in this region the major source of
these hydrocarbons.

The two most abundant aromatic hydrocarbons, benzene
(C6H6) and toluene (C6H5CH3), are strongly emitted by
biomass burning events. In the FIR simulation, the tropo-
spheric burden of benzene increases by 27.3 %. Toluene has a
slightly lower increase of only 15.3 %. A higher relative im-
pact is predicted for less abundant aromatics like ethylben-
zene (C8H10) and styrene (C8H8). Here, the global burden
changes by 65.9 % and 29.8 %, respectively. As it is for the
aliphatic hydrocarbons, the highest absolute changes for ben-
zene and toluene are predicted in SEA during the Indonesian
peatland fires. Opposite to this, EMAC predicts the lowest
change in SEA for ethylbenzene and styrene, which is re-

lated to the fact that EMAC uses significant lower emissions
for both aromatic hydrocarbons for peatland when compared
to the recent values reported by Andreae (2019).

5.2 Oxygenated organics

The degradation of aliphatic and aromatic hydrocarbons
leads to the formation of oxygenated organic compounds.
Additionally, they are emitted by biomass burning such as
the Indonesian peatland fires. Globally, biomass burning has
only a little impact on formaldehyde (HCHO), the simplest
aldehyde (R−CHO). However, regional changes are pre-
dicted to be higher and range from 2.2 % to 35.1 %. The
global and regional changes are higher for more complex
aldehydes. The global burden of acetaldehyde (CH3CHO)
and glycolaldehyde (HOCH2CHO) increases by 11.4 % and
8.0 %, respectively. In all cases, the highest absolute and rel-
ative change is predicted in SEA. The two α-dicarbonyls
glyoxal (OCHCHO) and methylglyoxal (CH3C(O)CHO) are
primarily produced from VOC oxidation. Their global bur-
den increases by 9.3 % and 1.3 %, respectively. Again, the
highest absolute changes are predicted in SEA. However,
the highest relative change occurs in ALA due to generally
low background VOC concentrations. Globally, methanol
(CH3OH) increases by 7.9 % when biomass burning VOC
emissions are taken into account. Here, the Indonesian peat-
land fires contribute by far the most. A significantly higher
impact is predicted for 2,3-butanedione ((CH3CO)2). Its
global burden is tripled due to biomass burning, and the ab-
solute changes predicted regionally are the highest in NAS
and SEA.
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In the atmosphere, organic acids are mainly produced from
the photo-oxidation of biogenic and anthropogenic VOCs
but may also be emitted from biomass burning. Formic
acid (HCOOH) is slightly impacted by biomass burning
VOC emissions and globally increases by 4.9 % with the
highest changes in SEA and Africa (CAF and SAF). The
acid impacted the most by biomass burning is acetic acid
(CH3COOH), which globally gains 23.3 % with the highest
changes in SEA, CAF, CSA, and SAF. Interestingly, the high
increase predicted in CSA only leads to a low relative rise.
This is due to generally high background concentrations in
this region from high biogenic VOC emissions.

The largest change in oxygenated aromatics is predicted
for phenol (C6H5OH), whose tropospheric burden is more
than doubled and increases to 2.3 Gg. Even though phe-
nol is directly emitted by biomass burning, the overall high
aromatic emissions lead to an enhanced chemical produc-
tion of phenol from benzene oxidation. The highest abso-
lute change is observed in SEA. However, due to low aro-
matic background concentrations, the relative increase is
higher in ALA, CSA, and NAU. The increase in benzalde-
hyde (C6H5CHO) is significantly lower (globally by 14.6 %)
with similar absolute changes in ALA, CAF, NAS, SAF, and
SEA.

The oxidation of VOCs leads to the formation of CO (see
Sect. 4.2). Overall, the VOC emissions from biomass burning
only result in a global CO increase of 2.4 %, with regional
changes between 2.4 % and 6.5 %.

5.3 Nitrogen-containing compounds

Besides looking at HCN, we also analysed the impact of
the Indonesian peatland fires on two nitrogen-bearing com-
pounds that are toxic for humans (isocyanic acid) and for
vegetation (nitrophenols). Isocyanic acid (HNCO) is known
to be a toxic constituent of biomass burning emissions. It is
linked to protein carbamylation, which causes adverse health
effects such as rheumatoid arthritis, cardiovascular diseases,
and cataracts (Wang et al., 2007; Roberts et al., 2011; Leslie
et al., 2019). It is expected that the protein carbamylation
potentially starts if humans are exposed to ambient concen-
trations above 1 ppb (Roberts et al., 2011). Rosanka et al.
(2020a) already reported that HNCO concentrations are high
in regions characterised by strong biomass burning events.
Globally, similar high concentrations are predicted in this
study. However, we predict higher concentrations in Indone-
sia than Rosanka et al. (2020a), who reported that ambient
HNCO conditions of 1 ppb are exceeded for less than 30 d
in Indonesia in 2011. The year 2011 is known to have low
biomass burning emissions in this region (van der Werf et al.,
2017). Figure 8 shows the number of days in which this
threshold is exceeded during the 2015 Indonesian peatland
fires between August and October. Here, 1 ppb of HNCO is
regularly exceeded, and some regions are affected during the
complete fire period. This causes potentially severe health

effects for the population of Indonesia, which is the world’s
fourth highest (United Nations, 2019).

In the atmosphere, nitrophenols are mainly formed from
the oxidation of the aromatic compounds benzene, toluene,
phenols, and cresols (Nojima et al., 1975; Atkinson et al.,
1980; Grosjean, 1984), of which the first three are emitted
by biomass burning (see Sect. 5.1 and 5.2). Without biomass
burning emissions of aromatics, the modelled nitrophenol
concentrations are only high in regions with high anthro-
pogenic activities (Fig. 9a). When biomass burning emis-
sions of benzene, toluene, and phenols are included, nitro-
phenol concentrations significantly increase in areas affected
by biomass burning. The strongest changes occur in SEA,
CAF, and SAF (Fig. 9b). Many biomass burning regions fre-
quently exceed nitrophenol thresholds that are determined
for regions where anthropogenic aromatic emissions domi-
nate. On a global scale, biomass burning becomes the main
source of nitrophenols. Nitrophenols are known to have a
high phytotoxic activity that is prolonged given their pho-
tochemical stability (Grosjean, 1991). Rippen et al. (1987)
and Natangelo et al. (1999) suggested that nitrophenols could
have contributed to the forest decline in northern and cen-
tral Europe in the 1980s but also in other parts of the world.
Therefore, the overall increase in nitrophenols in biomass
burning areas is a potential danger for plants in these regions
where plants are already under stressed conditions due to the
biomass burning itself. At the same time, nitrophenols are
known to absorb solar radiation (Hems and Abbatt, 2018)
and therefore enhance hazy conditions in those areas (Lee
et al., 2017), contributing to increased morbidity and mortal-
ity (Crippa et al., 2016).

5.4 Radicals

In general, organic molecules react with OH by either H ab-
straction or addition to double bonds, making OH the most
important daytime VOC oxidant. Figure 10a gives the mean
tropospheric surface OH concentration in 2015, and Fig. 10b
presents the changes due to biomass burning VOC emis-
sions. OH concentrations are significantly reduced in most
regions with frequent biomass burning events. This reduc-
tion is caused by the direct reaction of OH with VOCs and
the enhanced formation of CO from VOC degradation. The
reduction in OH is not uniformly distributed and depends on
the local chemical regime. In Indonesia, the high VOC emis-
sions lead to the highest absolute and relative OH reduction.
The enhanced oxidation of VOCs by OH leads to an overall
increase in HO2. In ALA and NAS, the most northern areas
of interest, the absolute change in OH is low (see Table 3).
Within the biomass burning plume, the enhanced HO2 con-
centrations react with NO, producing OH and compensating
for the OH reduction by VOC degradation, resulting in a re-
gional surface OH increase. Still, outside the biomass burn-
ing plume, an overall decrease in OH is predicted in ALA and
NAS. Here, VOCs from biomass burning become the highest

Atmos. Chem. Phys., 21, 11257–11288, 2021 https://doi.org/10.5194/acp-21-11257-2021

113



S. Rosanka et al.: The impact of organic pollutants from Indonesian peatland fires 11269

Figure 8. Number of days in which ambient concentrations of 1 ppb of HNCO are exceeded during the Indonesian peatland fires in 2015
between August and October.

Figure 9. (a) Yearly mean tropospheric nitrophenol (NPs) column
without biomass burning VOC emissions. (b) Changes in the yearly
mean tropospheric nitrophenol (NPs) due to VOC biomass burning.

OH sink, resulting in strong relative changes in OH reactiv-
ity. In general, OH reactivity is the highest in the Amazon
basin (100 s−1) and the lowest in Antarctica (0.5 s−1). The
additional VOC emissions in Indonesia result in a significant
increase of about 50 % in the OH reactivity, which is similar
to the increases predicted in ALA and NAS.

Figure 11a and b show the mean surface NOx concentra-
tions and the changes induced by the VOC biomass burning
emissions, respectively. The additional VOC emissions sig-
nificantly reduce the regional concentrations in tropospheric
NOx . In SEA, the absolute changes are large but small rela-
tively (about 8 %), whereas the highest absolute and relative
NOx changes are predicted in ALA. These reductions are
caused by enhanced reactions of RO2 with NOx , resulting
in an increased formation of NOx reservoir species (i.e. alkyl

Figure 10. (a) Yearly mean surface OH concentration without
biomass burning VOC emissions. (b) Changes in the yearly mean
surface OH concentration due to VOC biomass burning.

and acyl peroxy nitrates) and nitrogen-containing aromatics
(e.g. nitrophenols).

NO3 is the most important nighttime oxidant, which is
globally increased by about 5 % when the biomass burning
emissions of VOCs are included (see Table 3). On the one
hand, the formation of NO3 is enhanced by aromatic RO2 re-
acting with NO2, but on the other hand the loss of NO3 by
reactions with RO2 and aldehydes is increased. In the two
northern regions (ALA and NAS), the elevated O3 and re-
gionally increased NO2 concentrations induce an enhanced
formation from inorganic reactions, resulting in an additional
rise of NO3. The absolute increase in NO3 is high in SEA,
especially in Indonesia. Here, the particularly large increase
in phenols results in enhanced concentrations of phenyl per-
oxy radicals (C6H5O2), which form NO3 when reacting with
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Figure 11. (a) Yearly mean surface NOx concentration without
biomass burning VOC emissions. (b) Changes in the yearly mean
surface NOx concentration due to VOC biomass burning.

NO2 following Jagiella and Zabel (2007):

. (R1)

Taraborrelli et al. (2021) recently studied the importance
of aromatics on the atmospheric composition on a global
scale. They also demonstrated the importance of this reac-
tion but, in opposition to our findings, predicted a reduction
of NO3 in Indonesia. Taraborrelli et al. (2021) used a differ-
ent resolution and analysed 2010, a year with little biomass
burning emissions in Indonesia (van der Werf et al., 2017),
reducing the importance of this production channel.

5.5 Ozone

The perturbed NOx–HOx relation consequently leads to
changes in tropospheric O3. Overall, EMAC predicts an en-
hanced formation of O3 when the biomass burning emissions
are included (see Table 3). The increase in HO2 leads to an
enhanced chemical O3 production by reacting with NO. Due
to high NOx emissions from biomass burning, the O3 pro-
duction is to a large extent VOC-limited. In the two northern
regions, the background VOC concentrations are low, result-
ing in the highest relative changes of more than 10 %. Based
on the long-term simulations (REFLONG and FIRLONG) we
find that the largest changes are predicted in the NH high lat-
itudes in 2003, a year with intense biomass burning in boreal
Asia (van der Werf et al., 2017). However, compared to the
averaged tropospheric background O3 concentrations, these

changes are negligible on a global scale. As described in
Sect. 4, most VOC emissions from Indonesia are transported
towards the Indian Ocean. Therefore, O3 is predicted to in-
crease in Sumatra and west of it. Interestingly, away from
biomass burning emissions in Kalimantan and in east In-
donesia, O3 concentrations are slightly reduced, even though
the chemical O3 production still increases in this area. The
particularly strong emissions of aromatics lead to enhanced
concentrations of phenoxy radicals (C6H5O), which directly
destroy O3 (Tao and Li, 1999) in lower NOx regions:

. (R2)

This O3 sink increases by 780 %, resulting in a net loss of
O3 in these areas. Globally, this O3 destruction channel in-
creases from 144.9 to 200.1 Tga−1 in the troposphere. Also,
Taraborrelli et al. (2021) reported a similar strength of this
destruction channel of about 200 Tg a−1. Therefore, biomass
burning emissions regionally control the importance of this
destruction channel.

6 The influence of Indonesian peatland fires on the
UTLS

As illustrated in Fig. 7, some of the biomass burning VOC
emissions from Indonesia are quickly transported by the
ASMA and the general tropical updraught into the UTLS
(see Sect. 1 and Vogel et al., 2015). In the following, we de-
fine the lower stratosphere between 147–32 hPa (about 13–
24 km) above 30◦ in latitudinal direction and between 100–
32 hPa (about 17–24 km) below 30◦ latitude. In Table 4,
the lower stratospheric burden in November for each dis-
cussed species is presented, including the changes induced
by biomass burning and the contribution from the Indonesian
peatland fires.

6.1 Hydrocarbons

Even though their atmospheric lifetime is generally short, the
upward transport in the tropics leads to an increase in hy-
drocarbons in the lower stratosphere due to biomass burning.
Similar to the changes in the troposphere, the aliphatic hydro-
carbon with the highest absolute change is ethane. The lower
stratospheric burden in November increases by about 41 % to
43.56 Gg. The lower stratospheric burden of other aliphatic
hydrocarbons like propane and n-butane changes by around
30 %. The lower stratospheric burden of benzene is tripled,
whereas toluene is doubled, which is consistent with the dif-
ference between their chemical lifetimes. The contribution of
the Indonesian peatland fires for most hydrocarbons ranges
between 69 % and 87 %, except ethane. We expect that ad-
ditional non-Indonesian fires from SEA contribute the rest,
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Table 4. Stratospheric burden in November 2015 and changes induced by VOC biomass burning emissions. In addition, the relative difference
(Rel.) and the Indonesian contribution (Indo. contr.) are shown. The latter is calculated based on the difference of FIR and FIRNOINDO.

Species Unit REF 1FIR Rel. [%] Indo. contr. [%]

Ethane Gg 30.8 43.6 41.6 24.1
Propane Mg 666.3 855.9 28.5 69.1
n-Butane Mg 116.2 152.2 31.0 80.0
Benzene Mg 242.1 724.2 199.2 87.2
Methanol Gg 17.1 22.9 34.0 76.0
Glyoxal Mg 9.8 14.7 48.9 69.4
Phenol kg 629.8 1685.6 167.7 85.8
Acetic acid Mg 289.4 473.6 63.7 72.6
HCN Gg 16.7 53.5 220.4 62.6
Nitrophenols Mg 14.7 23.6 60.2 69.5
OH Mmol 3.8 -0.1 -3.2 70.2
NO Gmol 1.9 -0.1 -6.1 67.7
NO2 Gmol 3.6 -0.2 -4.2 66.2
NO3 Mmol 10.3 1.0 9.5 74.7
HO2 Mmol 24.1 0.6 2.4 63.9

since the Indonesian peatland fires contribute about 76 % to
the total biomass burning emissions from SEA in 2015. In the
case of ethane, the contribution from the Indonesian peatland
fires is only about 24 %. Compared to other hydrocarbons,
ethane has an atmospheric lifetime of about 2 months (Hod-
nebrog et al., 2018). Thus, we expect that its long lifetime
allows ethane emitted from other biomass burning regions to
be transported into the lower stratosphere. At the same time,
the recent biomass burning inventory by Andreae (2019) in-
dicates that EMAC underestimates ethane emissions from the
Indonesian peatland fires by a factor of 3.

6.2 Oxygenated organics

In addition to the upward transport of the directly emitted
OVOCs, the elevated hydrocarbon concentrations also form
OVOCs in the lower stratosphere. In the lower stratosphere,
methanol is one of the most abundant OVOCs, and its bur-
den increases by 34 %. EMAC predicts a higher relative in-
crease for less abundant OVOCs like glyoxal (about 49 %)
and acetic acid (about 64 %). The high increase in benzene,
due to the strong aromatic emissions from the Indonesian
peatland fires (see Sect. 3), results in the particularly large
production of phenol. Here, the lower stratospheric burden
increases by about 167 %. The contribution from the Indone-
sian peatland fires to the lower stratospheric burden of all
OVOCs is in a similar range as for the hydrocarbons, namely
from about 72 % to 86 %.

6.3 Nitrogen-containing compounds

The Indonesian peatland fires resulted in substantial HCN
emissions, as seen in Fig. 4 and as discussed in Sect. 4.1,
which results in a strong increase in HCN in the lower strato-
sphere. Here, EMAC predicts an increase of more than 36 Gg

(about 220 %). Sheese et al. (2017) report that the highest in-
crease on record in lower stratospheric HCN was observed
by the Atmospheric Chemistry Experiment Fourier transform
spectrometer (ACE-FTS) instrument on the SCISAT satel-
lite following the 2015 Indonesian peatland fires. Therefore,
based on the long-term simulations (simulation REFLONG
and FIRLONG), EMAC reproduces their findings. The ele-
vated lower stratospheric benzene and toluene concentrations
lead to an increase in lower stratospheric nitrophenol concen-
trations of about 60 %.

6.4 Radicals

The oxidation of VOCs transported into the lower strato-
sphere influences the lower stratospheric oxidation capacity.
Overall, the lower stratospheric OH burden is reduced by
about 3 %, whereas the burden of HO2 increases by 2.4 %
(see Table 4). The enhanced formation of NOx reservoir
species results in a 6 % and 4.2 % reduction of NO and NO2,
respectively. At the same time, the enhanced reactions of
NO2 with aromatic RO2 results in an increase in NO3 of
more than 9 %. Figure 12 provides the mean longitudinal rel-
ative change in lower stratospheric OH, HO2, NOx , and NO3
between 2001 and 2016 based on the long-term simulations
(simulation REFLONG and FIRLONG). After each Indonesian
peatland fire period, the lower stratospheric oxidants are in-
fluenced. With decreasing lower stratospheric VOC concen-
trations over time, the influence on the oxidants vanishes in
the second half of the following year. Particularly strong in-
fluences are observed during El Niño periods, caused by en-
hanced VOC emissions from peatland fires. For example, in-
tense fires in 2006 and 2015 led to a significant change in
lower stratospheric oxidants in early 2007 and 2016, respec-
tively. In 2010, almost no fires occurred in Indonesia (van der
Werf et al., 2017), resulting in only a little change in oxidant
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Figure 12. The mean longitudinal relative change in lower strato-
spheric (a) OH, (b) HO2, (c) NOx , and (d) NO3 between 2001 and
2016. Results are based on both long-term simulations (simulation
REFLONG and FIRLONG). The lower stratosphere is defined be-
tween 147–32 hPa (about 13–24 km) above 30◦ in latitudinal direc-
tion and between 100–32 hPa (about 17–24 km) below 30◦ latitude.

concentrations in 2011. Even in non-El Niño years, EMAC
predicts changes in lower stratospheric radicals due to VOC
biomass burning emissions. We expect that these originate
from other biomass burning events in SEA (see Sect. 6.1). In
each year, the highest influence is predicted for NO3. Follow-
ing the intense fires of 2002, 2006, 2009, 2014, and 2015 the
zonal mean NO3 concentration changes by more than 20 %
in the tropical and subtropical lower stratosphere at the end
of the same year and at the beginning of the next year. Thus,
our findings indicate that VOC emissions from the Indone-
sian peatland fires quickly transported into the lower strato-
sphere become a major source of lower stratospheric NO3.

6.5 Ozone

The elevated phenol and consequently phenoxy radicals in
the UTLS influence the importance of the O3 loss due to reac-
tion with phenoxy radicals (Reaction R2). In the upper trop-
ical troposphere this loss process contributes significantly to
the total chemical O3 loss. Figure 13a shows the zonal mean

in the relative contribution of this O3 loss pathway to the
total chemical O3 loss without VOC biomass burning emis-
sions in November 2015. Especially in the upper northern
tropical troposphere, this loss process contributes up to 40 %
to the total chemical O3 loss. Following the benzene emis-
sions from biomass burning, elevated phenoxy radicals in
the UTLS double the contribution of this O3 loss processes
in the upper southern tropical troposphere (i.e. an increase
of more than 20 %) and increase the contribution in the up-
per northern tropical troposphere by about 10 % in Novem-
ber 2015 (see Fig. 13b). A similar impact can be observed
following other intense Indonesian biomass burning seasons.
Figure 13c shows the zonal mean change in the relative con-
tribution of this O3 loss pathway in the UTLS between 2001
and 2016. Here, we define the UTLS from 250 to 50 hPa
above the tropopause calculated by EMAC. Especially after
the intense Indonesian peatland fires during strong El Niño
periods, a change in the upper southern tropical UTLS of
more than 10 % is predicted at the end of each year. In all
years, the increase in the upper northern tropical UTLS is
lower. Figure 14 shows the zonal mean relative change in the
phenoxy radical O3 loss pathway due to VOC biomass burn-
ing in April 2016. Following the increase in benzene in the
lower stratosphere (Sect. 6.1), EMAC predicts an increase
in this O3 loss process by more than 400 %, which propa-
gates into the upper tropical lower stratosphere. These find-
ings suggest that the frequent re-occurrence of strong Indone-
sian peatland fires could contribute to the variability in lower
stratospheric O3 which is observed by remote sensing mea-
surements (Kyrölä et al., 2013; Nair et al., 2015; Vigouroux
et al., 2015; Chipperfield et al., 2018).

In the UTLS, aviation is the only direct anthropogenic ac-
tivity and contributes about 3.5 % to the total anthropogenic
climate change (Lee et al., 2021). Here, aviation NOx emis-
sions lead to a formation of O3 and a depletion of methane
(CH4). Recently, Rosanka et al. (2020b) showed that the en-
hancement in O3 is limited by the background concentrations
of NOx and HOx . If enough HOx is available, a lower back-
ground NOx concentration results in a higher O3 gain. In
general, low background HOx concentrations limit the O3
gain in winter. In our study, we find (not shown) that in the
North Atlantic flight sector (between 400–100 hPa), the NOx
burden is reduced due to VOC emissions from SEA fires by
about 6 %, with regional changes of more than 20 % in 2015.
At the same time, HOx increases regionally by 10 %. Even
though NOx emissions from the frequently occurring In-
donesian peatland fires are expected to result in an increase in
UTLS NOx , substantial VOC emissions from the same fires
potentially compensate for the impact of the NOx increase
and favour the formation of O3 from aviation activities. In
the simulation setup used, EMAC neglects VOC emissions
reported from aviation activity (e.g. Wilkerson et al., 2010).
Our findings indicate that the direct emissions of benzene,
toluene, and phenol in the UTLS potentially enhance the loss
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Figure 13. Zonal mean contribution of the destruction of O3 by phe-
noxy radicals (Reaction R2) to the total chemical O3 loss. (a) Rel-
ative contribution if no VOC biomass burning emissions are taken
into account (REF) in November 2015. (b) Changes in the rela-
tive contribution due to VOC biomass burning emissions (FIR) in
November 2015. (c) Changes in the relative contribution due to
VOC biomass burning emissions in the UTLS. Here, we define
the UTLS from 250 to 50 hPa above the tropopause calculated by
EMAC. The tropopause pressure level in panels (a) and (b) is indi-
cated in black.

of O3 by phenoxy radicals and consequently affect the im-
pact of aviation on O3 in that region.

7 The influence of in-cloud OVOC oxidation

Recently, Rosanka et al. (2021a) showed that the in-cloud
oxidation of OVOCs significantly influences tropospheric
VOCs and oxidants. By using JAMOC (Rosanka et al.,
2021b, a), we investigate the importance of in-cloud OVOC
oxidation during the Indonesian peatland fires on the tropo-
sphere and lower stratosphere (simulations REFJAMOC and
FIRJAMOC). In order to isolate the influence of the Indone-
sian peatland fires from the background changes induced by
JAMOC, the changes from the Indonesian fires due to the

Figure 14. Zonal mean relative change in the destruction of O3 by
phenoxy radicals (Reaction R2) due to VOC biomass burning emis-
sions (FIR vs. REF) in April 2016. The tropopause pressure level is
indicated in black.

in-cloud OVOC oxidation are calculated following

1JAMOC= (FIRJAMOC−FIR)− (REFJAMOC−REF). (1)

7.1 On the lower troposphere

Figure 15 shows the changes in the zonal mean concentration
over Indonesia and the Indian Ocean of all OVOCs explicitly
reacting in JAMOC (

∑
OVOCs; see Eq. B1 in Appendix B)

for the simulations without JAMOC (Fig. 15a) and the pre-
dicted changes due to JAMOC (Fig. 15b; calculated using
Eq. 1), focusing on the Indonesian fire period (SON). Due to
the high solubility of many OVOCs and their in-cloud oxida-
tion, their concentration is strongly reduced at altitudes that
are characterised by frequent cloud events. Table 5 provides
the SEA burden changes for a selection of species that are
represented in JAMOC. Overall, the additional in-cloud sink
results in a more limited increase in their predicted burden
(e.g. only about 87.9 Gg instead of 112.3 Gg for methanol).
However, their predicted burden in the reference simulation
(REFJAMOC) is also significantly lower, which results in a
relative change which is of a similar order as if no in-cloud
OVOC oxidation were taken into account.

Figure 16 shows the probability density function (PDF)
for EMAC’s methanol column bias when compared to IASI
satellite retrievals (Franco et al., 2018) in SEA during the
Indonesian peatland fires. Without VOC emissions from
biomass burning, methanol is slightly underestimated by
simulation REF. This underestimation is more pronounced
when the in-cloud oxidation of OVOCs is taken into ac-
count (simulation REFJAMOC). In both cases, EMAC tends
to strongly underestimate methanol in some regions. When
VOC biomass burning emissions are taken into account (sim-
ulation FIR), these underpredictions are resolved. However,
now EMAC tends to strongly overestimate methanol mainly
close to biomass burning sources (not shown). These over-
predictions are reduced once in-cloud OVOC oxidation is im-
plemented (simulation FIRJAMOC). A high fraction of SEA is
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Table 5. The SEA tropospheric burden during the Indonesian fire period with and without VOC biomass burning emissions of OVOCs
explicitly reacting in JAMOC. The tropospheric burden is given in gigagrams (Gg).

Species REF 1FIR Rel. [%] REFJAMOC 1FIRJAMOC Rel. [%]

Methanol 185.2 112.3 60.7 133.8 87.9 65.7
Methyl hydroperoxide 140.8 10.7 7.6 71.7 4.0 5.6
Hydroxymethylhydroperoxide 5.0 1.0 20.2 3.4 0.6 17.0
Ethanol 9.1 1.0 10.5 7.1 0.8 11.5
Ethylene glycol 0.2 0.2 73.6 0.1 0.1 70.1
Glycolaldehyde 25.6 17.2 67.1 13.2 10.6 80.8
1-Hydroperoxyacetone 4.7 0.7 14.5 2.4 0.3 13.2
Methylglyoxal 21.5 2.2 10.2 15.5 1.7 10.9
Isopropyl hydroperoxide 0.8 0.1 18.1 0.4 0.1 17.3

covered by oceans. Millet et al. (2008) suggested that some
regions of the Pacific and Indian Ocean are a net source of
methanol. As discussed by Rosanka et al. (2021a), EMAC
represents the ocean as a net methanol sink. Therefore,
when comparing the predictions of methanol from EMAC to
satellite observations, a certain underestimation is expected.
Thus, simulation FIRJAMOC compares the best with IASI re-
trievals, since it has overall the lowest relative biases.

Changes in hydrocarbons are minimal due to their low sol-
ubility, whereas strong changes are predicted for the rela-
tively insoluble O3. Due to in-cloud OVOC oxidation, the
initially predicted increase in O3 in western Indonesia and
over the Indian Ocean (Sect. 5.4) is dampened by more than
60 % once JAMOC is implemented. This limited increase is
caused by the importance of clouds as an O3 sink. This pro-
cess is globally analysed by Rosanka et al. (2021a) and is
based on the enhanced HO2 formation in cloud droplets by
OVOC oxidation. Within clouds, HO2 is in acid equilibrium
with the superoxide anion (O−2 ), which actively destroys O3.

7.2 On the lower stratosphere

As seen in Fig. 15b, the in-cloud OVOC oxidation leads to
the reduction of their concentrations in the UTLS. Table 6
presents the lower stratospheric burden changes in Novem-
ber due to JAMOC. Overall, the in-cloud oxidation of the
OVOCs leads to a more limited increase in their concentra-
tion in the lower stratospheric burden induced by the biomass
burning emissions. For example, the increase in the methanol
burden is limited to 2.6 Gg (instead of 5.8 Gg). In the case
of ethylene glycol (HOCH2CH2OH), the lower stratospheric
burden decreases even by about 85 % when JAMOC is used,
with and without VOC biomass burning emissions taken into
account. Similarly to the changes in the lower stratosphere,
the relative change for the simulation using JAMOC is of
a similar order as for the simulation without VOC biomass
burning emissions but tends to be slightly lower for some
OVOCs. This is especially the case for isopropyl hydroper-
oxide ((CH3)2CHOOH), which is lower by about 23 %. The
increase in the lower stratospheric phenol concentrations is

Figure 15. Mean zonal change in the sum of all OVOCs explicitly
reacting in JAMOC (

∑
OVOCs; see Eq. B1 in Appendix B) over

Indonesia and the Indian Ocean during the 2015 Indonesian fire pe-
riod (SON). (a) Changes due to VOC biomass burning emissions
(difference between simulation FIR and REF) and (b) changes due
to JAMOC (1JAMOC).

only slightly impacted and decrease by about 13 % (from
167 % originally; see Table 4) and thus has only little impact
on the destruction of O3 by phenoxy radicals. This is consis-
tent with the main source of phenol being the oxidation of
benzene, which has a lifetime of the order of 1–2 weeks.
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Table 6. The lower stratospheric burden in November with and without VOC biomass burning emissions of OVOCs explicitly reacting in
JAMOC. The stratospheric burden is given in megagrams (Mg).

Species REF 1FIR Rel. [%] REFJAMOC 1FIRJAMOC Rel. [%]

Methanol 17 097.9 5821.0 34.1 10 102.3 2634.3 26.1
Methyl hydroperoxide 637.9 55.5 8.7 562.1 28.3 5.0
Hydroxy methyl hydroperoxide 60.6 12.1 20.0 49.2 6.2 12.6
Ethanol 45.4 15.5 34.2 24.2 5.5 22.6
Ethylene glycol 0.6 0.2 38.5 0.1 0.03 31.0
Glycolaldehyde 84.2 16.4 19.5 54.3 11.7 21.6
1-Hydroperoxyacetone 10.8 3.9 35.6 6.0 1.8 29.6
Methylglyoxal 6.6 0.3 5.1 3.5 0.2 5.6
Isopropyl hydroperoxide 2.6 1.9 72.5 2.1 1.0 49.1

Figure 16. Probability density function of EMAC’s methanol col-
umn bias compared to the IASI satellite measurements for simula-
tion REF, FIR, REFJAMOC, and FIRJAMOC in SEA during the 2015
Indonesian peatland fires.

To conclude, in-cloud OVOC oxidation is important to
properly represent the resulting impacts from strong pollu-
tion events especially during the monsoon season. Overall,
the predicted impact on VOCs, radicals, and O3 is damp-
ened by the in-cloud oxidation and models neglecting this
process probably tend to overestimate the impact of such an
event. It is widely recognised that clouds may act as a source
of secondary organic aerosols (SOAs) due to in-cloud oxida-
tion processes (Blando and Turpin, 2000; Ervens et al., 2011;
Ervens, 2015). Ervens et al. (2011) suggested that cloud pro-
cesses might contribute to SOA formation on the same or-
der as gas-phase processes. Within this study, SOA forma-
tion from cloud processes is not explicitly represented. How-
ever, it is expected that the enhanced VOC concentrations
from biomass burning will lead to an increased SOA forma-
tion from aqueous-phase processes due to the enhanced for-
mation of oligomers (e.g. from glyoxal and methylglyoxal)
within clouds.

8 Model uncertainties

The most important aspects that influence our results are
the representation of the transport processes, using different
model resolutions, and the chemical kinetics. Each aspect is
associated with some uncertainties, which are all shortly dis-
cussed in this section.

The magnitude of the changes in the lower stratospheric
composition depends closely on the representation of the
vertical transport that conveys the emitted VOCs into the
UTLS. In order to evaluate the vertical transport processes
of global models, 222Radon (222Rn, radioactive decay half-
life of 3.8 d) is typically used (Mahowald et al., 1997; Zhang
et al., 2008; Jöckel et al., 2010). Jöckel et al. (2010) and more
recently Brinkop and Jöckel (2019) analysed the ability of
EMAC to capture the 222Rn surface concentrations and verti-
cal profiles. Their findings indicate that the vertical transport
is well represented in EMAC (using the T42L90MA resolu-
tion) and that they are comparable to the earlier analysis with
ECHAM5 (the base model of EMAC) by Zhang et al. (2008).
Figure 4 shows that the horizontal transport is also an im-
portant aspect that influences the distribution of the emitted
VOCs from Indonesian peatland fires. Evaluating the hori-
zontal transport using observations (like 222Rn) is currently
not possible. Recently however, Orbe et al. (2018) com-
pared transport timescales of various global models, includ-
ing EMAC. They found that the horizontal transport from
NH mid-latitudes to the tropics differs by 30 %. Based on
this comparison, it can be assumed that the horizontal trans-
port is reasonably well represented in EMAC.

In this study, we transfer our process understanding from
the fine-resolution (T106L90MA) to the coarse-resolution
(T42L90MA) simulations. It is therefore important to under-
stand how well transport processes agree between both reso-
lutions. Currently, no direct analysis has been performed that
focuses on the impact of different resolutions on transport
processes in EMAC. However, Aghedo et al. (2010) anal-
ysed the influence of different horizontal and vertical reso-
lutions in ECHAM5. Since EMAC uses the same horizontal
and vertical transport scheme as ECHAM5, we assume that
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their findings also apply to EMAC. They find that the verti-
cal transport mainly depends on the number of levels used.
By increasing the number of layers from 19 to 31 levels, the
mass transported into the stratosphere reduces globally by
about 36 %, whereas increasing the resolution from T42 to
T106 only decreases the vertically transported mass globally
by about 10 %. Here, the influence is the lowest (about 7 %)
at high latitudes and the highest in the tropics (about 17 %).
Aghedo et al. (2010) suggested that the higher impact in the
tropics is probably related to tropical convection processes.
Increasing the resolution changes the meridional transport in
most regions by less than 2 % and is thus negligible. For our
purposes, differences in the inter-hemispheric transport are
also negligible. The mean transport time from the NH to SH
decreases from 11.9 to 11.8 months and for the SH to NH
transport from 11.4 to 11.5 months when increasing the hori-
zontal resolution from T42 to T106. By using the same verti-
cal resolution (90 levels), the highest uncertainty introduced
by using different resolutions is eliminated. It is therefore ex-
pected that the important transport processes are comparable
and properly represented in both resolutions.

We find that the reaction of phenoxy radicals with O3 (Re-
action R2) has a significant influence at the surface, in the
troposphere, and in the lower stratosphere. As discussed by
Taraborrelli et al. (2021), the chemical kinetics used in MOM
to represent this O3 loss is associated with some uncertain-
ties. Currently, only the measured reaction rate constant for
C6H5O is available, and this is used for all phenoxy radi-
cals. Yet, no experimental evidence has been found for the
formation of phenyl peroxy radical (C6H5O2), which might
influence the cycling nature of this O3 loss by Reactions (R1)
and (R2). However, this product is still to be expected. Even
with different products, a significant depletion of O3 is antic-
ipated by Reaction (R2). At the same time, the reaction rate
from Tao and Li (1999) is reported to be at the lower end,
whereas a higher reaction rate would increase the depleted
O3. Additionally, Taraborrelli et al. (2021) report that MOM
neglects the non-HONO formation channel from nitrophenol
photolysis, which does not destroy the aromatic ring and re-
forms phenoxy radicals (Cheng et al., 2009; Vereecken et al.,
2016). It is therefore expected that, due to increasing nitro-
phenol concentrations in the lower troposphere (Sect. 5.3) as
well as in the UTLS, the importance of Reaction (R2) as an
O3 sink is potentially underestimated.

9 Conclusions

In this study, the influence of VOC emissions from reoccur-
ring Indonesian peatland fires is analysed with the main focus
on 2015, a particularly strong year. This is achieved by per-
forming multiple global simulations using EMAC. By com-
paring EMAC’s prediction of HCN and CO columns to IASI
satellite retrievals, we show that EMAC properly represents

the emissions from the Indonesian peatland fires and global
biomass burning events.

Our results indicate that VOC emissions from biomass
burning are important to reproduce hydrocarbons and sec-
ondary OVOCs in the atmosphere. Compared to other
biomass burning regions, a particularly strong increase is
modelled in the SEA region, due to the unique emission foot-
print from the Indonesian peatland fires. The enhanced for-
mation of nitrophenols and strong HNCO emissions create
toxic conditions in most parts of Indonesia, directly influenc-
ing its population. Regionally, significant changes in radical
concentrations (HOx and NOx) are predicted. In general, O3
increases in the lower troposphere with the highest changes
in the NH high latitudes due to strong fires in boreal Asia.
However, on a global scale, tropospheric changes in O3 are
negligible. High aromatic emissions from peatland fires lead
to a depletion of O3 in eastern Indonesia.

The ongoing ASMA and the general tropical upward trans-
port during the Indonesian fires lift the emitted VOCs and
their oxidation products quickly to the lower stratosphere.
Here, especially large increases are predicted for levels of
the aromatic compounds benzene and toluene. The oxida-
tion of VOCs results in the reduction of OH and NOx and
the increase in HO2. Additionally, the Indonesian fires be-
comes a major source of lower stratospheric NO3. Indone-
sian fires enhance the O3 destruction by phenoxy radicals by
up to 20 % in the southern tropical UTLS. This chemical loss
propagates into the lower stratosphere and potentially influ-
ences the variability of O3 retrieved from satellite observa-
tions. Overall, the highest changes in lower stratospheric rad-
icals during the period between 2001 to 2016 are predicted
for particularly strong El Niño years, due to strong Indone-
sian peatland fires.

The overall impact of Indonesian fires on the composition
of the troposphere and lower stratosphere is reduced when
in-cloud OVOC oxidation is taken into account. In partic-
ular, the predicted O3 increase in the troposphere is damp-
ened due to enhanced destruction of O3 within clouds. This
suggests that models neglecting the in-cloud oxidation of
OVOCs probably tend to overestimate the impact of such an
event like the Indonesian peatland fires.
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Appendix A: HCN retrievals from IASI observations

The spaceborne data of HCN columns used in this study are
obtained from the IASI radiance spectra by applying the ver-
sion 3 of the Artificial Neural Network for IASI (ANNI)
retrieval framework. Initially developed for the retrieval of
NH3 and dust from the IASI observations (Whitburn et al.,
2016a; Clarisse et al., 2019), ANNI v3 incorporates updates
and modifications to allow the retrieval of a suite of VOCs.
Until now, it has been used to retrieve methanol, formic acid,
and PAN (Franco et al., 2018) and then acetone (Franco et al.,
2019) and acetic acid (Franco et al., 2020). Here, we perform
the HCN retrieval by applying the full ANNI v3 procedure.
As this approach has already been described in detail (see
Franco et al., 2018, and references therein), we limit our-
selves here to a summary of the main retrieval steps and to the
elements specific to the retrieval of HCN. Examples of HCN
columns from IASI single overpasses in the 2015 Indonesian
fire plumes and averaged distributions are also presented.

As mentioned in Sect. 2.1.3, the ANNI retrieval method
proceeds in two major steps. First, in each individual IASI
radiance spectrum, the target species is detected and the
strength of its absorption is quantified by a metric called the
hyperspectral range index (HRI). Then, the HRI is converted
into a gas total column by means of an artificial feedforward
neural network (NN), which also provides an uncertainty on
the retrieved column.

The HRI is a dimensionless metric of the magnitude of the
spectral signature of a target species in a given IASI spec-
trum, relative to the spectral variability of a “background” at-
mosphere in the absence of the target gas, i.e. a variability re-
sulting from all other parameters that contribute to the spec-
tral radiance, such as other atmospheric gases (see Walker
et al., 2011). The HRI is calculated over the main spectral
range, in which the target species absorbs. The HCN ab-
sorption band (ν2 branch) included in the IASI spectrum is
situated close to a strong Q branch of CO2 near 720 cm−1.
Therefore, the whole 700–800 cm−1 spectral range covering
many HCN features is used to calculate the HRI. The CO2
line mixing in that range is accounted for as described by
Duflot et al. (2013). A first HRI of HCN was already set up
for the IASI observations by Duflot et al. (2015), but here
we set up a new more sensitive one following the iterative
procedure presented by Franco et al. (2018).

In contrast to Duflot et al. (2015), who used pre-calculated
coefficients to link the HRI to the HCN total column, the
ANNI v3 procedure implements an artificial feedforward NN
for this purpose. Such a NN is set up to mimic in a compre-
hensive way the complex connections that exist between the
HRI, the state of the atmosphere and Earth’s surface, and the
gas abundance. Setting up a NN requires a training phase
in which the NN learns from the presentation of an exten-
sive dataset including all the necessary input and output vari-
ables. In ANNI v3, the NN inputs are the HRI, a spectral
baseline temperature, the H2O columns, the temperature pro-

file, the surface pressure and emissivity, and the IASI view-
ing angle, whereas the output is the HCN column. Here,
we built this training set from over 250 000 synthetic IASI
spectra simulated by a line-by-line radiative transfer model.
The advantage of such a synthetic training set is that it is
free of the noise and/or scarcity of real measurements and
that the spectra can be generated in large amounts in order
to make the training set – and hence the NN – representa-
tive of all possible conditions. For example, the NN set up
for HCN is trained to retrieve gas column from 1× 1014 to
15× 1016 molecules cm−2. Actually, two separate synthetic
datasets are assembled per target species, one being represen-
tative of conditions close to emission sources and the other
of mixing/transport conditions (see Whitburn et al., 2016a;
Franco et al., 2018, for the rationale). Each training set leads
to the setup of a specific NN that is used to globally retrieve
the target species in emission or transport regimes, succes-
sively. The training performances are similar to those of the
other VOCs retrieved with ANNI v3 and are reached with a
NN made of two computational layers, with each layer de-
ploying eight nodes.

In addition to the total column, the NN returns an associ-
ated error that is calculated via a perturbation method of the
input variables (see Whitburn et al., 2016a). A pre-filter pre-
vents the retrieval on cloudy scenes (cloud coverage> 10 %)
or for observations with missing ancillary data. Consistent
with the other ANNI VOCs products, a post-filter discards
the individual retrievals affected by uncertainties that are too
large or by poor measurement sensitivity to HCN, specifi-
cally when∣∣∣column(HCN)

/
HRI(HCN)

∣∣∣> 8×1015 moleculescm−2 (A1)

or spectral baseline temperatures < 268 K. This post-filter
is not (directly) driven by the gas abundance but rather
by the thermal contrast (Franco et al., 2020). Finally, the
constant climatological background of target gas abundance
that is not accounted for by the HRI has been estimated
as 1.85× 1015 molecules cm−2 for HCN (see Franco et al.,
2018); this offset is thus added to the individual retrieved
columns. Once set up, the NN is fed for each individual
IASI observation with the appropriate input data. Here, we
chose to use the ERA-5 reanalysis dataset (Hersbach et al.,
2020) for the meteorological input data in the network. In the
framework of the evaluation of EMAC in the 2015 Indone-
sian fires (see Sect. 4), only the HCN product obtained with
the NN in transport/mixing regime has been exploited. In-
deed, the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) aboard CALIPSO indicates the fire plume located
in the free troposphere during this massive biomass burning
event.

Figure A1 presents the daily distributions of HCN
total columns from IASI/Metop-A and B observations
in South East Asia, for 6 successive days taken dur-
ing the 2015 Indonesian fires. Whereas background ar-
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eas are characterised by HCN total columns gener-
ally lower than 0.5× 1016 molecules cm−2, on the first
day (29 September 2015), strong HCN enhancements
(> 4× 1016 molecules cm−2) are detected by IASI in the
vicinity of Sumatra, indicating a massive fire plume. After
6 d (4 October 2015), we can observe that the plume has
grown progressively and that the bulk of HCN has been trans-
ported to the west across the Indian Ocean. The retrieved
column uncertainties in the area generally fall in the range
of 2–5× 1015 molecules cm−2. Note that these uncertain-
ties are reduced significantly by averaging numerous IASI
measurements to build monthly or seasonal mean distribu-
tions of HCN columns. The typical seasonal distributions of
IASI/Metop-A HCN columns are presented in Fig. A2 for the
2011–2014 time period, i.e. for years without massive fire
events, such as the 2010 Russian fires or the 2015 Indone-
sian fires. These distributions highlight the dominant con-
tribution of biomass burning to the atmospheric HCN bur-
den, with HCN enhancements detected in Africa throughout
the year; in South East Asia in March–April–May; in In-
dia, eastern China, and the Northern Hemisphere mid- and
high latitudes during the boreal summer; and within the trop-
ics in September–October–November. Important outflows
from these source regions are also noticeable, especially
over the oceans. Figure A3 presents the monthly mean HCN
columns during the 2015 Indonesian fires (from September–
December) along with the corresponding distributions over
the 2011–2014 time period. It illustrates the exceptional in-
tensity of the 2015 fires compared to the previous years, with
important HCN enhancements detected throughout the entire
intertropical band.
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Figure A1. Daily regional distributions of HCN total column (in molecules cm−2) derived from the IASI spectra recorded in the morning
overpasses of Metop-A and B, for 6 successive days during the 2015 Indonesian fires. These distributions take into account the actual
footprint on the Earth’s surface of each individual IASI measurement, i.e. a small circle at nadir and an elongated ellipse at the limit of the
across-track swath of the satellite. Note the complementarity of the IASI/Metop-A and B flight tracks that avoid gaps between the successive
overpasses in the tropics. The white areas correspond to data filtered out because of unsatisfactory retrieval quality or the presence of clouds.

https://doi.org/10.5194/acp-21-11257-2021 Atmos. Chem. Phys., 21, 11257–11288, 2021

124 7. Organic pollutants from Indonesian peatland fires



11280 S. Rosanka et al.: The impact of organic pollutants from Indonesian peatland fires

Figure A2. Seasonal means (on a 1× 1◦ grid) of the HCN total columns (in molecules cm−2) retrieved from the IASI/Metop-A measure-
ments over the 2011–2014 time period. The HCN columns over the continents have been retrieved with the NN in emission regime, whereas
the NN in transport/mixing regime has been used over the oceans.
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Figure A3. Monthly means (on a 1× 1◦ grid) of the HCN total columns (in molecules cm−2) retrieved from the IASI/Metop-A measurements
over the 2011–2014 time period (left plots) and over the year 2015 (right plots).
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Appendix B: Definition of
∑

OVOCs

In Fig. 15, the mixing ratios of the sum of all the OVOCs
explicitly reacting in JAMOC (

∑
OVOCs) are shown. In this

case,
∑

OVOCs is defined as∑
OVOCs= methanol + formaldehyde

+ methyl hydroperoxide
+ hydroxymethylhydroperoxide
+ ethanol + ethylene glycol
+ acetaldehyde + glycolaldehyde
+ glyoxal + 1-hydroperoxyacetone
+ methylglyoxal + isopropanol
+ isopropyl hydroperoxide
+ methacrolein + methyl vinyl ketone. (B1)

Atmos. Chem. Phys., 21, 11257–11288, 2021 https://doi.org/10.5194/acp-21-11257-2021

127



S. Rosanka et al.: The impact of organic pollutants from Indonesian peatland fires 11283

Data availability. The simulation results are archived at the Jülich
Supercomputing Centre (JSC) and are available upon request. The
IASI VOC columns retrieved with the ANNI framework are avail-
able upon request. The IASI CO data processed with FORLI-CO
v0151001 can be downloaded from the AERIS portal at http://iasi.
aeris-data.fr/CO/ (last access: 6 July 2021). The peatland distribu-
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Chapter 8

Summary and Discussion

This thesis aims to provide a comprehensive assessment on the influence of OVOCs
on the atmospheric composition by focusing on their importance and associated
uncertainties in their representation in global models. The five studies that form
the core of this thesis are connected with each other by addressing different aspects
concerning OVOCs. Those are the formation and degradation of OVOCs in the gas-
phase, the impact and representation of in-cloud OVOC oxidation, and the impact
of VOC emissions on OVOC concentrations. Table 8.1 provides an overview on
each study’s contribution to these three foci. In the following, each study is shortly
summarised and discussed in the scope of this thesis.

Table 8.1: Contribution of each study in the context of this thesis and their re-
spective chapter.

Study Chapter Gas-phase Aqueous-phase VOC emissions
Novelli et al. (2020) 3

√

Rosanka et al. (2020) 4
√ √ √

Rosanka et al. (2021a) 5
√ √

Rosanka et al. (2021b) 6
√ √ √

Rosanka et al. (2021c) 7
√ √ √

8.1 The importance of isoprene oxidation

Novelli et al. (2020) (here Chapter 3) study the importance of isomerization reactions
of isoprene peroxy radicals. In a first step, the OH regeneration in isoprene oxidation
is directly quantified by using data obtained from experiments in the Simulation of
Atmospheric PHotochemistry In a large Reaction Chamber (SAPHIR) focusing on
relevant NO levels in the atmosphere. These range from 0.15 ppb to 2 ppb, which
is representative for areas with low NO concentrations like the Amazonian rain
forest and remote areas partially influenced by anthropogenic NO emissions. It is
found that the regeneration efficiency of OH is almost 1 in areas partially influenced
by anthropogenic NO emissions and reduces to about 0.5 in areas with low NO
concentrations. This high OH regeneration efficiency in the low NO regime exceeds
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the explainable regeneration efficiency in the absence of unimolecular reactions by
a factor of 2 to 3.
In a second step, these findings are compared to quantum chemical and theoretical
kinetic calculations and box-model simulations using the MCM (v3.3.1). Results
show that at low NO concentrations (below 0.2 ppb), at least 50 % of the total loss of
isoprene peroxy radical conformers occur via isomerization reactions. At these levels,
the 1,6-α-hydroxy-hydrogen shift of isoprene Z-δ-RO2 radicals yields unsaturated
hydroperoxy aldehydes (HPALDs) and di-hydroperoxy carbonyl peroxy radicals (di-
HPCARP-RO2). HPALDs photolize quickly and di-HPCARP-RO2 undergo a fast
aldehydic hydrogen shift. Together they regenerate up to 50 % of the OH radicals.
In order to study the global implication of the proposed changes, these are imple-
mented into EMAC’s gas-phase chemical mechanism MOM (Sect. 2.1.1) in a third
step. Globally, it is found that the OH regeneration by HO2 reacting with NO is
suppressed. However, this reduction is compensated by the OH regeneration from
RO2 radical isomerization reactions. The latter have the largest impact in regions
characterised by high isoprene concentrations and high temperatures (e.g. Amazon
basin and tropics in general). It is predicted that the isomerization globally main-
tains an OH regeneration efficiency of at least 0.6 over vegetated land masses. In the
Amazon basin, which is the area with the highest isoprene emissions, the OH radical
concentrations are increased by a factor of up to 3. At the same time, the concen-
trations of important OVOCs like methanol, glyoxal, methylglyoxal, formaldehyde,
formic acid, hydroxyacetone, and peroxy acetyl nitrate increase by up to 30 % close
to the surface.
In the context of this thesis, this study shows the importance of isoprene degrada-
tion on OVOC formation. This demonstrates that even for isoprene (a well studied
VOC), considerable uncertainties still remain on the distribution of oxygenated prod-
ucts. By neglecting the isomerization of isoprene peroxy radicals, global models will
tend to underestimate OVOC concentrations and the OH regeneration efficiency in
isoprene dominated regions. The study of Novelli et al. (2020) (here Chapter 3)
additionally illustrates that gas-phase chemical mechanisms used in global models
suffer, among other things, from the uncertainties of the original mechanism from
which they are derived.

8.2 Atmospheric loss processes of isocyanic acid

Isocyanic acid (HNCO) is an atmospheric chemical constituent that is linked to pro-
tein carbamylation, which causes adverse health effects for humans such as rheuma-
toid arthritis, cardiovascular diseases, and cataracts (Wang et al., 2007; Roberts
et al., 2011; Leslie et al., 2019) if ambient concentrations exceed 1 ppb. It is mainly
emitted by combustion processes like biomass burning, but is also inadvertently re-
leased by NOx mitigation measures in flue gas treatments. With increasing biomass
burning and more widespread usage of catalytic converters in car engines, a good
prediction of HNCO atmospheric levels with global models is desirable.
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Rosanka et al. (2020) (here Chapter 4) therefore analyse the importance of atmo-
spheric HNCO loss processes on a global scale. This is achieved by first studying the
potential energy surfaces of HNCO reacting with OH and NO3 radicals, Cl atoms,
and O3 using high-level quantum chemical methodologies. Afterwards, theoreti-
cal kinetic predictions of the rate coefficients at temperatures ranging from 200 to
3000 K are performed using Transition State Theory (TST). Finally, these findings
are implemented into EMAC (Sect. 2.3) including the gas-phase mechanism for for-
mamide as an additional chemical source of HNCO, following Bunkan et al. (2016).
The gas-phase chemical mechanism for nitromethane is implemented based on Tay-
lor et al. (1980) and Calvert et al. (2008), while the mechanisms of methylamine,
dimethylamine, and trimethylamine are implemented corresponding to Nielsen et al.
(2012). Additionally, EMAC’s standard aqueous-phase mechanism is extended to
include HNCO and formamide following Behar (1974), Barnes et al. (2010), and
Borduas et al. (2016).
From the theoretical kinetics analysis, it can be concluded that the atmospheric
reactions of HNCO are slow and the product formation occurs predominantly by
H-abstraction. This is in good agreement with earlier experimental work by Tully
et al. (1989), Mertens et al. (1992), and Wooldridge et al. (1996). EMAC’s pre-
dictions confirm that the gas-phase chemical loss of HNCO is a negligible process,
contributing less than 1 % to the total loss, leaving heterogeneous losses as the major
sinks. The removal of HNCO by clouds and precipitation contributes about 10 % to
the total loss, while globally, dry deposition is the main sink, accounting for 90 %.
Daily-averaged mixing ratios of ground-level HNCO are found to regularly exceed
1 ppb in regions dominated by biomass burning events. Additionally, the global sim-
ulations show that due to its long chemical lifetime in the free troposphere, HNCO
can be efficiently transported into the UTLS by deep convection events.
In the context of this thesis, this study highlights that representing aqueous-phase
loss processes for some OVOCs in global models can be more important than gas-
phase loss processes. For HNCO, the only gas-phase chemical loss reaction that
needs to be considered in global models is the reaction with OH. These findings
regarding the insignificance of gas-phase loss processes are robust against varying
biomass burning emission factors by Koss et al. (2018) and Kumar et al. (2018).
However, the two different biomass burning emission factors lead to varying con-
tributions of direct HNCO emissions and the formation from formamide oxidation.
When using the emission factors by Kumar et al. (2018), the secondary production
from formamide oxidation becomes the primary source of HNCO, resulting in tro-
pospheric burdens of 272 Gg, which is about 26 % higher than for the simulation
applying the emission factors by Koss et al. (2018). This demonstrates that the
strongest modelling uncertainty related to HNCO is introduced by the representa-
tion of HNCO sources and not by the representation of its chemical loss processes.



138 8. Summary and Discussion

8.3 The Jülich Aqueous-phase Mechanism of Organic
Chemistry

Rosanka et al. (2020) (here Chapter 4) clearly demonstrated the importance of
OVOC in-cloud oxidation, which is currently not represented in most global mod-
els (Ervens, 2015). In order to include this process, Rosanka et al. (2021a) (here
Chapter 5) develop the oxidation scheme Jülich Aqueous-phase Mechanism of Or-
ganic Chemistry (JAMOC), which is suitable for global model applications, and
implement it into MECCA (Sect. 2.3.3).
JAMOC is based on the recently developed comprehensive CLoud Explicit Physico-
chemical Scheme (CLEPS, version 1.0, Mouchel-Vallon et al., 2017), which is tar-
geted for box-model applications. Its high complexity is not feasible for global model
applications. Therefore, JAMOC includes the phase transfer of species containing
up to ten carbon atoms, and a selection of species containing up to four carbon
atoms react in the aqueous-phase. Compared to CLEPS, JAMOC explicitly (1) sim-
ulates hydration and dehydration of aldehydes, (2) includes the oligomerisation of
formaldehyde based on Hahnenstein et al. (1995), and of glyoxal and methylglyoxal
following Ervens and Volkamer (2010), (3) includes further photolysis reactions,
and (4) considers the gas-phase oxidation of new outgassed species. During day-
time, the main in-cloud OVOC oxidant is OH, which reacts by either H-abstraction,
OH-addition if the organic compound contains a double bond, or electron transfer
if an anion is present (Herrmann et al., 2015). For reactions with the main in-cloud
OVOC nighttime oxidant NO3, only H-abstraction is taken into account. Organic
radicals are treated as proposed by Mouchel-Vallon et al. (2017) with the difference
that in JAMOC, α-hydroxyperoxyl radicals do not undergo O–

2 elimination. The
inorganic aqueous-phase chemistry is mainly based on EMAC’s standard aqueous-
phase mechanism (Sect. 2.1.2). Here, the inorganic O3 chemistry is updated to the
mechanism of Staehelin et al. (1984) with modifications from Staehelin and Hoigné
(1985).
Rosanka et al. (2021a) (here Chapter 5) compare JAMOC to a minimum aqueous-
phase oxidation scheme using CAABA (Sect. 2.2). This minimum scheme is limited
to the uptake of a few soluble compounds, their acid-base equilibria, and the oxi-
dation of SO2 via O3 and H2O2 (Jöckel et al., 2006). In the comparison, JAMOC
predicts significantly lower gas-phase OVOC concentrations. This is caused by their
in-cloud oxidation and a dampened gas-phase production. The predicted diurnal
cycles of HOx, NOx, and O3 are similar for both mechanisms and differ mainly in
the absolute concentrations. With the improved representation of in-cloud OVOC
reactions within JAMOC, HOx, and O3 concentrations are reduced, whereas NOx
concentrations slightly increase. The enhanced in-cloud OVOC oxidation leads to
increased aqueous-phase HO2(aq) and consequently enhanced O–

2(aq) concentrations,
resulting in an increased in-cloud destruction of O3(aq). Overall, the predicted impact
of JAMOC is in line with earlier box-model studies (Tilgner et al., 2013; Mouchel-
Vallon et al., 2017).
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Within this thesis, JAMOC provides a computationally affordable method to include
in-cloud OVOC oxidation in box and global model applications. The performed
analysis shows the importance of aqueous-phase chemistry on the atmospheric com-
position and suggests that global models, which ignore this process, will tend to
overestimate OVOCs and oxidants (e.g. OH, HO2, and O3). JAMOC is therefore
the first step towards estimating the global importance of in-cloud OVOC oxidation
on atmospheric oxidants (see Rosanka et al., 2021b) and to assess its influence dur-
ing extreme pollution events (see Rosanka et al., 2021c). At the same time, JAMOC
is designed such that its application is not limited to cloud droplets and its kinetics
can also be applied to aerosols.

8.4 The influence of in-cloud OVOC oxidation on tro-
pospheric oxidants

In Rosanka et al. (2021b) (here Chapter 6), the developed in-cloud OVOC oxidation
scheme JAMOC (Rosanka et al., 2021a) (here Chapter 5) is implemented into the
global model EMAC, allowing to address its implication on tropospheric oxidants.
Therefore, three simulations are performed, varying in the aqueous-phase mech-
anism used. These include the minimum in-cloud oxidation scheme representative
for most global models (Ervens, 2015), EMAC’s standard aqueous-phase mechanism
(Sect. 2.1.2), and JAMOC.
When in-cloud OVOC oxidation is taken into account, lower OVOC concentrations
are generally predicted with the highest reduction in the tropical free troposphere.
The comparison of methanol and glyoxal total columns to satellite observations
confirms that the additional in-cloud sink leads to an improved representation in
EMAC. Following the reduced OVOC concentration, the free tropospheric HOx for-
mation decreases. The enhanced in-cloud oxidation of OVOCs leads to elevated
HO2(aq) concentrations and to an enlarged O3(aq) destruction (via Reaction R 1.14)
in clouds. The highest O3 change of 12 % is predicted in the UTLS. Here, lower HOx
concentrations additionally lead to a reduced chemical production of O3. Globally,
the tropospheric O3 column is reduced by 1-2 DU. The comparison of modelled
tropospheric O3 columns to IASI satellite retrievals reveals that the newly imple-
mented mechanism JAMOC leads to a reduction of EMAC’s bias towards too high
tropospheric O3 columns.
Setting these results in the framework of this thesis, the study demonstrates the
importance of in-cloud OVOC oxidation for the tropospheric oxidation capacity.
In particular, OVOC, HOx, and O3 concentrations are influenced. Changes in O3,
methanol, and glyoxal lead to their improved representation in EMAC. Since most
global models have no explicit representation of in-cloud chemistry and certainly
miss the representation of the complex in-cloud OVOC oxidation, these models
tend to overpredict tropospheric oxidants and to underestimate the importance of
clouds as O3 sink. Additionally, in-cloud chemical processes are known to lead to
the formation of secondary organic aerosol (SOA) (Blando and Turpin, 2000; Ervens
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et al., 2011; Ervens, 2015). By explicitly treating these SOA sources in JAMOC (e.g.
from the oligomerisation of formaldehyde, glyoxal, and methylglyoxal), their influ-
ence on tropospheric HOx, NO2 photolysis, and ultimately O3 can be addressed.
Finally, the infrastructure of EMAC allows to apply JAMOC’s kinetics to aerosols.
However, this is outside the scope of this thesis. Even though it is not the main
intention of this study, insides on the representation of VOC sources in EMAC are
obtained. The comparison of modelled methanol and glyoxal columns with satellite
retrievals shows that biogenic VOC sources are overestimated in the tropics, leading
to higher modelled than observed OVOC concentrations. Biogenic emissions are
temperature-dependent and ECHAM5 tends to simulate the Amazon basin too dry
and consequently too hot (Hagemann and Stacke, 2015). Therefore, these uncertain-
ties in VOC emissions can ultimately be related to EMAC’s dynamical core. Jiang
et al. (2018) demonstrated that by representing drought stress for isoprene emissions,
its global emission is reduced by 17 %. Especially in regions where EMAC currently
overpredicts methanol columns (e.g. central South America), drought stresses would
reduce isoprene emissions. This implies that the representation of methanol and gly-
oxal would be improved if the drought stress for isoprene emissions was included in
EMAC.

8.5 VOC emissions from Indonesian peatland fires

Rosanka et al. (2021c) (here Chapter 7) address the importance of biomass burn-
ing attributed VOC emissions to the atmospheric composition. In particular, the
exceptionally strong Indonesian peatland fire period in 2015 is analysed. It was
characterised by the third strongest El Niño on record, leading to a particular dry
season in Indonesia. In combination with the high carbon content of peat, these fires
contribute with about 30 % to the total VOC biomass burning emissions in 2015,
making it the ideal test case to investigate the wild fires’ impact on the atmospheric
composition.
When biomass burning VOC emissions are included, OH concentrations in Indonesia
are significantly reduced. This is mainly caused by OH reacting with those emit-
ted VOCs and an enhanced reaction with CO. The latter is enhanced by VOC
degradation. The intensified formation of NOx reservoir species leads to an overall
NOx reduction. Additionally, regional toxic conditions of HNCO and nitrophenols
are regularly exceeded. Elevated VOC concentrations lead to a higher chemical O3
formation but high aromatic emissions and the consequent increase in phenoxy rad-
icals lead to a depletion of O3 in eastern Indonesia. The upward transport within
the Asian Monsoon Anticyclone (ASMA) and the Intertropical Convergence Zone
(ITCZ) in general, leads to a quick transport of the emitted VOCs and their oxida-
tion products into the UTLS. Due to the reoccurring nature of Indonesian pealtand
fires, elevated phenol concentrations lead to an enhanced destruction of O3, poten-
tially contributing to the variability of O3 observed in satellite retrievals.
Regarding the context of this thesis, the study shows that biomass burning VOC



8.5 VOC emissions from Indonesian peatland fires 141

emissions lead to significant regional changes of oxidants in the lower troposphere.
In combination with deep convection events, these local surface emissions have a
global importance for lower stratospheric O3. With the increasing occurrence of
biomass burning events, the representation of biomass burning VOC emissions and
their chemistry within global models is of importance. The comparison of modelled
hydrogen cyanide (HCN) columns with IASI satellite retrievals indicates that the
Indonesian peatland fires and biomass burning in general are reasonably well repre-
sented within EMAC. Here, the correct representation of the dominant fire type is
of special importance. Simulating the 2015 event using JAMOC in EMAC leads to
a lower increase in OVOCs and O3 in comparison to simulations without in-cloud
OVOC oxidation. This demonstrates that global models ignoring this in-cloud pro-
cess will overpredict the atmospheric influence of such an event.





Chapter 9

Conclusions and Outlook

A comprehensive assessment of the influence of OVOCs on the atmospheric com-
position and their representation in global models has been performed, focusing on
OVOCs in the gas-phase, their relevance to aqueous-phase chemistry, and the im-
portance of VOC emissions. This has been achieved by performing five individual
studies, in which measurements in SAPHIR, quantum chemical and theoretical ki-
netic calculations, and literature findings have been implemented in box-models and
the global atmospheric chemistry model EMAC.
With respect to gas-phase processes, it has been shown that isomerization reactions
of isoprene peroxy radicals are an important loss under conditions characterised
by low-NOx concentrations and lead to higher OH concentrations than previously
predicted for isoprene-rich regions. Consequently, the formation of OVOCs like
methanol, glyoxal, and methylglyoxal is enhanced by about 30 % in these regions.
It has been further demonstrated that the gas-phase oxidation of isocyanic acid is
on a global scale negligible since it removes less than 1 % from the atmosphere and
that heterogeneous losses (e.g. cloud scavenging) are the dominant sink. Once above
warm clouds, isocyanic acid can be easily transported to the stratosphere similarly
as HCN.
In order to address the importance of aqueous-phase OVOC oxidation on tropo-
spheric oxidants like HOx and O3, the Jülich Aqueous-phase Mechanism of Organic
Chemistry (JAMOC) has been developed. JAMOC includes a complex OVOC ox-
idation scheme, which is suitable for global model applications and includes the
uptake and oxidation of species containing up to ten and four carbon atoms, re-
spectively. The uptake and in-cloud oxidation of OVOCs lowers the overall OVOC
burden, resulting in a reduced OH and HO2 formation, which is in line with earlier
box-model studies. Within cloud droplets, most HO2(aq) is formed by the oxidation
of OVOCs containing one carbon atom. Elevated HO2(aq) concentrations lead to
an increased destruction of O3(aq), resulting in an enhanced O3 scavenging. The
comparison of model results to satellite retrievals revealed that EMAC’s tendency
to overpredict methanol, glyoxal, and O3 has been reduced. A similar conclusion
has been drawn while studying the extreme pollution from the Indonesian peatland
fires in 2015. This demonstrates that global models that do not include explicit
in-cloud OVOC oxidation are expected to underestimate clouds as O3 sink.
The major atmospheric OVOC source is VOC degradation, whereas VOCs are
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mainly directly emitted. In this thesis, it has been shown that biomass burning
VOC emissions significantly influence regional, and to some degree global concen-
trations of VOCs, acids, and oxidants. Further, an increase of toxic conditions for
humans and plants from these emissions has been demonstrated. The upward trans-
port in the ASMA and the prevailing tropical convective systems leads to a quick
transport of the emitted VOCs and their oxidation products into the UTLS. Here,
phenoxy radicals react with O3, potentially contributing to the variability of O3
observed in satellite retrievals. It has been shown that the uncertainties introduced
by the biomass burning emission factors are higher for some OVOCs than uncer-
tainties in gas-phase losses. Further, uncertainties are introduced by the incorrect
attribution of the dominant fire type in some regions. Based on the comparison of
simulation results with satellite retrievals, it is expected that the representation of
biogenic VOC emissions needs further improvement.
Ultimately, this thesis significantly improves the understanding of the three as-
pects that define the representation of OVOCs in global models. For the first time,
a complex in-cloud OVOC oxidation scheme has been applied in a global model,
demonstrating that the representation of this process is of substantial importance
for future applications. The further development and application of JAMOC offers
a unique opportunity to study the influence of OVOC oxidation on the tropospheric
composition beyond the investigations of this thesis. JAMOC has been implemented
in a modular way that allows for future additional enhancements and expansions,
which are desirable for further research.
The in-cloud HOx budget by Rosanka et al. (2021b) (here Chapter 6) showed that the
importance of clouds as OVOC and O3 sinks strongly depends on the representation
of in-cloud OH concentrations. Even though available in JAMOC, the influence of
transition metal ions (Fenton’s chemistry) is currently not used in EMAC, due to
missing global iron (Fe) distributions and emissions. As pointed out by Deguillaume
et al. (2004), transition metal ion chemistry has a significant impact on in-cloud
HxOy (HxOy = H2O2, HO2/O–

2 , and OH). For example, H2O2 oxidises Fe2+ leading
to the formation of OH and Fe3+, which reduces to Fe2+ by reaction with H2O2,
forming HO2:

Fe2+ +H2O2 → Fe3+ +OH +OH− (R 9.1)
Fe3+ +H2O2 → Fe2+ +HO2 +H+ (R 9.2)

2 H2O2 → OH +HO2 +H+ +OH− (R 9.3)

resulting in a major in-cloud HOx source. In CLEPS, Fenton’s chemistry contributes
with about 63 % to the in-cloud OH concentration (Mouchel-Vallon et al., 2017),
suggesting that HOx is currently underestimated when using JAMOC in EMAC.
Scanza et al. (2018) recently presented an approach to represent Fe concentrations
in global models. Implementing this approach into EMAC would therefore make
it feasible to study the importance of transition metal iron chemistry on in-cloud
OVOC oxidation. The major source of atmospheric iron is mineral dust, leading
to high iron concentrations close to deserts (e.g. Sahara, Lut, Thar, and Arabian
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desert, Wang et al., 2015, their Fig. 6). Thus, Fenton’s chemistry will lead to
elevated HOx concentrations in regions in proximity to these deserts. Further, min-
eral dust will be transported over the tropical Atlantic to the Amazon basin also
enhancing HOx concentrations in this region. Here, Rosanka et al. (2021b) (here
Chapter 6) predict the highest changes in OVOCs due to in-cloud oxidation. Over-
all, elevated HOx concentrations will lead to a higher destruction of O3, increasing
the importance of clouds as O3 sink. This also leads to an elevated production of
OH via Reaction R 1.14 and R 1.15. The OH formation from Fenton’s chemistry will
lead to a reduced importance of OVOC photolysis as OH source, which in Rosanka
et al. (2021b) (here Chapter 6) is the second most important. Further, the photolysis
of H2O2 as OH source will become negligible.
One example for a future expansion of JAMOC is to include the oxidation of nitro-
phenols. Rosanka et al. (2021c) (here Chapter 7) clearly showed that the formation
of nitrophenols from biomass burning VOC emissions is high. As they can explicitly
be detected in rain droplets (Leuenberger et al., 1985; Schummer et al., 2009), they
contribute to the in-cloud photo-oxidation (as proposed by Hems and Abbatt, 2018).
However, currently JAMOC only includes the phase transfer of some nitrophenols.
For future applications of JAMOC, this additional nitrophenol sink should be in-
cluded. The main fragmentation products of nitrocatechol (C6H5NO4) oxidation are
glyoxylic acid, glycolic acid, oxalic acid, and HNCO. Hence, the consideration of
nitrophenols in the oxidation mechanism will improve the representation of HNCO
as discussed in Rosanka et al. (2020) (here Chapter 4).
The association of aqueous-phase oxidation with acid formation is not yet explored
using JAMOC, but will be part of future research. Organic acids are mainly pro-
duced by the photo-oxidation of biogenic and anthropogenic VOCs. In JAMOC,
many additional organic acid sources are introduced. During a cloud event, the ef-
ficient uptake and hydration of carbonyls lead to the formation of gem-diols, which
quickly equilibrate with the gas-phase. The gas-phase oxidation of these gem-diols
by OH leads to the formation of acids (i.e. pyruvic and oxalic acid). When the cloud
evaporates, all aqueous-phase gem-diols outgas, leading to an additional enhance-
ment of the gas-phase organic acid production. Moreover, oxalic acid has been newly
introduced in EMAC by JAMOC. It is expected that during cloud events, oxalic acid
is formed within cloud droplets and transferred into the gas-phase. The gas-phase
oxidation of the glyoxalic acid gem-diol potentially leads to a continuous increase in
oxalic acid during and after the cloud event. Thus, the enhanced in-cloud formation
of organic acid and gem-diols is expected to alter atmospheric acid concentrations.
It is well known that organic acids can lower and buffer the pH of cloud droplets.
In fact, their pKa, which describes the negative of the logarithm of the acid equilib-
rium constant Ka, is below the natural pH of about 5.6 determined by the current
atmospheric levels of CO2 (Pye et al., 2020). Thus, enhanced organic acid concen-
trations lower the cloud pH in areas characterised by high VOC emissions. When
studying the impact of in-cloud OVOC oxidation on organic acids using JAMOC,
this effect should be addressed, quantified, and validated by using observational
datasets. However, the comparison of modelled cloud pH to observations is diffi-
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cult. As pointed out by Pye et al. (2020), local cloud pH observations are scarce
and global observations are non-existing. Accordingly, local observations are also
limited in the Amazon Basin, the region in which the highest change in cloud pH is
expected due to globally highest VOC emissions.
Additionally, the organic acids mentioned above are considered to influence the
formation of cloud condensation nuclei and, therefore, affect cloud formation (Yu,
2000). This impact can be investigated within the MESSy modelling system by
using JAMOC for aerosol kinetics in combination with a prognostic cloud droplet
nucleation scheme (Pringle et al., 2010; Chang et al., 2017). A substantial impact
is expected during haze events, which are characterised by high VOC emissions like
the Indonesian peatland fires (see Rosanka et al., 2021c).
The coupling of JAMOC to an aerosol module will also allow to address the im-
pact of aqueous-phase OVOC oxidation on SOA precursors. In addition to the po-
tential SOA formation of formaldehde-, glyoxal-, and methylglyoxal-oligomers, the
formation of heterooligomers will lead to a further enhancement of SOA precursors.
Paulot et al. (2009) showed that the photo-oxidation of isoprene under low-NOx
conditions leads to the formation of epoxydiols. When these epoxydiols are taken
up into aerosols, they undergo ring-opening reactions leading to the direct formation
of SOA (Minerath and Elrod, 2009; Eddingsaas et al., 2010). The representation of
these processes are thus desirable to be included in JAMOC in order to study the
importance for SOA formation.
The assessment that has been performed in this thesis shows the impact of OVOCs
on the atmospheric composition and the importance of explicitly representing OVOC
processing in global models. In particular, the missing representation of detailed
aqueous-phase OVOC chemistry is expected to be a significant factor why many
global models overpredict oxidants and the GHG O3. In a nutshell, the development
of JAMOC provides many opportunities to improve our understanding of the impact
of aqueous-phase chemistry on oxidant concentrations and SOA.



Code and data availability

Within each of the five studies that form the core of this thesis, primary data have
been created and analysed. These data consist of datasets created by global model
simulations, quantum chemical calculations, data obtained from spaceborne mea-
surements, and data, which have been obtained during experimental measurements.
A detailed description of the code and the data availability for each study is listed in
the respective ‘Data availability’, ‘Code availability’, or ‘Code and data availability’
sections.
The global ECHAM/MESSy Atmospheric Chemistry model (EMAC) was utilised to
perform all global model simulations. EMAC includes MESSy, which is continuously
developed and applied by a consortium of institutions. The usage of MESSy and
access to the source code are licensed to all affiliated institutions, which are members
of the MESSy Consortium. More information on the model can be found on the
MESSy Consortium website (http://www.messy-interface.org, last access: 28
October 2020). The CAABA/MECCA model code is available as a community
model published under the GNU General Public License (http://www.gnu.org/
copyleft/gpl.html, last access: 28 October 2020). The model code is publicly
available in the code repository at https://gitlab.com/RolfSander/caaba-mecca
(last access: 28 October 2020). The exact version of the CAABA/MECCA model
(version 4.5.0) developed in Rosanka et al. (2021a) (here Chapter 5) is archived
at Zenodo (https://doi.org/10.5281/zenodo.4707938; Sander, 2021). Please
consult the CAABA/MECCA web page at http://www.mecca.messy-interface.
org (last access: 28 October 2020) for further information and updates.
In general, all global model simulations have been performed at the Jülich Super-
computing Centre (JSC) using the two high-performance computing facilities Jülich
Research on Exascale Cluster Architectures (JURECA, Jülich Supercomputing Cen-
tre, 2018) and the Jülich Wizard for European Leadership Science (JUWELS, Jülich
Supercomputing Centre, 2019). These simulation results are all archived at the JSC
and are available on request. The model output of all CAABA/MECCA simulations
presented in Rosanka et al. (2021a) (here Chapter 5) is archived at Jülich DATA
(https://doi.org/10.26165/JUELICH-DATA/SD9F6B; Rosanka et al., 2021d). The
quantum chemical calculations have been performed using the JuKinet cluster lo-
cated at the JSC, which is owned by the Institute of Energy and Climate Research,
Troposphere (IEK-8) of the Forschungszentrum Jülich GmbH. The resulting data
are included in the supplemental material of the respective studies (Appendix A
and B). The IASI O3 data processed with FORLI-O3 v0151001 can be downloaded
from the Aeris portal at (http://iasi.aeris-data.fr/O3/, last access: 28 Octo-
ber 2020). The IASI VOC columns retrieved with the ANNI framework are avail-
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able upon request. The experimental data have been obtained from experiments
performed in SAPHIR. These data are available on the EUROCHAMP data home
page (https://data.eurochamp.org/, last access: 28 October 2020).

https://data.eurochamp.org/
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A Theoretical work  

A.1 Isoprene di-HPCARP-RO2-I 

A 1.1 Methodology 

The reactants, transition states and products in the studied mechanistic branches of the isoprene chemistry 
were characterized at the M06-2X and CCSD(T) levels of theory. A brute force search of the conformer 
space for each of these structures was performed at the M06-2X/cc-pVDZ level of theory,(Dunning, 
1989; Zhao and Truhlar, 2008; Alecu et al., 2010; Bao et al., 2017) starting from a systematic series of 
starting geometries generated by orienting the internal rotors along a set of dihedral angles reasonable for 
the type of rotor, and optimizing the geometry. While there is no guarantee that this approach yields all 
stable conformers, it should provide a near-complete description of the rotameric space. For the case at 
hand, ~24000 distinguishable structures were located from ~60000 starting geometries. The most relevant 
conformers (~850 structures across all reactions examined) were then fully re-optimized at the M06-
2X/aug-cc-pVTZ level of theory.(Dunning, 1989) The number of conformers re-optimized at this higher 
level of theory differs per structure (see Table S1), but enough were included to cover over ~80% of the 
thermal population at 300K. Intrinsic reaction coordinate (IRC) calculations were performed on the 
lowest transition states (TS) to verify the nature to the transition state; the end points of these trajectories 
were further optimized and the energies used for determining an Eckart energy barrier shape. Finally, 
single energy point calculations at the CCSD(T)/aug-cc-pVTZ level of theory (Purvis and Bartlett, 1982) 
were performed on the energetically lowest-lying geometries of each structure, to further refine the 
energy barrier estimates. 

The rate coefficients are calculated using multi-conformer canonical transition state theory (MC-CTST), 
where each structure is described as the ensemble of each of its conformers in a rigid rotor, harmonic 
oscillator approximation (Vereecken and Peeters, 2003).  

  𝑘(𝑇) =
்



∙ொಯ(்)

ொೝೌೌ(்)
𝑒𝑥𝑝 ቀ

ିா್

்
ቁ     (eq. S1) 

The barrier height Eb is the ZPE-corrected energy difference between the lowest conformers of transition 
state and reactant. The partition functions for each critical point is obtained from a Boltzmann-weighted 
sum of the partition functions Qi(T) of the nconf conformers constituting that critical point, with Ei = 0 for 
the lowest-energy conformer: 

  𝑄(𝑇) = ∑ 𝑄

ୀଵ

(𝑇) ∙ 𝑒𝑥𝑝 ቀ
ିா

்
ቁ    (eq. S2) 

This relies on a (near-)Boltzmann equilibrium population across all conformers, e.g. by internal rotation 
being significantly faster than chemical transformation reactions, a condition easily fulfilled for the 
reaction examined, given the much higher energy barriers for chemical reaction. To improve the 
prediction of k(T) and its temperature dependence, the partition functions Q(T)all are estimated for the 
M06-2X/aug-cc-pVTZ level of theory by combining the high level M06-2X/aug-cc-pVTZ result, 
available for the dominant conformers, with the low-level M06-2X/cc-pVDZ rovibrational characteristics, 
available for all conformers, as follows: 
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  𝑄(𝑇)
 = 𝑄(𝑇)

௦௧ௗ ×
ொ(்)ೢ

ೌ

ொ(்)ೢ
ೞ    (eq. S3) 

i.e. the full partition function at the M06-2X/aug-cc-pVTZ level of theory is estimated by scaling the 
partition function for the dominant conformers to the total population, using the M06-2X/cc-pVDZ 
information of the minor conformers scaled to higher-level M06-2X/aug-cc-pVTZ. This procedure 
mitigates most of the impact of omitting the higher-energy conformers at the more costly levels of theory, 
and provides an approach that can be systematically improved to the limit of full characterization at the 
higher level of theory. Alternative additive schemes for merging of the high- and low levels of theory, e.g. 
the following: 

  𝑄(𝑇) = 𝑄(𝑇)
௦௧ௗ +𝑄(𝑇)௪

 − 𝑄(𝑇)௪
௦௧ௗ  (eq. S4) 

were not retained, as such additive schemes do not scale the low-level conformer partition functions to the 
high-level properties, and thus converge somewhat slower to the limit where  all conformers are treated at 

the high level of theory. Tunneling, , is accounted for by asymmetric Eckart tunneling, where the 
conformer-specific reactant and product energies, and imaginary wavenumber, of the lowest-lying TS 
conformer are used in the calculation. As the modeling study shows that the chemistry is not overly 
sensitive to the exact rate coefficient, we saved some computational cost at this time by not implementing 

conformer-specific tunneling i in Q(T) (e.g. Ocana et al., 2019(Ocaña et al., 2019)) but applying the 

same tunneling correction  to all conformers. Conformer-specific tunneling will be implemented later 
when merging the current data into a structure-activity relationship (SAR). 

As shown below, the rates of fast H-scrambling exceed the rates of product formation by 3 to 4 orders of 
magnitude, instating a fast equilibrium between di-HPCARP-RO2-Ia, -Ib, and -Ic. In the absence of 
other loss processes that approach the rate of H-scrambling (as would be the case in e.g. high 
concentrations of NO, HO2 or RO2 radicals), one can then calculate a bulk rate coefficient for aldehyde H-
migration, forming the tri-hydroperoxy-acyl radical. Within the MC-TST paradigm, this involves 
calculating the partition functions in eq. S1 across all di-HPCARP-RO2-I and all aldehyde-H-shift TS 
conformers, as follows: 

𝑄௧௧(𝑇) = ∑ ∑ 𝑄di-HPCARP-RO2-I,

ೕ
ୀଵ

(𝑇) ∙ 𝑒𝑥𝑝 ቀ
ିாdi-HPCARP-RO2-Iೕ,

்
ቁୀ,,  (eq. S5) 

𝑄ஷ(𝑇) = ∑ ∑ 𝑄
-aldehyde-H-shift,
ஷೕ

ୀଵ
(𝑇) ∙ 𝑒𝑥𝑝 ቀ

ିாTSೕ,

்
ቁୀଵ,ସ;ଵ,ହ;ଵ,   (eq. S6) 

where EdiHPCARP_Ij,i is the energy of the i-th conformer of di-HPCARP-RO2-Ij (j=a,b,c) relative to the 
lowest di-HPCARP-RO2-I conformer, and ETSj,i the energy of the i-th conformer of the 1,4-, 1,5-, and 
1,6-aldehyde-H-shift relative to the lowest aldehyde-H-shift TS conformer, while Qdi-HPCARP-RO2-I j,i(T) and 

Q
j-aldehyde-H-shift,i are the conformer-specific partition functions; nconf j signifies the number of conformers 

for structure j. The overall barrier Eb in  eq. S1 is then the (ZPE-corrected) energy difference between the 
lowest diHPCARP-RO2-I conformer and the lowest aldehyde-H-shift TS conformer (in this case, the 
lowest-energy diHPCARP-RO2-Ic and 1,6-aldehyde-H-shift conformers). The rate coefficients 
calculated thus are included in Table 3. Note that H-scrambling does not alter the stereo-specificity, i.e. 
eq. S5 and S6 must be calculated for each stereo-specific pool of reactants/TS. In the current case, the 
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difference in reaction rate between the two isomeric pools is not overly large, and a generalized 
expression can be obtained by  averaging the two stereo-specific rate coefficients (see Table S1). 

 

A 1.2 Reaction mechanism for di-HPCARP peroxy radicals 

Table S1 shows a summary of the quantum chemical analysis of the di-HPCARP-RO2-I system. These 
molecules have 2 chiral carbon atoms, where (2R,3R) and (2S,3S) enantiomers have identical 
rovibrational data, with a second distinct set of data for the (2R,3S) and (2S,3R) enantiomers. For some 
reactions the energetic differences are slight, but barrier height differences of several kcal mol-1 exist for 
H-migration reactions spanning across both chiral atoms, owing to the impact on ring strain and 
substituent interaction in the cyclic TS. 

Formation of acyl radicals by migration of the aldehyde H-atom is an accessible channel for all di-
HPCARP-RO2-I isomers; the barrier height depends strongly on the TS cycle size, and changes from 
over 20 kcal mol-1 for a 1,4-aldehyde-H-migration, to as low as 16.3 kcal mol-1 for a 1,6-aldehyde-H-
migration. The energetically most favorable H-migrations, however, are those involving migration of H-
atoms of the hydroperoxide groups to the peroxy radical site, which allows rapid scrambling of the H-
atoms, thus allowing access to reaction channels inaccessible from di-HPCARP-RO2-Ia formed initially 
from Z-δ-RO2-I (see main paper). The reactions of the di-HPCARP-RO2-II isomers can be expected to 
be similar, i.e. fast hydroperoxide H-scrambling with energy barriers several kcal mol-1 below the 
aldehyde-H-migration pathways. Our results are analogous to those of Møller et al. (2019) (see also 
below). 

HO2 elimination is found to have too high barriers to compete (see Table S1 and 2), and is not studied in 
great detail. HO2 elimination with a –CH3 H-atom is omitted as this is expected to be even less favorable 

than those with aldehyde- or -OOH H-atoms owing to the stronger C–H bond. 1,4- and 1,5-migration of 
the H-atoms from an -OOH-substituted carbon in di-HPCARP-RO2-I is found to be less favorable than 

shifting the aldehyde-H-atom; while the energy barrier for the -OOH 1,5-H-shift is only slightly higher 
than for the 1,4-aldehyde-H-migration, the additional entropic disadvantage of losing an additional degree 
of internal rotation in the TS lowers the rate coefficient significantly (see Table S1). While HO2 

elimination and -OOH H-migrations were only examined for di-HPCARP-RO2-Ia, the H-scrambled 
forms -Ib and -Ic are not expected to present more favorable channels for these reaction classes, as no 
pathways exist with more weakly bonded H-atoms, nor allowing for a TS with a lower ring strain. 
Likewise, it is improbable that di-HPCARP-RO2-II isomers, which differ only by the position of 
the -CH3 group, show channels that are competitive against the aldehyde- and hydroperoxide-H-
migrations discussed above. 
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Table S1: Relative energies (kcal mol-1) of the reactants and transition states for the stereo-specific chemistry of di-
HPCARP-RO2-I (2-Me-3,4-diOOH-butanal-2-peroxyl), at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of 
theory. Also indicated are the number of distinguishable conformers characterized at the different levels of theory, and 
the fraction of the population covered by the data at the highest level of theory. 

Reaction Erel # Conformers a Pop. fraction b 
(2R,3R)-2-Me-3,4-diOOH-butanal-2-peroxyl (A) 0.0 64 / 1470 0.91 
 1,4-aldehyde-H-migration 21.4 24 / 251 0.88 
 1,4--OOH-H-migration 28.6 6 / 125 0.98 
 1,5--OOH-H-migration 22.6 22 / 212 0.96 
 1,6-OOH-H-migration to B 19.3 6 / 100 0.88 
 1,7-OOH-H-migration to C 12.3 14 / 35 0.99 
 Aldehyde-HO2-elimination 29.4c d  
 -OOH-HO2-elimination 31.9c d  
(2R,3R)-2-Me-2,4-diOOH-butanal-3-peroxyl (B)  0.6 47 / 1290 0.83 
 1,5-aldehyde-H-migration 18.5 18 / 146 0.95 
 1,6-OOH-H-migration to C 18.9 33 / 95 0.99 
(2R,3R)-2-Me-2,3-diOOH-butanal-4-peroxyl (C) -1.2 39 / 1234 0.96 
 1,6-aldehyde-H-migration 17.6 27 / 157 0.97 
(2R,3R)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D) 3.4 82 / 2719 0.79 
 CO elimination 11.1 104  / 2335 0.83 
(2R,3S)-2-Me-3,4-diOOH-butanal-2-peroxyl (A') 0.0 26 / 1362 0.87 
 1,4-aldehyde-H-migration 20.6 25 / 253 0.96 
 1,4--OOH-H-migration 27.2 4 / 128 0.99 
 1,5--OOH-H-migration 23.0 27 / 215 0.98 
 1,6-OOH-H-migration to B' 16.4 9 / 74 0.99 
 1,7-OOH-H-migration to C' 14.2 14 / 60 0.99 
 Aldehyde-HO2-elimination 29.3c d  
 -OOH-HO2-elimination 31.3c d  
(2R,3S)-2-Me-2,4-diOOH-butanal-3-peroxyl (B') -1.5 40 / 1280 0.91 
 1,5-aldehyde-H-migration 19.4 24 / 157 0.93 
 1,6-OOH-H-migration to C' 18.9 17 / 99 0.96 
(2R,3S)-2-Me-2,3-diOOH-butanal-4-peroxyl (C') -1.3 46 / 1172 0.94 
 1,6-aldehyde-H-migration 16.3 25 / 146 0.98 
(2R,3S)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D') 3.1 65 / 2904 0.83 
 CO elimination 10.8 68 / 2495 0.78 
2,2,2-triMe-acetyl 0.00   
 CO elimination 9.66   
 O2 addition 0.47   
  2,2,2-triMe-acetylperoxy -32.80   
2,2-diMe-2-OOH-acetyl 0.00   
 CO elimination 7.83   
 O2 addition 0.63   
  2,2-diMe-2-OOH-acetylperoxy -31.31   
a Number of distinguishable conformers found, with the last number indicating all conformers characterized at the 
M06-2X/cc-pVDZ level of theory, and the number before the dividus the number of conformers re-optimized at the 
M06-2X/aug-cc-pVTZ level of theory.   b Fraction of the population at 300K that is based on M06-2X/aug-cc-pVTZ 
rovibrational data. The remainder of the population is described by scaling the partition function at the M06-2X/cc-
pVDZ level towards the aug-cc-pVTZ data (see methodology section). c Energy barrier at the M06-2X/aug-cc-pVTZ 
level of theory. d The conformational space is not examined in as much detail as the other structures; statistics are 
omitted.  
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Figure S1: Temperature-dependent rate coefficients for the aldehyde H-shift in di-HPCARP-RO2-I. 

 

A 1.3 Comparison to literature theoretical data 

There are two recent theoretical kinetic studies available examining the di-HPCARP-RO2-I chemical 
system. A detailed comparison of the methodological differences is technical, and outside the scope of the 
current paper. To assess the uncertainties of the predictions, however, it is useful to give a short 
comparison of the results. We limit ourselves here to a discussion of the (R,R)-conformers, though the 
comparison can be generalized. 

The first study by Wang et al. (2018) identified 9 conformers for di-HPCARP-RO2-Ia, and 9 conformers 
for the transition state for 1,4-aldehyde-H-migration, from an examination of a subset of the 
conformational space with a selection of conformers based on semi-empirical methods. Despite the 
limited set of conformers, the rate coefficient at 298K, 0.86 s-1, is only a factor 1.3 below our predicted 
rate of 1.15 s-1 based on all conformers. It is unclear whether this accuracy is due to fortuitous 
cancellation of error, or from judicious selection of the two (out of 8) degrees of freedom for internal 
rotation considered; note that the authors state that all 9 di-HPCARP-RO2-Ia conformers can undergo the 
1,4-aldehyde-H-migration directly, which indicates they include some less stable conformers, as our set of 
9 energetically lowest conformers includes structures where the aldehyde H-atom and the radical oxygen 
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are not pointing towards each other. We optimized some of the provided conformers at the M06-2X/cc-
pVDZ level of theory, finding them to be up to 8.7 kcal mol-1 above our most stable conformer, indicating 
that at least some of the 9 conformers have a negligible contribution to the thermal population. For the 

1,5--OOH-H-migration, this study finds a rate coefficient 9.210-1 s-1, over an order of magnitude higher 

than our value of 510-3 s-1, mostly due to their reported barrier height being several kcal mol-1 below our 
value; these results are again likely distorted due to the strongly reduced conformer space missing low-
energy conformers. Wang et al. (2018) do not examine any of the other aldehyde H-migration pathways 
to allow further comparison. The barrier for CO elimination after aldehyde H-migration, 8.5 kcal mol-1, 
somewhat higher than our value which, combined with the limited set of conformers considered, results in 

a slower dissociation rate of 6.6106 s-1 compared to our value of 2108 s-1. For such low values of CO 
elimination barrier heights, O2 addition forming acylperoxy radicals would become competitive. 

The methodology used by Møller et al. (2019) is more directly comparable to our methodology, and 
includes an extensive search of the conformer space, while the ROCCSD(T)-F12a/cc-pVDZ-

F12//B97X-D/aug-cc-pVTZ level of theory used for the rovibrational and energetic parameters in the 
multi-conformer kinetics is of a comparable class of methods as the methodology used in our work. In 
most cases, we find strongly comparable barrier heights, with differences of a few tenths of a kcal mol-1 
only, as expected from the levels of theory applied. Despite these resemblances, the predicted rate 
coefficients still differ by over an order of magnitude at room temperature. We surmise that these 
differences are caused by the low-level methodology used to discover and screen the conformers as 
outlined in Møller et al. (2016), which returns only a subset of the conformers. For example, Møller et al. 
(2019) report finding over 600 conformers for R,R-di-HPCARP-RO2-Ia, whereas we have characterized 
almost 1500 conformers for this compound, over twice as many. Their semi-empirical screening might 
hope to find predominantly the most important, lowest-energy conformers, where the ~800 missed 
conformers would then be almost exclusively unstable, high-energy conformers with negligible 
contribution to the population. However, Møller et al. (2019) found 11 conformers below a 2 kcal mol-1 
cutoff, whereas we found 27 conformers below 2 kcal mol-1 (M06-2X/aug-cc-pVTZ level of theory), 
indicating that low-energy conformers are missed in about equal proportion as for the total conformer 
pool. The 11 lowest conformers in our subset of 27 contribute less than 50 % of the thermal population at 
300K, thus not describing the population all that well; it is unclear if the 11 conformers of Møller et al. 
(2019) actually correspond to our lowest 11. Furthermore, while the use of an energetic cut-off (typically 
2 kcal mol-1 for work based on Møller et al. (2016)) is likely a reasonable choice for aliphatic compounds, 
it is less appropriate for work with oxygenated compounds. In particular, H-bonded conformers are 
energetically more favorable, but tend to be more rigid, while higher-energy conformers with less or no 
hydrogen bonds are more loose, i.e. more entropically favorable. Thus, as can be seen in the population 
analysis (shown in the supporting information), conformers with energies above 2 kcal mol-1 are still 
contributing strongly to the population. In our analysis, enough conformers are included in our high-level 

calculations to ascertain the bulk of the population, 80%, is covered, and all remaining conformers are 
still included in the kinetic analysis using the data at the lower level of theory. Another drawback of using 
an energetic cut-off in the population analysis is that, with hundreds to thousands of conformers, the high 
number of conformers can overcome a Boltzmann weight disadvantage of one or two orders of magnitude 
and still provide a non-negligible contribution to the population compared to the dozen lowest-energy 
conformers. The impact of this can't be assessed properly without a more complete population analysis; 
for the case at hand, we find that at 300K over 30% of the R,R-di-HPCARP-RO2-Ia population is 
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contributed by conformers over the 2 kcal mol-1 energy cut-off (over 50% when referenced to the 11 
lowest conformers). Having most of the conformer population represented in the kinetic analysis is 
especially important when the temperature-dependence is examined, e.g. the contribution of the 11 lowest 
conformers decreases to less than 35% of the population at 400K (though obviously Møller et al. (2019) 
would have used a higher energy cut-off value at this temperature). As described by Møller et al. (2019), 
using semi-empirical methods for screening of conformers is significantly more problematic for transition 
states than for reactants, spreading the conformer energy range (typically 10 to 20 kcal mol-1 for the 
multi-oxygenated compounds studied here) to over more than 1000 kcal mol-1. It seems unlikely that the 
recovered fraction of the conformers, or fraction of the population, is always sufficiently similar for 
minima and TS to provide reliable cancellation of error, incurring a larger uncertainty on the rate 
coefficient predictions and their temperature dependence. In the following section, we shortly discuss 
technical aspects for further improvements in MC-TST methodologies building on the benefits of both 
our and Møller et al. approach. 

A.2 Outlook for multi-conformer methodologies 

Based on the comparison between our theoretical results and that of other authors, we find that using 
semi-empirical methods for screening the conformers relies more on cancellation of error than has been 
assumed so far, at least for more complex molecules such as studied here. To our knowledge, this is the 
first exploratory comparison for a complex reaction system between the Møller et al. (2016) methodology 
based on semi-empirical screening with a kinetic analysis of a subset of the conformers on the one hand, 
and the all-conformer MC-TST (Vereecken and Peeters, 2003) based on DFT screening as typically 
performed by our research group. Hence, it is too early to properly assess the relative performance of the 
two MC-TST approaches. An ineffective screening method can lead to larger a priori uncertainties of the 
kinetic predictions, probably exceeding an order of magnitude when using semi-empirical methods, 
though the statistical nature of the sampling prevents systematic under- or over-prediction across many 
reactions. It is important to stress that the search of the conformer space remains a heuristic process in 
practice, and all practical screening methods are likely to miss some conformer in complex cases, as well 
as return structures that are non-existing at higher levels of theory. Furthermore, due to the large number 
of structures involved, it becomes more likely that e.g. erroneous structures are not removed from the 
populations, or that other flaws are missed by the scientist, despite extensive use of software in 
generating, handling, and testing all structures. Our more rigorous screening is thus also likely both a 
subset and superset of the true conformer pool. The larger number of conformers found, and the inclusion 
of all conformers in the kinetic analysis, dampens the impact to a larger extend than in the methodology 
of Møller et al. (2016), but this increased robustness comes at a considerable additional computational 
cost. Note that applying higher levels of theory afterwards on the subset of conformers obtained can't 
rectify shortcomings in the conformer screening.  

For the reactions classes studied here, i.e. H-migration in RO2 intermediates leading to poly-
functionalized species and HOMs, there is significant interest in the chemistry of larger terpenoids. The 
increased computational cost of characterizing these molecules could become overwhelming, so 
developing efficient and accurate screening methods are critical. Despite the challenges encountered 
when using semi-empirical methods, the computationally more affordable methodology implemented by 
Møller et al. (2016) has then many uses; in particular, it remains a cost-effective method for identifying 

which reactions might be important or can be neglected (e.g. the -OOH H-shift reactions or HO2 
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eliminations given in Table S1), providing an order-of-magnitude estimate of the rate coefficient, and of 
its temperature dependence over small temperature ranges. Future work should try to identify screening 
methods that are computationally less costly than used in our work, yet are more reliable than semi-
empirical methods in returning most conformers, or returning all low-energy conformers. A detailed 
numerical comparison between this work and the data in Møller et al. (2019) is outside the scope of this 
paper, but would be an excellent starting point in the search for reliable yet affordable screening methods. 
This method development would need to include quantum chemical methods such as semi-empirical, 
molecular mechanics, DFT, and wavefunction-based methodologies, include sampling methods such as 
explicit iteration over all variables, nearest-neighbor search, random walks, or Monte-Carlo sampling, and 
include ensemble methods, asymptotic convergence, and other quality metrics to assess the completeness 
of the sampling. Superimposed on this sampling problem, the traditional improvements on the prediction 
of energetic and rovibrational characteristics of the molecules and on the theoretical kinetic analysis, 
remain an important factor facing its own challenges when dealing with exceedingly large sets of 
conformers. 

A.3 Chemistry of enol-peroxy radicals 

Earlier studies have shown that unsaturated peroxy radicals can have fast ring closure reactions 
(Vereecken and Peeters, 2004), and this reaction class has been invoked in atmospheric models such as 

the OH-initiated -pinene oxidation to explain experimentally observed nopinone and acetone yields 
(Kaminski et al., 2017). Similarly, H-migrations accelerated by double bonds have been proposed 
(Peeters et al., 2014). In contrast, the enol peroxy radicals, formed in the isoprene mechanism from Z,E'-
HOO-hydroxy-allyl radicals by O2 addition (see figure S2), are thought by Müller et al. (2019) to  have no 
viable reaction channels competing with redissociation to an alkyl radical + O2, implying that H-
migration and ring closure reactions are negligibly slow. In this section, we perform some exploratory 
calculations on template enol-peroxy radicals to examine at the impact of unsaturated bonds and of –OH 
substitution on these two reaction classes. 

Figure S2 shows the barrier heights and rate coefficients obtained for 6-membered ring closure reactions 
in enols. In our earlier work we only examined isoprene-derived unsaturated peroxy radicals where the –
OH substituent was not attached to the double-bonded carbons, finding ring closure rates of the order of 

0.3 s-1 at 303 K (Vereecken and Peeters, 2004). In this work, we find that the formation of -OH cyclic 
peroxides significantly lowers the barriers compared to aliphatic peroxide radicals with only a spectator –
OH substituent, thus increasing the reaction rates significantly (to ~10 s-1). We also observe strong stereo-
specificity in the calculated rates, with the Z-enols reaction being slower than E-enols. The underlying 
reason is the H-bond in the Z-enol reactant, which needs to break when performing the ring closure, and 
thus leading to a higher effective reaction barrier. Still, the rate coefficient difference between Z- and E-
enols is not as large as would be expected from the difference in barrier height, as the dominant H-bonded 
Z-enol conformer is also much more rigid then the E-enols, leading to a lower state density for the Z-enol 
reactant and hence a more favorable entropic factor in the rate coefficient calculations. Figure S2 also 
shows the impact of a methyl group on the double bond, where we find that formation of a tertiary 
product radical further lowers the ring closure barrier height by 2 kcal mol-1, again enhancing the reaction 
rate. This result is expected, confirming a traditional Evans-Polanyi correlation. Combined, we find that 
ring closure is accelerated by several orders of magnitude compared to the ring closure rates found in our 
earlier work, with ring closure rate coefficients as high as 103 s-1.  
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Similar enhancement was found for H-migration reactions (see figure S2), where formation of an 
hydroxy-allyl-resonance stabilized radical product leads to H-migration reactions several orders of 

magnitude faster (k ~ 610-2 s-1) than traditional, aliphatic methyl-H-abstractions which have rather slow 
reaction rates (k ~ 10-4 s-1) as predicted by theory and observed by experiment (Nozière and Vereecken; 
Sharma et al., 2010; Miyoshi, 2011; Otkjær et al., 2018). In this particular case, the H-migration rate 
coefficients are too low to compete against the ring closure reaction. However, the enhancement of the H-
migration rates could be important for formation of oxygenates and highly oxygenated molecules 
(HOMs) from other compounds, where experimental evidence on HOM formation shows very high 
oxygen to carbon ratios, which can only be explained if all carbons in the reactant molecule are activated 
for oxidation. Allyl-resonance stabilization of the product radical, possibly aided by stabilizing 
substituents on the second radical site, could thus prove an important mechanism to enable oxygenation of 
otherwise mostly unreactive methyl groups in terpenoids and other atmospherically relevant compounds. 

At this time, it is unclear whether the current results are directly applicable to the isoprene-derived 
intermediates discussed elsewhere in this work. The enol-peroxy radicals of interest there have additional 
oxygenated substituents, which may either enhance or reduce the reaction rate, or affect alternative loss 
processes such as loss of O2. Future work will examine reactions of a wider range of enol-peroxy radicals 
to investigate these effects.  

 

Figure S2: Barrier heights, room-temperature rate coefficients and temperature-dependent rate coefficients for ring 
closure and H-migration reactions in enol-peroxy radicals. 
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B. Kinetic models 

B.1 M0 model 

The M0 model is the same as the MCMv3.3.1 model but with H-shift isomerization reactions removed. 
To keep the number of changes as limited as possible, the removal of the isomerization reaction was 
implemented by removing the OH-isoprene adducts CISOPA, CISOPC, TISOPA, TISOPC  that were 
introduced in the 2015 update to the MCM chemistry (Jenkin et al., 2015), and their equilibrium 
reactions. The reactions with formation of either CISOPCO2 or CISOPAO2 were likewise removed, as 
was the 1,5-H shift reaction as a loss path for ISOPBO2, ISOPDO2 and C524O2. To account for the 
resulting removal of two of the RO2 isomers formed after reaction of isoprene with OH radicals, the 
yields for the remaining RO2 radicals were scaled, accommodating the attack of the OH radicals on the 
isoprene carbons C2 and C3 introduced in MCMv3.3.1 (Jenkin et al., 2015). Table S2 lists all reactions 
affected. 

Table S2 Reactions removed (in red), or modified (black) within the M0 model, compared to th MCMv3.3.1. The names of 
the compounds are as in the MCMv3.3.1.  

Model  Reaction Partial rate coefficient (cm3 s-1)  
M0 OH  +  C5H8  -->  CISOPA [removed] 

OH  +  C5H8  -->  CISOPC [removed] 
 OH  +  C5H8  -->  TISOPA [removed] 
 OH  +  C5H8  -->  TISOPC [removed] 
 ISOPAO2  -->  TISOPA [removed] 
 ISOPBO2  -->  CISOPA [removed] 
 ISOPBO2  -->  TISOPA [removed] 
 ISOPCO2  -->  TISOPC [removed] 
 ISOPDO2  -->  CISOPC [removed] 
 ISOPDO2  -->  TISOPC [removed] 
 OH  +  C5H8  -->  ISOPAO2 2.7×10-11×exp(390/T)×0.14 
 OH  +  C5H8  -->  ISOPBO2  2.7 x 10-11×exp(390/T)×0.41 
 OH  +  C5H8  -->  ISOPCO2  2.7 x 10-11×exp(390/T)×0.09 
 OH  +  C5H8  -->  ISOPDO2 2.7 x 10-11×exp(390/T)×0.28 
 ISOPBO2  -->  MVK  +  HCHO  +  OH [removed] 
 ISOPDO2  -->  MACR  +  HCHO  +  OH 

C524O2  -->  HMACR  +  HCHO  +  OH 
[removed] 
[removed] 

 

B.2 M1 model 

The M1 model is based on the MCMv3.3.1 model but contains: 

1- The equilibrium reactions between OH-isoprene adducts and isoprene-RO2 conformers as 
implemented in the Caltech mechanism (Wennberg et al., 2018). 

2- A faster 1,6-H shift for the Z-δ-RO2 combined with a higher yield of formation for di-HPCARP-
RO2 (0.6), as suggested by experimental and theoretical results (Peeters et al., 2014; Teng et al., 
2017) and as described in the Caltech mechanism (Wennberg et al., 2018). 

3- The rate coefficients for the aldehyde-H shift of di-HPCARP-RO2 and product distribution as 
calculated from theory within this study.  

Table S3 lists all reactions affected. 
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Table S3 Reactions modified within the M1 model, compared to th MCMv3.3.1. The names of the compounds are as in 
the MCMv3.3.1.  

Model Reaction Partial rate coefficients (cm3 s-1 or s-1) 
M1 TISOPA-->ISOPAO2  0.4×10-12 

 TISOPA--> ISOPBO2 0.8×10-12 
 CISOPA-->ISOPBO2 0.8×10-12 
 CISOPA-->CISOPAO2 0.1×10-12 
 CISOPC-->CISOPCO2 0.2×10-12 
 CISOPC-->ISOPDO2 0.7×10-12 
 TISOPC-->ISOPDO2 0.7×10-12 
 TISOPC-->ISOPCO2 0.5×10-12 
 ISOPAO2-->TISOPA 1.8×1014

×exp(-8930/T) 
 ISOPBO2-->TISOPA 2.2×1015

×exp(-10355/T) 
 ISOPBO2-->CISOPA 2.2×1015

×exp(-10865/T) 
 CISOPAO2-->CISOPA 1.8×1014×exp(-8830/T) 
 CISOPCO2-->CISOPC 1.7×1014

×exp(-9054/T) 
 ISOPDO2-->CISOPC 2.5×1015

×exp(-10890/T) 
 ISOPDO2-->TISOPC 2.5×1015

×exp(-11112/T) 
 ISOPCO2-->TISOPC 2.1×1014

×exp(-9400/T) 
 CISOPAO2-->C5HPALD1+HO2 5.0×1015

×exp(-12200/T)×exp(1×108/T3)×0.4  
CISOPAO2-->C536O2 5.0×1015

×exp(-12200/T)×exp(1×108/T3)×0.6 
 CISOPCO2-->C5HPALD2+HO2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.4 
 CISOPCO2-->C537O2 2.2×109

×exp(-7160/T)×exp(1×108/T3)×0.6 
 C536O2-->DHPMEK+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
 C537O2-->DHPMPAL+CO+OH 6.5×10-53×T20.52×exp(1669/T) 

 

 

 

B.3 M2 model 

The M2 model is based on the MCMv3.3.1 model but contains: 

1- A faster 1,6-H shift for the Z-δ-RO2 combined with a higher yield of formation for di-HPCARP-
RO2 (0.6), as suggested by experimental and theoretical results (Peeters et al., 2014; Teng et al., 
2017) and as described in the Caltech mechanism (Wennberg et al., 2018). 

2- The rate coefficients for the aldehyde-H shift of di-HPCARP-RO2 and product distribution as 
calculated from theory within this study.  

Table S4 lists all reactions affected. 

Table S4 Reactions modified within the M2 model, compared to th MCMv3.3.1. The names of the compounds are as in 
the MCMv3.3.1. 

Model Reaction Partial rate coefficients (s-1)  
M2 CISOPAO2-->C5HPALD1+HO2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.4  

CISOPAO2-->C536O2 5.0×1015
×exp(-12200/T)×exp(1×108/T3)×0.6 

 CISOPCO2-->C5HPALD2+HO2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.4 
 CISOPCO2-->C537O2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.6 
 C536O2-->DHPMEK+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
 C537O2-->DHPMPAL+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
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B.4 M3 model 

The M3 model is based on the MCMv3.3.1 model but contains: 

1- A faster 1,6-H shift for the Z-δ-RO2 as suggested by experimental and theoretical results (Peeters 
et al., 2014; Teng et al., 2017) and as described in the Caltech mechanism (Wennberg et al., 
2018). 

2- A larger yield for HPALD as described in the study by Berndt et al. (2019) 
3- The rate coefficients for the aldehyde-H shift of di-HPCARP-RO2 and product distribution as 

calculated from theory within this study.  

Table S5 lists all reactions affected. 

Table S5 Reactions modified within the M3 model, compared to th MCMv3.3.1. The names of the compounds are as in 
the MCMv3.3.1. 

Model Reaction Partial rate coefficients (s-1)  
M3 CISOPAO2-->C5HPALD1+HO2 5.0×1015

×exp(-12200/T)×exp(1×108/T3)×0.75 
CISOPAO2-->C536O2 5.0×1015

×exp(-12200/T)×exp(1×108/T3)×0.25 
 CISOPCO2-->C5HPALD2+HO2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.75 
 CISOPCO2-->C537O2 2.2×109

×exp(-7160/T)×exp(1×108/T3)×0.25 
 C536O2-->DHPMEK+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
 C537O2-->DHPMPAL+CO+OH 6.5×10-53×T20.52×exp(1669/T) 

 

 

 

 

 

C. Modelled OH regeneration efficiency (RE) 

The aldehyde-H shift includes the isomerization reaction of the di-HPCARP-RO2 (C536O2 and C537O2) 
formed after the isomerization of the Z-δ-RO2, combined with the OH radical which is directly recycled 
from the products of the aldehyde-H shift (dihydroperoxy carbonyl compounds, DHPMEK and 
DHPMPAL). In addition, the isomerization of the RO2 which originates from OH reaction with MACR 
(MACRO2) is included (Table S6).  

Table S6.  Reaction paths forming OH radicals included in the modelled OH regeneration efficiency, with their label as 
used in figure 7. The names of the compounds are as in the MCMv3.3.1. 

Reaction label Reaction paths included 
HONO + hv HONO + hv 

O3 + hv O3 + hv 
HO2+ O3 HO2+ O3 

HO2 + NO HO2 + NO 
1,5-H shift ISOPBO2 and ISOPDO2 

HPALD + hv C5HPALD1+ C5HPALD2+ C5PACALD1+ C5PACALD2 + hv 
Aldehyde-H shift C536O2, C537O2, DHPMEK, DHPMPAL, MACRO2  
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D. Global model 

The ECHAM/MESSy Atmospheric Chemistry (EMAC) (Jöckel et al., 2010) model was used to 
investigate the global impact of changes in the isomerization of the isoprene chemistry. In this study, two 
simulations were performed using the Mainz Organic Mechanism (MOM) (Sander et al., 2019). The first 
simulation served as a reference and the second one included changes as discussed in this study. In the 
reference simulation, no 1,6-H shift and aldehyde-H shift isomerization in the isoprene chemistry were 
included (comparable to the no-H shift model). The second simulation is comparable to the M2 model 
and includes isomerization reactions (1,5-, 1,6- and aldehyde –H shift) using a 0.4 yield for HPALD and 
0.6 yield for di-HPCARP-RO2 from the 1,6-H shift. In addition, traditional RO2 chemistry was included 
for HPALD and di-HPCARP as used in the MCMv3.3.1. For both simulations, the reaction rates adapted 
from LIM1 (Peeters et al., 2014) for the equilibrium reactions between OH-isoprene adducts and 
isoprene-RO2 conformers were used. Finally, a third simulation was run where the yield of HPALD was 
set to 0.75, comparable to model M3. The relevant reactions are listed in table S7, while the impact on the 
OH concentrations is illustrated in figure S3. 

 

 

Figure S3. Relative increase of the global ground-level concentration of OH radicals. The implementation of a fast rate 
coefficient for the 1,6-H shift together with the inclusion of the aldehyde-H shift results in an increase of more than a 
factor of 3 for the OH radical concentrations in regions with large concentrations of isoprene and low NO, when 
compared to a model without isomerization reactions.  
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Table S7. Changes to the MOM mechanism used in this study to assess the global impact of isomerisation reaction in the 
isoprene chemistry. The names of the compounds are as in the original MOM mechanism, whereas newly added 
compounds are labeled as in the MCMv3.3.1. 

Reaction (Partial) Rate coefficients (cm3 s-1 or s-1) 
LISOPACO2-->C536O2 5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3) x 0.6 
LISOPACO2-->ZCODC23DBCOOH+HO2 5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3))x 0.4 
LDISOPACO2-->C537O2 5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3) x 0.6 
LDISOPACO2-->ZCODC23DBCOOH+HO2 
C536O2+HO2-->C536OOH+O2 
C536O2+NO-->C536O+NO2 
C536O2+NO3-->C536O+NO2 
C536O2-->C536O 
C536O2-->DHPMEK+CO+OH 
C537O2+HO2-->C537OOH+O2 
C537O2+NO-->C537O+NO2 
C537O2+NO3-->C537O+NO2 
C537O2-->C537O 
C537O2-->DHPMPAL+CO+OH 
C536OOH+OH-->DHPMEK+CO+OH 
C536O-->MGLYOX+HOOCH2CHO+OH 
C537OOH+OH-->DHPMPAL+CO+OH 
C537O-->GLYOX+HYPERACET+OH 
DHPMEK+OH-->BIACETOOH+OH+H2O 
DHPMEK+OH-->C4CO2OOH+OH+H2O 
DHPMPAL+OH-->C3MDIALOOH+OH+H2O 
DHPMPAL+OH-->HYPERACET+CO+OH+ H2O 
C3MDIALOOH+OH-->C3MDIALO2+H2O 
C4CO2OOH+OH-->CO23C3CHO+OH+H2O 
C4CO2O+O2-->GLYOX+CH3CO3 
C4CO2O+O2-->MGLYOX+HO2+CO 
C3MDIALO+O2-->MGLYOX+CO+HO2 
C536OOH+hv-->C3MDIALOOH+HCHO+OH+OH 
C536OOH+hv-->DHPMEK+CO+OH+HO2 
C536OOH+hv-->MGLYOX+HOOCH2CHO+OH+OH 
C537OOH+hv-->C4CO2OOH+HCHO+OH+OH 
C537OOH+hv-->DHPMPAL+CO+OH+HO2 
C537OOH+hv-->GLYOX+HYPERACET+OH+OH 
DHPMEK+hv-->CH3CO3+HOOCH2CHO+OH 
DHPMEK+hv-->MGLYOX+HCHO+OH+OH 
DHPMPAL+hv-->C3MDIALOOH+OH 
DHPMPAL+hv-->HYPERACET+OH+CO+HO2 
DHPMPAL+hv-->MGLYOX+OH+HCHO+OH 
C3MDIALOOH+hv-->C3MDIALO+OH 
C3MDIALOOH+hv-->MGLYOX+OH+HO2+CO 
C4CO2OOH+hv-->C4CO2O+OH 
C4CO2OOH+hv-->CH3CO3+GLYOX+OH 
C4CO2OOH+hv-->HO2+CO+MGLYOX+OH 

5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3) x 0.4 
2.91 x 10-13 x EXP(1300/T)*0.706 
2.54 x 10-12 x EXP(360./T) 
2.50 x 10-12 
9.20 x 10-14 x RO2 
6.52×10-53×T20.52×exp(1669/T) 
2.91 x 10-13 x EXP(1300/T)*0.706 
2.54 x 10-12 x EXP(360./T) 
2.50 x 10-12 
8.80 x 10-13 x RO2 
6.52×10-53×T20.52×exp(1669/T) 
6.60 x 10-11 
1.00 x 106 
5.64 x 10-11 
1.00 x 106 
2.92 x 10-11 x 0.56 
2.92 x 10-11 x 0.44 
3.77 x 10-11 x 0.32 
3.77 x 10-11 x 0.68 
1.35 x 10-10 
7.83 x 10-11 
1.00 x 106 x 0.5 
1.00 x 106 x 0.5 
1.00 x 106 
jx(ip_CH3OOH) 
jx(ip_IPRCHO2HCO) 
jx(ip_CH3OOH)*2 
jx(ip_CH3OOH) 
jx(ip_IPRCHO2HCO) 
jx(ip_CH3OOH)*2 
jx(ip_CH3OOH)+ jx(ip_CHOH)* 0.42 
jx(ip_CH3OOH) 
jx(ip_CH3OOH) 
jx(ip_C3H7CHO2HCO) 
jx(ip_CH3OOH) 
jx(ip_CH3OOH) 
jx(ip_IPRCHO2HCO)*2 
jx(ip_CH3OOH) 
jx(ip_CHOH)* 0.42 
jx(ip_IPRCHO2HCO) 
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D. Additional tables and figures 

Table S8. Rate coefficients for the addition of O2 to OH-isoprene adducts, and for re-dissociation of isoprene-RO2 (Fig. 1). 
The rate coefficients for the oxygen additions (kf) are in cm3 s-1 and are typically temperature independent. The rate 
coefficient for the re-dissociations (kr) are in s-1.  

 LIM1(Peeters et al., 2014) MCMv3.3.1 (Jenkin et al., 2015) Caltech (Wennberg et al., 2018) 
kf1 0.5×10-12×exp(-480/T) -  2.5×10-12×exp(-480/T) 0.4×10-12 
kf2 0.6×10-12 3.0×10-12 0.8×10-12 
kf3 0.6×10-12 3.0×10-12 0.8×10-12 
kf4 0.7×10-12 3.5×10-12 0.1×10-12 
kf5 0.4×10-12 2.0×10-12 0.2×10-12 
kf6 0.7×10-12 3.5×10-12 0.7×10-12 
kf7 0.7×10-12 3.5×10-12 0.7×10-12 
kf8 0.5×10-12×exp(-480/T) 2.5×10-12×exp(-480/T) 0.5×10-12 
kr1 5.7×1013×exp(-9028/T) 2.9×1014×exp(-9028/T) 1.8×1014×exp(-8930/T) 
kr2 1.7×1015×exp(-10743/T) 8.5×1015×exp(-10743/T) 2.2×1015×exp(-10355/T) 
kr3 1.7×1015×exp(-11322/T) 8.6×1015×exp(-11322/T) 2.2×1015×exp(-10865/T) 
kr4 1.0×1015×exp(-9838/T) 5.2×1015×exp(-9838/T) 1.8×1014×exp(-8830/T) 
kr5 6.1×1014×exp(-10254/T) 3.1×1015×exp(-10254/T) 1.7×1014×exp(-9054/T) 
kr6 2.1×1015×exp(-11705/T) 1.1×1016×exp(-11705/T) 2.5×1015×exp(-10890/T) 
kr7 2.1×1015×exp(-11569/T) 1.1×1016×exp(-11569/T) 2.5×1015×exp(-11112/T) 
kr8 4.2×1013×exp(-9984/T) 2.1×1014×exp(-9984/T) 2.1×1014×exp(-9400/T) 
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Figure S4: Reaction scheme detailing the reaction steps affecting the HPALD vrs. di-HPCARP yields. The submechanism 
in the labeled boxes A through E are discussed in the text. 
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Figure S5. Comparison of modelled and measured trace gases for an experiment with NO < 0.2 ppbv. Measured time 
series of radicals and OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC) and CO (Picarro) are compared 
to model calculations. Vertical dashed lines indicate the times when isoprene was injected. Good agreement is observed 
when using M2, M3 or LIM1 (Table 2). Error bars represent 1 σ standard deviation. 
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Raw quantum chemical data:
#################################################################################
E-HOCH=CHCH2CH2OO ring closure
#################################################################################

HOCHCHCH2CH2OO.Ecpmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13875016
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.464605 -0.422977 0.119382
C -1.214437 0.847892 -0.164136
C 0.132747 1.506700 -0.092726
C 1.242428 0.655855 0.476854
O 1.542377 -0.394003 -0.472187
O 2.422013 -1.221736 -0.000305
O -2.679471 -1.027466 0.067432
H -0.700741 -1.127820 0.419328
H -2.038291 1.479660 -0.483204
H 0.436862 1.853511 -1.084376
H 0.067173 2.402931 0.529284
H 2.158746 1.227493 0.615094
H 0.967614 0.177698 1.416724
H -3.347513 -0.392658 -0.208613

Rotational constants (GHz): 4.5202800 1.4779300 1.1717900
Vibrational harmonic frequencies (cm-1):

48.1026 124.2428 131.8012
214.6629 263.0421 302.0468
395.1256 448.3625 524.2222
619.2420 798.5684 872.2430
939.1204 992.9402 1001.4340

1064.1514 1112.3987 1161.7700
1229.2525 1254.3525 1293.3706
1297.0187 1350.5167 1387.6863
1403.8246 1421.8062 1476.3599
1506.1178 1767.7863 3052.5511
3078.7936 3092.3963 3144.1966
3156.9067 3222.3314 3857.5254

Zero-point correction (Hartree): 0.111644

HOCHCHCH2CH2OO.Ecpmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13755268
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.459720 -0.380138 0.100018
C -1.195673 0.890109 -0.161260
C 0.160351 1.527147 -0.087119
C 1.259783 0.656818 0.472133
O 1.538632 -0.395509 -0.482336
O 2.331305 -1.292747 0.015563
O -2.730887 -0.869703 0.027081
H -0.695940 -1.096969 0.379060
H -2.021999 1.524596 -0.459245
H 0.465324 1.880214 -1.076448
H 0.109175 2.419006 0.542606
H 2.186733 1.212246 0.607498
H 0.982718 0.178054 1.410801
H -2.726850 -1.817098 0.170634

Rotational constants (GHz): 4.4196600 1.5059900 1.1816000
Vibrational harmonic frequencies (cm-1):

42.0257 126.7007 135.7249
206.3338 235.5286 286.2958
312.5589 394.5795 519.4377
621.7216 802.1858 879.4116
933.8539 972.8706 994.0134

1062.5462 1111.2065 1185.9560
1215.4124 1235.8830 1286.2828
1299.1804 1353.5418 1387.9902
1389.6808 1417.4445 1475.1009
1504.8745 1790.0874 3052.1121
3078.1940 3091.5871 3143.5744
3188.7776 3190.6990 3917.2498

Zero-point correction (Hartree): 0.111267

HOCHCHCH2CH2OO.Ecppc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13947030
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.529484 -0.302489 0.170987
C -1.034845 0.811980 -0.349991
C 0.374698 1.300939 -0.188853
C 1.232616 0.510313 0.773581
O 1.481866 -0.830752 0.290517
O 2.258116 -0.821903 -0.748450
O -2.804690 -0.750430 0.033491
H -0.945277 -0.991818 0.765712
H -1.686990 1.431986 -0.958476
H 0.886349 1.319515 -1.154593
H 0.364612 2.334302 0.167739
H 2.203798 0.980548 0.914588
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H 0.745164 0.362278 1.736279
H -3.307907 -0.136598 -0.510058

Rotational constants (GHz): 4.9983100 1.4387300 1.2663800
Vibrational harmonic frequencies (cm-1):

67.8308 117.8662 148.3515
204.1084 269.3890 314.1250
431.1025 446.1421 535.4174
625.5700 811.4498 862.5680
928.0912 984.7397 995.4913

1037.2588 1118.6221 1160.2299
1227.7424 1248.8181 1283.3823
1316.4783 1350.1384 1390.1106
1399.1873 1413.6909 1474.9318
1494.2587 1766.1610 3055.8556
3083.2992 3099.4234 3154.0351
3155.0453 3223.1537 3859.8894

Zero-point correction (Hartree): 0.111753

HOCHCHCH2CH2OO.Ecppt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13802000
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.529449 -0.270471 0.138609
C -1.022385 0.847727 -0.355323
C 0.393919 1.310374 -0.189437
C 1.239116 0.507328 0.773733
O 1.461834 -0.842237 0.299354
O 2.237854 -0.857438 -0.739800
O -2.840301 -0.599535 -0.051762
H -0.944052 -0.982245 0.709316
H -1.680273 1.480772 -0.939231
H 0.906484 1.324864 -1.154913
H 0.399687 2.343160 0.169092
H 2.219956 0.958170 0.911539
H 0.749641 0.373436 1.737641
H -3.013743 -1.474224 0.298727

Rotational constants (GHz): 4.9691000 1.4437000 1.2654800
Vibrational harmonic frequencies (cm-1):

67.3447 120.3136 150.1679
197.9145 232.0141 293.8005
317.3200 440.0979 534.0222
625.9645 814.0036 865.5497
925.5620 971.6286 985.4511

1035.0411 1118.1520 1185.3130
1218.1745 1229.5988 1278.3390
1313.1957 1355.4120 1387.3704
1392.6868 1407.0145 1473.1566
1491.9981 1788.7664 3055.7378
3082.3562 3098.1625 3153.7357
3187.0484 3189.4940 3917.0116

Zero-point correction (Hartree): 0.111400

HOCHCHCH2CH2OO.Ectpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13938546
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.936312 -0.344147 -0.048058
C 1.221437 0.766858 0.066513
C -0.268783 0.828034 0.220496
C -0.935101 -0.530449 0.227231
O -2.358621 -0.381508 0.409864
O -2.926371 0.085049 -0.659898
O 3.285433 -0.418540 -0.190501
H 1.502893 -1.335730 -0.039989
H 1.740157 1.720866 0.048268
H -0.526798 1.344957 1.148427
H -0.706390 1.411545 -0.592537
H -0.780617 -1.069171 -0.707047
H -0.617071 -1.141356 1.070902
H 3.661109 0.467113 -0.200841

Rotational constants (GHz): 9.8150100 0.9944200 0.9536900
Vibrational harmonic frequencies (cm-1):

69.9008 110.5973 147.6182
162.2996 271.1103 322.2673
376.4266 438.7931 543.6010
669.5200 774.6993 854.3725
955.3967 987.5271 994.7808

1101.3430 1108.4992 1158.9623
1238.2333 1253.1820 1285.9201
1320.6570 1340.1831 1350.9176
1403.4472 1422.6524 1492.0627
1503.2176 1766.7069 3055.1602
3089.3721 3090.7007 3150.9597
3159.3541 3214.6008 3858.0659

Zero-point correction (Hartree): 0.111728

HOCHCHCH2CH2OO.Ectpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13741398
Electronic state : 2-A
Cartesian coordinates (Angs):
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C 1.939941 -0.306288 -0.043998
C 1.212318 0.795109 0.054537
C -0.277420 0.841180 0.204218
C -0.931955 -0.522116 0.240755
O -2.357334 -0.384119 0.418383
O -2.929968 0.042776 -0.665264
O 3.297206 -0.251505 -0.178406
H 1.511880 -1.302568 -0.024448
H 1.733897 1.744451 0.023800
H -0.541629 1.377099 1.119589
H -0.719151 1.403362 -0.621714
H -0.772293 -1.080333 -0.681255
H -0.609342 -1.110884 1.098530
H 3.660101 -1.135645 -0.245271

Rotational constants (GHz): 9.8556000 0.9914600 0.9518100
Vibrational harmonic frequencies (cm-1):

68.2076 106.6733 144.7125
160.4354 191.3743 296.9736
323.3690 370.0179 543.0483
668.8520 773.9917 862.0336
949.6565 970.6268 991.1841

1100.9311 1106.9279 1182.2731
1219.8489 1238.4636 1285.5997
1318.8167 1339.1135 1355.0051
1384.0531 1421.4667 1490.5967
1501.8193 1787.9223 3055.0370
3087.8865 3089.4569 3148.9799
3179.5770 3191.1718 3919.9732

Zero-point correction (Hartree): 0.111234

HOCHCHCH2CH2OO.Ecttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13876938
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.771975 -1.802408 0.000000
C 0.515982 -1.485695 0.000000
C 1.065624 -0.090714 0.000000
C -0.000000 0.979201 0.000000
O 0.681606 2.250581 0.000000
O -0.157836 3.238907 0.000000
O -1.288633 -3.057915 0.000000
H -1.565508 -1.066926 0.000000
H 1.246994 -2.288398 0.000000
H 1.705699 0.056392 0.873368
H 1.705699 0.056392 -0.873368
H -0.628043 0.945712 -0.890070
H -0.628043 0.945712 0.890070
H -0.575674 -3.703771 0.000000

Rotational constants (GHz): 9.0291200 0.9776300 0.8918700
Vibrational harmonic frequencies (cm-1):

73.9734 ( A") 103.8979 ( A") 122.8267 ( A’)
131.4241 ( A") 268.2891 ( A") 288.7826 ( A’)
369.1405 ( A’) 428.2408 ( A") 526.8094 ( A’)
646.7481 ( A’) 765.5339 ( A") 849.9082 ( A")
979.3574 ( A’) 985.2831 ( A") 1031.1827 ( A’)

1082.6697 ( A") 1125.1460 ( A’) 1161.8411 ( A’)
1227.6135 ( A") 1258.5921 ( A’) 1296.4638 ( A’)
1307.5496 ( A") 1331.8992 ( A’) 1351.7050 ( A’)
1404.0158 ( A’) 1431.0892 ( A’) 1498.7546 ( A’)
1512.6102 ( A’) 1765.5679 ( A’) 3055.2827 ( A’)
3083.1958 ( A’) 3084.1565 ( A") 3140.6048 ( A")
3162.7702 ( A’) 3218.6361 ( A’) 3860.5767 ( A’)

Zero-point correction (Hartree): 0.111476

HOCHCHCH2CH2OO.Ecttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13700871
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.730667 -1.816974 0.000000
C 0.550123 -1.482173 0.000000
C 1.078835 -0.080256 0.000000
C -0.000000 0.976032 0.000000
O 0.661347 2.258959 0.000000
O -0.193057 3.234275 0.000000
O -1.122947 -3.123534 0.000000
H -1.532954 -1.087177 0.000000
H 1.278914 -2.283852 0.000000
H 1.717525 0.073764 0.873326
H 1.717525 0.073764 -0.873326
H -0.627193 0.934602 -0.890543
H -0.627193 0.934602 0.890543
H -2.079119 -3.183081 0.000000

Rotational constants (GHz): 9.0451300 0.9756500 0.8903900
Vibrational harmonic frequencies (cm-1):

78.1147 ( A") 105.6336 ( A") 123.3877 ( A’)
141.6512 ( A") 214.4010 ( A") 288.1418 ( A’)
304.9511 ( A") 364.9563 ( A’) 524.9464 ( A’)
646.4276 ( A’) 765.6786 ( A") 858.0770 ( A")
969.0092 ( A") 971.9698 ( A’) 1029.4277 ( A’)
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1082.5480 ( A") 1124.5327 ( A’) 1184.5187 ( A’)
1224.9998 ( A’) 1228.0631 ( A") 1296.3103 ( A’)
1306.9655 ( A") 1329.6117 ( A’) 1356.7021 ( A’)
1384.6632 ( A’) 1429.1669 ( A’) 1497.5473 ( A’)
1511.9850 ( A’) 1787.3630 ( A’) 3054.9617 ( A’)
3080.6423 ( A’) 3083.6770 ( A") 3137.9846 ( A")
3181.5268 ( A’) 3193.1579 ( A’) 3919.4957 ( A’)

Zero-point correction (Hartree): 0.111136

HOCHCHCH2CH2OO.Egppc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59741321
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53562656

T1 diagnostic: 0.021635
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49135115
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52284012
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49450832
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52470252
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13366994
E(UHF/Aug-CC-pVTZ) (Hartree): -380.12852112
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14077322
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.710511 -0.236631 0.326987
C 0.944346 0.767676 -0.075868
C -0.364970 1.093381 0.572448
C -1.559565 0.810304 -0.322689
O -1.648835 -0.595790 -0.641420
O -1.913557 -1.302412 0.413399
O 2.897580 -0.615656 -0.206873
H 1.435802 -0.870144 1.161279
H 1.254587 1.369726 -0.925861
H -0.486348 0.518270 1.490682
H -0.411223 2.150053 0.846885
H -2.497548 1.093650 0.152897
H -1.469744 1.294969 -1.293789
H 3.111038 -0.054046 -0.958204

Rotational constants (GHz): 4.8942000 1.4051200 1.2198500
Vibrational harmonic frequencies (cm-1):

48.4327 73.9465 138.6868
203.0000 282.0698 338.0806
432.5349 464.7401 534.2373
576.6960 817.7682 871.9379
917.7207 978.5767 989.2948

1056.1982 1130.6006 1160.8082
1215.2377 1261.8162 1278.7131
1308.6740 1341.0988 1362.0063
1399.2443 1409.4212 1476.6644
1490.7193 1764.6782 3063.6467
3091.5359 3117.6738 3151.0787
3153.2238 3205.8634 3858.7646

Zero-point correction (Hartree): 0.111551

HOCHCHCH2CH2OO.Egppt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13943708
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.687236 -0.201097 0.290896
C 0.928303 0.817527 -0.079823
C -0.388725 1.111221 0.566132
C -1.573046 0.788725 -0.329917
O -1.625150 -0.623845 -0.632210
O -1.858347 -1.327385 0.431741
O 2.875457 -0.478173 -0.312634
H 1.391623 -0.864289 1.097960
H 1.258737 1.441503 -0.902645
H -0.499833 0.540022 1.488258
H -0.463606 2.168069 0.832364
H -2.520100 1.052277 0.139199
H -1.491630 1.262981 -1.306601
H 3.266520 -1.263601 0.072556

Rotational constants (GHz): 4.8400900 1.4303100 1.2324500
Vibrational harmonic frequencies (cm-1):

47.9251 75.1564 145.3360
199.4227 255.2148 299.2435
337.1138 454.6666 532.7269
576.7199 824.7387 880.4943
914.9683 965.1112 979.4742

1051.9435 1134.6384 1179.6874
1207.3830 1246.9137 1270.9962
1304.0541 1339.5274 1365.6406
1395.8855 1399.3995 1477.7779
1490.5910 1787.2229 3065.8359
3092.1485 3116.9292 3153.6702
3169.3150 3183.6903 3915.4862

Zero-point correction (Hartree): 0.111259

HOCHCHCH2CH2OO.Egptt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13810416
Electronic state : 2-A
Cartesian coordinates (Angs):
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C 1.871289 -0.153176 0.329989
C 1.054218 0.635267 -0.348775
C -0.127526 1.310639 0.274269
C -1.450685 0.761239 -0.222213
O -1.582532 -0.580829 0.295585
O -2.656826 -1.158544 -0.143306
O 2.936654 -0.767166 -0.254017
H 1.728227 -0.344927 1.388712
H 1.232642 0.780890 -1.408353
H -0.094393 1.210822 1.360925
H -0.117389 2.380612 0.054960
H -2.303019 1.331426 0.145625
H -1.494215 0.695959 -1.308917
H 3.386003 -1.326284 0.381331

Rotational constants (GHz): 5.3088800 1.2317300 1.0613900
Vibrational harmonic frequencies (cm-1):

44.1585 72.5962 110.5274
188.9176 240.8283 278.9011
332.8114 396.6938 537.4121
566.3702 818.6533 871.5105
917.0749 963.8968 1031.6287

1067.3404 1123.0761 1179.5649
1205.2590 1250.2644 1276.6812
1299.0977 1337.7871 1364.5492
1392.9945 1406.0468 1473.0211
1500.3771 1790.1720 3062.0313
3083.9850 3105.3708 3142.0309
3170.7630 3183.3007 3917.6972

Zero-point correction (Hartree): 0.110954

HOCHCHCH2CH2OO.Elmmc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59783370
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53613947

T1 diagnostic: 0.021613
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49167334
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52332066
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49483364
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52518461
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13467350
E(UHF/Aug-CC-pVTZ) (Hartree): -380.12952628
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14119558
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.124153 0.276916 -0.042485
C 0.874173 -0.099991 -0.272337
C -0.241856 0.871925 -0.502115
C -1.331538 0.777029 0.551962
O -1.920688 -0.543726 0.557753
O -2.625917 -0.751207 -0.511793
O 3.188259 -0.535457 0.177972
H 2.419325 1.318728 -0.015007
H 0.628268 -1.157591 -0.294153
H 0.142333 1.893574 -0.495348
H -0.708634 0.706852 -1.475186
H -0.933191 0.894050 1.558058
H -2.137311 1.487177 0.372899
H 2.906379 -1.454950 0.147128

Rotational constants (GHz): 7.1870100 1.0976100 1.0399700
Vibrational harmonic frequencies (cm-1):

56.8155 83.9327 145.6926
184.7958 282.8152 330.2073
441.3317 475.5827 532.5543
584.2154 819.8312 856.1046
908.1255 989.8147 997.8385

1093.6706 1120.4717 1158.1126
1207.1273 1245.8661 1294.7724
1306.4289 1340.7014 1365.5644
1394.4322 1413.1006 1474.5714
1489.2539 1763.9730 3068.0372
3093.6743 3112.8341 3158.6898
3163.9251 3203.8754 3858.7945

Zero-point correction (Hartree): 0.111670

HOCHCHCH2CH2OO.Elmmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13870637
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.125235 0.248322 -0.058651
C 0.872717 -0.128232 -0.259321
C -0.238762 0.845137 -0.498006
C -1.328976 0.766348 0.557172
O -1.950491 -0.538911 0.551717
O -2.674554 -0.711942 -0.511242
O 3.126265 -0.649485 0.162286
H 2.416229 1.294412 -0.065456
H 0.636743 -1.185922 -0.247669
H 0.146936 1.866620 -0.504487
H -0.709261 0.670049 -1.467856
H -0.927013 0.865361 1.563809
H -2.117523 1.497240 0.384897
H 3.962841 -0.194512 0.267517
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Rotational constants (GHz): 7.4165000 1.0823000 1.0299300
Vibrational harmonic frequencies (cm-1):

58.1094 83.5004 145.1692
179.0405 261.2688 283.6740
343.9772 473.3522 529.3861
579.8470 819.7825 865.7344
908.1426 967.9874 997.4035

1095.1717 1120.2871 1176.8371
1197.1457 1237.6120 1272.9478
1306.9577 1339.9534 1366.4940
1393.0371 1401.3962 1474.2716
1488.3671 1786.6412 3064.6038
3092.0681 3109.0438 3157.2482
3166.1291 3193.1663 3917.7310

Zero-point correction (Hartree): 0.111296

HOCHCHCH2CH2OO.Elmpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14045498
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.990995 0.290723 0.147957
C 0.783071 0.146789 -0.378955
C -0.267488 1.210011 -0.300446
C -1.511384 0.771514 0.459024
O -2.173244 -0.296686 -0.251029
O -1.760532 -1.467795 0.130963
O 2.994221 -0.622237 0.132025
H 2.297937 1.195879 0.657647
H 0.524123 -0.780504 -0.880382
H 0.132568 2.092020 0.204050
H -0.576875 1.525457 -1.299715
H -1.276596 0.401779 1.454863
H -2.249624 1.570606 0.506442
H 2.693745 -1.425720 -0.304047

Rotational constants (GHz): 5.3864800 1.3147700 1.1153500
Vibrational harmonic frequencies (cm-1):

63.8294 89.1137 132.6084
185.0105 288.9820 340.3975
444.6962 474.8875 529.9831
562.1000 845.9667 860.7239
884.3868 990.1286 1016.3122

1084.0668 1116.5833 1160.1911
1213.2703 1237.8761 1291.0053
1322.3524 1344.0177 1370.2374
1386.2854 1415.5074 1472.7173
1485.0646 1763.5710 3057.6900
3092.6181 3104.3023 3161.1612
3167.6961 3201.1436 3857.5971

Zero-point correction (Hartree): 0.111662

HOCHCHCH2CH2OO.Elmpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13752742
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.989507 0.262297 0.130044
C 0.777124 0.125563 -0.382394
C -0.261349 1.198630 -0.291182
C -1.508613 0.770590 0.468626
O -2.193658 -0.275300 -0.251268
O -1.812128 -1.459012 0.124798
O 2.930095 -0.719142 0.038424
H 2.295569 1.168905 0.643384
H 0.522343 -0.800812 -0.883005
H 0.147817 2.075144 0.216406
H -0.571089 1.522324 -1.287893
H -1.275494 0.383278 1.458211
H -2.231510 1.582752 0.531264
H 3.737879 -0.446456 0.475440

Rotational constants (GHz): 5.4572000 1.2998800 1.1070100
Vibrational harmonic frequencies (cm-1):

64.2559 86.3268 130.5274
178.1882 258.9797 287.9710
353.5359 474.4244 526.6953
558.9309 844.4467 871.0567
882.9824 970.8423 1018.2529

1084.6321 1117.4167 1179.0426
1201.6086 1237.9409 1264.4799
1319.0775 1345.9730 1370.6756
1385.7920 1403.8346 1472.6167
1484.7002 1785.9588 3055.0045
3090.6026 3101.1149 3159.7897
3162.9384 3196.9708 3918.7962

Zero-point correction (Hartree): 0.111280

HOCHCHCH2CH2OO.Elmtc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14044555
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.175963 0.186009 0.179724
C 0.978214 0.057207 -0.373761
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C -0.069240 1.126498 -0.303036
C -1.324123 0.674537 0.417155
O -1.901820 -0.397832 -0.361864
O -2.954285 -0.892729 0.211247
O 3.175990 -0.730064 0.170248
H 2.475424 1.081714 0.710223
H 0.723648 -0.859065 -0.897583
H 0.322422 1.997960 0.224062
H -0.351103 1.458940 -1.304999
H -1.111008 0.276191 1.408134
H -2.073764 1.462124 0.484559
H 2.890411 -1.518371 -0.301936

Rotational constants (GHz): 7.0870600 1.0463600 0.9597700
Vibrational harmonic frequencies (cm-1):

49.5994 90.3886 116.2541
189.2059 270.1401 329.0272
396.3809 452.8971 546.4457
570.7131 812.1939 856.0773
929.8350 991.5934 1033.3265

1078.2671 1125.6248 1160.3652
1217.0645 1246.0738 1296.9406
1298.3373 1341.4574 1365.5075
1398.7018 1414.1608 1472.0318
1501.0744 1763.3001 3060.7044
3085.6154 3109.2440 3146.6216
3165.8735 3201.7740 3857.2177

Zero-point correction (Hartree): 0.111494

HOCHCHCH2CH2OO.Elmtt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13798496
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.173117 0.167424 0.157258
C 0.970963 0.041464 -0.381228
C -0.072376 1.111851 -0.290724
C -1.324757 0.656602 0.432221
O -1.926112 -0.388564 -0.364734
O -2.984436 -0.874250 0.205234
O 3.112428 -0.815310 0.071604
H 2.470110 1.065938 0.689801
H 0.724771 -0.874854 -0.904278
H 0.322664 1.978532 0.242455
H -0.361053 1.454522 -1.287458
H -1.105852 0.232019 1.411023
H -2.063330 1.451864 0.527200
H 3.915968 -0.547075 0.519265

Rotational constants (GHz): 7.2581100 1.0369700 0.9544000
Vibrational harmonic frequencies (cm-1):

51.3622 91.4555 114.8537
180.4182 259.3054 273.7506
340.7793 398.9651 541.7653
570.7578 811.9286 867.1642
927.9807 970.4569 1033.7417

1079.4163 1128.4707 1178.0868
1206.8534 1237.1343 1279.3676
1297.4922 1339.9602 1367.0724
1398.1003 1403.2247 1471.8138
1500.6779 1786.2808 3058.6410
3085.1347 3105.6017 3145.9876
3164.0356 3195.5698 3917.2662

Zero-point correction (Hartree): 0.111131

HOCHCHCH2CH2OO.Elpmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14031527
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.716898 0.146092 -0.385021
C -0.768732 0.610804 0.416624
C 0.428961 1.348511 -0.088900
C 1.742575 0.638342 0.211557
O 1.802244 -0.622303 -0.477781
O 1.259329 -1.577483 0.218050
O -2.823031 -0.544588 -0.015065
H -1.686140 0.288376 -1.458048
H -0.834430 0.427859 1.485386
H 0.348477 1.499505 -1.166609
H 0.496962 2.339651 0.368448
H 2.593005 1.204843 -0.164387
H 1.864156 0.433781 1.274056
H -2.805809 -0.701510 0.933953

Rotational constants (GHz): 4.6279400 1.5523400 1.2629400
Vibrational harmonic frequencies (cm-1):

62.2880 96.0757 108.9101
193.1536 290.6709 350.8344
422.9886 466.9158 540.3184
553.9728 824.1871 861.6162
942.6393 983.8111 993.8037

1040.3522 1132.5951 1164.1930
1225.5704 1237.3195 1280.0041
1318.0575 1343.4109 1360.5222
1394.6357 1413.1371 1473.5582
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1485.7583 1764.5370 3051.7259
3091.9388 3105.8278 3154.9038
3159.3070 3207.7406 3860.3590

Zero-point correction (Hartree): 0.111534

HOCHCHCH2CH2OO.Elpmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13829904
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.679246 0.110683 0.354616
C 0.765612 0.682938 -0.412719
C -0.448739 1.353033 0.142140
C -1.743553 0.626339 -0.199469
O -1.783544 -0.650949 0.461241
O -1.236397 -1.586352 -0.258257
O 2.781777 -0.496873 -0.162806
H 1.592392 0.106015 1.436620
H 0.886845 0.636445 -1.488836
H -0.374506 1.436458 1.227989
H -0.541797 2.369393 -0.249760
H -2.611147 1.164789 0.178867
H -1.844907 0.444686 -1.267936
H 3.283043 -0.922361 0.534221

Rotational constants (GHz): 4.5792500 1.5738300 1.2710500
Vibrational harmonic frequencies (cm-1):

56.7528 97.4223 108.0751
185.1658 241.9628 299.6491
352.1428 462.0451 539.3009
549.7923 828.6190 865.8652
946.9980 961.6997 986.9639

1038.2792 1136.0127 1180.7630
1211.3605 1235.3846 1257.8402
1313.9456 1340.3052 1361.4416
1392.6747 1399.1790 1473.5968
1484.3704 1787.1973 3054.9106
3091.7525 3103.3339 3155.9447
3170.1119 3189.6327 3917.6516

Zero-point correction (Hartree): 0.111125

HOCHCHCH2CH2OO.Elptc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13968393
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.897069 -0.144664 -0.371056
C -1.056654 0.583217 0.350585
C 0.114627 1.304085 -0.242630
C 1.447573 0.762783 0.234917
O 1.597683 -0.567063 -0.306902
O 2.675606 -1.139922 0.129742
O -2.970820 -0.834603 0.085399
H -1.789832 -0.253802 -1.443022
H -1.197984 0.654553 1.425816
H 0.080097 1.244268 -1.331847
H 0.085634 2.364985 0.016705
H 2.288937 1.353669 -0.125466
H 1.498795 0.678604 1.320216
H -3.036259 -0.742095 1.040786

Rotational constants (GHz): 5.3681500 1.2172800 1.0551600
Vibrational harmonic frequencies (cm-1):

47.1882 74.8600 110.7871
204.1682 265.0175 334.2196
391.4892 446.2482 540.5382
567.6268 814.9271 863.6201
917.8374 988.6263 1035.2476

1069.2262 1122.3981 1159.4625
1215.5601 1267.2054 1288.0298
1298.6105 1341.6350 1362.4937
1398.3535 1414.8400 1472.9430
1500.9427 1766.3020 3062.0597
3082.9820 3106.9162 3140.2931
3153.5250 3208.4551 3860.2757

Zero-point correction (Hartree): 0.111391

HOCHCHCH2CH2OO.Eltmc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59757712
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53594843

T1 diagnostic: 0.021541
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49136426
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52330142
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49452390
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52516264
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13519483
E(UHF/Aug-CC-pVTZ) (Hartree): -380.13005206
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14085582
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.116996 0.458740 0.023049
C -1.201545 -0.458753 0.304944
C 0.215959 -0.116171 0.646310
C 1.167619 -0.590526 -0.439314
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O 2.539002 -0.357420 -0.056058
O 2.828865 0.907518 -0.091009
O -3.413943 0.237036 -0.302756
H -1.893836 1.518356 0.037417
H -1.476744 -1.509855 0.279228
H 0.330920 0.961839 0.759748
H 0.510763 -0.579923 1.590163
H 1.107798 -1.667516 -0.590321
H 0.992433 -0.071408 -1.380229
H -3.592948 -0.708296 -0.307352

Rotational constants (GHz): 10.0368700 0.9316200 0.9000000
Vibrational harmonic frequencies (cm-1):

62.6193 86.0716 114.6904
178.5780 307.7151 321.7048
372.5639 446.0057 522.6093
624.6712 795.8463 850.8975
958.7976 991.0461 1019.8069

1068.2658 1129.2750 1160.1231
1220.7535 1266.9190 1283.4531
1312.2745 1329.5215 1347.5466
1395.5665 1412.2663 1485.2413
1499.6656 1761.8549 3064.9628
3093.7449 3118.4546 3151.9409
3157.1601 3205.8173 3858.7043

Zero-point correction (Hartree): 0.111578

HOCHCHCH2CH2OO.Eltmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13929131
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.116572 0.416829 0.046261
C -1.191134 -0.498223 0.288145
C 0.220217 -0.150112 0.644152
C 1.178600 -0.580618 -0.453727
O 2.546494 -0.334731 -0.064552
O 2.817275 0.934757 -0.071963
O -3.393009 0.084359 -0.290855
H -1.898587 1.478277 0.110791
H -1.466099 -1.544455 0.212146
H 0.326348 0.924914 0.792302
H 0.517839 -0.642064 1.572851
H 1.135422 -1.653914 -0.632830
H 0.995182 -0.039785 -1.380697
H -3.922847 0.874692 -0.404589

Rotational constants (GHz): 10.0574900 0.9318000 0.9003200
Vibrational harmonic frequencies (cm-1):

62.7043 88.0215 115.2441
181.9248 265.8166 316.5343
323.3749 385.1449 520.7013
621.7596 796.6855 865.7763
956.6579 970.6860 1017.8475

1067.6172 1133.8664 1179.0186
1212.3615 1246.3360 1283.4095
1299.5434 1330.5167 1356.9055
1382.7914 1407.6503 1484.8791
1499.8352 1785.0922 3063.0106
3094.1621 3115.4457 3156.4935
3171.1139 3181.9716 3915.6844

Zero-point correction (Hartree): 0.111303

HOCHCHCH2CH2OO.Eltpc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59774833
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53608544

T1 diagnostic: 0.021615
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49148884
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52339626
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49466624
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52527544
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13522254
E(UHF/Aug-CC-pVTZ) (Hartree): -380.13007016
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14108463
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.234338 0.135592 -0.357583
C 1.152266 -0.409745 0.181764
C -0.208548 -0.304048 -0.433368
C -1.139220 0.517425 0.443306
O -2.467277 0.557499 -0.118814
O -3.071055 -0.583770 0.015422
O 3.496844 0.090426 0.134221
H 2.198969 0.685380 -1.290008
H 1.240777 -0.954326 1.118051
H -0.143183 0.158791 -1.418965
H -0.656921 -1.291129 -0.560283
H -1.221690 0.101001 1.446713
H -0.828505 1.559128 0.495662
H 3.509436 -0.407433 0.957481

Rotational constants (GHz): 13.1446600 0.8826300 0.8713100
Vibrational harmonic frequencies (cm-1):

67.8392 71.8809 132.1719
170.9503 293.7329 332.8483
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372.3254 440.9682 536.2726
616.7591 789.1311 849.8083
973.1622 989.9596 1014.5884

1068.2345 1126.4066 1158.0426
1225.3138 1255.7702 1293.0913
1309.0186 1331.2088 1346.1744
1393.1945 1412.4869 1483.8683
1498.2063 1764.3313 3068.2706
3092.7231 3113.9544 3151.3558
3158.2694 3205.3995 3859.9303

Zero-point correction (Hartree): 0.111557

HOCHCHCH2CH2OO.Eltpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13930049
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.230972 0.064200 0.344730
C -1.142923 -0.387317 -0.259035
C 0.211479 -0.361046 0.375652
C 1.147173 0.565479 -0.382958
O 2.467725 0.545511 0.198395
O 3.082314 -0.567691 -0.062484
O -3.453504 0.041539 -0.254464
H -2.198295 0.469898 1.351149
H -1.236164 -0.785712 -1.263260
H 0.141500 -0.028243 1.412508
H 0.660147 -1.356295 0.376634
H 1.244648 0.273692 -1.427997
H 0.830008 1.604246 -0.313275
H -4.122658 0.379656 0.342337

Rotational constants (GHz): 13.3164800 0.8817100 0.8703500
Vibrational harmonic frequencies (cm-1):

68.0919 72.1152 131.6989
167.9317 240.6208 305.5826
330.2599 384.9810 534.3830
612.6315 793.2149 862.2344
970.0369 973.8711 1011.7579

1068.5068 1129.8299 1178.0602
1214.5548 1242.4344 1280.3932
1305.1409 1331.0117 1354.6634
1382.6060 1408.1982 1484.8761
1499.3454 1785.4662 3065.4744
3093.5087 3110.7624 3157.8435
3168.6656 3184.8947 3916.5030

Zero-point correction (Hartree): 0.111225

HOCHCHCH2CH2OO.Elttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14004222
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.275809 0.148690 -0.367891
C -1.260724 0.112279 0.484643
C 0.071423 0.733498 0.193929
C 1.150763 -0.325924 0.094412
O 2.412869 0.349900 -0.093776
O 3.395681 -0.491871 -0.180792
O -3.506287 -0.390315 -0.187617
H -2.204780 0.644611 -1.328060
H -1.382734 -0.396042 1.437314
H 0.028218 1.293552 -0.740915
H 0.348530 1.438096 0.981051
H 1.231526 -0.919900 1.004892
H 0.998327 -0.988116 -0.756826
H -3.551102 -0.825174 0.669474

Rotational constants (GHz): 13.6874400 0.8329600 0.8191700
Vibrational harmonic frequencies (cm-1):

60.8092 90.3699 93.3198
165.2775 280.7597 313.8347
355.1919 453.9746 528.9095
593.7630 785.7557 851.2485
989.6390 993.0427 1029.7627

1104.1590 1122.0018 1159.0048
1206.0828 1269.0806 1294.2590
1309.3283 1318.2802 1346.6675
1397.3583 1419.6101 1490.8330
1507.2386 1765.0976 3063.5670
3084.8968 3108.9567 3144.2032
3154.2420 3207.2976 3859.5147

Zero-point correction (Hartree): 0.111442

HOCHCHCH2CH2OO.Elttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13833875
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.273429 0.105513 -0.345910
C -1.250519 0.154109 0.492492
C 0.075477 0.744656 0.126087
C 1.158404 -0.315660 0.135892
O 2.416046 0.340116 -0.137218
O 3.400500 -0.503981 -0.153931
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O -3.469088 -0.443689 0.003341
H -2.206311 0.507793 -1.351936
H -1.375714 -0.260890 1.486384
H 0.027645 1.201252 -0.863577
H 0.354735 1.529938 0.832104
H 1.248309 -0.804624 1.105828
H 1.003251 -1.068940 -0.635313
H -4.091178 -0.375805 -0.722381

Rotational constants (GHz): 13.8484500 0.8326000 0.8185100
Vibrational harmonic frequencies (cm-1):

57.7469 90.3574 103.0039
158.1623 229.2563 299.1034
314.3737 359.8705 526.9658
590.0482 784.7093 863.0777
967.4995 986.9136 1029.3380

1103.2365 1124.1121 1179.2551
1199.0412 1244.0592 1293.4717
1302.6613 1312.7888 1355.5095
1382.0788 1415.5474 1491.3168
1507.2022 1788.3995 3061.7607
3086.0660 3106.1688 3145.2990
3169.8118 3184.8758 3916.9350

Zero-point correction (Hartree): 0.111015

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Ec.b
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.10724016
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.217486 0.279742 0.364305
C 0.341773 1.097742 -0.320596
C -1.027092 1.246613 0.229747
C -1.844235 -0.064593 -0.045476
O -0.992753 -1.095210 -0.485394
O 0.005605 -1.255843 0.439528
O 2.391428 -0.139894 -0.136307
H 1.213890 0.247341 1.445253
H 0.518331 1.286381 -1.373712
H -0.974047 1.394725 1.307886
H -1.549034 2.096788 -0.204608
H -2.361650 -0.370132 0.865237
H -2.563582 0.066706 -0.852405
H 2.354263 -0.151259 -1.098142

Rotational constants (GHz): 4.7724200 2.2768000 1.7445200
Vibrational harmonic frequencies (cm-1):

i685.0331 79.5739 248.9258
266.7727 368.0530 402.7393
421.1075 441.7393 542.8748
651.4000 781.5885 819.2272
891.5753 903.7398 977.2995

1039.4828 1100.8839 1133.4693
1159.3361 1225.4296 1268.0599
1279.5097 1296.2485 1321.3174
1371.2509 1405.3781 1487.8162
1504.3742 1563.6009 3068.4393
3087.8182 3127.3766 3146.3952
3173.8162 3211.4429 3854.2426

Zero-point correction (Hartree): 0.110770

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.57644612
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.50999223

T1 diagnostic: 0.028421
E(MP2/Aug-CC-pVTZ) (Hartree): -381.46077651
E(MP3/Aug-CC-pVTZ) (Hartree): -381.49072084
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.47834524
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.50387730
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.10921509
E(UHF/Aug-CC-pVTZ) (Hartree): -380.08883155
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11687402
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.155879 0.174702 0.396882
C 0.378016 1.143937 -0.200909
C -1.050426 1.263609 0.187134
C -1.791931 -0.024462 -0.246750
O -1.122666 -1.127408 0.316294
O 0.084327 -1.281446 -0.319510
O 2.404324 -0.122337 0.004603
H 0.959046 -0.158255 1.406366
H 0.705464 1.550892 -1.151471
H -1.160467 1.353572 1.268525
H -1.521335 2.128324 -0.278811
H -2.806017 -0.050121 0.151243
H -1.807149 -0.117482 -1.333491
H 2.553350 0.195881 -0.891592

Rotational constants (GHz): 4.8099700 2.3018300 1.7081900
Vibrational harmonic frequencies (cm-1):

i612.2148 155.8931 259.5245
308.9601 339.9696 400.6085
432.1901 440.3496 541.4172



185

590.7723 747.5627 862.9943
933.5439 972.9901 987.3404

1024.8407 1090.4612 1128.1823
1165.3542 1214.9112 1262.3010
1277.6477 1318.6330 1327.6199
1367.9829 1403.7461 1484.0993
1488.6522 1571.1142 3073.6098
3076.3357 3128.1857 3139.6010
3172.6958 3222.8911 3853.6386

Zero-point correction (Hartree): 0.111099

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Et.b
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.10677807
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.214263 0.289700 0.332681
C 0.326195 1.114648 -0.316324
C -1.033088 1.235463 0.261697
C -1.845033 -0.070021 -0.053565
O -0.991057 -1.100931 -0.491333
O 0.004584 -1.260867 0.433509
O 2.353683 -0.063418 -0.294347
H 1.212212 0.218401 1.414086
H 0.498114 1.324250 -1.363766
H -0.967915 1.341177 1.344097
H -1.571161 2.095330 -0.132183
H -2.385987 -0.385297 0.840440
H -2.544451 0.076333 -0.875285
H 2.847487 -0.687210 0.243044

Rotational constants (GHz): 4.7508600 2.2809700 1.7416400
Vibrational harmonic frequencies (cm-1):

i672.3229 91.4225 248.4742
275.6830 318.7083 368.7678
416.8751 431.7870 540.0841
655.4871 795.1183 823.1929
885.9184 903.5206 972.9894

1036.2457 1094.7108 1133.0696
1177.5571 1217.2911 1251.4219
1276.5256 1297.2793 1318.4758
1357.5098 1390.8892 1487.3773
1503.7334 1588.4282 3065.0986
3087.2872 3126.5789 3145.9153
3174.3288 3205.5509 3893.7939

Zero-point correction (Hartree): 0.110621

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.57685956
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.51053770

T1 diagnostic: 0.028927
E(MP2/Aug-CC-pVTZ) (Hartree): -381.46051972
E(MP3/Aug-CC-pVTZ) (Hartree): -381.49081210
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.47833678
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.50423593
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.11048561
E(UHF/Aug-CC-pVTZ) (Hartree): -380.08990202
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11743003
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.147043 0.214569 0.362170
C 0.350660 1.166516 -0.223427
C -1.071962 1.255057 0.192903
C -1.791056 -0.052670 -0.223763
O -1.091404 -1.144407 0.327652
O 0.098491 -1.285160 -0.343113
O 2.388067 0.005591 -0.115672
H 0.939296 -0.138660 1.365124
H 0.673943 1.583833 -1.167781
H -1.167356 1.347532 1.275518
H -1.573728 2.104419 -0.268728
H -2.797301 -0.098079 0.192044
H -1.822870 -0.148961 -1.309517
H 2.778671 -0.759101 0.315106

Rotational constants (GHz): 4.7651800 2.3156100 1.7036200
Vibrational harmonic frequencies (cm-1):

i590.6847 159.4186 269.6552
294.5891 342.8123 374.2063
399.9901 435.6672 538.4892
595.4815 773.5039 860.5234
934.0770 971.0382 982.5272

1020.8763 1084.1233 1128.2875
1182.8838 1208.9500 1256.2854
1265.7570 1319.9350 1332.9792
1358.1819 1384.0530 1483.8822
1488.5767 1600.3175 3075.6803
3076.1514 3129.3890 3140.5615
3185.3172 3208.4006 3884.7204

Zero-point correction (Hartree): 0.111054

#################################################################################
Z-HOCH=CHCH2CH2OO ring closure
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#################################################################################

HOCHCHCH2CH2OO.Zcptt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13711336
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.776794 -0.554659 -0.256263
C -1.493800 0.732244 -0.393931
C -0.341202 1.507229 0.179422
C 0.865022 0.702094 0.611509
O 1.362636 0.001504 -0.550034
O 2.306136 -0.829333 -0.236274
O -1.045956 -1.415474 0.509502
H -2.641959 -0.983117 -0.748092
H -2.189973 1.293835 -1.001782
H -0.017457 2.242074 -0.560669
H -0.672659 2.085016 1.047217
H 1.667247 1.352616 0.959066
H 0.637097 -0.043564 1.366069
H -1.284185 -2.321888 0.308221

Rotational constants (GHz): 3.9278800 2.0404800 1.5310900
Vibrational harmonic frequencies (cm-1):

45.9236 64.9179 135.0800
247.0910 265.4998 269.3807
385.3755 449.8302 535.0364
742.0012 759.3706 851.3365
877.4570 975.0962 1014.7206

1055.0647 1080.1995 1130.9052
1232.4978 1259.8112 1284.3392
1303.6282 1317.0023 1385.4671
1420.2666 1446.4422 1472.3424
1505.9929 1788.8382 3052.2248
3086.2696 3096.1607 3178.5278
3182.7917 3214.4693 3910.7664

Zero-point correction (Hartree): 0.111681

HOCHCHCH2CH2OO.Zctpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13858979
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.258555 0.186620 -0.159502
C 1.324382 1.115087 -0.020896
C -0.138910 0.947789 0.264829
C -0.670348 -0.470054 0.176316
O -2.097451 -0.455162 0.413555
O -2.742614 0.049252 -0.592871
O 2.019007 -1.155385 -0.046563
H 3.284895 0.462810 -0.367898
H 1.671553 2.134578 -0.122294
H -0.365199 1.344959 1.258467
H -0.708414 1.553057 -0.443552
H -0.503577 -0.913031 -0.802703
H -0.273150 -1.120533 0.949555
H 2.820279 -1.648133 -0.229019

Rotational constants (GHz): 6.2539000 1.3314300 1.1658700
Vibrational harmonic frequencies (cm-1):

21.5428 88.9392 136.3872
180.6831 222.3307 282.7500
372.7885 454.7840 567.1876
745.0536 765.6149 806.7722
929.2624 975.1060 977.1411

1054.0019 1098.4514 1128.5862
1236.7695 1247.2451 1290.1310
1310.8892 1328.5947 1348.8740
1422.8371 1441.6560 1484.8573
1496.2722 1791.5757 3050.7558
3091.2172 3117.6643 3185.2642
3187.6863 3213.3065 3917.4230

Zero-point correction (Hartree): 0.111563

HOCHCHCH2CH2OO.Zcttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13442233
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.377205 -2.307271 0.000000
C 0.796415 -1.684238 0.000000
C 1.154718 -0.224566 0.000000
C -0.000000 0.750786 0.000000
O 0.571304 2.076013 0.000000
O -0.349166 2.989418 0.000000
O -1.641430 -1.809192 0.000000
H -0.408505 -3.388123 0.000000
H 1.648626 -2.350758 0.000000
H 1.777089 -0.010247 0.872495
H 1.777089 -0.010247 -0.872495
H -0.617134 0.675760 -0.897332
H -0.617134 0.675760 0.897332
H -1.649264 -0.850327 0.000000

Rotational constants (GHz): 5.8449000 1.2754700 1.0608800



187

Vibrational harmonic frequencies (cm-1):
43.1149 ( A") 81.4073 ( A") 129.0539 ( A’)

149.1265 ( A") 268.3374 ( A’) 311.4776 ( A")
379.5594 ( A’) 482.1220 ( A") 508.2954 ( A’)
751.1183 ( A") 767.0594 ( A’) 814.7686 ( A")
913.8562 ( A’) 1003.6698 ( A") 1031.8930 ( A’)

1073.4671 ( A’) 1088.9370 ( A") 1145.5511 ( A’)
1230.7542 ( A’) 1253.1947 ( A") 1290.3416 ( A’)
1317.5934 ( A") 1342.4242 ( A’) 1362.1290 ( A’)
1427.3542 ( A’) 1444.3698 ( A’) 1497.6006 ( A’)
1532.5811 ( A’) 1767.2677 ( A’) 3052.1786 ( A’)
3061.3874 ( A’) 3082.0577 ( A") 3121.4614 ( A")
3196.9164 ( A’) 3224.9995 ( A’) 3910.9139 ( A’)

Zero-point correction (Hartree): 0.111763

HOCHCHCH2CH2OO.Zcttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13769930
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.410643 -2.264632 0.000000
C 0.790060 -1.705198 0.000000
C 1.158136 -0.250913 0.000000
C 0.000000 0.723795 0.000000
O 0.595745 2.042813 0.000000
O -0.306243 2.973965 0.000000
O -1.579759 -1.557348 0.000000
H -0.514846 -3.342783 0.000000
H 1.619897 -2.399009 0.000000
H 1.783976 -0.042358 0.871782
H 1.783976 -0.042358 -0.871782
H -0.624334 0.644558 -0.886550
H -0.624334 0.644558 0.886550
H -2.327588 -2.156356 0.000000

Rotational constants (GHz): 5.8453500 1.3275400 1.0964700
Vibrational harmonic frequencies (cm-1):

17.2363 ( A") 78.2270 ( A") 128.1975 ( A")
138.3477 ( A’) 253.4598 ( A’) 270.7581 ( A")
380.3751 ( A’) 456.1568 ( A") 510.4761 ( A’)
745.6136 ( A") 770.0082 ( A’) 803.5707 ( A")
930.3358 ( A’) 978.1798 ( A") 1016.3361 ( A’)

1069.1464 ( A’) 1076.6634 ( A") 1144.0290 ( A’)
1221.3629 ( A") 1252.0845 ( A’) 1299.7341 ( A’)
1314.2764 ( A’) 1315.9130 ( A") 1340.0882 ( A’)
1428.7474 ( A’) 1443.9492 ( A’) 1493.9967 ( A’)
1503.7163 ( A’) 1792.5665 ( A’) 3051.8416 ( A’)
3079.8236 ( A") 3111.9295 ( A’) 3171.9629 ( A")
3187.6752 ( A’) 3213.1564 ( A’) 3916.7245 ( A’)

Zero-point correction (Hartree): 0.111418

HOCHCHCH2CH2OO.Zgpmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14139996
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.737468 -0.146900 0.370704
C -0.997116 0.936025 0.587248
C 0.077260 1.427802 -0.337557
C 1.434514 0.783067 -0.094846
O 1.333949 -0.627424 -0.393721
O 1.297258 -1.365867 0.677108
O -1.644538 -0.999462 -0.676321
H -2.531448 -0.435613 1.045857
H -1.192722 1.491430 1.493099
H -0.201334 1.255270 -1.380993
H 0.200699 2.505915 -0.228546
H 2.192512 1.171852 -0.773936
H 1.761229 0.867044 0.938717
H -0.785432 -0.913843 -1.104020

Rotational constants (GHz): 3.6140200 2.2889700 1.7079300
Vibrational harmonic frequencies (cm-1):

58.2574 93.1132 123.1605
232.3401 265.0035 361.0549
456.4881 524.6469 582.7744
657.9690 761.3718 837.5371
919.5851 981.6888 992.3137

1035.9988 1083.2694 1141.7043
1223.1119 1228.6007 1276.7832
1312.6929 1350.0219 1370.6682
1383.0603 1438.3066 1483.6831
1488.0368 1742.8540 3054.4239
3091.7480 3110.0397 3163.6564
3210.9156 3231.1092 3838.7502

Zero-point correction (Hartree): 0.111873

HOCHCHCH2CH2OO.Zgppt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13954204
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.914859 0.090571 -0.431387
C 0.985666 1.025018 -0.298066
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C -0.116046 0.973688 0.714388
C -1.485281 0.843125 0.071006
O -1.596557 -0.397079 -0.661614
O -1.635879 -1.415766 0.141001
O 1.969504 -0.998001 0.385586
H 2.684108 0.156570 -1.191408
H 1.022074 1.860050 -0.985306
H 0.028552 0.133836 1.392152
H -0.126916 1.885411 1.316826
H -2.284305 0.853205 0.810695
H -1.659541 1.610620 -0.682013
H 2.644287 -1.607334 0.083620

Rotational constants (GHz): 4.1422700 1.8180600 1.4550000
Vibrational harmonic frequencies (cm-1):

28.3230 59.2797 144.7891
214.5535 252.6226 295.0937
378.7974 519.7864 568.4510
668.2856 766.4669 861.6718
890.9170 973.7082 995.9278

1047.5808 1076.0585 1148.4667
1215.0584 1257.7825 1277.3019
1296.0053 1313.5432 1357.1520
1398.7465 1444.7125 1481.0926
1490.7725 1785.2217 3064.5679
3089.8000 3132.9715 3151.1366
3184.5111 3210.8037 3919.8909

Zero-point correction (Hartree): 0.111543

HOCHCHCH2CH2OO.Zgptc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14241976
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.897914 -0.385648 -0.365766
C 1.383603 0.840262 -0.401496
C 0.264452 1.332044 0.474141
C -1.122747 0.977069 -0.024651
O -1.262451 -0.455486 0.137606
O -2.386318 -0.899974 -0.330991
O 1.496806 -1.417339 0.410545
H 2.743478 -0.659416 -0.982587
H 1.826601 1.532954 -1.102642
H 0.369226 0.941970 1.491084
H 0.315083 2.417337 0.557387
H -1.913850 1.441070 0.563359
H -1.261010 1.196692 -1.081776
H 0.596840 -1.270578 0.724538

Rotational constants (GHz): 4.0906500 1.8775300 1.4146100
Vibrational harmonic frequencies (cm-1):

68.9838 87.6903 136.6126
229.9296 265.9066 335.7055
440.9411 503.4870 609.9387
656.8277 765.8418 844.7707
899.0257 994.9890 1024.7678

1053.7330 1087.6190 1138.3086
1222.6732 1254.0154 1290.0043
1295.5010 1353.6839 1378.2692
1396.6054 1439.7699 1481.4740
1500.2293 1746.2514 3053.1188
3087.8198 3118.3686 3150.7968
3205.2596 3225.7012 3823.1965

Zero-point correction (Hartree): 0.112013

HOCHCHCH2CH2OO.Zgtmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14019926
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.270326 -0.081809 0.116109
C 1.368345 -1.008545 -0.173754
C -0.033049 -0.679805 -0.596835
C -0.912228 -0.443690 0.621475
O -2.280375 -0.204704 0.228308
O -2.418909 0.964599 -0.318224
O 1.972686 1.245837 0.034722
H 3.276542 -0.331255 0.429921
H 1.665202 -2.041996 -0.067885
H -0.047455 0.226657 -1.201609
H -0.455768 -1.491488 -1.188285
H -0.964202 -1.321549 1.263055
H -0.572122 0.420624 1.189408
H 2.750225 1.776249 0.214973

Rotational constants (GHz): 5.5989900 1.3520200 1.1808600
Vibrational harmonic frequencies (cm-1):

43.3704 65.7348 120.2632
202.9634 257.3635 286.3124
355.0370 527.0481 572.4761
679.5690 764.8308 817.1081
959.4980 972.6762 985.8933

1066.5337 1079.6370 1137.5424
1223.2900 1259.5267 1290.9339
1294.5599 1306.4462 1335.8659
1399.4687 1434.0395 1485.8825
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1502.2942 1772.3973 3082.3660
3098.7856 3130.6060 3162.4014
3191.4227 3226.1186 3915.6145

Zero-point correction (Hartree): 0.111644

HOCHCHCH2CH2OO.Zgtpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14075752
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.374942 0.337594 0.155917
C -1.213663 0.969303 0.026282
C 0.051787 0.353347 -0.491740
C 0.940906 -0.095044 0.658214
O 2.162758 -0.680760 0.162951
O 2.948064 0.222433 -0.339989
O -2.645564 -0.950933 -0.168538
H -3.253375 0.830196 0.548466
H -1.180539 2.000982 0.346920
H -0.142237 -0.503852 -1.142065
H 0.609705 1.072998 -1.090594
H 1.211162 0.739468 1.303249
H 0.474510 -0.883184 1.247021
H -1.865818 -1.373723 -0.540433

Rotational constants (GHz): 7.9091100 1.1060900 1.0406700
Vibrational harmonic frequencies (cm-1):

27.6412 67.0647 124.0091
202.9161 276.6980 353.9663
400.0936 544.5398 578.0624
659.8564 773.9056 803.7664
971.0301 980.5378 995.6468

1062.8364 1078.2751 1139.3897
1219.6081 1248.4100 1274.1562
1303.1465 1327.5545 1348.3426
1397.1146 1436.2636 1488.9787
1512.6791 1754.1465 3055.7317
3094.2064 3114.3684 3156.7534
3212.0556 3233.4812 3862.2667

Zero-point correction (Hartree): 0.111811

HOCHCHCH2CH2OO.Zgtpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14074793
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.324227 0.311436 0.177412
C -1.219788 1.035274 0.068940
C 0.059043 0.494489 -0.498552
C 0.866340 -0.199202 0.587154
O 2.103565 -0.717299 0.053086
O 2.945104 0.237649 -0.200539
O -2.363701 -0.988806 -0.234841
H -3.239998 0.710018 0.596257
H -1.251137 2.050569 0.437250
H -0.153083 -0.226551 -1.288160
H 0.664985 1.295553 -0.919357
H 1.120232 0.478128 1.401064
H 0.342422 -1.072435 0.970777
H -3.251384 -1.339617 -0.149199

Rotational constants (GHz): 7.5430100 1.1750500 1.0826100
Vibrational harmonic frequencies (cm-1):

24.4640 68.1809 125.1362
203.0655 252.2195 270.6904
363.9977 526.6943 578.7486
676.4526 766.1211 809.5074
966.7978 974.4646 988.3892

1065.2591 1078.1403 1135.2163
1225.4347 1262.0164 1288.1527
1294.5643 1310.5307 1334.8408
1397.7532 1434.8279 1485.8232
1501.1418 1774.3630 3082.8514
3097.4074 3132.3512 3162.7554
3193.8803 3228.2664 3916.4641

Zero-point correction (Hartree): 0.111623

HOCHCHCH2CH2OO.Zgttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13967776
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.398795 0.120656 -0.319230
C 1.388901 0.958388 -0.113563
C 0.123169 0.616565 0.617809
C -0.960737 0.190896 -0.354749
O -2.151912 -0.090414 0.411191
O -3.129570 -0.472234 -0.351222
O 2.490714 -1.166102 0.096813
H 3.285422 0.415956 -0.862452
H 1.484300 1.951272 -0.529376
H 0.277657 -0.180984 1.349411
H -0.228776 1.479200 1.183930
H -1.203033 0.978332 -1.067333
H -0.693941 -0.714815 -0.898969
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H 1.703757 -1.418004 0.588932
Rotational constants (GHz): 7.1967100 1.0749200 1.0053600
Vibrational harmonic frequencies (cm-1):

27.6140 75.3062 103.2976
164.6930 279.9752 327.4172
409.5551 486.7181 584.7638
659.6895 772.5865 798.5818
963.9454 998.3189 1023.3267

1066.5952 1102.6237 1135.4684
1203.3977 1251.5210 1290.0301
1301.4801 1310.1920 1349.7321
1403.9103 1437.3067 1501.7698
1515.9947 1754.9348 3056.6056
3086.3611 3107.6039 3144.8072
3213.9386 3234.4311 3863.8149

Zero-point correction (Hartree): 0.111649

HOCHCHCH2CH2OO.Zgttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13973051
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.351439 0.076127 -0.312571
C 1.403691 0.990183 -0.166351
C 0.127070 0.732235 0.579489
C -0.917596 0.150776 -0.353388
O -2.130330 -0.040952 0.408884
O -3.082366 -0.527365 -0.325056
O 2.223606 -1.171407 0.223381
H 3.264418 0.272205 -0.861180
H 1.560642 1.950948 -0.635060
H 0.303140 0.027431 1.391986
H -0.254728 1.656223 1.013054
H -1.154796 0.818428 -1.180964
H -0.613335 -0.819983 -0.742173
H 3.019754 -1.683391 0.073604

Rotational constants (GHz): 6.8219700 1.1327600 1.0449100
Vibrational harmonic frequencies (cm-1):

17.7531 75.6068 100.6331
163.6008 251.6023 256.2517
357.1504 470.8270 578.0969
671.1409 764.7380 804.8320
967.3141 972.8733 1022.0913

1068.3820 1103.5542 1130.0493
1208.6234 1269.6215 1292.2993
1293.7736 1312.5331 1316.4638
1403.7061 1435.9979 1494.8269
1505.7502 1776.5340 3080.9903
3090.6090 3125.2729 3151.1963
3192.8048 3228.0659 3916.2471

Zero-point correction (Hartree): 0.111338

HOCHCHCH2CH2OO.Zlmmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13994056
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.143768 -0.664679 0.139343
C 0.823500 -0.626813 0.007766
C 0.009027 0.560010 -0.410802
C -1.165145 0.807557 0.521676
O -2.073223 -0.316307 0.501905
O -2.704934 -0.391193 -0.629406
O 3.028093 0.339703 -0.091022
H 2.655945 -1.560534 0.461000
H 0.286885 -1.541015 0.221674
H 0.598678 1.479894 -0.427379
H -0.393321 0.426727 -1.417786
H -0.850580 0.878497 1.561091
H -1.737194 1.687549 0.232840
H 2.573202 1.114817 -0.431159

Rotational constants (GHz): 8.3236200 1.1198900 1.0759200
Vibrational harmonic frequencies (cm-1):

17.6350 67.8239 141.9868
214.7837 252.1685 318.5315
428.7667 524.9213 588.2432
647.9435 778.0323 823.9482
899.4037 997.0807 1004.6641

1043.3525 1106.6705 1128.8582
1219.1224 1238.5768 1279.6884
1305.2664 1337.6068 1369.0230
1397.5003 1441.7449 1472.6402
1491.9527 1760.7025 3057.5479
3090.4578 3101.2578 3159.9774
3209.5933 3231.4405 3876.0568

Zero-point correction (Hartree): 0.111687

HOCHCHCH2CH2OO.Zlmmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14069596
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.088309 -0.661230 -0.159614
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C -0.799558 -0.727793 0.137412
C 0.004714 0.427704 0.647944
C 1.058514 0.886017 -0.344729
O 1.993842 -0.180062 -0.630865
O 2.748805 -0.433773 0.393502
O -2.807425 0.491902 -0.019341
H -2.635411 -1.519816 -0.529306
H -0.303212 -1.676494 -0.011978
H -0.647327 1.274451 0.860453
H 0.514923 0.159490 1.574692
H 0.624742 1.125067 -1.313747
H 1.637611 1.726756 0.033916
H -3.725278 0.337827 -0.246486

Rotational constants (GHz): 8.0364600 1.1756500 1.1218800
Vibrational harmonic frequencies (cm-1):

23.9377 62.4069 135.4223
205.8432 253.4339 279.2227
389.6089 524.3234 602.4719
656.0122 778.7954 827.2330
890.9544 976.7741 1004.8483

1048.0315 1099.1372 1132.7352
1211.3681 1247.2811 1294.7766
1300.3257 1305.2226 1357.3751
1392.5991 1444.6908 1480.8993
1489.5894 1781.4930 3077.5404
3094.8937 3130.4073 3159.1728
3191.1439 3224.0324 3920.0462

Zero-point correction (Hartree): 0.111617

HOCHCHCH2CH2OO.Zlmpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13868808
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.989705 -0.744530 0.029943
C -0.720256 -0.485431 0.318009
C -0.087986 0.872455 0.366130
C 1.236003 0.929434 -0.382633
O 2.209234 0.096137 0.280618
O 2.301386 -1.081886 -0.259005
O -2.973361 0.146858 -0.259003
H -2.368788 -1.756248 0.000843
H -0.087874 -1.335139 0.534889
H -0.728776 1.638039 -0.079650
H 0.094512 1.182833 1.398414
H 1.147655 0.572355 -1.406187
H 1.661348 1.931503 -0.357447
H -2.644486 1.046223 -0.180442

Rotational constants (GHz): 6.7689600 1.2445200 1.1083900
Vibrational harmonic frequencies (cm-1):

18.0344 91.5867 105.7143
226.4445 232.0717 322.9611
433.7305 515.3716 568.8543
651.4993 779.4896 844.9060
878.1583 999.1262 1017.5783

1051.9170 1093.4299 1129.7210
1230.1992 1236.6756 1271.0215
1318.5707 1345.2177 1372.6220
1390.8427 1445.6145 1469.7737
1485.7653 1760.8773 3047.9076
3082.0069 3098.8408 3163.8554
3211.9308 3234.1030 3877.2726

Zero-point correction (Hartree): 0.111639

HOCHCHCH2CH2OO.Zlmpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13978773
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.922704 -0.708652 0.104527
C -0.703461 -0.461169 0.557734
C -0.057498 0.888661 0.521306
C 1.167248 0.936171 -0.379521
O 2.204704 0.079601 0.144661
O 2.144685 -1.121019 -0.347727
O -2.709907 0.267767 -0.438055
H -2.355496 -1.700688 0.142598
H -0.144789 -1.293540 0.961654
H -0.767207 1.631260 0.156524
H 0.247172 1.192543 1.525260
H 0.948198 0.597554 -1.389685
H 1.610516 1.930687 -0.392956
H -3.555761 -0.098666 -0.698706

Rotational constants (GHz): 6.1146800 1.3366200 1.2016300
Vibrational harmonic frequencies (cm-1):

27.3716 88.2057 114.5263
221.3444 238.6604 267.6976
403.9375 513.5193 587.8196
654.3555 781.7969 849.4386
877.1053 977.9788 1013.9296

1054.9938 1090.2377 1130.0488
1216.4038 1236.8401 1291.6605
1297.7336 1321.4059 1361.5667
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1385.6273 1446.8172 1479.1669
1485.9362 1781.7754 3066.5438
3096.1160 3123.3747 3162.6365
3192.2612 3226.0934 3921.1846

Zero-point correction (Hartree): 0.111599

HOCHCHCH2CH2OO.Zlmtc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13905289
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.192234 -0.718371 -0.080291
C -0.903735 -0.591983 0.212102
C -0.170168 0.700361 0.418640
C 1.165032 0.721580 -0.299271
O 1.997363 -0.285070 0.318060
O 3.143934 -0.386438 -0.278970
O -3.107001 0.273427 -0.230218
H -2.647185 -1.686944 -0.232436
H -0.333417 -1.505117 0.311545
H -0.739251 1.555554 0.046180
H 0.009899 0.884330 1.481313
H 1.071934 0.464778 -1.353488
H 1.680731 1.674843 -0.191820
H -2.710451 1.127670 -0.039355

Rotational constants (GHz): 9.7604000 1.0288300 0.9728300
Vibrational harmonic frequencies (cm-1):

19.6535 66.5428 120.1996
217.3154 241.8543 313.8582
388.7097 501.0476 578.1024
661.9453 779.6506 823.0225
908.1268 998.9615 1044.1810

1051.8555 1090.0733 1136.9804
1229.3177 1236.2048 1287.8689
1296.4890 1335.1353 1372.6237
1400.6148 1444.0866 1469.3469
1501.9053 1759.4537 3050.8456
3083.3175 3094.3059 3148.6704
3211.1193 3233.2802 3875.4610

Zero-point correction (Hartree): 0.111567

HOCHCHCH2CH2OO.Zlmtt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14001114
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.129890 -0.693101 -0.078516
C -0.912971 -0.635025 0.440602
C -0.162846 0.640650 0.675647
C 1.084324 0.746825 -0.178450
O 1.976008 -0.318638 0.223395
O 3.051639 -0.340873 -0.499865
O -2.819622 0.428371 -0.441076
H -2.637773 -1.636103 -0.239607
H -0.434511 -1.570323 0.694454
H -0.799649 1.494655 0.448190
H 0.129922 0.721365 1.724899
H 0.872470 0.609029 -1.237642
H 1.616475 1.684755 -0.024412
H -3.682831 0.189645 -0.781210

Rotational constants (GHz): 8.1761600 1.0884600 1.0485000
Vibrational harmonic frequencies (cm-1):

23.2548 68.7763 118.9651
204.1627 245.2082 274.0911
350.5013 480.3196 602.0876
655.5972 780.3875 824.4920
907.0490 976.6682 1041.0311

1052.1215 1085.7309 1138.5377
1217.7992 1245.1212 1293.7441
1300.0195 1304.5116 1356.4493
1395.4060 1446.1590 1480.4572
1500.4784 1781.5388 3067.6293
3086.9684 3129.9267 3147.0592
3191.7444 3226.1869 3920.6148

Zero-point correction (Hartree): 0.111450

HOCHCHCH2CH2OO.Zlpmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13945018
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.792042 -0.245705 0.497000
C -0.763719 0.514753 0.840462
C 0.080855 1.269692 -0.135131
C 1.532826 0.812047 -0.131362
O 1.629254 -0.554384 -0.573924
O 1.511557 -1.390915 0.414204
O -2.197243 -0.376930 -0.798829
H -2.365981 -0.794326 1.233637
H -0.507953 0.557576 1.890440
H -0.322875 1.165542 -1.141313
H 0.084996 2.336127 0.106554
H 2.127656 1.380476 -0.844490
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H 1.979199 0.862095 0.860435
H -2.891109 -1.034385 -0.862684

Rotational constants (GHz): 4.2484800 1.7298900 1.5147800
Vibrational harmonic frequencies (cm-1):

17.9802 96.2996 108.0144
219.1300 246.6748 290.6683
387.2275 523.5856 545.1065
672.0064 766.3136 846.1595
923.9577 971.3979 991.2150

1047.3391 1068.3295 1149.5674
1225.9786 1235.6111 1284.1883
1297.3051 1318.1810 1360.7644
1393.2404 1446.2410 1477.8737
1486.1508 1782.0974 3058.1557
3092.6592 3127.6936 3155.3540
3189.6091 3217.7380 3919.5797

Zero-point correction (Hartree): 0.111492

HOCHCHCH2CH2OO.Zlptt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13906481
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.005846 -0.189901 0.557402
C -1.055449 0.728700 0.636447
C -0.149303 1.104773 -0.494933
C 1.307147 0.824153 -0.185709
O 1.465252 -0.607883 -0.080592
O 2.673323 -0.927575 0.263857
O -2.267356 -0.865206 -0.597161
H -2.627361 -0.440774 1.408355
H -0.920009 1.219966 1.591008
H -0.434299 0.569448 -1.399886
H -0.232266 2.172840 -0.710148
H 1.972741 1.163634 -0.978403
H 1.622660 1.253347 0.765125
H -2.930518 -1.539498 -0.444117

Rotational constants (GHz): 5.0261900 1.3870900 1.2335400
Vibrational harmonic frequencies (cm-1):

21.3258 66.7347 117.6948
209.2188 235.3191 293.1693
337.7011 470.2339 570.4101
675.2776 764.1390 852.0397
890.5305 971.6337 1039.7919

1062.8667 1072.7564 1140.2453
1216.0551 1265.2629 1288.7033
1296.4313 1299.1031 1356.4039
1399.5920 1448.0565 1478.8844
1502.9722 1786.2420 3066.2634
3082.7260 3125.5137 3141.4267
3187.1186 3213.1129 3920.4763

Zero-point correction (Hartree): 0.111324

HOCHCHCH2CH2OO.Zpmmc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.60037010
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53772838

T1 diagnostic: 0.022191
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49448818
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52479655
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49774632
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52669599
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13149271
E(UHF/Aug-CC-pVTZ) (Hartree): -380.12616632
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14414641
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.838020 0.079555 0.342809
C 1.016432 1.117681 0.218070
C -0.200990 1.144807 -0.658951
C -1.489617 0.807122 0.068881
O -1.451380 -0.522535 0.649006
O -1.199537 -1.432397 -0.236220
O 1.729213 -1.129048 -0.251044
H 2.725321 0.135368 0.959152
H 1.258623 2.004009 0.787568
H -0.332366 2.141817 -1.082837
H -0.092628 0.466424 -1.506073
H -1.657397 1.451712 0.929058
H -2.353180 0.834791 -0.595467
H 0.842185 -1.257284 -0.610196

Rotational constants (GHz): 3.8427200 2.2415600 1.6192300
Vibrational harmonic frequencies (cm-1):

53.1930 131.5021 148.7968
214.3796 291.8812 357.7868
466.1477 541.8760 599.5496
667.3210 761.4688 849.8795
886.5390 981.9506 996.2389

1037.1786 1088.8224 1148.0690
1222.6972 1260.3105 1275.4686
1306.3988 1351.2209 1373.7689
1404.3696 1442.6719 1490.4872
1495.2118 1747.8273 3075.1083



194 A. Supporting Information: Novelli et al. (2020)

3090.8924 3114.1355 3157.0129
3205.6803 3226.0874 3797.6382

Zero-point correction (Hartree): 0.112222

HOCHCHCH2CH2OO.Zptpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14299943
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.990719 -0.256495 0.149012
C 1.485695 0.947781 -0.106531
C 0.056334 1.134753 -0.529354
C -0.937822 0.806510 0.595548
O -2.050788 0.022964 0.099607
O -1.651134 -1.141169 -0.305940
O 1.331854 -1.432158 0.068728
H 3.017806 -0.397564 0.456449
H 2.133420 1.803863 0.003447
H -0.110610 2.147300 -0.887896
H -0.173160 0.466885 -1.364114
H -0.471153 0.216023 1.382390
H -1.404024 1.688816 1.026043
H 0.398713 -1.317709 -0.167528

Rotational constants (GHz): 4.3235600 1.9772300 1.4811700
Vibrational harmonic frequencies (cm-1):

86.7356 102.9580 196.4536
219.3773 324.4331 366.9969
522.0243 568.6202 624.7459
707.6098 753.2826 813.2521
954.6509 992.7960 1003.1022

1032.6939 1079.1186 1135.4807
1230.2006 1263.6910 1287.2719
1308.1613 1339.8173 1375.1774
1399.4617 1431.3431 1493.5697
1509.4091 1733.6295 3059.1022
3101.0760 3136.5884 3168.4579
3216.8284 3242.0571 3721.9528

Zero-point correction (Hartree): 0.112774

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Zp
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.57530128
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.50813416

T1 diagnostic: 0.028163
E(MP2/Aug-CC-pVTZ) (Hartree): -381.46065809
E(MP3/Aug-CC-pVTZ) (Hartree): -381.48930848
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.47781124
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.50213210
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.10312287
E(UHF/Aug-CC-pVTZ) (Hartree): -380.08321231
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11528532
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.313651 0.291233 0.341855
C -0.290224 1.192205 0.597926
C 0.894511 1.228012 -0.296765
C 1.630403 -0.125664 -0.144674
O 0.687093 -1.170389 -0.292135
O -0.130432 -1.179717 0.824619
O -1.677701 -0.116515 -0.885788
H -2.107594 0.163169 1.065677
H -0.202646 1.551906 1.612946
H 0.601424 1.347293 -1.342140
H 1.571932 2.041338 -0.041842
H 2.372267 -0.273285 -0.929519
H 2.096557 -0.203814 0.837668
H -0.889856 -0.408346 -1.366413

Rotational constants (GHz): 3.8895600 2.8846500 2.2593700
Vibrational harmonic frequencies (cm-1):

i623.4638 177.6328 248.3701
280.9721 391.9599 432.6138
452.0873 500.3075 587.6845
663.9523 737.8072 875.1450
919.1406 932.5186 979.4588

1017.9830 1061.3809 1077.5628
1148.8220 1210.9937 1256.2309
1268.3454 1318.6422 1340.3793
1369.6287 1434.1885 1484.4078
1497.9549 1538.4045 3065.6462
3076.6998 3128.7866 3140.1905
3209.6855 3225.6704 3759.1579

Zero-point correction (Hartree): 0.111198

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Zt
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11419635
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.287511 0.259883 0.386557
C -0.294591 1.181154 0.633815
C 0.851787 1.247950 -0.305377
C 1.636262 -0.084230 -0.149982
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O 0.753486 -1.169180 -0.328771
O -0.090769 -1.241275 0.751995
O -1.630822 -0.007392 -0.891770
H -2.019276 0.015380 1.147963
H -0.171789 1.509338 1.655646
H 0.518979 1.326247 -1.338814
H 1.519237 2.078630 -0.080707
H 2.397095 -0.186422 -0.923444
H 2.090673 -0.145555 0.840312
H -2.025769 -0.883393 -0.942661

Rotational constants (GHz): 3.8492700 2.8899600 2.2304200
Vibrational harmonic frequencies (cm-1):

i636.9546 172.7885 237.3710
258.3095 345.3806 425.8914
446.6402 470.7412 581.9767
665.6133 750.0642 868.5386
930.9654 944.1562 984.0003

1021.3281 1065.7209 1080.7316
1155.5223 1207.5550 1260.3485
1273.2681 1283.4913 1320.2074
1368.5899 1434.2763 1481.3443
1490.0791 1559.9629 3068.6534
3091.3822 3132.4485 3147.5517
3178.7540 3223.6184 3862.1701

Zero-point correction (Hartree): 0.111151

#################################################################################
E-HOCH=C(CH3)CH2CH2OO ring closure and H-shift
#################################################################################

HOCHCCH3CH2CH2OO.Ecppc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45033361
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.103065 -0.871471 0.191141
C -0.923169 0.437989 0.049117
C 0.395924 1.105234 0.334463
C 1.491277 0.242106 0.917800
O 1.954620 -0.751298 -0.027162
O 2.592063 -0.202878 -1.014324
O -2.250252 -1.571520 -0.021246
H -0.307885 -1.538884 0.491128
C -1.996493 1.381879 -0.412544
H 0.784451 1.565845 -0.579038
H 0.231319 1.930178 1.035728
H 2.356948 0.841506 1.192988
H 1.153244 -0.338338 1.774789
H -2.959546 -0.976412 -0.277049
H -2.282302 2.070261 0.386228
H -2.903590 0.887905 -0.759677
H -1.630930 1.989086 -1.243099

Rotational constants (GHz): 3.2229900 1.1959300 1.0071900
Vibrational harmonic frequencies (cm-1):

51.8982 69.8197 73.8428
147.1759 217.6721 261.0593
300.7799 325.5790 340.9710
477.0424 492.8291 545.1056
613.4975 792.7749 844.9085
922.6439 972.1016 990.6421

1022.9268 1055.5205 1118.1250
1179.2911 1217.1855 1231.9348
1277.5549 1296.8105 1317.5123
1396.5873 1402.2311 1423.3292
1438.1956 1472.3417 1478.9286
1496.0521 1505.6938 1781.0266
3038.5655 3048.2013 3068.5338
3098.9307 3100.1948 3124.0822
3154.6785 3232.9326 3881.6709

Zero-point correction (Hartree): 0.139650

HOCHCCH3CH2CH2OO.Ecppt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45049488
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.104756 -0.841832 0.194140
C -0.917761 0.462519 0.041328
C 0.404086 1.129509 0.303331
C 1.497118 0.278838 0.908852
O 1.943860 -0.756505 0.000620
O 2.585868 -0.256450 -1.009129
O -2.321172 -1.428384 -0.034035
H -0.313292 -1.514921 0.498488
C -2.014262 1.373580 -0.423936
H 0.789235 1.563549 -0.624469
H 0.244566 1.974288 0.981369
H 2.371537 0.878173 1.155111
H 1.158947 -0.265689 1.789342
H -2.238138 -2.380469 0.030156
H -2.237775 2.126436 0.335668
H -2.924844 0.823720 -0.643640
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H -1.705234 1.909941 -1.323966
Rotational constants (GHz): 3.2608800 1.1933500 1.0065700
Vibrational harmonic frequencies (cm-1):

64.2134 69.7592 128.4212
147.9245 202.7073 220.2890
280.1259 304.5266 309.7661
459.1385 476.7862 545.6244
617.3729 804.5104 838.1869
894.5427 972.8820 987.6513

1020.9739 1061.4689 1119.3137
1187.0261 1200.6626 1231.1333
1279.8442 1304.1932 1315.6101
1387.4788 1398.6469 1409.4114
1438.5514 1469.9868 1491.9479
1493.7130 1495.7324 1800.1772
3041.0298 3049.1693 3070.3455
3095.7183 3097.7090 3153.4042
3168.7181 3202.3506 3921.7865

Zero-point correction (Hartree): 0.139493

HOCHCCH3CH2CH2OO.Ecptc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44964409
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.958460 0.920769 0.176224
C 1.056457 -0.394701 0.011636
C -0.134754 -1.309029 0.129860
C -1.439234 -0.683554 0.559397
O -1.928124 0.141653 -0.523660
O -3.012965 0.767980 -0.188622
O 1.964580 1.833701 0.114548
H 0.017272 1.414141 0.372494
C 2.341567 -1.103477 -0.306493
H -0.295534 -1.825626 -0.822258
H 0.096126 -2.096372 0.854757
H -2.201540 -1.437712 0.748404
H -1.336795 -0.046262 1.437080
H 2.803597 1.393954 -0.044874
H 2.649076 -1.746589 0.521495
H 3.173599 -0.436166 -0.529254
H 2.211299 -1.746085 -1.179711

Rotational constants (GHz): 3.3065000 1.1620200 0.9115700
Vibrational harmonic frequencies (cm-1):

39.4128 52.5256 72.1304
128.7292 228.7058 257.5636
290.8939 323.7623 338.1896
394.0621 493.4623 563.6174
607.2767 795.5039 831.6187
933.5204 977.2514 1009.9132

1030.1231 1074.5935 1109.3652
1180.0895 1216.7749 1236.2106
1283.9118 1295.7526 1302.1399
1391.7808 1407.0620 1424.9217
1441.9287 1471.4976 1479.7302
1505.3723 1508.0329 1781.5179
3035.6387 3047.6372 3061.6866
3090.1179 3098.7149 3125.4747
3142.3662 3234.4097 3881.7042

Zero-point correction (Hartree): 0.139416

HOCHCCH3CH2CH2OO.Ecptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45008565
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.949245 0.896312 0.173511
C 1.049244 -0.416643 0.012924
C -0.135912 -1.337351 0.118120
C -1.445615 -0.719812 0.542801
O -1.925296 0.123323 -0.531726
O -2.955198 0.820810 -0.165589
O 2.041054 1.717938 0.093176
H 0.007111 1.392579 0.368978
C 2.355536 -1.083852 -0.297378
H -0.284575 -1.849886 -0.838045
H 0.095114 -2.126970 0.840052
H -2.210711 -1.475964 0.713060
H -1.351997 -0.094804 1.430111
H 1.762803 2.632521 0.154340
H 2.621025 -1.794855 0.488654
H 3.160225 -0.360887 -0.395257
H 2.281535 -1.650231 -1.228646

Rotational constants (GHz): 3.3040500 1.1760800 0.9184100
Vibrational harmonic frequencies (cm-1):

39.1216 64.6219 128.1937
134.5810 219.8758 237.7368
275.3857 299.8364 306.6485
395.6929 461.5607 564.4930
611.0092 806.0451 825.4997
902.5628 978.5088 1008.2744

1030.0588 1075.5645 1111.3507
1188.2078 1201.5821 1235.4196
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1286.3389 1298.9974 1305.7658
1387.2775 1395.9645 1413.2556
1443.2880 1469.1613 1493.2110
1494.0080 1506.8397 1800.8022
3038.4796 3048.6987 3064.8658
3089.6645 3094.9998 3142.0858
3168.8376 3203.8529 3920.8200

Zero-point correction (Hartree): 0.139353

HOCHCCH3CH2CH2OO.Ectpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45041178
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.572068 -0.848306 -0.035840
C 1.048365 0.370431 0.058022
C -0.430853 0.592940 0.216823
C -1.275230 -0.662205 0.231476
O -2.664912 -0.314663 0.411511
O -3.163533 0.215424 -0.662995
O 2.883973 -1.174345 -0.191749
H 0.970192 -1.745366 0.005025
C 1.858942 1.633757 0.008171
H -0.617029 1.146169 1.142711
H -0.792868 1.228042 -0.596810
H -1.198296 -1.223420 -0.698772
H -1.047709 -1.305710 1.079830
H 3.418857 -0.378750 -0.252772
H 2.936081 1.471320 -0.013281
H 1.647700 2.253607 0.881680
H 1.599093 2.223085 -0.873668

Rotational constants (GHz): 4.4348700 0.9033900 0.7892900
Vibrational harmonic frequencies (cm-1):

53.6282 69.9208 88.4423
135.7319 170.3219 257.5520
290.1776 336.9574 353.7257
404.0617 491.8700 547.3106
647.4542 792.2281 844.8403
918.2831 977.5671 1004.5079

1035.6693 1091.3277 1117.8562
1178.3510 1218.5345 1240.8101
1279.3550 1293.0455 1329.7371
1349.0943 1410.2839 1426.3496
1442.5403 1479.1171 1490.3443
1503.1670 1506.4381 1778.2516
3040.4836 3052.2854 3075.5687
3093.2477 3105.0726 3127.5160
3154.5866 3227.0072 3881.4336

Zero-point correction (Hartree): 0.139679

HOCHCCH3CH2CH2OO.Ectpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45000645
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.577852 -0.819250 -0.040591
C 1.039649 0.390526 0.048849
C -0.439288 0.606583 0.202344
C -1.275694 -0.652926 0.243520
O -2.668115 -0.314816 0.420538
O -3.177044 0.179949 -0.665932
O 2.928480 -1.001619 -0.177833
H 0.988561 -1.727576 -0.009288
C 1.873460 1.636055 0.003073
H -0.626141 1.177823 1.116948
H -0.803352 1.224427 -0.623312
H -1.197913 -1.231149 -0.676395
H -1.040261 -1.278141 1.103607
H 3.126312 -1.936141 -0.247113
H 2.928756 1.407436 -0.114273
H 1.742175 2.216290 0.919033
H 1.559429 2.272992 -0.826568

Rotational constants (GHz): 4.5430900 0.8957900 0.7869900
Vibrational harmonic frequencies (cm-1):

66.1054 81.8442 118.2333
133.7300 168.4497 211.6414
270.5425 300.3762 340.0182
401.4638 463.2389 548.0668
655.0680 787.2887 856.5622
882.6100 976.6554 1004.0975

1038.8936 1090.5760 1119.9076
1183.3872 1200.1907 1240.4372
1284.8237 1297.3005 1328.9850
1344.8630 1391.9456 1417.1383
1441.1149 1486.2883 1493.8206
1495.3588 1502.2354 1796.0394
3042.9124 3052.9699 3078.1945
3090.6331 3100.8132 3151.6730
3170.4785 3193.7375 3923.0461

Zero-point correction (Hartree): 0.139478

HOCHCCH3CH2CH2OO.Ecttc
~~~~~~~~~~~~~~~~~~~~~~
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E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44977810
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.488099 -0.916064 -0.005446
C 1.157250 0.372000 -0.004153
C -0.277382 0.825472 -0.006417
C -1.301472 -0.284018 0.000130
O -2.599710 0.348790 0.000616
O -3.555657 -0.527145 0.004487
O 2.740169 -1.447403 0.002084
H 0.750225 -1.706120 -0.013362
C 2.156681 1.492604 0.004339
H -0.453841 1.465276 0.863764
H -0.454740 1.456607 -0.882589
H -1.248142 -0.912948 -0.888009
H -1.243594 -0.906166 0.892763
H 3.398381 -0.748000 0.022418
H 3.194147 1.164942 -0.051675
H 2.053967 2.092384 0.911142
H 1.986132 2.160124 -0.842661

Rotational constants (GHz): 4.5196000 0.8584100 0.7311900
Vibrational harmonic frequencies (cm-1):

39.9873 66.4798 104.0525
118.0175 126.4742 258.2234
277.4712 336.0857 345.7019
356.7540 491.5233 552.7374
628.5252 781.4722 838.9029
916.1860 1004.7024 1027.4762

1032.3684 1102.6472 1113.7519
1180.2951 1219.2221 1231.7335
1285.5998 1297.2377 1310.4639
1346.4920 1411.7788 1429.2141
1447.0180 1479.5478 1495.7512
1506.2214 1512.9631 1778.6707
3041.0038 3052.2032 3069.5630
3084.7357 3103.9782 3128.5020
3142.6828 3227.4756 3881.6338

Zero-point correction (Hartree): 0.139386

HOCHCCH3CH2CH2OO.Ecttt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44960190
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.497402 -0.887783 0.000047
C 1.149149 0.392873 -0.000195
C -0.286555 0.836909 -0.000243
C -1.302947 -0.279254 0.000509
O -2.608087 0.338922 0.000809
O -3.554154 -0.547667 -0.000566
O 2.808980 -1.279956 0.000127
H 0.772529 -1.692773 0.000239
C 2.167038 1.493856 -0.000459
H -0.464979 1.472336 0.872425
H -0.465223 1.471424 -0.873521
H -1.242267 -0.904675 -0.889847
H -1.241502 -0.903978 0.891323
H 2.863827 -2.236095 0.000007
H 3.180058 1.102198 -0.000860
H 2.039886 2.130695 0.877666
H 2.039237 2.130865 -0.878364

Rotational constants (GHz): 4.6297500 0.8525500 0.7297200
Vibrational harmonic frequencies (cm-1):

61.1190 98.7035 106.0269
120.7515 124.9046 216.6812
263.0903 301.9858 333.7557
352.6867 461.9462 551.4865
637.3932 777.7230 851.1881
881.7542 1005.5986 1027.6191

1032.6477 1105.6258 1112.9235
1188.1821 1201.6842 1231.4127
1295.4491 1297.7054 1308.7258
1343.6335 1393.4035 1420.2363
1446.5771 1489.3928 1494.3233
1498.0086 1512.2925 1796.4653
3043.6363 3052.7079 3072.4169
3082.2130 3100.2050 3139.7630
3170.4924 3194.7409 3923.5816

Zero-point correction (Hartree): 0.139248

HOCHCCH3CH2CH2OO.Egmpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45079312
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.828722 0.593462 -0.318153
C -0.749123 0.228923 0.366273
C 0.356813 1.221157 0.592489
C 1.588782 1.000573 -0.274274
O 2.226603 -0.254941 0.045546
O 1.867639 -1.208950 -0.758884
O -2.888998 -0.203964 -0.611804
H -1.967069 1.592998 -0.708991
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C -0.625813 -1.165153 0.928019
H 0.001192 2.230566 0.374814
H 0.665992 1.211051 1.640907
H 1.340216 0.972306 -1.333044
H 2.348091 1.756234 -0.075769
H -2.717138 -1.099473 -0.304838
H -0.474526 -1.911017 0.144251
H -1.516950 -1.442277 1.497998
H 0.226614 -1.241311 1.599681

Rotational constants (GHz): 3.5834100 1.2111900 1.0713800
Vibrational harmonic frequencies (cm-1):

39.9458 73.1485 128.2640
167.4782 175.8704 263.8396
308.0215 339.6564 396.1107
471.1996 520.2774 540.9332
609.5298 795.0616 861.5924
923.9655 937.1037 1016.3156

1031.4899 1050.5768 1093.6730
1179.3530 1227.8926 1241.8213
1251.0525 1320.3644 1328.3232
1378.4174 1391.6522 1405.0569
1421.3944 1470.4582 1481.4939
1496.5170 1502.0666 1765.0900
3040.3305 3053.9698 3088.4239
3093.0150 3102.2243 3146.0031
3158.5547 3212.6987 3861.4501

Zero-point correction (Hartree): 0.139792

HOCHCCH3CH2CH2OO.Elmmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45242156
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.013050 -0.583300 0.048600
C 0.822405 -0.037761 0.280218
C -0.330897 -0.920787 0.665404
C -1.401168 -1.046745 -0.407538
O -2.022990 0.228051 -0.691483
O -2.717012 0.653555 0.318701
O 3.144830 0.064818 -0.333535
H 2.192013 -1.644901 0.158839
C 0.576416 1.443144 0.170143
H 0.025312 -1.930256 0.878572
H -0.813437 -0.547858 1.572093
H -0.979016 -1.352464 -1.363281
H -2.195381 -1.728309 -0.105657
H 2.954627 0.995628 -0.481461
H 0.217636 1.728786 -0.820826
H 1.471402 2.028463 0.390908
H -0.190622 1.752218 0.880397

Rotational constants (GHz): 4.6129000 1.0605600 0.9487100
Vibrational harmonic frequencies (cm-1):

38.6505 77.3705 130.5209
169.8811 176.6163 264.7294
311.8036 328.6012 402.1490
459.2398 517.9373 551.3201
617.6214 797.0893 847.4594
928.4938 943.3898 996.1643

1036.3604 1052.8646 1106.3434
1176.3255 1219.7146 1234.3742
1269.0028 1305.5852 1318.0439
1378.3035 1395.9793 1409.7986
1426.5379 1469.6655 1485.0410
1489.3419 1505.1048 1769.2464
3047.6348 3061.1003 3088.9961
3104.5789 3110.0293 3124.2378
3153.5715 3211.4230 3868.8059

Zero-point correction (Hartree): 0.139827

HOCHCCH3CH2CH2OO.Elmmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45107126
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.045545 -0.556310 -0.080610
C -0.840502 -0.020493 -0.231501
C 0.320886 -0.905756 -0.581414
C 1.398805 -0.977272 0.489546
O 2.113025 0.274231 0.616461
O 2.827360 0.521781 -0.437538
O -3.140708 0.192148 0.252576
H -2.218904 -1.618909 -0.211558
C -0.596830 1.451270 -0.071279
H -0.024704 -1.925997 -0.758613
H 0.802291 -0.563348 -1.501394
H 0.977864 -1.144065 1.479792
H 2.140528 -1.740460 0.258152
H -3.929223 -0.350927 0.223254
H -0.062021 1.665449 0.855983
H -1.533593 2.002421 -0.061156
H 0.029452 1.821923 -0.884911

Rotational constants (GHz): 4.9357000 1.0140300 0.9163200
Vibrational harmonic frequencies (cm-1):
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36.7960 71.9341 147.3537
166.4145 200.7384 220.6476
267.5188 297.9678 374.2763
433.4844 506.7578 553.2612
611.9254 806.4659 851.1981
888.6263 946.0686 989.6621

1041.5967 1058.7229 1110.1534
1180.1000 1210.4322 1229.0814
1272.1106 1305.5993 1308.5329
1380.5998 1394.8994 1397.4725
1430.8916 1468.7159 1487.8996
1493.0969 1493.7255 1791.2177
3056.7129 3057.7261 3087.8331
3106.6378 3107.8842 3152.1624
3161.8569 3175.6031 3920.5807

Zero-point correction (Hartree): 0.139544

HOCHCCH3CH2CH2OO.Elmtc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45103902
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.057130 -0.569428 -0.201725
C 0.932723 -0.082448 0.315439
C -0.172671 -1.032065 0.687609
C -1.412079 -0.918236 -0.180575
O -2.063491 0.337284 0.123070
O -3.099629 0.531724 -0.632015
O 3.138556 0.138524 -0.620488
H 2.215710 -1.631877 -0.333222
C 0.710421 1.388304 0.540609
H 0.181427 -2.060750 0.604398
H -0.471987 -0.880858 1.728956
H -1.171835 -0.910268 -1.243110
H -2.133812 -1.706963 0.029789
H 2.960188 1.080858 -0.554230
H 0.152950 1.849424 -0.276981
H 1.646002 1.936518 0.665775
H 0.124727 1.546901 1.445953

Rotational constants (GHz): 4.5600900 0.9613500 0.8826200
Vibrational harmonic frequencies (cm-1):

33.2861 60.1466 98.9528
149.4043 179.0129 256.2755
302.3820 334.3240 390.1704
410.9641 501.4042 575.1685
600.9007 797.4821 840.6084
925.9919 961.2699 1025.1453

1044.0113 1059.1274 1093.6388
1180.0190 1218.9880 1237.1159
1276.0249 1295.5166 1318.5902
1380.5161 1398.0782 1412.0442
1428.2151 1467.6952 1485.1955
1498.0731 1503.1657 1769.5168
3049.7919 3050.6693 3082.3847
3107.0257 3108.5436 3125.5393
3142.4746 3209.4681 3871.6575

Zero-point correction (Hartree): 0.139551

HOCHCCH3CH2CH2OO.Elmtt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44993064
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.102942 0.538206 -0.143436
C -0.937721 0.060986 0.276054
C 0.166425 1.019365 0.624421
C 1.406567 0.886346 -0.241243
O 2.135432 -0.287980 0.187571
O 3.181418 -0.493893 -0.550088
O -3.144905 -0.277302 -0.488645
H -2.283931 1.603643 -0.234672
C -0.681508 -1.410118 0.417318
H -0.189171 2.046483 0.528509
H 0.472598 0.885162 1.666565
H 1.166525 0.752649 -1.295559
H 2.081468 1.733116 -0.121316
H -3.916446 0.249339 -0.700408
H 0.027256 -1.761330 -0.335032
H -1.602277 -1.977775 0.312444
H -0.236502 -1.626603 1.390083

Rotational constants (GHz): 4.9541800 0.9345000 0.8533500
Vibrational harmonic frequencies (cm-1):

38.2223 60.7487 118.7998
167.5998 208.7623 239.9630
253.9018 295.9806 369.6034
380.9865 471.5233 579.6108
597.9815 807.2849 841.7321
891.1782 958.9019 1021.9535

1049.8199 1064.5119 1098.2331
1185.8944 1209.9780 1231.6886
1279.2776 1296.1262 1305.4640
1382.0083 1397.4037 1398.7941
1432.0567 1465.6511 1490.4287
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1496.2937 1500.0287 1794.8727
3047.2310 3058.8339 3081.9629
3106.0061 3109.1757 3141.2796
3163.4507 3177.9344 3921.3390

Zero-point correction (Hartree): 0.139402

HOCHCCH3CH2CH2OO.Elpmc
~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.84408640
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.77348661

T1 diagnostic: 0.020724
E(MP2/Aug-CC-pVTZ) (Hartree): -420.72102249
E(MP3/Aug-CC-pVTZ) (Hartree): -420.76040125
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.72446597
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.76254263
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.18070042
E(UHF/Aug-CC-pVTZ) (Hartree): -419.17544253
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45265451
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.517607 -0.283437 -0.753321
C -0.688102 0.550324 -0.133217
C 0.538745 1.038517 -0.843823
C 1.838957 0.611526 -0.173038
O 1.985009 -0.818500 -0.218460
O 1.354129 -1.396059 0.761167
O -2.645530 -0.839962 -0.241593
H -1.353689 -0.601333 -1.774347
C -0.894450 1.005527 1.283658
H 0.547096 0.688579 -1.876849
H 0.549588 2.133239 -0.871075
H 2.704278 0.996970 -0.709256
H 1.882456 0.910749 0.873250
H -2.716026 -0.636878 0.695306
H -0.360153 0.364472 1.988530
H -1.947769 1.023448 1.568417
H -0.519904 2.022190 1.415556

Rotational constants (GHz): 3.0806800 1.3277200 1.2131600
Vibrational harmonic frequencies (cm-1):

63.9862 104.7020 108.6729
122.1413 201.4260 273.4201
300.7804 361.7789 395.4514
458.0915 513.3197 555.9277
598.5636 800.0066 863.5417
918.9867 962.5085 1003.3209

1035.1931 1053.7956 1078.6200
1184.2846 1224.9307 1237.2872
1246.1949 1314.7995 1323.2196
1372.5476 1393.5532 1406.8474
1425.4227 1469.2816 1484.0931
1495.6961 1505.2614 1772.5644
3040.6819 3046.7273 3093.4939
3107.1019 3108.7996 3113.8965
3154.7250 3216.3431 3873.0163

Zero-point correction (Hartree): 0.139845

HOCHCCH3CH2CH2OO.Elpmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45177275
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.510210 -0.336826 -0.690902
C -0.683259 0.546226 -0.145920
C 0.539959 0.977063 -0.898706
C 1.847651 0.597746 -0.214740
O 2.000095 -0.831905 -0.179810
O 1.380285 -1.354796 0.837605
O -2.640887 -0.764850 -0.055396
H -1.323918 -0.761340 -1.671016
C -0.911633 1.122466 1.218494
H 0.541037 0.556366 -1.905497
H 0.548957 2.066978 -1.003651
H 2.705532 0.954743 -0.781869
H 1.899584 0.958318 0.811076
H -3.092511 -1.415167 -0.594411
H -0.205936 0.698501 1.936264
H -1.917224 0.908862 1.570994
H -0.766517 2.205095 1.209553

Rotational constants (GHz): 3.1009500 1.3187700 1.1980700
Vibrational harmonic frequencies (cm-1):

57.1189 93.4475 104.6185
131.9094 219.1160 232.0021
276.1121 311.2246 387.5974
438.8327 494.0006 557.1893
600.1569 807.2122 858.7543
894.0112 961.8466 999.8902

1036.6439 1062.5751 1080.2574
1193.8357 1210.0610 1235.1229
1248.8211 1303.8493 1319.1174
1375.2739 1390.0143 1398.2793
1430.4524 1469.6591 1486.2454
1489.9780 1504.9210 1796.2725
3041.9251 3050.8094 3095.6879
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3102.2293 3104.9275 3157.8622
3162.0273 3180.0152 3922.6773

Zero-point correction (Hartree): 0.139594

HOCHCCH3CH2CH2OO.Elppc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45195093
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.459781 -0.776614 0.420568
C 0.809440 0.376741 0.306445
C -0.482178 0.573410 1.045944
C -1.666117 0.819506 0.124995
O -1.850534 -0.277332 -0.795413
O -2.187652 -1.364440 -0.172854
O 2.617064 -1.127776 -0.198308
H 1.098108 -1.575173 1.054509
C 1.280687 1.502085 -0.571500
H -0.703645 -0.293698 1.667310
H -0.414759 1.443134 1.707674
H -2.593160 0.935477 0.684486
H -1.513927 1.681988 -0.522449
H 2.881434 -0.442781 -0.818407
H 0.815043 1.470810 -1.560068
H 2.362349 1.500720 -0.714819
H 1.027859 2.465136 -0.124337

Rotational constants (GHz): 3.1403500 1.2648500 1.0636500
Vibrational harmonic frequencies (cm-1):

36.8765 52.5879 118.8400
127.2007 205.7481 263.7766
302.9698 348.2542 391.2698
454.1732 509.8571 554.3828
615.8995 799.6879 843.0226
929.9481 956.6517 993.0827

1035.7560 1052.2483 1089.8522
1182.5724 1223.8758 1230.1082
1265.2094 1299.6920 1317.9795
1377.4525 1396.8678 1410.5049
1426.5641 1472.3962 1486.1949
1496.9209 1505.0832 1778.0527
3041.6380 3043.2119 3093.3491
3098.9139 3114.6308 3121.5831
3151.6504 3215.2843 3874.0553

Zero-point correction (Hartree): 0.139665

HOCHCCH3CH2CH2OO.Elppt
~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.84385432
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.77372382

T1 diagnostic: 0.020573
E(MP2/Aug-CC-pVTZ) (Hartree): -420.72095663
E(MP3/Aug-CC-pVTZ) (Hartree): -420.76066693
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.72411407
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.76253098
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.18205719
E(UHF/Aug-CC-pVTZ) (Hartree): -419.17690718
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45188619
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.428909 -0.761649 0.387917
C 0.808286 0.406145 0.287379
C -0.489208 0.617197 1.011743
C -1.672006 0.827860 0.080720
O -1.862434 -0.311367 -0.786966
O -2.193385 -1.369017 -0.113317
O 2.607110 -1.019542 -0.254484
H 1.022622 -1.570406 0.984909
C 1.341535 1.528230 -0.552156
H -0.712932 -0.230656 1.658873
H -0.426996 1.506181 1.647335
H -2.598217 0.971458 0.635324
H -1.517559 1.658184 -0.605961
H 2.895243 -1.912333 -0.060989
H 0.735260 1.673752 -1.449666
H 2.361263 1.329288 -0.871014
H 1.325889 2.467235 0.005707

Rotational constants (GHz): 3.1486200 1.2674200 1.0540300
Vibrational harmonic frequencies (cm-1):

26.7941 45.7261 108.2875
130.5170 215.3615 233.3374
275.5859 299.0623 385.1109
433.3619 493.0776 557.0090
615.4538 807.4477 840.0362
902.1129 957.7869 984.3953

1035.1859 1063.0966 1089.2179
1192.4548 1208.3106 1233.7179
1266.7916 1301.9615 1305.5584
1381.0377 1389.3788 1401.8280
1430.7164 1471.4674 1487.7331
1490.5883 1502.7339 1800.3064
3046.1368 3048.2779 3093.5697
3097.0945 3117.7039 3155.1559
3161.9043 3180.8921 3921.9245
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Zero-point correction (Hartree): 0.139390

HOCHCCH3CH2CH2OO.Elptc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45093535
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.721411 -0.587870 -0.547802
C -0.916644 0.407847 -0.192202
C 0.248419 0.773116 -1.068863
C 1.585035 0.661313 -0.362510
O 1.784646 -0.724568 -0.010541
O 2.857524 -0.884493 0.700195
O -2.797669 -1.055815 0.136247
H -1.576378 -1.138501 -1.467638
C -1.090617 1.192064 1.078120
H 0.263101 0.147565 -1.962174
H 0.157778 1.811407 -1.403676
H 2.415615 0.956359 -1.002489
H 1.620835 1.237491 0.561719
H -2.868588 -0.611774 0.985637
H -0.462934 0.806120 1.885350
H -2.122091 1.195651 1.433353
H -0.812046 2.235865 0.922256

Rotational constants (GHz): 3.4451300 1.0522800 0.9883000
Vibrational harmonic frequencies (cm-1):

41.6818 55.6782 95.2414
122.1272 225.6290 255.4193
298.1443 341.1793 386.6297
405.9443 500.7129 568.1586
599.1119 800.1281 838.2699
929.8089 959.6360 1024.2254

1049.3828 1067.1277 1077.5407
1181.2537 1223.4907 1231.4619
1276.1074 1297.0730 1318.4225
1380.2345 1394.1162 1412.8135
1428.6500 1470.7367 1488.4428
1503.7162 1508.9518 1777.2567
3043.4882 3044.8136 3085.8243
3100.1926 3108.8349 3116.2341
3140.7489 3215.3730 3874.7341

Zero-point correction (Hartree): 0.139571

HOCHCCH3CH2CH2OO.Elptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45062207
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.687998 -0.618795 0.492881
C 0.915542 0.416456 0.192925
C -0.259700 0.749108 1.067999
C -1.591353 0.659142 0.349459
O -1.802077 -0.723348 -0.011109
O -2.887151 -0.874508 -0.704725
O 2.769767 -0.965716 -0.266504
H 1.492458 -1.242616 1.357736
C 1.163201 1.278087 -1.009050
H -0.285528 0.095656 1.941473
H -0.170140 1.775429 1.437329
H -2.423692 0.956840 0.985921
H -1.613993 1.241844 -0.570464
H 3.198522 -1.736052 0.107991
H 2.139415 1.075352 -1.441349
H 1.111298 2.335820 -0.741319
H 0.413215 1.102318 -1.783897

Rotational constants (GHz): 3.4577100 1.0502500 0.9739700
Vibrational harmonic frequencies (cm-1):

27.8590 56.3095 95.1152
130.4504 229.9982 233.0775
279.8611 281.8680 379.0604
390.0224 473.3075 569.5506
599.1604 808.7278 835.2397
901.7905 959.8911 1022.4905

1052.1236 1073.0370 1076.6099
1189.3981 1207.2794 1234.9150
1275.3578 1297.3689 1306.2990
1383.6717 1387.5146 1402.9185
1432.2372 1469.4858 1490.7696
1493.0623 1509.5911 1800.9719
3046.6909 3049.0555 3088.0839
3097.1853 3103.7458 3144.0555
3161.8549 3181.6663 3920.9978

Zero-point correction (Hartree): 0.139309

HOCHCCH3CH2CH2OO.Eltmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45164869
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.811935 -0.907621 0.071422
C 1.027333 0.151265 0.247118
C -0.414545 -0.040563 0.622740
C -1.339242 0.420047 -0.492300
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O -2.719465 0.331750 -0.081247
O -3.113306 -0.903396 -0.014655
O 3.119974 -0.898855 -0.294994
H 1.454965 -1.917711 0.221781
C 1.516665 1.562881 0.063181
H -0.625008 -1.089135 0.831386
H -0.651596 0.533489 1.523087
H -1.198815 1.472892 -0.733562
H -1.219188 -0.188641 -1.387452
H 3.407718 0.001017 -0.472667
H 1.385050 1.918785 -0.961790
H 2.571892 1.675366 0.319359
H 0.964490 2.241889 0.714062

Rotational constants (GHz): 4.7964600 0.8767900 0.7807500
Vibrational harmonic frequencies (cm-1):

53.7285 71.7147 89.4977
116.3588 155.1504 271.1468
307.8924 327.9762 383.8881
406.1160 510.9140 539.2368
656.5248 795.4961 837.0464
933.8506 968.3074 1016.5065

1043.4275 1069.7756 1081.4272
1183.6477 1220.7490 1236.2731
1280.1390 1307.8771 1322.0944
1335.7953 1400.0742 1409.7012
1425.2233 1482.0790 1491.9171
1499.1111 1505.3858 1772.0821
3043.5621 3050.7344 3091.7159
3098.1917 3117.5938 3121.3765
3154.5905 3218.4321 3871.8645

Zero-point correction (Hartree): 0.139597

HOCHCCH3CH2CH2OO.Eltmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45146190
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.808449 -0.870946 0.073997
C 1.022126 0.185896 0.234148
C -0.415721 -0.007658 0.623098
C -1.359154 0.443369 -0.480086
O -2.733501 0.297045 -0.063681
O -3.085753 -0.951642 -0.027514
O 3.119356 -0.754994 -0.294526
H 1.443150 -1.880050 0.228246
C 1.518328 1.587994 0.035525
H -0.622997 -1.056074 0.837927
H -0.642754 0.569183 1.524220
H -1.258428 1.504409 -0.700972
H -1.223508 -0.143918 -1.387232
H 3.537838 -1.616751 -0.290378
H 1.112418 2.031524 -0.876723
H 2.602370 1.614041 -0.037457
H 1.206935 2.222439 0.868047

Rotational constants (GHz): 4.7876600 0.8777500 0.7801800
Vibrational harmonic frequencies (cm-1):

56.3337 61.5398 111.1569
118.4974 170.4625 240.0409
267.4307 321.2406 359.2031
385.4776 485.3416 538.0905
660.2330 793.0924 844.5286
900.1542 966.8000 1014.9355

1050.6590 1070.5620 1086.7521
1194.8091 1209.8170 1236.0224
1283.4324 1293.5699 1325.9942
1339.2963 1393.4718 1406.7887
1430.5021 1480.0410 1492.3605
1497.0516 1499.6333 1795.6914
3049.6415 3051.3162 3094.9246
3099.0336 3116.9742 3159.8308
3162.0614 3183.4444 3918.9380

Zero-point correction (Hartree): 0.139463

HOCHCCH3CH2CH2OO.Eltpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45201182
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.007490 -0.766543 -0.158771
C -1.003670 0.103506 -0.211088
C 0.386922 -0.368660 -0.524399
C 1.307083 -0.192810 0.672840
O 2.663592 -0.544892 0.329885
O 3.209099 0.359872 -0.424121
O -3.304263 -0.488022 0.135709
H -1.870260 -1.819530 -0.365650
C -1.199234 1.573372 0.052831
H 0.380775 -1.418458 -0.818898
H 0.807641 0.209533 -1.351093
H 1.321144 0.836694 1.029090
H 1.041753 -0.866617 1.485571
H -3.399346 0.442897 0.356862
H -1.153800 1.815574 1.117656
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H -2.155303 1.937117 -0.329843
H -0.421692 2.153930 -0.443958

Rotational constants (GHz): 5.5881300 0.8426200 0.7822800
Vibrational harmonic frequencies (cm-1):

53.0781 68.9128 92.6832
134.5309 153.8551 269.6361
308.6222 336.0594 387.3273
408.3134 514.1855 543.1282
658.1054 792.9716 836.2138
926.7746 973.8020 1018.9343

1043.2789 1062.5763 1082.5295
1183.7005 1225.6114 1233.7287
1283.3615 1305.6221 1327.7582
1335.9956 1398.4848 1407.9966
1424.1372 1481.3396 1492.3829
1498.2498 1507.0122 1770.7074
3041.9336 3058.3081 3092.2916
3095.3268 3114.2838 3122.0515
3156.0048 3216.5067 3868.2763

Zero-point correction (Hartree): 0.139667

HOCHCCH3CH2CH2OO.Eltpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45145415
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.001604 -0.742327 -0.143488
C -1.003878 0.131352 -0.193096
C 0.388943 -0.341258 -0.495733
C 1.325429 -0.112698 0.679639
O 2.660431 -0.553504 0.354349
O 3.240376 0.263637 -0.470784
O -3.284177 -0.367272 0.143806
H -1.843266 -1.799209 -0.327038
C -1.215763 1.598121 0.043935
H 0.390938 -1.403170 -0.745496
H 0.796207 0.204117 -1.351080
H 1.390356 0.938782 0.954426
H 1.039528 -0.710211 1.543648
H -3.874869 -1.114517 0.041352
H -0.835668 1.906024 1.020700
H -2.271803 1.852258 0.004772
H -0.683224 2.183896 -0.707787

Rotational constants (GHz): 5.6476000 0.8348200 0.7774800
Vibrational harmonic frequencies (cm-1):

49.7688 62.1260 111.8830
127.3880 172.9634 210.4648
261.2065 320.6001 362.4027
382.3184 485.9407 542.2492
657.6454 793.1815 842.6844
892.9237 971.7160 1015.6927

1050.5671 1064.3973 1088.9214
1195.4017 1206.0764 1235.3924
1278.4451 1296.7273 1326.6436
1338.9397 1392.0899 1404.1120
1429.8617 1479.4113 1492.5962
1497.1967 1499.5171 1794.2645
3052.0717 3056.5095 3095.4248
3101.9954 3108.8201 3158.4228
3161.4501 3179.2350 3920.3404

Zero-point correction (Hartree): 0.139351

HOCHCCH3CH2CH2OO.Elttc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45091885
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.019457 -0.817672 0.008327
C 1.098313 0.106194 0.263784
C -0.265828 -0.308594 0.739631
C -1.331637 0.046086 -0.278635
O -2.612365 -0.306310 0.287546
O -3.586183 -0.017001 -0.518699
O 3.280374 -0.604705 -0.449534
H 1.832634 -1.872400 0.160319
C 1.352064 1.578443 0.081059
H -0.294439 -1.382104 0.927499
H -0.506575 0.195948 1.679682
H -1.359513 1.112952 -0.500090
H -1.213321 -0.513727 -1.205893
H 3.413792 0.330153 -0.629580
H 1.084613 1.925417 -0.920047
H 2.395599 1.846085 0.257166
H 0.758393 2.155065 0.791451

Rotational constants (GHz): 5.6123100 0.7832700 0.7367300
Vibrational harmonic frequencies (cm-1):

53.8263 72.5390 95.9165
114.0774 128.2612 270.0024
279.2909 331.3963 381.0101
385.4593 495.6250 548.1192
637.7717 787.1260 832.2222
931.2207 1006.1629 1023.5025

1047.5933 1065.7010 1104.9684
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1179.5446 1217.2770 1228.0802
1292.8911 1306.1027 1310.3396
1333.4085 1402.8581 1413.8348
1426.4010 1485.5788 1492.6064
1504.5213 1508.5126 1772.3846
3044.6967 3051.5936 3084.0365
3099.7247 3110.5957 3118.4691
3143.5100 3214.7052 3871.4970

Zero-point correction (Hartree): 0.139435

HOCHCCH3CH2CH2OO.Elttt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45055503
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.019747 -0.786239 0.012765
C 1.092870 0.133198 0.249446
C -0.268522 -0.285052 0.729399
C -1.347484 0.078620 -0.271565
O -2.613552 -0.338726 0.285451
O -3.600278 -0.055760 -0.507019
O 3.268503 -0.461379 -0.437772
H 1.826796 -1.842387 0.164177
C 1.353458 1.598099 0.055223
H -0.298640 -1.360915 0.906120
H -0.498650 0.209545 1.677373
H -1.411543 1.151424 -0.448613
H -1.217059 -0.439965 -1.220983
H 3.818674 -1.244931 -0.472194
H 0.843713 1.981548 -0.831597
H 2.415948 1.794482 -0.062124
H 0.982964 2.166359 0.910953

Rotational constants (GHz): 5.7031700 0.7796800 0.7330400
Vibrational harmonic frequencies (cm-1):

49.4497 85.7927 94.1556
109.3073 155.9037 223.1140
264.6973 296.5680 353.0401
371.2835 465.2999 545.6444
640.9286 785.9895 840.5879
895.2056 1002.6418 1021.9917

1055.0963 1069.6735 1106.7878
1189.2775 1208.1309 1226.7501
1292.2113 1296.0405 1310.2441
1338.0122 1392.7459 1413.1792
1430.7267 1482.9877 1493.2188
1498.6237 1508.4037 1795.6003
3050.3658 3052.0386 3087.7339
3100.1541 3106.2284 3147.3929
3162.0558 3180.1953 3919.4495

Zero-point correction (Hartree): 0.139230

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82495066
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.74993036

T1 diagnostic: 0.027178
E(MP2/Aug-CC-pVTZ) (Hartree): -420.69194733
E(MP3/Aug-CC-pVTZ) (Hartree): -420.73018644
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.70966304
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74344876
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.15893222
E(UHF/Aug-CC-pVTZ) (Hartree): -419.13843132
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.43069294
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.897061 -0.546190 0.623516
C 0.499806 0.751999 0.364265
C -0.899828 1.100331 0.734933
C -1.862983 0.349260 -0.214481
O -1.608941 -1.029261 -0.103469
O -0.379546 -1.295814 -0.660220
O 2.063821 -1.066021 0.210856
H 0.465226 -1.110783 1.437486
C 1.222207 1.567402 -0.659583
H -1.133763 0.784748 1.752116
H -1.076472 2.173656 0.656888
H -2.901957 0.490788 0.082090
H -1.719342 0.671026 -1.248151
H 2.398259 -0.574510 -0.546052
H 1.015811 1.199817 -1.672535
H 2.304179 1.548632 -0.511108
H 0.907815 2.608579 -0.619976

Rotational constants (GHz): 2.9232700 1.9578100 1.4160100
Vibrational harmonic frequencies (cm-1):

i584.5270 104.0146 131.1446
152.9753 280.3153 301.1201
328.3390 384.9481 405.1223
438.5013 509.0466 585.3565
622.4213 804.3175 876.8799
933.8620 966.4459 987.6532

1013.3413 1029.7845 1074.4238
1089.5739 1180.5453 1223.0220
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1246.1206 1264.0096 1324.3687
1343.1694 1375.3321 1386.2243
1413.1340 1480.3285 1482.9774
1490.9019 1502.0566 1565.9389
3013.5153 3063.7344 3073.1651
3083.0540 3122.8568 3133.5583
3139.1511 3225.4811 3857.2312

Zero-point correction (Hartree): 0.138990

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82644110
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.75168260

T1 diagnostic: 0.027377
E(MP2/Aug-CC-pVTZ) (Hartree): -420.69320422
E(MP3/Aug-CC-pVTZ) (Hartree): -420.73169845
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.71075959
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74484390
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.16124987
E(UHF/Aug-CC-pVTZ) (Hartree): -419.14094997
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.43224778
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.901440 -0.521479 0.586849
C 0.502829 0.769096 0.333071
C -0.894366 1.109763 0.725147
C -1.864531 0.326386 -0.190794
O -1.591884 -1.049777 -0.073455
O -0.384427 -1.307941 -0.683039
O 2.095071 -0.960328 0.136906
H 0.439773 -1.087856 1.386068
C 1.212414 1.628625 -0.655606
H -1.109120 0.822969 1.754911
H -1.083272 2.178781 0.618222
H -2.898699 0.457600 0.126698
H -1.748306 0.635648 -1.231358
H 2.156168 -1.910354 0.265310
H 1.301757 2.650040 -0.281367
H 0.641760 1.676875 -1.589447
H 2.203139 1.246316 -0.884335

Rotational constants (GHz): 2.8787500 1.9716900 1.3999900
Vibrational harmonic frequencies (cm-1):

i553.2027 109.9272 129.4570
161.2925 272.9190 293.9918
335.0045 356.8991 383.6058
430.7677 499.5686 584.3038
625.0749 816.1024 874.9959
937.0347 964.9763 987.8429

1010.4461 1035.3106 1075.9675
1087.1538 1189.3977 1224.8218
1245.0144 1264.3001 1303.5546
1334.5962 1374.3540 1390.3968
1422.9022 1477.8849 1482.0055
1488.2023 1492.0330 1602.7358
3031.4077 3066.6412 3072.5900
3092.3654 3121.7575 3134.3623
3168.0763 3189.7552 3887.1174

Zero-point correction (Hartree): 0.139034

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.80543099
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.73000039

T1 diagnostic: 0.024966
E(MP2/Aug-CC-pVTZ) (Hartree): -420.67733307
E(MP3/Aug-CC-pVTZ) (Hartree): -420.71333383
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.69231131
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.72403263
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.12957042
E(UHF/Aug-CC-pVTZ) (Hartree): -419.11164555
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41459562
Electronic state : 2-A
Cartesian coordinates (Angs):

O 1.611663 -1.284114 -0.619711
H 0.570609 -1.436504 0.047100
C -0.397947 -1.100677 0.836472
O 2.231586 -0.228477 0.005948
C -0.728993 0.240864 0.373594
C 1.585033 0.992460 -0.352959
C 0.358900 1.279457 0.506288
H 0.156254 -1.138816 1.772511
H -1.154259 -1.878237 0.771877
C -1.881294 0.561876 -0.234616
O -2.930091 -0.252592 -0.482316
H -2.076507 1.567403 -0.583044
H 2.343442 1.759914 -0.195592
H 1.326531 0.944954 -1.412172
H -0.024832 2.261609 0.223290
H 0.680104 1.342327 1.549750
H -2.740806 -1.145064 -0.177763

Rotational constants (GHz): 3.7713900 1.2756300 1.0917400
Vibrational harmonic frequencies (cm-1):
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i2187.2165 79.1229 145.5697
202.8478 290.9588 295.2709
344.0117 403.4398 455.9409
495.2855 550.5102 563.2053
629.2395 656.4428 815.4285
873.4114 917.9509 956.2470
990.7497 1016.8466 1060.0645

1081.7357 1118.5491 1190.0307
1204.8801 1238.1535 1253.3422
1299.2440 1329.1686 1375.6154
1396.7598 1416.0353 1465.7503
1478.7994 1485.3532 1530.7273
1702.6711 3050.4029 3069.6122
3098.1448 3102.9731 3128.3971
3176.8308 3215.6662 3865.5866

Zero-point correction (Hartree): 0.134451

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41378992
Electronic state : 2-A
Cartesian coordinates (Angs):

O 1.601501 -1.290271 -0.618535
H 0.561291 -1.438259 0.056889
C -0.401768 -1.097574 0.847814
O 2.232270 -0.235626 0.001025
C -0.713173 0.247279 0.381248
C 1.594707 0.986734 -0.362118
C 0.371862 1.287446 0.498634
H 0.154954 -1.145404 1.781839
H -1.189898 -1.835589 0.756039
C -1.868947 0.544929 -0.223165
O -2.847699 -0.382535 -0.401426
H -2.078130 1.543523 -0.589924
H 2.358378 1.750500 -0.211240
H 1.332110 0.935967 -1.420313
H -0.010168 2.268012 0.206377
H 0.697337 1.359552 1.540003
H -3.610527 0.016269 -0.822647

Rotational constants (GHz): 3.7784100 1.2856200 1.0982000
Vibrational harmonic frequencies (cm-1):

i2126.1464 82.8438 145.7752
213.6238 269.8116 277.2568
325.9406 373.3494 448.8572
472.1455 554.2206 568.7976
633.4221 661.9724 823.5970
875.3510 878.8346 957.0137

1001.7419 1015.9198 1062.1319
1082.5804 1119.0508 1198.9166
1199.9316 1231.2216 1252.2669
1295.3559 1318.6255 1377.5621
1397.1068 1404.6352 1462.3339
1478.6047 1479.7281 1516.7170
1730.1079 3050.1858 3067.5503
3099.5063 3107.3536 3126.1656
3182.5087 3211.7110 3914.6619

Zero-point correction (Hartree): 0.134291

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41342897
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.809153 1.189157 -0.280637
H -0.693200 1.491482 0.191782
C 0.459690 1.311138 0.776573
O -1.506597 0.067604 -1.009623
C 0.653638 -0.107794 0.532762
C -1.543084 -1.075315 -0.157669
C -0.494299 -0.994585 0.960701
H 0.164990 1.569807 1.791662
H 1.170044 2.019741 0.358664
C 1.682250 -0.631587 -0.156204
O 2.736439 0.031551 -0.672135
H 1.754807 -1.694854 -0.345186
H -2.553466 -1.197939 0.236613
H -1.317258 -1.896094 -0.838222
H -0.152773 -2.001917 1.198934
H -0.942200 -0.582073 1.864560
H 2.654362 0.974213 -0.496627

Rotational constants (GHz): 3.3187200 1.4055600 1.2662400
Vibrational harmonic frequencies (cm-1):

i2094.4757 79.0026 123.8287
232.6307 277.1059 301.8495
371.7860 378.3727 434.8235
486.2273 537.4493 568.2219
625.1325 708.2326 807.3081
858.3569 921.8416 954.5784

1018.9063 1030.5444 1058.5716
1082.5619 1126.5080 1200.3832
1219.9226 1253.2084 1266.0461
1287.5495 1327.3345 1364.0460
1396.2710 1414.5928 1482.8872
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1488.3685 1498.0181 1501.1903
1689.9085 3068.2305 3082.1468
3098.4667 3116.4651 3135.8086
3174.3543 3212.3579 3857.4644

Zero-point correction (Hartree): 0.134683

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41202505
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.801016 1.194880 -0.292037
H -0.680972 1.494659 0.182105
C 0.458122 1.309432 0.788425
O -1.505795 0.067479 -1.018020
C 0.640213 -0.110418 0.546060
C -1.555137 -1.071067 -0.163841
C -0.505830 -1.004294 0.957098
H 0.137967 1.569895 1.795354
H 1.204489 1.976818 0.373802
C 1.677405 -0.607886 -0.141367
O 2.680110 0.183750 -0.600182
H 1.766000 -1.668997 -0.347278
H -2.566519 -1.181391 0.231818
H -1.340686 -1.896938 -0.842239
H -0.165710 -2.015214 1.183006
H -0.955428 -0.603189 1.865159
H 3.325829 -0.339119 -1.078065

Rotational constants (GHz): 3.3264600 1.4097200 1.2706800
Vibrational harmonic frequencies (cm-1):

i2051.6284 80.8964 118.0649
234.7208 253.7706 296.7965
327.8990 367.3283 412.4711
463.3578 542.0591 565.4153
629.6163 708.5276 808.9682
856.5643 886.7265 954.9900

1018.2313 1030.5736 1064.8990
1082.5759 1127.6163 1207.4368
1210.8433 1252.4923 1264.9906
1289.6721 1309.7406 1357.9237
1397.5991 1405.8849 1478.3326
1482.6085 1488.6295 1499.8821
1716.0912 3066.0063 3080.8514
3108.1941 3113.8368 3133.5914
3180.4327 3210.1388 3913.5482

Zero-point correction (Hartree): 0.134414

#################################################################################
Z-HOCH=C(CH3)CH2CH2OO ring closure and H-shift
#################################################################################

HOCHCCH3CH2CH2OO.Zcpmm
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44926728
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.130828 1.189643 0.118372
C 1.238603 -0.132009 -0.010035
C 0.223458 -1.204350 0.298823
C -1.174937 -0.855596 0.776147
O -2.076071 -0.621963 -0.337399
O -1.939195 0.550472 -0.866455
O 0.048799 1.933320 0.470619
H 2.005167 1.806843 -0.055894
C 2.555327 -0.707592 -0.455973
H 0.121413 -1.869420 -0.565394
H 0.663012 -1.830250 1.083227
H -1.627782 -1.712607 1.269338
H -1.213156 0.009725 1.433576
H -0.745437 1.559668 0.057560
H 3.299289 0.071191 -0.610861
H 2.443891 -1.258622 -1.393007
H 2.945669 -1.411728 0.283331

Rotational constants (GHz): 2.8902200 1.5369100 1.1689500
Vibrational harmonic frequencies (cm-1):

24.0365 77.6570 189.7251
198.5005 212.4232 301.1457
319.7088 342.3071 426.8330
433.3245 555.5785 612.1342
683.9066 774.3618 863.0769
915.0358 972.8046 1009.5127

1050.9749 1071.7262 1096.5676
1181.8355 1220.7331 1247.8945
1277.4254 1332.8511 1356.0380
1407.6980 1409.2349 1419.2418
1438.9876 1461.5529 1484.0105
1501.8632 1507.0806 1769.4280
3030.3042 3041.7617 3055.8862
3088.3897 3111.8810 3143.4802
3168.9225 3179.4980 3648.0915

Zero-point correction (Hartree): 0.140370
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HOCHCCH3CH2CH2OO.Zcppc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44991842
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.302368 1.134243 -0.052999
C 1.292066 -0.197500 -0.038492
C 0.113401 -1.112402 0.187562
C -1.101218 -0.564118 0.907252
O -1.906118 0.273034 0.035929
O -2.522093 -0.422441 -0.870935
O 0.278841 2.017500 0.086638
H 2.242014 1.657752 -0.178460
C 2.581383 -0.932962 -0.282837
H -0.224491 -1.555842 -0.754835
H 0.469624 -1.953295 0.789785
H -1.753771 -1.364950 1.247106
H -0.836395 0.090558 1.735721
H -0.571467 1.619975 -0.129949
H 3.407289 -0.247262 -0.461502
H 2.495186 -1.588545 -1.153039
H 2.838972 -1.566692 0.569206

Rotational constants (GHz): 3.0876200 1.3938000 1.0892800
Vibrational harmonic frequencies (cm-1):

41.4157 88.8959 158.4002
203.7030 214.9268 267.4457
306.5270 349.4743 426.3144
468.9643 540.3332 555.0457
616.7284 783.5881 848.6957
920.2684 977.4469 1010.4465

1023.8451 1070.5587 1118.5778
1177.7980 1205.3420 1226.1172
1285.3179 1308.7509 1328.8084
1396.5434 1402.0385 1419.5250
1434.5639 1466.7983 1484.7455
1489.9621 1503.0773 1770.8431
3041.0376 3043.7765 3071.5466
3088.6966 3103.7687 3142.8778
3164.1479 3197.6601 3816.3222

Zero-point correction (Hartree): 0.140248

HOCHCCH3CH2CH2OO.Zcptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44798473
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.111782 1.202708 -0.048985
C 1.321607 -0.106468 0.000181
C 0.372817 -1.143483 0.544186
C -1.082610 -0.764033 0.699462
O -1.584852 -0.416972 -0.610449
O -2.785048 0.066786 -0.547755
O -0.001108 1.821837 0.451410
H 1.860828 1.861847 -0.473951
C 2.623586 -0.662260 -0.501470
H 0.429102 -2.020392 -0.107435
H 0.730553 -1.483099 1.521683
H -1.670436 -1.612639 1.049149
H -1.242637 0.091413 1.346309
H -0.106376 2.684059 0.045726
H 3.140249 -1.213026 0.288487
H 3.289287 0.123328 -0.854380
H 2.454407 -1.363486 -1.321472

Rotational constants (GHz): 3.1846200 1.3743500 1.1036000
Vibrational harmonic frequencies (cm-1):

41.7350 54.6761 136.9906
196.3076 224.8723 256.5599
272.2639 309.1968 342.1811
389.1014 449.4868 541.9392
634.2976 783.3691 838.9369
888.2290 1005.2984 1008.2993

1044.5282 1077.3965 1102.6649
1177.8265 1204.1175 1242.1809
1276.9776 1294.3337 1304.8379
1384.4248 1413.3817 1421.5673
1433.4271 1466.7757 1483.4140
1500.1768 1504.6908 1800.8913
3040.9819 3045.7174 3070.2552
3094.2460 3095.3060 3140.4667
3175.4861 3184.9905 3907.3554

Zero-point correction (Hartree): 0.139565

HOCHCCH3CH2CH2OO.Zctpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44515262
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.954737 0.702111 -0.066637
C -1.292319 -0.449834 -0.007600
C 0.197765 -0.675928 0.038772
C 1.099300 0.522071 0.262716
O 2.448422 0.069257 0.503280
O 3.004518 -0.353378 -0.590800
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O -1.493168 1.984059 -0.122603
H -3.036633 0.701284 -0.068602
C -2.079754 -1.732002 0.012289
H 0.399791 -1.381335 0.850752
H 0.521164 -1.176700 -0.878264
H 1.155607 1.183685 -0.603865
H 0.836007 1.076985 1.162625
H -0.546872 2.014117 -0.268205
H -3.150674 -1.546910 -0.040197
H -1.874075 -2.301120 0.921577
H -1.804015 -2.368020 -0.832066

Rotational constants (GHz): 3.2170000 1.1150700 0.8728000
Vibrational harmonic frequencies (cm-1):

25.4172 78.3647 123.7774
170.7876 196.9246 227.9818
287.8662 320.1712 343.9952
406.9443 474.0316 574.1455
604.6082 791.2435 883.9768
921.8576 975.5759 1005.4773

1051.2166 1083.7976 1123.9663
1173.5548 1183.5992 1246.7477
1278.9744 1303.1522 1346.0534
1355.9993 1411.8816 1419.2780
1434.4271 1483.0102 1487.6386
1504.0531 1515.7753 1779.0413
3042.4192 3047.0036 3065.3448
3076.6750 3095.3128 3140.2386
3146.0393 3213.1117 3925.5280

Zero-point correction (Hartree): 0.139759

HOCHCCH3CH2CH2OO.Zctpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44961874
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.910461 0.687968 -0.132568
C -1.279218 -0.468402 0.020212
C 0.193008 -0.658194 0.265105
C 1.080153 0.569106 0.189292
O 2.452055 0.165698 0.416055
O 2.935128 -0.475134 -0.603425
O -1.293149 1.911294 -0.076811
H -2.980286 0.712591 -0.304352
C -2.063894 -1.748177 -0.033569
H 0.327699 -1.125570 1.246155
H 0.572150 -1.379256 -0.464639
H 1.037631 1.055505 -0.781581
H 0.876641 1.290249 0.974713
H -1.926284 2.602984 -0.272360
H -3.124880 -1.566021 -0.195353
H -1.952764 -2.308170 0.897707
H -1.699699 -2.390990 -0.837673

Rotational constants (GHz): 3.1892200 1.1588400 0.8959600
Vibrational harmonic frequencies (cm-1):

34.7291 89.3545 133.3168
169.8388 185.6689 216.9190
265.2060 311.7155 345.4390
397.6089 456.9792 567.6594
604.5898 790.8203 878.8482
888.6487 966.6599 1004.5028

1046.3952 1088.0718 1117.8057
1174.1608 1201.1280 1238.9297
1268.2535 1294.4717 1332.8919
1353.3483 1407.4306 1422.2608
1431.8591 1481.9638 1483.7375
1493.8845 1504.6745 1803.5656
3037.9988 3048.1738 3074.2592
3098.3665 3123.7778 3140.1703
3183.9106 3189.7624 3920.7129

Zero-point correction (Hartree): 0.139584

HOCHCCH3CH2CH2OO.Zgmmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45072057
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.989804 0.208706 -0.313793
C 0.826097 0.596713 0.196926
C -0.065618 -0.359934 0.947609
C -0.945036 -1.198469 0.032037
O -1.823393 -0.354934 -0.746128
O -2.718326 0.210818 0.003761
O 2.543784 -1.034946 -0.234980
H 2.629282 0.883352 -0.866545
C 0.339780 2.005975 0.026131
H 0.509180 -1.048789 1.575217
H -0.716760 0.191344 1.626975
H -0.361834 -1.730557 -0.718451
H -1.574360 -1.891379 0.589167
H 2.003592 -1.606928 0.316729
H -0.624440 2.029662 -0.484220
H 1.047187 2.600169 -0.550200
H 0.201475 2.487689 0.996649
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Rotational constants (GHz): 3.3559600 1.2984200 1.0556100
Vibrational harmonic frequencies (cm-1):

40.9393 66.7204 142.3623
169.4739 193.3883 289.2887
302.5363 332.5190 387.9733
421.2621 534.2735 570.9138
613.4048 790.2132 848.8792
917.2383 948.1353 1009.7677

1031.0112 1071.8344 1097.2237
1177.1280 1189.8680 1239.8074
1266.6471 1299.3519 1313.3219
1364.8695 1399.9540 1410.5359
1423.9707 1481.6530 1488.0521
1493.7835 1504.0293 1772.4866
3041.5945 3051.1800 3087.2260
3106.0248 3108.3076 3140.4678
3149.7913 3219.9452 3871.8849

Zero-point correction (Hartree): 0.139837

HOCHCCH3CH2CH2OO.Zgmmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45252662
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.937512 -0.188903 -0.323205
C 0.805674 -0.633427 0.203909
C -0.070602 0.296764 1.002205
C -0.912154 1.199539 0.117663
O -1.770587 0.420154 -0.748972
O -2.692514 -0.194761 -0.074327
O 2.332130 1.115667 -0.158502
H 2.592745 -0.818658 -0.913257
C 0.345735 -2.044789 0.001752
H -0.736259 -0.273491 1.650451
H 0.540127 0.946490 1.631171
H -1.556161 1.858637 0.698149
H -0.290957 1.773311 -0.566664
H 3.207424 1.243071 -0.526465
H 0.236027 -2.554879 0.961179
H 1.048398 -2.611123 -0.608111
H -0.630563 -2.066941 -0.485989

Rotational constants (GHz): 3.2226000 1.3598600 1.0889800
Vibrational harmonic frequencies (cm-1):

42.8964 65.6193 142.7389
167.1418 189.3145 227.3757
288.6729 320.2290 354.3743
391.2909 531.7092 574.5252
617.5566 798.6739 848.1971
878.3959 950.0970 1009.2751

1028.4883 1072.7596 1100.3847
1182.1118 1197.7530 1226.2701
1262.8379 1299.1358 1318.7714
1362.3503 1390.7542 1407.4201
1423.0941 1474.4708 1481.9141
1491.8754 1503.0181 1794.6668
3050.6164 3075.4455 3095.1329
3105.4278 3124.1288 3136.8179
3163.0238 3188.8317 3919.8657

Zero-point correction (Hartree): 0.139596

HOCHCCH3CH2CH2OO.Zgmpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44933493
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.782933 0.110969 -0.461481
C 0.787914 0.564110 0.293452
C -0.004858 -0.353506 1.188551
C -1.119576 -1.100004 0.464262
O -2.097280 -0.166343 -0.034011
O -1.863617 0.176104 -1.265665
O 2.230116 -1.173930 -0.541764
H 2.351128 0.759979 -1.113582
C 0.402348 2.013945 0.272419
H 0.633315 -1.104711 1.666413
H -0.447622 0.220846 2.003959
H -0.752162 -1.663208 -0.392318
H -1.670244 -1.749300 1.143820
H 1.742706 -1.737215 0.064959
H 1.019339 2.575114 -0.427427
H 0.518723 2.460585 1.262732
H -0.641492 2.138175 -0.020258

Rotational constants (GHz): 2.7294700 1.4523500 1.2564800
Vibrational harmonic frequencies (cm-1):

48.7034 88.8848 105.7465
169.7326 194.4482 263.3324
294.1944 342.2144 378.2690
420.1903 528.8116 569.2579
604.0069 779.9811 872.6524
918.2761 938.0512 1019.9914

1036.1814 1069.0318 1087.0051
1177.5739 1191.8773 1236.3051
1258.3935 1300.3856 1329.8438
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1370.3998 1391.7892 1410.7006
1423.2240 1481.1253 1483.1346
1491.9566 1502.5607 1774.5235
3036.0261 3048.8346 3086.6194
3098.1440 3104.4574 3141.0885
3151.2493 3221.7205 3877.9113

Zero-point correction (Hartree): 0.139695

HOCHCCH3CH2CH2OO.Zgmpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45143242
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.737121 0.063987 -0.456171
C 0.779185 0.601911 0.284741
C -0.011417 -0.262962 1.230502
C -1.095726 -1.067273 0.528296
O -2.080353 -0.182475 -0.047689
O -1.816170 0.105465 -1.286838
O 2.025882 -1.274731 -0.377320
H 2.322426 0.642226 -1.160931
C 0.431283 2.055253 0.184803
H 0.645789 -0.982963 1.721704
H -0.471362 0.351282 2.006168
H -0.687958 -1.672298 -0.278096
H -1.653186 -1.683368 1.232423
H 2.762741 -1.485878 -0.951833
H 1.056551 2.565317 -0.546653
H 0.559200 2.551269 1.149607
H -0.611754 2.182851 -0.110643

Rotational constants (GHz): 2.6594900 1.5166600 1.2947300
Vibrational harmonic frequencies (cm-1):

45.6868 87.5472 103.4694
176.4799 193.2789 234.0679
281.1618 330.6672 348.3348
397.9300 526.6332 570.6983
607.3737 787.0443 870.6459
876.5100 939.9320 1016.1217

1035.2074 1070.4997 1088.9494
1183.0382 1198.2857 1234.1057
1242.8935 1310.5007 1325.2313
1366.3777 1382.6238 1408.4118
1421.3718 1472.8623 1481.4155
1485.9827 1501.6823 1796.0196
3048.6422 3067.6456 3095.2545
3103.2459 3114.5449 3137.1026
3164.9746 3192.3371 3920.0508

Zero-point correction (Hartree): 0.139521

HOCHCCH3CH2CH2OO.Zgmtc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44965828
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.939070 -0.129593 -0.510460
C 1.011908 0.552033 0.154141
C 0.089828 -0.124896 1.137626
C -1.102311 -0.796531 0.478876
O -1.901160 0.241346 -0.129589
O -2.928763 -0.251629 -0.747865
O 2.204870 -1.462661 -0.411107
H 2.596994 0.343679 -1.226528
C 0.832012 2.025207 -0.065783
H 0.613282 -0.886342 1.724394
H -0.277367 0.604850 1.861275
H -0.805748 -1.479880 -0.317169
H -1.739491 -1.315071 1.194778
H 1.645233 -1.868477 0.256231
H -0.181116 2.248067 -0.403871
H 1.532750 2.401156 -0.809499
H 0.992846 2.578250 0.862484

Rotational constants (GHz): 3.0103600 1.2180800 1.0238900
Vibrational harmonic frequencies (cm-1):

41.4082 75.5142 119.9922
173.6373 195.7565 273.3382
284.5693 314.9211 381.6568
392.4674 489.2844 577.5848
622.5919 786.1280 841.5853
921.7769 977.9475 1025.9881

1049.6434 1070.3287 1087.9050
1176.7408 1196.4185 1244.8787
1276.7479 1294.6012 1306.7742
1367.8364 1402.7677 1410.5180
1422.6055 1481.9338 1491.9293
1499.3863 1505.2994 1775.1273
3043.9052 3050.1255 3078.3368
3098.5812 3105.7877 3137.3926
3141.1266 3219.1818 3876.0556

Zero-point correction (Hartree): 0.139670

HOCHCCH3CH2CH2OO.Zgmtt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45153725
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Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.880460 -0.188728 -0.506354
C 1.011983 0.572220 0.144584
C 0.096187 -0.044062 1.170887
C -1.088956 -0.750130 0.542855
O -1.874325 0.247915 -0.150741
O -2.889016 -0.281038 -0.759924
O 1.966358 -1.535761 -0.260800
H 2.549319 0.206647 -1.261521
C 0.889736 2.038765 -0.135028
H 0.635776 -0.789604 1.756667
H -0.265876 0.721474 1.859021
H -0.775125 -1.488032 -0.193238
H -1.741217 -1.213280 1.282420
H 2.681224 -1.918254 -0.771152
H -0.121915 2.284581 -0.462218
H 1.588769 2.357583 -0.907021
H 1.088445 2.621573 0.767096

Rotational constants (GHz): 2.9146800 1.2701200 1.0549900
Vibrational harmonic frequencies (cm-1):

42.7504 72.7486 117.7732
178.3161 198.3964 245.1979
285.7025 300.6185 347.4777
375.8057 479.9849 582.0684
623.8398 794.2295 840.9293
877.0195 983.2028 1025.2759

1042.4252 1075.1355 1088.8214
1181.7763 1199.4183 1228.8308
1269.4839 1298.6573 1317.1769
1362.1365 1396.8202 1406.5667
1421.5974 1473.6656 1482.2938
1502.4534 1505.0698 1794.8735
3050.0418 3071.5608 3089.2414
3105.2245 3118.0648 3137.4365
3152.1171 3190.2015 3919.1491

Zero-point correction (Hartree): 0.139541

HOCHCCH3CH2CH2OO.Zgpmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45240759
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.224405 1.071636 0.115225
C 1.093779 -0.235051 -0.098039
C 0.100153 -0.780139 -1.085588
C -1.252678 -1.100586 -0.463721
O -1.846708 0.122595 0.018775
O -1.626316 0.305916 1.289588
O 0.501693 2.068096 -0.462038
H 1.972419 1.462813 0.792974
C 1.914167 -1.228647 0.668231
H -0.054263 -0.084383 -1.913673
H 0.486521 -1.704024 -1.522661
H -1.953299 -1.490637 -1.200553
H -1.174329 -1.775711 0.385619
H -0.359671 1.738532 -0.737933
H 1.276658 -1.891783 1.259108
H 2.597727 -0.732283 1.354866
H 2.499926 -1.858654 -0.004990

Rotational constants (GHz): 2.4124700 1.7738900 1.3808600
Vibrational harmonic frequencies (cm-1):

53.2250 92.8312 110.8594
190.7603 202.6129 259.5484
307.3685 344.1491 378.7662
437.9692 526.9002 582.3746
602.7792 774.7668 862.8993
918.0243 979.9982 993.6932

1030.2699 1066.0743 1084.6708
1184.8261 1199.6995 1224.5053
1269.9523 1306.9516 1323.5696
1366.7961 1384.1554 1411.7458
1422.4428 1479.2083 1487.6470
1488.9137 1500.8396 1764.8020
3040.9682 3056.5544 3088.9997
3091.9236 3100.8731 3138.8295
3159.6501 3206.2195 3848.4104

Zero-point correction (Hartree): 0.139763

HOCHCCH3CH2CH2OO.Zgppc
~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.84631979
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.77536686

T1 diagnostic: 0.021002
E(MP2/Aug-CC-pVTZ) (Hartree): -420.72348730
E(MP3/Aug-CC-pVTZ) (Hartree): -420.76218978
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.72673939
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.76408756
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.18016550
E(UHF/Aug-CC-pVTZ) (Hartree): -419.17484935
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45480404
Electronic state : 2-A
Cartesian coordinates (Angs):
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C -1.212494 1.178878 -0.172259
C -1.161420 -0.120390 0.111263
C -0.063202 -0.717029 0.948967
C 1.038780 -1.369346 0.134278
O 1.696511 -0.421967 -0.746504
O 2.167644 0.596960 -0.102567
O -0.325313 2.138965 0.186655
H -2.036973 1.595904 -0.737046
C -2.216824 -1.058983 -0.394807
H 0.382627 0.021461 1.615150
H -0.480267 -1.497923 1.590496
H 1.813810 -1.800446 0.767521
H 0.656562 -2.124151 -0.549973
H 0.523487 1.748654 0.428011
H -2.961550 -0.533786 -0.990435
H -2.729056 -1.555064 0.433194
H -1.788407 -1.845085 -1.022259

Rotational constants (GHz): 2.6040800 1.7509900 1.2063500
Vibrational harmonic frequencies (cm-1):

44.7648 126.1924 134.7356
191.5450 199.3966 275.1822
313.8253 352.8731 395.9432
453.1138 531.0890 580.7217
633.5081 769.4751 848.0543
928.5450 971.3108 982.7232

1032.1058 1072.3501 1091.7482
1189.0619 1205.0560 1249.2238
1274.8693 1304.4794 1327.1191
1372.8944 1403.2116 1416.6370
1424.7850 1480.5896 1492.7890
1495.1440 1502.5296 1770.9465
3040.2241 3062.2873 3085.6176
3092.1114 3115.3914 3138.1233
3155.0114 3201.6968 3806.0569

Zero-point correction (Hartree): 0.140187

HOCHCCH3CH2CH2OO.Zgppt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45053934
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.451259 0.979163 -0.222332
C -1.140884 -0.268690 0.103488
C 0.033012 -0.571021 0.992191
C 1.204235 -1.175474 0.235921
O 1.720483 -0.246319 -0.742162
O 2.350518 0.735054 -0.172919
O -0.750905 2.051340 0.251475
H -2.292076 1.204611 -0.869038
C -1.948873 -1.422287 -0.410435
H 0.381536 0.331125 1.491996
H -0.260136 -1.289196 1.763415
H 2.025859 -1.431021 0.902989
H 0.917013 -2.045772 -0.351916
H -1.030789 2.852096 -0.193360
H -2.767359 -1.083959 -1.044064
H -2.374184 -1.998170 0.415019
H -1.338005 -2.110464 -0.999191

Rotational constants (GHz): 2.5793500 1.6307200 1.1579300
Vibrational harmonic frequencies (cm-1):

23.6969 58.4108 132.3345
164.5839 199.0826 216.6921
280.8366 320.5261 381.6193
386.6381 528.8669 572.3737
614.8579 776.2974 854.9305
893.9685 973.2870 992.2028

1030.1971 1072.2597 1095.1143
1184.1722 1200.4864 1231.9331
1262.4902 1303.4023 1328.5719
1356.8879 1397.4897 1415.4413
1423.4672 1472.9296 1483.7819
1495.5237 1502.2582 1800.5278
3044.4417 3056.4649 3090.8389
3096.1945 3134.4264 3134.7851
3154.8935 3177.6820 3922.3740

Zero-point correction (Hartree): 0.139516

HOCHCCH3CH2CH2OO.Zgptc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45306200
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.371459 1.110287 -0.212460
C -1.279054 -0.192751 0.039897
C -0.238619 -0.760398 0.970525
C 1.076458 -1.083310 0.289359
O 1.692400 0.187561 -0.031864
O 2.794303 0.047624 -0.699848
O -0.565969 2.095075 0.262908
H -2.159874 1.507199 -0.839848
C -2.218373 -1.170693 -0.601847
H -0.038244 -0.078086 1.801032
H -0.616913 -1.684079 1.412400
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H 1.770432 -1.617850 0.936960
H 0.946632 -1.624807 -0.646736
H 0.302756 1.738926 0.479120
H -2.920348 -0.670727 -1.267018
H -2.789432 -1.717126 0.152526
H -1.674596 -1.914337 -1.190851

Rotational constants (GHz): 2.8029500 1.4171900 1.0897600
Vibrational harmonic frequencies (cm-1):

57.3231 80.2590 130.1165
196.3217 214.8427 249.4889
312.0548 331.1202 379.1148
419.9506 492.9681 589.0586
621.0146 776.7252 853.3318
924.1319 978.4966 1023.9317

1044.5439 1072.3649 1089.5633
1187.7336 1201.8755 1242.6615
1288.0289 1295.5147 1324.7652
1375.5354 1395.8599 1414.3787
1424.0857 1480.8590 1485.3804
1499.6902 1502.5269 1768.9913
3039.1369 3057.5259 3085.6433
3086.1935 3104.6398 3138.6926
3146.6525 3200.4163 3835.2996

Zero-point correction (Hartree): 0.139922

HOCHCCH3CH2CH2OO.Zgtmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45141848
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.910795 0.759196 0.121764
C 1.289882 -0.377677 -0.163657
C -0.151579 -0.373830 -0.595839
C -1.058966 -0.353502 0.623931
O -2.443031 -0.497986 0.240163
O -2.891044 0.578278 -0.330829
O 1.269773 1.963812 0.025290
H 2.943778 0.787010 0.449125
C 1.978439 -1.700807 -0.021869
H -0.376871 0.502971 -1.201488
H -0.368963 -1.266471 -1.184824
H -0.873423 -1.199722 1.283912
H -0.959773 0.582450 1.170849
H 1.885295 2.681120 0.181772
H 2.995821 -1.587669 0.349828
H 2.019433 -2.220512 -0.981357
H 1.437702 -2.352289 0.669216

Rotational constants (GHz): 3.1249400 1.1802200 0.9183300
Vibrational harmonic frequencies (cm-1):

43.1009 58.2287 115.8739
165.0305 197.0364 238.2868
252.7400 310.3572 332.7529
401.3085 536.1713 573.7785
594.5100 790.6777 875.4494
885.5576 963.3209 1008.2226

1055.7709 1071.9139 1084.4082
1192.6253 1201.1349 1234.1893
1271.0156 1303.6814 1323.4556
1342.5573 1394.4848 1404.8444
1422.0094 1481.0544 1484.2054
1496.6169 1504.6700 1794.8701
3045.1051 3073.9297 3094.3677
3096.8570 3130.5898 3137.3229
3160.9014 3185.7677 3918.9888

Zero-point correction (Hartree): 0.139537

HOCHCCH3CH2CH2OO.Zgtpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45153269
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.172461 -0.321246 0.095284
C -1.165908 0.518131 -0.127722
C 0.187291 0.041686 -0.584998
C 1.068171 -0.279022 0.612972
O 2.385520 -0.687902 0.189328
O 3.064743 0.317159 -0.272783
O -2.164945 -1.672241 -0.066668
H -3.137976 0.022345 0.441649
C -1.322705 1.991198 0.109069
H 0.126622 -0.838889 -1.230495
H 0.680113 0.819819 -1.169329
H 1.185360 0.584699 1.265590
H 0.686718 -1.124351 1.183673
H -1.320539 -1.962562 -0.423113
H -2.308195 2.227326 0.506967
H -1.184559 2.550868 -0.818376
H -0.576415 2.360131 0.816786

Rotational constants (GHz): 3.3818200 1.0889300 0.8774500
Vibrational harmonic frequencies (cm-1):

47.0904 59.3591 123.6889
170.7596 199.3611 262.7582
289.7434 348.5679 378.5753



217

401.8149 542.5799 582.9100
584.9880 790.7431 859.8135
922.9408 969.4043 1012.0313

1055.9308 1070.7385 1080.7951
1181.8975 1203.1236 1241.7774
1275.1277 1291.2127 1326.6449
1338.6892 1396.8576 1407.5070
1424.5132 1482.0798 1488.2826
1500.1410 1517.0705 1774.5180
3046.0285 3051.1932 3094.0154
3095.2825 3107.2019 3139.8687
3155.7517 3215.6197 3868.0294

Zero-point correction (Hartree): 0.139827

HOCHCCH3CH2CH2OO.Zgtpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45212613
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.127603 -0.341528 -0.095140
C 1.165326 0.542943 0.129471
C -0.187364 0.093080 0.611583
C -1.043209 -0.328801 -0.571457
O -2.372897 -0.693155 -0.141944
O -3.062456 0.351967 0.198994
O 1.924794 -1.681023 0.107142
H 3.108102 -0.051935 -0.454980
C 1.367680 2.004129 -0.131708
H -0.093737 -0.750153 1.295365
H -0.694026 0.907621 1.130262
H -1.146821 0.470655 -1.304120
H -0.647740 -1.226149 -1.042759
H 2.747212 -2.160115 -0.002551
H 2.358161 2.207788 -0.536103
H 1.245541 2.581101 0.787141
H 0.627563 2.379937 -0.842295

Rotational constants (GHz): 3.3237100 1.1223700 0.8913600
Vibrational harmonic frequencies (cm-1):

44.5717 62.7876 124.9787
165.7322 198.6336 247.3023
251.3303 323.5266 341.8888
388.0639 534.2879 585.8553
590.3510 792.7493 869.2410
883.3122 966.9106 1011.3992

1053.3917 1076.6941 1081.4453
1191.2637 1199.1809 1233.0549
1281.3985 1292.1512 1332.3943
1337.5528 1393.4216 1403.6697
1422.3264 1480.7076 1484.0234
1495.7953 1503.7741 1794.3768
3046.1018 3078.2855 3095.8321
3096.8492 3128.8474 3136.0435
3162.9429 3187.1175 3917.9089

Zero-point correction (Hartree): 0.139628

HOCHCCH3CH2CH2OO.Zgttc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45042784
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.104641 -0.568463 -0.240010
C 1.312290 0.440597 0.107703
C -0.027993 0.218210 0.760028
C -1.112626 0.082160 -0.291915
O -2.377396 -0.051830 0.392218
O -3.360089 -0.181256 -0.444657
O 1.870417 -1.896168 -0.060880
H 3.059988 -0.404822 -0.720364
C 1.705336 1.861328 -0.170639
H -0.036159 -0.666473 1.402354
H -0.266928 1.063845 1.407142
H -1.175497 0.961918 -0.931327
H -0.976950 -0.802550 -0.913781
H 1.034099 -2.032532 0.393316
H 2.655471 1.914321 -0.699395
H 1.798883 2.428605 0.757942
H 0.953749 2.368736 -0.780328

Rotational constants (GHz): 3.3294000 1.0160900 0.8374500
Vibrational harmonic frequencies (cm-1):

38.7932 77.6442 94.8878
139.8178 200.9508 250.4780
290.2145 327.8353 372.3155
417.0661 482.9092 583.9397
592.0907 785.2912 855.9910
925.0215 1001.1203 1021.6723

1060.4102 1069.2113 1106.8713
1179.7885 1189.0477 1240.3022
1286.7704 1294.3287 1310.4366
1338.5068 1401.1275 1410.1341
1425.0838 1483.4063 1498.2418
1503.4465 1519.3107 1774.2744
3045.0797 3053.4774 3085.9181
3093.3019 3098.8228 3140.5612
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3143.5995 3217.9271 3868.9362
Zero-point correction (Hartree): 0.139643

HOCHCCH3CH2CH2OO.Zgttt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45104760
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.053189 0.599099 -0.225343
C -1.317933 -0.453371 0.106343
C 0.021659 -0.269816 0.769411
C 1.093315 -0.063957 -0.283016
O 2.369121 0.010541 0.392306
O 3.344002 0.172234 -0.447333
O -1.626086 1.874716 0.028101
H -3.014937 0.501082 -0.715376
C -1.764448 -1.849604 -0.202493
H 0.006837 0.594417 1.432625
H 0.267704 -1.151374 1.363568
H 1.148329 -0.892628 -0.988741
H 0.949566 0.869895 -0.824176
H -2.309986 2.504765 -0.202678
H -2.716664 -1.859774 -0.730790
H -1.874359 -2.432432 0.714363
H -1.029221 -2.367983 -0.822790

Rotational constants (GHz): 3.3026200 1.0414100 0.8528300
Vibrational harmonic frequencies (cm-1):

35.2380 76.3247 96.6421
134.4576 191.2049 232.7439
239.3380 307.2442 337.3690
392.6337 476.7409 587.3282
593.6222 784.7065 865.6428
884.6411 1000.0943 1019.4168

1061.7149 1066.9938 1109.0101
1185.1855 1197.6959 1224.3470
1291.9015 1296.4355 1313.5955
1338.5135 1394.3958 1409.3311
1422.4374 1481.1256 1490.5724
1501.6101 1505.9176 1795.8774
3045.8563 3073.8538 3087.7664
3095.3978 3123.9218 3137.3848
3150.5048 3187.7628 3918.4496

Zero-point correction (Hartree): 0.139339

HOCHCCH3CH2CH2OO.Zlpmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45151641
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.709130 -0.226743 -0.323255
C 0.795301 0.611124 0.149026
C -0.135776 0.198069 1.251049
C -1.593007 0.117408 0.813127
O -1.758911 -0.884811 -0.205799
O -1.500924 -0.409033 -1.388435
O 1.864615 -1.493909 0.166624
H 2.384572 0.062005 -1.120454
C 0.651378 1.990819 -0.417397
H 0.163263 -0.765875 1.658631
H -0.093554 0.929779 2.064129
H -2.229950 -0.209878 1.632958
H -1.960679 1.057390 0.405589
H 2.506297 -1.971295 -0.360311
H -0.318260 2.112806 -0.904269
H 1.422064 2.196291 -1.158778
H 0.725858 2.746742 0.368080

Rotational constants (GHz): 2.4927700 1.5844300 1.3619900
Vibrational harmonic frequencies (cm-1):

38.5354 95.0414 105.8187
171.9951 201.3511 235.2032
277.7503 319.9738 379.0078
387.2898 530.7926 560.7205
611.0331 778.5857 863.2415
888.8703 973.1139 999.1345

1033.8970 1072.5724 1078.9874
1185.7482 1204.4895 1233.3178
1243.8367 1315.2524 1326.5390
1359.1635 1393.7535 1416.5175
1419.5859 1471.0735 1483.8980
1491.5533 1505.6461 1794.0954
3046.5267 3048.6438 3096.0378
3101.3892 3132.5287 3136.3074
3157.4578 3183.7466 3922.8972

Zero-point correction (Hartree): 0.139590

HOCHCCH3CH2CH2OO.Zlppt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45063142
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.819552 -0.330908 -0.295792
C 0.907450 0.556593 0.077349
C -0.151373 0.204237 1.084539
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C -1.554601 0.556428 0.624112
O -1.857585 -0.056339 -0.648478
O -1.921103 -1.348537 -0.548453
O 1.866143 -1.596525 0.219269
H 2.588540 -0.082635 -1.018835
C 0.908945 1.941423 -0.497872
H -0.110448 -0.857348 1.317768
H 0.020190 0.753581 2.016356
H -2.305341 0.217826 1.336218
H -1.677583 1.621621 0.436252
H 2.486993 -2.129793 -0.278425
H 1.785546 2.109178 -1.121442
H 0.908141 2.695031 0.293948
H 0.024480 2.117110 -1.114549

Rotational constants (GHz): 2.5875400 1.5287200 1.1667400
Vibrational harmonic frequencies (cm-1):

25.7644 49.2800 143.5286
167.0971 194.1854 236.4249
278.4320 313.8739 362.1245
405.1788 512.5127 567.3335
624.1476 775.2516 848.2362
891.7903 976.0122 984.2137

1030.8415 1070.1423 1099.5314
1187.0526 1205.5319 1235.7481
1259.3822 1295.7444 1330.1128
1357.1006 1401.9563 1418.2209
1421.4405 1472.1631 1484.9152
1492.4410 1509.2736 1800.8498
3041.9735 3043.3968 3091.0038
3098.1414 3136.7252 3141.4738
3157.9596 3179.4653 3920.8526

Zero-point correction (Hartree): 0.139512

HOCHCCH3CH2CH2OO.Zlptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45028605
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.999039 0.048185 -0.452034
C -0.949007 -0.534742 0.109762
C -0.098358 0.197613 1.112093
C 1.387094 0.049875 0.860514
O 1.669237 0.580826 -0.453851
O 2.902767 0.373239 -0.795236
O -2.371765 1.330853 -0.154412
H -2.623033 -0.474901 -1.167680
C -0.587990 -1.950106 -0.229491
H -0.365097 1.252916 1.129000
H -0.285842 -0.197648 2.115933
H 1.981323 0.618614 1.574282
H 1.718042 -0.987696 0.863734
H -3.072826 1.612212 -0.743375
H -1.339358 -2.404120 -0.873313
H -0.502860 -2.560579 0.673214
H 0.371533 -2.003091 -0.748869

Rotational constants (GHz): 3.1424900 1.1632600 1.0333300
Vibrational harmonic frequencies (cm-1):

31.1387 57.4874 108.7861
193.6568 213.3292 241.8764
280.4807 312.9197 337.6982
395.8865 470.8439 561.6418
628.8962 777.3126 841.8577
886.3631 973.2580 1014.9300

1045.7805 1075.9053 1095.4822
1182.3439 1204.6011 1236.3738
1270.4945 1298.6339 1322.9877
1356.8018 1401.3671 1418.2395
1424.0884 1470.8202 1485.0320
1497.3576 1514.2876 1801.0893
3043.5390 3045.9127 3091.0014
3095.0292 3129.7364 3138.1720
3148.3095 3183.1646 3920.9824

Zero-point correction (Hartree): 0.139483

HOCHCCH3CH2CH2OO.Zpmtc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44892315
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.225893 1.208723 0.077346
C 1.410632 -0.105668 -0.028430
C 0.343809 -1.167296 -0.161927
C -1.005756 -0.923354 0.481733
O -1.808500 -0.110126 -0.414995
O -3.030709 0.014428 0.005569
O 0.073591 1.925072 0.060217
H 2.079423 1.862132 0.207285
C 2.814589 -0.644409 -0.047855
H 0.183558 -1.430688 -1.213029
H 0.736846 -2.074807 0.302965
H -1.558074 -1.849666 0.622762
H -0.932562 -0.385217 1.426376
H -0.657800 1.417526 -0.308304
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H 3.551357 0.153489 0.021877
H 3.006202 -1.197355 -0.971065
H 2.980993 -1.338376 0.779600

Rotational constants (GHz): 3.6361300 1.2623400 0.9796100
Vibrational harmonic frequencies (cm-1):

19.6519 76.2984 145.2685
207.5452 220.5482 267.3857
294.9970 345.4938 349.8160
448.9702 518.0648 563.8675
624.1732 787.7658 832.0384
925.1017 1004.3463 1016.8289

1036.8728 1075.0445 1108.9520
1184.7616 1207.4077 1234.1039
1280.7706 1305.7384 1323.5230
1391.9311 1412.2769 1419.7006
1431.2856 1463.8643 1485.3120
1500.8632 1503.7261 1772.1061
3039.4061 3041.9396 3077.8754
3087.7320 3096.2801 3142.7642
3155.4912 3200.5034 3814.3305

Zero-point correction (Hartree): 0.139977

HOCHCCH3CH2CH2OO.Zptpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45311898
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.337776 1.167113 0.144008
C -1.356078 -0.137348 -0.121298
C -0.086233 -0.827402 -0.549217
C 0.933326 -0.932568 0.592911
O 2.279812 -0.698882 0.113257
O 2.414009 0.523274 -0.297511
O -0.265061 1.992419 0.069056
H -2.225219 1.700550 0.458868
C -2.610523 -0.947993 0.004703
H -0.305186 -1.817407 -0.945692
H 0.390244 -0.264818 -1.356330
H 0.747120 -0.187308 1.364677
H 0.975110 -1.922479 1.039906
H 0.546981 1.524914 -0.173442
H -2.881161 -1.403777 -0.950454
H -3.446566 -0.332927 0.334061
H -2.487689 -1.762045 0.723351

Rotational constants (GHz): 3.2290800 1.3886100 1.0409300
Vibrational harmonic frequencies (cm-1):

70.9878 75.4034 181.5667
196.5113 214.0703 295.3972
296.6820 349.5854 401.9228
527.4069 567.3644 592.9057
606.8148 804.7100 871.8093
930.0972 964.8976 1014.9382

1033.8493 1073.4721 1075.2889
1200.6918 1213.1969 1246.7772
1288.4881 1302.6108 1325.8487
1368.4561 1398.8044 1406.8098
1423.7255 1482.5153 1494.0460
1503.4373 1508.8030 1762.0564
3042.6950 3059.0856 3090.0887
3100.2097 3121.8062 3137.0446
3166.2918 3210.1517 3747.9121

Zero-point correction (Hartree): 0.140671

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Zh
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82290136
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.74780200

T1 diagnostic: 0.027632
E(MP2/Aug-CC-pVTZ) (Hartree): -420.68959699
E(MP3/Aug-CC-pVTZ) (Hartree): -420.72757334
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.70732238
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74089315
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.15569713
E(UHF/Aug-CC-pVTZ) (Hartree): -419.13522923
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.42867123
Electronic state : 2-A
Cartesian coordinates (Angs):

C -0.225486 1.261185 -0.046634
C -1.014997 0.183361 0.288575
C -0.363531 -0.892676 1.084760
C 0.671914 -1.572693 0.150479
O 1.553838 -0.605444 -0.371589
O 0.868505 0.186239 -1.267089
O 0.726247 1.683063 0.817033
H -0.561307 1.977356 -0.789752
C -2.230068 -0.138468 -0.510283
H 0.163980 -0.494518 1.949035
H -1.084801 -1.640822 1.415571
H 1.293669 -2.278879 0.700038
H 0.165493 -2.081734 -0.672729
H 1.456220 2.067705 0.320778
H -2.071248 -1.044599 -1.103181



221

H -2.493173 0.669297 -1.190938
H -3.084554 -0.328926 0.142964

Rotational constants (GHz): 2.5274700 2.1855300 1.6981700
Vibrational harmonic frequencies (cm-1):

i607.7865 138.5662 158.4735
173.2502 238.6210 275.5832
323.6091 378.7176 434.5920
442.6917 493.6161 596.9295
629.7035 804.2215 874.7583
916.7996 979.4077 996.0024

1008.2363 1035.3478 1071.6900
1083.2220 1187.9358 1218.4413
1238.7452 1263.3048 1313.8985
1321.9079 1364.1076 1396.5419
1416.4615 1474.0568 1476.2740
1485.8078 1494.4816 1580.6759
3035.2683 3061.8629 3082.5547
3086.4816 3128.0387 3140.5013
3146.2336 3165.6929 3852.5523

Zero-point correction (Hartree): 0.138936

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Zp
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82459295
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.74901814

T1 diagnostic: 0.026545
E(MP2/Aug-CC-pVTZ) (Hartree): -420.69314458
E(MP3/Aug-CC-pVTZ) (Hartree): -420.73006351
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.71010883
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74269577
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.15379424
E(UHF/Aug-CC-pVTZ) (Hartree): -419.13410207
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.42980062
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.264881 1.272855 -0.006594
C 1.007221 0.142348 -0.318909
C 0.312532 -0.947264 -1.060958
C -0.752520 -1.543270 -0.111180
O -1.543094 -0.494526 0.416411
O -0.761392 0.238666 1.298738
O -0.752451 1.742482 -0.753384
H 0.698749 2.032966 0.632045
C 2.234549 -0.182764 0.460105
H -0.185913 -0.568288 -1.954860
H 1.007489 -1.731098 -1.362977
H -1.439278 -2.204613 -0.639172
H -0.278491 -2.076997 0.713862
H -1.414245 1.040369 -0.847075
H 2.049751 -1.019782 1.140764
H 2.570915 0.664760 1.054642
H 3.046541 -0.481714 -0.206128

Rotational constants (GHz): 2.5474400 2.2040800 1.7088700
Vibrational harmonic frequencies (cm-1):

i589.2412 148.4698 166.7360
186.3656 244.1548 319.1700
376.0619 425.6069 442.8246
467.7017 500.0235 595.2845
636.0796 795.4367 881.5022
903.5941 973.4984 995.5179

1005.8630 1031.3427 1069.6499
1073.5617 1184.2861 1214.3732
1262.1894 1269.6616 1312.8932
1340.3680 1369.4256 1395.9655
1416.7420 1475.8834 1481.4894
1487.0234 1499.0715 1554.8259
3035.0817 3069.2795 3071.9588
3088.6041 3120.4220 3135.5229
3141.8760 3197.3187 3731.1289

Zero-point correction (Hartree): 0.139182

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Zc
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41388538
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.953200 0.709729 -0.843874
H -1.081665 1.382104 -0.240421
C -0.088042 1.598713 0.548536
O -2.176009 -0.349107 0.009137
C 0.726041 0.401034 0.371658
C -1.110227 -1.286587 -0.097239
C 0.083660 -0.903718 0.775320
H -0.639485 1.655303 1.485836
H 0.370484 2.537415 0.253653
C 1.930202 0.489202 -0.211689
O 2.779922 -0.520931 -0.504577
H 2.344672 1.445286 -0.502068
H -1.537182 -2.229748 0.245099
H -0.827718 -1.372330 -1.147986
H 0.790085 -1.738092 0.760909
H -0.266085 -0.821483 1.807747
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H 2.391381 -1.367842 -0.267779
Rotational constants (GHz): 3.5653900 1.3311700 1.1269500
Vibrational harmonic frequencies (cm-1):

i2089.6467 73.3864 144.2458
252.2848 254.3888 295.2603
348.6658 402.9211 446.4342
498.5905 580.1781 589.5122
631.7255 644.0132 781.6250
877.4454 914.9174 957.1782

1014.4730 1019.6854 1050.7670
1089.1779 1119.6484 1187.5560
1205.4486 1238.3923 1283.2037
1302.1902 1329.7816 1360.7501
1395.0488 1421.0353 1461.2732
1480.4697 1489.5087 1522.7000
1708.9601 3049.8736 3067.4395
3089.7423 3096.8584 3127.0348
3191.0539 3217.8402 3869.7027

Zero-point correction (Hartree): 0.134600

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Zt
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.80534605
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.73022356

T1 diagnostic: 0.025215
E(MP2/Aug-CC-pVTZ) (Hartree): -420.67701734
E(MP3/Aug-CC-pVTZ) (Hartree): -420.71328940
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.69250327
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.72444558
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.13115853
E(UHF/Aug-CC-pVTZ) (Hartree): -419.11271414
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41444056
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.958174 0.689970 -0.852131
H -1.100700 1.371563 -0.255314
C -0.107906 1.612556 0.537761
O -2.173687 -0.365790 0.004806
C 0.708535 0.416080 0.378459
C -1.093869 -1.293638 -0.088837
C 0.092307 -0.898487 0.784797
H -0.666306 1.675348 1.470149
H 0.342921 2.551728 0.231718
C 1.910845 0.483199 -0.203602
O 2.663257 -0.627244 -0.435099
H 2.336862 1.429326 -0.517010
H -1.514879 -2.238742 0.254936
H -0.805100 -1.382272 -1.137196
H 0.835255 -1.693932 0.735464
H -0.255891 -0.826943 1.818525
H 3.517194 -0.379830 -0.793344

Rotational constants (GHz): 3.5570000 1.3494100 1.1376500
Vibrational harmonic frequencies (cm-1):

i2125.9030 73.8258 144.8234
242.5021 249.7489 277.2143
327.3942 345.9792 434.1601
488.7135 585.1494 591.6852
631.5893 647.1744 787.8479
874.9232 885.4648 959.9891

1010.0703 1018.8154 1048.2654
1086.5471 1119.0282 1196.7306
1207.3084 1240.5505 1248.2845
1297.1116 1342.5440 1356.1230
1389.9385 1421.1517 1460.2205
1479.4794 1483.1757 1522.4986
1730.6236 3059.4946 3072.5546
3098.4729 3125.9796 3131.2908
3185.5875 3190.1089 3913.8734

Zero-point correction (Hartree): 0.134375

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Zc
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41379943
Electronic state : 2-A
Cartesian coordinates (Angs):

O -2.172289 0.392037 -0.380920
H -1.317307 1.295368 -0.178889
C -0.206735 1.814036 0.262017
O -1.391242 -0.629704 -0.865925
C 0.611405 0.617457 0.350430
C -0.866227 -1.382095 0.221721
C 0.006509 -0.517110 1.144415
H -0.575528 2.200157 1.210717
H 0.132768 2.587840 -0.419221
C 1.731349 0.477639 -0.376591
O 2.518254 -0.619024 -0.430998
H 2.115330 1.275673 -0.997117
H -1.684337 -1.853060 0.769799
H -0.276027 -2.153903 -0.274322
H 0.755735 -1.145670 1.632699
H -0.605105 -0.096046 1.941020
H 2.158878 -1.316387 0.126103

Rotational constants (GHz): 3.1329900 1.5781800 1.3050800
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Vibrational harmonic frequencies (cm-1):
i2020.1929 84.2323 122.3046

255.4016 284.1316 331.6035
358.5807 390.2188 436.0733
500.3482 540.9057 592.0663
625.1512 680.8618 806.0707
858.9725 915.1989 955.7221

1018.3961 1026.9489 1073.6031
1080.3392 1124.4093 1184.5750
1219.6511 1273.1274 1280.3392
1294.0000 1322.8966 1362.4060
1385.3673 1413.3022 1475.8292
1489.2252 1497.7021 1511.2492
1696.0246 3056.3752 3066.6361
3098.0780 3108.6079 3127.2132
3190.4441 3221.2841 3857.8356

Zero-point correction (Hartree): 0.134853

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Zt
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41432079
Electronic state : 2-A
Cartesian coordinates (Angs):

O -2.168964 0.339083 -0.413326
H -1.346566 1.264500 -0.213022
C -0.251609 1.827108 0.230581
O -1.354748 -0.671518 -0.861320
C 0.581625 0.646906 0.357829
C -0.820534 -1.388581 0.250952
C 0.004495 -0.482768 1.174198
H -0.642849 2.226174 1.164337
H 0.078148 2.591364 -0.466420
C 1.697711 0.483597 -0.364566
O 2.402750 -0.677734 -0.310386
H 2.081282 1.259780 -1.015882
H -1.633378 -1.880493 0.788119
H -0.184189 -2.137160 -0.219485
H 0.785654 -1.075760 1.647731
H -0.630097 -0.067457 1.955818
H 3.189563 -0.617176 -0.854909

Rotational constants (GHz): 3.1095600 1.6159400 1.3292500
Vibrational harmonic frequencies (cm-1):

i2067.2203 80.7269 124.9799
250.6726 266.1617 300.6704
356.4600 362.9145 392.0901
485.5641 539.6044 596.8966
623.0864 686.1959 811.2804
863.2249 869.4587 959.7051

1018.4655 1026.5592 1065.5672
1082.7047 1121.8113 1197.6638
1225.5901 1247.1964 1275.1394
1282.8936 1324.1650 1362.3878
1380.6641 1412.3404 1475.0907
1485.7310 1494.0201 1503.3449
1716.2163 3068.8958 3089.5693
3101.5952 3126.8974 3144.1488
3189.2682 3192.6181 3910.7707

Zero-point correction (Hartree): 0.134619

#################################################################################
E-HOCH=CHCH2CH2OO ring closure
#################################################################################

HOCHCHCH2CH2OO.Ecpmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13875016
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.464605 -0.422977 0.119382
C -1.214437 0.847892 -0.164136
C 0.132747 1.506700 -0.092726
C 1.242428 0.655855 0.476854
O 1.542377 -0.394003 -0.472187
O 2.422013 -1.221736 -0.000305
O -2.679471 -1.027466 0.067432
H -0.700741 -1.127820 0.419328
H -2.038291 1.479660 -0.483204
H 0.436862 1.853511 -1.084376
H 0.067173 2.402931 0.529284
H 2.158746 1.227493 0.615094
H 0.967614 0.177698 1.416724
H -3.347513 -0.392658 -0.208613

Rotational constants (GHz): 4.5202800 1.4779300 1.1717900
Vibrational harmonic frequencies (cm-1):

48.1026 124.2428 131.8012
214.6629 263.0421 302.0468
395.1256 448.3625 524.2222
619.2420 798.5684 872.2430
939.1204 992.9402 1001.4340

1064.1514 1112.3987 1161.7700
1229.2525 1254.3525 1293.3706
1297.0187 1350.5167 1387.6863
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1403.8246 1421.8062 1476.3599
1506.1178 1767.7863 3052.5511
3078.7936 3092.3963 3144.1966
3156.9067 3222.3314 3857.5254

Zero-point correction (Hartree): 0.111644

HOCHCHCH2CH2OO.Ecpmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13755268
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.459720 -0.380138 0.100018
C -1.195673 0.890109 -0.161260
C 0.160351 1.527147 -0.087119
C 1.259783 0.656818 0.472133
O 1.538632 -0.395509 -0.482336
O 2.331305 -1.292747 0.015563
O -2.730887 -0.869703 0.027081
H -0.695940 -1.096969 0.379060
H -2.021999 1.524596 -0.459245
H 0.465324 1.880214 -1.076448
H 0.109175 2.419006 0.542606
H 2.186733 1.212246 0.607498
H 0.982718 0.178054 1.410801
H -2.726850 -1.817098 0.170634

Rotational constants (GHz): 4.4196600 1.5059900 1.1816000
Vibrational harmonic frequencies (cm-1):

42.0257 126.7007 135.7249
206.3338 235.5286 286.2958
312.5589 394.5795 519.4377
621.7216 802.1858 879.4116
933.8539 972.8706 994.0134

1062.5462 1111.2065 1185.9560
1215.4124 1235.8830 1286.2828
1299.1804 1353.5418 1387.9902
1389.6808 1417.4445 1475.1009
1504.8745 1790.0874 3052.1121
3078.1940 3091.5871 3143.5744
3188.7776 3190.6990 3917.2498

Zero-point correction (Hartree): 0.111267

HOCHCHCH2CH2OO.Ecppc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13947030
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.529484 -0.302489 0.170987
C -1.034845 0.811980 -0.349991
C 0.374698 1.300939 -0.188853
C 1.232616 0.510313 0.773581
O 1.481866 -0.830752 0.290517
O 2.258116 -0.821903 -0.748450
O -2.804690 -0.750430 0.033491
H -0.945277 -0.991818 0.765712
H -1.686990 1.431986 -0.958476
H 0.886349 1.319515 -1.154593
H 0.364612 2.334302 0.167739
H 2.203798 0.980548 0.914588
H 0.745164 0.362278 1.736279
H -3.307907 -0.136598 -0.510058

Rotational constants (GHz): 4.9983100 1.4387300 1.2663800
Vibrational harmonic frequencies (cm-1):

67.8308 117.8662 148.3515
204.1084 269.3890 314.1250
431.1025 446.1421 535.4174
625.5700 811.4498 862.5680
928.0912 984.7397 995.4913

1037.2588 1118.6221 1160.2299
1227.7424 1248.8181 1283.3823
1316.4783 1350.1384 1390.1106
1399.1873 1413.6909 1474.9318
1494.2587 1766.1610 3055.8556
3083.2992 3099.4234 3154.0351
3155.0453 3223.1537 3859.8894

Zero-point correction (Hartree): 0.111753

HOCHCHCH2CH2OO.Ecppt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13802000
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.529449 -0.270471 0.138609
C -1.022385 0.847727 -0.355323
C 0.393919 1.310374 -0.189437
C 1.239116 0.507328 0.773733
O 1.461834 -0.842237 0.299354
O 2.237854 -0.857438 -0.739800
O -2.840301 -0.599535 -0.051762
H -0.944052 -0.982245 0.709316
H -1.680273 1.480772 -0.939231
H 0.906484 1.324864 -1.154913
H 0.399687 2.343160 0.169092
H 2.219956 0.958170 0.911539
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H 0.749641 0.373436 1.737641
H -3.013743 -1.474224 0.298727

Rotational constants (GHz): 4.9691000 1.4437000 1.2654800
Vibrational harmonic frequencies (cm-1):

67.3447 120.3136 150.1679
197.9145 232.0141 293.8005
317.3200 440.0979 534.0222
625.9645 814.0036 865.5497
925.5620 971.6286 985.4511

1035.0411 1118.1520 1185.3130
1218.1745 1229.5988 1278.3390
1313.1957 1355.4120 1387.3704
1392.6868 1407.0145 1473.1566
1491.9981 1788.7664 3055.7378
3082.3562 3098.1625 3153.7357
3187.0484 3189.4940 3917.0116

Zero-point correction (Hartree): 0.111400

HOCHCHCH2CH2OO.Ectpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13938546
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.936312 -0.344147 -0.048058
C 1.221437 0.766858 0.066513
C -0.268783 0.828034 0.220496
C -0.935101 -0.530449 0.227231
O -2.358621 -0.381508 0.409864
O -2.926371 0.085049 -0.659898
O 3.285433 -0.418540 -0.190501
H 1.502893 -1.335730 -0.039989
H 1.740157 1.720866 0.048268
H -0.526798 1.344957 1.148427
H -0.706390 1.411545 -0.592537
H -0.780617 -1.069171 -0.707047
H -0.617071 -1.141356 1.070902
H 3.661109 0.467113 -0.200841

Rotational constants (GHz): 9.8150100 0.9944200 0.9536900
Vibrational harmonic frequencies (cm-1):

69.9008 110.5973 147.6182
162.2996 271.1103 322.2673
376.4266 438.7931 543.6010
669.5200 774.6993 854.3725
955.3967 987.5271 994.7808

1101.3430 1108.4992 1158.9623
1238.2333 1253.1820 1285.9201
1320.6570 1340.1831 1350.9176
1403.4472 1422.6524 1492.0627
1503.2176 1766.7069 3055.1602
3089.3721 3090.7007 3150.9597
3159.3541 3214.6008 3858.0659

Zero-point correction (Hartree): 0.111728

HOCHCHCH2CH2OO.Ectpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13741398
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.939941 -0.306288 -0.043998
C 1.212318 0.795109 0.054537
C -0.277420 0.841180 0.204218
C -0.931955 -0.522116 0.240755
O -2.357334 -0.384119 0.418383
O -2.929968 0.042776 -0.665264
O 3.297206 -0.251505 -0.178406
H 1.511880 -1.302568 -0.024448
H 1.733897 1.744451 0.023800
H -0.541629 1.377099 1.119589
H -0.719151 1.403362 -0.621714
H -0.772293 -1.080333 -0.681255
H -0.609342 -1.110884 1.098530
H 3.660101 -1.135645 -0.245271

Rotational constants (GHz): 9.8556000 0.9914600 0.9518100
Vibrational harmonic frequencies (cm-1):

68.2076 106.6733 144.7125
160.4354 191.3743 296.9736
323.3690 370.0179 543.0483
668.8520 773.9917 862.0336
949.6565 970.6268 991.1841

1100.9311 1106.9279 1182.2731
1219.8489 1238.4636 1285.5997
1318.8167 1339.1135 1355.0051
1384.0531 1421.4667 1490.5967
1501.8193 1787.9223 3055.0370
3087.8865 3089.4569 3148.9799
3179.5770 3191.1718 3919.9732

Zero-point correction (Hartree): 0.111234

HOCHCHCH2CH2OO.Ecttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13876938
Point group : CS
Electronic state : 2-A"
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Cartesian coordinates (Angs):
C -0.771975 -1.802408 0.000000
C 0.515982 -1.485695 0.000000
C 1.065624 -0.090714 0.000000
C -0.000000 0.979201 0.000000
O 0.681606 2.250581 0.000000
O -0.157836 3.238907 0.000000
O -1.288633 -3.057915 0.000000
H -1.565508 -1.066926 0.000000
H 1.246994 -2.288398 0.000000
H 1.705699 0.056392 0.873368
H 1.705699 0.056392 -0.873368
H -0.628043 0.945712 -0.890070
H -0.628043 0.945712 0.890070
H -0.575674 -3.703771 0.000000

Rotational constants (GHz): 9.0291200 0.9776300 0.8918700
Vibrational harmonic frequencies (cm-1):

73.9734 ( A") 103.8979 ( A") 122.8267 ( A’)
131.4241 ( A") 268.2891 ( A") 288.7826 ( A’)
369.1405 ( A’) 428.2408 ( A") 526.8094 ( A’)
646.7481 ( A’) 765.5339 ( A") 849.9082 ( A")
979.3574 ( A’) 985.2831 ( A") 1031.1827 ( A’)

1082.6697 ( A") 1125.1460 ( A’) 1161.8411 ( A’)
1227.6135 ( A") 1258.5921 ( A’) 1296.4638 ( A’)
1307.5496 ( A") 1331.8992 ( A’) 1351.7050 ( A’)
1404.0158 ( A’) 1431.0892 ( A’) 1498.7546 ( A’)
1512.6102 ( A’) 1765.5679 ( A’) 3055.2827 ( A’)
3083.1958 ( A’) 3084.1565 ( A") 3140.6048 ( A")
3162.7702 ( A’) 3218.6361 ( A’) 3860.5767 ( A’)

Zero-point correction (Hartree): 0.111476

HOCHCHCH2CH2OO.Ecttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13700871
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.730667 -1.816974 0.000000
C 0.550123 -1.482173 0.000000
C 1.078835 -0.080256 0.000000
C -0.000000 0.976032 0.000000
O 0.661347 2.258959 0.000000
O -0.193057 3.234275 0.000000
O -1.122947 -3.123534 0.000000
H -1.532954 -1.087177 0.000000
H 1.278914 -2.283852 0.000000
H 1.717525 0.073764 0.873326
H 1.717525 0.073764 -0.873326
H -0.627193 0.934602 -0.890543
H -0.627193 0.934602 0.890543
H -2.079119 -3.183081 0.000000

Rotational constants (GHz): 9.0451300 0.9756500 0.8903900
Vibrational harmonic frequencies (cm-1):

78.1147 ( A") 105.6336 ( A") 123.3877 ( A’)
141.6512 ( A") 214.4010 ( A") 288.1418 ( A’)
304.9511 ( A") 364.9563 ( A’) 524.9464 ( A’)
646.4276 ( A’) 765.6786 ( A") 858.0770 ( A")
969.0092 ( A") 971.9698 ( A’) 1029.4277 ( A’)

1082.5480 ( A") 1124.5327 ( A’) 1184.5187 ( A’)
1224.9998 ( A’) 1228.0631 ( A") 1296.3103 ( A’)
1306.9655 ( A") 1329.6117 ( A’) 1356.7021 ( A’)
1384.6632 ( A’) 1429.1669 ( A’) 1497.5473 ( A’)
1511.9850 ( A’) 1787.3630 ( A’) 3054.9617 ( A’)
3080.6423 ( A’) 3083.6770 ( A") 3137.9846 ( A")
3181.5268 ( A’) 3193.1579 ( A’) 3919.4957 ( A’)

Zero-point correction (Hartree): 0.111136

HOCHCHCH2CH2OO.Egppc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59741321
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53562656

T1 diagnostic: 0.021635
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49135115
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52284012
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49450832
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52470252
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13366994
E(UHF/Aug-CC-pVTZ) (Hartree): -380.12852112
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14077322
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.710511 -0.236631 0.326987
C 0.944346 0.767676 -0.075868
C -0.364970 1.093381 0.572448
C -1.559565 0.810304 -0.322689
O -1.648835 -0.595790 -0.641420
O -1.913557 -1.302412 0.413399
O 2.897580 -0.615656 -0.206873
H 1.435802 -0.870144 1.161279
H 1.254587 1.369726 -0.925861
H -0.486348 0.518270 1.490682
H -0.411223 2.150053 0.846885
H -2.497548 1.093650 0.152897
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H -1.469744 1.294969 -1.293789
H 3.111038 -0.054046 -0.958204

Rotational constants (GHz): 4.8942000 1.4051200 1.2198500
Vibrational harmonic frequencies (cm-1):

48.4327 73.9465 138.6868
203.0000 282.0698 338.0806
432.5349 464.7401 534.2373
576.6960 817.7682 871.9379
917.7207 978.5767 989.2948

1056.1982 1130.6006 1160.8082
1215.2377 1261.8162 1278.7131
1308.6740 1341.0988 1362.0063
1399.2443 1409.4212 1476.6644
1490.7193 1764.6782 3063.6467
3091.5359 3117.6738 3151.0787
3153.2238 3205.8634 3858.7646

Zero-point correction (Hartree): 0.111551

HOCHCHCH2CH2OO.Egppt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13943708
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.687236 -0.201097 0.290896
C 0.928303 0.817527 -0.079823
C -0.388725 1.111221 0.566132
C -1.573046 0.788725 -0.329917
O -1.625150 -0.623845 -0.632210
O -1.858347 -1.327385 0.431741
O 2.875457 -0.478173 -0.312634
H 1.391623 -0.864289 1.097960
H 1.258737 1.441503 -0.902645
H -0.499833 0.540022 1.488258
H -0.463606 2.168069 0.832364
H -2.520100 1.052277 0.139199
H -1.491630 1.262981 -1.306601
H 3.266520 -1.263601 0.072556

Rotational constants (GHz): 4.8400900 1.4303100 1.2324500
Vibrational harmonic frequencies (cm-1):

47.9251 75.1564 145.3360
199.4227 255.2148 299.2435
337.1138 454.6666 532.7269
576.7199 824.7387 880.4943
914.9683 965.1112 979.4742

1051.9435 1134.6384 1179.6874
1207.3830 1246.9137 1270.9962
1304.0541 1339.5274 1365.6406
1395.8855 1399.3995 1477.7779
1490.5910 1787.2229 3065.8359
3092.1485 3116.9292 3153.6702
3169.3150 3183.6903 3915.4862

Zero-point correction (Hartree): 0.111259

HOCHCHCH2CH2OO.Egptt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13810416
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.871289 -0.153176 0.329989
C 1.054218 0.635267 -0.348775
C -0.127526 1.310639 0.274269
C -1.450685 0.761239 -0.222213
O -1.582532 -0.580829 0.295585
O -2.656826 -1.158544 -0.143306
O 2.936654 -0.767166 -0.254017
H 1.728227 -0.344927 1.388712
H 1.232642 0.780890 -1.408353
H -0.094393 1.210822 1.360925
H -0.117389 2.380612 0.054960
H -2.303019 1.331426 0.145625
H -1.494215 0.695959 -1.308917
H 3.386003 -1.326284 0.381331

Rotational constants (GHz): 5.3088800 1.2317300 1.0613900
Vibrational harmonic frequencies (cm-1):

44.1585 72.5962 110.5274
188.9176 240.8283 278.9011
332.8114 396.6938 537.4121
566.3702 818.6533 871.5105
917.0749 963.8968 1031.6287

1067.3404 1123.0761 1179.5649
1205.2590 1250.2644 1276.6812
1299.0977 1337.7871 1364.5492
1392.9945 1406.0468 1473.0211
1500.3771 1790.1720 3062.0313
3083.9850 3105.3708 3142.0309
3170.7630 3183.3007 3917.6972

Zero-point correction (Hartree): 0.110954

HOCHCHCH2CH2OO.Elmmc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59783370
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53613947

T1 diagnostic: 0.021613
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E(MP2/Aug-CC-pVTZ) (Hartree): -381.49167334
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52332066
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49483364
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52518461
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13467350
E(UHF/Aug-CC-pVTZ) (Hartree): -380.12952628
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14119558
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.124153 0.276916 -0.042485
C 0.874173 -0.099991 -0.272337
C -0.241856 0.871925 -0.502115
C -1.331538 0.777029 0.551962
O -1.920688 -0.543726 0.557753
O -2.625917 -0.751207 -0.511793
O 3.188259 -0.535457 0.177972
H 2.419325 1.318728 -0.015007
H 0.628268 -1.157591 -0.294153
H 0.142333 1.893574 -0.495348
H -0.708634 0.706852 -1.475186
H -0.933191 0.894050 1.558058
H -2.137311 1.487177 0.372899
H 2.906379 -1.454950 0.147128

Rotational constants (GHz): 7.1870100 1.0976100 1.0399700
Vibrational harmonic frequencies (cm-1):

56.8155 83.9327 145.6926
184.7958 282.8152 330.2073
441.3317 475.5827 532.5543
584.2154 819.8312 856.1046
908.1255 989.8147 997.8385

1093.6706 1120.4717 1158.1126
1207.1273 1245.8661 1294.7724
1306.4289 1340.7014 1365.5644
1394.4322 1413.1006 1474.5714
1489.2539 1763.9730 3068.0372
3093.6743 3112.8341 3158.6898
3163.9251 3203.8754 3858.7945

Zero-point correction (Hartree): 0.111670

HOCHCHCH2CH2OO.Elmmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13870637
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.125235 0.248322 -0.058651
C 0.872717 -0.128232 -0.259321
C -0.238762 0.845137 -0.498006
C -1.328976 0.766348 0.557172
O -1.950491 -0.538911 0.551717
O -2.674554 -0.711942 -0.511242
O 3.126265 -0.649485 0.162286
H 2.416229 1.294412 -0.065456
H 0.636743 -1.185922 -0.247669
H 0.146936 1.866620 -0.504487
H -0.709261 0.670049 -1.467856
H -0.927013 0.865361 1.563809
H -2.117523 1.497240 0.384897
H 3.962841 -0.194512 0.267517

Rotational constants (GHz): 7.4165000 1.0823000 1.0299300
Vibrational harmonic frequencies (cm-1):

58.1094 83.5004 145.1692
179.0405 261.2688 283.6740
343.9772 473.3522 529.3861
579.8470 819.7825 865.7344
908.1426 967.9874 997.4035

1095.1717 1120.2871 1176.8371
1197.1457 1237.6120 1272.9478
1306.9577 1339.9534 1366.4940
1393.0371 1401.3962 1474.2716
1488.3671 1786.6412 3064.6038
3092.0681 3109.0438 3157.2482
3166.1291 3193.1663 3917.7310

Zero-point correction (Hartree): 0.111296

HOCHCHCH2CH2OO.Elmpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14045498
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.990995 0.290723 0.147957
C 0.783071 0.146789 -0.378955
C -0.267488 1.210011 -0.300446
C -1.511384 0.771514 0.459024
O -2.173244 -0.296686 -0.251029
O -1.760532 -1.467795 0.130963
O 2.994221 -0.622237 0.132025
H 2.297937 1.195879 0.657647
H 0.524123 -0.780504 -0.880382
H 0.132568 2.092020 0.204050
H -0.576875 1.525457 -1.299715
H -1.276596 0.401779 1.454863
H -2.249624 1.570606 0.506442
H 2.693745 -1.425720 -0.304047
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Rotational constants (GHz): 5.3864800 1.3147700 1.1153500
Vibrational harmonic frequencies (cm-1):

63.8294 89.1137 132.6084
185.0105 288.9820 340.3975
444.6962 474.8875 529.9831
562.1000 845.9667 860.7239
884.3868 990.1286 1016.3122

1084.0668 1116.5833 1160.1911
1213.2703 1237.8761 1291.0053
1322.3524 1344.0177 1370.2374
1386.2854 1415.5074 1472.7173
1485.0646 1763.5710 3057.6900
3092.6181 3104.3023 3161.1612
3167.6961 3201.1436 3857.5971

Zero-point correction (Hartree): 0.111662

HOCHCHCH2CH2OO.Elmpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13752742
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.989507 0.262297 0.130044
C 0.777124 0.125563 -0.382394
C -0.261349 1.198630 -0.291182
C -1.508613 0.770590 0.468626
O -2.193658 -0.275300 -0.251268
O -1.812128 -1.459012 0.124798
O 2.930095 -0.719142 0.038424
H 2.295569 1.168905 0.643384
H 0.522343 -0.800812 -0.883005
H 0.147817 2.075144 0.216406
H -0.571089 1.522324 -1.287893
H -1.275494 0.383278 1.458211
H -2.231510 1.582752 0.531264
H 3.737879 -0.446456 0.475440

Rotational constants (GHz): 5.4572000 1.2998800 1.1070100
Vibrational harmonic frequencies (cm-1):

64.2559 86.3268 130.5274
178.1882 258.9797 287.9710
353.5359 474.4244 526.6953
558.9309 844.4467 871.0567
882.9824 970.8423 1018.2529

1084.6321 1117.4167 1179.0426
1201.6086 1237.9409 1264.4799
1319.0775 1345.9730 1370.6756
1385.7920 1403.8346 1472.6167
1484.7002 1785.9588 3055.0045
3090.6026 3101.1149 3159.7897
3162.9384 3196.9708 3918.7962

Zero-point correction (Hartree): 0.111280

HOCHCHCH2CH2OO.Elmtc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14044555
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.175963 0.186009 0.179724
C 0.978214 0.057207 -0.373761
C -0.069240 1.126498 -0.303036
C -1.324123 0.674537 0.417155
O -1.901820 -0.397832 -0.361864
O -2.954285 -0.892729 0.211247
O 3.175990 -0.730064 0.170248
H 2.475424 1.081714 0.710223
H 0.723648 -0.859065 -0.897583
H 0.322422 1.997960 0.224062
H -0.351103 1.458940 -1.304999
H -1.111008 0.276191 1.408134
H -2.073764 1.462124 0.484559
H 2.890411 -1.518371 -0.301936

Rotational constants (GHz): 7.0870600 1.0463600 0.9597700
Vibrational harmonic frequencies (cm-1):

49.5994 90.3886 116.2541
189.2059 270.1401 329.0272
396.3809 452.8971 546.4457
570.7131 812.1939 856.0773
929.8350 991.5934 1033.3265

1078.2671 1125.6248 1160.3652
1217.0645 1246.0738 1296.9406
1298.3373 1341.4574 1365.5075
1398.7018 1414.1608 1472.0318
1501.0744 1763.3001 3060.7044
3085.6154 3109.2440 3146.6216
3165.8735 3201.7740 3857.2177

Zero-point correction (Hartree): 0.111494

HOCHCHCH2CH2OO.Elmtt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13798496
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.173117 0.167424 0.157258
C 0.970963 0.041464 -0.381228
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C -0.072376 1.111851 -0.290724
C -1.324757 0.656602 0.432221
O -1.926112 -0.388564 -0.364734
O -2.984436 -0.874250 0.205234
O 3.112428 -0.815310 0.071604
H 2.470110 1.065938 0.689801
H 0.724771 -0.874854 -0.904278
H 0.322664 1.978532 0.242455
H -0.361053 1.454522 -1.287458
H -1.105852 0.232019 1.411023
H -2.063330 1.451864 0.527200
H 3.915968 -0.547075 0.519265

Rotational constants (GHz): 7.2581100 1.0369700 0.9544000
Vibrational harmonic frequencies (cm-1):

51.3622 91.4555 114.8537
180.4182 259.3054 273.7506
340.7793 398.9651 541.7653
570.7578 811.9286 867.1642
927.9807 970.4569 1033.7417

1079.4163 1128.4707 1178.0868
1206.8534 1237.1343 1279.3676
1297.4922 1339.9602 1367.0724
1398.1003 1403.2247 1471.8138
1500.6779 1786.2808 3058.6410
3085.1347 3105.6017 3145.9876
3164.0356 3195.5698 3917.2662

Zero-point correction (Hartree): 0.111131

HOCHCHCH2CH2OO.Elpmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14031527
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.716898 0.146092 -0.385021
C -0.768732 0.610804 0.416624
C 0.428961 1.348511 -0.088900
C 1.742575 0.638342 0.211557
O 1.802244 -0.622303 -0.477781
O 1.259329 -1.577483 0.218050
O -2.823031 -0.544588 -0.015065
H -1.686140 0.288376 -1.458048
H -0.834430 0.427859 1.485386
H 0.348477 1.499505 -1.166609
H 0.496962 2.339651 0.368448
H 2.593005 1.204843 -0.164387
H 1.864156 0.433781 1.274056
H -2.805809 -0.701510 0.933953

Rotational constants (GHz): 4.6279400 1.5523400 1.2629400
Vibrational harmonic frequencies (cm-1):

62.2880 96.0757 108.9101
193.1536 290.6709 350.8344
422.9886 466.9158 540.3184
553.9728 824.1871 861.6162
942.6393 983.8111 993.8037

1040.3522 1132.5951 1164.1930
1225.5704 1237.3195 1280.0041
1318.0575 1343.4109 1360.5222
1394.6357 1413.1371 1473.5582
1485.7583 1764.5370 3051.7259
3091.9388 3105.8278 3154.9038
3159.3070 3207.7406 3860.3590

Zero-point correction (Hartree): 0.111534

HOCHCHCH2CH2OO.Elpmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13829904
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.679246 0.110683 0.354616
C 0.765612 0.682938 -0.412719
C -0.448739 1.353033 0.142140
C -1.743553 0.626339 -0.199469
O -1.783544 -0.650949 0.461241
O -1.236397 -1.586352 -0.258257
O 2.781777 -0.496873 -0.162806
H 1.592392 0.106015 1.436620
H 0.886845 0.636445 -1.488836
H -0.374506 1.436458 1.227989
H -0.541797 2.369393 -0.249760
H -2.611147 1.164789 0.178867
H -1.844907 0.444686 -1.267936
H 3.283043 -0.922361 0.534221

Rotational constants (GHz): 4.5792500 1.5738300 1.2710500
Vibrational harmonic frequencies (cm-1):

56.7528 97.4223 108.0751
185.1658 241.9628 299.6491
352.1428 462.0451 539.3009
549.7923 828.6190 865.8652
946.9980 961.6997 986.9639

1038.2792 1136.0127 1180.7630
1211.3605 1235.3846 1257.8402
1313.9456 1340.3052 1361.4416
1392.6747 1399.1790 1473.5968
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1484.3704 1787.1973 3054.9106
3091.7525 3103.3339 3155.9447
3170.1119 3189.6327 3917.6516

Zero-point correction (Hartree): 0.111125

HOCHCHCH2CH2OO.Elptc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13968393
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.897069 -0.144664 -0.371056
C -1.056654 0.583217 0.350585
C 0.114627 1.304085 -0.242630
C 1.447573 0.762783 0.234917
O 1.597683 -0.567063 -0.306902
O 2.675606 -1.139922 0.129742
O -2.970820 -0.834603 0.085399
H -1.789832 -0.253802 -1.443022
H -1.197984 0.654553 1.425816
H 0.080097 1.244268 -1.331847
H 0.085634 2.364985 0.016705
H 2.288937 1.353669 -0.125466
H 1.498795 0.678604 1.320216
H -3.036259 -0.742095 1.040786

Rotational constants (GHz): 5.3681500 1.2172800 1.0551600
Vibrational harmonic frequencies (cm-1):

47.1882 74.8600 110.7871
204.1682 265.0175 334.2196
391.4892 446.2482 540.5382
567.6268 814.9271 863.6201
917.8374 988.6263 1035.2476

1069.2262 1122.3981 1159.4625
1215.5601 1267.2054 1288.0298
1298.6105 1341.6350 1362.4937
1398.3535 1414.8400 1472.9430
1500.9427 1766.3020 3062.0597
3082.9820 3106.9162 3140.2931
3153.5250 3208.4551 3860.2757

Zero-point correction (Hartree): 0.111391

HOCHCHCH2CH2OO.Eltmc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59757712
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53594843

T1 diagnostic: 0.021541
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49136426
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52330142
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49452390
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52516264
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13519483
E(UHF/Aug-CC-pVTZ) (Hartree): -380.13005206
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14085582
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.116996 0.458740 0.023049
C -1.201545 -0.458753 0.304944
C 0.215959 -0.116171 0.646310
C 1.167619 -0.590526 -0.439314
O 2.539002 -0.357420 -0.056058
O 2.828865 0.907518 -0.091009
O -3.413943 0.237036 -0.302756
H -1.893836 1.518356 0.037417
H -1.476744 -1.509855 0.279228
H 0.330920 0.961839 0.759748
H 0.510763 -0.579923 1.590163
H 1.107798 -1.667516 -0.590321
H 0.992433 -0.071408 -1.380229
H -3.592948 -0.708296 -0.307352

Rotational constants (GHz): 10.0368700 0.9316200 0.9000000
Vibrational harmonic frequencies (cm-1):

62.6193 86.0716 114.6904
178.5780 307.7151 321.7048
372.5639 446.0057 522.6093
624.6712 795.8463 850.8975
958.7976 991.0461 1019.8069

1068.2658 1129.2750 1160.1231
1220.7535 1266.9190 1283.4531
1312.2745 1329.5215 1347.5466
1395.5665 1412.2663 1485.2413
1499.6656 1761.8549 3064.9628
3093.7449 3118.4546 3151.9409
3157.1601 3205.8173 3858.7043

Zero-point correction (Hartree): 0.111578

HOCHCHCH2CH2OO.Eltmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13929131
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.116572 0.416829 0.046261
C -1.191134 -0.498223 0.288145
C 0.220217 -0.150112 0.644152
C 1.178600 -0.580618 -0.453727
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O 2.546494 -0.334731 -0.064552
O 2.817275 0.934757 -0.071963
O -3.393009 0.084359 -0.290855
H -1.898587 1.478277 0.110791
H -1.466099 -1.544455 0.212146
H 0.326348 0.924914 0.792302
H 0.517839 -0.642064 1.572851
H 1.135422 -1.653914 -0.632830
H 0.995182 -0.039785 -1.380697
H -3.922847 0.874692 -0.404589

Rotational constants (GHz): 10.0574900 0.9318000 0.9003200
Vibrational harmonic frequencies (cm-1):

62.7043 88.0215 115.2441
181.9248 265.8166 316.5343
323.3749 385.1449 520.7013
621.7596 796.6855 865.7763
956.6579 970.6860 1017.8475

1067.6172 1133.8664 1179.0186
1212.3615 1246.3360 1283.4095
1299.5434 1330.5167 1356.9055
1382.7914 1407.6503 1484.8791
1499.8352 1785.0922 3063.0106
3094.1621 3115.4457 3156.4935
3171.1139 3181.9716 3915.6844

Zero-point correction (Hartree): 0.111303

HOCHCHCH2CH2OO.Eltpc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.59774833
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53608544

T1 diagnostic: 0.021615
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49148884
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52339626
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49466624
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52527544
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13522254
E(UHF/Aug-CC-pVTZ) (Hartree): -380.13007016
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14108463
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.234338 0.135592 -0.357583
C 1.152266 -0.409745 0.181764
C -0.208548 -0.304048 -0.433368
C -1.139220 0.517425 0.443306
O -2.467277 0.557499 -0.118814
O -3.071055 -0.583770 0.015422
O 3.496844 0.090426 0.134221
H 2.198969 0.685380 -1.290008
H 1.240777 -0.954326 1.118051
H -0.143183 0.158791 -1.418965
H -0.656921 -1.291129 -0.560283
H -1.221690 0.101001 1.446713
H -0.828505 1.559128 0.495662
H 3.509436 -0.407433 0.957481

Rotational constants (GHz): 13.1446600 0.8826300 0.8713100
Vibrational harmonic frequencies (cm-1):

67.8392 71.8809 132.1719
170.9503 293.7329 332.8483
372.3254 440.9682 536.2726
616.7591 789.1311 849.8083
973.1622 989.9596 1014.5884

1068.2345 1126.4066 1158.0426
1225.3138 1255.7702 1293.0913
1309.0186 1331.2088 1346.1744
1393.1945 1412.4869 1483.8683
1498.2063 1764.3313 3068.2706
3092.7231 3113.9544 3151.3558
3158.2694 3205.3995 3859.9303

Zero-point correction (Hartree): 0.111557

HOCHCHCH2CH2OO.Eltpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13930049
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.230972 0.064200 0.344730
C -1.142923 -0.387317 -0.259035
C 0.211479 -0.361046 0.375652
C 1.147173 0.565479 -0.382958
O 2.467725 0.545511 0.198395
O 3.082314 -0.567691 -0.062484
O -3.453504 0.041539 -0.254464
H -2.198295 0.469898 1.351149
H -1.236164 -0.785712 -1.263260
H 0.141500 -0.028243 1.412508
H 0.660147 -1.356295 0.376634
H 1.244648 0.273692 -1.427997
H 0.830008 1.604246 -0.313275
H -4.122658 0.379656 0.342337

Rotational constants (GHz): 13.3164800 0.8817100 0.8703500
Vibrational harmonic frequencies (cm-1):

68.0919 72.1152 131.6989
167.9317 240.6208 305.5826
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330.2599 384.9810 534.3830
612.6315 793.2149 862.2344
970.0369 973.8711 1011.7579

1068.5068 1129.8299 1178.0602
1214.5548 1242.4344 1280.3932
1305.1409 1331.0117 1354.6634
1382.6060 1408.1982 1484.8761
1499.3454 1785.4662 3065.4744
3093.5087 3110.7624 3157.8435
3168.6656 3184.8947 3916.5030

Zero-point correction (Hartree): 0.111225

HOCHCHCH2CH2OO.Elttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14004222
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.275809 0.148690 -0.367891
C -1.260724 0.112279 0.484643
C 0.071423 0.733498 0.193929
C 1.150763 -0.325924 0.094412
O 2.412869 0.349900 -0.093776
O 3.395681 -0.491871 -0.180792
O -3.506287 -0.390315 -0.187617
H -2.204780 0.644611 -1.328060
H -1.382734 -0.396042 1.437314
H 0.028218 1.293552 -0.740915
H 0.348530 1.438096 0.981051
H 1.231526 -0.919900 1.004892
H 0.998327 -0.988116 -0.756826
H -3.551102 -0.825174 0.669474

Rotational constants (GHz): 13.6874400 0.8329600 0.8191700
Vibrational harmonic frequencies (cm-1):

60.8092 90.3699 93.3198
165.2775 280.7597 313.8347
355.1919 453.9746 528.9095
593.7630 785.7557 851.2485
989.6390 993.0427 1029.7627

1104.1590 1122.0018 1159.0048
1206.0828 1269.0806 1294.2590
1309.3283 1318.2802 1346.6675
1397.3583 1419.6101 1490.8330
1507.2386 1765.0976 3063.5670
3084.8968 3108.9567 3144.2032
3154.2420 3207.2976 3859.5147

Zero-point correction (Hartree): 0.111442

HOCHCHCH2CH2OO.Elttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13833875
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.273429 0.105513 -0.345910
C -1.250519 0.154109 0.492492
C 0.075477 0.744656 0.126087
C 1.158404 -0.315660 0.135892
O 2.416046 0.340116 -0.137218
O 3.400500 -0.503981 -0.153931
O -3.469088 -0.443689 0.003341
H -2.206311 0.507793 -1.351936
H -1.375714 -0.260890 1.486384
H 0.027645 1.201252 -0.863577
H 0.354735 1.529938 0.832104
H 1.248309 -0.804624 1.105828
H 1.003251 -1.068940 -0.635313
H -4.091178 -0.375805 -0.722381

Rotational constants (GHz): 13.8484500 0.8326000 0.8185100
Vibrational harmonic frequencies (cm-1):

57.7469 90.3574 103.0039
158.1623 229.2563 299.1034
314.3737 359.8705 526.9658
590.0482 784.7093 863.0777
967.4995 986.9136 1029.3380

1103.2365 1124.1121 1179.2551
1199.0412 1244.0592 1293.4717
1302.6613 1312.7888 1355.5095
1382.0788 1415.5474 1491.3168
1507.2022 1788.3995 3061.7607
3086.0660 3106.1688 3145.2990
3169.8118 3184.8758 3916.9350

Zero-point correction (Hartree): 0.111015

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Ec.b
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.10724016
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.217486 0.279742 0.364305
C 0.341773 1.097742 -0.320596
C -1.027092 1.246613 0.229747
C -1.844235 -0.064593 -0.045476
O -0.992753 -1.095210 -0.485394
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O 0.005605 -1.255843 0.439528
O 2.391428 -0.139894 -0.136307
H 1.213890 0.247341 1.445253
H 0.518331 1.286381 -1.373712
H -0.974047 1.394725 1.307886
H -1.549034 2.096788 -0.204608
H -2.361650 -0.370132 0.865237
H -2.563582 0.066706 -0.852405
H 2.354263 -0.151259 -1.098142

Rotational constants (GHz): 4.7724200 2.2768000 1.7445200
Vibrational harmonic frequencies (cm-1):

i685.0331 79.5739 248.9258
266.7727 368.0530 402.7393
421.1075 441.7393 542.8748
651.4000 781.5885 819.2272
891.5753 903.7398 977.2995

1039.4828 1100.8839 1133.4693
1159.3361 1225.4296 1268.0599
1279.5097 1296.2485 1321.3174
1371.2509 1405.3781 1487.8162
1504.3742 1563.6009 3068.4393
3087.8182 3127.3766 3146.3952
3173.8162 3211.4429 3854.2426

Zero-point correction (Hartree): 0.110770

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.57644612
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.50999223

T1 diagnostic: 0.028421
E(MP2/Aug-CC-pVTZ) (Hartree): -381.46077651
E(MP3/Aug-CC-pVTZ) (Hartree): -381.49072084
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.47834524
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.50387730
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.10921509
E(UHF/Aug-CC-pVTZ) (Hartree): -380.08883155
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11687402
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.155879 0.174702 0.396882
C 0.378016 1.143937 -0.200909
C -1.050426 1.263609 0.187134
C -1.791931 -0.024462 -0.246750
O -1.122666 -1.127408 0.316294
O 0.084327 -1.281446 -0.319510
O 2.404324 -0.122337 0.004603
H 0.959046 -0.158255 1.406366
H 0.705464 1.550892 -1.151471
H -1.160467 1.353572 1.268525
H -1.521335 2.128324 -0.278811
H -2.806017 -0.050121 0.151243
H -1.807149 -0.117482 -1.333491
H 2.553350 0.195881 -0.891592

Rotational constants (GHz): 4.8099700 2.3018300 1.7081900
Vibrational harmonic frequencies (cm-1):

i612.2148 155.8931 259.5245
308.9601 339.9696 400.6085
432.1901 440.3496 541.4172
590.7723 747.5627 862.9943
933.5439 972.9901 987.3404

1024.8407 1090.4612 1128.1823
1165.3542 1214.9112 1262.3010
1277.6477 1318.6330 1327.6199
1367.9829 1403.7461 1484.0993
1488.6522 1571.1142 3073.6098
3076.3357 3128.1857 3139.6010
3172.6958 3222.8911 3853.6386

Zero-point correction (Hartree): 0.111099

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Et.b
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.10677807
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.214263 0.289700 0.332681
C 0.326195 1.114648 -0.316324
C -1.033088 1.235463 0.261697
C -1.845033 -0.070021 -0.053565
O -0.991057 -1.100931 -0.491333
O 0.004584 -1.260867 0.433509
O 2.353683 -0.063418 -0.294347
H 1.212212 0.218401 1.414086
H 0.498114 1.324250 -1.363766
H -0.967915 1.341177 1.344097
H -1.571161 2.095330 -0.132183
H -2.385987 -0.385297 0.840440
H -2.544451 0.076333 -0.875285
H 2.847487 -0.687210 0.243044

Rotational constants (GHz): 4.7508600 2.2809700 1.7416400
Vibrational harmonic frequencies (cm-1):

i672.3229 91.4225 248.4742
275.6830 318.7083 368.7678
416.8751 431.7870 540.0841
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655.4871 795.1183 823.1929
885.9184 903.5206 972.9894

1036.2457 1094.7108 1133.0696
1177.5571 1217.2911 1251.4219
1276.5256 1297.2793 1318.4758
1357.5098 1390.8892 1487.3773
1503.7334 1588.4282 3065.0986
3087.2872 3126.5789 3145.9153
3174.3288 3205.5509 3893.7939

Zero-point correction (Hartree): 0.110621

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.57685956
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.51053770

T1 diagnostic: 0.028927
E(MP2/Aug-CC-pVTZ) (Hartree): -381.46051972
E(MP3/Aug-CC-pVTZ) (Hartree): -381.49081210
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.47833678
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.50423593
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.11048561
E(UHF/Aug-CC-pVTZ) (Hartree): -380.08990202
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11743003
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.147043 0.214569 0.362170
C 0.350660 1.166516 -0.223427
C -1.071962 1.255057 0.192903
C -1.791056 -0.052670 -0.223763
O -1.091404 -1.144407 0.327652
O 0.098491 -1.285160 -0.343113
O 2.388067 0.005591 -0.115672
H 0.939296 -0.138660 1.365124
H 0.673943 1.583833 -1.167781
H -1.167356 1.347532 1.275518
H -1.573728 2.104419 -0.268728
H -2.797301 -0.098079 0.192044
H -1.822870 -0.148961 -1.309517
H 2.778671 -0.759101 0.315106

Rotational constants (GHz): 4.7651800 2.3156100 1.7036200
Vibrational harmonic frequencies (cm-1):

i590.6847 159.4186 269.6552
294.5891 342.8123 374.2063
399.9901 435.6672 538.4892
595.4815 773.5039 860.5234
934.0770 971.0382 982.5272

1020.8763 1084.1233 1128.2875
1182.8838 1208.9500 1256.2854
1265.7570 1319.9350 1332.9792
1358.1819 1384.0530 1483.8822
1488.5767 1600.3175 3075.6803
3076.1514 3129.3890 3140.5615
3185.3172 3208.4006 3884.7204

Zero-point correction (Hartree): 0.111054

#################################################################################
Z-HOCH=CHCH2CH2OO ring closure
#################################################################################

HOCHCHCH2CH2OO.Zcptt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13711336
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.776794 -0.554659 -0.256263
C -1.493800 0.732244 -0.393931
C -0.341202 1.507229 0.179422
C 0.865022 0.702094 0.611509
O 1.362636 0.001504 -0.550034
O 2.306136 -0.829333 -0.236274
O -1.045956 -1.415474 0.509502
H -2.641959 -0.983117 -0.748092
H -2.189973 1.293835 -1.001782
H -0.017457 2.242074 -0.560669
H -0.672659 2.085016 1.047217
H 1.667247 1.352616 0.959066
H 0.637097 -0.043564 1.366069
H -1.284185 -2.321888 0.308221

Rotational constants (GHz): 3.9278800 2.0404800 1.5310900
Vibrational harmonic frequencies (cm-1):

45.9236 64.9179 135.0800
247.0910 265.4998 269.3807
385.3755 449.8302 535.0364
742.0012 759.3706 851.3365
877.4570 975.0962 1014.7206

1055.0647 1080.1995 1130.9052
1232.4978 1259.8112 1284.3392
1303.6282 1317.0023 1385.4671
1420.2666 1446.4422 1472.3424
1505.9929 1788.8382 3052.2248
3086.2696 3096.1607 3178.5278
3182.7917 3214.4693 3910.7664
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Zero-point correction (Hartree): 0.111681

HOCHCHCH2CH2OO.Zctpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13858979
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.258555 0.186620 -0.159502
C 1.324382 1.115087 -0.020896
C -0.138910 0.947789 0.264829
C -0.670348 -0.470054 0.176316
O -2.097451 -0.455162 0.413555
O -2.742614 0.049252 -0.592871
O 2.019007 -1.155385 -0.046563
H 3.284895 0.462810 -0.367898
H 1.671553 2.134578 -0.122294
H -0.365199 1.344959 1.258467
H -0.708414 1.553057 -0.443552
H -0.503577 -0.913031 -0.802703
H -0.273150 -1.120533 0.949555
H 2.820279 -1.648133 -0.229019

Rotational constants (GHz): 6.2539000 1.3314300 1.1658700
Vibrational harmonic frequencies (cm-1):

21.5428 88.9392 136.3872
180.6831 222.3307 282.7500
372.7885 454.7840 567.1876
745.0536 765.6149 806.7722
929.2624 975.1060 977.1411

1054.0019 1098.4514 1128.5862
1236.7695 1247.2451 1290.1310
1310.8892 1328.5947 1348.8740
1422.8371 1441.6560 1484.8573
1496.2722 1791.5757 3050.7558
3091.2172 3117.6643 3185.2642
3187.6863 3213.3065 3917.4230

Zero-point correction (Hartree): 0.111563

HOCHCHCH2CH2OO.Zcttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13442233
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.377205 -2.307271 0.000000
C 0.796415 -1.684238 0.000000
C 1.154718 -0.224566 0.000000
C -0.000000 0.750786 0.000000
O 0.571304 2.076013 0.000000
O -0.349166 2.989418 0.000000
O -1.641430 -1.809192 0.000000
H -0.408505 -3.388123 0.000000
H 1.648626 -2.350758 0.000000
H 1.777089 -0.010247 0.872495
H 1.777089 -0.010247 -0.872495
H -0.617134 0.675760 -0.897332
H -0.617134 0.675760 0.897332
H -1.649264 -0.850327 0.000000

Rotational constants (GHz): 5.8449000 1.2754700 1.0608800
Vibrational harmonic frequencies (cm-1):

43.1149 ( A") 81.4073 ( A") 129.0539 ( A’)
149.1265 ( A") 268.3374 ( A’) 311.4776 ( A")
379.5594 ( A’) 482.1220 ( A") 508.2954 ( A’)
751.1183 ( A") 767.0594 ( A’) 814.7686 ( A")
913.8562 ( A’) 1003.6698 ( A") 1031.8930 ( A’)

1073.4671 ( A’) 1088.9370 ( A") 1145.5511 ( A’)
1230.7542 ( A’) 1253.1947 ( A") 1290.3416 ( A’)
1317.5934 ( A") 1342.4242 ( A’) 1362.1290 ( A’)
1427.3542 ( A’) 1444.3698 ( A’) 1497.6006 ( A’)
1532.5811 ( A’) 1767.2677 ( A’) 3052.1786 ( A’)
3061.3874 ( A’) 3082.0577 ( A") 3121.4614 ( A")
3196.9164 ( A’) 3224.9995 ( A’) 3910.9139 ( A’)

Zero-point correction (Hartree): 0.111763

HOCHCHCH2CH2OO.Zcttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13769930
Point group : CS
Electronic state : 2-A"
Cartesian coordinates (Angs):

C -0.410643 -2.264632 0.000000
C 0.790060 -1.705198 0.000000
C 1.158136 -0.250913 0.000000
C 0.000000 0.723795 0.000000
O 0.595745 2.042813 0.000000
O -0.306243 2.973965 0.000000
O -1.579759 -1.557348 0.000000
H -0.514846 -3.342783 0.000000
H 1.619897 -2.399009 0.000000
H 1.783976 -0.042358 0.871782
H 1.783976 -0.042358 -0.871782
H -0.624334 0.644558 -0.886550
H -0.624334 0.644558 0.886550
H -2.327588 -2.156356 0.000000
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Rotational constants (GHz): 5.8453500 1.3275400 1.0964700
Vibrational harmonic frequencies (cm-1):

17.2363 ( A") 78.2270 ( A") 128.1975 ( A")
138.3477 ( A’) 253.4598 ( A’) 270.7581 ( A")
380.3751 ( A’) 456.1568 ( A") 510.4761 ( A’)
745.6136 ( A") 770.0082 ( A’) 803.5707 ( A")
930.3358 ( A’) 978.1798 ( A") 1016.3361 ( A’)

1069.1464 ( A’) 1076.6634 ( A") 1144.0290 ( A’)
1221.3629 ( A") 1252.0845 ( A’) 1299.7341 ( A’)
1314.2764 ( A’) 1315.9130 ( A") 1340.0882 ( A’)
1428.7474 ( A’) 1443.9492 ( A’) 1493.9967 ( A’)
1503.7163 ( A’) 1792.5665 ( A’) 3051.8416 ( A’)
3079.8236 ( A") 3111.9295 ( A’) 3171.9629 ( A")
3187.6752 ( A’) 3213.1564 ( A’) 3916.7245 ( A’)

Zero-point correction (Hartree): 0.111418

HOCHCHCH2CH2OO.Zgpmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14139996
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.737468 -0.146900 0.370704
C -0.997116 0.936025 0.587248
C 0.077260 1.427802 -0.337557
C 1.434514 0.783067 -0.094846
O 1.333949 -0.627424 -0.393721
O 1.297258 -1.365867 0.677108
O -1.644538 -0.999462 -0.676321
H -2.531448 -0.435613 1.045857
H -1.192722 1.491430 1.493099
H -0.201334 1.255270 -1.380993
H 0.200699 2.505915 -0.228546
H 2.192512 1.171852 -0.773936
H 1.761229 0.867044 0.938717
H -0.785432 -0.913843 -1.104020

Rotational constants (GHz): 3.6140200 2.2889700 1.7079300
Vibrational harmonic frequencies (cm-1):

58.2574 93.1132 123.1605
232.3401 265.0035 361.0549
456.4881 524.6469 582.7744
657.9690 761.3718 837.5371
919.5851 981.6888 992.3137

1035.9988 1083.2694 1141.7043
1223.1119 1228.6007 1276.7832
1312.6929 1350.0219 1370.6682
1383.0603 1438.3066 1483.6831
1488.0368 1742.8540 3054.4239
3091.7480 3110.0397 3163.6564
3210.9156 3231.1092 3838.7502

Zero-point correction (Hartree): 0.111873

HOCHCHCH2CH2OO.Zgppt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13954204
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.914859 0.090571 -0.431387
C 0.985666 1.025018 -0.298066
C -0.116046 0.973688 0.714388
C -1.485281 0.843125 0.071006
O -1.596557 -0.397079 -0.661614
O -1.635879 -1.415766 0.141001
O 1.969504 -0.998001 0.385586
H 2.684108 0.156570 -1.191408
H 1.022074 1.860050 -0.985306
H 0.028552 0.133836 1.392152
H -0.126916 1.885411 1.316826
H -2.284305 0.853205 0.810695
H -1.659541 1.610620 -0.682013
H 2.644287 -1.607334 0.083620

Rotational constants (GHz): 4.1422700 1.8180600 1.4550000
Vibrational harmonic frequencies (cm-1):

28.3230 59.2797 144.7891
214.5535 252.6226 295.0937
378.7974 519.7864 568.4510
668.2856 766.4669 861.6718
890.9170 973.7082 995.9278

1047.5808 1076.0585 1148.4667
1215.0584 1257.7825 1277.3019
1296.0053 1313.5432 1357.1520
1398.7465 1444.7125 1481.0926
1490.7725 1785.2217 3064.5679
3089.8000 3132.9715 3151.1366
3184.5111 3210.8037 3919.8909

Zero-point correction (Hartree): 0.111543

HOCHCHCH2CH2OO.Zgptc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14241976
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.897914 -0.385648 -0.365766
C 1.383603 0.840262 -0.401496
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C 0.264452 1.332044 0.474141
C -1.122747 0.977069 -0.024651
O -1.262451 -0.455486 0.137606
O -2.386318 -0.899974 -0.330991
O 1.496806 -1.417339 0.410545
H 2.743478 -0.659416 -0.982587
H 1.826601 1.532954 -1.102642
H 0.369226 0.941970 1.491084
H 0.315083 2.417337 0.557387
H -1.913850 1.441070 0.563359
H -1.261010 1.196692 -1.081776
H 0.596840 -1.270578 0.724538

Rotational constants (GHz): 4.0906500 1.8775300 1.4146100
Vibrational harmonic frequencies (cm-1):

68.9838 87.6903 136.6126
229.9296 265.9066 335.7055
440.9411 503.4870 609.9387
656.8277 765.8418 844.7707
899.0257 994.9890 1024.7678

1053.7330 1087.6190 1138.3086
1222.6732 1254.0154 1290.0043
1295.5010 1353.6839 1378.2692
1396.6054 1439.7699 1481.4740
1500.2293 1746.2514 3053.1188
3087.8198 3118.3686 3150.7968
3205.2596 3225.7012 3823.1965

Zero-point correction (Hartree): 0.112013

HOCHCHCH2CH2OO.Zgtmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14019926
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.270326 -0.081809 0.116109
C 1.368345 -1.008545 -0.173754
C -0.033049 -0.679805 -0.596835
C -0.912228 -0.443690 0.621475
O -2.280375 -0.204704 0.228308
O -2.418909 0.964599 -0.318224
O 1.972686 1.245837 0.034722
H 3.276542 -0.331255 0.429921
H 1.665202 -2.041996 -0.067885
H -0.047455 0.226657 -1.201609
H -0.455768 -1.491488 -1.188285
H -0.964202 -1.321549 1.263055
H -0.572122 0.420624 1.189408
H 2.750225 1.776249 0.214973

Rotational constants (GHz): 5.5989900 1.3520200 1.1808600
Vibrational harmonic frequencies (cm-1):

43.3704 65.7348 120.2632
202.9634 257.3635 286.3124
355.0370 527.0481 572.4761
679.5690 764.8308 817.1081
959.4980 972.6762 985.8933

1066.5337 1079.6370 1137.5424
1223.2900 1259.5267 1290.9339
1294.5599 1306.4462 1335.8659
1399.4687 1434.0395 1485.8825
1502.2942 1772.3973 3082.3660
3098.7856 3130.6060 3162.4014
3191.4227 3226.1186 3915.6145

Zero-point correction (Hartree): 0.111644

HOCHCHCH2CH2OO.Zgtpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14075752
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.374942 0.337594 0.155917
C -1.213663 0.969303 0.026282
C 0.051787 0.353347 -0.491740
C 0.940906 -0.095044 0.658214
O 2.162758 -0.680760 0.162951
O 2.948064 0.222433 -0.339989
O -2.645564 -0.950933 -0.168538
H -3.253375 0.830196 0.548466
H -1.180539 2.000982 0.346920
H -0.142237 -0.503852 -1.142065
H 0.609705 1.072998 -1.090594
H 1.211162 0.739468 1.303249
H 0.474510 -0.883184 1.247021
H -1.865818 -1.373723 -0.540433

Rotational constants (GHz): 7.9091100 1.1060900 1.0406700
Vibrational harmonic frequencies (cm-1):

27.6412 67.0647 124.0091
202.9161 276.6980 353.9663
400.0936 544.5398 578.0624
659.8564 773.9056 803.7664
971.0301 980.5378 995.6468

1062.8364 1078.2751 1139.3897
1219.6081 1248.4100 1274.1562
1303.1465 1327.5545 1348.3426
1397.1146 1436.2636 1488.9787
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1512.6791 1754.1465 3055.7317
3094.2064 3114.3684 3156.7534
3212.0556 3233.4812 3862.2667

Zero-point correction (Hartree): 0.111811

HOCHCHCH2CH2OO.Zgtpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14074793
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.324227 0.311436 0.177412
C -1.219788 1.035274 0.068940
C 0.059043 0.494489 -0.498552
C 0.866340 -0.199202 0.587154
O 2.103565 -0.717299 0.053086
O 2.945104 0.237649 -0.200539
O -2.363701 -0.988806 -0.234841
H -3.239998 0.710018 0.596257
H -1.251137 2.050569 0.437250
H -0.153083 -0.226551 -1.288160
H 0.664985 1.295553 -0.919357
H 1.120232 0.478128 1.401064
H 0.342422 -1.072435 0.970777
H -3.251384 -1.339617 -0.149199

Rotational constants (GHz): 7.5430100 1.1750500 1.0826100
Vibrational harmonic frequencies (cm-1):

24.4640 68.1809 125.1362
203.0655 252.2195 270.6904
363.9977 526.6943 578.7486
676.4526 766.1211 809.5074
966.7978 974.4646 988.3892

1065.2591 1078.1403 1135.2163
1225.4347 1262.0164 1288.1527
1294.5643 1310.5307 1334.8408
1397.7532 1434.8279 1485.8232
1501.1418 1774.3630 3082.8514
3097.4074 3132.3512 3162.7554
3193.8803 3228.2664 3916.4641

Zero-point correction (Hartree): 0.111623

HOCHCHCH2CH2OO.Zgttc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13967776
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.398795 0.120656 -0.319230
C 1.388901 0.958388 -0.113563
C 0.123169 0.616565 0.617809
C -0.960737 0.190896 -0.354749
O -2.151912 -0.090414 0.411191
O -3.129570 -0.472234 -0.351222
O 2.490714 -1.166102 0.096813
H 3.285422 0.415956 -0.862452
H 1.484300 1.951272 -0.529376
H 0.277657 -0.180984 1.349411
H -0.228776 1.479200 1.183930
H -1.203033 0.978332 -1.067333
H -0.693941 -0.714815 -0.898969
H 1.703757 -1.418004 0.588932

Rotational constants (GHz): 7.1967100 1.0749200 1.0053600
Vibrational harmonic frequencies (cm-1):

27.6140 75.3062 103.2976
164.6930 279.9752 327.4172
409.5551 486.7181 584.7638
659.6895 772.5865 798.5818
963.9454 998.3189 1023.3267

1066.5952 1102.6237 1135.4684
1203.3977 1251.5210 1290.0301
1301.4801 1310.1920 1349.7321
1403.9103 1437.3067 1501.7698
1515.9947 1754.9348 3056.6056
3086.3611 3107.6039 3144.8072
3213.9386 3234.4311 3863.8149

Zero-point correction (Hartree): 0.111649

HOCHCHCH2CH2OO.Zgttt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13973051
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.351439 0.076127 -0.312571
C 1.403691 0.990183 -0.166351
C 0.127070 0.732235 0.579489
C -0.917596 0.150776 -0.353388
O -2.130330 -0.040952 0.408884
O -3.082366 -0.527365 -0.325056
O 2.223606 -1.171407 0.223381
H 3.264418 0.272205 -0.861180
H 1.560642 1.950948 -0.635060
H 0.303140 0.027431 1.391986
H -0.254728 1.656223 1.013054
H -1.154796 0.818428 -1.180964
H -0.613335 -0.819983 -0.742173
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H 3.019754 -1.683391 0.073604
Rotational constants (GHz): 6.8219700 1.1327600 1.0449100
Vibrational harmonic frequencies (cm-1):

17.7531 75.6068 100.6331
163.6008 251.6023 256.2517
357.1504 470.8270 578.0969
671.1409 764.7380 804.8320
967.3141 972.8733 1022.0913

1068.3820 1103.5542 1130.0493
1208.6234 1269.6215 1292.2993
1293.7736 1312.5331 1316.4638
1403.7061 1435.9979 1494.8269
1505.7502 1776.5340 3080.9903
3090.6090 3125.2729 3151.1963
3192.8048 3228.0659 3916.2471

Zero-point correction (Hartree): 0.111338

HOCHCHCH2CH2OO.Zlmmc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13994056
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.143768 -0.664679 0.139343
C 0.823500 -0.626813 0.007766
C 0.009027 0.560010 -0.410802
C -1.165145 0.807557 0.521676
O -2.073223 -0.316307 0.501905
O -2.704934 -0.391193 -0.629406
O 3.028093 0.339703 -0.091022
H 2.655945 -1.560534 0.461000
H 0.286885 -1.541015 0.221674
H 0.598678 1.479894 -0.427379
H -0.393321 0.426727 -1.417786
H -0.850580 0.878497 1.561091
H -1.737194 1.687549 0.232840
H 2.573202 1.114817 -0.431159

Rotational constants (GHz): 8.3236200 1.1198900 1.0759200
Vibrational harmonic frequencies (cm-1):

17.6350 67.8239 141.9868
214.7837 252.1685 318.5315
428.7667 524.9213 588.2432
647.9435 778.0323 823.9482
899.4037 997.0807 1004.6641

1043.3525 1106.6705 1128.8582
1219.1224 1238.5768 1279.6884
1305.2664 1337.6068 1369.0230
1397.5003 1441.7449 1472.6402
1491.9527 1760.7025 3057.5479
3090.4578 3101.2578 3159.9774
3209.5933 3231.4405 3876.0568

Zero-point correction (Hartree): 0.111687

HOCHCHCH2CH2OO.Zlmmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14069596
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.088309 -0.661230 -0.159614
C -0.799558 -0.727793 0.137412
C 0.004714 0.427704 0.647944
C 1.058514 0.886017 -0.344729
O 1.993842 -0.180062 -0.630865
O 2.748805 -0.433773 0.393502
O -2.807425 0.491902 -0.019341
H -2.635411 -1.519816 -0.529306
H -0.303212 -1.676494 -0.011978
H -0.647327 1.274451 0.860453
H 0.514923 0.159490 1.574692
H 0.624742 1.125067 -1.313747
H 1.637611 1.726756 0.033916
H -3.725278 0.337827 -0.246486

Rotational constants (GHz): 8.0364600 1.1756500 1.1218800
Vibrational harmonic frequencies (cm-1):

23.9377 62.4069 135.4223
205.8432 253.4339 279.2227
389.6089 524.3234 602.4719
656.0122 778.7954 827.2330
890.9544 976.7741 1004.8483

1048.0315 1099.1372 1132.7352
1211.3681 1247.2811 1294.7766
1300.3257 1305.2226 1357.3751
1392.5991 1444.6908 1480.8993
1489.5894 1781.4930 3077.5404
3094.8937 3130.4073 3159.1728
3191.1439 3224.0324 3920.0462

Zero-point correction (Hartree): 0.111617

HOCHCHCH2CH2OO.Zlmpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13868808
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.989705 -0.744530 0.029943
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C -0.720256 -0.485431 0.318009
C -0.087986 0.872455 0.366130
C 1.236003 0.929434 -0.382633
O 2.209234 0.096137 0.280618
O 2.301386 -1.081886 -0.259005
O -2.973361 0.146858 -0.259003
H -2.368788 -1.756248 0.000843
H -0.087874 -1.335139 0.534889
H -0.728776 1.638039 -0.079650
H 0.094512 1.182833 1.398414
H 1.147655 0.572355 -1.406187
H 1.661348 1.931503 -0.357447
H -2.644486 1.046223 -0.180442

Rotational constants (GHz): 6.7689600 1.2445200 1.1083900
Vibrational harmonic frequencies (cm-1):

18.0344 91.5867 105.7143
226.4445 232.0717 322.9611
433.7305 515.3716 568.8543
651.4993 779.4896 844.9060
878.1583 999.1262 1017.5783

1051.9170 1093.4299 1129.7210
1230.1992 1236.6756 1271.0215
1318.5707 1345.2177 1372.6220
1390.8427 1445.6145 1469.7737
1485.7653 1760.8773 3047.9076
3082.0069 3098.8408 3163.8554
3211.9308 3234.1030 3877.2726

Zero-point correction (Hartree): 0.111639

HOCHCHCH2CH2OO.Zlmpt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13978773
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.922704 -0.708652 0.104527
C -0.703461 -0.461169 0.557734
C -0.057498 0.888661 0.521306
C 1.167248 0.936171 -0.379521
O 2.204704 0.079601 0.144661
O 2.144685 -1.121019 -0.347727
O -2.709907 0.267767 -0.438055
H -2.355496 -1.700688 0.142598
H -0.144789 -1.293540 0.961654
H -0.767207 1.631260 0.156524
H 0.247172 1.192543 1.525260
H 0.948198 0.597554 -1.389685
H 1.610516 1.930687 -0.392956
H -3.555761 -0.098666 -0.698706

Rotational constants (GHz): 6.1146800 1.3366200 1.2016300
Vibrational harmonic frequencies (cm-1):

27.3716 88.2057 114.5263
221.3444 238.6604 267.6976
403.9375 513.5193 587.8196
654.3555 781.7969 849.4386
877.1053 977.9788 1013.9296

1054.9938 1090.2377 1130.0488
1216.4038 1236.8401 1291.6605
1297.7336 1321.4059 1361.5667
1385.6273 1446.8172 1479.1669
1485.9362 1781.7754 3066.5438
3096.1160 3123.3747 3162.6365
3192.2612 3226.0934 3921.1846

Zero-point correction (Hartree): 0.111599

HOCHCHCH2CH2OO.Zlmtc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13905289
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.192234 -0.718371 -0.080291
C -0.903735 -0.591983 0.212102
C -0.170168 0.700361 0.418640
C 1.165032 0.721580 -0.299271
O 1.997363 -0.285070 0.318060
O 3.143934 -0.386438 -0.278970
O -3.107001 0.273427 -0.230218
H -2.647185 -1.686944 -0.232436
H -0.333417 -1.505117 0.311545
H -0.739251 1.555554 0.046180
H 0.009899 0.884330 1.481313
H 1.071934 0.464778 -1.353488
H 1.680731 1.674843 -0.191820
H -2.710451 1.127670 -0.039355

Rotational constants (GHz): 9.7604000 1.0288300 0.9728300
Vibrational harmonic frequencies (cm-1):

19.6535 66.5428 120.1996
217.3154 241.8543 313.8582
388.7097 501.0476 578.1024
661.9453 779.6506 823.0225
908.1268 998.9615 1044.1810

1051.8555 1090.0733 1136.9804
1229.3177 1236.2048 1287.8689
1296.4890 1335.1353 1372.6237
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1400.6148 1444.0866 1469.3469
1501.9053 1759.4537 3050.8456
3083.3175 3094.3059 3148.6704
3211.1193 3233.2802 3875.4610

Zero-point correction (Hartree): 0.111567

HOCHCHCH2CH2OO.Zlmtt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14001114
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.129890 -0.693101 -0.078516
C -0.912971 -0.635025 0.440602
C -0.162846 0.640650 0.675647
C 1.084324 0.746825 -0.178450
O 1.976008 -0.318638 0.223395
O 3.051639 -0.340873 -0.499865
O -2.819622 0.428371 -0.441076
H -2.637773 -1.636103 -0.239607
H -0.434511 -1.570323 0.694454
H -0.799649 1.494655 0.448190
H 0.129922 0.721365 1.724899
H 0.872470 0.609029 -1.237642
H 1.616475 1.684755 -0.024412
H -3.682831 0.189645 -0.781210

Rotational constants (GHz): 8.1761600 1.0884600 1.0485000
Vibrational harmonic frequencies (cm-1):

23.2548 68.7763 118.9651
204.1627 245.2082 274.0911
350.5013 480.3196 602.0876
655.5972 780.3875 824.4920
907.0490 976.6682 1041.0311

1052.1215 1085.7309 1138.5377
1217.7992 1245.1212 1293.7441
1300.0195 1304.5116 1356.4493
1395.4060 1446.1590 1480.4572
1500.4784 1781.5388 3067.6293
3086.9684 3129.9267 3147.0592
3191.7444 3226.1869 3920.6148

Zero-point correction (Hartree): 0.111450

HOCHCHCH2CH2OO.Zlpmt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13945018
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.792042 -0.245705 0.497000
C -0.763719 0.514753 0.840462
C 0.080855 1.269692 -0.135131
C 1.532826 0.812047 -0.131362
O 1.629254 -0.554384 -0.573924
O 1.511557 -1.390915 0.414204
O -2.197243 -0.376930 -0.798829
H -2.365981 -0.794326 1.233637
H -0.507953 0.557576 1.890440
H -0.322875 1.165542 -1.141313
H 0.084996 2.336127 0.106554
H 2.127656 1.380476 -0.844490
H 1.979199 0.862095 0.860435
H -2.891109 -1.034385 -0.862684

Rotational constants (GHz): 4.2484800 1.7298900 1.5147800
Vibrational harmonic frequencies (cm-1):

17.9802 96.2996 108.0144
219.1300 246.6748 290.6683
387.2275 523.5856 545.1065
672.0064 766.3136 846.1595
923.9577 971.3979 991.2150

1047.3391 1068.3295 1149.5674
1225.9786 1235.6111 1284.1883
1297.3051 1318.1810 1360.7644
1393.2404 1446.2410 1477.8737
1486.1508 1782.0974 3058.1557
3092.6592 3127.6936 3155.3540
3189.6091 3217.7380 3919.5797

Zero-point correction (Hartree): 0.111492

HOCHCHCH2CH2OO.Zlptt
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.13906481
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.005846 -0.189901 0.557402
C -1.055449 0.728700 0.636447
C -0.149303 1.104773 -0.494933
C 1.307147 0.824153 -0.185709
O 1.465252 -0.607883 -0.080592
O 2.673323 -0.927575 0.263857
O -2.267356 -0.865206 -0.597161
H -2.627361 -0.440774 1.408355
H -0.920009 1.219966 1.591008
H -0.434299 0.569448 -1.399886
H -0.232266 2.172840 -0.710148
H 1.972741 1.163634 -0.978403
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H 1.622660 1.253347 0.765125
H -2.930518 -1.539498 -0.444117

Rotational constants (GHz): 5.0261900 1.3870900 1.2335400
Vibrational harmonic frequencies (cm-1):

21.3258 66.7347 117.6948
209.2188 235.3191 293.1693
337.7011 470.2339 570.4101
675.2776 764.1390 852.0397
890.5305 971.6337 1039.7919

1062.8667 1072.7564 1140.2453
1216.0551 1265.2629 1288.7033
1296.4313 1299.1031 1356.4039
1399.5920 1448.0565 1478.8844
1502.9722 1786.2420 3066.2634
3082.7260 3125.5137 3141.4267
3187.1186 3213.1129 3920.4763

Zero-point correction (Hartree): 0.111324

HOCHCHCH2CH2OO.Zpmmc
~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.60037010
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.53772838

T1 diagnostic: 0.022191
E(MP2/Aug-CC-pVTZ) (Hartree): -381.49448818
E(MP3/Aug-CC-pVTZ) (Hartree): -381.52479655
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.49774632
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.52669599
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.13149271
E(UHF/Aug-CC-pVTZ) (Hartree): -380.12616632
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14414641
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.838020 0.079555 0.342809
C 1.016432 1.117681 0.218070
C -0.200990 1.144807 -0.658951
C -1.489617 0.807122 0.068881
O -1.451380 -0.522535 0.649006
O -1.199537 -1.432397 -0.236220
O 1.729213 -1.129048 -0.251044
H 2.725321 0.135368 0.959152
H 1.258623 2.004009 0.787568
H -0.332366 2.141817 -1.082837
H -0.092628 0.466424 -1.506073
H -1.657397 1.451712 0.929058
H -2.353180 0.834791 -0.595467
H 0.842185 -1.257284 -0.610196

Rotational constants (GHz): 3.8427200 2.2415600 1.6192300
Vibrational harmonic frequencies (cm-1):

53.1930 131.5021 148.7968
214.3796 291.8812 357.7868
466.1477 541.8760 599.5496
667.3210 761.4688 849.8795
886.5390 981.9506 996.2389

1037.1786 1088.8224 1148.0690
1222.6972 1260.3105 1275.4686
1306.3988 1351.2209 1373.7689
1404.3696 1442.6719 1490.4872
1495.2118 1747.8273 3075.1083
3090.8924 3114.1355 3157.0129
3205.6803 3226.0874 3797.6382

Zero-point correction (Hartree): 0.112222

HOCHCHCH2CH2OO.Zptpc
~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.14299943
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.990719 -0.256495 0.149012
C 1.485695 0.947781 -0.106531
C 0.056334 1.134753 -0.529354
C -0.937822 0.806510 0.595548
O -2.050788 0.022964 0.099607
O -1.651134 -1.141169 -0.305940
O 1.331854 -1.432158 0.068728
H 3.017806 -0.397564 0.456449
H 2.133420 1.803863 0.003447
H -0.110610 2.147300 -0.887896
H -0.173160 0.466885 -1.364114
H -0.471153 0.216023 1.382390
H -1.404024 1.688816 1.026043
H 0.398713 -1.317709 -0.167528

Rotational constants (GHz): 4.3235600 1.9772300 1.4811700
Vibrational harmonic frequencies (cm-1):

86.7356 102.9580 196.4536
219.3773 324.4331 366.9969
522.0243 568.6202 624.7459
707.6098 753.2826 813.2521
954.6509 992.7960 1003.1022

1032.6939 1079.1186 1135.4807
1230.2006 1263.6910 1287.2719
1308.1613 1339.8173 1375.1774
1399.4617 1431.3431 1493.5697
1509.4091 1733.6295 3059.1022
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3101.0760 3136.5884 3168.4579
3216.8284 3242.0571 3721.9528

Zero-point correction (Hartree): 0.112774

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Zp
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -381.57530128
E(CCSD/Aug-CC-pVTZ) (Hartree): -381.50813416

T1 diagnostic: 0.028163
E(MP2/Aug-CC-pVTZ) (Hartree): -381.46065809
E(MP3/Aug-CC-pVTZ) (Hartree): -381.48930848
E(PMP2/Aug-CC-pVTZ) (Hartree): -381.47781124
E(PMP3/Aug-CC-pVTZ) (Hartree): -381.50213210
E(PUHF/Aug-CC-pVTZ) (Hartree): -380.10312287
E(UHF/Aug-CC-pVTZ) (Hartree): -380.08321231
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11528532
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.313651 0.291233 0.341855
C -0.290224 1.192205 0.597926
C 0.894511 1.228012 -0.296765
C 1.630403 -0.125664 -0.144674
O 0.687093 -1.170389 -0.292135
O -0.130432 -1.179717 0.824619
O -1.677701 -0.116515 -0.885788
H -2.107594 0.163169 1.065677
H -0.202646 1.551906 1.612946
H 0.601424 1.347293 -1.342140
H 1.571932 2.041338 -0.041842
H 2.372267 -0.273285 -0.929519
H 2.096557 -0.203814 0.837668
H -0.889856 -0.408346 -1.366413

Rotational constants (GHz): 3.8895600 2.8846500 2.2593700
Vibrational harmonic frequencies (cm-1):

i623.4638 177.6328 248.3701
280.9721 391.9599 432.6138
452.0873 500.3075 587.6845
663.9523 737.8072 875.1450
919.1406 932.5186 979.4588

1017.9830 1061.3809 1077.5628
1148.8220 1210.9937 1256.2309
1268.3454 1318.6422 1340.3793
1369.6287 1434.1885 1484.4078
1497.9549 1538.4045 3065.6462
3076.6998 3128.7866 3140.1905
3209.6855 3225.6704 3759.1579

Zero-point correction (Hartree): 0.111198

TS.HOCHCHCH2CH2OO.cycHOCHCHCH2CH2OO.Zt
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -382.11419635
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.287511 0.259883 0.386557
C -0.294591 1.181154 0.633815
C 0.851787 1.247950 -0.305377
C 1.636262 -0.084230 -0.149982
O 0.753486 -1.169180 -0.328771
O -0.090769 -1.241275 0.751995
O -1.630822 -0.007392 -0.891770
H -2.019276 0.015380 1.147963
H -0.171789 1.509338 1.655646
H 0.518979 1.326247 -1.338814
H 1.519237 2.078630 -0.080707
H 2.397095 -0.186422 -0.923444
H 2.090673 -0.145555 0.840312
H -2.025769 -0.883393 -0.942661

Rotational constants (GHz): 3.8492700 2.8899600 2.2304200
Vibrational harmonic frequencies (cm-1):

i636.9546 172.7885 237.3710
258.3095 345.3806 425.8914
446.6402 470.7412 581.9767
665.6133 750.0642 868.5386
930.9654 944.1562 984.0003

1021.3281 1065.7209 1080.7316
1155.5223 1207.5550 1260.3485
1273.2681 1283.4913 1320.2074
1368.5899 1434.2763 1481.3443
1490.0791 1559.9629 3068.6534
3091.3822 3132.4485 3147.5517
3178.7540 3223.6184 3862.1701

Zero-point correction (Hartree): 0.111151

#################################################################################
E-HOCH=C(CH3)CH2CH2OO ring closure and H-shift
#################################################################################

HOCHCCH3CH2CH2OO.Ecppc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45033361
Electronic state : 2-A



245

Cartesian coordinates (Angs):
C -1.103065 -0.871471 0.191141
C -0.923169 0.437989 0.049117
C 0.395924 1.105234 0.334463
C 1.491277 0.242106 0.917800
O 1.954620 -0.751298 -0.027162
O 2.592063 -0.202878 -1.014324
O -2.250252 -1.571520 -0.021246
H -0.307885 -1.538884 0.491128
C -1.996493 1.381879 -0.412544
H 0.784451 1.565845 -0.579038
H 0.231319 1.930178 1.035728
H 2.356948 0.841506 1.192988
H 1.153244 -0.338338 1.774789
H -2.959546 -0.976412 -0.277049
H -2.282302 2.070261 0.386228
H -2.903590 0.887905 -0.759677
H -1.630930 1.989086 -1.243099

Rotational constants (GHz): 3.2229900 1.1959300 1.0071900
Vibrational harmonic frequencies (cm-1):

51.8982 69.8197 73.8428
147.1759 217.6721 261.0593
300.7799 325.5790 340.9710
477.0424 492.8291 545.1056
613.4975 792.7749 844.9085
922.6439 972.1016 990.6421

1022.9268 1055.5205 1118.1250
1179.2911 1217.1855 1231.9348
1277.5549 1296.8105 1317.5123
1396.5873 1402.2311 1423.3292
1438.1956 1472.3417 1478.9286
1496.0521 1505.6938 1781.0266
3038.5655 3048.2013 3068.5338
3098.9307 3100.1948 3124.0822
3154.6785 3232.9326 3881.6709

Zero-point correction (Hartree): 0.139650

HOCHCCH3CH2CH2OO.Ecppt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45049488
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.104756 -0.841832 0.194140
C -0.917761 0.462519 0.041328
C 0.404086 1.129509 0.303331
C 1.497118 0.278838 0.908852
O 1.943860 -0.756505 0.000620
O 2.585868 -0.256450 -1.009129
O -2.321172 -1.428384 -0.034035
H -0.313292 -1.514921 0.498488
C -2.014262 1.373580 -0.423936
H 0.789235 1.563549 -0.624469
H 0.244566 1.974288 0.981369
H 2.371537 0.878173 1.155111
H 1.158947 -0.265689 1.789342
H -2.238138 -2.380469 0.030156
H -2.237775 2.126436 0.335668
H -2.924844 0.823720 -0.643640
H -1.705234 1.909941 -1.323966

Rotational constants (GHz): 3.2608800 1.1933500 1.0065700
Vibrational harmonic frequencies (cm-1):

64.2134 69.7592 128.4212
147.9245 202.7073 220.2890
280.1259 304.5266 309.7661
459.1385 476.7862 545.6244
617.3729 804.5104 838.1869
894.5427 972.8820 987.6513

1020.9739 1061.4689 1119.3137
1187.0261 1200.6626 1231.1333
1279.8442 1304.1932 1315.6101
1387.4788 1398.6469 1409.4114
1438.5514 1469.9868 1491.9479
1493.7130 1495.7324 1800.1772
3041.0298 3049.1693 3070.3455
3095.7183 3097.7090 3153.4042
3168.7181 3202.3506 3921.7865

Zero-point correction (Hartree): 0.139493

HOCHCCH3CH2CH2OO.Ecptc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44964409
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.958460 0.920769 0.176224
C 1.056457 -0.394701 0.011636
C -0.134754 -1.309029 0.129860
C -1.439234 -0.683554 0.559397
O -1.928124 0.141653 -0.523660
O -3.012965 0.767980 -0.188622
O 1.964580 1.833701 0.114548
H 0.017272 1.414141 0.372494
C 2.341567 -1.103477 -0.306493
H -0.295534 -1.825626 -0.822258
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H 0.096126 -2.096372 0.854757
H -2.201540 -1.437712 0.748404
H -1.336795 -0.046262 1.437080
H 2.803597 1.393954 -0.044874
H 2.649076 -1.746589 0.521495
H 3.173599 -0.436166 -0.529254
H 2.211299 -1.746085 -1.179711

Rotational constants (GHz): 3.3065000 1.1620200 0.9115700
Vibrational harmonic frequencies (cm-1):

39.4128 52.5256 72.1304
128.7292 228.7058 257.5636
290.8939 323.7623 338.1896
394.0621 493.4623 563.6174
607.2767 795.5039 831.6187
933.5204 977.2514 1009.9132

1030.1231 1074.5935 1109.3652
1180.0895 1216.7749 1236.2106
1283.9118 1295.7526 1302.1399
1391.7808 1407.0620 1424.9217
1441.9287 1471.4976 1479.7302
1505.3723 1508.0329 1781.5179
3035.6387 3047.6372 3061.6866
3090.1179 3098.7149 3125.4747
3142.3662 3234.4097 3881.7042

Zero-point correction (Hartree): 0.139416

HOCHCCH3CH2CH2OO.Ecptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45008565
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.949245 0.896312 0.173511
C 1.049244 -0.416643 0.012924
C -0.135912 -1.337351 0.118120
C -1.445615 -0.719812 0.542801
O -1.925296 0.123323 -0.531726
O -2.955198 0.820810 -0.165589
O 2.041054 1.717938 0.093176
H 0.007111 1.392579 0.368978
C 2.355536 -1.083852 -0.297378
H -0.284575 -1.849886 -0.838045
H 0.095114 -2.126970 0.840052
H -2.210711 -1.475964 0.713060
H -1.351997 -0.094804 1.430111
H 1.762803 2.632521 0.154340
H 2.621025 -1.794855 0.488654
H 3.160225 -0.360887 -0.395257
H 2.281535 -1.650231 -1.228646

Rotational constants (GHz): 3.3040500 1.1760800 0.9184100
Vibrational harmonic frequencies (cm-1):

39.1216 64.6219 128.1937
134.5810 219.8758 237.7368
275.3857 299.8364 306.6485
395.6929 461.5607 564.4930
611.0092 806.0451 825.4997
902.5628 978.5088 1008.2744

1030.0588 1075.5645 1111.3507
1188.2078 1201.5821 1235.4196
1286.3389 1298.9974 1305.7658
1387.2775 1395.9645 1413.2556
1443.2880 1469.1613 1493.2110
1494.0080 1506.8397 1800.8022
3038.4796 3048.6987 3064.8658
3089.6645 3094.9998 3142.0858
3168.8376 3203.8529 3920.8200

Zero-point correction (Hartree): 0.139353

HOCHCCH3CH2CH2OO.Ectpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45041178
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.572068 -0.848306 -0.035840
C 1.048365 0.370431 0.058022
C -0.430853 0.592940 0.216823
C -1.275230 -0.662205 0.231476
O -2.664912 -0.314663 0.411511
O -3.163533 0.215424 -0.662995
O 2.883973 -1.174345 -0.191749
H 0.970192 -1.745366 0.005025
C 1.858942 1.633757 0.008171
H -0.617029 1.146169 1.142711
H -0.792868 1.228042 -0.596810
H -1.198296 -1.223420 -0.698772
H -1.047709 -1.305710 1.079830
H 3.418857 -0.378750 -0.252772
H 2.936081 1.471320 -0.013281
H 1.647700 2.253607 0.881680
H 1.599093 2.223085 -0.873668

Rotational constants (GHz): 4.4348700 0.9033900 0.7892900
Vibrational harmonic frequencies (cm-1):

53.6282 69.9208 88.4423
135.7319 170.3219 257.5520
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290.1776 336.9574 353.7257
404.0617 491.8700 547.3106
647.4542 792.2281 844.8403
918.2831 977.5671 1004.5079

1035.6693 1091.3277 1117.8562
1178.3510 1218.5345 1240.8101
1279.3550 1293.0455 1329.7371
1349.0943 1410.2839 1426.3496
1442.5403 1479.1171 1490.3443
1503.1670 1506.4381 1778.2516
3040.4836 3052.2854 3075.5687
3093.2477 3105.0726 3127.5160
3154.5866 3227.0072 3881.4336

Zero-point correction (Hartree): 0.139679

HOCHCCH3CH2CH2OO.Ectpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45000645
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.577852 -0.819250 -0.040591
C 1.039649 0.390526 0.048849
C -0.439288 0.606583 0.202344
C -1.275694 -0.652926 0.243520
O -2.668115 -0.314816 0.420538
O -3.177044 0.179949 -0.665932
O 2.928480 -1.001619 -0.177833
H 0.988561 -1.727576 -0.009288
C 1.873460 1.636055 0.003073
H -0.626141 1.177823 1.116948
H -0.803352 1.224427 -0.623312
H -1.197913 -1.231149 -0.676395
H -1.040261 -1.278141 1.103607
H 3.126312 -1.936141 -0.247113
H 2.928756 1.407436 -0.114273
H 1.742175 2.216290 0.919033
H 1.559429 2.272992 -0.826568

Rotational constants (GHz): 4.5430900 0.8957900 0.7869900
Vibrational harmonic frequencies (cm-1):

66.1054 81.8442 118.2333
133.7300 168.4497 211.6414
270.5425 300.3762 340.0182
401.4638 463.2389 548.0668
655.0680 787.2887 856.5622
882.6100 976.6554 1004.0975

1038.8936 1090.5760 1119.9076
1183.3872 1200.1907 1240.4372
1284.8237 1297.3005 1328.9850
1344.8630 1391.9456 1417.1383
1441.1149 1486.2883 1493.8206
1495.3588 1502.2354 1796.0394
3042.9124 3052.9699 3078.1945
3090.6331 3100.8132 3151.6730
3170.4785 3193.7375 3923.0461

Zero-point correction (Hartree): 0.139478

HOCHCCH3CH2CH2OO.Ecttc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44977810
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.488099 -0.916064 -0.005446
C 1.157250 0.372000 -0.004153
C -0.277382 0.825472 -0.006417
C -1.301472 -0.284018 0.000130
O -2.599710 0.348790 0.000616
O -3.555657 -0.527145 0.004487
O 2.740169 -1.447403 0.002084
H 0.750225 -1.706120 -0.013362
C 2.156681 1.492604 0.004339
H -0.453841 1.465276 0.863764
H -0.454740 1.456607 -0.882589
H -1.248142 -0.912948 -0.888009
H -1.243594 -0.906166 0.892763
H 3.398381 -0.748000 0.022418
H 3.194147 1.164942 -0.051675
H 2.053967 2.092384 0.911142
H 1.986132 2.160124 -0.842661

Rotational constants (GHz): 4.5196000 0.8584100 0.7311900
Vibrational harmonic frequencies (cm-1):

39.9873 66.4798 104.0525
118.0175 126.4742 258.2234
277.4712 336.0857 345.7019
356.7540 491.5233 552.7374
628.5252 781.4722 838.9029
916.1860 1004.7024 1027.4762

1032.3684 1102.6472 1113.7519
1180.2951 1219.2221 1231.7335
1285.5998 1297.2377 1310.4639
1346.4920 1411.7788 1429.2141
1447.0180 1479.5478 1495.7512
1506.2214 1512.9631 1778.6707
3041.0038 3052.2032 3069.5630
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3084.7357 3103.9782 3128.5020
3142.6828 3227.4756 3881.6338

Zero-point correction (Hartree): 0.139386

HOCHCCH3CH2CH2OO.Ecttt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44960190
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.497402 -0.887783 0.000047
C 1.149149 0.392873 -0.000195
C -0.286555 0.836909 -0.000243
C -1.302947 -0.279254 0.000509
O -2.608087 0.338922 0.000809
O -3.554154 -0.547667 -0.000566
O 2.808980 -1.279956 0.000127
H 0.772529 -1.692773 0.000239
C 2.167038 1.493856 -0.000459
H -0.464979 1.472336 0.872425
H -0.465223 1.471424 -0.873521
H -1.242267 -0.904675 -0.889847
H -1.241502 -0.903978 0.891323
H 2.863827 -2.236095 0.000007
H 3.180058 1.102198 -0.000860
H 2.039886 2.130695 0.877666
H 2.039237 2.130865 -0.878364

Rotational constants (GHz): 4.6297500 0.8525500 0.7297200
Vibrational harmonic frequencies (cm-1):

61.1190 98.7035 106.0269
120.7515 124.9046 216.6812
263.0903 301.9858 333.7557
352.6867 461.9462 551.4865
637.3932 777.7230 851.1881
881.7542 1005.5986 1027.6191

1032.6477 1105.6258 1112.9235
1188.1821 1201.6842 1231.4127
1295.4491 1297.7054 1308.7258
1343.6335 1393.4035 1420.2363
1446.5771 1489.3928 1494.3233
1498.0086 1512.2925 1796.4653
3043.6363 3052.7079 3072.4169
3082.2130 3100.2050 3139.7630
3170.4924 3194.7409 3923.5816

Zero-point correction (Hartree): 0.139248

HOCHCCH3CH2CH2OO.Egmpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45079312
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.828722 0.593462 -0.318153
C -0.749123 0.228923 0.366273
C 0.356813 1.221157 0.592489
C 1.588782 1.000573 -0.274274
O 2.226603 -0.254941 0.045546
O 1.867639 -1.208950 -0.758884
O -2.888998 -0.203964 -0.611804
H -1.967069 1.592998 -0.708991
C -0.625813 -1.165153 0.928019
H 0.001192 2.230566 0.374814
H 0.665992 1.211051 1.640907
H 1.340216 0.972306 -1.333044
H 2.348091 1.756234 -0.075769
H -2.717138 -1.099473 -0.304838
H -0.474526 -1.911017 0.144251
H -1.516950 -1.442277 1.497998
H 0.226614 -1.241311 1.599681

Rotational constants (GHz): 3.5834100 1.2111900 1.0713800
Vibrational harmonic frequencies (cm-1):

39.9458 73.1485 128.2640
167.4782 175.8704 263.8396
308.0215 339.6564 396.1107
471.1996 520.2774 540.9332
609.5298 795.0616 861.5924
923.9655 937.1037 1016.3156

1031.4899 1050.5768 1093.6730
1179.3530 1227.8926 1241.8213
1251.0525 1320.3644 1328.3232
1378.4174 1391.6522 1405.0569
1421.3944 1470.4582 1481.4939
1496.5170 1502.0666 1765.0900
3040.3305 3053.9698 3088.4239
3093.0150 3102.2243 3146.0031
3158.5547 3212.6987 3861.4501

Zero-point correction (Hartree): 0.139792

HOCHCCH3CH2CH2OO.Elmmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45242156
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.013050 -0.583300 0.048600
C 0.822405 -0.037761 0.280218
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C -0.330897 -0.920787 0.665404
C -1.401168 -1.046745 -0.407538
O -2.022990 0.228051 -0.691483
O -2.717012 0.653555 0.318701
O 3.144830 0.064818 -0.333535
H 2.192013 -1.644901 0.158839
C 0.576416 1.443144 0.170143
H 0.025312 -1.930256 0.878572
H -0.813437 -0.547858 1.572093
H -0.979016 -1.352464 -1.363281
H -2.195381 -1.728309 -0.105657
H 2.954627 0.995628 -0.481461
H 0.217636 1.728786 -0.820826
H 1.471402 2.028463 0.390908
H -0.190622 1.752218 0.880397

Rotational constants (GHz): 4.6129000 1.0605600 0.9487100
Vibrational harmonic frequencies (cm-1):

38.6505 77.3705 130.5209
169.8811 176.6163 264.7294
311.8036 328.6012 402.1490
459.2398 517.9373 551.3201
617.6214 797.0893 847.4594
928.4938 943.3898 996.1643

1036.3604 1052.8646 1106.3434
1176.3255 1219.7146 1234.3742
1269.0028 1305.5852 1318.0439
1378.3035 1395.9793 1409.7986
1426.5379 1469.6655 1485.0410
1489.3419 1505.1048 1769.2464
3047.6348 3061.1003 3088.9961
3104.5789 3110.0293 3124.2378
3153.5715 3211.4230 3868.8059

Zero-point correction (Hartree): 0.139827

HOCHCCH3CH2CH2OO.Elmmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45107126
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.045545 -0.556310 -0.080610
C -0.840502 -0.020493 -0.231501
C 0.320886 -0.905756 -0.581414
C 1.398805 -0.977272 0.489546
O 2.113025 0.274231 0.616461
O 2.827360 0.521781 -0.437538
O -3.140708 0.192148 0.252576
H -2.218904 -1.618909 -0.211558
C -0.596830 1.451270 -0.071279
H -0.024704 -1.925997 -0.758613
H 0.802291 -0.563348 -1.501394
H 0.977864 -1.144065 1.479792
H 2.140528 -1.740460 0.258152
H -3.929223 -0.350927 0.223254
H -0.062021 1.665449 0.855983
H -1.533593 2.002421 -0.061156
H 0.029452 1.821923 -0.884911

Rotational constants (GHz): 4.9357000 1.0140300 0.9163200
Vibrational harmonic frequencies (cm-1):

36.7960 71.9341 147.3537
166.4145 200.7384 220.6476
267.5188 297.9678 374.2763
433.4844 506.7578 553.2612
611.9254 806.4659 851.1981
888.6263 946.0686 989.6621

1041.5967 1058.7229 1110.1534
1180.1000 1210.4322 1229.0814
1272.1106 1305.5993 1308.5329
1380.5998 1394.8994 1397.4725
1430.8916 1468.7159 1487.8996
1493.0969 1493.7255 1791.2177
3056.7129 3057.7261 3087.8331
3106.6378 3107.8842 3152.1624
3161.8569 3175.6031 3920.5807

Zero-point correction (Hartree): 0.139544

HOCHCCH3CH2CH2OO.Elmtc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45103902
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.057130 -0.569428 -0.201725
C 0.932723 -0.082448 0.315439
C -0.172671 -1.032065 0.687609
C -1.412079 -0.918236 -0.180575
O -2.063491 0.337284 0.123070
O -3.099629 0.531724 -0.632015
O 3.138556 0.138524 -0.620488
H 2.215710 -1.631877 -0.333222
C 0.710421 1.388304 0.540609
H 0.181427 -2.060750 0.604398
H -0.471987 -0.880858 1.728956
H -1.171835 -0.910268 -1.243110
H -2.133812 -1.706963 0.029789
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H 2.960188 1.080858 -0.554230
H 0.152950 1.849424 -0.276981
H 1.646002 1.936518 0.665775
H 0.124727 1.546901 1.445953

Rotational constants (GHz): 4.5600900 0.9613500 0.8826200
Vibrational harmonic frequencies (cm-1):

33.2861 60.1466 98.9528
149.4043 179.0129 256.2755
302.3820 334.3240 390.1704
410.9641 501.4042 575.1685
600.9007 797.4821 840.6084
925.9919 961.2699 1025.1453

1044.0113 1059.1274 1093.6388
1180.0190 1218.9880 1237.1159
1276.0249 1295.5166 1318.5902
1380.5161 1398.0782 1412.0442
1428.2151 1467.6952 1485.1955
1498.0731 1503.1657 1769.5168
3049.7919 3050.6693 3082.3847
3107.0257 3108.5436 3125.5393
3142.4746 3209.4681 3871.6575

Zero-point correction (Hartree): 0.139551

HOCHCCH3CH2CH2OO.Elmtt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44993064
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.102942 0.538206 -0.143436
C -0.937721 0.060986 0.276054
C 0.166425 1.019365 0.624421
C 1.406567 0.886346 -0.241243
O 2.135432 -0.287980 0.187571
O 3.181418 -0.493893 -0.550088
O -3.144905 -0.277302 -0.488645
H -2.283931 1.603643 -0.234672
C -0.681508 -1.410118 0.417318
H -0.189171 2.046483 0.528509
H 0.472598 0.885162 1.666565
H 1.166525 0.752649 -1.295559
H 2.081468 1.733116 -0.121316
H -3.916446 0.249339 -0.700408
H 0.027256 -1.761330 -0.335032
H -1.602277 -1.977775 0.312444
H -0.236502 -1.626603 1.390083

Rotational constants (GHz): 4.9541800 0.9345000 0.8533500
Vibrational harmonic frequencies (cm-1):

38.2223 60.7487 118.7998
167.5998 208.7623 239.9630
253.9018 295.9806 369.6034
380.9865 471.5233 579.6108
597.9815 807.2849 841.7321
891.1782 958.9019 1021.9535

1049.8199 1064.5119 1098.2331
1185.8944 1209.9780 1231.6886
1279.2776 1296.1262 1305.4640
1382.0083 1397.4037 1398.7941
1432.0567 1465.6511 1490.4287
1496.2937 1500.0287 1794.8727
3047.2310 3058.8339 3081.9629
3106.0061 3109.1757 3141.2796
3163.4507 3177.9344 3921.3390

Zero-point correction (Hartree): 0.139402

HOCHCCH3CH2CH2OO.Elpmc
~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.84408640
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.77348661

T1 diagnostic: 0.020724
E(MP2/Aug-CC-pVTZ) (Hartree): -420.72102249
E(MP3/Aug-CC-pVTZ) (Hartree): -420.76040125
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.72446597
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.76254263
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.18070042
E(UHF/Aug-CC-pVTZ) (Hartree): -419.17544253
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45265451
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.517607 -0.283437 -0.753321
C -0.688102 0.550324 -0.133217
C 0.538745 1.038517 -0.843823
C 1.838957 0.611526 -0.173038
O 1.985009 -0.818500 -0.218460
O 1.354129 -1.396059 0.761167
O -2.645530 -0.839962 -0.241593
H -1.353689 -0.601333 -1.774347
C -0.894450 1.005527 1.283658
H 0.547096 0.688579 -1.876849
H 0.549588 2.133239 -0.871075
H 2.704278 0.996970 -0.709256
H 1.882456 0.910749 0.873250
H -2.716026 -0.636878 0.695306
H -0.360153 0.364472 1.988530
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H -1.947769 1.023448 1.568417
H -0.519904 2.022190 1.415556

Rotational constants (GHz): 3.0806800 1.3277200 1.2131600
Vibrational harmonic frequencies (cm-1):

63.9862 104.7020 108.6729
122.1413 201.4260 273.4201
300.7804 361.7789 395.4514
458.0915 513.3197 555.9277
598.5636 800.0066 863.5417
918.9867 962.5085 1003.3209

1035.1931 1053.7956 1078.6200
1184.2846 1224.9307 1237.2872
1246.1949 1314.7995 1323.2196
1372.5476 1393.5532 1406.8474
1425.4227 1469.2816 1484.0931
1495.6961 1505.2614 1772.5644
3040.6819 3046.7273 3093.4939
3107.1019 3108.7996 3113.8965
3154.7250 3216.3431 3873.0163

Zero-point correction (Hartree): 0.139845

HOCHCCH3CH2CH2OO.Elpmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45177275
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.510210 -0.336826 -0.690902
C -0.683259 0.546226 -0.145920
C 0.539959 0.977063 -0.898706
C 1.847651 0.597746 -0.214740
O 2.000095 -0.831905 -0.179810
O 1.380285 -1.354796 0.837605
O -2.640887 -0.764850 -0.055396
H -1.323918 -0.761340 -1.671016
C -0.911633 1.122466 1.218494
H 0.541037 0.556366 -1.905497
H 0.548957 2.066978 -1.003651
H 2.705532 0.954743 -0.781869
H 1.899584 0.958318 0.811076
H -3.092511 -1.415167 -0.594411
H -0.205936 0.698501 1.936264
H -1.917224 0.908862 1.570994
H -0.766517 2.205095 1.209553

Rotational constants (GHz): 3.1009500 1.3187700 1.1980700
Vibrational harmonic frequencies (cm-1):

57.1189 93.4475 104.6185
131.9094 219.1160 232.0021
276.1121 311.2246 387.5974
438.8327 494.0006 557.1893
600.1569 807.2122 858.7543
894.0112 961.8466 999.8902

1036.6439 1062.5751 1080.2574
1193.8357 1210.0610 1235.1229
1248.8211 1303.8493 1319.1174
1375.2739 1390.0143 1398.2793
1430.4524 1469.6591 1486.2454
1489.9780 1504.9210 1796.2725
3041.9251 3050.8094 3095.6879
3102.2293 3104.9275 3157.8622
3162.0273 3180.0152 3922.6773

Zero-point correction (Hartree): 0.139594

HOCHCCH3CH2CH2OO.Elppc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45195093
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.459781 -0.776614 0.420568
C 0.809440 0.376741 0.306445
C -0.482178 0.573410 1.045944
C -1.666117 0.819506 0.124995
O -1.850534 -0.277332 -0.795413
O -2.187652 -1.364440 -0.172854
O 2.617064 -1.127776 -0.198308
H 1.098108 -1.575173 1.054509
C 1.280687 1.502085 -0.571500
H -0.703645 -0.293698 1.667310
H -0.414759 1.443134 1.707674
H -2.593160 0.935477 0.684486
H -1.513927 1.681988 -0.522449
H 2.881434 -0.442781 -0.818407
H 0.815043 1.470810 -1.560068
H 2.362349 1.500720 -0.714819
H 1.027859 2.465136 -0.124337

Rotational constants (GHz): 3.1403500 1.2648500 1.0636500
Vibrational harmonic frequencies (cm-1):

36.8765 52.5879 118.8400
127.2007 205.7481 263.7766
302.9698 348.2542 391.2698
454.1732 509.8571 554.3828
615.8995 799.6879 843.0226
929.9481 956.6517 993.0827

1035.7560 1052.2483 1089.8522
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1182.5724 1223.8758 1230.1082
1265.2094 1299.6920 1317.9795
1377.4525 1396.8678 1410.5049
1426.5641 1472.3962 1486.1949
1496.9209 1505.0832 1778.0527
3041.6380 3043.2119 3093.3491
3098.9139 3114.6308 3121.5831
3151.6504 3215.2843 3874.0553

Zero-point correction (Hartree): 0.139665

HOCHCCH3CH2CH2OO.Elppt
~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.84385432
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.77372382

T1 diagnostic: 0.020573
E(MP2/Aug-CC-pVTZ) (Hartree): -420.72095663
E(MP3/Aug-CC-pVTZ) (Hartree): -420.76066693
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.72411407
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.76253098
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.18205719
E(UHF/Aug-CC-pVTZ) (Hartree): -419.17690718
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45188619
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.428909 -0.761649 0.387917
C 0.808286 0.406145 0.287379
C -0.489208 0.617197 1.011743
C -1.672006 0.827860 0.080720
O -1.862434 -0.311367 -0.786966
O -2.193385 -1.369017 -0.113317
O 2.607110 -1.019542 -0.254484
H 1.022622 -1.570406 0.984909
C 1.341535 1.528230 -0.552156
H -0.712932 -0.230656 1.658873
H -0.426996 1.506181 1.647335
H -2.598217 0.971458 0.635324
H -1.517559 1.658184 -0.605961
H 2.895243 -1.912333 -0.060989
H 0.735260 1.673752 -1.449666
H 2.361263 1.329288 -0.871014
H 1.325889 2.467235 0.005707

Rotational constants (GHz): 3.1486200 1.2674200 1.0540300
Vibrational harmonic frequencies (cm-1):

26.7941 45.7261 108.2875
130.5170 215.3615 233.3374
275.5859 299.0623 385.1109
433.3619 493.0776 557.0090
615.4538 807.4477 840.0362
902.1129 957.7869 984.3953

1035.1859 1063.0966 1089.2179
1192.4548 1208.3106 1233.7179
1266.7916 1301.9615 1305.5584
1381.0377 1389.3788 1401.8280
1430.7164 1471.4674 1487.7331
1490.5883 1502.7339 1800.3064
3046.1368 3048.2779 3093.5697
3097.0945 3117.7039 3155.1559
3161.9043 3180.8921 3921.9245

Zero-point correction (Hartree): 0.139390

HOCHCCH3CH2CH2OO.Elptc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45093535
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.721411 -0.587870 -0.547802
C -0.916644 0.407847 -0.192202
C 0.248419 0.773116 -1.068863
C 1.585035 0.661313 -0.362510
O 1.784646 -0.724568 -0.010541
O 2.857524 -0.884493 0.700195
O -2.797669 -1.055815 0.136247
H -1.576378 -1.138501 -1.467638
C -1.090617 1.192064 1.078120
H 0.263101 0.147565 -1.962174
H 0.157778 1.811407 -1.403676
H 2.415615 0.956359 -1.002489
H 1.620835 1.237491 0.561719
H -2.868588 -0.611774 0.985637
H -0.462934 0.806120 1.885350
H -2.122091 1.195651 1.433353
H -0.812046 2.235865 0.922256

Rotational constants (GHz): 3.4451300 1.0522800 0.9883000
Vibrational harmonic frequencies (cm-1):

41.6818 55.6782 95.2414
122.1272 225.6290 255.4193
298.1443 341.1793 386.6297
405.9443 500.7129 568.1586
599.1119 800.1281 838.2699
929.8089 959.6360 1024.2254

1049.3828 1067.1277 1077.5407
1181.2537 1223.4907 1231.4619
1276.1074 1297.0730 1318.4225
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1380.2345 1394.1162 1412.8135
1428.6500 1470.7367 1488.4428
1503.7162 1508.9518 1777.2567
3043.4882 3044.8136 3085.8243
3100.1926 3108.8349 3116.2341
3140.7489 3215.3730 3874.7341

Zero-point correction (Hartree): 0.139571

HOCHCCH3CH2CH2OO.Elptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45062207
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.687998 -0.618795 0.492881
C 0.915542 0.416456 0.192925
C -0.259700 0.749108 1.067999
C -1.591353 0.659142 0.349459
O -1.802077 -0.723348 -0.011109
O -2.887151 -0.874508 -0.704725
O 2.769767 -0.965716 -0.266504
H 1.492458 -1.242616 1.357736
C 1.163201 1.278087 -1.009050
H -0.285528 0.095656 1.941473
H -0.170140 1.775429 1.437329
H -2.423692 0.956840 0.985921
H -1.613993 1.241844 -0.570464
H 3.198522 -1.736052 0.107991
H 2.139415 1.075352 -1.441349
H 1.111298 2.335820 -0.741319
H 0.413215 1.102318 -1.783897

Rotational constants (GHz): 3.4577100 1.0502500 0.9739700
Vibrational harmonic frequencies (cm-1):

27.8590 56.3095 95.1152
130.4504 229.9982 233.0775
279.8611 281.8680 379.0604
390.0224 473.3075 569.5506
599.1604 808.7278 835.2397
901.7905 959.8911 1022.4905

1052.1236 1073.0370 1076.6099
1189.3981 1207.2794 1234.9150
1275.3578 1297.3689 1306.2990
1383.6717 1387.5146 1402.9185
1432.2372 1469.4858 1490.7696
1493.0623 1509.5911 1800.9719
3046.6909 3049.0555 3088.0839
3097.1853 3103.7458 3144.0555
3161.8549 3181.6663 3920.9978

Zero-point correction (Hartree): 0.139309

HOCHCCH3CH2CH2OO.Eltmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45164869
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.811935 -0.907621 0.071422
C 1.027333 0.151265 0.247118
C -0.414545 -0.040563 0.622740
C -1.339242 0.420047 -0.492300
O -2.719465 0.331750 -0.081247
O -3.113306 -0.903396 -0.014655
O 3.119974 -0.898855 -0.294994
H 1.454965 -1.917711 0.221781
C 1.516665 1.562881 0.063181
H -0.625008 -1.089135 0.831386
H -0.651596 0.533489 1.523087
H -1.198815 1.472892 -0.733562
H -1.219188 -0.188641 -1.387452
H 3.407718 0.001017 -0.472667
H 1.385050 1.918785 -0.961790
H 2.571892 1.675366 0.319359
H 0.964490 2.241889 0.714062

Rotational constants (GHz): 4.7964600 0.8767900 0.7807500
Vibrational harmonic frequencies (cm-1):

53.7285 71.7147 89.4977
116.3588 155.1504 271.1468
307.8924 327.9762 383.8881
406.1160 510.9140 539.2368
656.5248 795.4961 837.0464
933.8506 968.3074 1016.5065

1043.4275 1069.7756 1081.4272
1183.6477 1220.7490 1236.2731
1280.1390 1307.8771 1322.0944
1335.7953 1400.0742 1409.7012
1425.2233 1482.0790 1491.9171
1499.1111 1505.3858 1772.0821
3043.5621 3050.7344 3091.7159
3098.1917 3117.5938 3121.3765
3154.5905 3218.4321 3871.8645

Zero-point correction (Hartree): 0.139597

HOCHCCH3CH2CH2OO.Eltmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45146190
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Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.808449 -0.870946 0.073997
C 1.022126 0.185896 0.234148
C -0.415721 -0.007658 0.623098
C -1.359154 0.443369 -0.480086
O -2.733501 0.297045 -0.063681
O -3.085753 -0.951642 -0.027514
O 3.119356 -0.754994 -0.294526
H 1.443150 -1.880050 0.228246
C 1.518328 1.587994 0.035525
H -0.622997 -1.056074 0.837927
H -0.642754 0.569183 1.524220
H -1.258428 1.504409 -0.700972
H -1.223508 -0.143918 -1.387232
H 3.537838 -1.616751 -0.290378
H 1.112418 2.031524 -0.876723
H 2.602370 1.614041 -0.037457
H 1.206935 2.222439 0.868047

Rotational constants (GHz): 4.7876600 0.8777500 0.7801800
Vibrational harmonic frequencies (cm-1):

56.3337 61.5398 111.1569
118.4974 170.4625 240.0409
267.4307 321.2406 359.2031
385.4776 485.3416 538.0905
660.2330 793.0924 844.5286
900.1542 966.8000 1014.9355

1050.6590 1070.5620 1086.7521
1194.8091 1209.8170 1236.0224
1283.4324 1293.5699 1325.9942
1339.2963 1393.4718 1406.7887
1430.5021 1480.0410 1492.3605
1497.0516 1499.6333 1795.6914
3049.6415 3051.3162 3094.9246
3099.0336 3116.9742 3159.8308
3162.0614 3183.4444 3918.9380

Zero-point correction (Hartree): 0.139463

HOCHCCH3CH2CH2OO.Eltpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45201182
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.007490 -0.766543 -0.158771
C -1.003670 0.103506 -0.211088
C 0.386922 -0.368660 -0.524399
C 1.307083 -0.192810 0.672840
O 2.663592 -0.544892 0.329885
O 3.209099 0.359872 -0.424121
O -3.304263 -0.488022 0.135709
H -1.870260 -1.819530 -0.365650
C -1.199234 1.573372 0.052831
H 0.380775 -1.418458 -0.818898
H 0.807641 0.209533 -1.351093
H 1.321144 0.836694 1.029090
H 1.041753 -0.866617 1.485571
H -3.399346 0.442897 0.356862
H -1.153800 1.815574 1.117656
H -2.155303 1.937117 -0.329843
H -0.421692 2.153930 -0.443958

Rotational constants (GHz): 5.5881300 0.8426200 0.7822800
Vibrational harmonic frequencies (cm-1):

53.0781 68.9128 92.6832
134.5309 153.8551 269.6361
308.6222 336.0594 387.3273
408.3134 514.1855 543.1282
658.1054 792.9716 836.2138
926.7746 973.8020 1018.9343

1043.2789 1062.5763 1082.5295
1183.7005 1225.6114 1233.7287
1283.3615 1305.6221 1327.7582
1335.9956 1398.4848 1407.9966
1424.1372 1481.3396 1492.3829
1498.2498 1507.0122 1770.7074
3041.9336 3058.3081 3092.2916
3095.3268 3114.2838 3122.0515
3156.0048 3216.5067 3868.2763

Zero-point correction (Hartree): 0.139667

HOCHCCH3CH2CH2OO.Eltpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45145415
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.001604 -0.742327 -0.143488
C -1.003878 0.131352 -0.193096
C 0.388943 -0.341258 -0.495733
C 1.325429 -0.112698 0.679639
O 2.660431 -0.553504 0.354349
O 3.240376 0.263637 -0.470784
O -3.284177 -0.367272 0.143806
H -1.843266 -1.799209 -0.327038
C -1.215763 1.598121 0.043935
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H 0.390938 -1.403170 -0.745496
H 0.796207 0.204117 -1.351080
H 1.390356 0.938782 0.954426
H 1.039528 -0.710211 1.543648
H -3.874869 -1.114517 0.041352
H -0.835668 1.906024 1.020700
H -2.271803 1.852258 0.004772
H -0.683224 2.183896 -0.707787

Rotational constants (GHz): 5.6476000 0.8348200 0.7774800
Vibrational harmonic frequencies (cm-1):

49.7688 62.1260 111.8830
127.3880 172.9634 210.4648
261.2065 320.6001 362.4027
382.3184 485.9407 542.2492
657.6454 793.1815 842.6844
892.9237 971.7160 1015.6927

1050.5671 1064.3973 1088.9214
1195.4017 1206.0764 1235.3924
1278.4451 1296.7273 1326.6436
1338.9397 1392.0899 1404.1120
1429.8617 1479.4113 1492.5962
1497.1967 1499.5171 1794.2645
3052.0717 3056.5095 3095.4248
3101.9954 3108.8201 3158.4228
3161.4501 3179.2350 3920.3404

Zero-point correction (Hartree): 0.139351

HOCHCCH3CH2CH2OO.Elttc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45091885
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.019457 -0.817672 0.008327
C 1.098313 0.106194 0.263784
C -0.265828 -0.308594 0.739631
C -1.331637 0.046086 -0.278635
O -2.612365 -0.306310 0.287546
O -3.586183 -0.017001 -0.518699
O 3.280374 -0.604705 -0.449534
H 1.832634 -1.872400 0.160319
C 1.352064 1.578443 0.081059
H -0.294439 -1.382104 0.927499
H -0.506575 0.195948 1.679682
H -1.359513 1.112952 -0.500090
H -1.213321 -0.513727 -1.205893
H 3.413792 0.330153 -0.629580
H 1.084613 1.925417 -0.920047
H 2.395599 1.846085 0.257166
H 0.758393 2.155065 0.791451

Rotational constants (GHz): 5.6123100 0.7832700 0.7367300
Vibrational harmonic frequencies (cm-1):

53.8263 72.5390 95.9165
114.0774 128.2612 270.0024
279.2909 331.3963 381.0101
385.4593 495.6250 548.1192
637.7717 787.1260 832.2222
931.2207 1006.1629 1023.5025

1047.5933 1065.7010 1104.9684
1179.5446 1217.2770 1228.0802
1292.8911 1306.1027 1310.3396
1333.4085 1402.8581 1413.8348
1426.4010 1485.5788 1492.6064
1504.5213 1508.5126 1772.3846
3044.6967 3051.5936 3084.0365
3099.7247 3110.5957 3118.4691
3143.5100 3214.7052 3871.4970

Zero-point correction (Hartree): 0.139435

HOCHCCH3CH2CH2OO.Elttt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45055503
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.019747 -0.786239 0.012765
C 1.092870 0.133198 0.249446
C -0.268522 -0.285052 0.729399
C -1.347484 0.078620 -0.271565
O -2.613552 -0.338726 0.285451
O -3.600278 -0.055760 -0.507019
O 3.268503 -0.461379 -0.437772
H 1.826796 -1.842387 0.164177
C 1.353458 1.598099 0.055223
H -0.298640 -1.360915 0.906120
H -0.498650 0.209545 1.677373
H -1.411543 1.151424 -0.448613
H -1.217059 -0.439965 -1.220983
H 3.818674 -1.244931 -0.472194
H 0.843713 1.981548 -0.831597
H 2.415948 1.794482 -0.062124
H 0.982964 2.166359 0.910953

Rotational constants (GHz): 5.7031700 0.7796800 0.7330400
Vibrational harmonic frequencies (cm-1):

49.4497 85.7927 94.1556
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109.3073 155.9037 223.1140
264.6973 296.5680 353.0401
371.2835 465.2999 545.6444
640.9286 785.9895 840.5879
895.2056 1002.6418 1021.9917

1055.0963 1069.6735 1106.7878
1189.2775 1208.1309 1226.7501
1292.2113 1296.0405 1310.2441
1338.0122 1392.7459 1413.1792
1430.7267 1482.9877 1493.2188
1498.6237 1508.4037 1795.6003
3050.3658 3052.0386 3087.7339
3100.1541 3106.2284 3147.3929
3162.0558 3180.1953 3919.4495

Zero-point correction (Hartree): 0.139230

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82495066
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.74993036

T1 diagnostic: 0.027178
E(MP2/Aug-CC-pVTZ) (Hartree): -420.69194733
E(MP3/Aug-CC-pVTZ) (Hartree): -420.73018644
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.70966304
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74344876
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.15893222
E(UHF/Aug-CC-pVTZ) (Hartree): -419.13843132
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.43069294
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.897061 -0.546190 0.623516
C 0.499806 0.751999 0.364265
C -0.899828 1.100331 0.734933
C -1.862983 0.349260 -0.214481
O -1.608941 -1.029261 -0.103469
O -0.379546 -1.295814 -0.660220
O 2.063821 -1.066021 0.210856
H 0.465226 -1.110783 1.437486
C 1.222207 1.567402 -0.659583
H -1.133763 0.784748 1.752116
H -1.076472 2.173656 0.656888
H -2.901957 0.490788 0.082090
H -1.719342 0.671026 -1.248151
H 2.398259 -0.574510 -0.546052
H 1.015811 1.199817 -1.672535
H 2.304179 1.548632 -0.511108
H 0.907815 2.608579 -0.619976

Rotational constants (GHz): 2.9232700 1.9578100 1.4160100
Vibrational harmonic frequencies (cm-1):

i584.5270 104.0146 131.1446
152.9753 280.3153 301.1201
328.3390 384.9481 405.1223
438.5013 509.0466 585.3565
622.4213 804.3175 876.8799
933.8620 966.4459 987.6532

1013.3413 1029.7845 1074.4238
1089.5739 1180.5453 1223.0220
1246.1206 1264.0096 1324.3687
1343.1694 1375.3321 1386.2243
1413.1340 1480.3285 1482.9774
1490.9019 1502.0566 1565.9389
3013.5153 3063.7344 3073.1651
3083.0540 3122.8568 3133.5583
3139.1511 3225.4811 3857.2312

Zero-point correction (Hartree): 0.138990

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82644110
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.75168260

T1 diagnostic: 0.027377
E(MP2/Aug-CC-pVTZ) (Hartree): -420.69320422
E(MP3/Aug-CC-pVTZ) (Hartree): -420.73169845
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.71075959
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74484390
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.16124987
E(UHF/Aug-CC-pVTZ) (Hartree): -419.14094997
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.43224778
Electronic state : 2-A
Cartesian coordinates (Angs):

C 0.901440 -0.521479 0.586849
C 0.502829 0.769096 0.333071
C -0.894366 1.109763 0.725147
C -1.864531 0.326386 -0.190794
O -1.591884 -1.049777 -0.073455
O -0.384427 -1.307941 -0.683039
O 2.095071 -0.960328 0.136906
H 0.439773 -1.087856 1.386068
C 1.212414 1.628625 -0.655606
H -1.109120 0.822969 1.754911
H -1.083272 2.178781 0.618222
H -2.898699 0.457600 0.126698
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H -1.748306 0.635648 -1.231358
H 2.156168 -1.910354 0.265310
H 1.301757 2.650040 -0.281367
H 0.641760 1.676875 -1.589447
H 2.203139 1.246316 -0.884335

Rotational constants (GHz): 2.8787500 1.9716900 1.3999900
Vibrational harmonic frequencies (cm-1):

i553.2027 109.9272 129.4570
161.2925 272.9190 293.9918
335.0045 356.8991 383.6058
430.7677 499.5686 584.3038
625.0749 816.1024 874.9959
937.0347 964.9763 987.8429

1010.4461 1035.3106 1075.9675
1087.1538 1189.3977 1224.8218
1245.0144 1264.3001 1303.5546
1334.5962 1374.3540 1390.3968
1422.9022 1477.8849 1482.0055
1488.2023 1492.0330 1602.7358
3031.4077 3066.6412 3072.5900
3092.3654 3121.7575 3134.3623
3168.0763 3189.7552 3887.1174

Zero-point correction (Hartree): 0.139034

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.80543099
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.73000039

T1 diagnostic: 0.024966
E(MP2/Aug-CC-pVTZ) (Hartree): -420.67733307
E(MP3/Aug-CC-pVTZ) (Hartree): -420.71333383
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.69231131
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.72403263
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.12957042
E(UHF/Aug-CC-pVTZ) (Hartree): -419.11164555
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41459562
Electronic state : 2-A
Cartesian coordinates (Angs):

O 1.611663 -1.284114 -0.619711
H 0.570609 -1.436504 0.047100
C -0.397947 -1.100677 0.836472
O 2.231586 -0.228477 0.005948
C -0.728993 0.240864 0.373594
C 1.585033 0.992460 -0.352959
C 0.358900 1.279457 0.506288
H 0.156254 -1.138816 1.772511
H -1.154259 -1.878237 0.771877
C -1.881294 0.561876 -0.234616
O -2.930091 -0.252592 -0.482316
H -2.076507 1.567403 -0.583044
H 2.343442 1.759914 -0.195592
H 1.326531 0.944954 -1.412172
H -0.024832 2.261609 0.223290
H 0.680104 1.342327 1.549750
H -2.740806 -1.145064 -0.177763

Rotational constants (GHz): 3.7713900 1.2756300 1.0917400
Vibrational harmonic frequencies (cm-1):

i2187.2165 79.1229 145.5697
202.8478 290.9588 295.2709
344.0117 403.4398 455.9409
495.2855 550.5102 563.2053
629.2395 656.4428 815.4285
873.4114 917.9509 956.2470
990.7497 1016.8466 1060.0645

1081.7357 1118.5491 1190.0307
1204.8801 1238.1535 1253.3422
1299.2440 1329.1686 1375.6154
1396.7598 1416.0353 1465.7503
1478.7994 1485.3532 1530.7273
1702.6711 3050.4029 3069.6122
3098.1448 3102.9731 3128.3971
3176.8308 3215.6662 3865.5866

Zero-point correction (Hartree): 0.134451

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41378992
Electronic state : 2-A
Cartesian coordinates (Angs):

O 1.601501 -1.290271 -0.618535
H 0.561291 -1.438259 0.056889
C -0.401768 -1.097574 0.847814
O 2.232270 -0.235626 0.001025
C -0.713173 0.247279 0.381248
C 1.594707 0.986734 -0.362118
C 0.371862 1.287446 0.498634
H 0.154954 -1.145404 1.781839
H -1.189898 -1.835589 0.756039
C -1.868947 0.544929 -0.223165
O -2.847699 -0.382535 -0.401426
H -2.078130 1.543523 -0.589924
H 2.358378 1.750500 -0.211240
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H 1.332110 0.935967 -1.420313
H -0.010168 2.268012 0.206377
H 0.697337 1.359552 1.540003
H -3.610527 0.016269 -0.822647

Rotational constants (GHz): 3.7784100 1.2856200 1.0982000
Vibrational harmonic frequencies (cm-1):

i2126.1464 82.8438 145.7752
213.6238 269.8116 277.2568
325.9406 373.3494 448.8572
472.1455 554.2206 568.7976
633.4221 661.9724 823.5970
875.3510 878.8346 957.0137

1001.7419 1015.9198 1062.1319
1082.5804 1119.0508 1198.9166
1199.9316 1231.2216 1252.2669
1295.3559 1318.6255 1377.5621
1397.1068 1404.6352 1462.3339
1478.6047 1479.7281 1516.7170
1730.1079 3050.1858 3067.5503
3099.5063 3107.3536 3126.1656
3182.5087 3211.7110 3914.6619

Zero-point correction (Hartree): 0.134291

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Ec
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41342897
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.809153 1.189157 -0.280637
H -0.693200 1.491482 0.191782
C 0.459690 1.311138 0.776573
O -1.506597 0.067604 -1.009623
C 0.653638 -0.107794 0.532762
C -1.543084 -1.075315 -0.157669
C -0.494299 -0.994585 0.960701
H 0.164990 1.569807 1.791662
H 1.170044 2.019741 0.358664
C 1.682250 -0.631587 -0.156204
O 2.736439 0.031551 -0.672135
H 1.754807 -1.694854 -0.345186
H -2.553466 -1.197939 0.236613
H -1.317258 -1.896094 -0.838222
H -0.152773 -2.001917 1.198934
H -0.942200 -0.582073 1.864560
H 2.654362 0.974213 -0.496627

Rotational constants (GHz): 3.3187200 1.4055600 1.2662400
Vibrational harmonic frequencies (cm-1):

i2094.4757 79.0026 123.8287
232.6307 277.1059 301.8495
371.7860 378.3727 434.8235
486.2273 537.4493 568.2219
625.1325 708.2326 807.3081
858.3569 921.8416 954.5784

1018.9063 1030.5444 1058.5716
1082.5619 1126.5080 1200.3832
1219.9226 1253.2084 1266.0461
1287.5495 1327.3345 1364.0460
1396.2710 1414.5928 1482.8872
1488.3685 1498.0181 1501.1903
1689.9085 3068.2305 3082.1468
3098.4667 3116.4651 3135.8086
3174.3543 3212.3579 3857.4644

Zero-point correction (Hartree): 0.134683

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Et
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41202505
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.801016 1.194880 -0.292037
H -0.680972 1.494659 0.182105
C 0.458122 1.309432 0.788425
O -1.505795 0.067479 -1.018020
C 0.640213 -0.110418 0.546060
C -1.555137 -1.071067 -0.163841
C -0.505830 -1.004294 0.957098
H 0.137967 1.569895 1.795354
H 1.204489 1.976818 0.373802
C 1.677405 -0.607886 -0.141367
O 2.680110 0.183750 -0.600182
H 1.766000 -1.668997 -0.347278
H -2.566519 -1.181391 0.231818
H -1.340686 -1.896938 -0.842239
H -0.165710 -2.015214 1.183006
H -0.955428 -0.603189 1.865159
H 3.325829 -0.339119 -1.078065

Rotational constants (GHz): 3.3264600 1.4097200 1.2706800
Vibrational harmonic frequencies (cm-1):

i2051.6284 80.8964 118.0649
234.7208 253.7706 296.7965
327.8990 367.3283 412.4711
463.3578 542.0591 565.4153
629.6163 708.5276 808.9682
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856.5643 886.7265 954.9900
1018.2313 1030.5736 1064.8990
1082.5759 1127.6163 1207.4368
1210.8433 1252.4923 1264.9906
1289.6721 1309.7406 1357.9237
1397.5991 1405.8849 1478.3326
1482.6085 1488.6295 1499.8821
1716.0912 3066.0063 3080.8514
3108.1941 3113.8368 3133.5914
3180.4327 3210.1388 3913.5482

Zero-point correction (Hartree): 0.134414

#################################################################################
Z-HOCH=C(CH3)CH2CH2OO ring closure and H-shift
#################################################################################

HOCHCCH3CH2CH2OO.Zcpmm
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44926728
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.130828 1.189643 0.118372
C 1.238603 -0.132009 -0.010035
C 0.223458 -1.204350 0.298823
C -1.174937 -0.855596 0.776147
O -2.076071 -0.621963 -0.337399
O -1.939195 0.550472 -0.866455
O 0.048799 1.933320 0.470619
H 2.005167 1.806843 -0.055894
C 2.555327 -0.707592 -0.455973
H 0.121413 -1.869420 -0.565394
H 0.663012 -1.830250 1.083227
H -1.627782 -1.712607 1.269338
H -1.213156 0.009725 1.433576
H -0.745437 1.559668 0.057560
H 3.299289 0.071191 -0.610861
H 2.443891 -1.258622 -1.393007
H 2.945669 -1.411728 0.283331

Rotational constants (GHz): 2.8902200 1.5369100 1.1689500
Vibrational harmonic frequencies (cm-1):

24.0365 77.6570 189.7251
198.5005 212.4232 301.1457
319.7088 342.3071 426.8330
433.3245 555.5785 612.1342
683.9066 774.3618 863.0769
915.0358 972.8046 1009.5127

1050.9749 1071.7262 1096.5676
1181.8355 1220.7331 1247.8945
1277.4254 1332.8511 1356.0380
1407.6980 1409.2349 1419.2418
1438.9876 1461.5529 1484.0105
1501.8632 1507.0806 1769.4280
3030.3042 3041.7617 3055.8862
3088.3897 3111.8810 3143.4802
3168.9225 3179.4980 3648.0915

Zero-point correction (Hartree): 0.140370

HOCHCCH3CH2CH2OO.Zcppc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44991842
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.302368 1.134243 -0.052999
C 1.292066 -0.197500 -0.038492
C 0.113401 -1.112402 0.187562
C -1.101218 -0.564118 0.907252
O -1.906118 0.273034 0.035929
O -2.522093 -0.422441 -0.870935
O 0.278841 2.017500 0.086638
H 2.242014 1.657752 -0.178460
C 2.581383 -0.932962 -0.282837
H -0.224491 -1.555842 -0.754835
H 0.469624 -1.953295 0.789785
H -1.753771 -1.364950 1.247106
H -0.836395 0.090558 1.735721
H -0.571467 1.619975 -0.129949
H 3.407289 -0.247262 -0.461502
H 2.495186 -1.588545 -1.153039
H 2.838972 -1.566692 0.569206

Rotational constants (GHz): 3.0876200 1.3938000 1.0892800
Vibrational harmonic frequencies (cm-1):

41.4157 88.8959 158.4002
203.7030 214.9268 267.4457
306.5270 349.4743 426.3144
468.9643 540.3332 555.0457
616.7284 783.5881 848.6957
920.2684 977.4469 1010.4465

1023.8451 1070.5587 1118.5778
1177.7980 1205.3420 1226.1172
1285.3179 1308.7509 1328.8084
1396.5434 1402.0385 1419.5250
1434.5639 1466.7983 1484.7455
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1489.9621 1503.0773 1770.8431
3041.0376 3043.7765 3071.5466
3088.6966 3103.7687 3142.8778
3164.1479 3197.6601 3816.3222

Zero-point correction (Hartree): 0.140248

HOCHCCH3CH2CH2OO.Zcptt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44798473
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.111782 1.202708 -0.048985
C 1.321607 -0.106468 0.000181
C 0.372817 -1.143483 0.544186
C -1.082610 -0.764033 0.699462
O -1.584852 -0.416972 -0.610449
O -2.785048 0.066786 -0.547755
O -0.001108 1.821837 0.451410
H 1.860828 1.861847 -0.473951
C 2.623586 -0.662260 -0.501470
H 0.429102 -2.020392 -0.107435
H 0.730553 -1.483099 1.521683
H -1.670436 -1.612639 1.049149
H -1.242637 0.091413 1.346309
H -0.106376 2.684059 0.045726
H 3.140249 -1.213026 0.288487
H 3.289287 0.123328 -0.854380
H 2.454407 -1.363486 -1.321472

Rotational constants (GHz): 3.1846200 1.3743500 1.1036000
Vibrational harmonic frequencies (cm-1):

41.7350 54.6761 136.9906
196.3076 224.8723 256.5599
272.2639 309.1968 342.1811
389.1014 449.4868 541.9392
634.2976 783.3691 838.9369
888.2290 1005.2984 1008.2993

1044.5282 1077.3965 1102.6649
1177.8265 1204.1175 1242.1809
1276.9776 1294.3337 1304.8379
1384.4248 1413.3817 1421.5673
1433.4271 1466.7757 1483.4140
1500.1768 1504.6908 1800.8913
3040.9819 3045.7174 3070.2552
3094.2460 3095.3060 3140.4667
3175.4861 3184.9905 3907.3554

Zero-point correction (Hartree): 0.139565

HOCHCCH3CH2CH2OO.Zctpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44515262
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.954737 0.702111 -0.066637
C -1.292319 -0.449834 -0.007600
C 0.197765 -0.675928 0.038772
C 1.099300 0.522071 0.262716
O 2.448422 0.069257 0.503280
O 3.004518 -0.353378 -0.590800
O -1.493168 1.984059 -0.122603
H -3.036633 0.701284 -0.068602
C -2.079754 -1.732002 0.012289
H 0.399791 -1.381335 0.850752
H 0.521164 -1.176700 -0.878264
H 1.155607 1.183685 -0.603865
H 0.836007 1.076985 1.162625
H -0.546872 2.014117 -0.268205
H -3.150674 -1.546910 -0.040197
H -1.874075 -2.301120 0.921577
H -1.804015 -2.368020 -0.832066

Rotational constants (GHz): 3.2170000 1.1150700 0.8728000
Vibrational harmonic frequencies (cm-1):

25.4172 78.3647 123.7774
170.7876 196.9246 227.9818
287.8662 320.1712 343.9952
406.9443 474.0316 574.1455
604.6082 791.2435 883.9768
921.8576 975.5759 1005.4773

1051.2166 1083.7976 1123.9663
1173.5548 1183.5992 1246.7477
1278.9744 1303.1522 1346.0534
1355.9993 1411.8816 1419.2780
1434.4271 1483.0102 1487.6386
1504.0531 1515.7753 1779.0413
3042.4192 3047.0036 3065.3448
3076.6750 3095.3128 3140.2386
3146.0393 3213.1117 3925.5280

Zero-point correction (Hartree): 0.139759

HOCHCCH3CH2CH2OO.Zctpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44961874
Electronic state : 2-A
Cartesian coordinates (Angs):
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C -1.910461 0.687968 -0.132568
C -1.279218 -0.468402 0.020212
C 0.193008 -0.658194 0.265105
C 1.080153 0.569106 0.189292
O 2.452055 0.165698 0.416055
O 2.935128 -0.475134 -0.603425
O -1.293149 1.911294 -0.076811
H -2.980286 0.712591 -0.304352
C -2.063894 -1.748177 -0.033569
H 0.327699 -1.125570 1.246155
H 0.572150 -1.379256 -0.464639
H 1.037631 1.055505 -0.781581
H 0.876641 1.290249 0.974713
H -1.926284 2.602984 -0.272360
H -3.124880 -1.566021 -0.195353
H -1.952764 -2.308170 0.897707
H -1.699699 -2.390990 -0.837673

Rotational constants (GHz): 3.1892200 1.1588400 0.8959600
Vibrational harmonic frequencies (cm-1):

34.7291 89.3545 133.3168
169.8388 185.6689 216.9190
265.2060 311.7155 345.4390
397.6089 456.9792 567.6594
604.5898 790.8203 878.8482
888.6487 966.6599 1004.5028

1046.3952 1088.0718 1117.8057
1174.1608 1201.1280 1238.9297
1268.2535 1294.4717 1332.8919
1353.3483 1407.4306 1422.2608
1431.8591 1481.9638 1483.7375
1493.8845 1504.6745 1803.5656
3037.9988 3048.1738 3074.2592
3098.3665 3123.7778 3140.1703
3183.9106 3189.7624 3920.7129

Zero-point correction (Hartree): 0.139584

HOCHCCH3CH2CH2OO.Zgmmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45072057
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.989804 0.208706 -0.313793
C 0.826097 0.596713 0.196926
C -0.065618 -0.359934 0.947609
C -0.945036 -1.198469 0.032037
O -1.823393 -0.354934 -0.746128
O -2.718326 0.210818 0.003761
O 2.543784 -1.034946 -0.234980
H 2.629282 0.883352 -0.866545
C 0.339780 2.005975 0.026131
H 0.509180 -1.048789 1.575217
H -0.716760 0.191344 1.626975
H -0.361834 -1.730557 -0.718451
H -1.574360 -1.891379 0.589167
H 2.003592 -1.606928 0.316729
H -0.624440 2.029662 -0.484220
H 1.047187 2.600169 -0.550200
H 0.201475 2.487689 0.996649

Rotational constants (GHz): 3.3559600 1.2984200 1.0556100
Vibrational harmonic frequencies (cm-1):

40.9393 66.7204 142.3623
169.4739 193.3883 289.2887
302.5363 332.5190 387.9733
421.2621 534.2735 570.9138
613.4048 790.2132 848.8792
917.2383 948.1353 1009.7677

1031.0112 1071.8344 1097.2237
1177.1280 1189.8680 1239.8074
1266.6471 1299.3519 1313.3219
1364.8695 1399.9540 1410.5359
1423.9707 1481.6530 1488.0521
1493.7835 1504.0293 1772.4866
3041.5945 3051.1800 3087.2260
3106.0248 3108.3076 3140.4678
3149.7913 3219.9452 3871.8849

Zero-point correction (Hartree): 0.139837

HOCHCCH3CH2CH2OO.Zgmmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45252662
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.937512 -0.188903 -0.323205
C 0.805674 -0.633427 0.203909
C -0.070602 0.296764 1.002205
C -0.912154 1.199539 0.117663
O -1.770587 0.420154 -0.748972
O -2.692514 -0.194761 -0.074327
O 2.332130 1.115667 -0.158502
H 2.592745 -0.818658 -0.913257
C 0.345735 -2.044789 0.001752
H -0.736259 -0.273491 1.650451
H 0.540127 0.946490 1.631171
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H -1.556161 1.858637 0.698149
H -0.290957 1.773311 -0.566664
H 3.207424 1.243071 -0.526465
H 0.236027 -2.554879 0.961179
H 1.048398 -2.611123 -0.608111
H -0.630563 -2.066941 -0.485989

Rotational constants (GHz): 3.2226000 1.3598600 1.0889800
Vibrational harmonic frequencies (cm-1):

42.8964 65.6193 142.7389
167.1418 189.3145 227.3757
288.6729 320.2290 354.3743
391.2909 531.7092 574.5252
617.5566 798.6739 848.1971
878.3959 950.0970 1009.2751

1028.4883 1072.7596 1100.3847
1182.1118 1197.7530 1226.2701
1262.8379 1299.1358 1318.7714
1362.3503 1390.7542 1407.4201
1423.0941 1474.4708 1481.9141
1491.8754 1503.0181 1794.6668
3050.6164 3075.4455 3095.1329
3105.4278 3124.1288 3136.8179
3163.0238 3188.8317 3919.8657

Zero-point correction (Hartree): 0.139596

HOCHCCH3CH2CH2OO.Zgmpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44933493
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.782933 0.110969 -0.461481
C 0.787914 0.564110 0.293452
C -0.004858 -0.353506 1.188551
C -1.119576 -1.100004 0.464262
O -2.097280 -0.166343 -0.034011
O -1.863617 0.176104 -1.265665
O 2.230116 -1.173930 -0.541764
H 2.351128 0.759979 -1.113582
C 0.402348 2.013945 0.272419
H 0.633315 -1.104711 1.666413
H -0.447622 0.220846 2.003959
H -0.752162 -1.663208 -0.392318
H -1.670244 -1.749300 1.143820
H 1.742706 -1.737215 0.064959
H 1.019339 2.575114 -0.427427
H 0.518723 2.460585 1.262732
H -0.641492 2.138175 -0.020258

Rotational constants (GHz): 2.7294700 1.4523500 1.2564800
Vibrational harmonic frequencies (cm-1):

48.7034 88.8848 105.7465
169.7326 194.4482 263.3324
294.1944 342.2144 378.2690
420.1903 528.8116 569.2579
604.0069 779.9811 872.6524
918.2761 938.0512 1019.9914

1036.1814 1069.0318 1087.0051
1177.5739 1191.8773 1236.3051
1258.3935 1300.3856 1329.8438
1370.3998 1391.7892 1410.7006
1423.2240 1481.1253 1483.1346
1491.9566 1502.5607 1774.5235
3036.0261 3048.8346 3086.6194
3098.1440 3104.4574 3141.0885
3151.2493 3221.7205 3877.9113

Zero-point correction (Hartree): 0.139695

HOCHCCH3CH2CH2OO.Zgmpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45143242
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.737121 0.063987 -0.456171
C 0.779185 0.601911 0.284741
C -0.011417 -0.262962 1.230502
C -1.095726 -1.067273 0.528296
O -2.080353 -0.182475 -0.047689
O -1.816170 0.105465 -1.286838
O 2.025882 -1.274731 -0.377320
H 2.322426 0.642226 -1.160931
C 0.431283 2.055253 0.184803
H 0.645789 -0.982963 1.721704
H -0.471362 0.351282 2.006168
H -0.687958 -1.672298 -0.278096
H -1.653186 -1.683368 1.232423
H 2.762741 -1.485878 -0.951833
H 1.056551 2.565317 -0.546653
H 0.559200 2.551269 1.149607
H -0.611754 2.182851 -0.110643

Rotational constants (GHz): 2.6594900 1.5166600 1.2947300
Vibrational harmonic frequencies (cm-1):

45.6868 87.5472 103.4694
176.4799 193.2789 234.0679
281.1618 330.6672 348.3348
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397.9300 526.6332 570.6983
607.3737 787.0443 870.6459
876.5100 939.9320 1016.1217

1035.2074 1070.4997 1088.9494
1183.0382 1198.2857 1234.1057
1242.8935 1310.5007 1325.2313
1366.3777 1382.6238 1408.4118
1421.3718 1472.8623 1481.4155
1485.9827 1501.6823 1796.0196
3048.6422 3067.6456 3095.2545
3103.2459 3114.5449 3137.1026
3164.9746 3192.3371 3920.0508

Zero-point correction (Hartree): 0.139521

HOCHCCH3CH2CH2OO.Zgmtc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44965828
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.939070 -0.129593 -0.510460
C 1.011908 0.552033 0.154141
C 0.089828 -0.124896 1.137626
C -1.102311 -0.796531 0.478876
O -1.901160 0.241346 -0.129589
O -2.928763 -0.251629 -0.747865
O 2.204870 -1.462661 -0.411107
H 2.596994 0.343679 -1.226528
C 0.832012 2.025207 -0.065783
H 0.613282 -0.886342 1.724394
H -0.277367 0.604850 1.861275
H -0.805748 -1.479880 -0.317169
H -1.739491 -1.315071 1.194778
H 1.645233 -1.868477 0.256231
H -0.181116 2.248067 -0.403871
H 1.532750 2.401156 -0.809499
H 0.992846 2.578250 0.862484

Rotational constants (GHz): 3.0103600 1.2180800 1.0238900
Vibrational harmonic frequencies (cm-1):

41.4082 75.5142 119.9922
173.6373 195.7565 273.3382
284.5693 314.9211 381.6568
392.4674 489.2844 577.5848
622.5919 786.1280 841.5853
921.7769 977.9475 1025.9881

1049.6434 1070.3287 1087.9050
1176.7408 1196.4185 1244.8787
1276.7479 1294.6012 1306.7742
1367.8364 1402.7677 1410.5180
1422.6055 1481.9338 1491.9293
1499.3863 1505.2994 1775.1273
3043.9052 3050.1255 3078.3368
3098.5812 3105.7877 3137.3926
3141.1266 3219.1818 3876.0556

Zero-point correction (Hartree): 0.139670

HOCHCCH3CH2CH2OO.Zgmtt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45153725
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.880460 -0.188728 -0.506354
C 1.011983 0.572220 0.144584
C 0.096187 -0.044062 1.170887
C -1.088956 -0.750130 0.542855
O -1.874325 0.247915 -0.150741
O -2.889016 -0.281038 -0.759924
O 1.966358 -1.535761 -0.260800
H 2.549319 0.206647 -1.261521
C 0.889736 2.038765 -0.135028
H 0.635776 -0.789604 1.756667
H -0.265876 0.721474 1.859021
H -0.775125 -1.488032 -0.193238
H -1.741217 -1.213280 1.282420
H 2.681224 -1.918254 -0.771152
H -0.121915 2.284581 -0.462218
H 1.588769 2.357583 -0.907021
H 1.088445 2.621573 0.767096

Rotational constants (GHz): 2.9146800 1.2701200 1.0549900
Vibrational harmonic frequencies (cm-1):

42.7504 72.7486 117.7732
178.3161 198.3964 245.1979
285.7025 300.6185 347.4777
375.8057 479.9849 582.0684
623.8398 794.2295 840.9293
877.0195 983.2028 1025.2759

1042.4252 1075.1355 1088.8214
1181.7763 1199.4183 1228.8308
1269.4839 1298.6573 1317.1769
1362.1365 1396.8202 1406.5667
1421.5974 1473.6656 1482.2938
1502.4534 1505.0698 1794.8735
3050.0418 3071.5608 3089.2414
3105.2245 3118.0648 3137.4365
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3152.1171 3190.2015 3919.1491
Zero-point correction (Hartree): 0.139541

HOCHCCH3CH2CH2OO.Zgpmc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45240759
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.224405 1.071636 0.115225
C 1.093779 -0.235051 -0.098039
C 0.100153 -0.780139 -1.085588
C -1.252678 -1.100586 -0.463721
O -1.846708 0.122595 0.018775
O -1.626316 0.305916 1.289588
O 0.501693 2.068096 -0.462038
H 1.972419 1.462813 0.792974
C 1.914167 -1.228647 0.668231
H -0.054263 -0.084383 -1.913673
H 0.486521 -1.704024 -1.522661
H -1.953299 -1.490637 -1.200553
H -1.174329 -1.775711 0.385619
H -0.359671 1.738532 -0.737933
H 1.276658 -1.891783 1.259108
H 2.597727 -0.732283 1.354866
H 2.499926 -1.858654 -0.004990

Rotational constants (GHz): 2.4124700 1.7738900 1.3808600
Vibrational harmonic frequencies (cm-1):

53.2250 92.8312 110.8594
190.7603 202.6129 259.5484
307.3685 344.1491 378.7662
437.9692 526.9002 582.3746
602.7792 774.7668 862.8993
918.0243 979.9982 993.6932

1030.2699 1066.0743 1084.6708
1184.8261 1199.6995 1224.5053
1269.9523 1306.9516 1323.5696
1366.7961 1384.1554 1411.7458
1422.4428 1479.2083 1487.6470
1488.9137 1500.8396 1764.8020
3040.9682 3056.5544 3088.9997
3091.9236 3100.8731 3138.8295
3159.6501 3206.2195 3848.4104

Zero-point correction (Hartree): 0.139763

HOCHCCH3CH2CH2OO.Zgppc
~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.84631979
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.77536686

T1 diagnostic: 0.021002
E(MP2/Aug-CC-pVTZ) (Hartree): -420.72348730
E(MP3/Aug-CC-pVTZ) (Hartree): -420.76218978
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.72673939
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.76408756
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.18016550
E(UHF/Aug-CC-pVTZ) (Hartree): -419.17484935
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45480404
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.212494 1.178878 -0.172259
C -1.161420 -0.120390 0.111263
C -0.063202 -0.717029 0.948967
C 1.038780 -1.369346 0.134278
O 1.696511 -0.421967 -0.746504
O 2.167644 0.596960 -0.102567
O -0.325313 2.138965 0.186655
H -2.036973 1.595904 -0.737046
C -2.216824 -1.058983 -0.394807
H 0.382627 0.021461 1.615150
H -0.480267 -1.497923 1.590496
H 1.813810 -1.800446 0.767521
H 0.656562 -2.124151 -0.549973
H 0.523487 1.748654 0.428011
H -2.961550 -0.533786 -0.990435
H -2.729056 -1.555064 0.433194
H -1.788407 -1.845085 -1.022259

Rotational constants (GHz): 2.6040800 1.7509900 1.2063500
Vibrational harmonic frequencies (cm-1):

44.7648 126.1924 134.7356
191.5450 199.3966 275.1822
313.8253 352.8731 395.9432
453.1138 531.0890 580.7217
633.5081 769.4751 848.0543
928.5450 971.3108 982.7232

1032.1058 1072.3501 1091.7482
1189.0619 1205.0560 1249.2238
1274.8693 1304.4794 1327.1191
1372.8944 1403.2116 1416.6370
1424.7850 1480.5896 1492.7890
1495.1440 1502.5296 1770.9465
3040.2241 3062.2873 3085.6176
3092.1114 3115.3914 3138.1233
3155.0114 3201.6968 3806.0569

Zero-point correction (Hartree): 0.140187
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HOCHCCH3CH2CH2OO.Zgppt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45053934
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.451259 0.979163 -0.222332
C -1.140884 -0.268690 0.103488
C 0.033012 -0.571021 0.992191
C 1.204235 -1.175474 0.235921
O 1.720483 -0.246319 -0.742162
O 2.350518 0.735054 -0.172919
O -0.750905 2.051340 0.251475
H -2.292076 1.204611 -0.869038
C -1.948873 -1.422287 -0.410435
H 0.381536 0.331125 1.491996
H -0.260136 -1.289196 1.763415
H 2.025859 -1.431021 0.902989
H 0.917013 -2.045772 -0.351916
H -1.030789 2.852096 -0.193360
H -2.767359 -1.083959 -1.044064
H -2.374184 -1.998170 0.415019
H -1.338005 -2.110464 -0.999191

Rotational constants (GHz): 2.5793500 1.6307200 1.1579300
Vibrational harmonic frequencies (cm-1):

23.6969 58.4108 132.3345
164.5839 199.0826 216.6921
280.8366 320.5261 381.6193
386.6381 528.8669 572.3737
614.8579 776.2974 854.9305
893.9685 973.2870 992.2028

1030.1971 1072.2597 1095.1143
1184.1722 1200.4864 1231.9331
1262.4902 1303.4023 1328.5719
1356.8879 1397.4897 1415.4413
1423.4672 1472.9296 1483.7819
1495.5237 1502.2582 1800.5278
3044.4417 3056.4649 3090.8389
3096.1945 3134.4264 3134.7851
3154.8935 3177.6820 3922.3740

Zero-point correction (Hartree): 0.139516

HOCHCCH3CH2CH2OO.Zgptc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45306200
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.371459 1.110287 -0.212460
C -1.279054 -0.192751 0.039897
C -0.238619 -0.760398 0.970525
C 1.076458 -1.083310 0.289359
O 1.692400 0.187561 -0.031864
O 2.794303 0.047624 -0.699848
O -0.565969 2.095075 0.262908
H -2.159874 1.507199 -0.839848
C -2.218373 -1.170693 -0.601847
H -0.038244 -0.078086 1.801032
H -0.616913 -1.684079 1.412400
H 1.770432 -1.617850 0.936960
H 0.946632 -1.624807 -0.646736
H 0.302756 1.738926 0.479120
H -2.920348 -0.670727 -1.267018
H -2.789432 -1.717126 0.152526
H -1.674596 -1.914337 -1.190851

Rotational constants (GHz): 2.8029500 1.4171900 1.0897600
Vibrational harmonic frequencies (cm-1):

57.3231 80.2590 130.1165
196.3217 214.8427 249.4889
312.0548 331.1202 379.1148
419.9506 492.9681 589.0586
621.0146 776.7252 853.3318
924.1319 978.4966 1023.9317

1044.5439 1072.3649 1089.5633
1187.7336 1201.8755 1242.6615
1288.0289 1295.5147 1324.7652
1375.5354 1395.8599 1414.3787
1424.0857 1480.8590 1485.3804
1499.6902 1502.5269 1768.9913
3039.1369 3057.5259 3085.6433
3086.1935 3104.6398 3138.6926
3146.6525 3200.4163 3835.2996

Zero-point correction (Hartree): 0.139922

HOCHCCH3CH2CH2OO.Zgtmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45141848
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.910795 0.759196 0.121764
C 1.289882 -0.377677 -0.163657
C -0.151579 -0.373830 -0.595839
C -1.058966 -0.353502 0.623931
O -2.443031 -0.497986 0.240163
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O -2.891044 0.578278 -0.330829
O 1.269773 1.963812 0.025290
H 2.943778 0.787010 0.449125
C 1.978439 -1.700807 -0.021869
H -0.376871 0.502971 -1.201488
H -0.368963 -1.266471 -1.184824
H -0.873423 -1.199722 1.283912
H -0.959773 0.582450 1.170849
H 1.885295 2.681120 0.181772
H 2.995821 -1.587669 0.349828
H 2.019433 -2.220512 -0.981357
H 1.437702 -2.352289 0.669216

Rotational constants (GHz): 3.1249400 1.1802200 0.9183300
Vibrational harmonic frequencies (cm-1):

43.1009 58.2287 115.8739
165.0305 197.0364 238.2868
252.7400 310.3572 332.7529
401.3085 536.1713 573.7785
594.5100 790.6777 875.4494
885.5576 963.3209 1008.2226

1055.7709 1071.9139 1084.4082
1192.6253 1201.1349 1234.1893
1271.0156 1303.6814 1323.4556
1342.5573 1394.4848 1404.8444
1422.0094 1481.0544 1484.2054
1496.6169 1504.6700 1794.8701
3045.1051 3073.9297 3094.3677
3096.8570 3130.5898 3137.3229
3160.9014 3185.7677 3918.9888

Zero-point correction (Hartree): 0.139537

HOCHCCH3CH2CH2OO.Zgtpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45153269
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.172461 -0.321246 0.095284
C -1.165908 0.518131 -0.127722
C 0.187291 0.041686 -0.584998
C 1.068171 -0.279022 0.612972
O 2.385520 -0.687902 0.189328
O 3.064743 0.317159 -0.272783
O -2.164945 -1.672241 -0.066668
H -3.137976 0.022345 0.441649
C -1.322705 1.991198 0.109069
H 0.126622 -0.838889 -1.230495
H 0.680113 0.819819 -1.169329
H 1.185360 0.584699 1.265590
H 0.686718 -1.124351 1.183673
H -1.320539 -1.962562 -0.423113
H -2.308195 2.227326 0.506967
H -1.184559 2.550868 -0.818376
H -0.576415 2.360131 0.816786

Rotational constants (GHz): 3.3818200 1.0889300 0.8774500
Vibrational harmonic frequencies (cm-1):

47.0904 59.3591 123.6889
170.7596 199.3611 262.7582
289.7434 348.5679 378.5753
401.8149 542.5799 582.9100
584.9880 790.7431 859.8135
922.9408 969.4043 1012.0313

1055.9308 1070.7385 1080.7951
1181.8975 1203.1236 1241.7774
1275.1277 1291.2127 1326.6449
1338.6892 1396.8576 1407.5070
1424.5132 1482.0798 1488.2826
1500.1410 1517.0705 1774.5180
3046.0285 3051.1932 3094.0154
3095.2825 3107.2019 3139.8687
3155.7517 3215.6197 3868.0294

Zero-point correction (Hartree): 0.139827

HOCHCCH3CH2CH2OO.Zgtpt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45212613
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.127603 -0.341528 -0.095140
C 1.165326 0.542943 0.129471
C -0.187364 0.093080 0.611583
C -1.043209 -0.328801 -0.571457
O -2.372897 -0.693155 -0.141944
O -3.062456 0.351967 0.198994
O 1.924794 -1.681023 0.107142
H 3.108102 -0.051935 -0.454980
C 1.367680 2.004129 -0.131708
H -0.093737 -0.750153 1.295365
H -0.694026 0.907621 1.130262
H -1.146821 0.470655 -1.304120
H -0.647740 -1.226149 -1.042759
H 2.747212 -2.160115 -0.002551
H 2.358161 2.207788 -0.536103
H 1.245541 2.581101 0.787141
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H 0.627563 2.379937 -0.842295
Rotational constants (GHz): 3.3237100 1.1223700 0.8913600
Vibrational harmonic frequencies (cm-1):

44.5717 62.7876 124.9787
165.7322 198.6336 247.3023
251.3303 323.5266 341.8888
388.0639 534.2879 585.8553
590.3510 792.7493 869.2410
883.3122 966.9106 1011.3992

1053.3917 1076.6941 1081.4453
1191.2637 1199.1809 1233.0549
1281.3985 1292.1512 1332.3943
1337.5528 1393.4216 1403.6697
1422.3264 1480.7076 1484.0234
1495.7953 1503.7741 1794.3768
3046.1018 3078.2855 3095.8321
3096.8492 3128.8474 3136.0435
3162.9429 3187.1175 3917.9089

Zero-point correction (Hartree): 0.139628

HOCHCCH3CH2CH2OO.Zgttc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45042784
Electronic state : 2-A
Cartesian coordinates (Angs):

C 2.104641 -0.568463 -0.240010
C 1.312290 0.440597 0.107703
C -0.027993 0.218210 0.760028
C -1.112626 0.082160 -0.291915
O -2.377396 -0.051830 0.392218
O -3.360089 -0.181256 -0.444657
O 1.870417 -1.896168 -0.060880
H 3.059988 -0.404822 -0.720364
C 1.705336 1.861328 -0.170639
H -0.036159 -0.666473 1.402354
H -0.266928 1.063845 1.407142
H -1.175497 0.961918 -0.931327
H -0.976950 -0.802550 -0.913781
H 1.034099 -2.032532 0.393316
H 2.655471 1.914321 -0.699395
H 1.798883 2.428605 0.757942
H 0.953749 2.368736 -0.780328

Rotational constants (GHz): 3.3294000 1.0160900 0.8374500
Vibrational harmonic frequencies (cm-1):

38.7932 77.6442 94.8878
139.8178 200.9508 250.4780
290.2145 327.8353 372.3155
417.0661 482.9092 583.9397
592.0907 785.2912 855.9910
925.0215 1001.1203 1021.6723

1060.4102 1069.2113 1106.8713
1179.7885 1189.0477 1240.3022
1286.7704 1294.3287 1310.4366
1338.5068 1401.1275 1410.1341
1425.0838 1483.4063 1498.2418
1503.4465 1519.3107 1774.2744
3045.0797 3053.4774 3085.9181
3093.3019 3098.8228 3140.5612
3143.5995 3217.9271 3868.9362

Zero-point correction (Hartree): 0.139643

HOCHCCH3CH2CH2OO.Zgttt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45104760
Electronic state : 2-A
Cartesian coordinates (Angs):

C -2.053189 0.599099 -0.225343
C -1.317933 -0.453371 0.106343
C 0.021659 -0.269816 0.769411
C 1.093315 -0.063957 -0.283016
O 2.369121 0.010541 0.392306
O 3.344002 0.172234 -0.447333
O -1.626086 1.874716 0.028101
H -3.014937 0.501082 -0.715376
C -1.764448 -1.849604 -0.202493
H 0.006837 0.594417 1.432625
H 0.267704 -1.151374 1.363568
H 1.148329 -0.892628 -0.988741
H 0.949566 0.869895 -0.824176
H -2.309986 2.504765 -0.202678
H -2.716664 -1.859774 -0.730790
H -1.874359 -2.432432 0.714363
H -1.029221 -2.367983 -0.822790

Rotational constants (GHz): 3.3026200 1.0414100 0.8528300
Vibrational harmonic frequencies (cm-1):

35.2380 76.3247 96.6421
134.4576 191.2049 232.7439
239.3380 307.2442 337.3690
392.6337 476.7409 587.3282
593.6222 784.7065 865.6428
884.6411 1000.0943 1019.4168

1061.7149 1066.9938 1109.0101
1185.1855 1197.6959 1224.3470
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1291.9015 1296.4355 1313.5955
1338.5135 1394.3958 1409.3311
1422.4374 1481.1256 1490.5724
1501.6101 1505.9176 1795.8774
3045.8563 3073.8538 3087.7664
3095.3978 3123.9218 3137.3848
3150.5048 3187.7628 3918.4496

Zero-point correction (Hartree): 0.139339

HOCHCCH3CH2CH2OO.Zlpmt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45151641
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.709130 -0.226743 -0.323255
C 0.795301 0.611124 0.149026
C -0.135776 0.198069 1.251049
C -1.593007 0.117408 0.813127
O -1.758911 -0.884811 -0.205799
O -1.500924 -0.409033 -1.388435
O 1.864615 -1.493909 0.166624
H 2.384572 0.062005 -1.120454
C 0.651378 1.990819 -0.417397
H 0.163263 -0.765875 1.658631
H -0.093554 0.929779 2.064129
H -2.229950 -0.209878 1.632958
H -1.960679 1.057390 0.405589
H 2.506297 -1.971295 -0.360311
H -0.318260 2.112806 -0.904269
H 1.422064 2.196291 -1.158778
H 0.725858 2.746742 0.368080

Rotational constants (GHz): 2.4927700 1.5844300 1.3619900
Vibrational harmonic frequencies (cm-1):

38.5354 95.0414 105.8187
171.9951 201.3511 235.2032
277.7503 319.9738 379.0078
387.2898 530.7926 560.7205
611.0331 778.5857 863.2415
888.8703 973.1139 999.1345

1033.8970 1072.5724 1078.9874
1185.7482 1204.4895 1233.3178
1243.8367 1315.2524 1326.5390
1359.1635 1393.7535 1416.5175
1419.5859 1471.0735 1483.8980
1491.5533 1505.6461 1794.0954
3046.5267 3048.6438 3096.0378
3101.3892 3132.5287 3136.3074
3157.4578 3183.7466 3922.8972

Zero-point correction (Hartree): 0.139590

HOCHCCH3CH2CH2OO.Zlppt
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45063142
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.819552 -0.330908 -0.295792
C 0.907450 0.556593 0.077349
C -0.151373 0.204237 1.084539
C -1.554601 0.556428 0.624112
O -1.857585 -0.056339 -0.648478
O -1.921103 -1.348537 -0.548453
O 1.866143 -1.596525 0.219269
H 2.588540 -0.082635 -1.018835
C 0.908945 1.941423 -0.497872
H -0.110448 -0.857348 1.317768
H 0.020190 0.753581 2.016356
H -2.305341 0.217826 1.336218
H -1.677583 1.621621 0.436252
H 2.486993 -2.129793 -0.278425
H 1.785546 2.109178 -1.121442
H 0.908141 2.695031 0.293948
H 0.024480 2.117110 -1.114549

Rotational constants (GHz): 2.5875400 1.5287200 1.1667400
Vibrational harmonic frequencies (cm-1):

25.7644 49.2800 143.5286
167.0971 194.1854 236.4249
278.4320 313.8739 362.1245
405.1788 512.5127 567.3335
624.1476 775.2516 848.2362
891.7903 976.0122 984.2137

1030.8415 1070.1423 1099.5314
1187.0526 1205.5319 1235.7481
1259.3822 1295.7444 1330.1128
1357.1006 1401.9563 1418.2209
1421.4405 1472.1631 1484.9152
1492.4410 1509.2736 1800.8498
3041.9735 3043.3968 3091.0038
3098.1414 3136.7252 3141.4738
3157.9596 3179.4653 3920.8526

Zero-point correction (Hartree): 0.139512

HOCHCCH3CH2CH2OO.Zlptt
~~~~~~~~~~~~~~~~~~~~~~
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E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45028605
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.999039 0.048185 -0.452034
C -0.949007 -0.534742 0.109762
C -0.098358 0.197613 1.112093
C 1.387094 0.049875 0.860514
O 1.669237 0.580826 -0.453851
O 2.902767 0.373239 -0.795236
O -2.371765 1.330853 -0.154412
H -2.623033 -0.474901 -1.167680
C -0.587990 -1.950106 -0.229491
H -0.365097 1.252916 1.129000
H -0.285842 -0.197648 2.115933
H 1.981323 0.618614 1.574282
H 1.718042 -0.987696 0.863734
H -3.072826 1.612212 -0.743375
H -1.339358 -2.404120 -0.873313
H -0.502860 -2.560579 0.673214
H 0.371533 -2.003091 -0.748869

Rotational constants (GHz): 3.1424900 1.1632600 1.0333300
Vibrational harmonic frequencies (cm-1):

31.1387 57.4874 108.7861
193.6568 213.3292 241.8764
280.4807 312.9197 337.6982
395.8865 470.8439 561.6418
628.8962 777.3126 841.8577
886.3631 973.2580 1014.9300

1045.7805 1075.9053 1095.4822
1182.3439 1204.6011 1236.3738
1270.4945 1298.6339 1322.9877
1356.8018 1401.3671 1418.2395
1424.0884 1470.8202 1485.0320
1497.3576 1514.2876 1801.0893
3043.5390 3045.9127 3091.0014
3095.0292 3129.7364 3138.1720
3148.3095 3183.1646 3920.9824

Zero-point correction (Hartree): 0.139483

HOCHCCH3CH2CH2OO.Zpmtc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.44892315
Electronic state : 2-A
Cartesian coordinates (Angs):

C 1.225893 1.208723 0.077346
C 1.410632 -0.105668 -0.028430
C 0.343809 -1.167296 -0.161927
C -1.005756 -0.923354 0.481733
O -1.808500 -0.110126 -0.414995
O -3.030709 0.014428 0.005569
O 0.073591 1.925072 0.060217
H 2.079423 1.862132 0.207285
C 2.814589 -0.644409 -0.047855
H 0.183558 -1.430688 -1.213029
H 0.736846 -2.074807 0.302965
H -1.558074 -1.849666 0.622762
H -0.932562 -0.385217 1.426376
H -0.657800 1.417526 -0.308304
H 3.551357 0.153489 0.021877
H 3.006202 -1.197355 -0.971065
H 2.980993 -1.338376 0.779600

Rotational constants (GHz): 3.6361300 1.2623400 0.9796100
Vibrational harmonic frequencies (cm-1):

19.6519 76.2984 145.2685
207.5452 220.5482 267.3857
294.9970 345.4938 349.8160
448.9702 518.0648 563.8675
624.1732 787.7658 832.0384
925.1017 1004.3463 1016.8289

1036.8728 1075.0445 1108.9520
1184.7616 1207.4077 1234.1039
1280.7706 1305.7384 1323.5230
1391.9311 1412.2769 1419.7006
1431.2856 1463.8643 1485.3120
1500.8632 1503.7261 1772.1061
3039.4061 3041.9396 3077.8754
3087.7320 3096.2801 3142.7642
3155.4912 3200.5034 3814.3305

Zero-point correction (Hartree): 0.139977

HOCHCCH3CH2CH2OO.Zptpc
~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.45311898
Electronic state : 2-A
Cartesian coordinates (Angs):

C -1.337776 1.167113 0.144008
C -1.356078 -0.137348 -0.121298
C -0.086233 -0.827402 -0.549217
C 0.933326 -0.932568 0.592911
O 2.279812 -0.698882 0.113257
O 2.414009 0.523274 -0.297511
O -0.265061 1.992419 0.069056
H -2.225219 1.700550 0.458868
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C -2.610523 -0.947993 0.004703
H -0.305186 -1.817407 -0.945692
H 0.390244 -0.264818 -1.356330
H 0.747120 -0.187308 1.364677
H 0.975110 -1.922479 1.039906
H 0.546981 1.524914 -0.173442
H -2.881161 -1.403777 -0.950454
H -3.446566 -0.332927 0.334061
H -2.487689 -1.762045 0.723351

Rotational constants (GHz): 3.2290800 1.3886100 1.0409300
Vibrational harmonic frequencies (cm-1):

70.9878 75.4034 181.5667
196.5113 214.0703 295.3972
296.6820 349.5854 401.9228
527.4069 567.3644 592.9057
606.8148 804.7100 871.8093
930.0972 964.8976 1014.9382

1033.8493 1073.4721 1075.2889
1200.6918 1213.1969 1246.7772
1288.4881 1302.6108 1325.8487
1368.4561 1398.8044 1406.8098
1423.7255 1482.5153 1494.0460
1503.4373 1508.8030 1762.0564
3042.6950 3059.0856 3090.0887
3100.2097 3121.8062 3137.0446
3166.2918 3210.1517 3747.9121

Zero-point correction (Hartree): 0.140671

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Zh
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82290136
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.74780200

T1 diagnostic: 0.027632
E(MP2/Aug-CC-pVTZ) (Hartree): -420.68959699
E(MP3/Aug-CC-pVTZ) (Hartree): -420.72757334
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.70732238
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74089315
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.15569713
E(UHF/Aug-CC-pVTZ) (Hartree): -419.13522923
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.42867123
Electronic state : 2-A
Cartesian coordinates (Angs):

C -0.225486 1.261185 -0.046634
C -1.014997 0.183361 0.288575
C -0.363531 -0.892676 1.084760
C 0.671914 -1.572693 0.150479
O 1.553838 -0.605444 -0.371589
O 0.868505 0.186239 -1.267089
O 0.726247 1.683063 0.817033
H -0.561307 1.977356 -0.789752
C -2.230068 -0.138468 -0.510283
H 0.163980 -0.494518 1.949035
H -1.084801 -1.640822 1.415571
H 1.293669 -2.278879 0.700038
H 0.165493 -2.081734 -0.672729
H 1.456220 2.067705 0.320778
H -2.071248 -1.044599 -1.103181
H -2.493173 0.669297 -1.190938
H -3.084554 -0.328926 0.142964

Rotational constants (GHz): 2.5274700 2.1855300 1.6981700
Vibrational harmonic frequencies (cm-1):

i607.7865 138.5662 158.4735
173.2502 238.6210 275.5832
323.6091 378.7176 434.5920
442.6917 493.6161 596.9295
629.7035 804.2215 874.7583
916.7996 979.4077 996.0024

1008.2363 1035.3478 1071.6900
1083.2220 1187.9358 1218.4413
1238.7452 1263.3048 1313.8985
1321.9079 1364.1076 1396.5419
1416.4615 1474.0568 1476.2740
1485.8078 1494.4816 1580.6759
3035.2683 3061.8629 3082.5547
3086.4816 3128.0387 3140.5013
3146.2336 3165.6929 3852.5523

Zero-point correction (Hartree): 0.138936

TS.HOCHCCH3CH2CH2OO.cycHOCHCCH3CH2CH2OO.Zp
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.82459295
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.74901814

T1 diagnostic: 0.026545
E(MP2/Aug-CC-pVTZ) (Hartree): -420.69314458
E(MP3/Aug-CC-pVTZ) (Hartree): -420.73006351
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.71010883
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.74269577
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.15379424
E(UHF/Aug-CC-pVTZ) (Hartree): -419.13410207
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.42980062
Electronic state : 2-A
Cartesian coordinates (Angs):
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C 0.264881 1.272855 -0.006594
C 1.007221 0.142348 -0.318909
C 0.312532 -0.947264 -1.060958
C -0.752520 -1.543270 -0.111180
O -1.543094 -0.494526 0.416411
O -0.761392 0.238666 1.298738
O -0.752451 1.742482 -0.753384
H 0.698749 2.032966 0.632045
C 2.234549 -0.182764 0.460105
H -0.185913 -0.568288 -1.954860
H 1.007489 -1.731098 -1.362977
H -1.439278 -2.204613 -0.639172
H -0.278491 -2.076997 0.713862
H -1.414245 1.040369 -0.847075
H 2.049751 -1.019782 1.140764
H 2.570915 0.664760 1.054642
H 3.046541 -0.481714 -0.206128

Rotational constants (GHz): 2.5474400 2.2040800 1.7088700
Vibrational harmonic frequencies (cm-1):

i589.2412 148.4698 166.7360
186.3656 244.1548 319.1700
376.0619 425.6069 442.8246
467.7017 500.0235 595.2845
636.0796 795.4367 881.5022
903.5941 973.4984 995.5179

1005.8630 1031.3427 1069.6499
1073.5617 1184.2861 1214.3732
1262.1894 1269.6616 1312.8932
1340.3680 1369.4256 1395.9655
1416.7420 1475.8834 1481.4894
1487.0234 1499.0715 1554.8259
3035.0817 3069.2795 3071.9588
3088.6041 3120.4220 3135.5229
3141.8760 3197.3187 3731.1289

Zero-point correction (Hartree): 0.139182

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Zc
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41388538
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.953200 0.709729 -0.843874
H -1.081665 1.382104 -0.240421
C -0.088042 1.598713 0.548536
O -2.176009 -0.349107 0.009137
C 0.726041 0.401034 0.371658
C -1.110227 -1.286587 -0.097239
C 0.083660 -0.903718 0.775320
H -0.639485 1.655303 1.485836
H 0.370484 2.537415 0.253653
C 1.930202 0.489202 -0.211689
O 2.779922 -0.520931 -0.504577
H 2.344672 1.445286 -0.502068
H -1.537182 -2.229748 0.245099
H -0.827718 -1.372330 -1.147986
H 0.790085 -1.738092 0.760909
H -0.266085 -0.821483 1.807747
H 2.391381 -1.367842 -0.267779

Rotational constants (GHz): 3.5653900 1.3311700 1.1269500
Vibrational harmonic frequencies (cm-1):

i2089.6467 73.3864 144.2458
252.2848 254.3888 295.2603
348.6658 402.9211 446.4342
498.5905 580.1781 589.5122
631.7255 644.0132 781.6250
877.4454 914.9174 957.1782

1014.4730 1019.6854 1050.7670
1089.1779 1119.6484 1187.5560
1205.4486 1238.3923 1283.2037
1302.1902 1329.7816 1360.7501
1395.0488 1421.0353 1461.2732
1480.4697 1489.5087 1522.7000
1708.9601 3049.8736 3067.4395
3089.7423 3096.8584 3127.0348
3191.0539 3217.8402 3869.7027

Zero-point correction (Hartree): 0.134600

TS.HOCHCCH3CH2CH2OO.1-6Hshift.a.Zt
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -420.80534605
E(CCSD/Aug-CC-pVTZ) (Hartree): -420.73022356

T1 diagnostic: 0.025215
E(MP2/Aug-CC-pVTZ) (Hartree): -420.67701734
E(MP3/Aug-CC-pVTZ) (Hartree): -420.71328940
E(PMP2/Aug-CC-pVTZ) (Hartree): -420.69250327
E(PMP3/Aug-CC-pVTZ) (Hartree): -420.72444558
E(PUHF/Aug-CC-pVTZ) (Hartree): -419.13115853
E(UHF/Aug-CC-pVTZ) (Hartree): -419.11271414
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41444056
Electronic state : 2-A
Cartesian coordinates (Angs):

O -1.958174 0.689970 -0.852131
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H -1.100700 1.371563 -0.255314
C -0.107906 1.612556 0.537761
O -2.173687 -0.365790 0.004806
C 0.708535 0.416080 0.378459
C -1.093869 -1.293638 -0.088837
C 0.092307 -0.898487 0.784797
H -0.666306 1.675348 1.470149
H 0.342921 2.551728 0.231718
C 1.910845 0.483199 -0.203602
O 2.663257 -0.627244 -0.435099
H 2.336862 1.429326 -0.517010
H -1.514879 -2.238742 0.254936
H -0.805100 -1.382272 -1.137196
H 0.835255 -1.693932 0.735464
H -0.255891 -0.826943 1.818525
H 3.517194 -0.379830 -0.793344

Rotational constants (GHz): 3.5570000 1.3494100 1.1376500
Vibrational harmonic frequencies (cm-1):

i2125.9030 73.8258 144.8234
242.5021 249.7489 277.2143
327.3942 345.9792 434.1601
488.7135 585.1494 591.6852
631.5893 647.1744 787.8479
874.9232 885.4648 959.9891

1010.0703 1018.8154 1048.2654
1086.5471 1119.0282 1196.7306
1207.3084 1240.5505 1248.2845
1297.1116 1342.5440 1356.1230
1389.9385 1421.1517 1460.2205
1479.4794 1483.1757 1522.4986
1730.6236 3059.4946 3072.5546
3098.4729 3125.9796 3131.2908
3185.5875 3190.1089 3913.8734

Zero-point correction (Hartree): 0.134375

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Zc
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41379943
Electronic state : 2-A
Cartesian coordinates (Angs):

O -2.172289 0.392037 -0.380920
H -1.317307 1.295368 -0.178889
C -0.206735 1.814036 0.262017
O -1.391242 -0.629704 -0.865925
C 0.611405 0.617457 0.350430
C -0.866227 -1.382095 0.221721
C 0.006509 -0.517110 1.144415
H -0.575528 2.200157 1.210717
H 0.132768 2.587840 -0.419221
C 1.731349 0.477639 -0.376591
O 2.518254 -0.619024 -0.430998
H 2.115330 1.275673 -0.997117
H -1.684337 -1.853060 0.769799
H -0.276027 -2.153903 -0.274322
H 0.755735 -1.145670 1.632699
H -0.605105 -0.096046 1.941020
H 2.158878 -1.316387 0.126103

Rotational constants (GHz): 3.1329900 1.5781800 1.3050800
Vibrational harmonic frequencies (cm-1):

i2020.1929 84.2323 122.3046
255.4016 284.1316 331.6035
358.5807 390.2188 436.0733
500.3482 540.9057 592.0663
625.1512 680.8618 806.0707
858.9725 915.1989 955.7221

1018.3961 1026.9489 1073.6031
1080.3392 1124.4093 1184.5750
1219.6511 1273.1274 1280.3392
1294.0000 1322.8966 1362.4060
1385.3673 1413.3022 1475.8292
1489.2252 1497.7021 1511.2492
1696.0246 3056.3752 3066.6361
3098.0780 3108.6079 3127.2132
3190.4441 3221.2841 3857.8356

Zero-point correction (Hartree): 0.134853

TS.HOCHCCH3CH2CH2OO.1-6Hshift.b.Zt
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E(UM062X/Aug-CC-pVTZ) (Hartree): -421.41432079
Electronic state : 2-A
Cartesian coordinates (Angs):

O -2.168964 0.339083 -0.413326
H -1.346566 1.264500 -0.213022
C -0.251609 1.827108 0.230581
O -1.354748 -0.671518 -0.861320
C 0.581625 0.646906 0.357829
C -0.820534 -1.388581 0.250952
C 0.004495 -0.482768 1.174198
H -0.642849 2.226174 1.164337
H 0.078148 2.591364 -0.466420
C 1.697711 0.483597 -0.364566
O 2.402750 -0.677734 -0.310386
H 2.081282 1.259780 -1.015882
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H -1.633378 -1.880493 0.788119
H -0.184189 -2.137160 -0.219485
H 0.785654 -1.075760 1.647731
H -0.630097 -0.067457 1.955818
H 3.189563 -0.617176 -0.854909

Rotational constants (GHz): 3.1095600 1.6159400 1.3292500
Vibrational harmonic frequencies (cm-1):

i2067.2203 80.7269 124.9799
250.6726 266.1617 300.6704
356.4600 362.9145 392.0901
485.5641 539.6044 596.8966
623.0864 686.1959 811.2804
863.2249 869.4587 959.7051

1018.4655 1026.5592 1065.5672
1082.7047 1121.8113 1197.6638
1225.5901 1247.1964 1275.1394
1282.8936 1324.1650 1362.3878
1380.6641 1412.3404 1475.0907
1485.7310 1494.0201 1503.3449
1716.2163 3068.8958 3089.5693
3101.5952 3126.8974 3144.1488
3189.2682 3192.6181 3910.7707

Zero-point correction (Hartree): 0.134619





Appendix B

Supporting Information:
Rosanka et al. (2020)

In the following, the supplemental material of Rosanka et al. (2020) (here Chapter 4)
is presented.
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Additional modifications to chemical mechanism in EMAC 
 

a. Gas phase 

 

Table 1: Reactions added to MOM supplementing reactions presented in main text 

Reaction 
Rate coefficient and 

branching ratio 
Reference 

NH2CHO + OH → HNCO + HO2 + H2O 4.47×10
-12

 Bunkan et al., 2016 

CH3NO2 + OH → HCHO + NO2 + H2O 5.8×10
-13

×exp(-1102/T) Calvert et al., 2008 

CH3NO2 + hv → CH3 + NO2 - Taylor et al., 1980 

CH3NH2 + OH → CH2NH + H2O + HO2 1.97×10
-11

 Nielsen et al., 2012 

(CH3)2NH + OH → CH2NCH3 + HO2 0.42×6.71×10
-11

 Nielsen et al., 2012 

(CH3)2NH + OH → CH3NHCH2 + H2O 0.58×6.71×10
-11

 Nielsen et al., 2012 

CH3NHCH2 →  CH2NCH3 + HO2 0.55×1.0×10
6
 Nielsen et al., 2012 

CH3NHCH2 → CH3NHCH2O2 0.45×1.0×10
6
 Nielsen et al., 2012 

CH3NHCH2O2  + NO → CH3NHCHO + NO2 + HO2 0.5×2.54×10
12

×exp(360/T) Nielsen et al., 2012 

CH3NHCH2O2 + NO → CH2NH + HCHO + NO2+HO2 0.5×2.54×10
12

×exp(360/T) Nielsen et al., 2012 

(CH3)3N + OH →  (CH3)2NCH2O2 + H2O 4.50×10
-11

 Nielsen et al., 2012 

(CH3)2NCH2O2 + NO →  (CH3)2NCHO + NO2 + HO2 0.4×2.54×10
12

×exp(360/T) Nielsen et al., 2012 

(CH3)2NCH2O2 + NO → CH2NCH3 + HCHO + NO2 + HO2 0.6×2.54×10
12

×exp(360/T) Nielsen et al., 2012 

 

b. Aqueous phase 

 

Table 2: Reactions added to aqueous phase mechanism in the submodel SCAV of EMAC 

Reaction Rate coefficient Reference 

HNCO + H
+
 → NH3 + CO2 + H

+
  4.4×10

7
×exp(-6000/T) Borduas et al., 2016b 

HNCO → NH3 + CO2 8.9×10
6
×exp(-6770/T) Borduas et al., 2016b 

NCO
-
 → NH3 + HCO3

- 
7.2×10

8
×exp(-10900/T) Borduas et al., 2016b 

NH2CHO + OH → HNCO + H2O + HO2 5.0×10
8
 Barnes et al., 2010 

CN
-
 + OH → HNCO + HO2 7.35×10

9
 Behar 1974 

HCN + OH → H2O + product 6.00×10
7
 Buechler et al., 1976 

278 B. Supporting Information: Rosanka et al. (2020)



3 

 

HNCO + OH potential energy surface 
 

a. M06-2X/aug-cc-pVTZ PES and reaction diagram 

 

 

Figure 1: OH addition and hydrogen abstraction pathways of the HNCO + OH reaction 

 calculated at the M06-2X/ aug-cc-pVTZ level of theory 

 

 

Figure 2: Diagram of the HNCO + OH reaction 
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b. Geometries obtained using M06-2X/aug-cc-pVTZ 

 

Bond lengths in Ångstrom, angles in degrees 

 

  

RA IS1 IS2 

 

 

 

IS3 T0P1 PR1 

 
  

T0/1 T0/2 T0/3 
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HNCO + Cl potential energy surface 
 

a. CCSD(T)/aVTZ//B3LYP/aVTZ extended PES and reaction diagram 

 

Figure 3: Detailed potential energy surface of the HNCO + Cl reaction based on ZPE-corrected 

CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ energies. The intermediates are depicted below. 

 

281



6 

 

 

Figure 4: Diagram of the HNCO + Cl reaction 
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b. Geometries obtained using B3LYP/aug-cc-pVTZ 

 

Bond lengths in Ångstrom, angles in degrees 

 

 

 

 

RA IS1 IS2 IS3 

 

 

 

 

IS4 IS5 IS6 IS7 

 

 

 
 

IS8 IS9 T0/3 T3P4 
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T0P1 T1P8 T1/7 T4P7 

 
 

 
 

T3P4 T0/1 T1/2 T1P3 

 

 

  

T7/2 T2P9 T0/5 T5/6 
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T5/8 T6P5 T6/9 T9P6 

 

 

 

 

T8P9 T8P2 PR9  

 

 

  

 

PR1 PR2 PR3 PR4 

 
 

 

  
 

PR5 PR6 PR7 PR8 
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PR10 PR11 PR12 PR13 

 

 

  

 

PR14 PR15 PR16  
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c. Geometries obtained using M06-2X/aug-cc-pVTZ 

 

Bond lengths in Ångstrom, angles in degrees 

    

 

RA COM T0P1 PR1 

   

T0/5 IS5 ClC(=O)NHOO 
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d. Energetic and entropic data  

 

Table 3: Gibbs free energies (∆G
0
) and entropies (∆S

0
) for the Cl + HNCO reaction  

products at the CCSD(T)//B3LYP/aug-cc-pVTZ level of theory 

Species 
(∆G

0
) (298.15 K) 

(kcal mol
-1

) 
(∆S

0
) (298.15 K) 

(cal mol
-1 

K
-1

) 

PR1 (HCl + NCO) 6.9 3.7 

PR2 (OH + NCCl) 39.6 3.9 

PR3 (HNCl + CO) 21.9 10.0 

PR4 (OCl + HNC) 69.2 7.0 

PR5 (NH + ClCO) 118.7 9.3 

PR6 (HCCl + NO) 94.1 10.2 

PR7 (HCN + OCl) 92.6 -0.5 

PR8 (OCNCl + H) 56.8 -0.7 

PR9 (HOCN + Cl) 24.3 0.7 

PR10 (ClOCN + H) 92.6 -0.5 

PR11 (HCO + NCl) 118.3 9.8 

PR12 (HC(O)N + Cl) 88.7 1.7 

PR13 (HC(O)Cl + NCl) 125.62 2.2 

PR14 (HCON + Cl) 158.9 0.6 

PR15 (ClC(O)N + H) 102.0 -1.1 

PR16 (CCl + HNO) 124.7 10.1 
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Table 4: Comparison of calculated heats of reaction (kcal mol
-1

) of the products of the  HNCO + Cl reaction, 

against available literature data at 298.15 K. Levels of theory used are B3LYP/aug-cc-pVTZ (designated as 

B3LYP) and CCSD(T)/aug-cc-pVTZ (CCSD(T). Literature data is from NIST (webbook.nist.gov). 

Species B3LYP CCSD(T) Literature 

PR1 (HCl + NCO) 7.6 8.01 8.7 

PR2 (OH + NCCl) 49.6 39.6  

PR3 (HNCl + CO) 26.3 24.7  

PR4 (OCl + HNC) 70.0 84.5  

PR5 (NH + ClCO) 127.3 121.4 123.4 

PR6 (HCCl + NO) 129.2 127.6  

PR7 (ClO+HCN) 56.6 52.4  

PR8 (OCNCl + H) 58.2 56.8  

PR9 (HOCN + Cl) 28.4 24.3 21.4 

PR10 (ClOCN + H) 96.7 92.4  

PR11 (HCO + NCl) 120.4 118.3  

PR12 (HC(O)N + Cl) 95.1 84.5  

PR13 (HC(O)Cl + NCl) 136.9 126.3  

PR14 (HCON + Cl) 165.5 159.0  

PR15 (ClC(O)N + H) 109.9 101.9  

PR16 (CCl + HNO) 129.2 127.6  
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Table 5: Theoretical predication of relative energies ∆E (kcal/mol) for reactants, intermediates, transition 

states and products of the Cl + HNCO reaction. Levels of theory used are B3LYP/aug-cc-pVTZ (designated 

as B3LYP) and CCSD(T)/aug-cc-pVTZ//B3LYP (CCSD(T)) 

Species B3LYP CCSD(T) 

RA(HNCO+Cl) 0.0 0.0 
IS1 26.1 26.1 
IS2 41.3 40.7 
IS3 58.8 58.1 
IS4 55.6 54.2 
IS5 3.9 3.6 
IS6 70.7 86.2 
IS7 26.5 25.9 
IS8 12.5 10.7 
IS9 87.3 33.9 
T0P1 6.7 11.7 
T0/1 30.6 35.2 
T1P3 39.0 36.8 
T1/2 93.3 91.3 
T1/7 55.2 56.4 

T2P9 43.6 45.1 
T1P8 62.1 62.8 

T2/7 76.3 76.7 
T0/3 58.6 60.7 
T3/4 75.3 79.7 
T3P4 78.4 79.9 
T0/5 5.7 8.5 
T5/8 65.6 43.3 
T5/6 99.9 99.4 
T6P5 104.2 122.9 
T6/9 114.8 109.5 
T9P6 105.4 106.2 
T8P2 47.9 44.5 
T8P9 28.3 28.4 
PR1 (HCl + NCO) 7.2 7.7 
PR2 (OH + NCCl) 45.3 40.2 
PR3 (HNCl + CO) 28.7 24.3 
PR4 (Ocl + HNC) 71.7 70.9 
PR5 (NH + ClCO) 129.3 120.8 
PR6 (HCCl + NO) 101.0 96.6 
PR7 (ClO + HCl) 96.1 82.0 
PR8 (OCNCl + H) 57.6 56.2 
PR9 (HOCN + Cl) 28.5 24.5 
PR10 (ClOCN+H) 96.1 82.0 
PR11 (HCO+NCl) 122.8 120.7 

PR12 (HC(O)N+Cl) 90.9 84.5 

PR13 (HC(O)Cl+N) 137.6 126.3 

PR14 (HCON+Cl) 165.6 159.1 

PR15 (ClC(O)N+H) 109.2 101.3 

PR16 (CCl+HNO) 131.7 127.3 
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HNCO + NO3 potential energy surface 
 

a. M06-2X/aug-cc-pVTZ PES and reaction diagram 

 

 

Figure 5: NO3 addition and hydrogen abstraction pathways of the HNCO + NO3 reaction  

calculated at the M06-2X/ aug-cc-pVTZ level of theory 

 

 

Figure 6: Diagram of the HNCO + NO3 reaction 
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b. Geometries obtained using M06-2X/aug-cc-pVTZ 

 

Bond lengths in Ångstrom, angles in degrees 

 

 

 

 
 

RA IS1 IS2 

  

 

IS3 T0P1 PR1 

 

 

 

T0/3 T0/4  
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HNCO + O3 potential energy surface 

a. CCSD(T)/aVTZ//M06-2X/aVTZ extended PES and reaction diagram 

 

 

Figure 7: Detailed potential energy surface of the HNCO + O3 reaction based on ZPE-corrected 

CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ energies. The intermediates are depicted below. 
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Figure 8: Diagram of the HNCO + O3 reaction 
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b. Geometries obtained using M06-2X/aug-cc-pVTZ 

 

Bond lengths in Ångstrom, angles in degrees 

 

 

 
 

RA IS1 IS2 

  
 

IS3 IS4 IS5 

 
 

 

IS6 IS7 IS8 

295



20 

 

 
 

 

IS9 IS10 IS11 

 
 

 

IS12 T0P5 T0/1 

 
 

 

T1P2 T0P1 T7P1 

 

  

T0/2 T2P11 T0/3 

296 B. Supporting Information: Rosanka et al. (2020)



21 

 

  
 

T3/4 T4P4 T4/5 

   

T5P9 T5P11 T5/6 

  
 

T6P3 T3/7 T7/8 

  
 

T8P6 T8P7 T8P8 
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T8P13 T3P7 T7/9 

   

T7P8 T7/10 T10P14 

  

 

T9P10 T9/12 T9P15 

  

 

T9/11 T11P3 PR1 
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c. Energetic and entropic data  

 

 

Table 6: Gibbs free energies (∆G0) and entropies (∆S0) for the O3 + HNCO reaction  

products at the CCSD(T)//M06-2X /aug-cc-pVTZ level of theory 

Species 
(∆G

o
) (298.15 K) 

(kcal mol
-1

) 

(∆S
o
) (298.15 K) 

(cal mol
-1

K
-1

) 

PR1 (HN(O)CO + O2) 41.7 -3.1 

PR2 (HNC(=O)O + O2) 34.5 -5.5 

PR3 (cy_NC(=O)OO + OH) 22.8 -5.2 

PR4 (HONCO + O2) 5.6 -2.4 

PR5 (HO3 + NCO) 29.5 1.8 

PR6 (HN(O)O + CO2) -60.3 -2.3 

PR7 (HNOO + CO2) -41.7 -5.4 

PR8 (HNO + CO3) -21.7 -1.6 

PR9 (NC(=O)O + HO2) 15.7 2.9 

PR10 (HO2 + CO + NO) -23.3 34.7 

PR11 (HNC(=O)O + O2) 12.7 -5.8 

PR12  (HO2 + ONCO) 13.2 4.2 

PR13 (HNO + O2 + CO) -21.8 32.8 

PR14 (HOC(=O)O + NO) -74.4 -0.4 

PR15 (HO2 + CO + NO) -82.1 26.7 

 

 

 

 

 

PR14 PR15  
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Table 7: Comparison of calculated heats of reaction (kcal mol
-1

) of the products of the  O3 + HNCO  

reaction, against available literature data at 298.15 K. Levels of theory used are M06-2X/aug-cc-pVTZ 

(designated as M06-2X) and CCSD(T)/aug-cc-pVTZ (CCSD(T) 

Species M06-2X CCSD(T) Reference
a,b,c

 

PR1 (HN(O)CO + O2) 34.4 40.8  

PR2 (HNC(=O)O + O2) 37.1 41.0  

PR3 (cy_NC(=O)OO + OH) 14.0 21.2  

PR4 (HONCO + O2) -2.1 4.9  

PR5 (HO3 + NCO) 29.5 30.1 30.4 

PR6 (HN(O)O + CO2) -61.0 -56.1  

PR7 (HNOO + CO2) -45.6 -43.3  

PR8 (HNO + CO3) -27.9 -22.2  

PR9 (NC(=O)O + HO2) 5.9 16.6  

PR10 (HO2 + CO + NO) -19.8 -13.0 -11.3 

PR11 (HNC(=O)O + O2) 6.4 11.0  

PR12  (HO2 + ONCO) 1.3 14.5  

PR13 (HNO + O2 + CO) -18.5 -12.0 -10.4 

PR14 (HOC(=O)O + NO) -84.5 -74.5  

PR15 (HO2 + CO + NO) -82.0 -74.1 -72.9 

a Ruscic, B. and Bross, D. H.: Active Thermochemical Tables (ATcT) values based on ver. 1.122g of the Thermochemical 

Network (2019); available at ATcT.anl.gov, Argonne National Laboratory  Active Thermochemical Tables [online] 

Available from: http://atct.anl.gov/, 2019. 
b Ruscic, B., Pinzon, R. E., von Laszewski, G., Kodeboyina, D., Burcat, A., Leahy, D., Montoya, D. and Wagner, A. F.: 

Active Thermochemical Tables: thermochemistry for the 21st century, in SciDAC 2005: Scientific Discovery Through 

Advanced Computing, vol. 16, edited by A. Mezzacappa, pp. 561–570, Iop Publishing Ltd, Bristol., 2005. 
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Table 8: Theoretical predication of relative energies ∆E (kcal/mol) for reactants, intermediates,  

transition states and products of the O3 + HNCO reaction. Levels of theory used are  

M06-2X/aug-cc-pVTZ (designated as M06-2X) and CCSD(T)/aug-cc-pVTZ (CCSD(T) 

Species M06-2X CCSD(T) 

RA(HNCO+O3) 0.0 0.0 

IS1 13.0 28.3 

IS2 20.7 17.8 

IS3 -23.8 -8.1 

IS4 21.8 35.7 

IS5 31.4 32.1 

IS6 25.7 36.2 

IS7 -18.7 -8.2 

IS8 -44.9 -34.9 

IS9 -45.3 -30.7 

IS10 -36.5 -21.4 

IS11 13.6 27.1 

IS12 9.5 13.0 

T0P5 27.6 35.0 

T0/1 37.9 41.8 

T1P2 75.4 86.2 

T0/2 43.2 45.9 

T2P11 25.9 29.9 

T0P1 62.4 67.2 

T7P1 31.7 44.2 

T0/3 29.4 34.8 

T3/4 37.1 50.3 

T4P4 15.4 44.6 

T4/5 39.2 47.7 

T5P9 50.1 46.7 

T5P11 30.1 37.1 

T5/6 40.1 47.5 

T6P3 50.3 39.9 

T3P7 -1.5 9.0 

T3/7 10.6 19.1 

T7P8 -4.0 7.25 

T7/8 8.7 23.7 

T8P6 -44.4 -32.8 

T8P7 -20.4 -9.3 

T8P8 -7.1 -1.8 

T7/9 -10.4 -0.4 

T7/10 21.1 35.0 

T8P13 37.4 43.8 

T9/11 35.3 40.7 

T9/12 14.3 26.0 

T9P10 1.3 9.6 

T9P15 -8.3 -22.1 

T11P3 57.1 42.3 
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T10P14 -0.5 10.1 

PR1 (HN(O)CO + O2) 34.3 40.6 

PR2 (HNC(=O)O + O2) 28.3 34.5 

PR3 (cy_NC(=O)OO + OH) 14.0 26.3 

PR4 (HONCO + O2) -2.4 4.6 

PR5 (HO3 + NCO) 29.6 32.7 

PR6 (HN(O)O + CO2) -60.8 -53.7 

PR7 (HNOO + CO2) -45.3 -38.0 

PR8 (HNO + CO3) -27.9 -17.1 

PR9 (NC(=O)O + HO2) 5.9 21.6 

PR10 (HO2 + CO + NO) -21.2 -9.4 

PR11 (HNC(=O)O + O2) 6.7 11.3 

PR12  (HO2 + ONCO) 1.0 19.2 

PR13 (HNO + O2 + CO) -19.9 -8.4 

PR14 (HOC(=O)O + NO) -84.4 -69.5 

PR15 (HO2 + CO + NO) -83.3 -70.4 
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Raw quantum chemical data 
 

################################################################################# 

HNCO + OH : M06-2X/aug-cc-pVTZ geometry 

################################################################################# 

 

Fragments 

========= 

 

H2O 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree):  -76.27379178 

E(CCSD/Aug-CC-pVDZ) (Hartree):  -76.26857150 

     T1 diagnostic:  0.012291 

E(MP2/Aug-CC-pVDZ) (Hartree):  -76.26080866 

E(MP3/Aug-CC-pVDZ) (Hartree):  -76.26554049 

E(RHF/Aug-CC-pVDZ) (Hartree):  -76.04130375 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree):  -76.34229785 

E(CCSD/Aug-CC-pVTZ) (Hartree):  -76.33365392 

     T1 diagnostic:  0.010020 

E(MP2/Aug-CC-pVTZ) (Hartree):  -76.32896290 

E(MP3/Aug-CC-pVTZ) (Hartree):  -76.33161488 

E(RHF/Aug-CC-pVTZ) (Hartree):  -76.06047622 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree):  -76.36356927 

E(CCSD/Aug-CC-pVQZ) (Hartree):  -76.35418141 

     T1 diagnostic:  0.009322 

E(MP2/Aug-CC-pVQZ) (Hartree):  -76.35189638 

E(MP3/Aug-CC-pVQZ) (Hartree):  -76.35263788 

E(RHF/Aug-CC-pVQZ) (Hartree):  -76.06585061 

E(RM062X/Aug-CC-pVTZ) (Hartree):  -76.43010625 

Point group : C2V 

Electronic state : 1-A1 

Cartesian coordinates (Angs): 

     H       0.000000      0.762173      -0.466394 

     H      -0.000000     -0.762173      -0.466394 

     O       0.000000     -0.000000       0.116598 

Rotational constants (GHz):  830.6570700  431.6138700  284.0302400 

Vibrational harmonic frequencies (cm-1): 

     1621.7919                 3864.9482                 3966.9566 

Zero-point correction (Hartree): 0.021537 

 

HNCO 

---- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -168.30258465 

E(CCSD/Aug-CC-pVDZ) (Hartree): -168.28124890 

     T1 diagnostic:  0.018038 

E(MP2/Aug-CC-pVDZ) (Hartree): -168.27834689 

E(MP3/Aug-CC-pVDZ) (Hartree): -168.27384035 

E(RHF/Aug-CC-pVDZ) (Hartree): -167.79177923 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -168.44532616 

E(CCSD/Aug-CC-pVTZ) (Hartree): -168.41561675 

     T1 diagnostic:  0.017532 

E(MP2/Aug-CC-pVTZ) (Hartree): -168.41955710 

E(MP3/Aug-CC-pVTZ) (Hartree): -168.41062749 

E(RHF/Aug-CC-pVTZ) (Hartree): -167.83284283 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -168.48867842 

E(CCSD/Aug-CC-pVQZ) (Hartree): -168.45707212 

     T1 diagnostic:  0.017338 

E(MP2/Aug-CC-pVQZ) (Hartree): -168.46658212 

E(MP3/Aug-CC-pVQZ) (Hartree): -168.45326510 

E(RHF/Aug-CC-pVQZ) (Hartree): -167.84366530 

E(RM062X/Aug-CC-pVTZ) (Hartree): -168.68730418 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N       1.154202     -0.122224       0.000000 

     C      -0.045116      0.016799       0.000000 

     O      -1.204025      0.015866      -0.000000 

     H       1.823480      0.627848       0.000002 

Rotational constants (GHz):  879.6416200   11.1877300   11.0472300 

Vibrational harmonic frequencies (cm-1): 

      565.6997                  656.9786                  786.0660 

     1369.4348                 2362.7298                 3698.6854 

Zero-point correction (Hartree): 0.021505 

 

NCO 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -167.62691510 

E(CCSD/Aug-CC-pVDZ) (Hartree): -167.60765916 

     T1 diagnostic:  0.026290 

E(MP2/Aug-CC-pVDZ) (Hartree): -167.58945819 

E(MP3/Aug-CC-pVDZ) (Hartree): -167.59640402 

E(PMP2/Aug-CC-pVDZ) (Hartree): -167.59849852 
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E(PMP3/Aug-CC-pVDZ) (Hartree): -167.60212188 

E(PUHF/Aug-CC-pVDZ) (Hartree): -167.16611850 

E(UHF/Aug-CC-pVDZ) (Hartree): -167.15459686 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -167.76182535 

E(CCSD/Aug-CC-pVTZ) (Hartree): -167.73450406 

     T1 diagnostic:  0.025897 

E(MP2/Aug-CC-pVTZ) (Hartree): -167.72247683 

E(MP3/Aug-CC-pVTZ) (Hartree): -167.72587006 

E(PMP2/Aug-CC-pVTZ) (Hartree): -167.73164060 

E(PMP3/Aug-CC-pVTZ) (Hartree): -167.73164486 

E(PUHF/Aug-CC-pVTZ) (Hartree): -167.20496466 

E(UHF/Aug-CC-pVTZ) (Hartree): -167.19327287 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -167.80302538 

E(CCSD/Aug-CC-pVQZ) (Hartree): -167.77384889 

     T1 diagnostic:  0.025899 

E(MP2/Aug-CC-pVQZ) (Hartree): -167.76694762 

E(MP3/Aug-CC-pVQZ) (Hartree): -167.76640616 

E(PMP2/Aug-CC-pVQZ) (Hartree): -167.77617939 

E(PMP3/Aug-CC-pVQZ) (Hartree): -167.77220396 

E(PUHF/Aug-CC-pVQZ) (Hartree): -167.21556437 

E(UHF/Aug-CC-pVQZ) (Hartree): -167.20379254 

E(UM062X/Aug-CC-pVTZ) (Hartree): -168.00175758 

Point group : C*V 

Cartesian coordinates (Angs): 

     N       0.000000      0.000000      -1.259810 

     C       0.000000      0.000000      -0.037198 

     O       0.000000      0.000000       1.130232 

Rotational constants (GHz):    0.0000000   11.8429381   11.8429381 

Vibrational harmonic frequencies (cm-1): 

      533.0069 (  PI)           614.6584 (  PI)          1326.9293 (  SG) 

     2040.1488 (  SG) 

Zero-point correction (Hartree): 0.010285 

 

OH 

-- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree):  -75.58402897 

E(CCSD/Aug-CC-pVDZ) (Hartree):  -75.58066382 

     T1 diagnostic:  0.012130 

E(MP2/Aug-CC-pVDZ) (Hartree):  -75.56556301 

E(MP3/Aug-CC-pVDZ) (Hartree):  -75.57786050 

E(PMP2/Aug-CC-pVDZ) (Hartree):  -75.56732488 

E(PMP3/Aug-CC-pVDZ) (Hartree):  -75.57892297 

E(PUHF/Aug-CC-pVDZ) (Hartree):  -75.40650834 

E(UHF/Aug-CC-pVDZ) (Hartree):  -75.40358239 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree):  -75.64558463 

E(CCSD/Aug-CC-pVTZ) (Hartree):  -75.63969553 

     T1 diagnostic:  0.010033 

E(MP2/Aug-CC-pVTZ) (Hartree):  -75.62633093 

E(MP3/Aug-CC-pVTZ) (Hartree):  -75.63789591 

E(PMP2/Aug-CC-pVTZ) (Hartree):  -75.62832174 

E(PMP3/Aug-CC-pVTZ) (Hartree):  -75.63903909 

E(PUHF/Aug-CC-pVTZ) (Hartree):  -75.42490811 

E(UHF/Aug-CC-pVTZ) (Hartree):  -75.42155521 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree):  -75.66449303 

E(CCSD/Aug-CC-pVQZ) (Hartree):  -75.65800936 

     T1 diagnostic:  0.009515 

E(MP2/Aug-CC-pVQZ) (Hartree):  -75.64661096 

E(MP3/Aug-CC-pVQZ) (Hartree):  -75.65671803 

E(PMP2/Aug-CC-pVQZ) (Hartree):  -75.64862588 

E(PMP3/Aug-CC-pVQZ) (Hartree):  -75.65786011 

E(PUHF/Aug-CC-pVQZ) (Hartree):  -75.42993312 

E(UHF/Aug-CC-pVQZ) (Hartree):  -75.42654255 

E(UM062X/Aug-CC-pVTZ) (Hartree):  -75.73381015 

Point group : C*V 

Cartesian coordinates (Angs): 

     O       0.000000      0.000000       0.108007 

     H       0.000000      0.000000      -0.864057 

Rotational constants (GHz):    0.0000000  564.1304540  564.1304540 

Vibrational harmonic frequencies (cm-1): 

     3767.8625 (  SG) 

Zero-point correction (Hartree): 0.008584 

 

Adducts 

======= 

 

HNC_OH_O (HNC(OH)O) 

------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.92382876 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.89930153 

     T1 diagnostic:  0.024293 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.87662636 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.88756468 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.88095809 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.89045477 

E(PUHF/Aug-CC-pVDZ) (Hartree): -243.22614352 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.22051292 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -244.12846223 

E(CCSD/Aug-CC-pVTZ) (Hartree): -244.09269439 
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     T1 diagnostic:  0.022869 

E(MP2/Aug-CC-pVTZ) (Hartree): -244.07895732 

E(MP3/Aug-CC-pVTZ) (Hartree): -244.08473400 

E(PMP2/Aug-CC-pVTZ) (Hartree): -244.08346168 

E(PMP3/Aug-CC-pVTZ) (Hartree): -244.08772099 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.28345339 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.27757772 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.19131662 

E(CCSD/Aug-CC-pVQZ) (Hartree): -244.15292312 

     T1 diagnostic:  0.022449 

E(MP2/Aug-CC-pVQZ) (Hartree): -244.14672930 

E(MP3/Aug-CC-pVQZ) (Hartree): -244.14678585 

E(PMP2/Aug-CC-pVQZ) (Hartree): -244.15127448 

E(PMP3/Aug-CC-pVQZ) (Hartree): -244.14978746 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.29922308 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.29329855 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.45951097 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       0.743463     -1.106842      -0.077404 

     C       0.046336      0.104153       0.008487 

     O       0.584355      1.174896      -0.020002 

     H       1.608817     -1.002616       0.455638 

     O      -1.282325     -0.037661       0.030718 

     H      -1.507315     -0.972286      -0.050459 

Rotational constants (GHz):   12.1530700   11.2949100    5.8946200 

Vibrational harmonic frequencies (cm-1): 

      300.4381                  467.4051                  532.8139 

      596.1793                  710.4215                  942.0890 

     1108.7750                 1237.2313                 1383.4561 

     1796.0740                 3481.9335                 3838.1229 

Zero-point correction (Hartree): 0.037350 

 

HNCOOH 

------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.78233506 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.75491909 

     T1 diagnostic:  0.026100 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.73146131 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.74087503 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.73530097 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.74364239 

E(PUHF/Aug-CC-pVDZ) (Hartree): -243.06089368 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.05626195 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -243.98861061 

E(CCSD/Aug-CC-pVTZ) (Hartree): -243.94932749 

     T1 diagnostic:  0.025325 

E(MP2/Aug-CC-pVTZ) (Hartree): -243.93572757 

E(MP3/Aug-CC-pVTZ) (Hartree): -243.93923855 

E(PMP2/Aug-CC-pVTZ) (Hartree): -243.93964602 

E(PMP3/Aug-CC-pVTZ) (Hartree): -243.94204334 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.11981582 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.11508675 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.05073026 

E(CCSD/Aug-CC-pVQZ) (Hartree): -244.00869547 

     T1 diagnostic:  0.025161 

E(MP2/Aug-CC-pVQZ) (Hartree): -244.00290066 

E(MP3/Aug-CC-pVQZ) (Hartree): -244.00047998 

E(PMP2/Aug-CC-pVQZ) (Hartree): -244.00685193 

E(PMP3/Aug-CC-pVQZ) (Hartree): -244.00329641 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.13527996 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.13051368 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.32029053 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       1.813840     -0.146658       0.011359 

     C       0.608771     -0.337989       0.012316 

     O      -0.421905      0.511006      -0.001847 

     H       2.186714      0.801214      -0.040014 

     O      -1.646548     -0.211644      -0.111112 

     H      -1.988594     -0.141571       0.790283 

Rotational constants (GHz):   63.3231200    4.7501100    4.4807800 

Vibrational harmonic frequencies (cm-1): 

      150.3017                  198.5905                  334.4188 

      568.7742                  641.7866                  822.9540 

     1026.4883                 1087.9781                 1427.1535 

     1908.5495                 3461.5976                 3811.7931 

Zero-point correction (Hartree): 0.035176 

 

HN_OH_CO (HN(OH)CO) 

------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.85940138 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.83350296 

     T1 diagnostic:  0.020302 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.81648757 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.82183243 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.81865224 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.82300490 
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E(PUHF/Aug-CC-pVDZ) (Hartree): -243.14380357 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.14024635 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -244.06455049 

E(CCSD/Aug-CC-pVTZ) (Hartree): -244.02691558 

     T1 diagnostic:  0.019122 

E(MP2/Aug-CC-pVTZ) (Hartree): -244.01957063 

E(MP3/Aug-CC-pVTZ) (Hartree): -244.01903430 

E(PMP2/Aug-CC-pVTZ) (Hartree): -244.02183232 

E(PMP3/Aug-CC-pVTZ) (Hartree): -244.02023660 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.20150770 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.19780057 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.12770089 

E(CCSD/Aug-CC-pVQZ) (Hartree): -244.08736004 

     T1 diagnostic:  0.018637 

E(MP2/Aug-CC-pVQZ) (Hartree): -244.08779258 

E(MP3/Aug-CC-pVQZ) (Hartree): -244.08137288 

E(PMP2/Aug-CC-pVQZ) (Hartree): -244.09007903 

E(PMP3/Aug-CC-pVQZ) (Hartree): -244.08257494 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.21743084 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.21368737 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.39804484 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       0.424721      0.402442       0.106287 

     C      -0.680317     -0.356372       0.010537 

     O      -1.813431     -0.010756      -0.018064 

     H       0.399400      1.365332      -0.210956 

     O       1.645538     -0.204754      -0.146319 

     H       2.052605     -0.320112       0.718790 

Rotational constants (GHz):   67.5754300    4.6229100    4.4025200 

Vibrational harmonic frequencies (cm-1): 

      223.6267                  340.4888                  385.1750 

      511.6656                  623.8900                 1116.2621 

     1243.7149                 1415.2825                 1440.5571 

     1901.1431                 3529.1986                 3838.4925 

Zero-point correction (Hartree): 0.037748 

 

Transition states 

================= 

 

TS.HNCO+OH.H2O+NCO 

------------------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.87640877 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.84637161 

     T1 diagnostic:  0.041435 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.82696477 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.82907020 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.83016369 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.83107480 

E(PUHF/Aug-CC-pVDZ) (Hartree): -243.15841045 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.15345576 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -244.08081628 

E(CCSD/Aug-CC-pVTZ) (Hartree): -244.03918090 

     T1 diagnostic:  0.039727 

E(MP2/Aug-CC-pVTZ) (Hartree): -244.02932519 

E(MP3/Aug-CC-pVTZ) (Hartree): -244.02604766 

E(PMP2/Aug-CC-pVTZ) (Hartree): -244.03269815 

E(PMP3/Aug-CC-pVTZ) (Hartree): -244.02812029 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.21704552 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.21179389 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.14280122 

E(CCSD/Aug-CC-pVQZ) (Hartree): -244.09850032 

     T1 diagnostic:  0.039304 

E(MP2/Aug-CC-pVQZ) (Hartree): -244.09648655 

E(MP3/Aug-CC-pVQZ) (Hartree): -244.08722632 

E(PMP2/Aug-CC-pVQZ) (Hartree): -244.09988037 

E(PMP3/Aug-CC-pVQZ) (Hartree): -244.08929603 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.23263004 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.22734742 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.41296055 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -0.094447      0.925704       0.027832 

     H      -1.165667      0.532358      -0.191323 

     C       0.846001      0.151877       0.000427 

     O       1.803466     -0.501425      -0.003313 

     O      -1.948555     -0.423785      -0.103876 

     H      -2.088502     -0.521868       0.851450 

Rotational constants (GHz):   24.4700100    3.9486100    3.4420400 

Vibrational harmonic frequencies (cm-1): 

    i1687.0870                  111.8064                  199.5012 

      421.0194                  616.6612                  643.1380 

      739.1833                 1086.3718                 1324.9759 

     1545.1352                 2262.3379                 3789.7463 

Zero-point correction (Hartree): 0.029024 

 

TS.HNCO+OH.HNC_OH_.O (TS.HNCO+OH.HNC(OH)O) 

------------------------------------------ 
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E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.87677763 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.84725316 

     T1 diagnostic:  0.029780 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.82584727 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.83068568 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.83432126 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.83622672 

E(PUHF/Aug-CC-pVDZ) (Hartree): -243.16450794 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.15356505 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -244.08076434 

E(CCSD/Aug-CC-pVTZ) (Hartree): -244.03965645 

     T1 diagnostic:  0.028672 

E(MP2/Aug-CC-pVTZ) (Hartree): -244.02776550 

E(MP3/Aug-CC-pVTZ) (Hartree): -244.02715647 

E(PMP2/Aug-CC-pVTZ) (Hartree): -244.03640530 

E(PMP3/Aug-CC-pVTZ) (Hartree): -244.03280683 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.22231964 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.21115223 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.14299039 

E(CCSD/Aug-CC-pVQZ) (Hartree): -244.09916704 

     T1 diagnostic:  0.028459 

E(MP2/Aug-CC-pVQZ) (Hartree): -244.09500706 

E(MP3/Aug-CC-pVQZ) (Hartree): -244.08848149 

E(PMP2/Aug-CC-pVQZ) (Hartree): -244.10369237 

E(PMP3/Aug-CC-pVQZ) (Hartree): -244.09414998 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.23796533 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.22674277 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.40918730 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -0.247355      1.225121       0.108835 

     C       0.432564      0.170639      -0.020970 

     O       1.369730     -0.504604      -0.002494 

     H      -0.895532      1.447530      -0.637603 

     O      -1.176170     -0.781380      -0.098383 

     H      -1.516845     -0.759339       0.808596 

Rotational constants (GHz):   12.8674800    8.4791500    5.2517000 

Vibrational harmonic frequencies (cm-1): 

     i592.4667                  258.4603                  368.8116 

      480.6795                  541.8280                  609.1365 

      837.0991                  936.0857                 1233.2469 

     2194.2622                 3598.6215                 3804.3947 

Zero-point correction (Hartree): 0.033860 

 

TS.HNCO+OH.HNCOOH 

----------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.77589344 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.74600542 

     T1 diagnostic:  0.044717 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.70055619 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.71559663 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.72239276 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.73245491 

E(PUHF/Aug-CC-pVDZ) (Hartree): -243.06984628 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.04523126 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -243.98133797 

E(CCSD/Aug-CC-pVTZ) (Hartree): -243.93945759 

     T1 diagnostic:  0.043971 

E(MP2/Aug-CC-pVTZ) (Hartree): -243.90342200 

E(MP3/Aug-CC-pVTZ) (Hartree): -243.91345485 

E(PMP2/Aug-CC-pVTZ) (Hartree): -243.92578064 

E(PMP3/Aug-CC-pVTZ) (Hartree): -243.93073760 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.12918491 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.10400968 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.04311992 

E(CCSD/Aug-CC-pVQZ) (Hartree): -243.99841112 

     T1 diagnostic:  0.043940 

E(MP2/Aug-CC-pVQZ) (Hartree): -243.96997477 

E(MP3/Aug-CC-pVQZ) (Hartree): -243.97422933 

E(PMP2/Aug-CC-pVQZ) (Hartree): -243.99244577 

E(PMP3/Aug-CC-pVQZ) (Hartree): -243.99158068 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.14467688 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.11938158 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.31155642 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -1.827379     -0.239308       0.027687 

     C      -0.607169     -0.174829       0.001920 

     O       0.403230      0.572612      -0.045794 

     H      -2.385121      0.616043       0.017677 

     O       1.677342     -0.327151      -0.060064 

     H       2.175214      0.144395       0.623854 

Rotational constants (GHz):   56.2899800    4.6032400    4.2892900 

Vibrational harmonic frequencies (cm-1): 

    i1173.0904                  135.4402                  272.2672 

      327.4267                  606.7060                  685.8963 

      908.7694                  994.1114                 1260.8447 

     1987.5535                 3421.4460                 3801.0214 
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Zero-point correction (Hartree): 0.032809 

 

TS.HNCO+OH.HN_OH_CO (TS.HNCO+OH.HN(OH)CO) 

----------------------------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.83209726 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.80301942 

     T1 diagnostic:  0.028702 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.78291892 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.78606807 

E(PMP2/Aug-CC-pVDZ) (Hartree): -243.79152814 

E(PMP3/Aug-CC-pVDZ) (Hartree): -243.79156463 

E(PUHF/Aug-CC-pVDZ) (Hartree): -243.10557871 

E(UHF/Aug-CC-pVDZ) (Hartree): -243.09470552 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -244.03837288 

E(CCSD/Aug-CC-pVTZ) (Hartree): -243.99718277 

     T1 diagnostic:  0.027961 

E(MP2/Aug-CC-pVTZ) (Hartree): -243.98704695 

E(MP3/Aug-CC-pVTZ) (Hartree): -243.98420639 

E(PMP2/Aug-CC-pVTZ) (Hartree): -243.99593536 

E(PMP3/Aug-CC-pVTZ) (Hartree): -243.98987896 

E(PUHF/Aug-CC-pVTZ) (Hartree): -243.16430656 

E(UHF/Aug-CC-pVTZ) (Hartree): -243.15309912 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -244.10111173 

E(CCSD/Aug-CC-pVQZ) (Hartree): -244.05713802 

     T1 diagnostic:  0.027825 

E(MP2/Aug-CC-pVQZ) (Hartree): -244.05482845 

E(MP3/Aug-CC-pVQZ) (Hartree): -244.04600301 

E(PMP2/Aug-CC-pVQZ) (Hartree): -244.06377796 

E(PMP3/Aug-CC-pVQZ) (Hartree): -244.05169759 

E(PUHF/Aug-CC-pVQZ) (Hartree): -243.17992715 

E(UHF/Aug-CC-pVQZ) (Hartree): -243.16864636 

E(UM062X/Aug-CC-pVTZ) (Hartree): -244.37283905 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       0.413433      0.524216       0.077387 

     C      -0.694245     -0.025343      -0.003000 

     O      -1.862626     -0.206939      -0.015009 

     H       0.720615      1.468582      -0.107214 

     O       1.699234     -0.333478      -0.132226 

     H       1.857954     -0.662708       0.761388 

Rotational constants (GHz):   51.2302800    4.4080000    4.1174500 

Vibrational harmonic frequencies (cm-1): 

     i882.6904                  194.5410                  310.3632 

      352.8994                  522.7920                  669.5841 

     1125.8480                 1183.7050                 1250.7705 

     2177.7008                 3552.7436                 3826.8909 

Zero-point correction (Hartree): 0.034555 

 

 

################################################################################# 

HNCO + Cl : M06-2X/aug-cc-pVTZ geometry 

################################################################################# 

 

Fragments 

========= 

 

Cl 

-- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -459.61222148 

E(CCSD/Aug-CC-pVDZ) (Hartree): -459.60993098 

     T1 diagnostic:  0.006428 

E(MP2/Aug-CC-pVDZ) (Hartree): -459.59214974 

E(MP3/Aug-CC-pVDZ) (Hartree): -459.60854055 

E(PMP2/Aug-CC-pVDZ) (Hartree): -459.59352697 

E(PMP3/Aug-CC-pVDZ) (Hartree): -459.60915212 

E(PUHF/Aug-CC-pVDZ) (Hartree): -459.47549404 

E(UHF/Aug-CC-pVDZ) (Hartree): -459.47278114 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -459.67621572 

E(CCSD/Aug-CC-pVTZ) (Hartree): -459.67005135 

     T1 diagnostic:  0.006592 

E(MP2/Aug-CC-pVTZ) (Hartree): -459.64733174 

E(MP3/Aug-CC-pVTZ) (Hartree): -459.66892113 

E(PMP2/Aug-CC-pVTZ) (Hartree): -459.64932188 

E(PMP3/Aug-CC-pVTZ) (Hartree): -459.66984266 

E(PUHF/Aug-CC-pVTZ) (Hartree): -459.48966776 

E(UHF/Aug-CC-pVTZ) (Hartree): -459.48596887 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -459.69474301 

E(CCSD/Aug-CC-pVQZ) (Hartree): -459.68742578 

     T1 diagnostic:  0.007068 

E(MP2/Aug-CC-pVQZ) (Hartree): -459.66563967 

E(MP3/Aug-CC-pVQZ) (Hartree): -459.68684405 

E(PMP2/Aug-CC-pVQZ) (Hartree): -459.66768698 

E(PMP3/Aug-CC-pVQZ) (Hartree): -459.68779580 

E(PUHF/Aug-CC-pVQZ) (Hartree): -459.49294399 

E(UHF/Aug-CC-pVQZ) (Hartree): -459.48917948 

E(UM062X/Aug-CC-pVTZ) (Hartree): -460.14120758 

Point group : OH 

Cartesian coordinates (Angs): 
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    Cl       0.000000      0.000000       0.000000 

Zero-point correction (Hartree): 0.000000 

 

HCl 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -460.27219722 

E(CCSD/Aug-CC-pVDZ) (Hartree): -460.26823945 

     T1 diagnostic:  0.006710 

E(MP2/Aug-CC-pVDZ) (Hartree): -460.25177347 

E(MP3/Aug-CC-pVDZ) (Hartree): -460.26801920 

E(RHF/Aug-CC-pVDZ) (Hartree): -460.09261749 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -460.34324107 

E(CCSD/Aug-CC-pVTZ) (Hartree): -460.33472154 

     T1 diagnostic:  0.006078 

E(MP2/Aug-CC-pVTZ) (Hartree): -460.31511908 

E(MP3/Aug-CC-pVTZ) (Hartree): -460.33545761 

E(RHF/Aug-CC-pVTZ) (Hartree): -460.10754718 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -460.36416565 

E(CCSD/Aug-CC-pVQZ) (Hartree): -460.35437945 

     T1 diagnostic:  0.006303 

E(MP2/Aug-CC-pVQZ) (Hartree): -460.33607995 

E(MP3/Aug-CC-pVQZ) (Hartree): -460.35570430 

E(RHF/Aug-CC-pVQZ) (Hartree): -460.11133250 

E(RM062X/Aug-CC-pVTZ) (Hartree): -460.80750704 

Point group : C*V 

Electronic state : 1-SG 

Cartesian coordinates (Angs): 

     H       0.000000      0.000000      -1.207931 

    Cl       0.000000      0.000000       0.071055 

Rotational constants (GHz):    0.0000000  315.3843834  315.3843834 

Vibrational harmonic frequencies (cm-1): 

     2988.5153 (  SG) 

Zero-point correction (Hartree): 0.006808 

 

HNCO 

---- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -168.30258139 

E(CCSD/Aug-CC-pVDZ) (Hartree): -168.28124581 

     T1 diagnostic:  0.018038 

E(MP2/Aug-CC-pVDZ) (Hartree): -168.27834469 

E(MP3/Aug-CC-pVDZ) (Hartree): -168.27383710 

E(RHF/Aug-CC-pVDZ) (Hartree): -167.79177692 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -168.44532500 

E(CCSD/Aug-CC-pVTZ) (Hartree): -168.41561572 

     T1 diagnostic:  0.017532 

E(MP2/Aug-CC-pVTZ) (Hartree): -168.41955688 

E(MP3/Aug-CC-pVTZ) (Hartree): -168.41062627 

E(RHF/Aug-CC-pVTZ) (Hartree): -167.83284184 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -168.48867748 

E(CCSD/Aug-CC-pVQZ) (Hartree): -168.45707130 

     T1 diagnostic:  0.017338 

E(MP2/Aug-CC-pVQZ) (Hartree): -168.46658210 

E(MP3/Aug-CC-pVQZ) (Hartree): -168.45326411 

E(RHF/Aug-CC-pVQZ) (Hartree): -167.84366420 

E(RM062X/Aug-CC-pVTZ) (Hartree): -168.68730197 

Point group : CS 

Electronic state : 1-A' 

Cartesian coordinates (Angs): 

     H       1.224195     -1.490249      -0.000000 

     N       0.287949     -1.124328      -0.000000 

     C      -0.000000      0.048088       0.000000 

     O      -0.404979      1.134003       0.000000 

Rotational constants (GHz):  880.1178000   11.1877600   11.0473300 

Vibrational harmonic frequencies (cm-1): 

      560.3477 (  A')           656.2172 (  A")           783.0612 (  A') 

     1369.4169 (  A')          2362.5435 (  A')          3698.8989 (  A') 

Zero-point correction (Hartree): 0.021484 

 

NCO 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -167.62690657 

E(CCSD/Aug-CC-pVDZ) (Hartree): -167.60765264 

     T1 diagnostic:  0.026292 

E(MP2/Aug-CC-pVDZ) (Hartree): -167.58944503 

E(MP3/Aug-CC-pVDZ) (Hartree): -167.59639592 

E(PMP2/Aug-CC-pVDZ) (Hartree): -167.59848982 

E(PMP3/Aug-CC-pVDZ) (Hartree): -167.60211632 

E(PUHF/Aug-CC-pVDZ) (Hartree): -167.16612650 

E(UHF/Aug-CC-pVDZ) (Hartree): -167.15459901 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -167.76182169 

E(CCSD/Aug-CC-pVTZ) (Hartree): -167.73450254 

     T1 diagnostic:  0.025900 

E(MP2/Aug-CC-pVTZ) (Hartree): -167.72246818 

E(MP3/Aug-CC-pVTZ) (Hartree): -167.72586701 

E(PMP2/Aug-CC-pVTZ) (Hartree): -167.73163653 

E(PMP3/Aug-CC-pVTZ) (Hartree): -167.73164444 

E(PUHF/Aug-CC-pVTZ) (Hartree): -167.20497544 

E(UHF/Aug-CC-pVTZ) (Hartree): -167.19327769 
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E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -167.80302270 

E(CCSD/Aug-CC-pVQZ) (Hartree): -167.77384835 

     T1 diagnostic:  0.025902 

E(MP2/Aug-CC-pVQZ) (Hartree): -167.76693975 

E(MP3/Aug-CC-pVQZ) (Hartree): -167.76640405 

E(PMP2/Aug-CC-pVQZ) (Hartree): -167.77617611 

E(PMP3/Aug-CC-pVQZ) (Hartree): -167.77220449 

E(PUHF/Aug-CC-pVQZ) (Hartree): -167.21557545 

E(UHF/Aug-CC-pVQZ) (Hartree): -167.20379764 

E(UM062X/Aug-CC-pVTZ) (Hartree): -168.00175757 

Point group : C*V 

Cartesian coordinates (Angs): 

     N       0.000000      0.000000      -1.259735 

     C       0.000000      0.000000      -0.037247 

     O       0.000000      0.000000       1.130203 

Rotational constants (GHz):    0.0000000   11.8439475   11.8439475 

Vibrational harmonic frequencies (cm-1): 

      532.8259 (  PI)           614.5324 (  PI)          1327.2296 (  SG) 

     2040.2979 (  SG) 

Zero-point correction (Hartree): 0.010286 

 

Adducts 

======= 

 

HNCClO 

------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.91079551 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.88596678 

     T1 diagnostic:  0.020530 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.86017243 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.87734760 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.86242980 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.87875690 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.25504247 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.25151538 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.11725074 

E(CCSD/Aug-CC-pVTZ) (Hartree): -628.07962712 

     T1 diagnostic:  0.019532 

E(MP2/Aug-CC-pVTZ) (Hartree): -628.05736701 

E(MP3/Aug-CC-pVTZ) (Hartree): -628.07491336 

E(PMP2/Aug-CC-pVTZ) (Hartree): -628.05979335 

E(PMP3/Aug-CC-pVTZ) (Hartree): -628.07639035 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.30784514 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.30403301 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.18028414 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.13940542 

     T1 diagnostic:  0.019233 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.12386077 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.13673622 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.12630958 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.13821508 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.32219808 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.31835427 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.82407848 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     O       1.148609     -1.122831       0.023782 

     N       1.057393      1.176217      -0.127494 

     C       0.558457     -0.103751      -0.001324 

    Cl      -1.227290     -0.018981      -0.002037 

     H       0.922561      1.694309       0.744767 

Rotational constants (GHz):   11.6787100    5.3326900    3.7009200 

Vibrational harmonic frequencies (cm-1): 

      276.3917                  346.4679                  457.8337 

      604.5605                  658.2736                 1037.3322 

     1115.1290                 1903.9291                 3462.7109 

Zero-point correction (Hartree): 0.022469 

 

HNClCO 

------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.87076054 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.84567500 

     T1 diagnostic:  0.019731 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.82355213 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.83579822 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.82575898 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.83699785 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.20484593 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.20124831 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.08156646 

E(CCSD/Aug-CC-pVTZ) (Hartree): -628.04345225 

     T1 diagnostic:  0.018870 

E(MP2/Aug-CC-pVTZ) (Hartree): -628.02512472 

E(MP3/Aug-CC-pVTZ) (Hartree): -628.03734726 

E(PMP2/Aug-CC-pVTZ) (Hartree): -628.02742052 

E(PMP3/Aug-CC-pVTZ) (Hartree): -628.03857493 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.26123357 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.25749827 
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E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.14526549 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.10387436 

     T1 diagnostic:  0.018467 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.09241495 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.09983458 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.09473433 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.10106225 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.27622735 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.27245768 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.79192110 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       0.070682      0.471152      -0.025534 

     C       1.126466     -0.350678      -0.011114 

     H       0.159634      1.476968       0.053741 

     O       2.278003     -0.070216       0.012158 

    Cl      -1.508072     -0.124073       0.005554 

Rotational constants (GHz):   68.4372500    2.8418200    2.7290000 

Vibrational harmonic frequencies (cm-1): 

       79.6325                  286.5276                  437.3775 

      507.8972                  906.1193                 1229.6722 

     1341.8952                 1884.4775                 3545.6281 

Zero-point correction (Hartree): 0.023281 

 

HNCOCl 

------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.81925657 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.79293620 

     T1 diagnostic:  0.024842 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.76533217 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.78110515 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.76896903 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.78369047 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.14697118 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.14251767 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.02945748 

E(CCSD/Aug-CC-pVTZ) (Hartree): -627.99004904 

     T1 diagnostic:  0.024486 

E(MP2/Aug-CC-pVTZ) (Hartree): -627.96644218 

E(MP3/Aug-CC-pVTZ) (Hartree): -627.98193546 

E(PMP2/Aug-CC-pVTZ) (Hartree): -627.97022208 

E(PMP3/Aug-CC-pVTZ) (Hartree): -627.98460763 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.20310242 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.19847540 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.09234067 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.04960159 

     T1 diagnostic:  0.024391 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.03288502 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.04349862 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.03670425 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.04618843 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.21781166 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.21314037 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.73800888 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       2.230960      0.016153       0.000075 

     H       2.912786     -0.732335       0.000017 

     C       1.042338     -0.293556       0.000008 

     O       0.039600      0.596248       0.000083 

    Cl      -1.476490     -0.140552      -0.000074 

Rotational constants (GHz):   63.8396400    3.0201100    2.8836800 

Vibrational harmonic frequencies (cm-1): 

      115.1707                  283.2697                  509.9345 

      651.8376                  792.2196                  957.8781 

     1161.5138                 1822.4680                 3592.7023 

Zero-point correction (Hartree): 0.022524 

 

Transition states 

================= 

 

TS.HNCO+Cl.HCl+NCO 

------------------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.89122699 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.86447772 

     T1 diagnostic:  0.027862 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.83565345 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.85215352 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.84439346 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.85766445 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.23064752 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.21937647 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.09755192 

E(CCSD/Aug-CC-pVTZ) (Hartree): -628.05756114 

     T1 diagnostic:  0.027168 

E(MP2/Aug-CC-pVTZ) (Hartree): -628.03250374 

E(MP3/Aug-CC-pVTZ) (Hartree): -628.04917496 

E(PMP2/Aug-CC-pVTZ) (Hartree): -628.04136194 
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E(PMP3/Aug-CC-pVTZ) (Hartree): -628.05474096 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.28338540 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.27194483 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.15968091 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.11644606 

     T1 diagnostic:  0.026792 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.09812154 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.11005328 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.10704285 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.11563944 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.29741195 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.28589721 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.80562943 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -0.598765      1.068778       0.000040 

     C      -1.411294      0.150445      -0.000019 

     O      -2.233770     -0.665122      -0.000072 

     H       0.728758      0.744631       0.000059 

    Cl       1.752972     -0.223987       0.000021 

Rotational constants (GHz):   19.7103300    2.3320000    2.0852800 

Vibrational harmonic frequencies (cm-1): 

    i1200.1648                   89.9257                  385.7978 

      422.5687                  619.3701                  645.0230 

     1234.8766                 1348.7962                 2137.3940 

Zero-point correction (Hartree): 0.015682 

 

TS.HNCO+Cl.HNCClO 

----------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.90145327 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.87371363 

     T1 diagnostic:  0.027968 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.84856911 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.86209735 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.85508783 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.86640122 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.23844719 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.22990453 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.10871220 

E(CCSD/Aug-CC-pVTZ) (Hartree): -628.06770704 

     T1 diagnostic:  0.027260 

E(MP2/Aug-CC-pVTZ) (Hartree): -628.04611547 

E(MP3/Aug-CC-pVTZ) (Hartree): -628.05995852 

E(PMP2/Aug-CC-pVTZ) (Hartree): -628.05316565 

E(PMP3/Aug-CC-pVTZ) (Hartree): -628.06463020 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.29178549 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.28259331 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.17141825 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.12709127 

     T1 diagnostic:  0.026797 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.11227108 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.12146359 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.11940350 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.12617315 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.30580219 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.29651268 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.81589008 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       0.734479      1.287760      -0.121418 

     C       0.795582      0.000933       0.021703 

     O       1.413462     -0.975980       0.016133 

     H       0.341536      1.784654       0.675425 

    Cl      -1.268475     -0.176278      -0.004987 

Rotational constants (GHz):   11.6517300    4.8549300    3.4568000 

Vibrational harmonic frequencies (cm-1): 

     i506.0835                  351.7867                  416.7688 

      457.4830                  604.2081                  951.3182 

     1137.7169                 2119.0894                 3540.9621 

Zero-point correction (Hartree): 0.021823 

 

TS.HNCO+Cl.HNClCO 

----------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.85424253 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.82737184 

     T1 diagnostic:  0.028762 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.80306103 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.81570831 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.80667665 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.81790532 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.18017620 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.17510707 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.06431547 

E(CCSD/Aug-CC-pVTZ) (Hartree): -628.02414402 

     T1 diagnostic:  0.028110 

E(MP2/Aug-CC-pVTZ) (Hartree): -628.00384687 

E(MP3/Aug-CC-pVTZ) (Hartree): -628.01641242 

E(PMP2/Aug-CC-pVTZ) (Hartree): -628.00754998 
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E(PMP3/Aug-CC-pVTZ) (Hartree): -628.01864920 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.23559239 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.23039303 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.12739577 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.08386200 

     T1 diagnostic:  0.028439 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.07041661 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.07809640 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.07413253 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.08032758 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.25001152 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.24478905 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.77757623 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       0.119302      0.584078      -0.003340 

     H      -0.005870      1.586415       0.010454 

     C       1.150096     -0.130437      -0.000612 

     O       2.330955     -0.230820       0.001057 

    Cl      -1.551615     -0.179164       0.000479 

Rotational constants (GHz):   53.4607900    2.7005800    2.5707300 

Vibrational harmonic frequencies (cm-1): 

    i1019.5189                  114.5305                  269.4452 

      463.6429                  725.6795                  997.8335 

     1214.9774                 2066.3541                 3548.4561 

Zero-point correction (Hartree): 0.021417 

 

TS.HNCO+Cl.HNCOCl 

----------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -627.81525783 

E(CCSD/Aug-CC-pVDZ) (Hartree): -627.78722485 

     T1 diagnostic:  0.036320 

E(MP2/Aug-CC-pVDZ) (Hartree): -627.75025656 

E(MP3/Aug-CC-pVDZ) (Hartree): -627.76884155 

E(PMP2/Aug-CC-pVDZ) (Hartree): -627.76169245 

E(PMP3/Aug-CC-pVDZ) (Hartree): -627.77728087 

E(PUHF/Aug-CC-pVDZ) (Hartree): -627.14636933 

E(UHF/Aug-CC-pVDZ) (Hartree): -627.13318093 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -628.02313037 

E(CCSD/Aug-CC-pVTZ) (Hartree): -627.98187847 

     T1 diagnostic:  0.035675 

E(MP2/Aug-CC-pVTZ) (Hartree): -627.94881603 

E(MP3/Aug-CC-pVTZ) (Hartree): -627.96748882 

E(PMP2/Aug-CC-pVTZ) (Hartree): -627.96052811 

E(PMP3/Aug-CC-pVTZ) (Hartree): -627.97613574 

E(PUHF/Aug-CC-pVTZ) (Hartree): -627.20079411 

E(UHF/Aug-CC-pVTZ) (Hartree): -627.18730280 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -628.08546760 

E(CCSD/Aug-CC-pVQZ) (Hartree): -628.04082319 

     T1 diagnostic:  0.035697 

E(MP2/Aug-CC-pVQZ) (Hartree): -628.01477985 

E(MP3/Aug-CC-pVQZ) (Hartree): -628.02853381 

E(PMP2/Aug-CC-pVQZ) (Hartree): -628.02640123 

E(PMP3/Aug-CC-pVQZ) (Hartree): -628.03709087 

E(PUHF/Aug-CC-pVQZ) (Hartree): -627.21499731 

E(UHF/Aug-CC-pVQZ) (Hartree): -627.20160703 

E(UM062X/Aug-CC-pVTZ) (Hartree): -628.73214784 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       2.282495     -0.058189       0.000092 

     H       2.836872     -0.906779       0.000007 

     C       1.056965     -0.183169       0.000024 

     O       0.090294      0.646267       0.000091 

    Cl      -1.522263     -0.162178      -0.000089 

Rotational constants (GHz):   57.2747400    2.8805400    2.7426000 

Vibrational harmonic frequencies (cm-1): 

    i1240.3388                  218.9565                  270.9608 

      650.4230                  714.8489                  852.1748 

     1016.2749                 1851.1572                 3560.1427 

Zero-point correction (Hartree): 0.020811 

 

 

 

 

################################################################################# 

HNCO + NO3 : M06-2X/aug-cc-pVTZ geometry 

################################################################################# 

 

Fragments 

========= 

 

HNCO 

---- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -168.30258465 

E(CCSD/Aug-CC-pVDZ) (Hartree): -168.28124890 

     T1 diagnostic:  0.018038 

E(MP2/Aug-CC-pVDZ) (Hartree): -168.27834689 

E(MP3/Aug-CC-pVDZ) (Hartree): -168.27384035 
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E(RHF/Aug-CC-pVDZ) (Hartree): -167.79177923 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -168.44532616 

E(CCSD/Aug-CC-pVTZ) (Hartree): -168.41561675 

     T1 diagnostic:  0.017532 

E(MP2/Aug-CC-pVTZ) (Hartree): -168.41955710 

E(MP3/Aug-CC-pVTZ) (Hartree): -168.41062749 

E(RHF/Aug-CC-pVTZ) (Hartree): -167.83284283 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -168.48867842 

E(CCSD/Aug-CC-pVQZ) (Hartree): -168.45707212 

     T1 diagnostic:  0.017338 

E(MP2/Aug-CC-pVQZ) (Hartree): -168.46658212 

E(MP3/Aug-CC-pVQZ) (Hartree): -168.45326510 

E(RHF/Aug-CC-pVQZ) (Hartree): -167.84366530 

E(RM062X/Aug-CC-pVTZ) (Hartree): -168.68730418 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N       1.154202     -0.122224       0.000000 

     C      -0.045116      0.016799       0.000000 

     O      -1.204025      0.015866      -0.000000 

     H       1.823480      0.627848       0.000002 

Rotational constants (GHz):  879.6416200   11.1877300   11.0472300 

Vibrational harmonic frequencies (cm-1): 

      565.6997                  656.9786                  786.0660 

     1369.4348                 2362.7298                 3698.6854 

Zero-point correction (Hartree): 0.021505 

 

HNO3 

---- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -280.30992814 

E(CCSD/Aug-CC-pVDZ) (Hartree): -280.27671910 

     T1 diagnostic:  0.018872 

E(MP2/Aug-CC-pVDZ) (Hartree): -280.28216767 

E(MP3/Aug-CC-pVDZ) (Hartree): -280.26419787 

E(RHF/Aug-CC-pVDZ) (Hartree): -279.50039771 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -280.54402187 

E(CCSD/Aug-CC-pVTZ) (Hartree): -280.49739612 

     T1 diagnostic:  0.018110 

E(MP2/Aug-CC-pVTZ) (Hartree): -280.51317150 

E(MP3/Aug-CC-pVTZ) (Hartree): -280.48824374 

E(RHF/Aug-CC-pVTZ) (Hartree): -279.56681902 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -280.61798362 

E(CCSD/Aug-CC-pVQZ) (Hartree): -280.56824782 

     T1 diagnostic:  0.017859 

E(MP2/Aug-CC-pVQZ) (Hartree): -280.59216705 

E(MP3/Aug-CC-pVQZ) (Hartree): -280.56115931 

E(RHF/Aug-CC-pVQZ) (Hartree): -279.58592174 

E(RM062X/Aug-CC-pVTZ) (Hartree): -280.89733052 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     H       1.716795      0.178522       0.000001 

     O       1.098616     -0.568576       0.000001 

     N      -0.140829      0.035612       0.000000 

     O      -0.136825      1.236669      -0.000000 

     O      -1.053165     -0.721569      -0.000001 

Rotational constants (GHz):   13.3089300   12.4524700    6.4332300 

Vibrational harmonic frequencies (cm-1): 

      505.5130                  621.6476                  706.5789 

      825.2542                  983.4229                 1358.6868 

     1416.0974                 1808.8840                 3782.0136 

Zero-point correction (Hartree): 0.027356 

 

NCO 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -167.62797128 

E(CCSD/Aug-CC-pVDZ) (Hartree): -167.60844012 

     T1 diagnostic:  0.026892 

E(MP2/Aug-CC-pVDZ) (Hartree): -167.59017232 

E(MP3/Aug-CC-pVDZ) (Hartree): -167.59683207 

E(PMP2/Aug-CC-pVDZ) (Hartree): -167.59948361 

E(PMP3/Aug-CC-pVDZ) (Hartree): -167.60276840 

E(PUHF/Aug-CC-pVDZ) (Hartree): -167.16572546 

E(UHF/Aug-CC-pVDZ) (Hartree): -167.15393031 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -167.76225014 

E(CCSD/Aug-CC-pVTZ) (Hartree): -167.73461730 

     T1 diagnostic:  0.026506 

E(MP2/Aug-CC-pVTZ) (Hartree): -167.72258397 

E(MP3/Aug-CC-pVTZ) (Hartree): -167.72563789 

E(PMP2/Aug-CC-pVTZ) (Hartree): -167.73202135 

E(PMP3/Aug-CC-pVTZ) (Hartree): -167.73163223 

E(PUHF/Aug-CC-pVTZ) (Hartree): -167.20420545 

E(UHF/Aug-CC-pVTZ) (Hartree): -167.19223761 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -167.80328045 

E(CCSD/Aug-CC-pVQZ) (Hartree): -167.77378740 

     T1 diagnostic:  0.026521 

E(MP2/Aug-CC-pVQZ) (Hartree): -167.76689329 

E(MP3/Aug-CC-pVQZ) (Hartree): -167.76599684 

E(PMP2/Aug-CC-pVQZ) (Hartree): -167.77640225 

E(PMP3/Aug-CC-pVQZ) (Hartree): -167.77201636 
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E(PUHF/Aug-CC-pVQZ) (Hartree): -167.21474443 

E(UHF/Aug-CC-pVQZ) (Hartree): -167.20269276 

E(UM062X/Aug-CC-pVTZ) (Hartree): -168.00175758 

Point group : C*V 

Cartesian coordinates (Angs): 

     N       0.000000      0.000000      -1.259810 

     C       0.000000      0.000000      -0.037198 

     O       0.000000      0.000000       1.130232 

Rotational constants (GHz):    0.0000000   11.8429381   11.8429381 

Vibrational harmonic frequencies (cm-1): 

      533.0069 (  PI)           614.6584 (  PI)          1326.9293 (  SG) 

     2040.1488 (  SG) 

Zero-point correction (Hartree): 0.010285 

 

NO3 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -279.63880313 

E(CCSD/Aug-CC-pVDZ) (Hartree): -279.60369390 

     T1 diagnostic:  0.040113 

E(MP2/Aug-CC-pVDZ) (Hartree): -279.59508373 

E(MP3/Aug-CC-pVDZ) (Hartree): -279.58333011 

E(PMP2/Aug-CC-pVDZ) (Hartree): -279.59729565 

E(PMP3/Aug-CC-pVDZ) (Hartree): -279.58485291 

E(PUHF/Aug-CC-pVDZ) (Hartree): -278.87110190 

E(UHF/Aug-CC-pVDZ) (Hartree): -278.86753216 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -279.86543977 

E(CCSD/Aug-CC-pVTZ) (Hartree): -279.81759238 

     T1 diagnostic:  0.039912 

E(MP2/Aug-CC-pVTZ) (Hartree): -279.81685032 

E(MP3/Aug-CC-pVTZ) (Hartree): -279.80057579 

E(PMP2/Aug-CC-pVTZ) (Hartree): -279.82105102 

E(PMP3/Aug-CC-pVTZ) (Hartree): -279.80355269 

E(PUHF/Aug-CC-pVTZ) (Hartree): -278.93836722 

E(UHF/Aug-CC-pVTZ) (Hartree): -278.93320112 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -279.93748312 

E(CCSD/Aug-CC-pVQZ) (Hartree): -279.88655503 

     T1 diagnostic:  0.037108 

E(MP2/Aug-CC-pVQZ) (Hartree): -279.89561241 

E(MP3/Aug-CC-pVQZ) (Hartree): -279.87267534 

E(PMP2/Aug-CC-pVQZ) (Hartree): -279.89804323 

E(PMP3/Aug-CC-pVQZ) (Hartree): -279.87427648 

E(PUHF/Aug-CC-pVQZ) (Hartree): -278.95617416 

E(UHF/Aug-CC-pVQZ) (Hartree): -278.95221601 

E(UM062X/Aug-CC-pVTZ) (Hartree): -280.21367243 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -0.000003      0.087298       0.000018 

     O      -1.085665      0.581007      -0.000006 

     O       0.000028     -1.238446      -0.000004 

     O       1.085639      0.581053      -0.000006 

Rotational constants (GHz):   14.2607200   13.4036900    6.9094600 

Vibrational harmonic frequencies (cm-1): 

      330.1049                  677.6175                  816.5198 

      862.2603                 1378.4575                 1670.6793 

Zero-point correction (Hartree): 0.013067 

 

Adducts 

======= 

 

HNCONO2 

------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.83468679 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.77549766 

     T1 diagnostic:  0.025098 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.77207128 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.75075071 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.77572976 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.75333899 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.51667265 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.51216620 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.20395521 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.12308628 

     T1 diagnostic:  0.032066 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.12639062 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.09954983 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.13648150 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.10702951 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.62930714 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.61786079 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.31799009 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.23194010 

     T1 diagnostic:  0.032119 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.24856992 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.21166999 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.25890139 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.21932756 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.65854174 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.64683372 
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E(UM062X/Aug-CC-pVTZ) (Hartree): -448.79629090 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -2.757495      0.298347      -0.145477 

     C      -1.602251     -0.042522      -0.359750 

     O      -0.798307     -0.575633       0.587582 

     H      -3.299825      0.710171      -0.894335 

     N       1.319140      0.180919      -0.014666 

     O       0.410265     -0.959951       0.013442 

     O       2.380458     -0.163579      -0.401242 

     O       0.880311      1.222925       0.321948 

Rotational constants (GHz):    8.5695600    1.6797800    1.5081300 

Vibrational harmonic frequencies (cm-1): 

       82.9604                   96.5466                  186.9753 

      363.3217                  377.1206                  469.2427 

      636.1642                  656.5788                  750.6646 

      784.8460                  856.6373                  892.3273 

     1064.6767                 1138.2196                 1402.3818 

     1846.0096                 1851.0918                 3596.2795 

Zero-point correction (Hartree): 0.038847 

 

HN_CO_NO3 

--------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.76835173 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.71304249 

     T1 diagnostic:  0.047193 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.66653071 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.67274132 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.67249384 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.67646134 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.50570535 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.49656152 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.13053096 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.05382276 

     T1 diagnostic:  0.045372 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.02384648 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.02125753 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.03007606 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.02510184 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.60759149 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.59803703 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.24286886 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.16105421 

     T1 diagnostic:  0.044852 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.14455877 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.13223172 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.15083931 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.13608043 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.63651358 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.62688475 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.71962621 

Electronic state : 4-A 

Cartesian coordinates (Angs): 

     N      -0.384171      0.961601      -0.202182 

     C      -1.671425      0.598486       0.025383 

     O      -2.173123     -0.460608       0.109653 

     H      -0.054355      1.873792       0.082741 

     N       0.691783     -0.004732      -0.073050 

     O       0.516326     -1.026977      -0.911695 

     O       0.792143     -0.638502       1.093561 

     O       1.855856      0.605737      -0.080070 

Rotational constants (GHz):    5.8233600    2.2909400    2.1002500 

Vibrational harmonic frequencies (cm-1): 

       75.2213                  171.2716                  284.2731 

      315.6095                  422.3125                  448.5183 

      523.9130                  538.7488                  601.2211 

      740.0396                  834.2998                  911.2036 

     1002.4201                 1073.6435                 1148.7603 

     1412.2611                 1949.9249                 3615.5994 

Zero-point correction (Hartree): 0.036608 

 

HNCONO3 

------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.71948766 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.66302906 

     T1 diagnostic:  0.048308 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.61083942 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.62118579 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.61774234 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.62600374 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.45484460 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.44569926 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.08253458 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.00488096 

     T1 diagnostic:  0.046578 

E(MP2/Aug-CC-pVTZ) (Hartree): -447.96946120 

E(MP3/Aug-CC-pVTZ) (Hartree): -447.97097428 

E(PMP2/Aug-CC-pVTZ) (Hartree): -447.97670530 
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E(PMP3/Aug-CC-pVTZ) (Hartree): -447.97599035 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.55823885 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.54864135 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.19416759 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.11141030 

     T1 diagnostic:  0.046141 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.08945257 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.08119131 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.09676384 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.08623184 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.58686172 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.57718416 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.67121076 

Electronic state : 4-A 

Cartesian coordinates (Angs): 

     N       2.667881     -0.132886       0.011696 

     C       1.487555      0.181169       0.067340 

     O       0.473604     -0.688004      -0.146387 

     H       3.369909      0.572135       0.202021 

     N      -0.794964     -0.010742      -0.053140 

     O      -0.874473      1.024623      -0.844577 

     O      -1.050496      0.534385       1.108466 

     O      -1.724342     -0.952723      -0.156996 

Rotational constants (GHz):    6.6207900    1.9483000    1.8589500 

Vibrational harmonic frequencies (cm-1): 

       96.4498                  173.0601                  211.8487 

      294.7894                  411.7617                  431.5474 

      517.5092                  573.0284                  670.2045 

      674.5736                  808.0994                  907.9057 

      924.7908                  966.8306                 1055.2107 

     1176.4688                 1865.6046                 3586.7681 

Zero-point correction (Hartree): 0.034962 

 

HNC_O_ONO2 

---------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.94832392 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.89290147 

     T1 diagnostic:  0.022259 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.88988692 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.87073151 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.89263145 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.87252243 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.65738325 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.65347647 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.31706238 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.24040623 

     T1 diagnostic:  0.021370 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.25402507 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.22437808 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.25692364 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.22623760 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.76209278 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.75793113 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.42953025 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.34864327 

     T1 diagnostic:  0.038117 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.35002173 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.32397019 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.36764194 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.33776349 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.80913087 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.78966266 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.90882469 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -2.333561     -0.545724      -0.124297 

     C      -1.110459      0.101049      -0.000263 

     O      -0.948077      1.281000       0.057406 

     H      -2.938819     -0.248089       0.644571 

     N       1.197157     -0.145941      -0.002173 

     O      -0.105784     -0.818213      -0.056135 

     O       1.630512      0.123252      -1.063727 

     O       1.617899     -0.025608       1.092744 

Rotational constants (GHz):    6.3354100    1.9693700    1.9394400 

Vibrational harmonic frequencies (cm-1): 

       56.2533                  104.8318                  185.0609 

      211.4836                  381.0355                  571.1414 

      593.2440                  695.0646                  702.8288 

      823.8631                  853.2956                  994.6111 

     1087.1537                 1285.2453                 1429.9387 

     1829.4751                 1850.6685                 3471.4383 

Zero-point correction (Hartree): 0.039017 

 

OCN_H_ONO2 

---------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.90744407 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.84962528 

     T1 diagnostic:  0.021784 
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E(MP2/Aug-CC-pVDZ) (Hartree): -447.85265821 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.82659963 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.85509292 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.82790131 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.59663831 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.59271211 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.27566368 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.19626493 

     T1 diagnostic:  0.028753 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.20675557 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.17476340 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.21563389 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.18118264 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.70733666 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.69710149 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.39062739 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.30609762 

     T1 diagnostic:  0.028749 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.32981074 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.28785958 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.33892683 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.29445417 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.73695388 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.72645958 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.86994197 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -0.925881      0.949977       0.300677 

     C      -1.841371     -0.037257       0.189420 

     O      -1.902514     -0.926618      -0.580818 

     H      -0.840380      1.461634       1.165351 

     N       1.163888     -0.114496       0.061872 

     O       2.109801     -0.191725      -0.636093 

     O       0.220434      0.901700      -0.446897 

     O       0.850099     -0.669164       1.058843 

Rotational constants (GHz):    5.9077000    2.0240300    1.9181300 

Vibrational harmonic frequencies (cm-1): 

       83.9815                   87.7485                  242.4385 

      304.6657                  434.4910                  510.6740 

      526.2356                  686.7446                  789.2816 

      840.9261                  848.8429                 1051.4098 

     1118.2884                 1400.9113                 1467.2479 

     1846.8035                 1934.4903                 3630.6724 

Zero-point correction (Hartree): 0.040565 

 

Transition states 

================= 

 

TS.HN_CO_NO3.HNCONO3 

-------------------- 

IRC pathway available 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.71626493 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.65699461 

     T1 diagnostic:  0.047928 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.60658475 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.61367308 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.62003564 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.62383390 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.44995473 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.43415028 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.07887058 

E(CCSD/Aug-CC-pVTZ) (Hartree): -447.99840413 

     T1 diagnostic:  0.046298 

E(MP2/Aug-CC-pVTZ) (Hartree): -447.96496710 

E(MP3/Aug-CC-pVTZ) (Hartree): -447.96299287 

E(PMP2/Aug-CC-pVTZ) (Hartree): -447.97827284 

E(PMP3/Aug-CC-pVTZ) (Hartree): -447.97300892 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.55294012 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.53722591 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.19024300 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.10467088 

     T1 diagnostic:  0.045976 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.08460211 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.07283676 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.09802275 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.08292476 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.58153865 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.56569512 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.66809056 

Electronic state : 4-A 

Cartesian coordinates (Angs): 

     N      -2.721579      0.061092       0.025259 

     C      -1.500662     -0.081773       0.022743 

     O      -0.533874      0.765421      -0.061156 

     H      -3.295926     -0.768552       0.119737 

     N       0.859402     -0.029047      -0.032234 

     O       0.865638     -0.983479      -0.890029 

     O       1.083737     -0.614337       1.083480 
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     O       1.751391      0.961755      -0.158215 

Rotational constants (GHz):    6.4524000    1.8835500    1.7874600 

Vibrational harmonic frequencies (cm-1): 

     i638.6682                   76.9447                  192.9219 

      230.8149                  327.9030                  373.4452 

      469.0494                  546.8272                  621.8592 

      661.2569                  710.5062                  872.8815 

      933.5951                 1001.6425                 1074.9399 

     1173.7211                 1872.7839                 3567.9279 

Zero-point correction (Hartree): 0.033510 

 

TS.HNCO+NO3.HN_CO_NO3 

--------------------- 

IRC pathway available 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.76324348 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.70497742 

     T1 diagnostic:  0.048993 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.65994248 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.66251019 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.66881732 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.66842366 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.49337479 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.48142843 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.12572772 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.04598262 

     T1 diagnostic:  0.047413 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.01748858 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.01123102 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.02674129 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.01736901 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.59627183 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.58382402 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.23779972 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.15293674 

     T1 diagnostic:  0.046977 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.13792598 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.12187813 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.14724641 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.12803783 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.62503474 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.61250016 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.71493483 

Electronic state : 4-A 

Cartesian coordinates (Angs): 

     N      -0.529247      0.925686      -0.118820 

     C      -1.745074      0.510892       0.021737 

     O      -2.408703     -0.454413       0.085945 

     H      -0.220318      1.861990       0.103323 

     N       0.793681     -0.029074      -0.053147 

     O       0.577435     -1.112890      -0.800707 

     O       1.081322     -0.526621       1.122279 

     O       1.854912      0.693471      -0.286264 

Rotational constants (GHz):    5.8814300    1.9952900    1.8374000 

Vibrational harmonic frequencies (cm-1): 

     i666.3535                   42.5926                  142.5663 

      240.8409                  292.7199                  355.1398 

      391.2660                  507.6311                  536.5005 

      607.5437                  704.5381                  904.8785 

      934.3876                 1081.1172                 1171.2339 

     1243.7209                 2033.9099                 3623.1896 

Zero-point correction (Hartree): 0.033748 

 

TS.HNCO+NO3.HNC_O_ONO2 

---------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.92324708 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.86355987 

     T1 diagnostic:  0.029199 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.85997336 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.83640850 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.86712231 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.84118406 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.62200765 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.61270241 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.29074922 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.20931431 

     T1 diagnostic:  0.028168 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.22276651 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.18846245 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.23037490 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.19353743 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.72553910 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.71568752 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.40533058 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.31882795 

     T1 diagnostic:  0.027763 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.34583160 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.30145743 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.35352362 
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E(PMP3/Aug-CC-pVQZ) (Hartree): -448.30657471 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.75486771 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.74492411 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.88247734 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -1.526240      1.045070      -0.570242 

     C      -1.453230     -0.096502       0.012972 

     O      -1.851016     -1.018372       0.569351 

     H      -0.883559      1.733458      -0.172599 

     N       1.186958      0.015407       0.032640 

     O       0.190168     -0.401018      -0.779455 

     O       2.239437     -0.501039      -0.177380 

     O       0.918650      0.848205       0.869730 

Rotational constants (GHz):    5.9327800    1.9461700    1.8006700 

Vibrational harmonic frequencies (cm-1): 

     i654.3013                   61.8303                   80.6348 

      218.8012                  351.0109                  415.1662 

      544.4675                  608.7446                  689.5620 

      724.5802                  828.0938                  949.2871 

      991.1491                 1167.0884                 1357.2151 

     1706.5101                 2183.2506                 3483.8702 

Zero-point correction (Hartree): 0.037274 

 

TS.HNCO+NO3.HNCOONO2 

-------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.82771064 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.76594976 

     T1 diagnostic:  0.038074 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.73981763 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.72532444 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.76014779 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.74073410 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.52299449 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.50001310 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.19634354 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.11273690 

     T1 diagnostic:  0.042515 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.09375724 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.07410674 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.12155087 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.09583193 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.63647192 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.60562779 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.30992974 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.22113198 

     T1 diagnostic:  0.043740 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.21270023 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.18453917 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.24301501 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.20847499 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.66844358 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.63495559 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.78719036 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N       2.773889      0.349330      -0.244432 

     C       1.622629     -0.069751      -0.229917 

     O       0.864174     -0.613513       0.633305 

     H       3.141205      0.751528      -1.099107 

     N      -1.323335      0.171797      -0.015485 

     O      -0.471550     -0.965974      -0.043033 

     O      -0.878948      1.191833       0.391312 

     O      -2.392534     -0.109960      -0.444331 

Rotational constants (GHz):    8.2482700    1.6415600    1.4872700 

Vibrational harmonic frequencies (cm-1): 

    i1276.1019                   74.1346                   81.0958 

      253.7342                  319.1771                  361.5089 

      558.2201                  634.4485                  701.7712 

      719.0916                  792.0341                  899.9476 

      988.9351                 1056.5823                 1390.0042 

     1804.1552                 1904.3414                 3562.9273 

Zero-point correction (Hartree): 0.036683 

 

TS.HNCO+NO3.HNO3+NCO 

-------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.92365964 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.85365836 

     T1 diagnostic:  0.120771 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.83549404 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.82060313 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.84619369 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.82741244 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.62136780 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.60784032 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.29164641 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.20001143 

     T1 diagnostic:  0.108144 
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E(MP2/Aug-CC-pVTZ) (Hartree): -448.19962777 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.17429081 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.21052750 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.18121597 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.72569306 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.71191794 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.40533852 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.30933524 

     T1 diagnostic:  0.103260 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.32270412 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.28734611 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.33368324 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.29430092 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.75504145 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.74117411 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.88170942 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -1.407432      1.169833       0.260627 

     C      -1.956590      0.108300       0.000399 

     O      -2.567458     -0.846103      -0.224116 

     H      -0.241296      1.224465       0.198501 

     N       1.384187     -0.187370       0.011315 

     O       0.922966      1.061707      -0.217704 

     O       0.590669     -1.049432       0.262667 

     O       2.571767     -0.260110      -0.083908 

Rotational constants (GHz):    6.9002700    1.5096500    1.2619700 

Vibrational harmonic frequencies (cm-1): 

    i1946.8251                   45.3896                   72.4187 

       96.0041                  204.2822                  377.7978 

      588.9523                  622.5818                  672.1903 

      721.7630                  813.9969                  915.3122 

      945.5214                 1255.0150                 1362.1822 

     1400.5051                 1698.6268                 2171.7913 

Zero-point correction (Hartree): 0.031813 

 

TS.HNCO+NO3.OCN_H_ONO2 

---------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -447.89950221 

E(CCSD/Aug-CC-pVDZ) (Hartree): -447.83959913 

     T1 diagnostic:  0.026509 

E(MP2/Aug-CC-pVDZ) (Hartree): -447.83631380 

E(MP3/Aug-CC-pVDZ) (Hartree): -447.81128996 

E(PMP2/Aug-CC-pVDZ) (Hartree): -447.84584321 

E(PMP3/Aug-CC-pVDZ) (Hartree): -447.81725656 

E(PUHF/Aug-CC-pVDZ) (Hartree): -446.58848884 

E(UHF/Aug-CC-pVDZ) (Hartree): -446.57639678 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -448.26829089 

E(CCSD/Aug-CC-pVTZ) (Hartree): -448.18634090 

     T1 diagnostic:  0.025967 

E(MP2/Aug-CC-pVTZ) (Hartree): -448.20026303 

E(MP3/Aug-CC-pVTZ) (Hartree): -448.16420237 

E(PMP2/Aug-CC-pVTZ) (Hartree): -448.21010983 

E(PMP3/Aug-CC-pVTZ) (Hartree): -448.17035903 

E(PUHF/Aug-CC-pVTZ) (Hartree): -446.69305243 

E(UHF/Aug-CC-pVTZ) (Hartree): -446.68056857 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -448.38294999 

E(CCSD/Aug-CC-pVQZ) (Hartree): -448.29584621 

     T1 diagnostic:  0.025809 

E(MP2/Aug-CC-pVQZ) (Hartree): -448.32334721 

E(MP3/Aug-CC-pVQZ) (Hartree): -448.27708364 

E(PMP2/Aug-CC-pVQZ) (Hartree): -448.33324380 

E(PMP3/Aug-CC-pVQZ) (Hartree): -448.28325237 

E(PUHF/Aug-CC-pVQZ) (Hartree): -446.72223346 

E(UHF/Aug-CC-pVQZ) (Hartree): -446.70968788 

E(UM062X/Aug-CC-pVTZ) (Hartree): -448.86066721 

Electronic state : 2-A 

Cartesian coordinates (Angs): 

     N      -0.973736      0.926014       0.396251 

     C      -1.854685      0.031639       0.132271 

     O      -2.204819     -0.809361      -0.598411 

     H      -0.796890      1.232188       1.340981 

     N       1.224962     -0.128510       0.031841 

     O       2.238771     -0.166526      -0.585161 

     O       0.403353      0.934154      -0.371532 

     O       0.833497     -0.833836       0.913698 

Rotational constants (GHz):    6.2592400    1.8134600    1.6972900 

Vibrational harmonic frequencies (cm-1): 

     i813.3798                   49.4042                   73.7675 

      214.0136                  302.5979                  464.2818 

      542.7230                  572.4193                  693.8503 

      779.8991                  811.6935                  913.0002 

     1154.2011                 1257.5356                 1392.5106 

     1770.0088                 2091.3030                 3650.1056 

Zero-point correction (Hartree): 0.038121 
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################################################################################# 

HNCO + O3 : M06-2X/aug-cc-pVTZ geometry 

################################################################################# 

 

Fragments 

========= 

 

HNCO 

---- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -168.30258903 

E(CCSD/Aug-CC-pVDZ) (Hartree): -168.28125135 

     T1 diagnostic:  0.018041 

E(MP2/Aug-CC-pVDZ) (Hartree): -168.27835301 

E(MP3/Aug-CC-pVDZ) (Hartree): -168.27384099 

E(RHF/Aug-CC-pVDZ) (Hartree): -167.79177355 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -168.44533015 

E(CCSD/Aug-CC-pVTZ) (Hartree): -168.41561850 

E(MP2/Aug-CC-pVTZ) (Hartree): -168.41956259 

E(MP3/Aug-CC-pVTZ) (Hartree): -168.41062722 

E(RHF/6-31G(d,p)) (Hartree): -167.76545219 

E(RHF/Aug-CC-pVTZ) (Hartree): -167.83283656 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -168.48868126 

E(CCSD/Aug-CC-pVQZ) (Hartree): -168.45707276 

     T1 diagnostic:  0.017340 

E(MP2/Aug-CC-pVQZ) (Hartree): -168.46658688 

E(MP3/Aug-CC-pVQZ) (Hartree): -168.45326396 

E(RHF/Aug-CC-pVQZ) (Hartree): -167.84365842 

E(RM062X/Aug-CC-pVTZ) (Hartree): -168.68730523 

Point group : CS 

Electronic state : 1-A' 

Cartesian coordinates (Angs): 

     N       0.289904     -1.123860       0.000000 

     H       1.226714     -1.488086       0.000000 

     C       0.000000      0.048082       0.000000 

     O      -0.407005      1.133327       0.000000 

Rotational constants (GHz):  880.1140600   11.1871200   11.0467000 

Vibrational harmonic frequencies (cm-1): 

      563.8698 (  A')           657.1801 (  A")           782.7913 (  A') 

     1369.4249 (  A')          2366.0466 (  A')          3706.3649 (  A') 

Zero-point correction (Hartree): 0.021519 

 

HN_O_CO 

------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -243.23568465 

E(CCSD/Aug-CC-pVDZ) (Hartree): -243.20564724 

     T1 diagnostic:  0.024289 

E(MP2/Aug-CC-pVDZ) (Hartree): -243.19909173 

E(MP3/Aug-CC-pVDZ) (Hartree): -243.19254550 

E(RHF/Aug-CC-pVDZ) (Hartree): -242.51533725 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -243.43870340 

E(CCSD/Aug-CC-pVTZ) (Hartree): -243.39658695 

E(MP2/Aug-CC-pVTZ) (Hartree): -243.40004390 

E(MP3/Aug-CC-pVTZ) (Hartree): -243.38724333 

E(RHF/6-31G(d,p)) (Hartree): -242.46936665 

E(RHF/Aug-CC-pVTZ) (Hartree): -242.57275756 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -243.50138267 

E(CCSD/Aug-CC-pVQZ) (Hartree): -243.45650850 

     T1 diagnostic:  0.022614 

E(MP2/Aug-CC-pVQZ) (Hartree): -243.46773727 

E(MP3/Aug-CC-pVQZ) (Hartree): -243.44907503 

E(RHF/Aug-CC-pVQZ) (Hartree): -242.58839770 

E(RM062X/Aug-CC-pVTZ) (Hartree): -243.77249424 

Point group : CS 

Electronic state : 1-A' 

Cartesian coordinates (Angs): 

     N       0.616198     -0.460388       0.000000 

     C       0.000000      0.629903       0.000000 

     O      -0.630978      1.587739       0.000000 

     H       1.634338     -0.478560       0.000000 

     O      -0.112488     -1.597506       0.000000 

Rotational constants (GHz):   48.3078300    5.4242000    4.8766300 

Vibrational harmonic frequencies (cm-1): 

      206.3218 (  A')           424.8644 (  A")           551.2151 (  A") 

      671.7966 (  A')           971.9498 (  A')          1222.3629 (  A') 

     1402.2747 (  A')          2345.0872 (  A')          3444.4356 (  A') 

Zero-point correction (Hartree): 0.025607 

 

NCO 

--- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -167.62693028 

E(CCSD/Aug-CC-pVDZ) (Hartree): -167.60767126 

     T1 diagnostic:  0.026310 

E(MP2/Aug-CC-pVDZ) (Hartree): -167.58945443 

E(MP3/Aug-CC-pVDZ) (Hartree): -167.59640341 

E(PMP2/Aug-CC-pVDZ) (Hartree): -167.59851147 

E(PMP3/Aug-CC-pVDZ) (Hartree): -167.60213246 

E(PUHF/Aug-CC-pVDZ) (Hartree): -167.16612982 
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E(UHF/Aug-CC-pVDZ) (Hartree): -167.15458842 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -167.76183039 

E(CCSD/Aug-CC-pVTZ) (Hartree): -167.73450689 

E(MP2/Aug-CC-pVTZ) (Hartree): -167.72246615 

E(MP3/Aug-CC-pVTZ) (Hartree): -167.72586224 

E(PMP2/Aug-CC-pVTZ) (Hartree): -167.73164695 

E(PMP3/Aug-CC-pVTZ) (Hartree): -167.73164844 

E(PUHF/Aug-CC-pVTZ) (Hartree): -167.20497190 

E(UHF/6-31G(d,p)) (Hartree): -167.12855965 

E(UHF/Aug-CC-pVTZ) (Hartree): -167.19326003 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -167.80303120 

E(CCSD/Aug-CC-pVQZ) (Hartree): -167.77385078 

     T1 diagnostic:  0.025921 

E(MP2/Aug-CC-pVQZ) (Hartree): -167.76693421 

E(MP3/Aug-CC-pVQZ) (Hartree): -167.76639553 

E(PMP2/Aug-CC-pVQZ) (Hartree): -167.77618313 

E(PMP3/Aug-CC-pVQZ) (Hartree): -167.77220480 

E(PUHF/Aug-CC-pVQZ) (Hartree): -167.21557056 

E(UHF/Aug-CC-pVQZ) (Hartree): -167.20377852 

E(UM062X/Aug-CC-pVTZ) (Hartree): -168.00176764 

Point group : C*V 

Cartesian coordinates (Angs): 

     O       0.000000      0.000000       1.130345 

     C       0.000000      0.000000      -0.037292 

     N       0.000000      0.000000      -1.259859 

Rotational constants (GHz):    0.0000000   11.8412931   11.8412931 

Vibrational harmonic frequencies (cm-1): 

      545.5037 (  PI)           619.5696 (  PI)          1329.1219 (  SG) 

     2052.4724 (  SG) 

Zero-point correction (Hartree): 0.010358 

 

O2 (triplet) 

------------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -150.01974519 

E(CCSD/Aug-CC-pVDZ) (Hartree): -150.00798962 

     T1 diagnostic:  0.017239 

E(MP2/Aug-CC-pVDZ) (Hartree): -150.00188564 

E(MP3/Aug-CC-pVDZ) (Hartree): -149.99996195 

E(PMP2/Aug-CC-pVDZ) (Hartree): -150.00861128 

E(PMP3/Aug-CC-pVDZ) (Hartree): -150.00309471 

E(PUHF/Aug-CC-pVDZ) (Hartree): -149.65562305 

E(UHF/Aug-CC-pVDZ) (Hartree): -149.64482099 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -150.14024980 

E(CCSD/Aug-CC-pVTZ) (Hartree): -150.12182279 

E(MP2/Aug-CC-pVTZ) (Hartree): -150.11944130 

E(MP3/Aug-CC-pVTZ) (Hartree): -150.11498987 

E(PMP2/Aug-CC-pVTZ) (Hartree): -150.12652379 

E(PMP3/Aug-CC-pVTZ) (Hartree): -150.11821008 

E(PUHF/Aug-CC-pVTZ) (Hartree): -149.69197969 

E(UHF/6-31G(d,p)) (Hartree): -149.61689809 

E(UHF/Aug-CC-pVTZ) (Hartree): -149.68069574 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -150.17820201 

E(CCSD/Aug-CC-pVQZ) (Hartree): -150.15821114 

     T1 diagnostic:  0.017206 

E(MP2/Aug-CC-pVQZ) (Hartree): -150.15935385 

E(MP3/Aug-CC-pVQZ) (Hartree): -150.15234763 

E(PMP2/Aug-CC-pVQZ) (Hartree): -150.16652801 

E(PMP3/Aug-CC-pVQZ) (Hartree): -150.15557503 

E(PUHF/Aug-CC-pVQZ) (Hartree): -149.70247961 

E(UHF/Aug-CC-pVQZ) (Hartree): -149.69108999 

E(UM062X/Aug-CC-pVTZ) (Hartree): -150.32481496 

Point group : D*H 

Electronic state : 3-SGG 

Cartesian coordinates (Angs): 

     O       0.000000      0.000000       0.594953 

     O       0.000000      0.000000      -0.594953 

Rotational constants (GHz):    0.0000000   44.6313876   44.6313876 

Vibrational harmonic frequencies (cm-1): 

     1757.6183 ( SGG) 

Zero-point correction (Hartree): 0.004004 

 

O2 (singlet) 

------------ 

 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -149.96951201 

E(CCSD/Aug-CC-pVDZ) (Hartree): -149.95369083 

     T1 diagnostic:  0.015546 

E(MP2/Aug-CC-pVDZ) (Hartree): -149.95020430 

E(MP3/Aug-CC-pVDZ) (Hartree): -149.94364960 

E(RHF/Aug-CC-pVDZ) (Hartree): -149.55943179 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -150.09177700 

E(CCSD/Aug-CC-pVTZ) (Hartree): -150.06904109 

     T1 diagnostic:  0.014672 

E(MP2/Aug-CC-pVTZ) (Hartree): -150.07077477 

E(MP3/Aug-CC-pVTZ) (Hartree): -150.06086175 

E(RHF/Aug-CC-pVTZ) (Hartree): -149.59507488 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -150.13032570 

E(CCSD/Aug-CC-pVQZ) (Hartree): -150.10602219 
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     T1 diagnostic:  0.014546 

E(MP2/Aug-CC-pVQZ) (Hartree): -150.11192750 

E(MP3/Aug-CC-pVQZ) (Hartree): -150.09907027 

E(RHF/Aug-CC-pVQZ) (Hartree): -149.60535832 

E(RM062X/Aug-CC-pVTZ) (Hartree): -150.26570483 

Point group : D*H 

Cartesian coordinates (Angs): 

     O       0.000000      0.000000       0.593979 

     O       0.000000      0.000000      -0.593979 

Rotational constants (GHz):    0.0000000   44.7778544   44.7778544 

Vibrational harmonic frequencies (cm-1): 

     1749.4267 ( SGG) 

Zero-point correction (Hartree): 0.003985 

 

 

O3 

-- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -224.96402704 

E(CCSD/Aug-CC-pVDZ) (Hartree): -224.93019226 

     T1 diagnostic:  0.025459 

E(MP2/Aug-CC-pVDZ) (Hartree): -224.95076976 

E(MP3/Aug-CC-pVDZ) (Hartree): -224.91583494 

E(RHF/Aug-CC-pVDZ) (Hartree): -224.30230914 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -225.14987055 

E(CCSD/Aug-CC-pVTZ) (Hartree): -225.10453547 

E(MP2/Aug-CC-pVTZ) (Hartree): -225.13397192 

E(MP3/Aug-CC-pVTZ) (Hartree): -225.09297033 

E(RHF/6-31G(d,p)) (Hartree): -224.25916614 

E(RHF/Aug-CC-pVTZ) (Hartree): -224.35728323 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -225.20810633 

E(CCSD/Aug-CC-pVQZ) (Hartree): -225.16016260 

     T1 diagnostic:  0.024377 

E(MP2/Aug-CC-pVQZ) (Hartree): -225.19606922 

E(MP3/Aug-CC-pVQZ) (Hartree): -225.15039623 

E(RHF/Aug-CC-pVQZ) (Hartree): -224.37274046 

E(RM062X/Aug-CC-pVTZ) (Hartree): -225.40547093 

Point group : CS 

Electronic state : 1-A' 

Cartesian coordinates (Angs): 

     O       0.000000      0.421186       0.000000 

     O       1.057275     -0.210593       0.000000 

     O      -1.057275     -0.210593       0.000000 

Rotational constants (GHz):  118.7400400   14.1328300   12.6296200 

Vibrational harmonic frequencies (cm-1): 

      792.9313 (  A')          1363.1357 (  A')          1363.5294 (  A') 

Zero-point correction (Hartree): 0.008018 

 

Adducts 

======= 

 

cy_C_NH_OOOO 

------------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.23257589 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.18514800 

     T1 diagnostic:  0.019538 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.16993467 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.16982322 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.08454011 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.56421032 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.49769124 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.49839338 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.48846082 

E(RHF/6-31G(d,p)) (Hartree): -392.02093361 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.18068073 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.66421183 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.59317121 

     T1 diagnostic:  0.018153 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.60599534 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.58718362 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.20527405 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.07807221 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N       2.009276     -0.131572       0.002917 

     H       2.464916      0.774423       0.036954 

     C       0.775058     -0.034441      -0.003242 

     O      -0.060921     -1.103550      -0.167808 

     O      -1.283738      0.665231      -0.268091 

     O       0.004223      1.090601       0.148365 

     O      -1.307088     -0.608128       0.282794 

Rotational constants (GHz):    9.1005400    3.9846800    2.8731400 

Vibrational harmonic frequencies (cm-1): 

      173.3041                  451.9977                  465.0206 

      694.4502                  726.9493                  797.1010 

      802.0077                  912.6836                  942.0971 

      980.4905                 1025.4069                 1043.3074 

     1272.3421                 1862.0364                 3559.9118 

Zero-point correction (Hartree): 0.035788 
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cy_N_H_C_O_OOO 

-------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.29336201 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.24730186 

     T1 diagnostic:  0.019248 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.23472686 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.23124254 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.15347405 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.62318191 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.55818073 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.56113073 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.54809819 

E(RHF/6-31G(d,p)) (Hartree): -392.08933928 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.24768499 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.72378873 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.65431251 

     T1 diagnostic:  0.017762 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.66923453 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.64745748 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.27252394 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.13765090 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N      -0.070709      1.128511       0.031724 

     C       0.811905      0.016759      -0.021234 

     O       1.990015      0.016242       0.004440 

     H      -0.086374      1.532911       0.969066 

     O      -1.311579      0.607948      -0.279911 

     O      -1.253486     -0.705461       0.275587 

     O       0.038788     -1.110360      -0.133082 

Rotational constants (GHz):    8.7917500    3.9586600    2.8420600 

Vibrational harmonic frequencies (cm-1): 

      187.5161                  392.8537                  513.3355 

      646.3573                  722.7067                  786.8801 

      863.6550                  878.6671                  952.1559 

     1029.4235                 1099.5336                 1200.9928 

     1408.3970                 1977.3872                 3439.9504 

Zero-point correction (Hartree): 0.036678 

 

OC_O_N_H_OO 

----------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.25629555 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.18873036 

     T1 diagnostic:  0.035006 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.20425933 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.16099520 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.04555991 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.58035675 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.49291826 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.52564973 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.47125663 

E(RHF/6-31G(d,p)) (Hartree): -391.97753686 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.13686092 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.68021968 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.58823743 

     T1 diagnostic:  0.033554 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.63347143 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.56991710 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.16203706 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.06519495 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     C       0.987419      0.051038      -0.034199 

     N      -0.047579     -0.965433      -0.049990 

     H       0.010912     -1.645191       0.710555 

     O       2.150525     -0.164691      -0.143843 

     O      -1.112674     -0.012041       0.404086 

     O      -2.045010      0.042428      -0.368664 

     O       0.306863      1.146428       0.088991 

Rotational constants (GHz):   11.7353900    2.8130200    2.3927000 

Vibrational harmonic frequencies (cm-1): 

      135.5822                  256.7675                  458.8756 

      507.1398                  601.0420                  642.0171 

      719.9268                  824.4984                  884.9283 

     1009.1998                 1232.3274                 1335.4959 

     1452.6617                 1924.3081                 3455.9903 

Zero-point correction (Hartree): 0.035177 

 

Transition states 

================= 

 

TS.HNCO+O3.cy_C_NH_OOOO 

----------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.21425434 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.15060335 

     T1 diagnostic:  0.038429 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.15547870 
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E(MP3/Aug-CC-pVDZ) (Hartree): -393.12359387 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.01073158 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.53998104 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.45626749 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.47810321 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.43547331 

E(RHF/6-31G(d,p)) (Hartree): -391.94343984 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.10325578 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.64005897 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.55168392 

     T1 diagnostic:  0.037145 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.58592336 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.53419946 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.12850051 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.03578149 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N      -2.068268     -0.128887       0.107236 

     H      -2.188556     -1.132308       0.187122 

     C      -0.883750      0.214754      -0.032124 

     O      -0.194667      1.225384      -0.218626 

     O       1.329088     -0.538218      -0.290278 

     O       0.150511     -1.084198       0.030757 

     O       1.461184      0.490281       0.385019 

Rotational constants (GHz):    8.7143200    3.5539500    2.6489200 

Vibrational harmonic frequencies (cm-1): 

     i641.4321                  137.7413                  333.7787 

      481.1350                  527.5903                  681.6602 

      683.5741                  733.9279                  826.6644 

     1015.7604                 1084.3039                 1214.5230 

     1306.8747                 1875.3845                 3572.2633 

Zero-point correction (Hartree): 0.032977 

 

TS.HNCO+O3.cy_N_H_C_O_OOO 

------------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.22437247 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.16215473 

     T1 diagnostic:  0.037450 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.17527172 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.13731545 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.02240764 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.55036463 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.46786571 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.49810008 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.44904786 

E(RHF/6-31G(d,p)) (Hartree): -391.95560007 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.11467745 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.65053184 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.56334578 

     T1 diagnostic:  0.036147 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.60598779 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.54778370 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.13992146 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.04850529 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N       0.314593      1.241803      -0.011267 

     H       0.196104      1.795062       0.826679 

     C       1.045997      0.204167       0.017336 

     O       2.054624     -0.370033      -0.020763 

     O      -1.466176      0.573237      -0.295167 

     O      -1.346726     -0.500825       0.345430 

     O      -0.326003     -1.166465      -0.135978 

Rotational constants (GHz):    8.0451000    3.3375700    2.4564200 

Vibrational harmonic frequencies (cm-1): 

     i643.5327                  119.5269                  271.6102 

      393.1549                  463.2466                  546.7089 

      641.8543                  657.1761                  809.7450 

      910.5677                 1087.3114                 1214.0559 

     1272.3605                 2142.7675                 3600.1179 

Zero-point correction (Hartree): 0.032191 

 

TS.HNCO+O3.HN_O_CO+O2 

--------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.16933291 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.11130194 

     T1 diagnostic:  0.030142 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.10696261 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.08271719 

E(RHF/Aug-CC-pVDZ) (Hartree): -391.99696427 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.49562738 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.41807532 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.43045920 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.39601167 

E(RHF/6-31G(d,p)) (Hartree): -391.93435226 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.09173481 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.59493902 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.51284851 
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     T1 diagnostic:  0.028433 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.53756286 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.49413683 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.11652776 

E(RM062X/Aug-CC-pVTZ) (Hartree): -393.99287981 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N      -0.992644      0.923071      -0.000157 

     C      -1.853225      0.056515      -0.000003 

     O      -2.578412     -0.831640       0.000258 

     H      -1.115518      1.921663      -0.001329 

     O       0.624660      0.279333      -0.000050 

     O       2.175961     -0.268432       0.631090 

     O       2.175714     -0.269543      -0.630992 

Rotational constants (GHz):   11.7530100    1.5175000    1.4416500 

Vibrational harmonic frequencies (cm-1): 

     i816.7682                   60.8409                   85.2170 

      115.8623                  154.6666                  313.1689 

      405.4050                  610.2117                  639.0544 

      642.9089                  930.9578                 1357.0847 

     1402.7476                 2371.7850                 3680.7108 

Zero-point correction (Hartree): 0.029094 

 

TS.HNCO+O3.HO3+NCO 

------------------ 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.21947422 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.15650943 

     T1 diagnostic:  0.037799 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.16888505 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.13055999 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.02019818 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.54687307 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.46379739 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.49295827 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.44394106 

E(RHF/6-31G(d,p)) (Hartree): -391.95401143 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.11451023 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.64691612 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.55922155 

     T1 diagnostic:  0.036144 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.60079263 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.54259894 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.13978898 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.04818822 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     C       1.575555     -0.219476       0.062467 

     N       0.498562     -0.684926       0.356175 

     H      -0.690004     -1.009522      -0.129684 

     O       2.634664      0.199420      -0.169607 

     O      -1.816945     -0.749291      -0.316422 

     O      -1.700933      0.457972       0.261511 

     O      -0.648444      0.982006      -0.117776 

Rotational constants (GHz):   12.0979700    1.9757100    1.7600700 

Vibrational harmonic frequencies (cm-1): 

    i1353.1295                   54.7923                  100.8968 

      334.2962                  478.8113                  556.3274 

      646.5053                  673.3756                  811.5787 

     1037.2417                 1117.5813                 1303.6615 

     1422.4970                 1861.9079                 2301.5000 

Zero-point correction (Hartree): 0.028935 

 

TS.HNCO+O3.OC_O_N_H_OO 

---------------------- 

E(CCSD(T)/Aug-CC-pVDZ) (Hartree): -393.20755552 

E(CCSD/Aug-CC-pVDZ) (Hartree): -393.14157943 

     T1 diagnostic:  0.043962 

E(MP2/Aug-CC-pVDZ) (Hartree): -393.14492233 

E(MP3/Aug-CC-pVDZ) (Hartree): -393.11171907 

E(RHF/Aug-CC-pVDZ) (Hartree): -392.00473865 

E(CCSD(T)/Aug-CC-pVTZ) (Hartree): -393.53298073 

E(CCSD/Aug-CC-pVTZ) (Hartree): -393.44737647 

E(MP2/Aug-CC-pVTZ) (Hartree): -393.46716648 

E(MP3/Aug-CC-pVTZ) (Hartree): -393.42366756 

E(RHF/6-31G(d,p)) (Hartree): -391.93659793 

E(RHF/Aug-CC-pVTZ) (Hartree): -392.09852017 

E(CCSD(T)/Aug-CC-pVQZ) (Hartree): -393.63305004 

E(CCSD/Aug-CC-pVQZ) (Hartree): -393.54284944 

     T1 diagnostic:  0.042860 

E(MP2/Aug-CC-pVQZ) (Hartree): -393.57493448 

E(MP3/Aug-CC-pVQZ) (Hartree): -393.52236092 

E(RHF/Aug-CC-pVQZ) (Hartree): -392.12401976 

E(RM062X/Aug-CC-pVTZ) (Hartree): -394.02679946 

Electronic state : 1-A 

Cartesian coordinates (Angs): 

     N       0.504538      1.246251      -0.077161 

     C       1.064212      0.066844      -0.034212 

     O       2.099559     -0.496818      -0.021080 
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     H       1.171844      1.978391       0.154970 

     O      -1.150520     -0.034262       0.423369 

     O      -2.132367      0.032856      -0.260892 

     O      -0.202783     -0.889677      -0.067594 

Rotational constants (GHz):   10.8757300    2.6912800    2.2367500 

Vibrational harmonic frequencies (cm-1): 

     i572.5421                  114.1327                  217.5569 

      346.5962                  499.6931                  615.8756 

      695.1183                  709.0945                  768.5036 

      975.3033                 1145.3223                 1217.5113 

     1471.5528                 1973.7783                 3514.2273 

Zero-point correction (Hartree): 0.032496 
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Appendix C

Supporting Information:
Rosanka et al. (2021a)

The supplemental material of Rosanka et al. (2021a) (here Chapter 5) consists of
the CAABA/MECCA model code and model output. However, listing the complete
code and listing all model data in this thesis is not feasible. Thus only the non
code and non data supplemental material is listed here. The model code developed
and used in each simulation presented in Rosanka et al. (2021a) (here Chapter 5) is
archived at Zenodo (https://doi.org/10.5281/zenodo.4707938; Sander, 2021).
The model output of all simulations presented in Rosanka et al. (2021a) (here Chap-
ter 5) is archived at Jülich DATA (https://doi.org/10.26165/JUELICH-DATA/
SD9F6B; Rosanka et al., 2021d).
In the following, Tables 1 to 6 provide a summary of the chemical mechanism and
are presented as published in caaba/manual/meccanism.pdf in the archived model
code (https://doi.org/10.5281/zenodo.4707938; Sander, 2021). Tables 7 and
8 provide the chemical properties (Henry’s law and accommodation coefficients) of
each species used within CAABA/MECCA. For improved readability, all species
for which no values are defined are excluded. The original tables including fur-
ther species properties are published in caaba/tools/chemprop/chemprop.pdf in the
archived model code (https://doi.org/10.5281/zenodo.4707938; Sander, 2021).

https://doi.org/10.5281/zenodo.4707938
https://doi.org/10.26165/JUELICH-DATA/SD9F6B
https://doi.org/10.26165/JUELICH-DATA/SD9F6B
https://doi.org/10.5281/zenodo.4707938
https://doi.org/10.5281/zenodo.4707938


The Chemical Mechanism of MECCA

KPP version: 2.2.3_rs3

MECCA version: 4.5.0

Date: April 21, 2021

Batch file: latex

Integrator: rosenbrock_posdef

Gas equation file: gas.eqn

Replacement file:

Selected reactions:
“1”

Number of aerosol phases: 1

Number of species in selected mechanism:
Gas phase: 708
Aqueous phase: 481
All species: 1189

Number of reactions in selected mechanism:
Gas phase (Gnnn): 1815
Aqueous phase (Annn): 402
Henry (Hnnn): 735
Photolysis (Jnnn): 385
Aqueous phase photolysis (PHnnn): 27
Heterogeneous (HETnnn): 21
Equilibria (EQnn): 138
Isotope exchange (IEXnnn): 0
Tagging equations (TAGnnn): 0
Dummy (Dnn): 1
All equations: 3524
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é

(1983
)

A
7
1
0
0
1
_
a
0
1

T
rA

a
01B

r
B

r
2

+
O

−2
→

B
r −2

5.6E
9

S
u
tton

an
d

D
ow

n
es

(197
2)

A
7
1
0
0
2
_
a
0
1

T
rA

a01B
r

B
r −2

+
O

−2
→

2
B

r −
1.7E

8
W

agn
er

an
d

S
treh

low
(19

87)
A
7
2
0
0
0
_
a
0
1

T
rA

a
01B

r
B

r −
+

O
H
→

B
rO

H
−

1.1E
10

Z
eh

av
i

an
d

R
ab

an
i

(1
972)

A
7
2
0
0
1
_
a
0
1

T
rA

a01B
r

B
r
2

+
H

O
2
→

B
r −2

+
H

+
1.1E

8
S
u
tton

an
d

D
ow

n
es

(197
2)

A
7
2
0
0
2
_
a
0
1

T
rA

a
01M

b
lB

r
B

r
2
→

B
r −

+
H

O
B

r
+

H
+

9.7E
1

-7
457

B
eck

w
ith

et
al.

(19
96)

A
7
2
0
0
3
_
a
0
1

T
rA

a01B
r

B
r −2

+
H

O
2
→

B
r
2

+
H

2 O
2

+
O

H
−

4.4E
9

M
atth

ew
et

al.
(2003)

A
7
2
0
0
4
_
a
0
1

T
rA

a
01B

r
B

r −2
+

H
2 O

2
→

2
B

r −
+

H
+

+
H

O
2

1.0E
5

J
acob

i
(1996)

A
7
2
0
0
5
_
a
0
1

T
rA

a01B
r

H
O

B
r

+
O

−2
→

B
r

+
O

H
−

3.5E
9

S
ch

w
arz

a
n
d

B
ielsk

i
(19

86)
A
7
2
0
0
6
_
a
0
1

T
rA

a
01B

r
H

O
B

r
+

H
O

2
→

B
r

1.0E
9

H
errm

an
n

et
al.

(199
9a)

A
7
2
0
0
7
_
a
0
1

T
rA

a01B
r

H
O

B
r

+
H

2 O
2
→

B
r −

+
H

+
1.2E

6
B

ich
sel

an
d

von
G

u
n
ten

(1999
)

A
7
2
0
0
8
_
a
0
1

T
rA

a
01M

b
lB

r
H

O
B

r
+

B
r −

+
H

+
→

B
r
2

1.6E
10

B
eck

w
ith

et
al.

(19
96)

A
7
2
0
0
9
a
_
a
0
1

T
rA

a01B
r

B
rO

H
−
→

B
r −

+
O

H
3.3E

7
Z

eh
av

i
an

d
R

a
b
an

i
(19

72)
A
7
2
0
0
9
b
_
a
0
1

T
rA

a
01B

r
B

rO
H

−
→

B
r

+
O

H
−

4.2E
6

Z
eh

av
i

an
d

R
ab

an
i

(1
972)

A
7
2
0
1
0
_
a
0
1

T
rA

a01B
r

B
rO

H
−

+
H

+
→

B
r

4.4E
10

Z
eh

av
i

an
d

R
ab

an
i

(19
72)

A
7
3
0
0
0
_
a
0
1

T
rA

a
01B

rN
B

r −
+

N
O

3
→

B
r

+
N

O
−3

4.0E
9

N
eta

an
d

H
u
ie

(1986
)

A
7
3
0
0
1
_
a
0
1

T
rA

a01B
rN

B
r −2

+
N

O
−2
→

2
B

r −
+

N
O

2
1.7E

7
-172

0
S
h
ou

te
et

al.
(1991

)
A
7
4
0
0
0
_
a
0
1

T
rA

a
01B

r
B

r −2
+

C
H

3 O
O

H
→

2
B

r −
+

H
+

+
C

H
3 O

O
1.0E

5
J
acob

i
(1996) ∗

141

472 C. Supporting Information: Rosanka et al. (2021a)



T
ab

le
6:

A
q
u
eo

u
s

p
h
as

e
re

ac
ti

on
s

(.
..
co

n
ti

n
u
ed

)

#
la

b
el

s
re

ac
ti

on
k
0

[M
1
−
n
s−

1
]

−
E

a
/R

[K
]

re
fe

re
n
ce

A
7
6
0
0
1
_
a
0
1

T
rA

a0
1B

rC
l

B
r−

+
C

lO
−

+
H

+
→

B
rC

l
+

O
H

−
3.

7E
10

K
u
m

ar
an

d
M

a
rg

er
u
m

(1
9
8
7
)

A
7
6
0
0
2
_
a
0
1

T
rA

a0
1M

b
lB

rC
l

B
r−

+
H

O
C

l
+

H
+
→

B
rC

l
1.

32
E

6
K

u
m

ar
an

d
M

ar
ge

ru
m

(1
9
8
7
)

A
7
6
0
0
3
_
a
0
1

T
rA

a0
1M

b
lB

rC
l

H
O

B
r

+
C

l−
+

H
+
→

B
rC

l
2.

3E
10

L
iu

an
d

M
a
rg

er
u
m

(2
00

1)
∗

A
7
6
0
0
4
_
a
0
1

T
rA

a0
1M

b
lB

rC
l

B
rC

l
→

C
l−

+
H

O
B

r
+

H
+

3.
0E

6
L

iu
an

d
M

ar
g
er

u
m

(2
00

1)
A
8
1
0
0
0
_
a
0
1

T
rA

a0
1M

b
lI

I−
+

O
3
→

H
O

I
+

O
H

−
4.

2E
9

-9
3
11

M
ag

i
et

a
l.

(1
99

7)
A
8
1
0
0
1
_
a
0
1

T
rA

a0
1M

b
lI

IO
+

IO
→

H
O

I
+

IO
− 2

+
H

+
1.

5E
9

B
u
x
to

n
et

al
.

(1
98

6)
A
8
2
0
0
0
_
a
0
1

T
rA

a0
1M

b
lI

IO
− 2

+
H

2
O

2
→

IO
− 3

6.
0E

1
F

u
rr

ow
(1

98
7)

A
8
2
0
0
1
_
a
0
1

T
rA

a0
1I

H
O

I
+

IO
− 2
→

IO
− 3

+
I−

+
H

+
6.

0E
2

C
h
in

ak
e

an
d

S
im

oy
i

(1
99

6)
A
8
2
0
0
2
_
a
0
1

T
rA

a0
1M

b
lI

H
O

I
+

I−
+

H
+
→

I 2
4.

4E
12

E
ig

en
a
n
d

K
u
st

in
(1

9
62

)
A
8
2
0
0
3
_
a
0
1

T
rA

a0
1M

b
lI

IO
− 2

+
I−

+
H

+
→

2
H

O
I

+
O

H
−

2.
0E

10
E

d
b
lo

m
et

al
.

(1
98

7
)

A
8
6
0
0
0
_
a
0
1

T
rA

a0
1M

b
lC

lI
IC

l
→

H
O

I
+

C
l−

+
H

+
2.

4E
6

W
an

g
et

a
l.

(1
98

9)
A
8
6
0
0
1
_
a
0
1

T
rA

a0
1M

b
lC

lI
I−

+
H

O
C

l
+

H
+
→

IC
l

3.
5E

11
N

ag
y

et
a
l.

(1
98

8)
A
8
6
0
0
2
_
a
0
1

T
rA

a0
1C

lI
IO

− 2
+

H
O

C
l
→

IO
− 3

+
C

l−
+

H
+

1.
5E

3
L

en
gy

el
et

al
.

(1
99

6)
A
8
6
0
0
3
_
a
0
1

T
rA

a0
1M

b
lC

lI
H

O
I

+
C

l−
+

H
+
→

IC
l

2.
9E

10
W

a
n
g

et
a
l.

(1
9
89

)
A
8
6
0
0
4
_
a
0
1

T
rA

a0
1C

lI
H

O
I

+
C

l 2
→

IO
− 2

+
2

C
l−

+
3H

+
1.

0E
6

L
en

gy
el

et
al

.
(1

99
6)

A
8
6
0
0
5
_
a
0
1

T
rA

a0
1C

lI
H

O
I

+
H

O
C

l
→

IO
− 2

+
C

l−
+

2
H

+
5.

0E
5

C
it

ri
an

d
E

p
st

ei
n

(1
98

8)
A
8
6
0
0
6
_
a
0
1

T
rA

a0
1C

lI
IC

l
+

I−
→

I 2
+

C
l−

1.
1E

9
M

ar
ge

ru
m

et
al

.
(1

98
6)

A
8
7
0
0
0
_
a
0
1

T
rA

a0
1M

b
lB

rI
IB

r
→

H
O

I
+

H
+

+
B

r−
8.

0E
5

T
ro

y
et

al
.

(1
99

1
)

A
8
7
0
0
1
_
a
0
1

T
rA

a0
1M

b
lB

rI
I−

+
H

O
B

r
→

IB
r

+
O

H
−

5.
0E

9
T

ro
y

an
d

M
ar

ge
ru

m
(1

9
91

)
A
8
7
0
0
2
_
a
0
1

T
rA

a0
1B

rI
IO

− 2
+

H
O

B
r
→

IO
− 3

+
B

r−
+

H
+

1.
0E

6
C

h
in

ak
e

an
d

S
im

oy
i

(1
99

6)
A
8
7
0
0
3
_
a
0
1

T
rA

a0
1M

b
lB

rI
H

O
I

+
B

r−
+

H
+
→

IB
r

3.
3E

12
T

ro
y

et
al

.
(1

99
1
)

A
8
7
0
0
4
_
a
0
1

T
rA

a0
1B

rI
H

O
I

+
H

O
B

r
→

IO
− 2

+
B

r−
+

2
H

+
1.

0E
6

C
h
in

ak
e

an
d

S
im

oy
i

(1
99

6)
A
8
7
0
0
5
_
a
0
1

T
rA

a0
1B

rI
IB

r
+

I−
→

I 2
+

B
r−

2.
0E

9
F

a
ri

a
et

al
.

(1
99

3)

A
9
1
0
0
0
_
a
0
1

T
rA

a0
1S

cS
S
O

− 3
+

O
2
→

S
O

− 5
1.

5E
9

H
u
ie

an
d

N
et

a
(1

98
7
)

A
9
1
0
0
1
_
a
0
1

T
rA

a0
1M

b
lS

cS
cm

S
S
O

2
−

3
+

O
3
→

S
O

2
−

4
1.

5E
9

-5
3
00

H
off

m
a
n
n

(1
98

6)
A
9
1
0
0
2
_
a
0
1

T
rA

a0
1S

cS
S
O

− 4
+

O
− 2
→

S
O

2
−

4
3.

5E
9

J
ia

n
g

et
al

.
(1

99
2)

A
9
1
0
0
3
_
a
0
1

T
rA

a0
1S

cS
S
O

− 4
+

S
O

2
−

3
→

S
O

− 3
+

S
O

2
−

4
4.

6E
8

H
u
ie

an
d

N
et

a
(1

98
7
)

A
9
1
0
0
4
_
a
0
1

T
rA

a0
1S

cS
S
O

− 5
+

O
− 2
→

H
S
O

− 5
+

O
H

−
2.

3E
8

B
u
x
to

n
et

al
.

(1
99

6)
A
9
1
0
0
5
_
a
0
1

T
rA

a0
1S

S
O

− 5
+

S
O

2
−

3
→

.7
2

S
O

− 4
+

.7
2

S
O

2
−

4
+

.2
8

S
O

− 3
+

.2
8

H
S
O

− 5
+

.2
8

O
H

−
1.

3E
7

H
u
ie

a
n
d

N
et

a
(1

98
7)

,
D

ei
st

er
a
n
d

W
a
rn

ec
k

(1
99

0)
∗

A
9
1
0
0
6
_
a
0
1

T
rA

a0
1S

S
O

− 5
+

S
O

− 5
→

O
2

+
S
O

2
−

4
+

L
S
U

L
F

U
R

1.
0E

8
R

os
s

et
al

.
(1

99
2
)∗

A
9
2
0
0
0
_
a
0
1

T
rA

a0
1S

cS
S
O

2
−

3
+

O
H
→

S
O

− 3
+

O
H

−
5.

5E
9

B
u
x
to

n
et

a
l.

(1
9
88

)
A
9
2
0
0
1
_
a
0
1

T
rA

a0
1S

cS
S
O

− 4
+

O
H
→

H
S
O

− 5
1.

0E
9

J
ia

n
g

et
al

.
(1

99
2)

A
9
2
0
0
2
_
a
0
1

T
rA

a0
1S

cS
S
O

− 4
+

H
O

2
→

S
O

2
−

4
+

H
+

3.
5E

9
J
ia

n
g

et
al

.
(1

99
2)

14
2

473



T
ab

le
6:

A
q
u
eou

s
p
h
ase

reaction
s

(...con
tin

u
ed

)

#
lab

els
reaction

k
0

[M
1−

n
s −

1]
−
E

a /R
[K

]
referen

ce

A
9
2
0
0
3
_
a
0
1

T
rA

a
01S

cS
S
O

−4
+

H
2 O
→

S
O

2−4
+

H
+

+
O

H
1.1E

1
-1

110
H

errm
an

n
et

al.
(199

5)
A
9
2
0
0
4
_
a
0
1

T
rA

a01S
cS

S
O

−4
+

H
2 O

2
→

S
O

2−4
+

H
+

+
H

O
2

1.2E
7

W
in

e
et

al.
(198

9)
A
9
2
0
0
5
_
a
0
1

T
rA

a
01S

cS
H

S
O

−3
+

O
−2
→

S
O

2−4
+

O
H

3.0E
3

see
n
o
te ∗

A
9
2
0
0
6
_
a
0
1

T
rA

a01M
b
lS

cS
cm

S
H

S
O

−3
+

O
3
→

S
O

2−4
+

H
+

3.7E
5

-550
0

H
off

m
a
n
n

(198
6)

A
9
2
0
0
7
_
a
0
1

T
rA

a
01S

cS
H

S
O

−3
+

O
H
→

S
O

−3
4.5E

9
B

u
x
to

n
et

al.
(198

8)
A
9
2
0
0
8
_
a
0
1

T
rA

a01S
cS

H
S
O

−3
+

H
O

2
→

S
O

2−4
+

O
H

+
H

+
3.0E

3
see

n
o
te ∗

A
9
2
0
0
9
_
a
0
1

T
rA

a
01M

b
lS

cS
cm

S
H

S
O

−3
+

H
2 O

2
→

S
O

2−4
+

H
+

5.2E
6

-3
650

M
artin

an
d

D
a
m

sch
en

(198
1)

A
9
2
0
1
0
_
a
0
1

T
rA

a01S
cS

H
S
O

−3
+

S
O

−4
→

S
O

−3
+

S
O

2−4
+

H
+

8.0E
8

H
u
ie

an
d

N
eta

(1987
)

A
9
2
0
1
1
_
a
0
1

T
rA

a
01S

H
S
O

−3
+

S
O

−5
→

.7
5

S
O

−4
+

.75
S
O

2−4
+

.75
H

+
+

.25
S
O

−3
+

.2
5

H
S
O

−5

1.0E
5

H
u
ie

an
d

N
eta

(1987
)

A
9
2
0
1
2
_
a
0
1

T
rA

a01S
cS

H
S
O

−3
+

H
S
O

−5
+

H
+
→

2
H

S
O

−4
+

H
+

7.1E
6

B
etterton

an
d

H
off

m
an

n
(1

988)
A
9
3
0
0
1
_
a
0
1

T
rA

a
01S

cN
S

S
O

−4
+

N
O

−3
→

S
O

2−4
+

N
O

3
5.0E

4
E

x
n
er

et
al.

(1992
)

A
9
3
0
0
2
_
a
0
1

T
rA

a01S
cN

S
S
O

2−4
+

N
O

3
→

N
O

−3
+

S
O

−4
1.0E

5
L

øg
ager

et
al.

(199
3)

A
9
3
0
0
4
_
a
0
1

T
rA

a
01S

cN
S

H
S
O

−3
+

N
O

3
→

S
O

−3
+

N
O

−3
+

H
+

1.4E
9

-2
000

E
x
n
er

et
al.

(1992
)

A
9
3
0
0
5
_
a
0
1

T
rA

a01S
cN

S
H

S
O

−3
+

H
N

O
4
→

H
S
O

−4
+

N
O

−3
+

H
+

3.1E
5

W
arn

eck
(199

9)
A
9
4
1
0
0
_
a
0
1

T
rA

a
01S

cS
S
O

2−3
+

H
C

H
O
→

C
H

2 O
H

S
O

−3
+

O
H

−
1.4E

4
B

oy
ce

an
d

H
off

m
a
n
n

(19
84) ∗

A
9
4
1
0
1
_
a
0
1

T
rA

a01S
cS

S
O

2−3
+

C
H

3 O
O

H
+

H
+
→

S
O

2−4
+

H
+

+
C

H
3 O

H
1.6E

7
-3

80
0

L
in

d
et

al.
(1987

)
A
9
4
1
0
2
_
a
0
1

T
rA

a
01S

cS
H

S
O

−3
+

H
C

H
O
→

C
H

2 O
H

S
O

−3
4.3E

-1
B

oy
ce

an
d

H
off

m
a
n
n

(19
84) ∗

A
9
4
1
0
3
_
a
0
1

T
rA

a01S
cS

H
S
O

−3
+

C
H

3 O
O

H
+

H
+
→

H
S
O

−4
+

H
+

+
C

H
3 O

H
1.6E

7
-3

80
0

L
in

d
et

al.
(1987

)
A
9
4
1
0
4
_
a
0
1

T
rA

a
01S

cS
H

S
O

−3
+

C
H

3 O
O
→

S
O

−3
+

C
H

3 O
O

H
5.00E

5
H

errm
an

n
et

al.
(199

9b
)

A
9
4
1
0
5
_
a
0
1

T
rA

a01S
cS

S
O

−4
+

H
C

O
O

−
→

S
O

2−4
+

C
O

2
+

H
O

2
1.7E

8
-150

0
J
acob

(198
6)

A
9
4
1
0
6
_
a
0
1

T
rA

a
01S

cS
S
O

−4
+

H
C

O
O

H
→

S
O

2−4
+

C
O

2
+

H
+

+
H

O
2

1.7E
8

-1
500

J
acob

(1
986)

A
9
4
1
0
7
_
a
0
1

T
rA

a01S
cS

S
O

−4
+

C
H

3 O
H
→

S
O

2−4
+

H
O

C
H

2 O
2

+
H

+
9.0E

6
-219

0
C

lifton
an

d
H

u
ie

(1989
)

A
9
4
1
0
8
a
_
a
0
1

T
rA

a
01S

cS
S
O

−4
+

C
H

3 O
O

H
→

S
O

2−4
+

C
H

3 O
O

+
H

+
0.25

×
1.20E

7
see

n
o
te ∗

A
9
4
1
0
8
b
_
a
0
1

T
rA

a01S
cS

S
O

−4
+

C
H

3 O
O

H
→

S
O

2−4
+

H
C

H
O

+
H

O
2

+
H

+
0.75

×
1.20E

7
see

n
o
te ∗

A
9
4
1
0
9
_
a
0
1

T
rA

a
01S

cS
S
O

−4
+

H
O

C
H

2 O
H
→

S
O

2−4
+

H
C

O
H

O
H

O
2

+
H

+
1.40E

7
-1

300
B

u
x
to

n
et

al.
(199

0)
A
9
4
1
1
0
_
a
0
1

T
rA

a01S
cS

S
O

−5
+

H
C

O
O

−
→

H
S
O

−5
+

C
O

2
+

O
−2

1.4E
4

-4
000

J
acob

(198
6)

A
9
4
1
1
1
_
a
0
1

T
rA

a
01S

cS
C

H
2 O

H
S
O

−3
+

O
H

−
→

S
O

2−3
+

H
C

H
O

3.6E
3

S
ein

feld
an

d
P

an
d
is

(199
8)

A
9
4
2
0
0
_
a
0
1

T
rA

a01S
cC

S
H

S
O

−3
+

C
H

2 O
O

C
O

O
H
→

S
O

−3
+

H
O

O
C

H
2C

O
2H

5.00E
5

see
n
ote ∗

A
9
4
2
0
1
_
a
0
1

T
rA

a
01S

cC
S

H
S
O

−3
+

C
H

2 O
O

C
O

−2
→

S
O

−3
+

C
H

2 O
O

H
C

O
−2

5.00E
5

see
n
o
te ∗

A
9
4
2
0
2
a
_
a
0
1

T
rA

a01S
cC

S
S
O

−4
+

C
H

3 C
H

2 O
H
→

S
O

2−4
+

C
H

3 C
H

O
+

H
O

2
+

H
+

0.90
×

4.1E
7

-17
50

C
lifto

n
an

d
H

u
ie

(1989
) ∗

A
9
4
2
0
2
b
_
a
0
1

T
rA

a
01S

cC
S

S
O

−4
+

C
H

3 C
H

2 O
H
→

S
O

2−4
+

C
H

2 O
H

C
H

2 O
O

+
H

+
0.10

×
4.1E

7
-1

750
C

lifton
an

d
H

u
ie

(1989
)

143

474 C. Supporting Information: Rosanka et al. (2021a)



T
ab

le
6:

A
q
u
eo

u
s

p
h
as

e
re

ac
ti

on
s

(.
..
co

n
ti

n
u
ed

)

#
la

b
el

s
re

ac
ti

on
k
0

[M
1
−
n
s−

1
]

−
E

a
/R

[K
]

re
fe

re
n
ce

A
9
4
2
0
3
a
_
a
0
1

T
rA

a0
1S

cC
S

S
O

− 4
+

C
H

O
H

O
H

C
H

O
H

O
H

→
S
O

2
−

4
+

C
H

O
H

O
H

C
O

H
O

H
O

2
+

H
+

0.
27
×

2.
40

E
7

G
eo

rg
e

et
al

.
(2

00
1
)

A
9
4
2
0
3
b
_
a
0
1

T
rA

a0
1S

cC
S

S
O

− 4
+

C
H

O
H

O
H

C
H

O
H

O
H

→
S
O

2
−

4
+

H
C

O
H

O
H

O
2

+
H

C
O

O
H

+
H

O
2

+
H

+
0.

73
×

2.
40

E
7

G
eo

rg
e

et
al

.
(2

00
1
)∗

A
9
4
2
0
4
_
a
0
1

T
rA

a0
1S

cC
S

S
O

− 4
+

C
H

3
C

O
O

−
→

S
O

2
−

4
+

C
H

2
O

O
C

O
− 2

+
H

+
5.

10
E

6
H

u
ie

an
d

C
li
ft

on
(1

9
9
0)

A
9
4
2
0
5
_
a
0
1

T
rA

a0
1S

cC
S

S
O

− 4
+

H
O

O
C

C
O

O
−
→

S
O

2
−

4
+

C
2
O

− 4
+

H
+

1.
70

E
6

G
rg

ić
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é-P
eron

n
e,

S
.,

B
ro

q
u
ier,

M
.,

D
elsau

t,
M

.,
D

o
u
in

,
S
.,

F
ellow

s,
C

.
E

.,
H

alv
ick

,
P

.,
L

oison
,

J
.-

C
.,

L
u
cch

ese,
R

.
R

.,
an

d
G

au
yacq

,
D

.:
P

h
o
toly

sis

of
m

eth
an

e
rev

isited
at

121.6
n
m

an
d

at
118.2

n
m

:
q
u
an

tu
m

y
ield

s
of

th
e

p
rim

ary
p
ro

d
u
cts,

m
easu

red
b
y

m
ass

sp
ectrom

etry,
P

h
y
s.

C
h
em

.
C

h
em

.
P

h
y
s.,

13,
8140–8152,

d
oi:10.1039/c0cp

02627a,
2011.

G
an

zeveld
,

L
.,

K
lem

m
,

O
.,

R
ap

p
en

glü
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Table 7: Henry’s law constants

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
O2 1.3E-3 Wilhelm et al. (1977) 1500.
O3 1.03E-2 Burkholder et al. (2015) 2830.
OH 3.0E1 Hanson et al. (1992) 4300.
HO2 3.9E3 Hanson et al. (1992) 5900.
H2O BIG DP see notes 0.
H2O2 1.E5 Lind and Kok (1994) 6338.
NH3 60.2 Burkholder et al. (2015) 4160.
NO 1.9E-3 Schwartz and White (1981) 1480.
NO2 1.2E-2 Burkholder et al. (2015) 2360.
NO3 3.8E-2 Burkholder et al. (2015) 2000. Berdnikov and Bazhin (1970)
N2O5 0.088 Fried et al. (1994) 3600.
HONO 4.9E1 Schwartz and White (1981) 4780.
HNO3 2.45E6/1.5E1 Brimblecombe and Clegg (1989) 8694.
HNO4 1.26E4 Régimbal and Mozurkewich (1997) 6900.
CH3O2 6. Jacob (1986) 5600.
CH3OH 2.20E2 Snider and Dawson (1985) 5200.
CH3OOH 3.0E2 Lind and Kok (1994) 5322.
CO 9.8E-4 Sander (2015) 1300.
CO2 3.4E-2 Sander et al. (2011) 2400.
HCHO 2.53E0 Rosanka et al. (2021) 7100.
HCOOH 8.9E3 Burkholder et al. (2015) 6100.
HOCH2O2 8.0E4 Leriche et al. (2000) 8200.
HOCH2OH 1.015E4 US EPA (2012) 9870.
HOCH2OOH 1.7E6 Sander (2015) 9870.
CH3NO3 2.0E0 Sander (2015) 4740.
C2H5O2 6.0E0 see notes 5600.
C2H5OH 2.0E2 Snider and Dawson (1985) 6630.
C2H5OOH 3.34E2 O’Sullivan et al. (1996) 6000.
CH2CO 1.0E6 Taraborrelli (2020)
CH3CHO 5.91E0 Rosanka et al. (2021) 5890.
CH3CHOHOH 7633.59 US EPA (2012)
CH3CHOHOOH 1.0E6 Taraborrelli (2020)
CH3CO2H 4.1E3 Burkholder et al. (2015) 6200.
CH3CO3 1.0E-1 Sander (2015)
CH3CO3H 8.4E2 O’Sullivan et al. (1996) 5300.
CHOCHOHOH 2583.98 US EPA (2012)
CHOHOHCHOHOH 5.71428E6 US EPA (2012)
CHOHOHCOOH 320513.0 US EPA (2012)
ETHGLY 4.0E6 Bone et al. (1983)
GLYOX 1.19E3 Rosanka et al. (2021) 7480.
HCOCO2H 9.9 Rosanka et al. (2021)
HCOCO3H 2.7E6 Taraborrelli (2020)
HOCH2CHO 2.4E3 Rosanka et al. (2021) 3850.
HOCH2CHOHOH 209205.0 US EPA (2012)
HOCH2CO2H 2.4E4 Burkholder et al. (2015) 4030.
HOCH2CO3H 4.8E4 see notes 6014.
HOOCCOOH 5.0E8 Saxena and Hildemann (1996)
HOOCH2CHO 1.0E6 Taraborrelli (2020)
HOOCH2CHOHOH 209205.0 US EPA (2012)
HOOCH2CO2H 1.5E6 see notes 6014.
HOOCH2CO3H 1.0E6 Taraborrelli (2020)

2
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
HYETHO2H 4.0E6 Taraborrelli (2020)
C2H5NO3 1.6 Sander (2015) 5400.
CH3CN 5.27E1 Sander (2015) 4000.
ETHOHNO3 3.9E4 Taraborrelli (2020)
PAN 2.8 Burkholder et al. (2015) 5730.
PHAN 4.E4 Taraborrelli (2020)
ACETOL 4.7e2 Taraborrelli (2020)
ALCOCH2OOH 1.0E6 Taraborrelli (2020)
C33CO 9.0e3 Taraborrelli (2020)
CH3CHCO 1.0E6 Taraborrelli (2020)
CH3COCH3 27.8 Burkholder et al. (2015) 5530.
CH3COCHOHOH 3533.57 US EPA (2012)
CH3COCO2H 3.14E5 Burkholder et al. (2015) 5090.
CH3COCO3H 9.0e3 Taraborrelli (2020)
HCOCH2CHO 1.0E6 Taraborrelli (2020)
HCOCH2CO2H 6.6E7 Taraborrelli (2020)
HCOCH2CO3H 1.0E6 Taraborrelli (2020)
HCOCOCH2OOH 1.0E6 Taraborrelli (2020)
HOC2H4CO2H 4.2E7 Taraborrelli (2020)
HOC2H4CO3H 1.0E6 Taraborrelli (2020)
HOCH2COCH2OOH 1.0E6 Taraborrelli (2020)
HOCH2COCHO 4.1E5 Taraborrelli (2020)
HYPERACET 4.7E3 Taraborrelli (2020)
HYPROPO2H 9.2E5 Taraborrelli (2020)
IC3H7OOH 1.3E2 Taraborrelli (2020)
IPROPOL 1.3E2 Sander (2015) 7470.
MGLYOX 1.75 Rosanka et al. (2021) 7500.
PROPACID 5.7E3 Khan et al. (1995) 6800. Abraham (1984)
C32OH13CO 9.0e3 Taraborrelli (2020)
C3DIALOOH 9.0e3 Taraborrelli (2020)
HCOCOHCO3H 2.0e6 Taraborrelli (2020)
METACETHO 3.7e3 Taraborrelli (2020) 7500.
C3PAN1 1.0E6 Taraborrelli (2020)
C3PAN2 1.0E6 Taraborrelli (2020)
CH3COCH2O2NO2 1.0E3 Taraborrelli (2020)
NOA 1.0E3 Taraborrelli (2020)
PR2O2HNO3 1.1E4 Taraborrelli (2020)
PROPOLNO3 4.5E3 Taraborrelli (2020)
HCOCOHPAN 3.9e4 Taraborrelli (2020) 8600.
BIACETO2 1.0E6 Taraborrelli (2020)
BIACETOH 1.3E3 Taraborrelli (2020)
BIACETOOH 1.0E6 Taraborrelli (2020)
BUT2OLO 1.0E3 Taraborrelli (2020)
BUT2OLOOH 1.0E6 Taraborrelli (2020)
C312COCO3H 1.0E6 Taraborrelli (2020)
C413COOOH 1.0E6 Taraborrelli (2020)
C44OOH 1.0E6 Taraborrelli (2020)
C4CODIAL 1.0E6 Taraborrelli (2020)
CH3COCHCO 1.0E6 Taraborrelli (2020)
CH3COCOCO2H 4.3E8 Taraborrelli (2020)
CH3COOHCHCHO 1.0E6 Taraborrelli (2020)
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
CHOC3COO2 1.0E6 Taraborrelli (2020)
CO23C3CHO 3.6e5 Taraborrelli (2020)
CO2C3CHO 1.7E3 Taraborrelli (2020)
CO2H3CHO 4.1E5 Taraborrelli (2020)
CO2H3CO2H 1.0E6 Taraborrelli (2020)
CO2H3CO3H 1.E6 Taraborrelli (2020)
HCOCCH3CHOOH 1.0E6 Taraborrelli (2020)
HCOCCH3CO 1.0E6 Taraborrelli (2020)
HMAC 1.7E3 Taraborrelli (2020)
HO12CO3C4 5.E7 Taraborrelli (2020)
HVMK 1.7E3 Taraborrelli (2020)
IBUTALOH 1.0E6 Taraborrelli (2020)
IBUTDIAL 1.7E3 Taraborrelli (2020)
IBUTOLBOOH 1.0E6 Taraborrelli (2020)
IPRHOCO2H 4.2E7 Taraborrelli (2020)
IPRHOCO3H 1.0E6 Taraborrelli (2020)
MACO2H 2.58E3 Khan et al. (1992) 0.
MACO3H 3.4E3 Taraborrelli (2020)
MACR 4.9E0 Ji and Evans (2007) 4300.
MACROH 5.E7 Taraborrelli (2020)
MACROOH 5.E7 Taraborrelli (2020)
MVK 2.6E1 Ji and Evans (2007) 4800.
BZFUCO 9.0e3 Taraborrelli (2020)
BZFUOOH 2.0e6 Taraborrelli (2020)
CO14O3CHO 3.6e5 Taraborrelli (2020)
CO14O3CO2H 9.0e3 Taraborrelli (2020)
CO2C4DIAL 2.0e6 Taraborrelli (2020)
EPXC4DIAL 3.6e5 Taraborrelli (2020)
EPXDLCO2H 9.0e3 Taraborrelli (2020)
EPXDLCO3H 9.0e3 Taraborrelli (2020)
HOCOC4DIAL 3.1e5 Taraborrelli (2020) 5100.
MALANHYOOH 2.0e6 Taraborrelli (2020)
MALDALCO2H 9.0e3 Taraborrelli (2020)
MALDALCO3H 9.0e3 Taraborrelli (2020)
MALDIAL 3.6e5 Taraborrelli (2020)
MALDIALOOH 2.0e6 Taraborrelli (2020)
MALNHYOHCO 2.0e6 Taraborrelli (2020)
MECOACEOOH 3.1e5 Taraborrelli (2020) 5100.
C312COPAN 1.0E6 Taraborrelli (2020)
C4PAN5 1.0E6 Taraborrelli (2020)
MVKNO3 1.0E6 Taraborrelli (2020)
NBZFUOOH 2.4e4 Taraborrelli (2020)
NC4DCO2H 3.9e4 Taraborrelli (2020) 8600.
LBUT1ENOOH 1.0E6 Taraborrelli (2020)
LHMVKABOOH 5.E6 Taraborrelli (2020)
LMEKOOH 1.E3 Taraborrelli (2020)
C1ODC2O2C4OOH 1.0E6 Taraborrelli (2020)
C1ODC2OOHC4OD 1.0E6 Taraborrelli (2020)
C1ODC3O2C4OOH 1.0E6 Taraborrelli (2020)
C1OOHC2OOHC4OD 1.0E6 Taraborrelli (2020)
C4MDIAL 1.0E6 Taraborrelli (2020)
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
C511OOH 1.0E6 Taraborrelli (2020)
C512OOH 1.0E6 Taraborrelli (2020)
C513CO 1.0E6 Taraborrelli (2020)
C513OOH 1.0E6 Taraborrelli (2020)
C514OOH 1.0E6 Taraborrelli (2020)
C59OOH 3.E11 Taraborrelli (2020)
CHOC3COOOH 1.0E6 Taraborrelli (2020)
CO13C4CHO 1.0E6 Taraborrelli (2020)
CO23C4CHO 1.0E6 Taraborrelli (2020)
CO23C4CO3H 1.0E6 Taraborrelli (2020)
DB1OOH 1.0E6 Taraborrelli (2020)
DB2OOH 1.0E6 Taraborrelli (2020)
ISOPAOH 4.E6 Taraborrelli (2020)
ISOPBOH 3.E6 Taraborrelli (2020)
ISOPBOOH 3.E6 Taraborrelli (2020)
ISOPDOH 3.E6 Taraborrelli (2020)
ISOPDOOH 3.E6 Taraborrelli (2020)
MBO 1.0E6 Taraborrelli (2020)
MBOACO 1.0E6 Taraborrelli (2020)
MBOCOCO 1.0E6 Taraborrelli (2020)
ME3FURAN 1.0E6 Taraborrelli (2020)
ACCOMECHO 3.7e3 Taraborrelli (2020) 7500.
ACCOMECO3H 3.1e5 Taraborrelli (2020) 5100.
C24O3CCO2H 3.1e5 Taraborrelli (2020) 5100.
C4CO2DBCO3 9.0e3 Taraborrelli (2020)
C4CO2DCO3H 2.0e6 Taraborrelli (2020)
C5134CO2OH 3.1e5 Taraborrelli (2020) 5100.
C54CO 3.6e5 Taraborrelli (2020)
C5CO14OH 2.2e3 Taraborrelli (2020) 6583.
C5CO14OOH 3.1e5 Taraborrelli (2020) 5100.
C5DIALCO 9.0e3 Taraborrelli (2020)
C5DIALOOH 3.6e5 Taraborrelli (2020)
C5DICARB 3.7e3 Taraborrelli (2020) 7500.
C5DICAROOH 2.0e6 Taraborrelli (2020)
MC3ODBCO2H 2.2e3 Taraborrelli (2020) 6583.
MMALNHYOOH 2.0e6 Taraborrelli (2020)
TLFUOOH 2.0e6 Taraborrelli (2020)
C4MCONO3OH 1.0E6 Taraborrelli (2020)
C514NO3 1.0E6 Taraborrelli (2020)
C5PAN9 1.0E6 Taraborrelli (2020)
CHOC3COPAN 1.0E6 Taraborrelli (2020)
DB1NO3 1.0E4 Taraborrelli (2020)
ISOPBNO3 8.9E3 Taraborrelli (2020)
ISOPDNO3 8.9E3 Taraborrelli (2020)
NC4OHCO3H 1.0E6 Taraborrelli (2020)
NC4OHCPAN 1.0E6 Taraborrelli (2020)
NISOPOOH 2.E4 Taraborrelli (2020)
NMBOBCO 1.0E6 Taraborrelli (2020)
C4CO2DBPAN 3.9e4 Taraborrelli (2020) 8600.
NC4MDCO2H 9.0e3 Taraborrelli (2020)
NTLFUOOH 9.0e3 Taraborrelli (2020)
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
LC578OOH 3.E11 Taraborrelli (2020)
LHC4ACCHO 4.E5 Taraborrelli (2020)
LHC4ACCO2H 6.6E7 Taraborrelli (2020)
LHC4ACCO3H 2.2E5 Taraborrelli (2020)
LIEPOX 1.0E6 Taraborrelli (2020)
LISOPACOOH 4.E6 Taraborrelli (2020)
LMBOABOOH 1.0E6 Taraborrelli (2020)
LZCO3HC23DBCOD 1.0E6 Taraborrelli (2020)
LC5PAN1719 6.E4 Taraborrelli (2020)
LISOPACNO3 2.E4 Taraborrelli (2020)
LMBOABNO3 1.0E6 Taraborrelli (2020)
LNMBOABOOH 1.0E6 Taraborrelli (2020)
C614CO 1.0E6 Taraborrelli (2020)
C614OOH 1.0E6 Taraborrelli (2020)
CO235C5CHO 1.0E6 Taraborrelli (2020)
CO235C6OOH 1.0E6 Taraborrelli (2020)
BZBIPEROOH 2.0e6 Taraborrelli (2020)
BZEMUCCO 9.0e3 Taraborrelli (2020)
BZEMUCCO2H 9.0e3 Taraborrelli (2020)
BZEMUCCO3H 9.0e3 Taraborrelli (2020)
BZEMUCOOH 2.0e6 Taraborrelli (2020)
BZEPOXMUC 3.6e5 Taraborrelli (2020)
BZOBIPEROH 9.0e3 Taraborrelli (2020)
C5CO2DCO3H 2.0e6 Taraborrelli (2020)
C5COOHCO3H 2.0e6 Taraborrelli (2020)
C6125CO 3.7e3 Taraborrelli (2020) 7500.
C615CO2OOH 3.1e5 Taraborrelli (2020) 5100.
C6CO4DB 2.0e6 Taraborrelli (2020)
C6H5O 2.9e3 Taraborrelli (2020) 6800.
C6H5OOH 2.9e3 Taraborrelli (2020) 6800.
CATEC1O 4.6e3 Taraborrelli (2020)
CATEC1OOH 4.6e3 Taraborrelli (2020)
CATECHOL 4.6e3 Taraborrelli (2020)
PBZQCO 4.6e3 Taraborrelli (2020)
PBZQOOH 2.0e6 Taraborrelli (2020)
PHENOL 2.9e3 Taraborrelli (2020) 6800.
PHENOOH 2.0e6 Taraborrelli (2020)
C614NO3 1.0E6 Taraborrelli (2020)
BZBIPERNO3 2.9e3 Taraborrelli (2020) 6800.
BZEMUCNO3 3.9e4 Taraborrelli (2020) 8600.
C5CO2DBPAN 3.7e3 Taraborrelli (2020) 7500.
C5CO2OHPAN 3.9e4 Taraborrelli (2020) 8600.
DNPHEN 2.3e3 Taraborrelli (2020)
DNPHENOOH 2.3e3 Taraborrelli (2020)
NBZQOOH 2.4e4 Taraborrelli (2020)
NCATECHOL 4.6e3 Taraborrelli (2020)
NCATECOOH 2.0e6 Taraborrelli (2020)
NDNPHENOOH 2.3e3 Taraborrelli (2020)
NNCATECOOH 2.3e3 Taraborrelli (2020)
NPHENOOH 4.6e3 Taraborrelli (2020)
C235C6CO3H 1.0E6 Taraborrelli (2020)
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
C716OOH 1.0E6 Taraborrelli (2020)
C721OOH 1.0E6 Taraborrelli (2020)
C722OOH 1.0E6 Taraborrelli (2020)
CO235C6CHO 1.0E6 Taraborrelli (2020)
C6COOHCO3H 2.0e6 Taraborrelli (2020)
C6H5CH2OOH 2.9e3 Taraborrelli (2020) 6800.
C6H5CO3H 2.4e4 Taraborrelli (2020)
C7CO4DB 3.7e3 Taraborrelli (2020) 7500.
CRESOL 2.9e3 Taraborrelli (2020) 6800.
CRESOOH 2.0e6 Taraborrelli (2020)
MCATEC1O 2.0e6 Taraborrelli (2020)
MCATEC1OOH 4.6e3 Taraborrelli (2020)
MCATECHOL 4.6e3 Taraborrelli (2020)
OXYL1OOH 2.9e3 Taraborrelli (2020) 6800.
PHCOOH 1.4E4 Goldstein (1982) 6500.
TLBIPEROOH 2.0e6 Taraborrelli (2020)
TLEMUCCO 3.1e5 Taraborrelli (2020) 5100.
TLEMUCCO2H 2.2e3 Taraborrelli (2020) 6583.
TLEMUCCO3H 2.2e3 Taraborrelli (2020) 6583.
TLEMUCOOH 2.0e6 Taraborrelli (2020)
TLOBIPEROH 3.9e4 Taraborrelli (2020) 8600.
TOL1O 2.9e3 Taraborrelli (2020) 6800.
C7PAN3 1.0E6 Taraborrelli (2020)
C6CO2OHPAN 3.9e4 Taraborrelli (2020) 8600.
DNCRES 2.3e3 Taraborrelli (2020)
DNCRESOOH 2.3e3 Taraborrelli (2020)
MNCATECH 4.6e3 Taraborrelli (2020)
MNCATECOOH 2.0e6 Taraborrelli (2020)
MNNCATCOOH 2.3e3 Taraborrelli (2020)
NCRESOOH 4.6e3 Taraborrelli (2020)
NDNCRESOOH 2.3e3 Taraborrelli (2020)
TLEMUCNO3 3.9e4 Taraborrelli (2020) 8600.
C721CHO 1.0E6 Taraborrelli (2020)
C721CO3H 1.0E6 Taraborrelli (2020)
C810OOH 1.0E6 Taraborrelli (2020)
C812OOH 1.0E6 Taraborrelli (2020)
C813OOH 1.0E6 Taraborrelli (2020)
C85OOH 1.0E6 Taraborrelli (2020)
C86OOH 1.0E6 Taraborrelli (2020)
C89OOH 1.0E6 Taraborrelli (2020)
C8BC 1.0E6 Taraborrelli (2020)
C8BCCO 1.0E6 Taraborrelli (2020)
C8BCOOH 1.0E6 Taraborrelli (2020)
NORPINIC 4.E13 Taraborrelli (2020)
STYRENOOH 2.4e4 Taraborrelli (2020)
C721PAN 1.0E6 Taraborrelli (2020)
C810NO3 1.0E6 Taraborrelli (2020)
C89NO3 1.0E6 Taraborrelli (2020)
C8BCNO3 1.0E6 Taraborrelli (2020)
C811CO3H 1.0E6 Taraborrelli (2020)
C85CO3H 1.0E6 Taraborrelli (2020)
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
C89CO2H 6.6E7 Taraborrelli (2020)
C89CO3H 1.0E6 Taraborrelli (2020)
C96OOH 1.0E6 Taraborrelli (2020)
C97OOH 1.0E6 Taraborrelli (2020)
C98OOH 1.0E6 Taraborrelli (2020)
NOPINDCO 1.0E6 Taraborrelli (2020)
NOPINDOOH 1.0E6 Taraborrelli (2020)
NOPINONE 1.0E6 Taraborrelli (2020)
NOPINOO 1.0E6 Taraborrelli (2020)
NORPINAL 1.0E6 Taraborrelli (2020)
NORPINENOL 1.0E6 Taraborrelli (2020)
PINIC 4.E13 Taraborrelli (2020)
C811PAN 1.0E6 Taraborrelli (2020)
C89PAN 1.0E6 Taraborrelli (2020)
C96NO3 1.0E6 Taraborrelli (2020)
C9PAN2 1.0E6 Taraborrelli (2020)
BPINAOOH 1.0E6 Taraborrelli (2020)
C106OOH 1.0E6 Taraborrelli (2020)
C109CO 1.0E6 Taraborrelli (2020)
C109OOH 1.0E6 Taraborrelli (2020)
MENTHEN6ONE 1.0E6 Taraborrelli (2020)
OH2MENTHEN6ONE 1.0E6 Taraborrelli (2020)
PERPINONIC 7.4E5 Taraborrelli (2020)
PINAL 1.0E6 Taraborrelli (2020)
PINALOOH 1.0E6 Taraborrelli (2020)
PINENOL 1.0E6 Taraborrelli (2020)
PINONIC 7.4E5 Taraborrelli (2020)
BPINANO3 1.0E6 Taraborrelli (2020)
C106NO3 1.0E6 Taraborrelli (2020)
C10PAN2 1.0E6 Taraborrelli (2020)
PINALNO3 1.0E6 Taraborrelli (2020)
RO6R1NO3 1.0E6 Taraborrelli (2020)
ROO6R1NO3 1.0E6 Taraborrelli (2020)
LAPINABNO3 1.0E6 Taraborrelli (2020)
LAPINABOOH 1.0E6 Taraborrelli (2020)
LNAPINABOOH 1.0E6 Taraborrelli (2020)
LNBPINABOOH 1.0E6 Taraborrelli (2020)
Cl2 9.3E-2 Sander et al. (2011) 2000.
ClNO3 BIG DP see notes 0.
HCl 2./1.7 Brimblecombe and Clegg (1989) 9000.
HOCl 6.6E2 Burkholder et al. (2015) 5880.
Br2 7.25E-1 Burkholder et al. (2015) 4390.
BrCl 9.4E-1 Bartlett and Margerum (1999) 5600.
BrNO3 BIG DP see notes 0.
HBr 1.3 Brimblecombe and Clegg (1989) 10000.
HOBr 1.3E3 Blatchley et al. (1992) 5862.
HI BIG DP see notes 0.
HIO3 BIG DP see notes 0.
HOI 4.5E2 Chatfield and Crutzen (1990) 5862.
I2 3. Palmer et al. (1985) 4431.
I2O2 BIG DP see notes 0.
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Table 7: Henry’s law constants (continued. . . )

KPP name

H	

[M/atm] Reference

d lnH	

d(1/T )

[K] Reference
IBr 2.4E1 see notes 5600.
ICl 1.1E2 see notes 5600.
INO2 BIG DP see notes 0.
INO3 BIG DP see notes 0.
IO 4.5E2 see notes 5862.
OIO BIG DP see notes 0.
CH3SO3H BIG DP see notes 0.
DMS 5.4E-1 Burkholder et al. (2015) 3460.
DMSO 9.5E4 Watts and Brimblecombe (1987) 1300.
H2SO4 1.E11 see notes 0.
SO2 1.3 Burkholder et al. (2015) 2900.
Hg 0.13 Andersson et al. (2008) 2700.
HgO 3.2E6 Shon et al. (2005) 0.
HgCl 2.4E7 see notes 0.
HgCl2 2.4E7 Shon et al. (2005) 0.
HgBr 2.4E7 see notes 0.
HgBr2 2.4E7 see notes 0.
ClHgBr 2.4E7 see notes 0.
BrHgOBr 2.4E7 see notes 0.
ClHgOBr 2.4E7 see notes 0.
OXL 3.2E6 Brimblecombe et al. (1992) 7285.

9

505



Table 8: Accommodation coefficients

KPP name α	 Reference α-T-dep Reference
O1D 0.1 see notes 0.
O3P 0.1 see notes 0.
O2 0.01 see notes 2000.
O3 0.002 DeMore et al. (1997) 0.
H 0.1 see notes 0.
H2 0.1 see notes 0.
OH 0.01 Takami et al. (1998) 0.
HO2 0.5 Thornton and Abbatt (2005) 0.
H2O 0.0 see notes 0.
H2O2 0.077 Worsnop et al. (1989) 3127.
H2OH2O 0.1 see notes 0.
N 0.1 see notes 0.
N2D 0.1 see notes 0.
N2 0.1 see notes 0.
NH3 0.06 DeMore et al. (1997) 0.
N2O 0.1 see notes 0.
NO 5.0E-5 Saastad et al. (1993) 0.
NO2 0.0015 Ponche et al. (1993) 0.
NO3 0.04 Rudich et al. (1996) 0.
N2O5 0.1 see notes 0.
HONO 0.04 DeMore et al. (1997) 0.
HOONO 0.1 see notes 0.
HNO3 0.5 Abbatt and Waschewsky (1998) 0.
HNO4 0.1 see notes 0.
NH2 0.1 see notes 0.
HNO 0.1 see notes 0.
NHOH 0.1 see notes 0.
NH2O 0.1 see notes 0.
NH2OH 0.1 see notes 0.
LNITROGEN 0.1 see notes 0.
CH2OO 0.1 see notes 0.
CH2OOA 0.1 see notes 0.
CH3 0.1 see notes 0.
CH3O 0.1 see notes 0.
CH3O2 0.01 see notes 2000.
CH3OH 0.1 see notes 0.
CH3OOH 0.0046 Magi et al. (1997) 3273.
CH4 0.1 see notes 0.
CO 0.1 see notes 0.
CO2 0.01 see notes 2000.
HCHO 0.04 DeMore et al. (1997) 0.
HCOOH 0.014 DeMore et al. (1997) 3978.
HOCH2O2 0.1 see notes 0.
HOCH2OH 0.1 see notes 0.
HOCH2OOH 0.1 see notes 0.
CH3NO3 0.1 see notes 0.
CH3O2NO2 0.1 see notes 0.
CH3ONO 0.1 see notes 0.
CN 0.1 see notes 0.
HCN 0.1 see notes 0.
HOCH2O2NO2 0.1 see notes 0.
NCO 0.1 see notes 0.
LCARBON 0.1 see notes 0.
C2H2 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
C2H4 0.1 see notes 0.
C2H5O2 0.1 see notes 0.
C2H5OH 9.E-3 0.
C2H5OOH 0.1 see notes 0.
C2H6 0.1 see notes 0.
CH2CHOH 0.1 see notes 0.
CH2CO 0.1 see notes 0.
CH3CHO 3.0E-2 see notes 0.
CH3CHOHO2 0.1 see notes 0.
CH3CHOHOH 0.1 see notes 0.
CH3CHOHOOH 0.1 see notes 0.
CH3CO 0.1 see notes 0.
CH3CO2H 2.0E-2 Davidovits et al. (1995) 4079.
CH3CO3 0.1 see notes 0.
CH3CO3H 0.1 see notes 0.
CHOCHOHOH 0.1 see notes 0.
CHOHOHCHOHOH 0.1 see notes 0.
CHOHOHCOOH 0.1 see notes 0.
ETHGLY 0.1 see notes 0.
GLYOX 0.1 see notes 0.
HCOCH2O2 0.1 see notes 0.
HCOCO 0.1 see notes 0.
HCOCO2H 0.1 see notes 0.
HCOCO3 0.1 see notes 0.
HCOCO3H 0.1 see notes 0.
HOCH2CH2O 0.1 see notes 0.
HOCH2CH2O2 0.1 see notes 0.
HOCH2CHO 0.1 see notes 0.
HOCH2CHOHOH 0.1 see notes 0.
HOCH2CO 0.1 see notes 0.
HOCH2CO2H 0.1 see notes 0.
HOCH2CO3 0.1 see notes 0.
HOCH2CO3H 0.1 see notes 0.
HOCHCHO 0.1 see notes 0.
HOOCCOOH 0.1 see notes 0.
HOOCH2CHO 0.1 see notes 0.
HOOCH2CHOHOH 0.1 see notes 0.
HOOCH2CO2H 0.1 see notes 0.
HOOCH2CO3 0.1 see notes 0.
HOOCH2CO3H 0.1 see notes 0.
HYETHO2H 0.1 see notes 0.
C2H5NO3 0.1 see notes 0.
C2H5O2NO2 0.1 see notes 0.
CH3CN 0.1 see notes 0.
ETHOHNO3 0.1 see notes 0.
NCCH2O2 0.1 see notes 0.
NO3CH2CHO 0.1 see notes 0.
NO3CH2CO3 0.1 see notes 0.
NO3CH2PAN 0.1 see notes 0.
PAN 0.1 see notes 0.
PHAN 0.1 see notes 0.
ACETOL 0.1 see notes 0.
ALCOCH2OOH 0.1 see notes 0.
C2H5CHO 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
C2H5CO3 0.1 see notes 0.
C33CO 0.1 see notes 0.
C3H6 0.1 see notes 0.
C3H8 0.1 see notes 0.
CH3CHCO 0.1 see notes 0.
CH3COCH2O2 0.1 see notes 0.
CH3COCH3 3.72E-3 Davidovits et al. (1995) 6395.
CH3COCHOHOH 0.1 see notes 0.
CH3COCO2H 0.1 see notes 0.
CH3COCO3 0.1 see notes 0.
CH3COCO3H 0.1 see notes 0.
CHOCOCH2O2 0.1 see notes 0.
HCOCH2CHO 0.1 see notes 0.
HCOCH2CO2H 0.1 see notes 0.
HCOCH2CO3 0.1 see notes 0.
HCOCH2CO3H 0.1 see notes 0.
HCOCOCH2OOH 0.1 see notes 0.
HOC2H4CO2H 0.1 see notes 0.
HOC2H4CO3 0.1 see notes 0.
HOC2H4CO3H 0.1 see notes 0.
HOCH2COCH2O2 0.1 see notes 0.
HOCH2COCH2OOH 0.1 see notes 0.
HOCH2COCHO 0.1 see notes 0.
HYPERACET 0.1 see notes 0.
HYPROPO2 0.1 see notes 0.
HYPROPO2H 0.1 see notes 0.
IC3H7O2 0.1 see notes 0.
IC3H7OOH 0.1 see notes 0.
IPROPOL 0.1 see notes 0.
MGLYOX 0.1 see notes 0.
NC3H7O2 0.1 see notes 0.
NC3H7OOH 0.1 see notes 0.
NPROPOL 0.1 see notes 0.
PERPROACID 0.1 see notes 0.
PROPACID 0.1 see notes 0.
PROPENOL 0.1 see notes 0.
C32OH13CO 0.1 see notes 0.
C3DIALO2 0.1 see notes 0.
C3DIALOOH 0.1 see notes 0.
HCOCOHCO3 0.1 see notes 0.
HCOCOHCO3H 0.1 see notes 0.
METACETHO 0.1 see notes 0.
C3PAN1 0.1 see notes 0.
C3PAN2 0.1 see notes 0.
CH3COCH2O2NO2 0.1 see notes 0.
IC3H7NO3 0.1 see notes 0.
NC3H7NO3 0.1 see notes 0.
NOA 0.1 see notes 0.
PPN 0.1 see notes 0.
PR2O2HNO3 0.1 see notes 0.
PRONO3BO2 0.1 see notes 0.
PROPOLNO3 0.1 see notes 0.
HCOCOHPAN 0.1 see notes 0.
BIACET 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
BIACETO2 0.1 see notes 0.
BIACETOH 0.1 see notes 0.
BIACETOOH 0.1 see notes 0.
BUT1ENE 0.1 see notes 0.
BUT2OLO 0.1 see notes 0.
BUT2OLO2 0.1 see notes 0.
BUT2OLOOH 0.1 see notes 0.
BUTENOL 0.1 see notes 0.
C312COCO3 0.1 see notes 0.
C312COCO3H 0.1 see notes 0.
C3H7CHO 0.1 see notes 0.
C413COOOH 0.1 see notes 0.
C44O2 0.1 see notes 0.
C44OOH 0.1 see notes 0.
C4CODIAL 0.1 see notes 0.
CBUT2ENE 0.1 see notes 0.
CH3COCHCO 0.1 see notes 0.
CH3COCHO2CHO 0.1 see notes 0.
CH3COCOCO2H 0.1 see notes 0.
CH3COOHCHCHO 0.1 see notes 0.
CHOC3COO2 0.1 see notes 0.
CO23C3CHO 0.1 see notes 0.
CO2C3CHO 0.1 see notes 0.
CO2H3CHO 0.1 see notes 0.
CO2H3CO2H 0.1 see notes 0.
CO2H3CO3 0.1 see notes 0.
CO2H3CO3H 0.1 see notes 0.
EZCH3CO2CHCHO 0.1 see notes 0.
EZCHOCCH3CHO2 0.1 see notes 0.
HCOCCH3CHOOH 0.1 see notes 0.
HCOCCH3CO 0.1 see notes 0.
HCOCO2CH3CHO 0.1 see notes 0.
HMAC 0.1 see notes 0.
HO12CO3C4 0.1 see notes 0.
HVMK 0.1 see notes 0.
IBUTALOH 0.1 see notes 0.
IBUTDIAL 0.1 see notes 0.
IBUTOLBO2 0.1 see notes 0.
IBUTOLBOOH 0.1 see notes 0.
IC4H10 0.1 see notes 0.
IC4H9O2 0.1 see notes 0.
IC4H9OOH 0.1 see notes 0.
IPRCHO 0.1 see notes 0.
IPRCO3 0.1 see notes 0.
IPRHOCO2H 0.1 see notes 0.
IPRHOCO3 0.1 see notes 0.
IPRHOCO3H 0.1 see notes 0.
MACO2 0.1 see notes 0.
MACO2H 0.1 see notes 0.
MACO3 0.1 see notes 0.
MACO3H 0.1 see notes 0.
MACR 0.1 see notes 0.
MACRO 0.1 see notes 0.
MACRO2 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
MACROH 0.1 see notes 0.
MACROOH 0.1 see notes 0.
MBOOO 0.1 see notes 0.
MEK 0.1 see notes 0.
MEPROPENE 0.1 see notes 0.
MPROPENOL 0.1 see notes 0.
MVK 0.1 see notes 0.
NC4H10 0.1 see notes 0.
PERIBUACID 0.1 see notes 0.
TBUT2ENE 0.1 see notes 0.
TC4H9O2 0.1 see notes 0.
TC4H9OOH 0.1 see notes 0.
BZFUCO 0.1 see notes 0.
BZFUO2 0.1 see notes 0.
BZFUONE 0.1 see notes 0.
BZFUOOH 0.1 see notes 0.
CO14O3CHO 0.1 see notes 0.
CO14O3CO2H 0.1 see notes 0.
CO2C4DIAL 0.1 see notes 0.
EPXC4DIAL 0.1 see notes 0.
EPXDLCO2H 0.1 see notes 0.
EPXDLCO3 0.1 see notes 0.
EPXDLCO3H 0.1 see notes 0.
HOCOC4DIAL 0.1 see notes 0.
MALANHY 0.1 see notes 0.
MALANHYO2 0.1 see notes 0.
MALANHYOOH 0.1 see notes 0.
MALDALCO2H 0.1 see notes 0.
MALDALCO3H 0.1 see notes 0.
MALDIAL 0.1 see notes 0.
MALDIALCO3 0.1 see notes 0.
MALDIALO2 0.1 see notes 0.
MALDIALOOH 0.1 see notes 0.
MALNHYOHCO 0.1 see notes 0.
MECOACEOOH 0.1 see notes 0.
MECOACETO2 0.1 see notes 0.
BUT2OLNO3 0.1 see notes 0.
C312COPAN 0.1 see notes 0.
C4PAN5 0.1 see notes 0.
IBUTOLBNO3 0.1 see notes 0.
IC4H9NO3 0.1 see notes 0.
MACRNO3 0.1 see notes 0.
MPAN 0.1 see notes 0.
MVKNO3 0.1 see notes 0.
PIPN 0.1 see notes 0.
TC4H9NO3 0.1 see notes 0.
EPXDLPAN 0.1 see notes 0.
MALDIALPAN 0.1 see notes 0.
NBZFUO2 0.1 see notes 0.
NBZFUONE 0.1 see notes 0.
NBZFUOOH 0.1 see notes 0.
NC4DCO2H 0.1 see notes 0.
LBUT1ENO2 0.1 see notes 0.
LBUT1ENOOH 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
LC4H9O2 0.1 see notes 0.
LC4H9OOH 0.1 see notes 0.
LHMVKABO2 0.1 see notes 0.
LHMVKABOOH 0.1 see notes 0.
LMEKO2 0.1 see notes 0.
LMEKOOH 0.1 see notes 0.
LBUT1ENNO3 0.1 see notes 0.
LC4H9NO3 0.1 see notes 0.
LMEKNO3 0.1 see notes 0.
C1ODC2O2C4OD 0.1 see notes 0.
C1ODC2O2C4OOH 0.1 see notes 0.
C1ODC2OOHC4OD 0.1 see notes 0.
C1ODC3O2C4OOH 0.1 see notes 0.
C1OOHC2O2C4OD 0.1 see notes 0.
C1OOHC2OOHC4OD 0.1 see notes 0.
C1OOHC3O2C4OD 0.1 see notes 0.
C4MDIAL 0.1 see notes 0.
C511O2 0.1 see notes 0.
C511OOH 0.1 see notes 0.
C512O2 0.1 see notes 0.
C512OOH 0.1 see notes 0.
C513CO 0.1 see notes 0.
C513O2 0.1 see notes 0.
C513OOH 0.1 see notes 0.
C514O2 0.1 see notes 0.
C514OOH 0.1 see notes 0.
C59O2 0.1 see notes 0.
C59OOH 0.1 see notes 0.
C5H8 0.1 see notes 0.
CHOC3COCO3 0.1 see notes 0.
CHOC3COOOH 0.1 see notes 0.
CO13C4CHO 0.1 see notes 0.
CO23C4CHO 0.1 see notes 0.
CO23C4CO3 0.1 see notes 0.
CO23C4CO3H 0.1 see notes 0.
DB1O 0.1 see notes 0.
DB1O2 0.1 see notes 0.
DB1OOH 0.1 see notes 0.
DB2O2 0.1 see notes 0.
DB2OOH 0.1 see notes 0.
HCOC5 0.1 see notes 0.
ISOPAOH 0.1 see notes 0.
ISOPBO2 0.1 see notes 0.
ISOPBOH 0.1 see notes 0.
ISOPBOOH 0.1 see notes 0.
ISOPDO2 0.1 see notes 0.
ISOPDOH 0.1 see notes 0.
ISOPDOOH 0.1 see notes 0.
MBO 0.1 see notes 0.
MBOACO 0.1 see notes 0.
MBOCOCO 0.1 see notes 0.
ME3FURAN 0.1 see notes 0.
ACCOMECHO 0.1 see notes 0.
ACCOMECO3 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
ACCOMECO3H 0.1 see notes 0.
C24O3CCO2H 0.1 see notes 0.
C4CO2DBCO3 0.1 see notes 0.
C4CO2DCO3H 0.1 see notes 0.
C5134CO2OH 0.1 see notes 0.
C54CO 0.1 see notes 0.
C5CO14O2 0.1 see notes 0.
C5CO14OH 0.1 see notes 0.
C5CO14OOH 0.1 see notes 0.
C5DIALCO 0.1 see notes 0.
C5DIALO2 0.1 see notes 0.
C5DIALOOH 0.1 see notes 0.
C5DICARB 0.1 see notes 0.
C5DICARBO2 0.1 see notes 0.
C5DICAROOH 0.1 see notes 0.
MC3ODBCO2H 0.1 see notes 0.
MMALANHY 0.1 see notes 0.
MMALANHYO2 0.1 see notes 0.
MMALNHYOOH 0.1 see notes 0.
TLFUO2 0.1 see notes 0.
TLFUONE 0.1 see notes 0.
TLFUOOH 0.1 see notes 0.
C4MCONO3OH 0.1 see notes 0.
C514NO3 0.1 see notes 0.
C5PAN9 0.1 see notes 0.
CHOC3COPAN 0.1 see notes 0.
DB1NO3 0.1 see notes 0.
ISOPBDNO3O2 0.1 see notes 0.
ISOPBNO3 0.1 see notes 0.
ISOPDNO3 0.1 see notes 0.
NC4CHO 0.1 see notes 0.
NC4OHCO3 0.1 see notes 0.
NC4OHCO3H 0.1 see notes 0.
NC4OHCPAN 0.1 see notes 0.
NISOPO2 0.1 see notes 0.
NISOPOOH 0.1 see notes 0.
NMBOBCO 0.1 see notes 0.
ACCOMEPAN 0.1 see notes 0.
C4CO2DBPAN 0.1 see notes 0.
C5COO2NO2 0.1 see notes 0.
NC4MDCO2H 0.1 see notes 0.
NTLFUO2 0.1 see notes 0.
NTLFUOOH 0.1 see notes 0.
LC578O2 0.1 see notes 0.
LC578OOH 0.1 see notes 0.
LDISOPACO 0.1 see notes 0.
LDISOPACO2 0.1 see notes 0.
LHC4ACCHO 0.1 see notes 0.
LHC4ACCO2H 0.1 see notes 0.
LHC4ACCO3 0.1 see notes 0.
LHC4ACCO3H 0.1 see notes 0.
LIEPOX 0.1 see notes 0.
LISOPAB 0.1 see notes 0.
LISOPACO 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
LISOPACO2 0.1 see notes 0.
LISOPACOOH 0.1 see notes 0.
LISOPCD 0.1 see notes 0.
LISOPEFO 0.1 see notes 0.
LISOPEFO2 0.1 see notes 0.
LMBOABO2 0.1 see notes 0.
LMBOABOOH 0.1 see notes 0.
LME3FURANO2 0.1 see notes 0.
LZCO3C23DBCOD 0.1 see notes 0.
LZCO3HC23DBCOD 0.1 see notes 0.
LZCODC23DBCOOH 0.1 see notes 0.
LC5PAN1719 0.1 see notes 0.
LISOPACNO3 0.1 see notes 0.
LISOPACNO3O2 0.1 see notes 0.
LMBOABNO3 0.1 see notes 0.
LNISO3 0.1 see notes 0.
LNISOOH 0.1 see notes 0.
LNMBOABO2 0.1 see notes 0.
LNMBOABOOH 0.1 see notes 0.
LZCPANC23DBCOD 0.1 see notes 0.
C614CO 0.1 see notes 0.
C614O2 0.1 see notes 0.
C614OOH 0.1 see notes 0.
CO235C5CHO 0.1 see notes 0.
CO235C6O2 0.1 see notes 0.
CO235C6OOH 0.1 see notes 0.
BENZENE 0.1 see notes 0.
BZBIPERO2 0.1 see notes 0.
BZBIPEROOH 0.1 see notes 0.
BZEMUCCO 0.1 see notes 0.
BZEMUCCO2H 0.1 see notes 0.
BZEMUCCO3 0.1 see notes 0.
BZEMUCCO3H 0.1 see notes 0.
BZEMUCO2 0.1 see notes 0.
BZEMUCOOH 0.1 see notes 0.
BZEPOXMUC 0.1 see notes 0.
BZOBIPEROH 0.1 see notes 0.
C5CO2DBCO3 0.1 see notes 0.
C5CO2DCO3H 0.1 see notes 0.
C5CO2OHCO3 0.1 see notes 0.
C5COOHCO3H 0.1 see notes 0.
C6125CO 0.1 see notes 0.
C615CO2O2 0.1 see notes 0.
C615CO2OOH 0.1 see notes 0.
C6CO4DB 0.1 see notes 0.
C6H5O 0.1 see notes 0.
C6H5O2 0.1 see notes 0.
C6H5OOH 0.1 see notes 0.
CATEC1O 0.1 see notes 0.
CATEC1O2 0.1 see notes 0.
CATEC1OOH 0.1 see notes 0.
CATECHOL 0.1 see notes 0.
CPDKETENE 0.1 see notes 0.
PBZQCO 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
PBZQO2 0.1 see notes 0.
PBZQONE 0.1 see notes 0.
PBZQOOH 0.1 see notes 0.
PHENO2 0.1 see notes 0.
PHENOL 0.1 see notes 0.
PHENOOH 0.1 see notes 0.
C614NO3 0.1 see notes 0.
BZBIPERNO3 0.1 see notes 0.
BZEMUCNO3 0.1 see notes 0.
BZEMUCPAN 0.1 see notes 0.
C5CO2DBPAN 0.1 see notes 0.
C5CO2OHPAN 0.1 see notes 0.
DNPHEN 0.1 see notes 0.
DNPHENO2 0.1 see notes 0.
DNPHENOOH 0.1 see notes 0.
HOC6H4NO2 0.1 see notes 0.
NBZQO2 0.1 see notes 0.
NBZQOOH 0.1 see notes 0.
NCATECHOL 0.1 see notes 0.
NCATECO2 0.1 see notes 0.
NCATECOOH 0.1 see notes 0.
NCPDKETENE 0.1 see notes 0.
NDNPHENO2 0.1 see notes 0.
NDNPHENOOH 0.1 see notes 0.
NNCATECO2 0.1 see notes 0.
NNCATECOOH 0.1 see notes 0.
NPHEN1O 0.1 see notes 0.
NPHEN1O2 0.1 see notes 0.
NPHEN1OOH 0.1 see notes 0.
NPHENO2 0.1 see notes 0.
NPHENOOH 0.1 see notes 0.
C235C6CO3H 0.1 see notes 0.
C716O2 0.1 see notes 0.
C716OOH 0.1 see notes 0.
C721O2 0.1 see notes 0.
C721OOH 0.1 see notes 0.
C722O2 0.1 see notes 0.
C722OOH 0.1 see notes 0.
CO235C6CHO 0.1 see notes 0.
CO235C6CO3 0.1 see notes 0.
MCPDKETENE 0.1 see notes 0.
ROO6R3O 0.1 see notes 0.
ROO6R3O2 0.1 see notes 0.
ROO6R5O2 0.1 see notes 0.
BENZAL 0.1 see notes 0.
C6CO2OHCO3 0.1 see notes 0.
C6COOHCO3H 0.1 see notes 0.
C6H5CH2O2 0.1 see notes 0.
C6H5CH2OOH 0.1 see notes 0.
C6H5CO3 0.1 see notes 0.
C6H5CO3H 0.1 see notes 0.
C7CO4DB 0.1 see notes 0.
CRESO2 0.1 see notes 0.
CRESOL 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
CRESOOH 0.1 see notes 0.
MCATEC1O 0.1 see notes 0.
MCATEC1O2 0.1 see notes 0.
MCATEC1OOH 0.1 see notes 0.
MCATECHOL 0.1 see notes 0.
OXYL1O2 0.1 see notes 0.
OXYL1OOH 0.1 see notes 0.
PHCOOH 0.1 see notes 0.
PTLQCO 0.1 see notes 0.
PTLQO2 0.1 see notes 0.
PTLQONE 0.1 see notes 0.
PTLQOOH 0.1 see notes 0.
TLBIPERO2 0.1 see notes 0.
TLBIPEROOH 0.1 see notes 0.
TLEMUCCO 0.1 see notes 0.
TLEMUCCO2H 0.1 see notes 0.
TLEMUCCO3 0.1 see notes 0.
TLEMUCCO3H 0.1 see notes 0.
TLEMUCO2 0.1 see notes 0.
TLEMUCOOH 0.1 see notes 0.
TLEPOXMUC 0.1 see notes 0.
TLOBIPEROH 0.1 see notes 0.
TOL1O 0.1 see notes 0.
TOLUENE 0.1 see notes 0.
C7PAN3 0.1 see notes 0.
C6CO2OHPAN 0.1 see notes 0.
C6H5CH2NO3 0.1 see notes 0.
DNCRES 0.1 see notes 0.
DNCRESO2 0.1 see notes 0.
DNCRESOOH 0.1 see notes 0.
MNCATECH 0.1 see notes 0.
MNCATECO2 0.1 see notes 0.
MNCATECOOH 0.1 see notes 0.
MNCPDKETENE 0.1 see notes 0.
MNNCATCOOH 0.1 see notes 0.
MNNCATECO2 0.1 see notes 0.
NCRES1O 0.1 see notes 0.
NCRES1O2 0.1 see notes 0.
NCRES1OOH 0.1 see notes 0.
NCRESO2 0.1 see notes 0.
NCRESOOH 0.1 see notes 0.
NDNCRESO2 0.1 see notes 0.
NDNCRESOOH 0.1 see notes 0.
NPTLQO2 0.1 see notes 0.
NPTLQOOH 0.1 see notes 0.
PBZN 0.1 see notes 0.
TLBIPERNO3 0.1 see notes 0.
TLEMUCNO3 0.1 see notes 0.
TLEMUCPAN 0.1 see notes 0.
TOL1OHNO2 0.1 see notes 0.
C721CHO 0.1 see notes 0.
C721CO3 0.1 see notes 0.
C721CO3H 0.1 see notes 0.
C810O2 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
C810OOH 0.1 see notes 0.
C811O2 0.1 see notes 0.
C812O2 0.1 see notes 0.
C812OOH 0.1 see notes 0.
C813O2 0.1 see notes 0.
C813OOH 0.1 see notes 0.
C85O2 0.1 see notes 0.
C85OOH 0.1 see notes 0.
C86O2 0.1 see notes 0.
C86OOH 0.1 see notes 0.
C89O2 0.1 see notes 0.
C89OOH 0.1 see notes 0.
C8BC 0.1 see notes 0.
C8BCCO 0.1 see notes 0.
C8BCO2 0.1 see notes 0.
C8BCOOH 0.1 see notes 0.
NORPINIC 0.1 see notes 0.
EBENZ 0.1 see notes 0.
STYRENE 0.1 see notes 0.
STYRENO2 0.1 see notes 0.
STYRENOOH 0.1 see notes 0.
C721PAN 0.1 see notes 0.
C810NO3 0.1 see notes 0.
C89NO3 0.1 see notes 0.
C8BCNO3 0.1 see notes 0.
NSTYRENO2 0.1 see notes 0.
NSTYRENOOH 0.1 see notes 0.
LXYL 0.1 see notes 0.
C811CO3 0.1 see notes 0.
C811CO3H 0.1 see notes 0.
C85CO3 0.1 see notes 0.
C85CO3H 0.1 see notes 0.
C89CO2H 0.1 see notes 0.
C89CO3 0.1 see notes 0.
C89CO3H 0.1 see notes 0.
C96O2 0.1 see notes 0.
C96OOH 0.1 see notes 0.
C97O2 0.1 see notes 0.
C97OOH 0.1 see notes 0.
C98O2 0.1 see notes 0.
C98OOH 0.1 see notes 0.
NOPINDCO 0.1 see notes 0.
NOPINDO2 0.1 see notes 0.
NOPINDOOH 0.1 see notes 0.
NOPINONE 0.1 see notes 0.
NOPINOO 0.1 see notes 0.
NORPINAL 0.1 see notes 0.
NORPINENOL 0.1 see notes 0.
PINIC 0.1 see notes 0.
C811PAN 0.1 see notes 0.
C89PAN 0.1 see notes 0.
C96NO3 0.1 see notes 0.
C9PAN2 0.1 see notes 0.
LTMB 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
APINAOO 0.1 see notes 0.
APINBOO 0.1 see notes 0.
APINENE 0.1 see notes 0.
BPINAO2 0.1 see notes 0.
BPINAOOH 0.1 see notes 0.
BPINENE 0.1 see notes 0.
C106O2 0.1 see notes 0.
C106OOH 0.1 see notes 0.
C109CO 0.1 see notes 0.
C109O2 0.1 see notes 0.
C109OOH 0.1 see notes 0.
C96CO3 0.1 see notes 0.
CAMPHENE 0.1 see notes 0.
CARENE 0.1 see notes 0.
MENTHEN6ONE 0.1 see notes 0.
OH2MENTHEN6ONE 0.1 see notes 0.
OHMENTHEN6ONEO2 0.1 see notes 0.
PERPINONIC 0.1 see notes 0.
PINAL 0.1 see notes 0.
PINALO2 0.1 see notes 0.
PINALOOH 0.1 see notes 0.
PINENOL 0.1 see notes 0.
PINONIC 0.1 see notes 0.
RO6R1O2 0.1 see notes 0.
RO6R3O2 0.1 see notes 0.
ROO6R1O2 0.1 see notes 0.
SABINENE 0.1 see notes 0.
BPINANO3 0.1 see notes 0.
C106NO3 0.1 see notes 0.
C10PAN2 0.1 see notes 0.
PINALNO3 0.1 see notes 0.
RO6R1NO3 0.1 see notes 0.
ROO6R1NO3 0.1 see notes 0.
LAPINABNO3 0.1 see notes 0.
LAPINABO2 0.1 see notes 0.
LAPINABOOH 0.1 see notes 0.
LNAPINABO2 0.1 see notes 0.
LNAPINABOOH 0.1 see notes 0.
LNBPINABO2 0.1 see notes 0.
LNBPINABOOH 0.1 see notes 0.
LHAROM 0.1 see notes 0.
LFLUORINE 0.1 see notes 0.
CHF3 0.1 see notes 0.
CHF2CF3 0.1 see notes 0.
CH3CF3 0.1 see notes 0.
CH2F2 0.1 see notes 0.
CH3CHF2 0.1 see notes 0.
CCl4 0.1 see notes 0.
CF2Cl2 0.1 see notes 0.
CF2ClCF2Cl 0.1 see notes 0.
CF2ClCFCl2 0.1 see notes 0.
CF3CF2Cl 0.1 see notes 0.
CFCl3 0.1 see notes 0.
CH2Cl2 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
CH2FCF3 0.1 see notes 0.
CH3CCl3 0.1 see notes 0.
CH3CFCl2 0.1 see notes 0.
CH3Cl 0.1 see notes 0.
CHCl3 0.1 see notes 0.
CHF2Cl 0.1 see notes 0.
Cl 0.1 see notes 0.
Cl2 0.038 Hu et al. (1995) 6546.
Cl2O2 0.1 see notes 0.
ClNO2 0.1 see notes 0.
ClNO3 0.108 Deiber et al. (2004) 0.
ClO 0.1 see notes 0.
HCl 0.074 Schweitzer et al. (2000) 3072.
HOCl 0.5 see notes 0.
OClO 0.1 see notes 0.
LCHLORINE 0.1 see notes 0.
Br 0.1 see notes 0.
Br2 0.038 Hu et al. (1995) 6546.
BrCl 0.038 see notes 6546.
BrNO2 0.1 see notes 0.
BrNO3 0.063 Deiber et al. (2004) 0.
BrO 0.1 see notes 0.
CF2ClBr 0.1 see notes 0.
CF3Br 0.1 see notes 0.
CH2Br2 0.1 see notes 0.
CH2ClBr 0.1 see notes 0.
CH3Br 0.1 see notes 0.
CHBr3 0.1 see notes 0.
CHCl2Br 0.1 see notes 0.
CHClBr2 0.1 see notes 0.
HBr 0.032 Schweitzer et al. (2000) 3940.
HOBr 0.5 Abbatt and Waschewsky (1998) 0.
LBROMINE 0.1 see notes 0.
C3H7I 0.1 see notes 0.
CH2ClI 0.1 see notes 0.
CH2I2 0.1 see notes 0.
CH3I 0.1 see notes 0.
HI 0.036 Schweitzer et al. (2000) 4130.
HIO3 0.01 see notes 0.
HOI 0.5 see notes 0.
I 0.1 see notes 0.
I2 0.01 see notes 2000.
I2O2 0.1 see notes 2000.
IBr 0.018 see notes 2000.
ICl 0.018 Braban et al. (2007) 2000.
INO2 0.1 see notes 2000.
INO3 0.1 see notes 2000.
IO 0.5 see notes 2000.
IPART 0.1 see notes 0.
OIO 0.01 see notes 0.
CH3SO2 0.1 see notes 0.
CH3SO3 0.1 see notes 0.
CH3SO3H 0.076 De Bruyn et al. (1994) 1762.
DMS 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
DMSO 0.048 De Bruyn et al. (1994) 2578.
H2SO4 0.65 Pöschl et al. (1998) 0.
OCS 0.1 see notes 0.
S 0.1 see notes 0.
SF6 0.1 see notes 0.
SH 0.1 see notes 0.
SO 0.1 see notes 0.
SO2 0.11 DeMore et al. (1997) 0.
SO3 0.1 see notes 0.
LSULFUR 0.1 see notes 0.
Hg 0.1 see notes 0.
HgO 0.1 see notes 0.
HgCl 0.1 see notes 0.
HgCl2 0.1 see notes 0.
HgBr 0.1 see notes 0.
HgBr2 0.1 see notes 0.
ClHgBr 0.1 see notes 0.
BrHgOBr 0.1 see notes 0.
ClHgOBr 0.1 see notes 0.
RGM 0.1 see notes 0.
LTERP 0.1 see notes 0.
LALK4 0.1 see notes 0.
LALK5 0.1 see notes 0.
LARO1 0.1 see notes 0.
LARO2 0.1 see notes 0.
LOLE1 0.1 see notes 0.
LOLE2 0.1 see notes 0.
LfPOG02 0.1 see notes 0.
LfPOG03 0.1 see notes 0.
LfPOG04 0.1 see notes 0.
LfPOG05 0.1 see notes 0.
LbbPOG02 0.1 see notes 0.
LbbPOG03 0.1 see notes 0.
LbbPOG04 0.1 see notes 0.
LfSOGsv01 0.1 see notes 0.
LfSOGsv02 0.1 see notes 0.
LbbSOGsv01 0.1 see notes 0.
LbbSOGsv02 0.1 see notes 0.
LfSOGiv01 0.1 see notes 0.
LfSOGiv02 0.1 see notes 0.
LfSOGiv03 0.1 see notes 0.
LfSOGiv04 0.1 see notes 0.
LbbSOGiv01 0.1 see notes 0.
LbbSOGiv02 0.1 see notes 0.
LbbSOGiv03 0.1 see notes 0.
LbSOGv01 0.1 see notes 0.
LbSOGv02 0.1 see notes 0.
LbSOGv03 0.1 see notes 0.
LbSOGv04 0.1 see notes 0.
LbOSOGv01 0.1 see notes 0.
LbOSOGv02 0.1 see notes 0.
LbOSOGv03 0.1 see notes 0.
LaSOGv01 0.1 see notes 0.
LaSOGv02 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
LaSOGv03 0.1 see notes 0.
LaSOGv04 0.1 see notes 0.
LaOSOGv01 0.1 see notes 0.
LaOSOGv02 0.1 see notes 0.
LaOSOGv03 0.1 see notes 0.
ISO2 0.1 see notes 0.
ISON 0.1 see notes 0.
ISOOH 0.1 see notes 0.
LHOC3H6O2 0.1 see notes 0.
LHOC3H6OOH 0.1 see notes 0.
MVKO2 0.1 see notes 0.
MVKOOH 0.1 see notes 0.
NACA 0.1 see notes 0.
ONE 0.1 see notes 0.
O 0.1 see notes 0.
C 0.1 see notes 0.
OXL 0.1 see notes 0.
O2m 0.1 see notes 0.
OHm 0.1 see notes 0.
Hp 0.1 see notes 0.
NH4p 0.1 see notes 0.
NO2m 0.1 see notes 0.
NO3m 0.1 see notes 0.
NO4m 0.1 see notes 0.
CO3m 0.1 see notes 0.
CO3mm 0.1 see notes 0.
HCO3m 0.1 see notes 0.
HCOOm 0.1 see notes 0.
CH3COOm 0.1 see notes 0.
HOCH2CO2m 0.1 see notes 0.
OXLm 0.1 see notes 0.
OXLmm 0.1 see notes 0.
CH3COCO2Hm 0.1 see notes 0.
Clm 0.1 see notes 0.
Cl2m 0.1 see notes 0.
ClOm 0.1 see notes 0.
ClOHm 0.1 see notes 0.
Brm 0.1 see notes 0.
Br2m 0.1 see notes 0.
BrOm 0.1 see notes 0.
BrOHm 0.1 see notes 0.
BrCl2m 0.1 see notes 0.
Br2Clm 0.1 see notes 0.
Im 0.1 see notes 0.
IO2m 0.1 see notes 0.
IO3m 0.1 see notes 0.
ICl2m 0.1 see notes 0.
IBr2m 0.1 see notes 0.
IClBrm 0.1 see notes 0.
SO3m 0.1 see notes 0.
SO3mm 0.1 see notes 0.
SO4m 0.1 see notes 0.
SO4mm 0.1 see notes 0.
SO5m 0.1 see notes 0.
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Table 8: Accommodation coefficients (continued. . . )

KPP name α	 Reference α-T-dep Reference
HSO3m 0.1 see notes 0.
HSO4m 0.1 see notes 0.
HSO5m 0.1 see notes 0.
CH3SO3m 0.1 see notes 0.
CH2OHSO3m 0.1 see notes 0.
Nap 0.1 see notes 0.
Kp 0.1 see notes 0.
Mgpp 0.1 see notes 0.
Capp 0.1 see notes 0.
Fepp 0.1 see notes 0.
Feppp 0.1 see notes 0.
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Notes

Henry’s law constants

• BIG DP is a large number that represents infinite solubility in the code.

• The temperature dependence of the Henry constants is:

KH = K	
H × exp

(−∆solnH

R

(
1

T
− 1

T	

))

where ∆solnH = molar enthalpy of dissolution [J/mol] and R = 8.314 J/(mol K).

• HNO3: Calculated using the acidity constant from Davis and de Bruin (1964).

• CH3O2: This value was estimated by Jacob (1986).

• C2H5O2: Assumed to be the same as for CH3O2.

• HOCH2CO3H: Estimate.

• HOOCH2CO2H: Estimate.

• HBr: Calculated using the acidity constant from Lax (1969).

• HOBr: Twice the value of HOCl, according to Blatchley et al. (1992). Same temperature dependence as for
HOCl assumed.

• IO: Assumed to be the same as for HOI.

• HOI: Lower limit.

• ICl: Calculated using thermodynamic data from Wagman et al. (1982).

• IBr: Calculated using thermodynamic data from Wagman et al. (1982).

• H2SO4: To account for the very high Henry’s law coefficient of H2SO4, a very high value was chosen arbitrarily.

• DMSO: Lower limit cited from another reference.

• HgCl: Assumed to be the same as for HgCl2.

• HgBr: Assumed to be the same as for HgCl2.

• HgBr2: Assumed to be the same as for HgCl2.

• ClHgBr: Assumed to be the same as for HgCl2.

• BrHgOBr: Assumed to be the same as for HgCl2.

• ClHgOBr: Assumed to be the same as for HgCl2.

Accommodation coefficients

• If the accommodation coefficient is not known, a value of α = 0.1 is assumed.

• The temperature dependence of the accommodation coefficients is given by (Jayne et al., 1991):

α

1 − α
= exp

(−∆obsG

RT

)

= exp

(−∆obsH

RT
+

∆obsS

R

)
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where ∆obsG is the Gibbs free energy barrier of the transition state toward solution (Jayne et al., 1991), and
∆obsH and ∆obsS are the corresponding enthalpy and entropy, respectively. The equation can be rearranged to:

ln

(
α

1 − α

)
=

−∆obsH

R
× 1

T
+

−∆obsS

R

and further:

d ln

(
α

1 − α

)/
d

(
1

T

)
=

−∆obsH

R

• O2: Estimate.

• O3: Value measured at 292 K.

• OH: Value measured at 293 K.

• HO2: Value for aqueous salts at 293 K.

• NH3: Value measured at 295 K.

• NO: Value measured between 193 and 243 K.

• NO2: Value measured at 298 K.

• NO3: Value is a lower limit, measured at 273 K.

• N2O5: Value for sulfuric acid, measured between 195 and 300 K.

• HONO: Value measured between 247 and 297 K.

• HNO3: Value measured at room temperature. Abbatt and Waschewsky (1998) say γ > 0.2. Here α = 0.5 is
used.

• HNO4: Value measured at 200 K for water ice.

• CH3O2: Estimate.

• CO2: Estimate.

• HCHO: Value measured between 260 and 270 K.

• PAN: Estimate.

• C2H5O2: Estimate.

• CH3CHO: Using the same estimate as in the CAPRAM 2.4 model (Ervens et al., 2003).

• HCl: Temperature dependence derived from published data at 2 different temperatures

• HOCl: Assumed to be the same as α(HOBr).

• ClNO3: Value measured at 274.5 K.

• HBr: Temperature dependence derived from published data at 2 different temperatures

• HOBr: Value measured at room temperature. Abbatt and Waschewsky (1998) say γ > 0.2. Here α = 0.5 is
used.

• BrNO3: Value measured at 273 K.

• BrCl: Assumed to be the same as α(Cl2).

• I2: Estimate.

• IO: Estimate.
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• OIO: Estimate.

• I2O2: Estimate.

• HI: Temperature dependence derived from published data at 2 different temperatures

• HOI: Assumed to be the same as α(HOBr). See also Mössinger and Cox (2001) and Holmes et al. (2001).

• HIO3: Estimate.

• INO2: Estimate.

• INO3: Estimate.

• ICl: Estimate.

• IBr: Assumed to be the same as α(ICl).

• H2SO4: Value measured at 303 K.

• Hg: Estimate.

• HgO: Estimate.

• HgCl2: Estimate.

• HgBr2: Estimate.

• ClHgBr: Estimate.

• BrHgOBr: Estimate.

• ClHgOBr: Estimate.

Acid/base constants

• pinic acid: The same R K acid and R K acid2 values as for succinic acid from Haynes (2014) are used.

• norpinic acid: The same R K acid and R K acid2 values as for succinic acid from Haynes (2014) are used.

• H2SO4: From Wikipedia.
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Deiber, G., George, C., Le Calvé, S., Schweitzer, F., and Mirabel, P.: Uptake study of ClONO2 and BrONO2 by
halide containing droplets, Atmos. Chem. Phys., 4, 1291–1299, doi:10.5194/ACP-4-1291-2004, 2004.

DeMore, W. B., Sander, S. P., Golden, D. M., Hampson, R. F., Kurylo, M. J., Howard, C. J., Ravishankara, A. R.,
Kolb, C. E., and Molina, M. J.: Chemical kinetics and photochemical data for use in stratospheric modeling.
Evaluation number 12, JPL Publication 97-4, Jet Propulsion Laboratory, Pasadena, CA, 1997.

Dong, H., Du, H., and Qian, X.: Theoretical prediction of pKa values for methacrylic acid oligomers using
combined quantum mechanical and continuum solvation methods, J. Phys. Chem. A, 112, 12 687–12 694, doi:
10.1021/jp807315p, 2008.

29

525



Ervens, B., George, C., Williams, J. E., Buxton, G. V., Salmon, G. A., Bydder, M., Wilkinson, F., Dentener, F.,
Mirabel, P., Wolke, R., and Herrmann, H.: CAPRAM 2.4 (MODAC mechanism): An extended and condensed tro-
pospheric aqueous phase mechanism and its application, J. Geophys. Res., 108D, 4426, doi:10.1029/2002JD002202,
2003.

Fried, A., Henry, B. E., Calvert, J. G., and Mozurkewich, M.: The reaction probability of N2O5 with sulfuric acid
aerosols at stratospheric temperatures and compositions, J. Geophys. Res., 99D, 3517–3532, doi:10.1029/93JD01907,
1994.

Goldstein, D. J.: Air and steam stripping of toxic pollutants, Tech. Rep. EPA-68-03-002, Industrial Environmental
Research Laboratory, Cincinnati, OH, USA, 1982.

Hanson, D. R., Burkholder, J. B., Howard, C. J., and Ravishankara, A. R.: Measurement of OH and HO2 radical
uptake coefficients on water and sulfuric acid surfaces, J. Phys. Chem., 96, 4979–4985, doi:10.1021/J100191A046,
1992.

Haynes, W. M., ed.: CRC Handbook of Chemistry and Physics, 95th Edition (Internet Version 2015), Taylor and
Francis Group, 2014.

Holmes, N. S., Adams, J. W., and Crowley, J. N.: Uptake and reaction of HOI and IONO2 on frozen and dry
NaCl/NaBr surfaces and H2SO4, Phys. Chem. Chem. Phys., 3, 1679–1687, doi:10.1039/B100247N, 2001.

Hu, J. H., Shi, Q., Davidovits, P., Worsnop, D. R., Zahniser, M. S., and Kolb, C. E.: Reactive uptake of Cl2(g) and
Br2(g) by aqueous surfaces as a function of Br− and I− ion concentration: The effect of chemical reaction at the
interface, J. Phys. Chem., 99, 8768–8776, doi:10.1021/J100021A050, 1995.

Jacob, D. J.: Chemistry of OH in remote clouds and its role in the production of formic acid and peroxymonosulfate,
J. Geophys. Res., 91D, 9807–9826, doi:10.1029/JD091ID09P09807, 1986.

Jayne, J. T., Duan, S. X., Davidovits, P., Worsnop, D. R., Zahniser, M. S., and Kolb, C. E.: Uptake of gas-phase
alcohol and organic acid molecules by water surfaces, J. Phys. Chem., 95, 6329–6336, doi:10.1021/J100169A047,
1991.

Ji, C. and Evans, E. M.: Using an internal standard method to determine Henry’s law constants, Environ. Toxicol.
Chem., 26, 231–236, doi:10.1897/06-339R.1, 2007.

Khan, I., Brimblecombe, P., and Clegg, S. L.: The Henry’s law constants of pyruvic and methacrylic acids, Environ.
Technol., 13, 587–593, doi:10.1080/09593339209385187, 1992.

Khan, I., Brimblecombe, P., and Clegg, S. L.: Solubilities of pyruvic acid and the lower (C1-C6) carboxylic acids.
Experimental determination of equilibrium vapour pressures above pure aqueous and salt solutions, J. Atmos.
Chem., 22, 285–302, doi:10.1007/BF00696639, 1995.

Lax, E.: Taschenbuch für Chemiker und Physiker, Springer Verlag, Berlin, 1969.

Leriche, M., Voisin, D., Chaumerliac, N., Monod, A., and Aumont, B.: A model for tropospheric multiphase
chemistry: application to one cloudy event during the CIME experiment, Atmos. Environ., 34, 5015–5036, doi:
10.1016/S1352-2310(00)00329-0, 2000.

Lide, D. R., ed.: CRC Handbook of Chemistry and Physics, 88th Edition (Internet Version 2008), CRC Press/Taylor
and Francis, Boca Raton, FL, 2008.

Lind, J. A. and Kok, G. L.: Correction to “Henry’s law determinations for aqueous solutions of hydrogen peroxide,
methylhydroperoxide, and peroxyacetic acid” by John A. Lind and Gregory L. Kok, J. Geophys. Res., 99D, 21 119,
1994.

Magi, L., Schweitzer, F., Pallares, C., Cherif, S., Mirabel, P., and George, C.: Investigation of the uptake rate of ozone
and methyl hydroperoxide by water surfaces, J. Phys. Chem. A, 101, 4943–4949, doi:10.1021/JP970646M, 1997.

Mössinger, J. C. and Cox, R. A.: Heterogeneous reaction of HOI with sodium halide salts, J. Phys. Chem. A, 105,
5165–5177, doi:10.1021/JP0044678, 2001.

30

526 C. Supporting Information: Rosanka et al. (2021a)



O’Sullivan, D. W., Lee, M., Noone, B. C., and Heikes, B. G.: Henry’s law constant determinations for hydrogen
peroxide, methyl hydroperoxide, hydroxymethyl hydroperoxide, ethyl hydroperoxide, and peroxyacetic acid, J. Phys.
Chem., 100, 3241–3247, doi:10.1021/JP951168N, 1996.

Palmer, D. A., Ramette, R. W., and Mesmer, R. E.: The hydrolysis of iodine: Equilibria at high temperatures, J.
Nucl. Mater., 130, 280–286, doi:10.1016/0022-3115(85)90317-4, 1985.

Pandis, S. N. and Seinfeld, J. H.: Sensitivity analysis of a chemical mechanism for aqueous-phase atmospheric chem-
istry, J. Geophys. Res., 94D, 1105–1126, doi:10.1029/JD094ID01P01105, 1989.

Ponche, J. L., George, C., and Mirabel, P.: Mass transfer at the air/water interface: Mass accommodation coefficients
of SO2, HNO3, NO2 and NH3, J. Atmos. Chem., 16, 1–21, doi:10.1007/BF00696620, 1993.
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