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Abstract

This dissertation sets out to investigate the in uence of uorination of organic linkes
on the porous materials, such as metal-organic frameworks (MOFs), metaganic cages
(MOCs) and coordination polymers (CPs), assembled from them. Central @escts are
the synthesis of the linkers and novel materials, as well as their in depth analysia
single crystal X-ray di raction and computational methods. Predominantly focusing o
uorinated benzene-1,3,5-tribenzoates (BTB) and its derivatives (BTMB) adinkers,
ten new compounds were synthesized and crystallographically explored over tloairse
of this project. These compounds, which utilized divalent transition metalsMn(ll) ,
Co(ll), Cu(ll) and Cd(ll)), the alkaline earth metals Ca(ll){Ba(ll) ) and trivalent
lanthanides as metal nodes, were studied to reveal how the uorination a ects the
geometry of the linker as well as the host-guest interactions therein.

Four articles were prepared and submitted to scienti ¢ journals within this work, &
of which are accepted and published at the time of writing. These contain the highlights
of the results from the undertaken studies and report on the structures and maial
properties of UoC-9(Ca), UoC-9(Sr), UoC-1@&F), UoC-10(6F) and UoC-11.

UoC-9 is a 3D MOF with a 1D SBU, that exhibits a reversible temperature induced
phase transition and capabilities of acting as a crystal sponge. In the rst of thievo
articles on this framework, the structure and phase transition of the materiallang with
the characteristic interaction with DMF were reported. The second artie explores
the guest exchange capabilities of the material in detail and focuses on the in uence of
di erent guest materials on the lattice and the phase transition.

UoC-10 is a Cu paddle-wheel-based MOC, which was synthesized from linkers with
two di erent degrees of uorination (3F & 6F). The almost spherical cage was shown
to crystallize in ve di erent sphere packings, one of them exhibited exceptional rigity
and one of the highest speci ¢ surface areas measured for MOCs to date. Furthe
material properties of UoC-10 such as the solubility and capability to remove organic
substances from water were also explored. The in uence of the uorine substituents
on the linker molecules were further elucidated by computational investigations on
the DFT level. The article was published as alot Paper in Chemistry { A European
Journal.

UoC-11 is a Mg based MOF with an interpenetrating structure, similar to UoC-9It
is shown, thatF H contacts between the linker molecules occur predominantly therein
suggesting their decisive in uence on the crystallization of the compound.

The remainder of this work features the structural analysis of all other compounds
which were synthesized herein, along with the material properties of some of ithe
Weak, electrostatic interactions between the organic linker molecules and gtispecies



are systematically studied to give an insight into possible interactions of gussiith the
inner surface of porous materials assembled from uorinated linkers. The computatial
studies from the article on UoC-10 are expanded to include the BTB linker, and
supplemented by statistical analysis of crystal structures featuring the un uorin@d
congener.

These studies may serve to present pathways to and properties of new paonaterials
as well as to provide a clear description of the various interactions and e edtisat are
formed by uorinated carboxylate-based linkers. Understanding these interactis may
in particular contribute to the eld of porous metal-organic materials from the aspcts
of basic research.
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1 Introduction

Humans, looking into a mirror, may see 5000to 65000 pores in their skihLooking
closer with the aid of magni cation, they may even be able to see the ca. 200 000g®
from their eccrine sweat glands. On the inside, there are pores throughout theirres
and inside their cells.

There are claims, that activated charcoal has already been used thousands &g
ago by humans for medicinal purposéd. However, only in the 18th century chemists
have recognized the potential of charcoal to purify compounds on the moleculave&*!

Humans have been using, dependent on and consisting of, various porous materials
throughout their existence. However, it was comparatively recent, that pous materials
themselves have been recognized as such and, consequently, became a subjdet
closer investigation. The 19th century and onward saw the rst industrial applicaéons of
porous material$*®! and a steady growth of knowledge within the eld, facilitated by the
advent of X-ray diraction 161 and ever improving analytics. At the dawn of the present
century, researchers have witnessed an exponential growth of refsoon novel, highly
sophisticated porous material§l Metal-organic frameworks reside on the intersection
of material science, solid state chemistry and the vast toolkit of organic cheris
Metal-organic cages may be seen as the extension of the former to the molactdalm.
Both of these classes of compounds combine building blocks from inorganic chemistry,
i.e. complex chemistry and organic chemistry, to assemble functional porous compounds
from the bottom up.

At the current state of technology, porous materials play crucial roles as tadysts in
large industrial processes, drying agents, ion exchange materials and essentedicines.
However, resource scarcity, a shifting climate and technological advances plawer
greater demands on the properties of functional porous materials. Porous metagzanic
hybrid compounds, with their sheer limitless structural diversity, could o er to meet
many of these future demands.

The e cient design of new functional compounds requires insight, not only into
the synthesis, but also the mechanisms responsible for the synthesis as well as the
functionalities. Researching porous metal-organic compounds and their distinct propert
of being able to host molecules in their cavities is the key to attaining these insights.



2 State of Knowledge

2.1 Porous Compounds

Porosity, according to thelnternational Union of Pure and Applied Chemistry(IUPAC),

is \a concept related to texture, referring to the pore space in a material®l The source
of this de nition, to which the IUPAC Golden Bookrefers, de nes the term texture
in this context as \de ned by the detailed geometry of the void space in the particke
of the catalyst".[’l While these de nitions have been established almost half a century
ago within the context of heterogeneous catalysis and surface chemistry, yhremain
highly relevant to this day, well beyond of this scope in the eld of chemistry. Chemist
have recognized the porous properties of activated charcoal for puri caticof solutions
since the 18th century Zeolites have been recognized as molecular sieves for almost a
centuryl® and the synthesis of the rst aerogels dates back to the early 19384, Since
the 1990s a new illustrious class of porous materials, named metal-organic franéao
or MOFs 11 has established itself in the scienti c literature and received tremendous
attention. ("]

69\&3"'7}

\ —ay
P

Zeolite-Y Sodalite Cage

Figure 2.1:Excerpt of the crystal structure of zeolite-Y (FAU, Nasg[(AlO 5)56(Si05) 136])
represented as sodalite cages interconnected by hexagonal prisms (shown o
the right) without Na atoms. The void space in the structure is indicated
with a transparent purple sphere.

All porous materials share the property of an internal void space, which de nes an
internal surface area. Porous materials, regardless of their chemical comsition, can be
grouped in three categories depending on the size of their pores. Macropsranaterials
have a pore width exceeding 5@m;[12 this commonly includes silica gel, ceramics or
porous glasses. The next category are mesoporous materials which haves ges in
between Znm and 50nm.[*3 Examples for these materials are comprised of MCM-41
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(MCM  Mobil Crystalline Material), an aluminosilicate with regular channel$t
SBA-15(SBA Santa Barbara Amorphou} a siliceous compound with hexagonally
arranged poreBd or KIT-5 (from researchers at theKorean Advanced Institute of
Science and Technology another silica with a cubicFm3m mesostructurel®! All these
examples have in common that their synthesis relies on the calcination of organic
surfactants to obtain the regular pores. The nal category are microports materials,
with pore sizes not exceeding @m.[1”] Examples for microporous compounds are zeolites,
a class of mainly anionic aluminosilicate frameworks, which are of great economic
importance. Zeolites have a considerable structural variety, with thénternational
Zeolite Association (IZA) recognizing 256 di erent framework types, many of them
(64) occurring naturally8! The term zeolite was coined by the swedish mineraligxel
Fredrik Cronstedt in 1756, who recognized that heating a speci ¢ mineral produced large
amounts of steam. He thus combined the words&d' (to boil) and \ lijoc " (stone)
into what is now the name of a class of framework materials. This class of compounds
owes their properties to the pores, that are formed between the framekoof SiO,
and AlO, tetrahedra, which can adsorb water or exchange the cations on their internal
surface. Some of the most widely used zeolites and their three letter codes by thA |
are zeolite-A (LTA), mordenite (MOR) and zeolite-Y (faujasite, FAU), the latter is
shown in Fig. 2.1. They are used as the active component of catalysts in uid cétc
cracking procedures, of which ca. 840000t per year are being produced woitdidd*°!
Unlike many of the examples for meso- and macroporous materials, the microporosity
in zeolites is inherent to the crystal structure and thus well de ned on a molecular
scale. This property, however, is not uniquely observed in zeoliteBuser et al. have
located water molecules inside the \pores" of prussian blu€&€d;[Fe(CN)¢]s).[2% This
inorganic pigment forms a cubic framework consisting of octahedrally coordinatée
atoms at the edges of its unit cell and bridging cyanide anions with statistical defects
throughout the structure. A more abstract formulation of this concept would be tha
void space inside a crystalline solid is formed by metal centers bridged by strucally
directing ligands assembled into a framework. This is the basic concept that MOFs
have expanded upon over the last three decades.

2.2 Metal-Organic Frameworks (MOFs)

MOFs are coordination networks comprised of metal cations or metal-oxo-cless
(also referred to as nodes), which are interconnected by organic ligands, ttfiarm a
framework with an internal void space. This void space may be occupied by other
molecules without con icting with this de nition. [21.22] |t was decided upon more
than 20years after the rst compounds, that met these criteria, were published in
1989231 The rst MOF (shown in Fig. 2.2, a) was synthesized fromCu(CH3;CN)4BF4
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and 4,4',4",4"'-tetracyanotetraphenylmethane C(CgH4CN),4), resulting in a cationic
framework with the composition[Cu[C(CgH4CN)4]BF 4], and a diamond-like topology.
Hoskins et al.already were able to show that the anionsBF4!) can be exchangedia
di usion without the destruction of the framework. However, it took more than half
a decade until the rst MOF (Co(HBTC)(Py) ) was published bearing this namé&}l
which was a starting point of exponential growth for this eld of researchUp until
2017 the annually published articles about MOFs doubled every 2.3 yeéfs.

a)

Figure 2.2:Excerpts of the crystal structures of [Cu[C(CsH4CN)4]BF.],,2
HKUST-1[24 and MOF-52 (from left to right). The void spaces in
the structures are indicated with transparent purple spheres.

Further important milestones in the research on MOFs are the publications of
HKUST-1[24 (HKUST Hong Kong University of Science and Technoloyyy Chui et
al. and MOF-5%1 by Yaghi and coworkers (s. Fig. 2.2). HKUST-1 is a 3D porous coor-
dination network based onCu(ll) cations and trimesate (benzene-1,3,5-tricarboxylate

BTC) anions with a general composition described byCuz(BTC) »(H,0)3],. In
their article Chui et al. elaborated on the chemical functionalizability by means of
postsynthetic exchange of the volatile water molecules coordinated to the metanters
of the compound. MOF-5 is composed of terephthalate (benzene-1,4-dicarboxyla
BDC) anions andZn(ll) cations, that form Zn,O%* nodes with an oxide anion resulting
in a composition described byZn,O(BDC)3]. The ndings for this compound focused
on the sorptive behavior of the material, which revealed an uptake of 881gg ! of N,
and led the authors to pursue investigations towards gas-storage applicatid#®.Today,
both functionalization and the gas-sorption abilities of MOFs are well establishead this
eld of research and both of the outlined articles combined share over 10 00éatons.
By the initially stated general de nition in combination with the presented examples, it
already becomes apparent that there is a great structural variety of MOFdn fact, the
MOF subset?! inside the Cambridge Structural Databas€¢CSD),?”] maintained by the
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Cambridge Crystallographic Data CentrdCCDC), currently contains 123457 entrie’s
accounting for approx. 10% of all entrie&€8! This variety has facilitated a terminology
within MOF research where structural motives, that dictate the geometry othe frame-
works, are called secondary building units (SBU3) the multifunctional organic ligands
are referred to as linkers and the fragment of this linker connecting the functional
groups as spacer (s. Fig. 2.3).

Secondary
Building Unit

\

Spacer

b)

\_ [MY,0,(0H),(C00),,] [MU(COO),(OH)],  /

Figure 2.3:Excerpt of the crystal structure of MOF-5 (top left), split into the linker
(BDC), spacer (phenylene) and secondary building uniZn,O(COQ)¢ (top
right). Below four selected SBUs present in di erent MOFs are shown.

In terms of SBUs, three decades of MOF research have produced a vast calbect
of examples from the majority of metals in the periodic table (s. Fig. 2.33% They
may just be single metal atoms/cations coordinated by the functional groups, such
as seen fofCu[C(Ce¢H4CN)4]BF 4], or complex multinuclear oxo-clusters such as for
MOF-5. Paramount for their structure and connectivity is the oxidation state andsize
of the metal atoms/cations and the coordinating functional group. Fig. 2.3 shows some

1 This number is likely in ated due to di ering de nitions of MOFs  found in literature and this
subset's very broad application of them.

2 This term can refer to any part of the framework (organic and inorganic)?? but is widely used
to describe only the inorganic part i.e. the metal centers with the sirrounding functional groups.
Herein the latter de nition will be used exclusively.
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examples for SBUs for a few of the most researched systems. The paddlewheel unit
(a), can be formed by most of the divalent rst row transition metals, most commonly
by Cu(ll). MIL-59,B1 based onV(lll) and BDC, was the rst compound where the
trinuclear SBU (b) was found. While other examples of this SBU were initially only
scarcely found3?! it has become more established with examples for over ten di erent
metal cations being found to form this cluster as of 2023% One of the most stable
MOFs known to literature is UiO-66[33 which consists ofZr(IV) cations and BDC
and features a hexanuclear SBU such as the one shown in Fig. 2.3 (c). SBUs are not
con ned to zero dimensional nodes, as shown in Fig. 2.3 (d). There are a number of
examples for MOFs formed from continuous periodic SBUs, where the coordination
spheres surrounding the metal atoms/cations are annealed or otherwise bridd&d.
The most common class of metals used for MOF synthesis and thus the SBUs are
the transition metals, contributing to 78:9 % of all structures in the MOF subset of
the CSD[?%271 Of these, the ve most common ones ar€u (18:8 %), Zn (14:8 %),
Cd (10:4 %), Co (9:9%) and Mn (5:9%). This can be attributed to several factors,
one of them being their ability to form well de ned SBUs, such as the ones found in
the previously described examples sometimes due to the applicability of ligand eld
stabilization e ects. After the transition metals, the lanthanides are the secondost
prevalent group accounting for 13 % of the entries in the MOF subset of the CSD.
The Cu,(COO), paddlewheel unit present in HKUST-1, while often used as an
example forCu(ll) based SBUs, is surprisingly less common among tl@ containing
entries in the MOF subset. Only 22% of all Cu containing entries exhibit such a
paddlewheel motive with four carboxylates and:2 % contain a similarCu{Cu contact.
A large fraction of the Cu containing compounds instead exhibit copper bonded to six
(34:7 %) non metal ligands® MOFs are not con ned to a single type of SBU within
one structurel3® There are examples for mixed metal SBUs, where metals of similar
radii (e.g. Fe*", Mn?" and Ni?") can either occupy the same multinuclear SBU or
form isostructural homometallic SBUs within the same framework® Other examples
show that two di erent SBUs from two di erent metal cations assemble into one NDF
structure.[?”] Being able to predict both the geometry of the linker and the SBU formed
by its functional groups with the metal atoms/cations should allow for the prediction
of the resulting framework. This is conceptualized by the reticular design (fromhé
latin word rete meaning \net") approach by Yaghi and coworkerd2°:3% Thereby linkers
and SBUs are abstracted to represent their geometric shape, e.g. BDC woule &
linear connection, whereas BTC would be a triangular one. For the SBUs this would
accordingly result in an octahedron foZn,O(COOQ)s or a square planar geometry for

3 These numbers have to be viewed with caution. The mere existemcof hundreds of examples without
the Cu,(COO), paddlewheel does not preclude its favored formation with carboxylags but instead
highlights the variety of possible coordination compounds outside of then.
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Cu,(C0OO0),4.B9 Further implied by this, is that any linker, regardless of its size, can
form the same (isoreticular) framework if the relative geometry of the functiwal groups
is maintained. This was demonstrated byEddaoudi et al. who produced a series of
isoreticular MOFs based on the connectivity found in MOF-%81 Another example for
the successful application of the concept is the synthesis of UiO-66, UiO-67 and Uig-6
which all feature the sameZrgO4(OH)4(C0O0O);, SBU interconnected by BDC, 4,4'-
biphenyl-dicarboxylate (BPDC) and terphenyl dicarboxylate (TPDC), respetively.!3S]
The \reticular design" approach has been subject to criticism on multiple accounts
since most new structures of MOFs are found serendipitous¥;*° which is in agreement
with the small fraction of entries in the CSD exhibiting well de ned SBUs such as the
paddlewheel or the ZeO(COO); cluster (vide suprg.

& ﬁb) votd Ny ©)
HO 0
HO OH
HO Yo © OH 0o
o, o O.__OH
d) e) o o f)
O HO OH
<@ J o o
HO O O 0 © ©
HO o I o
N
9 2 ) )
HO__O ~
N NZ N Ny NN
| |
N -~ | N -z |
N~ >~ N

Figure 2.4:Lewis formulae of a selection of organic linkers (or free acids thereof)1rco
monly used for the synthesis of MOFs. From left to right, top to bottom:
(a) H,BDC, (b) H3BTC, (c) pyromellitic acid (H,BTEC), (d) H,BPDC, (e)
HsBTB, (f) H4BPTC, (g) isonicotinic acid (HINA), (h) tri(4-pyridyl)-1,3,5-
triazine (tpt), (i) 4-4'-bipyridine (BPYy).

Linkers in general only require two free electron pairs in order to act as lewbgse,
connecting two metals. All of the previous examples for SBUs involve ligands with
carboxylate functions, due to the majority of all linkers in MOFs featuring them as
the bonding functional group (cp. 5@ % of all entries in the MOF subset contain
a carboxylate bonded to a metal). Other popular choices are N-heterocyclesg.
pyrazoles, tetrazoles, imidazoles or pyridines, the latter being the dominant maijy



2 State of Knowledge

thereof. Carboxylates have the advantage of being able to assemble intoraaj variety
of SBUs and having a wide selection of synthetic pathways to attach them to @ngic
sca olds.[*1

Due to the much greater variety of possible linker molecules, there is not one linker
used as dominantly asCu is to form the SBUs. Instead many of the organic linker
molecules share a set of common features, which generally increase the chance of
attaining MOFs or coordination polymers (CPs) with desired properties. Since the
void space in MOFs and permanent porosity of them in most cases depends on the
formation of a rigid framework, many linkers rely on rigid organic building blocks to
facilitate this. Phenylene moieties, e.g in BDC (s. Fig. 2.4, a), are not only popular
choices as a sca old to directly carry carboxylate units but also to extend links, e.g.
in an isoreticular approach (cp. BDC and BPDC or BTC and BTB (s. Fig. 2.4; a,d and
b,e) 421 Other common structural (spacer) motives are extended arenes, N-heterolgs,
organic multicyclic compounds (e.g. adamantyl) or even carborantd. Yet another
factor, which is increasing the popularity of arene based linkers, is the vast amouoft
well established transformations in organic synthetic chemistry, such as vario@sC
coupling reaction$*! or functionalization of arylic compounds. Desired properties for a
linker in MOF synthesis are a high availability (eithervia direct commercial sources or
of substrates for their synthesis), high stability (both chemical and thermal, fotheir
numerous potential applications) and a low toxicity.

These factors further contribute to carboxylate based linkers in particular dainating
the list of known MOF structures. Linker molecules in general are not restriatieto
homofunctional compounds, e.g. there are 1313 entries in the MOF subset containing
isonictotinic acid (s. Fig. 2.4, g), which has both the N atom and the carboxylat®
coordinate to metals. Furthermore, the choice of linkers within one MOF is, analogotes
the SBUs, not restricted to one type of molecul®&2! In an approach, named \multivariate
MOFs" (MTV-MOFs), isoreticular BDC-based linkers with additional non coordinaing
functional groups have been used to assemble frameworks of the MOF-5 type me o
pot synthesed#®! Other examples combine two entirely di erent linkers to form a single
well de ned MOF. 48]

Comparing the material class MOFs as a whole to another class of porous materials
e.g. the zeolites, particular advantages become apparent. While the greaterustural
diversity has already been elaborated upon, this also has some substantial ¢ ec
on the material properties. Due to the great variety of possible linkers, SBUsa
interconnections thereof, the sizes and shapes of the micro- or mesoptilesf MOFs
can be tailored with much greater precisio. The pore surface also allows for greater

4 While there are articles on macroporous MOFd#8! the macropores therein, even when ordered,
are not formed from the framework (and are not part of the crystal structure). Instead, they may
be formed by a template, which the MOF crystallizes around or etchirg procedures among other
possibilities [*°]
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variability than zeolites. Depending on the exposure of either the organic linker ohé
inorganic SBU on the internal surface, MOFs can interact with potential gust molecules
with either an open metal site, a polar SBU or an apolar organic fragment.uRhermore,
the vast tool set of organic chemistry may be utilized to introduce functional gugps on
the organic backbone of MOFs prior to or after the assembly of the frameworkaterial

(vide infra).

There is however also a set of disadvantages, such as the low thermal stabilien
compared to purely inorganic materials. Some of the most stable MOFs can withstand
temperatures of up to 50%C.[33:50 This, albeit impressive for organic compounds, cannot
compete with the temperatures required for some industrial processes (eAg700*C for
uid catalytic cracking) 1 or the much higher decomposition temperatures of zeolites
(cp. 800*C for dehydrated zeolite A)P2 It should further be stated, that metal-
organic frameworks with such high thermal decomposition points are rare eftions.
Generally, much lower decomposition temperatures are observed, due to decasation
mechanisms of the organic linkels! or collapse of the framework facilitated by the
expulsion of guest molecules. The chemical stability of MOFs varies very stronghprin
quickly decomposing in water to being able to incorporate sulfuric acid into its pos&*
Especially long term water stability is an important concern for industrial applicaions
and frequently prevents MOFs from being used in them. Economic aspects, suash
the cost and availability of the starting materials or the scalability of the synthesis
obviously vary tremendously depending on the metal atoms/cations and linkers usédl.
While the majority of reported MOFs are con ned to academic interests, there ian
increasing selection of them being produced on large scales for costs bewvekg *
to 100e kg .15

While initially very often investigated for their application as hydrogen storage
medium, MOFs have attracted a very diverse set of not only potential applicatior:57]
Some of the greater elds are the aforementioned gas storage and separatvapor
sorption, catalysis, biomedical applications, chemical sensing and ionic conductiefh.
E orts by researchers and industry alike have been directed towards improvingeci ¢
properties in MOFs to tailor them towards these applications. The storage &, is
for example strongly dependent on the accessible surface area of MOFs. MQF-la
framework assembled from th&TB (s. Fig. 2.4, e) linker and theZn,O(COO)s SBU
with a large surface area, has shown a remarkably high sorptive capacity ob % at
77 K and 70bar for H,.[58 Subsequent research has shown, that open metal sites are
particularly important for H, storage leading to the discovery oRli(dobcd) (dobcd'

2,5-dioxido-1,4-benzenedicarboxylatd)?®% This material can adsorb up to 2 %
at ambient pressure and 77 K& The capture of CO, from industrial processes (ue
gas) is of particular concern due to the very topical issue of global warming. The
group aroundGeorge Shimizuhas been working together withSvante Inc. to develop
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large scale carbon capture devices based on the MOF CALF29.This compound is
based onZn cations interconnected by 1,2,4-triazolate and oxalate anions and may be
described agzZn,(1,2,4{triazolate),(oxalate)].?l The companySvante Inc. currently
operates four pilot carbon capture plants in North Americd? In the eld of vapor
sorption, there have been successful trials for the use of MOFs as adsotbém heat
transformation cycles for heat pumping and refrigeratioff3.64 Other sources report
the successful use of MOFs for water harvesting from d! One example of the latter
has been developed on the basis of MOF-303, which is based on a 1D in iieSBU
connected by the 1H -pyrazole-3,5-dicarboxylate (pzdc) linker. Means of synthesizing
MOF-303 in bulk have been presentdt! and the water harvesting is considered near
commercialization by the authors, who have tested their harvesting procedure under
extremely arid conditions such as théeath Valleyin Nevada, USAI®" Merck KGaA
and the Rigaku Corporation are working together to commercialize the crystalline
sponge technology (s. subsec. 2.4.1). It was demonstrated that it may enable the
crystallographic structural elucidation of compounds available only on the nanogram
scale, circumventing their crystallization(3°!
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2.2.1 Functionalization of MOFs

The unique ability to functionalize MOFs via the organic part of the framework
is of particular interest because it allows the introduction of groups that can be
tailored to speci cally interact with guest molecules> The aim of this concept is
the introduction of functional groups to an otherwise purelyC and H based linker,
disregarding the groups to achieve the linkage. Introduction of these functional gnos
can be achieved in various ways both before and after the framework exsbly (vide
infra). Functional groups may in uence various material properties, e.g. the introduction
of lewis bases such as amines can increase the a nity for guests interacting fealoly
with them.[68.691 Common functional groups include amide, amine, carbonyl, carboxyl,
ether, halogen, hydroxyl, nitro, phosphonate, sulfonate, and urea moieties as well a
various N-heterocycled®! Considering this set of functional groups, it may be further
di erentiated between functional groups in the side chain and in the main chain of the
organic linker (s. Fig. 2.5)(58]

Figure 2.5:Examples for the functionalization of linkers in the main chain (left)
and in the side chain (right), with the structures of 5,5'-(pyrazine-2,5-
diyl)diisophthalate (a), 5,5'-(carbonyldiimino)bis-diisophthalate (b), 2'-nitro-
terphenyl-3,3",5,5"-tetracarboxylate (c), and 2'-amino-terpheynl-3,3",5,5
tetracarboxylate (d) representing the introduction of pyrazine, urea, nito
and amino functionalities respectively.

Nitro groups, hydoxyles or early halogens are obviously restricted to be a parf
the side chain. Amides, ureas and other multiresidual functional groups, however, can
also act as spacers on their ow>71 Numerous examples are reported in literature
attributing di erent e ects on the material properties and host-guest interactions of
MOFs to various functional groups®8! These may either be caused by the functional
groups directly interacting with the guest§? or via secondary e ects, e.g. electronic
e ects on -systems of the linker molecules, changing either their polarity or their

5 There are concepts elaborating on metal ion and pore functionalization, hesin only the functional-
ization of the linker is of concern!®8l

11
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geometryl>3l Some of the more common desired e ects are the expression of hydrogen
bridges with guest molecules both as donor or acceptor, which may be useful formfeal
sensing, catalysis or increased adsorption for speci ¢ gueBt.Other sources report
the introduction of photosensitizers, both organic and inorganic, into the framewk to
use them in photocatalytic process€$®! The introduction of exible subunits into the
main chain of the linker can enable breathing behavibrof the resulting framework!"®!

NOTT-101, as an example, is an unfunctionalized MOF assembled from copper
paddlewheels and the terphenyl-3,3",5,5"-tetracarboxylate published ychmder and
coworkersl’8! It has been shown that this microporous compound is capable of adsorbing
acetylene with an uptake of 184még ! at 298 K and 1bar.l’”l The isostructural MOF
ZJU-40, published by the group oBanglin Chen which is based on the pyrazine congener
of the linker (s. Fig. 2.5, a), shows a signi cantly increased uptake of 2t g ! for
acetylenel’””l Another group reports that the isostructural compound (NJU-Bai 14)
based on the nitro-functionalized linker (s. Fig. 2.5, c) exhibits an improve@O, uptake
from 86cm3g ! to 100cm3g ! at 298K and 1bar.[’8! ZJU-8a, a NOTT-101 analogon
based on the amino-functionalized linker (s. Fig. 2.5, d), shows even higher uptakes for
C,H, than the previously described analog with 195 chg ! at 298K and 1 barl™

Having outlined the possible functionalities the linkers may have, it is necessary
to further distinguish the synthetic approaches to their introduction into the MOFs,
which can be di erentiated into pre- and postsynthetic functionalization. Postynthetic
modi cations may allow the synthesis of MOFs with functionalities that are otherwise
unattainable, due to the competitive coordination of functional groups to a metal
node[®% While presynthetic functionalization is closely related to ligand design and
can be approached similarly, postsynthetic functionalization is usually limited by the
stability and chemical reactions possible inside the con ned space of the pores. This
spatial con nement, while often cited as one of the attractive aspects of usindOFs as
catalysts, precludes many sophisticated organic transformations. Nonethelettgere
are vast reports of postsynthetic modi cations in MOFs as compiled in the rewe
article by Cohenl8) Many of the therein described procedures involve the postsynthetic
modi cation of a presynthetically introduced functional group. Examples are the syn-
thesis of amides or estergia condensation reactions with amines or hydroxyls attached
to the linkers with appropriate reagents such as carboxylic acids, their chlorides
anhydrides!8%81 Further examples show that desired functionalities can also be intro-
duced by postsynthetic deprotection of functional groups, which otherwise impaihe¢
assembly of the frameworkéZ A strategy to introduce even more complex functionalities
is via the utilization of click chemistry’. Here, Goto et al. have shown that they were

6 Breathing behavior in MOFs is not exclusively found for those assemled from exible linkers. The
necessary exibility may also arise from the connection between tke SBU and the linker or a gliding
between interpenetrated frameworks?4

” Herein click chemistry refers to the 1,3-dipolar cycloaddition of alkynes and azides®®!

12
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able to introduce various propyne derivative&€? It has been shown that postsynthetic
modi cations can alter the main chain or even the topology of the framework. This lsa
been achieved by photochemical [2+2] cycloadditions of an ole nic linké&e! Lastly, as it
has been stated for the linkers, di erent functional groups can be embedded inet same
MOF, which further multiplies the possibilities and allows for even more precise tuning
of the material properties as demonstrated by the MTV-MOF£! Functionalization
thus extends the possibilities for MOFs far beyond any comparable class of purely
Inorganic porous materials.

2.2.2 Fluorinated MOFs

Of special interest for this work is a smaller subset of functionalized MOFs, tke
functionalized by uorine substituents. This class of compounds has gathered signi cant
attention® after Yang et al. published their article on FMOF-1 (s. Fig. 2.6, left) in
2007 (FMOF  Fluorous MOF).I8”1 FMOF-1 is a framework structure assembled from
per uorinated 3,5-bis(tri uoromethyl)-1,2,4-triazolate ( Tz) ligands and Ag(l) ions with
the general compositiori Ag,[AgdsTze]*,. The compound exhibited an unprecedented
volumetric uptake of O,, hydrophobicity and very favorable sorptive properties foH,
adsorption. The hydrophobicity in particular was attributed to the per uorinated inner
surface of FMOF-187] Other sources expected a higher thermal stability of uorous
MOFs due to the high strength of the C{F bond!®8:8°

Figure 2.6:Excerpts of the crystal structures of FMOF-#"] (left) and YCM-101[°¢]
(right), both are shown in the space lling representation, with the atoms
drawn using their respective VdW-radii. Atoms are colored in the following
scheme: C, grey; N, blue; O, red; F, green; Ag(left)/In(right), light grey.

8 There are few earlier reports on compounds, which may be considerediorinated MOFs such as
[Cu(h pbb)(H 2h pbb) ¢5] (H2h pbb  4,4'-(hexa uoroisopropyl idene)bis(benzoic acid)) by Pan
et al. in 2004

13
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Fluorinated MOFs make up a smaller yet well establishé®-° subset of the CSD with
9545 entrie8 (7:6 %) of the MOF subset containing uorine and 6089 entries (8 %) con-
taining a C{F bond. Fluorinated MOFs have shown very promising properties for their
application in gas separatiod®! UTSA-200, a MOF containingSiFs?!, for example has
shown an unprecedented ability to separate propyn&gH,) from mixtures with propene
CsHs, even in very low concentrations with mixture ratios of 99:1C3H,:C3Hg).[9%! Aside
from the previously described advantages of hydrophobicity and thermal stabilitytioer
sources observed a higher sorptive capacity f@O, for MOFs based on uorinated
linkers [*4951 However, there are also reports of diminishe@O, uptakes for a per u-
orinated analogon of UiO-66 compared to the un uorinated varian€® From the few
examples of isostructural pairs of uorinated and un uorinated compounds a lower
thermal stability was observed in the uorinated systems Co-FINA-2 vs. Co-INA-2 &
UHM-31 vs. HKUST-1)[94.95] UHM-31, an HKUST-1 isotype based on mono uorinated
BTC, underwent thermal decomposition above 228C, whereas HKUST-1 is considered
to be stable up to 25C‘C.[249] This is in good agreement with studies bysmets et al,
who observed an inverse correlation between the degree of uorination arftetthermal
stability over a set of uorinated CPs[P™l Therein, the authors attributed the lower
thermal stability to a higher tendency of the linker to undergo decarboxylation when
uorine substituents are present?”]

It thus becomes apparent that the in uence of uorine substituents on the host-
guest interactions is system speci ¢ and not trivially assessed. Furthermorné must
be carefully di erentiated between uorinated and uorous compounds as well as
MOFs.[°8] The authors of the rst report on FMOF-1 stated that \hydrogen atoms are
substituted by uorine atoms in all ligands"8”] referencing the \Handbook of Fluorous
Chemistry".[?8l In the latter, the term uorous is de ned as such:

\'uorous: ‘of, relating to, or having the characteristics of highly uorinated sat-
urated organic materials, molecules or molecular fragments. Or, more simply (but
less precisely), “highly uorinated' or “rich in uorines' and based on sphybridized
carbon.°]

This di erentiation is signi cant, since the term uorous was introduced to refer to
media in contrast to being aqueous and non-aqueous, as uorous solvents are immiscible
with most common organic solvent®? Most importantly, this separates the uorous
per uoroalkyls from their arylic analogs. Per uoroarenes are, even though is commonly
assumed, not uorous due to their negatively charged peripheries and their capability
to electrostatically interact with electropositive specie&?01011 Subsequent accounts on
FMOFs added, that \..all hydrogen atoms are substituted by uorine atoms in all the
ligands rendering per uorinated pores 681021031 Thys, the term FMOF, referring to

9 This subset also includes various compounds including inorganic udnated anions (e.g. SiFg2 ),
which also precede FMOF-1%2
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uorous MOF, should not be extended to the much more common uorinated- and
per uoro-arene based MOFs, although this is not strictly adhered to in literaturé04

The characteristic electrostatic interactions of per uoroarenes can, hawer, also be
utilized to attain the desired material properties.DeFuria et al. for example have shown
that YCM-101, a MOF based onin(lll) ) and per uoro-terephthalate (s. Fig. 2.6, right),
can remove tetracycline from aqueous phaséd.They attribute the incorporation of
tetracycline to occurvia - -stacking between the exposed per uoroarenes and the
electron rich -system of the guest¥

Any aims to systematically isolate in uences or trends, which may arise from the
introduction of uorine, are not only impaired by the availability of uorinated linkers,
but also their geometries.Peikert et al. observed that mono uorinated BTC cannot only
form the previosly described UHM-31 withCu(ll) ions but also two other compounds
(UHM-32 & 33) from the same solvent depending on the temperatuf®! Later accounts,
studying trimesate compounds in all three degrees of uorination, established, that
the torsion angles of carboxylate functions adjacent to uorine substituents inease
signi cantly. 3 The same trend of increased torsion angles for carboxylates was also
found by theoretical investigations of 2,4,6-tri uorobenzoic acidt®! As previously
outlined, most MOFs are based on carboxylate linkers. This can severely impabiet
di culty of synthesizing isostructural uorinated MOFs, particularly when the linkers
contain multiple phenyl moieties and thus multiple relevant torsion angles.

The synthesis of uorinated linkers, in contrast to many of the other functional goups
outlined in the previous subsection, is usually not concerned with the introduction of
uorine to established organic building blocks. Instead, the synthesis often proceedsrfr
commercially available uorinated starting materials (e.g. uorinated arenes, suitabled
undergo coupling reactions). This can mainly be attributed to the high toxicity of active
uorinating reagents and the concomitant reluctance of their application on the labar
tory scale. Industrially, per uoroarenes are synthesizedia de uorination-aromatization
of per uorocycloaliphates by contact with Fe at C500*C.[191 Fluorination reactions
under less extreme conditions nowadays usually involve so calledR-Reagents”, such
as Select uor.[*°1 The latter is however restricted by the selectivity of this type of
electrophilic uorination, thus further limiting the amount of possible substrates and
concomitantly the potential for linker synthesis.

In conclusion, uorinated MOFs show great potential for selective guest adsuion,
due to the unique e ect of uorine on arylic systems. At the same time, the e ect of
uorine on the geometry of arylic carboxylates severely interferes withthe predictability
of the resulting framework structures.
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2.2.3 Synthesis of MOFs

One major advantage cited for MOFs is their inherent crystallinity, which allows d
study the structure property relationshipsvia di raction techniques.!1%! However, while
MOFs have a well de ned structure, the crystals they form are not necessarigiways of
su cient quality for the desired analysis. Researchers thus devoted substantia orts

to understand, optimize and control the crystal growth in MOFg107]

The vast majority of MOFs are synthesizedsia \conventional” methods, which may
further be divided into solvothermal and non-solvothermal procedurd¥®! Solvothermal
refers to reactions carried out in pressurized vessels above the boiling pahthe
solvent at ambient pressurél®! By contrast, non-solvothermal reactions are carried out
below the boiling point. In general these involve the dissolution of the starting matials
(metal salts, linkers, potential additives) in an appropriate solvent. Commonadvents for
MOF synthesis are highly polar solvents such ad,0, N,N-dimethylformamide (DMF)
or methanol. Afterwards, they are heatetf in an appropriate vessel, e.g. autoclaves for
solvothermal or screw cap vials for non-solvothermal reactions. The precantrol of
the heating (e.g. ramp up time, reaction time, temperature gradient inside the vedge
is often critical to the product formation as well as the crystallinity and morpholoyg of
the resulting MOFs[111]

Various other synthetic methods are reported in literature such as microwavw
ultrasound assisted reactions and electrochemical or mechanochemical syntheadich
are, however, of minor concern for this work and will thus not be described in ther
detail.[1%8] The solvothermal approach is chosen so frequently because it lends itself to
the reliable synthesis of single crystals, which are usually the basis for further arsily
for academic research. More often than not, this is a non trivial task, whictequires
ne control of the optimal parameters. Having outlined the general procedure, it is to
discuss the multitude of tunable parameters arising from it. Those of primary concern
for this work are:

" Choice of the combination of linker and the metal (node)
Choice of the metal source

Choice of the solvent mixture

Choice of the temperature pro le

Concentration of the starting materials

Control of the pH value in the reaction mixture

Addition of structure-directing agents/modulators

10 Some MOFs e.g. MOF-5 or MOF-177 may even be synthesized without any fther heating.[*%
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It is obvious, that the linker and the metal nodes primarily dictate what MOF is
formed, and concomitantly how linkers and metal nodes have to assemble. Furthermore
the choice of the starting materials a ects and may limit all subsequent parameters,
e.g. due to their solubility and their chemical and thermal stability. The chosen metal
source is relevant, because it a ects the desired valence, the concentratavailable
for the assembly (kinetics) and potentially the pH value or the presence of struse
directing agents. Choosing the solvent is critical with regards to the solubility ahe
starting materials, the boiling point and its availability. Furthermore, the interplay of
the solvent with the reactants cannot only in uence the speed of the assembly (and
thus the particle/crystal size) but also determine if a certain SBU can be formed
or not. Some of the most popular solvents for MOF synthesis ai¢,O and DMF.
The latter can be found in 9942 (8 %) of all crystal structures in the MOF subse
in the CSD.!! Although, more recently, there are e orts to be less reliant on DMF
for MOF synthesis in part due to restrictions in the European Union'12 Di erent
temperature pro les, which the reactions are subjected to, can a ect the pduct
formation and the morphology signi cantly. Higher temperatures may, for example,
favor the formation of a thermodynamically more stable structuré!s! The speed of
the crystal growth is tied to the reaction kinetics, which is also in uenced by the
temperature. Furthermore, longer heating periods may lead to a degradation afrined
MOFs, thus, there are usuallygoldilockstemperature pro les associated with highly
crystalline MOF syntheses. Of particular importance for multinuclear SBUs is a
precise control of the pH value. Volkringer et al. have observed the formation of
three di erent MOFs from reacting Al(lll) and H4,BTEC in alkaline (NaOH) aqueous
solution: MIL-118, MIL-120 and MIL-121[4 They were able to show that a higher
pH value favors the formation of more condensefllOs octahedra and were able to
synthesize phase pure samples of all three MOFs by appropriate selection of therting
conditions. Low pH values can generally lower the activity of a deprotonated linker,
which may slow the assembly of a MOF particle. Accordingly, there are reportso
substantially increased crystal sizes after the addition of hydrorgen halidesids such
as HF or HCI.[115{1171 Modulators are molecules added to the reaction mixture that can
in uence the assembly process. Examples are monocarboxylic acids, such as formic
acid, acetic acid or benzoic acié18119 These can in uence the reaction by di erent
mechanisms, for examplegia deprotonation modulation, where the linker is deprotonated
by the modulator, or coordination modulation, where the modulator competes with
the linker.118 Furthermore, they can also terminate nucleating particles as capping
ligands or pre form multinuclear SBU<!2% Thus, modulators can have a broad range of

11 Since this only accounts for all structures wherein the molecule isncorporated and re ned, this
number represents a lower limit and the actual fraction of MOFs synthesized in DMF is likely much
higher.
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e ects on the crystal growth of MOFs, which are highly speci c to the sysm/[!1°] Both
the increase and the decrease of the resulting MOF crystals and the controldsfect
concentrations can be achieved!® Finally, it is also possible for modulators to be
incorporated into the crystal structure, either statistically as defect®or systematically
forming compounds otherwise unattainabl€21!

From this non exhaustive collection of parameters, it becomes apparent thatesehing
for an optimum would require very extensive screening for every one of the néanite
combinations of linkers with di erent metal salts['%8! |t is thus often prudent to con ne
the variations for one MOF to very few parameters, which can be screenediently.
Bauer et al. have shown the synthesis of three di erent MOFs from a screening of
the Fe**/ H,BDC{NH ,/base/solvent system(!22l Therein, the greatest impact on the
product formation stemmed from the reaction medium, the temperature and the ovdra
concentration[122]

Another method to synthesize MOFs, which deserves mention, is their assemblynfro
\prebuilt" molecular or polymeric fragments. This has been shown bZhun et al,
who used well de ned 2D paddlewheel based coordination polymers and a \pillaring"
ligand, such as BPy or 1,4-diazabicyclo[2.2.2]octane (dabco), to assemble a serie
of 3D MOFs[123 Therein, the pillaring ligands coordinate to the axial positions of
the paddlewheels, bridging two layers, which results in a porous network. While the
paddlewheel motive enables the simple estimation of the resulting structure, this concept
is very general and can be applied to a variety of SBUs and CPs. Similarly, prede ned
metal-organic cages\ide infra) can be used as nodes to be interconnected by an
appropriate ligand. Li et al. have used an octahedral paddlewheel based metal-organic
cage to assemble a network with a MOF-5 likepcu) topology.6]

2.3 Metal-Organic Cages (MOCs)

Metal-organic cages (MOCSs) are discrete molecular coordination complexeshagin
internal void and may be understood as excerpts of the previously described MOHRN
the beginning of MOF and MOC chemistry, the two elds were closely related, with
pioneering work in both elds being undertaken by the same researchét¥! Today, the
two elds have developed more independently from another, besides the great dapr
of synthetic paradigms, applications and characterization techniqué&34 One early
example of a MOC, MOP-1 (Metal-Organic Polyhedra), assembled fro@u(ll) and 1,3-
benzenedicarboxylate fi-BDC), can be considered as a molecular excerpt of HKUST-1
(s. Fig. 2.7, a)l'?51 It forms the same cuboctahedral void found in HKUST-1, which
is enveloped by 12 paddlewheel units and 24 linkers connecting them. Another more
thoroughly, thereafter investigated example i$Pdg(tpt) (en)s]*** (s. tpt in Fig. 2.4),
published by Fujita et al. in 1995 (s. Fig. 2.7, b)100.126]
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Figure 2.7:Excerpts of the crystal structures of MOP-£25 (left, a) and
[Pds(tpt) 4(en)s]*** (1281 (right, b) displaying complete molecular cages. The
void spaces in the cages are signi ed with transparent purple spheres.

Here, thePd(ll) cation in a square planar coordination environment forms the vertices
of an octahedron. The tpt ligands bridge three of these nodes forming every otherdac
of the octahedron and theen ligands cap the outer coordination sites of the Pd atoms
(s. Fig. 2.7, b). [Pds(tpt) 4(en)s]*** is considered to be the rst reported water soluble
MOC.[1271 MOCs can be found in a diverse range of structures, from Platonic and
Archimedean solids to a wide selection of prisms (also referred to as lanteri%}12él
Once again, the individual building blocks (linkers and metal atoms/cations) may be
categorized into geometric subunits by their roles in the formed polyhedF&8! While
MOCs can, in theory, be assembled from any metal similar to MOFs, the naturd o
having to assemble into well de ned cage structures usually dictates the use of morellw
de ned coordination spheres around the metal atoms/cations. This leads to a prefame
towards octahedral or square planar geometries or even paddle-wheel struetias
opposed to the irregular and extended coordination spheres found for the alkalinetka
metals'? and the lanthanoids. Thus, transition metals such a&e(ll), Pd(ll), Pt(lI) ,
Zn(ll) or Co(ll) are some of the more frequent metal nodes found in MOC chemistif!
The linker molecules in MOCs have to be in a balance between being able to bridge
the metal centers while not forming extended polymers, resulting in MOFs. This
oftentimes requires careful control of concentrations and other syntfie parameters(t24
Other frequently observed motives are capping ligands, such as ethylenediamine (en)

121t shall be mentioned, that Saalfrank et al. serendipitously discovered the \ rst* MOC assembled
from four Mg(ll) cations and a linker obtained from the condensation of oxalyl chloride and dthyl
malonate [12°]
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in [Pde(tpt) 4(en)s]. Since the formation of networks is to be inhibited, many of the
carboxylate based SBUs found in MOFs are unsuitable for the synthesis of MOCs,
unless appropriate capping ligands can be used to control their terminati®{3? The
most ubiquitous ligand motives in MOCs are instead pyridines, both as bridging and
as capping ligands. Due to the frequent use of neutral ligands, MOCs are oftentimes
cationic and neutral ones have less frequently been reportéf!

Syntheses of MOCs are usually combinatorial procedures, carried out in solution
whilst controlling the temperature*24 Slight modi cations of some parameters can be
detrimental to the assembly process, leading to the observation that many reseh
groups tend to focus on MOC systems they have developed themsel&$.Compared
to MOFs, MOCs have one major advantage for their synthesis which they owe their
molecularity. MOCs are soluble and thus o er a broad palette of puri cation methods
including phase extractions or size exclusion chromatograpB¥! This also enables the
characterization of MOCs with the great bandwidth of analytics available for motaules.

A widely available analytic technique is (liquid phase) NMR spectroscopy, which can
reveal much about the symmetry and composition of MOCs in solution. More advaed
NMR techniques such as the observation of through space interactions (utilizing the
nuclear Overhauser e ect (NOESY)) can even reveal intermolecular interagns in
solution.124 The ring current e ect can also be exploited to study guest molecules
a ected by it inside MOCs.!131 Furthermore, UV/vis spectroscopy can be used to study
MOCs in solution providing valuable insight, speci cally due to the sensitivity of metal
based absorption bands to changes in the coordination sphere. Mass spectrogscop
techniques, such as matrix assisted laser desorption/ionization (MALDI) or eliospray
ionization (ESI), can also be used to detect MOCs both from solution or bulk matial.

Substantial attention has been given to the targeted design of compound peaties
through functionalization of MOCs, e.g. water solubility’2”l Functionalizing MOCs
can be achieved through several pathways, either the presynthetic modi catioof
the linker,!132 postsynthetic modi cation of the linkerl133l or even the postsynthetic
attachment of functionalities to open metal sites of the metal centers. Somenictional-
ization of the linker results in remarkable chemical stability of the resulting cagest |
was demonstrated thatP, can be stabilized under air embedded inside a sulphonate
functionalized MOC[134

Whereas MOFs are very often investigated for their porosity, MOCs hava much
more modest history in this aspect, with one article listing a mere 120 reportesirface
areas for them from 2005 to 20193 This can largely be attributed to their poor
performance in this eld, which becomes apparent upon comparing the structurally very
similar MOP-1 to HKUST-1. In the original report of HKUST-1, the authors assesske
a BET surface area of 692 m?g 1 (with much higher values found thereafter), MOP-1
in contrast had its surface area determined 13 years after its initial repioat a value
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of 13 n¥ g 1.[24135136] This may be surprising, since many MOCs contain void space
fractions in their crystal structures similar to MOFs. The key di erence betveen the two
classes is the rigidity, which stacked MOCs oftentimes ladk’l MOFs often pro t from

the continuous connection throughout the network to increase their stability, whees
MOCs can only rely on often times very weak intermolecular forces, e.g. dipgen
bridges or -stacking. Recent advances have seen substantially higher BET surface
areas with values over 1000 Ag 1, which are attributed to increased stability in these
systemg[135.137]

Aside from porosity, there is however a broad range of other potential applibens
that MOCs are investigated for. MOCs have an internal void space which e
utilized to catalyze unique reactions inside of therf#38! This property is reminiscent of
enzymes, where a speci ¢ chemical environment can exist on the inside of the cages
available to a substrate in a solvent with entirely di erent chemical charactastics. One
very remarkable example demonstrating this was published Wluth et al.l139.140] They
were able to show that aGa(lll) based MOC could act as a Br nsted-acid catalyst in a
basic (pH 11) agueous solutiot39 Other reports showed the formation of di erent
products from a Diels-Alder type reaction using the same substrates when a MOC
was used as a catalyst3® These ndings highlight the unique properties of MOCs as
supramolecular catalysts. Furthermore, MOCs have exhibited abilities to recognize
and bind speci ¢ guest molecule8%:141 Takezawa et al.were able to elucidate the
self aggregation behavior of poly uorinated aliphatic compounds inside of a MOC in
aqueous solution. Anion binding in speci ¢ MOCgia tailored interactions have been
shown for numerous examples as reviewed Byustelcean4!!

2.4 X-Ray Diraction Analysis

X-ray di raction is a well established method for analyzing both crystalline and amer
phous materials in the condensed state and is considerstdte of the artin terms of
elucidating interatomic distances and material characterizatiod#? The method was
paramount in some of mankind's greatest discoverigs{145 and still undergoes new
developments while being over a century old. Generally, the method is based on
the scattering of photons on the electronic shells of atoms and the fact that X-ray
have wavelengths of the same magnitude as interatomic distances. When X-rays are
scattered by a (crystalline) material, the wavefronts interact with theatoms in the
lattice, resulting in a di raction pattern. 13 A relationship between the wavelength of
the X-rays ( ) and the periodicity (d is the distance between lattice planes) and the

13 There are also scienti ¢ disciplines concerned with the scatteing patterns of non crystalline i.e.
amorphous materials, such agair distribution function analysis .'#¢! These are, however, of minor
in uence for this work and will, accordingly, not be described in further detail.
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scattering angle () in a crystal is described byBragg's law (s. eq.(2.1)).1 It is de ned
as:

2dsin™ ¢ n: (2.1)

wheren is the order of di raction and relates the angular intensity maxima (re ections)
of the scattered X-rays with the periodicity. The relative intensities of the & ections
contain further information on the scattering power of a respective sef dattice planes
(i.e. d), which in turn describes the distribution of the electron density within the unit
cell, the repeating unit of a crystal. A unit cell in general, tiling an in nite space, is a
parallelepiped, which can be describeda six parameters, three for the lengths of the
edges &, band c¢) and three for the angles (, and ). There are special cases (e.g.

90%) by which seven crystal systems may be di erentiated. Upon consideration

of the contents of a unit cell and potential symmetry thereof, 14 uniquBravais lattices
(a crystal system with or without a centering) and 230 unique space group tgs can be
distinguished#”1 Modern single crystal X-ray di raction (SCXRD) is concerned with
determining the unit cell parameters, the space group and the electronic (i.e. atomic)
content of the asymmetric unit. The asymmetric unit is a subsection of the unit cell,
containing all atomic positions necessary to represent the full unit cell after appéitton
of the space group symmetr{}*7l A typical process in elucidating the crystal structure
of a given compound involves these steps:

N

Measurement of a single crystal (data collection)

Unit cell determination (indexing)

Data reduction (integration)

Model generation (solution of the phase problem)

Re nement (least square t of the atomic parameters against the meas. data)

While each of these steps has undergone substantial improvements, both with rebar
to the speed and the accuracy of the process over the last decades, the underlying
concept has remained largely the same. A crystal is mounted on a di ractometevhere
a beam of X-rays is directed onto it. Currently, the data collection is usually dieved
using pixel detectors that collect a large excerpt of the area behind the di racting
crystal, while it is rotated over a certain interval. The resulting images (o&n referred
to as frames) are then used to construct the reciprocal space, a set of th@mal
vectors of all observed lattice planes, of any particular di raction experim@. The
reciprocal space can be searched for the thtéeunit vectors in order to obtain the unit

14 1t shall be acknowledged, that incommensurate modulated structues may require up to Six vectors
to adequately describe all re ections, but this goes beyond the scop of this introduction.
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cell (resulting in the assignment of a uniqudiiller index hkl for every re ection). A
common way to visualize excerpts of this reciprocal space, also used throughdust
work, is via (digitally generated) precession images. An example from a dataset of
2-dimethylsufuranylidene-1,3-indanedione (YLID), a common benchmark structure to
test di raction systems,!148 can be seen in Fig. 2.8.

Figure 2.8:Digitally generated precession images of a dataset of 2-dimethylsufuran-
ylidene-l,3-indanedione (YLID) measured on &8ruker D8 Venture Dual
Beam with Mo-K radiation. The (Okl), (hOl), (hk0), (1kl), (h1l) and
(hk1) layers are shown, from left to right, top to bottom, fully showing the
re ections up to a d-spacing of G83A.

In the subsequent data reduction step, the relative intensities of all re ectionsra
assessed (algorithmically3*°15% and collected into a data set containing one (averaged)
intensity value |-,. for every Miller index. This process is very involved and applies a
variety of corrections to the data (e.g. for absorption e ects or backgund radiation),
which are necessary to successfully obtain a sensible structure solution.

Thereafter, a structure model is sought, based on the fact that the electralensity

~xyz+ inside the unit cell of a crystal structure is related to the structure factof-.

by

1 P - .
“Xyze vQ Q Q F‘hk|.e 2i7hx ky Iz . (22)
h k |

15 |n the past, these images were recorded by precessing a crystal aradithe normal vector of a
lattice plane and collecting the intensities via a Im strip, hence the name. Today, this is digitally
emulated from the sets of frames obtained during data collection.
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Since the measured intensity is proportional to the square & . (s. €q.(2.3)), this
requires the (correct) assignment of the unknown sign to each re ection.

$Ahk|.g CE|Ahk|. (23)

This is known as thephase problemn crystallography and multiple techniques of
solving this problem have been developed over the yedf3{15 A successful solution
to the phase problem should yield the correct space group and spatial positions of
(heavy) atoms in the asymmetric unit of the structure. Depending on the method, a
prerequisite may be the assignment of the space group, which can be accomplishea fro
the di raction data. YLID, for example, crystallizes in the orthorhombic spacegoup
P2,2:2;, (no.19). This can be inferred from the orthogonality of the lattice formed by
the re ections and the speci ¢ re ection conditions for the 3-screw axes resulting in the
systematic absence of every second re ection along (h00), (0k0) and (0Bl)Fig. 2.8)[156]

In general, the unit cell vectors allow for an assignment of the crystal sysh and all
symmetry elements containing a translational component result in speci c re ectio
conditions, which narrows down the selection of space groups for any given syst
substantially. Furthermore, the presence or absence of inversion symmetrynche
inferred from intensity statistics after the integration proces$t>” further condensing
the possibilities for a space group assignment. All these strategies are susibépto
produce misleading results when the crystal is twinned (multiple domains of one crystal
in the same dataset) or the re ections are not clearly separated (e.g. due tery large
unit cells or di use scattering).

With a given model, the nal re nement procedure can be undertaken. Therein, all
parameters describing the asymmetric unit are tted in a least squares procedure to
minimize wR,, given by

B0

P WFS  Fge?

WR2 ~
P W Fge?

(2.4)

whereF, and F. are the observed and calculated structure factors, respectively and
w is a weighting factor. The structure factors can be calculated using the modebin
the involved atom types, their positions in the unit cell and their displacement facts
(e.g. thermal motion). They are given by

n
Fo Foa. Qfjeet ™ il (2.5)
i1
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wheref; is the scattering factot® of the j-th atom and n the number of atoms in
the unit cell. The initial model may be missing individual atoms or have wrongly
assigned atom types, which can be identi ed and corrected manually with the hetd
the di erence fourier map, shown in Fig. 2.9. Every atom is described by four to a
maximum of ten parameters, three describing the position, one or six describing the
displacement (isotropic or anisotropic, e.g. ellipsoidal) and possibly the site occupancy.
The latter is usually re ned as one parameter for an entire group of atoms, depending
on the chemical plausibility of the model.

Figure 2.9:Asymmetric unit of the crystal structure of 2,3,6,7,14,15-
hexamethyltriptycene at dierent stages of the re nement with the

di erence fourier map drawn at Q18 eA’. Thermal ellipsoids/spheres are
drawn at 50% probability. From left to right: the isotropic re nement,

anisotropic re nement without and anisotropic re nement with H atoms,
with respective wR, values of 379 %, 302% and 218%. The crystallo-
graphic data was collected herein (s. subsec. 4.1.3, p. 45).

Generally, the number of parameters is gradually increased until a chemically sensible
model with the lowestwR, value is obtained, as shown in Fig. 2.9. The previously
introduced parameters are generally su cient to obtain very good models for meared
crystal structures WR, @b %). However, the set of parameters only allows for ellipsoidal
representations of atoms. E ects such as bonding are not considered thereirhieth can
be seen in the anisotropic model withd atoms in Fig. 2.9 (right), by the presence of
residual electron density between bonde@ atoms. There are di erent strategies to
account for these shortcomings. One is to incorporate quantum chemical calcidats
into the re nement procedure to obtain unique scattering factors for atoms acoding to
their bonding situation,'58 while others expand the set of parameters to allow aspherical
descriptions of electron densit}#59

A frequently observed phenomenon is disorder, where atoms or molecular moieties
are statistically distributed over multiple positions. This, or other e ects such a a poor

16 The scattering factor f; as written here, already contains the correction terms for wavelengtirelated
dispersion (s. eq.(8.1)) and the displacement factors (s. €q(8.3)). The corresponding equations
can be found in sec. 8.2, p. 212.
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resolution (i.e. lowest observedl-spacing), may require the use of restraints. These
restraints restrict the least squares procedure to con ne parameters to péigally sensible
values. SHELXL, the most widely used program to re ne small molecule structur&$%
allows for a wide range of di erent restraints. An example for frequently useckstraints

is DFIX which keeps a de ned distance between two atoms within an also de nable
standard deviation. Others, e.g.ISOR restrain the anisotropic displacement factors of
an atom to be equal to another oiSIMU which restrains these factors to be equal to
neighboring atoms, both within an e ective standard deviation.

2.4.1 X-Ray Diraction on Porous Compounds

With the concept of single crystal X-ray di raction outlined, the speci ¢ requiremens
and caveats for its application to porous host-guest systems are to be ddesed. As
the authors remarked upon their ndings of the \ rst* MOF:

\This small degree of ordering of a major fraction of the contents of the csyal
accounts for the high R value of 0.17, which gives a misleadingly poor impression of
the reliability of the structure of the ordered, minor fraction of the crystal, namelythe
framework 123

It is often detrimental to the procedure when disordered, mobile guest molecules
are involved. In more general terms, several factors that negatively imgabe crys-
tallographic analysis of MOFs (or MOCs) can be identied. MOFs, due to a trend
towards larger pores and larger linker molecules, tend to have large unit cells, whic
impacts the observable resolution of the obtained datasets, and can cause problems in
the separation of re ections {ide suprg. Unlike other small molecules, MOFs cannot
be recrystallized trivially, as the crystal growth is essentially their agsnbly.'61] This
requires careful screening of synthetic parameters, when ideal crystals RCXRD
are desired. Therein, the use of modulators has proven remarkably succed&falss]
Disordered guest molecules impact SCXRD negatively in multiple ways. The high ratio
of non-ordered electron density does not contribute tBragg scattering, thus, decreasing
the intensity, and instead contributing to di use scattering/*¢4 both diminishing the
guality of the datasets. Although it is in rare cases possible to measure single ¢ays of
fully activated MOFs,[16%] a large share of MOF single crystals contain molecules of the
solvent they were synthesized in. This obviously results in frequent obsermat of the
aforementioned disorder. In cases where the disorder is too severe to be reatlm a
sensible way by the atomic approach, the unmodeled electron density can be \removed"
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from the data set by the SQUEEZE68] programt” within PLATON .[168 The procedure
yields a set of the contributions to the structure factors of the unmodeled solvenwhich
can then be subtracted from theF, data to obtain a \solvent free" dataset(¢®! This can
signi cantly improve the metrics and geometric quality of a structure re nement, while
also estimating the amount of solvent inside the structur6.169 When the disordered
guest moleculescan be modeled, it usually facilitates the rigorous employment of
restraints to retain sensible geometries for overlapping guest molecuféd. The latter
always implies a subjective freedom for the individual crystallographer and it thus come
to little surprise, that contrasting approaches and maximes have been put forwaly
di erent authors. [170.171]

All of these drawbacks considered, guest molecules inside porous materials still may
be a boon to researchers interested in SCXRD, for they o er a unique possibjliof
their crystallographic observation. SCXRD of MOFs in non-ambient conditions, such
as an environmental gas cell, revealed the unique interactions of di erent gamis guest
molecules with the pores!l Notable examples for this were reported bjRowsell et al.
in 2005, who were able to identify unique sites for the adsorption éfr and N, inside
MOF-5 usingin situ SCXRD.['721 Subsequent studies using neutron di raction on the
same MOF were able to locate the equivalent sites fot,.[173 Miller et al. similarly
were able to elucidate the adsoprtion sites d¢f,, CH,4, C,Hg and CO, inside the pores
of a MOF based onSc(lll) and BDC linkers[174 Therein, they also revealed, in detail,
how the framework responds to the adsorption of the di erent guest molecules. r~o
CO,, which interacts more strongly with the MOF host than hydrocarbons, the linker
molecules twist such that the guest can form end on interactions with the arylioydrogen
atoms of the frameworkl’4l Analogously, Kapelewski et al.used neutron di raction to
understand the importance of open metal sites fdt, storagevia the localization of the
adsorbed guesk® These ndings highlight the necessity to understand the qualitative
host-guest interactions in such systems if material properties such as guadsorption
are to be systematically optimized.

Another very successful technique, which has emerged from the crystallographic
study of guest molecules in MOFs, is the crystalline sponge (CS) method, developed
by Fujita and coworkerg!’>1761 They found that a MOF ~[(Znl,)(tpt) »] X solvent
based on the neutral tpt linker (s. Fig. 2.4) had the ability to exchange th& solvent
for other guests (e.g. nitrobenzene to benzene) in single crystals without the dos
of crystallinity. 1771 This single crystal to single crystal transformation was further
investigated with a vast selection of guest moleculé®¥! and even enabled the researchers
to crystallographically analyze previously elusive natural compounds8! Since the initial

17 There are other programs to treat unmodeled electron density such ashie MASK subroutine in the
Olex2!*67 program package, butSQUEEZE is the most commonly used variant (cp. 14689 entries
in the MOF subset contain the string "SQUEEZE" vs. 3006 that contain "MASK") .
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report of ~[(Znl,)(tpt) o] xsolvent,, other materials have been identi ed, which are
suitable for the CS method, however without surpassing it in potendy%17° The
particular success of [(Znl,)(tpt) o] xsolvent,, as a CS is attributed to several factors.
Initially, the pore sizes should be of an appropriate size to accommodate the guest
molecules without leaving residual void space in which it could potentially be disordered.
A further advantage is the exibility of the compound, which it attains due to it being
a twofold interpenetrated framework, such that the two frameworks gamove inside
another to respond to di erent guest sizes. Another one is the electron de cienoyf the
-system in the tpt linker, which forms favorable stacking interactions with elémn
rich guest molecules’® Finally, the compounds' tendency to reproducibly crystallize
into suitable single crystals of high quality has led them to being used as a host matéria
for these types of investigations for two decadég5.177]

Organic frameworks in particular o er themselves for the investigations of ved inter-
actions (e.g. -stacking, H bridges) due to their frequent hydrophobicity. In hydrophilic
compounds these weak interactions, which play an important role in molecular rego
nition of organic guestd!’®l are superseded by interactions with the universal solvent.
Thus, the guest@MOF system may be a challenging but also rewarding candidate to be
investigated via SCXRD.

2.4.2 Hirshfeld Isosurface Analysis

One tool to investigate crystal structures beyond geometrical detailsyhich has gained
attention over the recent years, is to analyze thelirshfeld isosurface%{184 The method
has been conceptualized and introduced dypackman et al.in 199718 and is based
and named on the partitioning scheme b¥. L. Hirshfeld.['8¢! Hirshfeld's scheme applied
to atoms in molecules, as there was an interest to investigate the electrpapulations
in ab initio calculated molecular structures. In order to partition a molecule into atoms,
Hirshfeld proposed a weight function for each atom

w," N a N s (2.6)

i~
I:)i>molecule i Y

where "¢ is the spherical electron density, similar to the structure factors discussed
previously, for an individual atom around its positionNin three dimensional space.
Since & is one part contributing to the sum of electrons in a molecule, it becomes
apparent that 0 @v," &% B1. Using this function, it is possible to express the electron
density of an individual atom "IN at any position by its share of the molecule as

SN W MO (2.7)
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where ™!~f¢ is the electron density of the molecule at any position. This results
in a \stockholder partition" scheme, where every atomic fragment possesseshare
of the total electron density of the molecule at any point in space. Wheiddirshfeld
was interested in analyzing the charges and deformation densiti€gpackman et al.
utilized the \stockholder partitioning” scheme to de ne a stockholder function for entie
molecular fragments inside a packed crystal structure.

WmAN P i>molecule jt:[\é; (2.8)
I:)j>crystal i \

gives the weight function of a molecule or any other arbitrary fragment as,,” ¥,
where again 0@w,,"i¢ @1. Based on this function,Spackman et al. de ned the
Hirshfeld surface around any fragment as the isosurface at,"IN  0:5.1871 This value
was chosen by the authors since it partitions the space into volumes in which the
electron density of the chosen fragment is the majori#y8’! It furthermore guarantees
the most e cient packing between adjacent surfaces (or volumes they envelpwithout
any overlap between them. As the authors found, this usually results in packing ratios
of ca. 959%188 The remaining space is thus a volume, in which no molecule holds a
dominant sharel!88! |t may be seen from equatiorn(2.8) that the Hirshfeld surface is
exclusively de ned from not interacting electron densities, i.e. sums of functions and
Is thus comparatively computationally inexpensive. However, it must not be confused
with the Hirshfeld population analysis, used to investigate atomic charge densities in
guantum mechanical calculation$.86.189]

Calculating these surfaces for arbitrary fragments of a crystal structeralone does
not aid signi cantly in the understanding of any given compound. It is, therefore,
frequently chosen to map di erent values on to the surfaces, as shown in FiglQ.

Figure 2.10:Hirshfeld surface for HINA as found in the structure published byChen

et. al.l'® mapped with d. over the range @6074A to 2:2193A (left) and
d; over the range @6064A to 2:2822A (right).

Di erent sets of values can be derived from both the structure data and dm a
calculated surface, e.g. the distances from the closest atoms on the inside ofdhdace
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to a given point on it d; (s. Fig. 2.10, right) or the analogue for outlying atomsl,
(s. Fig. 2.10, left). Values derived from the surface itself may be e.g. the skamdex or
the curvedness of the surface. The most commonly chosen value is thg,, mapping,
which was introduced byMcKinnon et al. in 2007191 to improve the visualization of
intermolecular interactions. It is de ned by

. dw
o O W'?V(v de@'}zvdw (2.9)
whereﬂ’dw are the VAW radii of the corresponding atoms. It represents the di erence
from the sum of the VdW radii of the closest interior and exterior atoms to thelgface
for any given point on it. By choosing a color scheme from red (shorter thardW radii,
strong interaction) over white (sum of VdW radii) to blue (weak or no interaction)
interactions to adjacent fragments are easily visible (s. Fig. 2.11).

Figure 2.11:Excerpt of the crystal structure of HINA1%! showing two adjacent
molecules with and without its Hirshfeld surface in thed,,m mapping
(from red 0:8021 to white Q0 to blue 09849) (top left) and only showing
points whereN and H atoms contact (bottom left). The respective nger-
print plots of the Hirshfeld surfaces are shown on the right, corresponding
to 100 % and 1@ % of the total area, respectively.

Fingerprint plots have been introduced in 2002 and represent a two dimensional
representation of any giverHirshfeld surface, where every point on the surfa&eis
plotted in a heatmap according to theird; and de values (s. Fig. 2.11, right column). The
ngerprint plots may be used to identify speci c directed interactions (e.g.H bridges)
for a given fragment, which may appear as spikes in these plots or to identify plana
stackings(!®’] These plots can further be delineated into contacts involving speci ¢ atom
types, which can be helpful in assessing e.g. which functional groups contribute the

18 The continuous expression for the surface is mapped onto a grid, s. sabc. 6.3.4, p. 169.
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most to a certain type of interaction. An example is shown in Fig. 2.11 (bottomight),
where the top one of the spikes corresponds to the donor, and the bottom one ket
acceptor moiety of the molecule. The combination of thd,,,, scheme (eq(2.9)) for
the surfaces and the ngerprint plots are a popular tool to highlight speci cally weak
interactions such as hydrogen bridges or-stacking and will be used extensively herein
to describe the host-guest interactions of interest for this work.

2.5 Density Functional Theory (DFT)

A mathematical description of any given system is oftentimes a powerful tbto make
various predictions thereof. A wide range of quantum mechanical systems, which includes
a vast amount of molecules and compounds, can be described using Sitredinger
equation, which can be written adt%l

_~d
@as e Hse (2.10)

Therein, K denotes the reduced Planck constant, the time, S ethe time dependent
state vector of the system andd the Hamiltonian. For most aspects of theoretical
chemistry, which are concerned with the calculation and description of molecules and
their properties, the evaluation of a simpler variant, the time independenschredinger
equation, su ces. It is de ned as:

EelS el€ lquS el© (2-11)

where ¢ is only spatially dependent and an eigenfunction of the (electronic) Hamilto-
nian with the energy of the systent, as corresponding eigenvalué3! The Hamiltonian
can be separated into a sum of operators, which represent the kinetic egyeof the
electrons and the potential energies arising from electron-electron, elect-nucleus, and
nucleus-nucleus interactions, respectively ($8.4), p. 212). ¢ is a wavefunction which
describes the electronic system, its square would give the spatial distribution (déyp
of the electron(s)!® However, generally the wavefunction of an arbitrary system (that is
more complex than a hydrogen atom) is unknown and it is far from trivial to accuray
approximate it.

Thus, much research has been dedicated to nding methods that computationally
approximate a wavefunction for a given many body system. One such method, which
was developed early in the 1930s, is thdartree-Fock method /194 an iterative procedure
utilizing the variational principle to nd the optimum (lowest energy) wavefunction

194 only represents the electronic part of the system, which is based othe Born-Oppenheimer
approximation. The latter assumes the atomic nuclei as stationary and is aplicable for all following
descriptions.
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Se(s. eq.(2.12)) of a given system within the limits of the procedure. This lowest
energy is referred to as thélartree-Fock limit.

“ B S e
" ToS o€
The wavefunction is approximated by aSlater determinant, which is an antisym-
metrized product of spin orbitals ;, i.e. single-electron wavefunctions (s. e@2.13)).
Antisymmetry of the wavefunction is fundamental to represent the antisymmetnpf
fermions, i.e. electrons.

argming. E (2.12)
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The spin orbitals, in turn, are approximated by the combination of basis functions
x from a basis set (s. eq. (2.14)) with corresponding coe cients.

i QG « (2.14)
k

These sets are known and di erent set sizes can be chosen to carry out tadéculations.

It is crucial, that larger basis sets will generally improve the result up to thédartree-
Fock limit. While the method initially exceeded the computational capabilities of its
time (1930s), it saw greater application as faster electronic computers la@ee more
widespread.

One major drawback of theHartree-Fock method is, without further elaborating in
detail, that the procedure does not account for electron-electron exchangeretation
for electrons with opposite sping® While this is tolerable for the description of many
single atomic systems with paired spins, it does not reliably describe the systems in the
interest of most chemists. Another drawback of single determinant wavefunctions isatt
only doubly occupied orbitals can be describdéPd For example, a single determinant
Hartree-Fock procedure fails do describe the homolytic dissociation #f,.[19] This
results in an overestimation of the ionic contribution of such a dissociated $&(which
should be zero) and suggests much higher dissociation energi¥s.

Several di erent post-Hartree-Fock methods have been established to push beyond
the Hartree-Fock limit and to improve the resulting models. One such method is
con guration-interaction (Cl), where a set of determinants is developed fra a reference
wavefunction (e.g.S e from a Hartree-Fock procedure, s(8.9), p. 213) by substitutions.
While this ansatz would give the exact solution of the time independer§chredinger

20 This is true if a single determinant approach is used. Multi referace Hartree-Fock procedures exist
but will not be elaborated on herein.
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equation if a complete (i.e. in nite) basis set is used, it is strongly restricted in its use
for real applications, due to the computational demand of the method. For example,
a full ClI calculation of the N, molecule required the evaluation of :88 1 slater
determinants[t°! The number of determinantsN,; which are used to construct the
Nwtar Niotar Hamilton matrix in such a procedure for a system withM spatial orbitals
and N up spin electrons and\N down spin electrons can be calculated with®7]

M! M! .
NI"™™ NeNI"M N

While the results of the CI method also systematically improve with the size of the
basis set, it responds comparatively poorly to truncation, i.e. only considering the
rst D degrees of possible substitutior$?® The Coupled-Cluster (CC) technique is a
di erent (multiplicative) ansatz, which produces the same results as Cl calculations
(if all substitutions are considered), but responds much better to truncation. Thus,
CCSD(T)? type calculations are considered as the \gold-standard" of theoretical
chemistry by some authord!®8 Nonetheless, CCSD(T) is still computationally very
demanding and does not lend itself to investigate many of the problems in the eld of
interest of some theoretical chemists. In general it can be stated thatawefunction
based postHartree-Fock methods can produce very accurate descriptions of molecules
and that they are systematically improved by greater basis sets, while also quigck
growing in computational demand with respect to the size of the systems. The amount
of necessary steps for a CCSD(T) calculation for example scales wih'[19] with M
as the number of basis function¥?

A di erent approach to describe quantum mechanical systems 18a density functional
theory (DFT). It is based on the theorem, that there is a unique functional relationship
between the (one-particle) electron density of a system and its ground state energy
Eo (s. eqg. (2.16)).

(2.15)

N total
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where T is the kinetic energy of the electronsy,, is the potential energy
between the electrons and the nuclei and.. represents the interaction between the
electrons, which may be further separated into the coulombi  and the exchange part
K . This was formally proven byHohenbergand Kohn in 1964[2°0 They furthermore
were able to show that, analogously to thélartree-Fock method, a minimum energy can
be calculatedvia the variational principle using this functional[2%% Since the description
of o ~ToSpeonly depends on one set of coordinates instead of position and spin of

21 These consider singles and doubles of determinants and triples by garbation theory.
22 For reference, a carbon atom in the def2-TZVP basis sé€® is modeled using 20 gaussian type
functions.
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each electron, this approach promises a much simpler formulation of the enelfg§l The
crucial problem with this approach, however, remains that the functional is unknow#2°!
Exact expressions for the terms in e@2.16), can only be formulated forV,, and
J  (s.(8.10), p. 213). Initial attempts of deriving orbital free DFT models, yielded
unsuitable results to use them to describe molecules etc. (e.g. the models failed to
predict the bonding of atoms)19520l] The DFT methods, which are popularly used
today, started with the work of Kohn and Sham who introduced the orbital based
approach from theHartree-Fock method to DFT.[2921 Therein, the kinetic energy term
Tks is calculated analogously to théHartree-Fock procedure using orbitals. From
these, the electron density is also accessible, which leaveslkhe term as nal variable.
Since the kinetic energy of theHartree-Fock procedure only considers non-interacting
electrons, the di erence between this energy and the real (interacting) ergr Texact

can be combined withK  to de ne an exchange-correlation functional contribution

Exc 1299

Exc Ex Ec "Texact Tks * K (2.17)

Most of the contemporary used DFT methods vary only in how this exchange-
correlation functional is de ned. Three approaches to these functionals are locaip{n)
density approximation (L(S)DA), generalized gradient approximation (GGA) and hybrid
GGA. The local (spin) density approximation relies on the notion that the electron
density is described as a uniform electron gas i.e. the density varies sloWL This
approximation performs particularly poorly on molecular systems and overestines
binding.[2°1 Generalized gradient approximations consider the local approximation
and in addition the gradient of the density. Several di erent both empirical and non
empirical functionals estimating the electron exchangEy and the electron correlation
Ec have been developed®! For example Beckéd?%3] proposed a GGA functional for the
electron exchange in the form:

33" X

EBss E SBPr dr; 2.18
X 2 4 QS Qs "1 6x sinhx e (2.18)
s 11111111ummmmmmnmmﬁnmmmmnnn:mmmnnnnln
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where is aconstan®® andx ® S~"2with as the electron spin. Generally
the parts for Ex and Ec have been developed individually and implementations in
modern program packages to run these calculations combine di erent exchange and
correlation functionals. These functionals have been more successful at describing

23 The authors empirically tted the constant to a set of atomic energies [19%:203]
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molecular systems and are the basis for the now very popularly used hybrid GGA
functionals.

These functionals, as their name might suggest, combine the wavefunction-based
exchange-correlation energy with the appropriate terms from the GGA method€ne
of the most widely used functionals, which produces very good results is B3L¥P#]
Therein the exchange-correlation energy is given as:

EXP "1 aER®Ph aERF bER® cEg’” "1 oEIWN; (2.19)

wherea;band c are 02, 0:72 and 081, respectivelyz* ELYP and EYWN are the corre-
lation functionals proposed byLee, Yang and Parr [2061 and VoskgWilk and Nusair,[207]
respectively. While these values may seem arbitrary at rst glance, B3LYP has sk
very good accuracy in various calculations such as the G2 dataset, which is acfevell
understood systems used to benchmark computational method¥!

The advantage of the hybrid GGA functionals is based on the fact that usually
more accurate results are obtained than using the putdartree-Fock method while the
amount of necessary calculations does not increase as quickly as with e.g. CC.

There are many accounts in literature, where various systems and propertiaie
calculated using di erent DFT functionals and wavefunction-based approaches to
establish and compare the accuracy between the methdd¥.208.209 DFT calculations are
generally much faster than the previously outlined purely wavefunction-based appréeas,
however, they are not systematically improvable such as CI or CC. Depending on the
speci ¢ property, which is to be modeled in an e.g. molecular system, DFT calculations
can lead to qualitatively false resultd?19 There are other shortcomings of DFT methods,
such as a failure to accurately predict London dispersion interactions requiring adidibal
corrections, which will not be elaborated upon hereil#!l Despite these issues, DFT
methods are widely used todds’? and there are methods to correct the presented
Issues.

Currently DFT methods are used across various disciplines in chemistry to understand
di erent systems on the atomic scale. A typical procedure, on the level of thesearcher,
for a DFT calculation can be described in the following steps:

" initial model generation
model re nement/optimization

veri cation of the model/property calculations

In the initial step, a description of the system is created. For a molecule as an
example this would include the positions of all of the nuclei, the number of electrons

24 These values were suggested bBecke and are based on tting heats of formation of small
molecules!?04:205]
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and the multiplicity of the system. The positions of the nuclei can be obtained by
preoptimizing a crude manually created model or an excerpt from a crystal strugee.

This model is then optimized, which involves calculating its (lowest) energy using the
desired method (combination of a basis set with either DFT or a wavefunction-based
approach)via the self consistent eld approach. Afterwards, the model is alteret,
until its energy convergence criterion is met. Every combination betweenbasis set and
a method will have a (slightly) di erent optimum geometry associated with it. DFT
based methods, for example, tend to overestimate bond lengths, wherétstree-Fock
calculations underestimate thent1°!

This resulting optimal (i.e. at an energetic minimum or a saddle point) geometry
may then be veri ed as such by a frequency calculation. Thereby, the frequenciefsall
3N 6 molecular vibrationg® are calculated. If the geometry is in fact on a minimum
of the potential energy surface, every possible displacement would result in iacrease
of the energy and thus all resulting frequencies have real values. A transitiorat
would be located on a saddle point of the potential energy surface and conseufly
have exactly one imaginary frequency.

These calculations nally yield a geometry, an associated (total) energy, a degption
of the electron density (or a wavefunction) and from the frequency calculatiorhé¢
modes of an IR spectrum. While these can already provide great insight into the
system, there are also a range of further properties which can be derivednr these
descriptions. It is for example possible to calculate optical propertiéd! NMR shifts,[217]
dipole/quadrupole moments218] or to carry out population analysed!89.219 Dye to the
computational demand of even the most computationally modest functionals in small
basis sets it is usually not feasible to model thousands of molecules in the condensed state.
There are, however, approximations such as the conductor-like polarizable contim
model (CPCM).[220] This introduction focuses on the calculations of molecular systems.
However, it shall be mentioned that crystalline solid state systems can also described
similarly to the previously outlined procedured??21]

25 Typically this is achieved by approximating a Hessian matrix and moving the atom coordinates
closer towards the minimum energy con guration 213214l
26 For linear molecules this formula becomes ¥ 5.
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The experimental aim of the present work may be divided into three major asps¢
as shown in Fig. 3.1. Primarily, new porous materials are to be synthesized froravel
uorinated carboxylate ligands. These compounds serve as model systems to itigede
the intermolecular interactions (of guest molecules) therein.

Figure 3.1: Scheme outlining the three major aspects and aims of this work and how
the individual aspects interact with one another.

The synthesis of uorinated linkers entails both entirely novel as well as recty
established pathways. The ligands used herein are extended aromatic compounds with
more than two phenyl-moieties, which are not commercially available, necessitating the
development of new synthetic procedures towards them.

These compounds are to be used as linkers for the synthesis of novel uorinated
MOFs and MOCs. Since these syntheses are exploratory in nature, very fueqtly
new compounds are discovered serendipitously. The reaction parameters leading to the
formation of new compounds are to be further investigated and improved. Systentat
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improvement of these parameters will involve the factors outlined in the previous gbier
(vide suprg.

Characterization of these new compounds strongly focuses on crystallograpmelysis
via X-ray di raction, since this o ers a unique possibility to locate guest molecules
in porous materials. Visualization of the dominant weak interactions will rely on the
previously outlined Hirshfeld surface analysis.

Aside from interactions with guests it is also of interest to determine what prefed
geometry is adopted by the linkers. The intramolecular forces of the linkers, esg cally
with regard to the in uence of the uorine substituents, shall be investigated by the
systematic analysis of the crystallographic data supplemented by computational ansiy.

Host-guest interactions inside uorinated materials are insu ciently understood,
which can be inferred from the contradicting explanations found for their obsezd
material properties. A greater insight on host-guest interactions inside uorirad
metal-organic frameworks (MOFs) and similar materials can aid the developmenhé
the targeted tuning of desired properties thereof.
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4.1 Ligand Syntheses

The uorinated ligands, which form the MOFs and MOCs that are to be investigated,
were all synthesized within this work, as they are not commercially available. Some
of the synthetic pathways are described herein for the rst time, others weralready
established in the group aroundJ. Ruschewitzand could be optimized with regard to
either the yield or the procedure. Central for this work was the synthesis of umated
derivatives of extended linkers. Synthetically, this was generally approached byupling
uorinated organic building blocks. The majority of these endeavors involved derivatige
of H3BTB (s. Fig. 4.1).

Accidentally, a novel uorinated derivative of 1,3,5-tris(3-carboxyphenyl)lenzene
(HsBTMB ) was synthesized over the course of this work, which led to the investigatio
of further derivatives. Other attempts to establish a pathway towards a trpticene
based carboxylic acid, and retrosynthetical approaches for uorinated deritraes were
carried out and will also be presented in the following.

4.1.1 BTB Derivatives

Oy _OH

F!F
HOFOHO

0] OH
H;3F-BTB H;6F-BTB H;9F-BTB

Figure 4.1: Overview of the lewis structures oH33F-BTB, H36F-BTB and H3;9F-BTB.

The BTB linker is well established in MOF chemistry with 579 entries in the MOF
subset of the CSD?% and may be viewed as an isoreticular building block to trimesic
acid (HsBTC). Two synthetic pathways to a tri uorinated derivative ( H;3F-BTB) over
three steps from 1,3,5-tri uorobenzene have been established By Breitenbach ree
Stastny222] one of which was subsequently optimized Wy. Christo els .[?23] Both routes,
as can be seen in Fig. 4.2, start with the iodination of the uorinated building block
and diverge in the subsequenBuzuki coupling with either 4-formylphenylboronic acid
or (4-methoxycarbonyl)phenylboronic acid.
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Pd(PPh3)4/K2CO3

5:1p-dioxane/H,0
3d,100°C

THF
24h,50°C

F P KiHdos  E F
_ Ha3F-BTB
H,SO4 | |

F 4h,40°C

Pd(PPh3)4/K2C03 KMI’]O4

5:1p-dioxane/H,0
3d,100°C

3:1acetone/H,O
24 h,60°C

Figure 4.2: Scheme for two pathways towards the synthesis 6f;3F-BTB starting from
1,3,5-tri uorobenzene, as described b. Breitenbach(?22]

The coupling products are then either oxidized or hydrolyzed to yield the desired
free acid. Herein, exclusively the optimized pathwayia the aldehyde was utilized to
obtain the free acid of the linker starting from 1,3,5-tri uorobenzene. The yieldsfo
the individual steps were improved over the course of theachelor??4l and Masters
thesid??%] preceding this work and byR. Christo els et al.[?23] The optimized synthetic
pathway, albeit only deviating slightly from the procedures byC. Breitenbach and
R. Christo els, and the corresponding yields are further described in Sec. 6.4. Mainly
the workup procedures after the iodination and the coupling step were simpli ed not
impacting the yields substantially.

Due to the focus on the investigation of the in uence of uorine substituents and
the degree of uorination on the properties of the resulting MOFs in the group df.
Ruschewitz attempts towards the synthesis of @F-BTB linker have already been
carried out in 20182221 These attempts involved analogouSuzuki coupling procedures
to the ones described foH33F-BTB with the corresponding di uorinated boronic acids.
None of the attempts, further including routesvia more stable organo-zinc intermediates
or coupling with inverted functionalities (i.e. 1,3,5-tri uoro-2,4,6-tris(3,5-di uoro-4-
methoxy-phenyl)benzene), resulted in the formation of the desired compoulé?! Herein,
it was thus attempted to synthesizeH3;6F-BTB, a linker with an intermediate degree of
uorination.
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F F
ﬁ Pd(PPh3)4/K,CO3
| | 5:1p-dioxane/H,0

F 4d,100°C

Figure 4.3: Scheme for the synthesis of 1,3,5-tri uoro-2,4,6-tris(4-formyl-3- uoropher)
benzene from theSuzuki coupling of 1,3,5-tri uoro-2,4,6-triiodo-benzene
with 4-formyl-3- uorophenylboronic acid.

Several attempts to achieve the coupling with 4-formyl-3- uorophenylboronic acid
have been carried out unsuccessfully, resulting in the reisolation of the boroniddac
which is used in excess (s. Fig. 4.3). The reaction was carried out with the uorited
boronic acid purchased from two di erent suppliersApollo Scienti ¢ and BLD Pharm.
While all the attempts with the starting material sourced from BLD Pharm were
unsuccessful, subsequent reactions with the starting material from the other supplie
did result in a coupling product with two chemically distinguishable signals in the
9F NMR spectrum. Upon closer investigation, this product was identi ed to be the
coupling product of 3-formyl-4- uorophenylboronic acid, due to an error on behalf of
the commercial source\(ide infra).

Future attempts to improve the synthesis according to Fig. 4.3 should focus on
e ectively suppressing the hydrodeborylation, while accelerating the rate determining
steps of the coupling reaction. Investigations towards these optimizations haveene
undertaken for the 9F-BTB system as will be described in the following. However,
in order to satisfactorily exhaust the investigations of a synthetic pathwayowards
H36F-BTB via a Suzuki coupling, these e orts should be extended to envelop this
system.

Even though the Suzukicoupling is the most commonly found procedure to couple
uorinated arylic compounds, a higher degree of uorination is generally considered
detrimental to the reaction!226! The issue originates in the rapid hydrodeborylation
of uorinated phenylboronic acids in basic conditions, which accelerates with higher
degrees of uorination!?26.2271 This reaction competes with the transmetalation step
necessary for the coupling reactiol3?! Remya et al. estimated the electron withdrawing
e ect of aldehydes to be more than six times as strong as that of uorine, which is
likely to further accelerate the hydrodeborylation22°!

Buchwald and coworkers were able to couple highly electron de cient phenylboronic
acids with Pd catalysts using the XPhos (s. Fig. 4.4, a) ligand developed by theld38.230]
XPhos forms a highly activeXPhosPd(0) species, which is capable of accelerating the

41



4 Results

coupling reaction beyond the rates of the hydrodeborylatiol#28! Based on these ndings,
the synthesis of the9F-BTB linker was reiterated within this work. Herein, it was
attempted to add the XPhos ligand in excess to the catalyst prior to the addition of
the coupling reagents, in order to form a more active Pd species. As shown in M4,
several variations with di erent solvent systems did not lead to the formatio of the
desired aldehyde.

oH
F B.
j; j/ OH
| |
O F
b) F F Pd(PPhs)a(5 mol%)/XPhos(10 mol%)/K,CO3
| | 5:1p-dioxane/H,0
F 7d,100°C
OH
F B.
;©/ OH
| |
O F
) F F PA(PPhs)(10 mol%)/XPhos(15 mol%)/K,COs
c
| | 3:1THF/H,0
F 7d,100°C

Figure 4.4:a) Lewis structure of XPhos; b) and c¢) schemes for the unsuccessful syn-
thesis of 1,3,5-tri uoro-2,4,6-tris(4-formyl-3,5-di uorophenyl)-benzene by
Suzuki coupling of 1,3,5-tri uoro-2,4,6-triiodo-benzene with 4-formyl-3,5-
di uorophenylboronic acid using the XPhos ligand.

The p-dioxane/H,O mixture as a solvent system foSuzukicouplings is well established
for analogous systems in the herein presented work. Since no product was isolated,
choice of the system was reevaluated. THF was speculated Byl eld et al. to have
a stabilizing e ect on the boronic acid, slowing down the hydrodeboronation, hence
the choice of the other solvent system (s. Fig. 4.4, & However, after the attempted
puri cation of the obtained crude mixture no formation of the desired product was
found. Kinzel et al. have reported that the activeXPhosPd(0) species can be e ciently
generated by a precatalyst at 48C, which could be utilized in future attempts to
carry out the desired coupling under milder condition&28 Furthermore, the authors

42



4 Results

remarked that iodinated substrates showed lower conversions than other hadog in
their investigations[228] It could thus be prudent to substitute 1,3,5-tri uoro-2,4,6-
triiodo-benzene with its bromide congener.

4.1.2 BTMB Derivatives

OH
o}

Figure 4.5:Overview of the lewis structures ofH;BTMB, H33F-BTMB and H36F-
BTMB.

While un uorinated H3BTMB (s. Fig4.5) is commercially available, its coordination
chemistry forming porous materials may hardly be deemed exhausted with 12 results
present within the entire CSD!?”l Kitagawa and coworkers have investigated the hy-
drophobic properties of CPs assembled from Co(ll), Ni(ll), Cu(ll) andZn(ll) with the
BTMB linker. [231{233]

The initially erroneous use of 3-formyl-4- uorophenylboronic acid instead of 4-fimyl-3-
uorophenylboronic acid in the Suzukicoupling with 1,3,5-tri uoro-2,4,6-triiodo-benzene
(vide suprg resulted in the formation of the precursor forH;6F-BTMB. This aldehyde
was oxidized using the same conditions as for the previously described procedure with
KMnO,4. Subsequent successful attempts to reproduce these steps resulted in the
synthetic pathway shown in Fig. 4.6.

KMHOA,

Hs;6F-BTMB

F. F
j@i Pd(PPh3)4/K,CO3
I I 5:1 p-dioxane/H,0O

F 4d,100°C

3:1acetone/H,O
24 h,60°C
65%

Figure 4.6:Scheme for the synthesis oH;6F-BTMB by Suzuki coupling of 1,3,5-
tri uoro-2,4,6-triiodo-benzene with 3-formyl-4- uorophenylboronic acid as
carried out herein with the respective highest yields achieved.
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The individual steps proceed analogously to the synthesisld§3F-BTB, only di ering
slightly in the workup procedures as the intermediate aldehyde has a di erent solubility
than the 3F-BTB analog. Over all three steps the free acid of the linker is obtained
in a yield of 341 %. Details regarding these syntheses were published in an article in
Chemistry { A European Journal (vide infra) and may be found in the corresponding
Supporting Information on p. 261.

Contrasting this, all attempts with 4-formyl-3- uorophenylboronic acid resulied in
hydrodeborylation of the starting material even though the same amount of ekean
withdrawing groups are attached to the aryl system. Since the same conditions were
used for both systems, the only rationale can be found in the di erent substitution
patterns. Kinzel et al. have found that for two otherwise equal systems (2,4,6- and
2,3,6-tri uorophenylboronic acid) the one with a uoride in meta position to the boronic
acid hydrolyzes at a ve times greater rate than the one where it is ipara position.[228l
This is in disagreement with the herein presented nding, since the more electron
withdrawing group is in meta position for the system that can successfully be coupled.

Due to the encouraging results obtained for the reaction @&F-BTMB with Cu(ll)
salts (vide infra), e orts were undertaken to synthesize the tri uorinated analogue. The
synthesis proceededia the established route for all previously reported linkers, starting
from the iodinated central ring. Subsequent coupling yields the corresponding aldehyde,
which is then oxidized with KMnO 4 to give the carboxylate linker. In the nal step
the free acid is precipitatedvia acidi cation. Over all three steps a cumulative yield of
583 % was achieved.

KMI’]OA,

Hs:3F-BTMB

F. F
j@i Pd(PPhs)4/K,CO3
| | 5:1 p-dioxane/H,0O

F 4d,100°C

3:1acetone/H,O
24h,60°C

79%

Figure 4.7:Scheme for the synthesis oH3;3F-BTMB by Suzuki coupling of 1,3,5-
tri uoro-2,4,6-triiodo-benzene with 3-formyl-phenylboronic acid as carried
out herein with the respective highest yields achieved.

Both uorinated BTMB derivatives described herein are unprecedented in literatre
and thus may o er even more results upon investigating their coordination chemistr
beyond the ones presented in the following. They were characterizeid NMR and
UV/is spectroscopy and investigated by DFT calculations. Their crystallogaphic
observation in seven di erent crystal structures shall remove any doubt @he successful
synthesis of the here presented uorinated BTMB derivatives.
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4.1.3 Other Ligands

HOOC COOH

o : &
58
© o V7S

o H,ATC 0 Hooc™ Lo SoorCOOH

HsTHC

Figure 4.8:Overview of the lewis structures of 2,3,6,7-anthracenetetracarboxylicid
(H4ATC) and 2,3,6,7,14,15-triptycenehexacarboxylic acid ()THC)

Triptycene, owing its name to the \triptych", 234 as a building block in the organic
part of MOFs is comparatively rare. A search for the triptycene fragment inhe MOF
subset?®! of the CSD returns only 51 results (cp. to 1252 results in the entire CSD).
Rigidity in the organic linker moiety of both MOFs and MOCs is a desired trait, which
is however not always guaranteed by the polyphenyl based linkers commonly used.
The degree of freedom added by the torsion between evétii{ Ph bond often makes
predicting the resulting geometries of potential framework materials di cult. This is
especially true for non linear polytopic linkers such as BTB. It was thus concenéo
establish a novel linker system based on the rigid trypticene sca old without additial
phenylene moieties.

There have been reports of CPs and MOFs from triptycene derived linkersjch
as TDC-MOF-1 and 22351 or the series NU-1600 to NU-16@28] preceeding this work.
However, no MOF based on triptycene-2,3,6,7,14,15-hexacarboxylat&8sC *' )(Fig. 4.8,
right) has been reported hitherto. It was consequently the aim to nd a sensiblgathway
to synthesizeH¢ THC, which could not only provide a source for the linker itself but in
addition be a toolkit to introduce functionalizations to the organic sca old later on.

Fluorine substituents could be introduced to the system by treating either the
typticene precursor or the linker with Select uor.[2371 Other sources report the synthesis
of 9- uoroanthracene from 9-bromoanthracen&3é! This pathway could potentially
adapted to 2,3,6,7-tetramethylanthracene to produce a uorinated precursor f@ither
H4ATC or HeTHC.
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HOOC_ COOH
a) COOH
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OOO i-amylONO l KMnO,4/NaOH 1
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Figure 4.9:Individual steps of the herein proposed synthetic pathway towards
HeTHC and respective yields. a) The two step synthesis dfigTHC
from 2,3,6,7-tetramethylanthracené?? b) the synthesis of 2,3,6,7,14,15-
hexamethyltriptycene using an alternative aryne sourcé4’ c) the synthesis
of 2,3,6,7-tetramethylanthracene fronortho-xylene and CHCI,.[241

The synthesis ofHsTHC was already published byZonta et al. as an intermediate
to synthesize the corresponding anhydride (s. Fig. 4.9, B! In their synthesis, they
started from 2,3,6,7-tetramethylanthracene and built up the triptycene derivave via a
Diels-Alder addition of the appropriate benzyne (s. Fig. 4.9, a). Subsequent oxidation
with KMnO ,/NaOH in pyridine yielded the desired acid. The main bottleneck of this
synthetic approach is the low yield of the benzyne additionWu et al. reported a similar
Diels-Alder addition to 2,3,6,7-tetramethylanthracene with signi cantly improved yidds
(s. Fig. 4.9, b)[240 While 2,3,6,7-tetramethylanthracene is commercially available, it is
a comparatively expensive (cpA100e g 1) starting material considering that multiple
organic transformation are to follow. Fortunately, it may be synthesized ém CH,Cl,
and ortho-xylene in the presence oAICl 3, which are ubiquitously available at low costs
(s. Fig. 4.9, c)l241 A yield of 15% is reported for this reaction, which is comparatively
low but still economically viable considering the starting materials.

Thus, the convergent pathway as shown in Fig. 4.10, starting frorartho-xylene
and 3,4-xylenol is proposed for the synthesis éfs THC as a linker for the synthesis of
novel MOFs. This route is considered advantageous because it not only allows thoe
introduction of various functional groups at di erent steps in the synthesis, i.e. lrough
the use of uorinated xylene derivatives, but also because the anthracene intermeeia
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may be oxidized to give the tetracarboxylic acid (s. Fig. 4.11), which could alsxt as
a linker in potential MOF syntheses.

1. HMDS, 3 h, reflux
2.n-BulLi, 2 h,-78°C

Bry 3.Tf20,26 h,-78°C —r.t.
a) —
CH,Cl,/Et,0 OH OTf
OH

15.5h,0°C —r.t. Br TMS
87% 72%

OTf

T™S
CH,Cly/AICly _GF Q ?
Y O e OO s T e
4h,75°C acetonitrile/toluene 1
8% 24 h,85°C I \

12%

Figure 4.10:a) Scheme for the synthesis of 4,5-dimethyl-2-(trimethylsilyl)-phenyl tri ate
from 3,4-xylenol, and b) for the synthesis offsTHC from ortho-xylene and
CH,CI, as carried out herein with the respective highest yields achieved.

The synthesis of the benzyne precursor started with the bromination of 3,4-xylel,
which was achieved in high yields (s. Fig. 4.10). In this work it was possible to both
improve the yields and increase the scale of the reaction reported bgta et all?42
The transformation of the bromide to the tri ate/trimethylsilyl precursor proceeded
in a one-pot reaction, where the silylation reagent is evaporated aftersireaction and
the subsequent reagents are added while maintaining inert conditions. Obtaining the
anthracene moiety proved to be di cult due to issues with the puri cation process,
which was done by recrystallization, resulting in the low reported yields herein. A
severe bottleneck was imposed by the Diels-Alder addition, which over the courde o
this work could not be successfully upscaled. The reaction was initially carried out in
small trials ( 1:0mmol), which provided a low yield of the desired product of 12 %.
During the column chromatographic puri cation of the compound, a single crystal was
found crystallizing from one of the fractions. SCXRD analysis revealed it to be the
desired product! This con rms the success of all the previous synthetic steps, beyond
their characterization by NMR spectroscopy. However, all attempts toarry out this
synthesis at greater scales failed. A rationale for this may be found upon considg the
reaction mechanism of the benzyne addition. Generation of the benzyne is facilitated
by the abstraction of the trimethylsilyl (TMS) group by uoride ions. Subsequently,
the TfO! is eliminated releasing a highly reactive benzyne, which has to react with the

! The crystal structure of 2,3,6,7,14,15-hexamethyltriptycene was alreadypublished by Wu et al. and
thus will not be presented in greater detail?*°! Herein, the data was used to generate the images
shown in Fig. 2.9, p. 25.
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anthracene derivative in order to form the desired product. It thus becomes apaant,
that the concentrations of the benzyne-precursor, the uoride anions and the anthcane
have to be carefully balanced, facilitating a controlled generation of the actispecies
while maintaining a high solubility of the starting material. E orts have been made
to nd appropriate conditions in this work but the serendipitous trial scale remained
the only successful synthesis of the hexamethyl intermediate. As the small amount
of isolated product would not have resulted in a sensible quantity for the synthesis
and at least preliminary characterization of any material, it was not attempted ¢
oxidize the intermediate. Over the course of this work, after the formerly desiced
investigations, another successful synthesis of triptycene-2,3,6,7,14,15dauarboxylic
acid was published bySugamata et al.in 2023[243

KMnO,
I — - HaTo
27%

pyridine/H,O
16 h,110°C

Figure 4.11:Scheme for the oxidization of 2,3,6,7-tetramethylanthracene to 2,3,6,7-
anthracenetetracarboxylic acid (HATC) with KMnO 4.

As previously described, the oxidation of 2,3,6,7-tetramethylanthracene is a otial
pathway to attain a linker which can be used in the synthesis of novel MOFs. This
oxidation was successfully carried out with the starting material obtained herewia
the reaction presented in Fig. 4.11. The oxidation was carried out usitgMnO 4 as
oxidizer resulting in a yield of 265%. Over the course of this work it was not possible
to synthesize any appreciable novel substances using this un uorinated linker.
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4.2 Novel Compounds Based on 3F-BTB

In order to synthesize novel coordination compounds of the previously described &ng
exploratory reactions with their free acids were carried out. The great vty of possible
parameters, which can be varied (s. subsec. 2.2.3, p. 16), were rigorousigdensed
with the main emphasis on the variation of metal cations and solvents as well as the
use ofHOAc as modulator. Due to the nature of exploratory chemistry, many of these
attempts showed no or sometimes unwanted results. In the following, a selectioin
relevant or already published results of this research will be presented. Oftemes the
exploratory synthesis of MOFs will instead result in coordination polymers withat
pores. These are nonetheless of interest for the aims of this project as thgsent
further opportunities to study interactions of the linker, which can aid in understanding
the assembly processes as well as potential host-guest interactions.

This section will be concerned with the reactions and compounds (MOFs and CPs)
based onH3;3F-BTB expanding upon the previousbachelorand masters thesid?24.225]
While there were no direct restrictions on the choice of metal cations, a large past
dedicated to structures based on alkaline earth metal cationd/g{Ba) as they appear
to crystallize favorably with the linker under the described conditions. The remaining
compounds are based either on divalent transition metals (Co, Cu and Cd) or the
trivalent lanthanides. Generally, these were synthesized using the previously outlthe
conventional methods. Other more general parameters of these reactions described
in sec. 6.1, p. 163.
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4.2.1 \ .2[Co3(3F-BTB) »(DMA) ,] solv"

Reacting Co(NOs), 6H,O with H33F-BTB in DMA at 100 *C yielded small purple
crystals accompanied by larger spherical solids of the same color (s. Fig. 4.1®)e
smaller crystals showed characteristic extinction behavior under polarized ligand

it was possible to collect their single crystal di raction data. Due to their smallsize
and poor quality only a very limited set of re ections could be integrated. A crude
model was re ned against this data set, which will be presented in the following. While
the model is chemically plausible, when certain assumptions are made, it should be
stressed that any in depth discussion of the structure is precluded by the aforemtiened
shortcomings of the data.

Figure 4.12:Solid material and crystals obtained by reactingH3;3F-BTB with
Co(NO3), 6H,0 in DMA in mother liquor without (left) and with (right)
crossed polarization lter.

A structure solution was found in the monoclinic space grou@2~c (no. 15) with a
angle of 10391 12X The unit cell is comparatively large with the lattice parameters
a 3437815>A,b 2853913 A,c 2534711+A and a volume of 241828 A3,
which, in conjunction with the small size of the crystals, likely contributes to the
modest quality of the diraction pattern (s. Fig. 4.13). For the integration of the
intensities, the data was truncated at a resolution of :2A. Even at this resolution
many of the re ections are still not distinguishable from the background noise of the
data (s. Fig. 4.13). All atoms were re ned isotropically due to the poor resolutionfo
the dataset. Concomitantly, the displacement parameters of all atoms are velarge
(s. Fig. 4.14) as well as the quality factors (cpR; 0:1969).
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Figure 4.13:Digitally generated precession images from the single crystal measurement
of \.2[Co3(3F-BTB) ,(DMA) ] solv'of the (Okl), (h0Ol) and (hkO) planes,
fully showing the re ections up to ad-spacing of 120A.

The asymmetric unit contains four and a halfCo(ll) cations and three complete
3F-BTB linker molecules (s. Fig. 4.14). All atoms occupy the generalf 8Wycko
position exceptColon the 4b position, resulting in 12 formula units per cell for this
structure.

Figure 4.14:Asymmetric unit of \.2[Co3(3F-BTB) »(DMA) 4] solv' as displacement
spheres. The molecular fragments are labeled according to the residues in
the re nement (s. subsec. 6.2.4, p. 165). Hydrogen atoms are omitted for
clarity. The displacement spheres are drawn at 50 % probability.

Furthermore, there are oxygen atoms lling the coordination spheres of the cobalt
atoms, which are assumed to be part of solvent molecules. They are most likely BM
as observed for the other structures herein, which cannot be re ned due to its diser
and the low resolution of the data set. In addition to the unresolved coordinating
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solvent, the structure as presented contains an accessible void space. rémefurther
unre ned electron density was located, which was removed using ti8QUEEZEI16]
subroutine within PLATON [1¢8] revealing a volume of 12 524° (51:8 %) containing
1898 e. Considering that one DMA molecule contributes 48 e, this would sugges39.5
molecules per unit cell or 3.3 per formula unit. If every one of the three coordinating
oxygen atoms contributes to one DMA molecule, this would give the formuld[Cos(3F-
BTB) ,(DMA) 3] 0.3DMA.

All oxygen atoms of the carboxylate functions are coordinated to Co atoms.itker
in a mode where both oxygen atoms coordinate to one Co atom each or where one
carboxylate function coordinates in a bidentate chelating fashion to one metal and
one of its oxygen atoms forms a, bridge to an adjacent center. This results in the
formation of a trinuclear SBU (Co3(COO)g), where the coordination polyhedra around
three Co atoms are joined in a linear fashion by sharing one vertex with the next
(s. Fig. 4.15). Each of these SBUs consists of thr&o(ll) cations, six carboxylates and
two coordinating solvent molecules terminating the charge neutral moiety. As can be
seen in Fig. 4.15, there are two crystallographically distinguishable SBUs present in the
structure.

Figure 4.15:Isolated SBUs of \?[Co3(3F-BTB) 2(DMA) 4] solv' shown along the crys-
tallographic b axis. Purple coordination polyhedra are drawn around the
Co atoms.

The central Co atoms of the SBUs are in an octahedral coordination environment
(cp. Tab. 4.1). All of the outer Co atoms with CN 5 exhibit very irregular polyhedra as
may be inferred by the continuous shape measure8$hM), calculated by SHAPE.[244
None of the calculated values indicate that any shape may be used to describe these
polyhedra nor do they exhibit any similarities. A most adequate description is potentially
a capped tetrahedal coordination environment. As stated initially the numerical Jaes
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have little meaning due to the quality of the structure and are given only to aid with
the general understanding of the proposed coordination environments.

Table 4.1: SelectedCShM values for the coordination polyhedra around the Co atoms
in the crystal structure of \.?[Co3(3F-BTB) 2(DMA) ] solV', calculated by

SHAPE.[244]
Atom Col Co2 Co3 Co4 Co5
CShMoc.e 0.420 - 0.629 - -
CShMyoc.s - 3.633 - 4.597 6.584
CShMspy.s - 4.404 - 3.446 3.639
CShMrgpy.5 - 8.895 - 6.288 3.621

A two dimensional network is formed from the interconnection of these SBUs by
the linkers (s. Fig. 4.16). Each SBU is connected to the six nearest onda two
3F-BTB linkers. The capping solvent molecules protrude into the space between the
layers, a motive, that along with the observed topologykigd )? has been observed for
.?[Bag(3F-BTB) ,(DMA) ¢] reported in the masters thesigpreceding this work(?25]

Figure 4.16:Isolated layer of \.?[Co3(3F-BTB) »(DMA) ] solv' shown along the crys-
tallographic 101 direction. Purple coordination polyhedra are drawn
around the Co atoms.

Even though the layers exhibit the same topology as the Ba based compound, the
stacking pattern di ers greatly. Where the latter forms a densely packed straare
(cp. 2% s.a.v.) due to its ABC type stacking, the herein presented one exhibits a

2 The topology was analyzed using theTopCryst web interface!?4%
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looser pseudo AB type stacking (s. Fig. 4.17). The stacking period is ca..2A and
according to the herein presented model no signi cant interactions besides VdW ¢ess
are expected between the layers. Further structural investigations ¢fie compound,
which could reveal the types of weak interaction between the layers, suas aHirshfeld
surface analysis is precluded by the quality of the model.

Figure 4.17:Three layers of \?[Co3(3F-BTB) 2(DMA) 4] solv' shown along the crystal-
lographic b axis. Unit cell edges are shown to aid with the orientation and
scale. Purple coordination polyhedra are drawn around the Co atoms.

In literature, there are several coordination compounds known based @o(Il) and
the un uorinated BTB linker (cp. 81 entries in the CSD?7). Kim et al. have reported
on a 2D MOF with the formula [Cos(BTB) 2(DMA) 4], which they crystallized from
DMA at 100 *C.[248] This compound features a simil&r linear trinuclear SBU as the one
described herein, which also exhibits thiegd topology!246! It may thus be considered as
the un uorinated congenet of the herein presented compound. Due to the previously
outlined e ects of uorine substituents on the geometry of the organic linkers (s.es. 4.4
for an in depth discussion) such examples are quite elusive. The presence of both
structures can be explained by the apparent tolerance of the SBU and the coordioa
network to increased interplanar angles between the central ring and the berte
moieties. In[Co;(BTB) »(DMA) 4] these angles range from 37 to 49:3%, which falls
in an expected range for the un uorinated linker. The respective angles of the leén

3 Therein, the terminal Co atoms are coordinated by two solvent molecugs resulting in an octahedral
coordination sphere for all metal centers.

4 This term is to be applied with some caution, due to the additional ligands at the SBU, which
are however negligible to the network itself. Furthermore, it shoud not be called an isotypic or
isostructural®*”l compound as it crystallizes in the space groug® 2;~n.
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reported structure are estimated to be higher (ranging from 51X to 75 2¢%, avg.: 639>,
however, this does not preclude the formation of the presented network.

From the PXRD data it can be seen that a successful phase pure synthesis of
\.2[C0o3(3F-BTB) ,(DMA) 4] solv' remains ambiguous (s. Fig. 4.18)Kim et al. observed
both the formation of a second phase, when carrying out the synthesis at higher
temperatures, as well as a preferred orientation 4Co;(BTB) ,(DMA) 4] along the
stacking direction, which leads to alterations of the measured intensities in their PXR
data.l?46] As both observations could also apply to the herein presented system no
further conclusions are drawn and it remains for future investigations to exhaustilye
analyze the herein presented compound with regard to further material progess.

100 | [Cos(3F-BTB) ,(DMF),] calc. = |
[Cos(3F-BTB) ,(DMF),] =
S
2
[2]
& 50 i
S
o
5 10 15 20 25 30
2q[°]

Figure 4.18:PXRD pattern of \ .2[Co3(3F-BTB) »(DMA) ] solv' obtained by the reac-
tion of Co(NO3), 6H,0 with H33F-BTB in DMA in the presence of acetic
acid at 100*C (dark blue; measured with CuK radiation on a Rigaku
Mini ex 600-C ). For comparison, a line diagram (red) calculated from the
crystal structure of \.?2[Co3(3F-BTB) ,(DMA) 4] solv" is given.

5 These values may only be considered as estimates due to the modesitd quality and resolution.
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4.2.2 Y Cu(H3F-BTB)(Py) 1(x(DMF) ] DMF

In the previous bachelor thesi824 a novel MOF based orCu(ll) cations, the3F-BTB
linker and pyridine was synthesized. This compound, which was therein described
as a 3D MOF with the formula.3[Cuz(3F-BTB) »(Py) ,EtOH], could not be obtained

in a phase pure form within the original work and thereafter. Attempts towards
its synthesis in a DMF/Py mixture after prolonged reaction time at r.t. yielded
single crystals of another novel compound, which will be presented hereiA[Cu(H3F-
BTB)(Py) 1;x(DMF)«] DMF crystallizes in the triclinic space groupP1 and appears
as green blocks shown in Fig. 4.19.

Figure 4.19:Crystals obtained by reactingHs3F-BTB with CuCl, 2H,0 in DMF and
pyridine in mother liquor without (left) and with (right) crossed polarization
lter.

The asymmetric unit, as shown in Fig. 4.20, contains one Cu(ll) cation, one full
H3F-BTB?! anion, one pyridine/DMF molecule coordinated to the Cu atom, and one
DMF molecule, which forms a hydrogen bridge with the protonated carboxylate gup
of the linker. The latter is disordered over two positions, where the proton it isdund
to is located on either of the oxygen atoms of the carboxylic acid(611 & 01621).
Both of the remaining deprotonated carboxylate groups coordinate to the Cu ato
All atoms occupy the general BWycko position resulting inZ 2. The occupancies
of both of the disordered positions PME/ Py 2 and DME/ DME) were re ned with
the assertion, that both of them are fully occupied in surfi. From the re ned values it
becomes apparent that throughout the crystal structure more pyridine (occ.716 8 %)
Is coordinated to the paddlewheel than DMF. There also seems to be a slight prefere
for the formation of the hydrogen bridge betwee®™MH and 02621 (occ. 61:2° 5 %)
as opposed toDME and O2611. Due to the overlap of the disordered molecules,
minimal restraints (cp. data/parameters/restraints 9018/514/73) such asSAMESIMU

6 Thus, x and 1 x are describing the occupancies for each molecule, whilewas re ned. When free
variables were assigned to every molecule individually, similar vales to the ones presented were
obtained by the re nement.
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and FLATwere imposed, to retain a chemically sensible geometry of the molecules
and their thermal ellipsoids. The dataset from which the herein presented model was
obtained revealed some additional electron density of more disordered solvent males,
which was treated with the SQUEEZE!1%¢! subroutine within PLATON .[168] A solvent
accessible void of 418° (21:9 %) was found, which contained 126 e corresponding to
three additional DMF molecules per unit cell.

Figure 4.20:Asymmetric unit of .[Cu(H3F-BTB)(Py) 1{x(DMF) ] DMF as displace-
ment ellipsoids. The molecular fragments are labeled according to the
residues in the re nement (s. subsec. 6.2.4, p. 165). Hydrogen atoms
are omitted for clarity. The displacement ellipsoids are drawn at 50 %
probability.

The Cu atom adopts a slightly distorted octahedral coordination sphere (cfEShMoc.6
1.203), as is usually found for Cu paddlewheel units. Bu{Cu distance of 26636 3« A
is found, which is in reasonable agreement with distances found in the literature (cp.
2:628 2+ A in HKUST-1124). The ligands coordinating axially to the paddlewheel exhibit
a Cu{N/O bond length of 21442+ A, representing a weighted average between the
bonds to theN and O atom of pyridine and DMF, respectively. EaciCu paddlewheel
is formed from the carboxylate functions of fouBF-BTB linkers, which connect to two
paddlewheels each forming in nite 1D ribbons as shown in Fig. 4.21. In between the
Cu paddlewheel units and the linkers are diamond shaped openings with a diameter of
ca. 32A (measured fromF4.1 to F4. 1 considering their VAW radii). The ribbons are
oriented parallel to the crystallographicc axis with a periodicity of 1555686« A c.
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Figure 4.21:Excerpt of one ribbon of.![Cu(H3F-BTB)(Py) 1;x(DMF) ] DMF shown
along the crystallographic 120 direction. Orange coordination polyhedra
are shown around the copper atoms.

In between the ribbons small channels along the crystallographecaxis (s. Fig. 4.21)
are formed, which are occupied with disordered solvent and the hydrogen bondeMB
molecules. Hydrogen bridges are exlusively formed to the DMF molecules between
the ribbons. Interribbon contacts are dominated by weak interactions cavborated by
the Hirshfeld surface analysis\ide infra). It is surprising at rst to nd a protonated
carboxylic acid in the presence of a base such as pyridine. Considering, howese, t
very long time required for the compound to form and that the hydrolysis products of
DMF are formic acid and dimethylamine, it is very likely that the pH value decreased
over time.

Figure 4.22:2 2 expanded unit cells with six ribbons shown along the crystallographic
001 direction. DMF molecules not coordinated to metal centers are
omitted for clarity. Unit cell edges are shown to aid with the orientation
and scale. Orange coordination polyhedra are shown around the copper
atoms.
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This is corroborated by the fact that pyridine, even though it is a strong ligand,
does not fully replace the weaker ligand DMF at th&€u paddlewheel. This suggests
that there is a low activity of pyridine in the motherliquor during the crystallization of
a1[Cu(H3F-BTB)(Py) 1{x(DMF) ] DMF.

A closer look at theHirshfeld isosurface (s. Fig. 4.23) around the linker molecule of the
structure reveals the location of the void space close to the paddlewheel unit indicdite
by the dark blue lobes. It can further be seen how the linkers interact with anothe
where the benzoic acid functions interdigitate between the two benzoate moietithat
partake in the bonds to the copper atoms of the adjacent ribbon. This results in a ale
overlap of the electron rich benzoic acid and the electron poQsF; ring, which could
in uence the packing of the ribbons.

Figure 4.23:Left: H3F-BTB?! anion in the structure of .:[Cu(H3F-
BTB)(Py) 1;x(DMF) ] DMF shown with its Hirshfeld isosurface in
the d,orm Mapping and a selection of the closest contacting molecules. All
contacts with hydrogen atoms shorter than BA are shown with yellow
dashed bonds. Right: Fingerprint plots of theHirshfeld surface, showing
all contacts (top) and only points where uorine atoms inside the surface
contact to outer hydrogen atoms (bottom), the latter accounting for % %
of the surface area.

The unusual protrusion to the lower left of the ngerprint plots is an artifact of the
disorder of the DMF molecule forming the hydrogen bonds. All disordered fragments
are considered simultaneously for the distance calculations. This results in very shor
distances between the aldehyde hydrogen atom BMFE5 and the proton forming the
hydrogen bridge to DMH. In the delineated ngerprint plot below, a signi cant
contribution of F{H contacts becomes visible. These contacts are exclusively formed
to adjacent DMF molecules ranging from 2802 14 A to 2:7493 14+ A to the closest
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H atoms. Samples of crystalline*[Cu(H3F-BTB)(Py) 1;x(DMF) ] DMF were further
analyzedvia PXRD to reveal a exible structure. A sample of the material as synthesized
was placed on the open sample holder of a powder X-ray di ractometerigaku Mini ex
600-C) recording a di raction pattern every 11:5min over 2h. The resulting data is
shown in Fig. 4.24. It can be seen that a great shift in the main re ections at 2 20X
occurs after 05 h, likely attributed to a shift of the lattice after the evaporation of the
adhering solvent. Another signi cant shift in the intensities of the di raction pattern
can be observed after 1:25h, which could be attributed to an internal rearrangement
of the guest molecules or the herein presented ribbon structure.
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Figure 4.24:PXRD patterns of .}[Cu(H3F-BTB)(Py) 1{x(DMF) ] DMF as synthesized
as a function of time over 2h. Patterns were measured every:&fnin
(measured with Cu-K radiation on a Rigaku Mini ex 600-C).

A comparison of the di raction pattern calculated from the crystal structure to the
measured PXRD data (Fig. 4.25) shows no good agreement. In particular the absenc
of the second most intense re ection at 2 6% is striking. It is assumed that the
compound undergoes a phase transition towards low temperatures, corrob@ctoy
the apparent exibility observed from the time resolved PXRD data and the lack of
strong interactions between the ribbons in the crystal structure. The presee of an
entirely di erent phase cannot be precluded by the di raction data presented. Howeer,
the IR-spectrum (s. Fig. 8.1, p. 215) measured of the material clearly exhibits hads
attributable to free carboxylic acids supporting the presence of a high temperatr
modi cation of .1[Cu(H3F-BTB)(Py) 1;{x(DMF) ] DMF. Further analysis, such as the
thermal stability and the speci ¢ surface area, were not assessed. The long timaabk
for the compound to crystallize (over two years) precluded any attempts oéproducing
the material via the herein described pathway. According to th€€SD,[2”] there is no
isostructural un uorinated variant of .}[Cu(H3F-BTB)(Py) 1;x(DMF) 4] DMF in the
literature.
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[CU(H3F-BTB)(Py) ., (DMF),] calc. =
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Figure 4.25:PXRD pattern of .:[Cu(H3F-BTB)(Py) 1;x(DMF) ] DMF as synthesized
(dark blue) and after drying in air at ambient conditions (blue; measured
with Cu-K radiation on a Rigaku Mini ex 600-C). For comparison, a
line diagram (red) calculated from the crystal structure of.![Cu(H3F-
BTB)(Py) 1;x(DMF) ] DMF is given.

Among the structures that contain the BTB linker and Cu(ll) cations there are
examples in which a partially protonated linker is presen48250l Mu et al. presented
the structure and synthesis ofCu,(HBTB) »(H,O)(EtOH)] H,O EtOH, which forms
2D sheets, stacked through hydrogen bonding based Ga paddlewheeld?48] A rationale
for this vastly di erent structure from the un uorinated BTB linker can be found wit hin
the torsion angles of the benzoate moietie$Cu,(HBTB) »(H,O)(EtOH)] H,O EtOH
exhibits comparatively large interplanar angles between the inner phenyl rings and the
outer benzoate rings (cp. interpl.(phenyl.er phenybuer) 3147 6¢Xto 43.6"6¢X) for
un uorinated BTB linkers. 2481 However, the interplanar angles between the central
rings and the carboxylate functions of the benzoate moieties, that are involvén bonds
to Cu paddlewheels in this compound, only range from 42 8¢X to 53.5" 11+ X.[248] When
compared to the almost 99 angles (cp. 88 2¢+X and 823" 1+X) found in the structure
herein it becomes apparent that un uorinated BTB is unlikely to form an equivalent
structure. This is in good agreement with ndings of theRuschewitz grouf3?3251 for
other uorinated/un uorinated comparisons of the BTB linker. Another interesting
example is”[Cu(HBTB) ,(phen)]DMFe , recently published byHollauer et al.[?5% This
compound exhibits the same ribbon topology previously described, however, forming
a mononuclear SBU consisting of octahedrally coordinatedo(ll) or Cu(ll) cations
with a 1,10{phenanthroline ligand. Since all of the carboxylate moieties coordinate in a
monodentate fashion to the metal centers the requirement for an interplanangle of
almost 9% is lost, thus enabling the BTB linker to form the aforementioned ribbons
(cp. interpl. angle $ center ring-carboxylate ~ 10:7" 1eX to 10:9°78%).[250]
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The previously described exibility of .1[Cu(H3F-BTB)(Py) 1{x(DMF) \] DMF could
be bene cial for potential applications of the compound in selective gas adsorptio
Kotani et al. have reported on an isotopologicalu based CP, which shows no signi cant
uptake of N, but a \gate-type" adsorption for CO,.[2521 Researchers of the same group
were subsequently able to study th€CO, uptake usingin situ synchrotron PXRD.
They concluded, that their compound, which is initially nonporous, can dynamically
adsorb guestwia structural transformation, facilitated by its exibility. 253 A similar
preference towards the adsorption o€£O, by an isotopological 1DCu(ll) based CP
was reported byNoro et al., who attributed the selectivity to the presence of donor
acceptor interactions withF atoms present in the structurel?>4 It would be interesting
to investigate if this behavior is also found in the herein presented compound or He
more rigid paddlewheel SBU mitigates the necessary exibility. A more reliable method
of synthesizing.}[Cu(H3F-BTB)(Py) 1{x(DMF) ] DMF should thus be sought out in
the future.
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4.2.3 .2[Cd(H 2NMe ,)(3F-BTB)(DMF) ,] x DMF

The reaction of Cd(NO3), 4 H,O with H33F-BTB in DMF in the presence of acetic acid
resulted in the formation of colorless plate-like crystals, shown in Fig. 4.26. 3RD

of these crystals revealed the structure of a 2D coordination polymer based a
mononuclear anionic SBU, which will be presented in the following. The compound
crystallizes in the monoclinic space group 2,/ ¢ (no. 14) with a -angle of 910227 2¢X
and may be described with?[Cd(H,NMe,)(3F-BTB)(DMF) ,] xDMF as its chemical
formula. Any further data regarding the crystal structure re nement may be foundn
sec. 8.1, p. 201.

Figure 4.26:Crystals obtained by reactingH;3F-BTB with Cd(NO3), 4H,0 in DMF
and acetic acid in mother liquor without (left) and with (right) crossed
polarization lter.

Fig. 4.27 shows the asymmetric unit of?[Cd(H,NMe,)(3F-BTB)(DMF) ,] x DMF,
consisting of one Cd-atom, one fulBF-BTB linker, one dimethylammonium cation, two
fully occupied DMF molecules as well as two partially occupied DMF molecules. All
atoms occupy the general&@Wycko position resulting in four formula units per unit
cell. The linker exclusively coordinates to the Cd atoms in a bidentate chelating fashion
with its carboxylate moieties. Both fully occupied DMF molecules coordinate direlgt
to the Cd or to the dimethylammonium cationvia hydrogen bridging. The occupancies
of the individual non-coordinating DMF molecules were given free variables in the
least-squares re nement resulting in values of 668+ % and 628" 7« % for DMFE and
DMBG, respectively. Signi cant residual electron density (26 eAS) is found close to
the Cd atom, which could hint to either an insu cient treatment of the data regarding
the absorption correction or disorder of the position. All attempts of treating lhe data
with both the multiscan!?55:256] and the numerical corrections within theAPEXS5 [257]
program package resulted in this residual electron density. Further attempts tgplit
the Cd position resulted in unstable re nements and thus the structure was modeled as
presented herein. Since the presented model is chemically plausible and its re nement
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was possible without any additional restraints, none of the claims made herein appear
to be a ected by this remaining electron density.

Figure 4.27:Asymmetric unit of .2[Cd(H,NMe;)(3F-BTB)(DMF) ,] x DMF as displace-
ment ellipsoids. The molecular fragments are labeled according to the
residues in the re nement (s. subsec. 6.2.4, p. 165). Hydrogen atoms
are omitted for clarity. The displacement ellipsoids are drawn at 50 %
probability.

The Cd atom is coordinated by seven oxygen atoms, six of which stem fromarc
boxylate moieties of the3F-BTB linker coordinating in a bidentate chelating fashion.
One remaining oxygen atom comes frod@ME3, resulting in an irregular coordination
polyhedron (s. Fig. 4.28). This is also indicated by the lowest shape measure caloetht
for this structure CShMpgpy.;  5:752 using theSHAPE program[?44 The Cd{O
bond lengths range from B00 2¢ A to 2:50Z 2« A, which is in agreement with other
compounds that contain this structural motive (cp. 232 1+ A to 2:40" 1. Al?58] and
2:257'3+ A to 2:709 4+ Al259), The linker molecule in the structure exhibits increased
interplanar angles between the central ring and the outer benzoate rings rangifrgm
444X to 53:4%, which are in agreement with other reports of the8F-BTB linker. [223]
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Figure 4.28:Coordination polyhedron around Cdl in the crystal structure of
22[Cd(H2NMe,)(3F-BTB)(DMF) ;] x DMF with atom labels.

A planar 2D-coordination network is formed from the linkers and the metal-cations
(s. Fig. 4.29). Analysis of the structure using th&fopCryst web interfacé?**%! reveals the
topology of the compound ascb, the honeycomb topology. The layers are stacked

along the 101 direction in an AB fashion (s. Fig. 4.30) with an interlayer distance of
4:4421 2 A.

Figure 4.29:Isolated layer of.2[Cd(H,NMe,)(3F-BTB)(DMF) ,] x DMF shown along
the crystallographic 101 direction. Unit cell edges are shown to aid with

the orientation and scale. Light blue coordination polyhedra are drawn
around the Cd atoms.
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Openings of the honeycomb layers are arranged such that large hexagonal chénne
with a diameter of approx. 10A, parallel to the crystallographicc axis, are formed.
Non-coordinating DMF molecules and the dimethylammonium cation occupy these
channels, as can be seen in Fig. 4.30. The channels account foB 26 (268 e in s.a.v.)
of the unit cell volume as calculated bySQUEEZE,166] when the non-coordinating DMF
molecules are removed from the structuré.There are numerous examples for Cd-based
coordination compounds using carboxylate ligands, however, a 7-fold coordination
by exclusively oxygen atoms forming a mononuclear anionic SBU is comparatively
rare [258:2591 A more common motive is the formation of multinuclear oxoclusters, where
the charge is compensated by adjacent Cd(ll) ioF35260{264] or other heterometalg265.266]
Others report the Cd(Il) being coordinated by four carboxylate moieties (8 8)
resulting in SBUs with an even higher negative chardé’.28] In the previous masters
thesisthe crystal structure of another coordination compound based on Cd(ll) catis
and the 3F-BTB linker was reported[?2°]

Figure 4.30:Left: Six layers of.?2[Cd(H,NMe,)(3F-BTB)(DMF) ,] x DMF shown along
the crystallographic 101 direction colored in red and blue to highlight
the stacking pattern. Right: Two expanded unit cells are shown along the
crystallographic 001 direction. Unit cell edges are shown to aid with the
orientation and scale.

Therein the SBU consists of three Cd(ll) cations connectedia six carboxylate
moieties forming a neutral building block. The only di erence within the synthetic

" There is a considerable discrepancy between the amount of electrombtained from the SQUEEZE
subroutine and the expected amount from the re ned DMF molecules (40t "0:651 0:628 Z
204:64). This could either hint at additional disordered positions, which are not accounted for in
the model, or suggest a higher avg. occupancy (88%, based on 268 e) of the non coordinating
DMF molecules.
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parameters for the synthesis of this compound is the lack of acetic acid, suggesgthat
the rate of hydrolysis of the DMF plays a crucial role for the formation of the hein
presented compound. A common problem with anionic coordination polymers and
MOFs is the localization of the cations inside the pores. In the here presentedrqmound
the cation was localized without employing any restraints in the least squaresmement,
attributable to the dense packing of the guest molecules. This lends itself to examine
the intermolecular interactions within .2[Cd(H,NMe,)(3F-BTB)(DMF) ,] x DMF by
Hirshfeld surface analysi$!®8] The Hirshfeld isosurface of theH,NMe," ion along with
its ngerprint plot is shown in Fig. 4.31. It can be seen that the cation contact®ne
of the oxygen atoms of the SBU®2611) via a hydrogen bridge (cp.D{A distance:
2:821°5 A). Another hydrogen bridge (cp.D{A distance: 2757 5 A) is formed with
the oxygen atom ofDMHK. Both interactions account for the dominant spike seen in
the ngerprint plot and 33:2 % of the area of theHirshfeld surface.

Figure 4.31:Left: H,NMe," cation in the structure of .2[Cd(H.NMe,)(3F-
BTB)(DMF) ;] xDMF shown with its Hirshfeld isosurface in thed,om
mapping and the closest contacting molecules or fragments thereof. All
contacts with hydrogen atoms shorter than BA are shown with yellow
dashed bonds. Right: Fingerprint plots of theHirshfeld surface, showing
all contacts (top) and only points where hydrogen atoms contact to oxym
atoms (bottom), the latter accounting for 332 % of the surface area.

A third very weak contact, shorter than the sum of the respective VAW radiof
the atoms involved, is formed between one of the methyl groups of theNMe," ion
and the oxygen atom ofDMF6. The remaining surface area exhibits contacts of longer
distances than the sum of the respective VAW radii of the atoms involved to six filner
DMF molecules. This dense packing together with the hydrogen bridges is the likely
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reason for the localization of the cation in the pore. Another interesting intaction is

that of the linkers among each other, i.e. the main interaction between the layerThe

Hirshfeld surface around the3F-BTB linker is shown in Fig. 4.32. It reveals that the
contacts to adjacent linkers are formed by the polarized aromatic hydreg atoms of the
outer benzoate rings. The closest contacts are formed to the negativelylgrized oxygen
atoms of the carboxylate moieties. Other (more distant) contacts are rimed from

these hydrogen atoms to the carbon atoms of the central rin@€ {H/ 8 interactions

were studied theoretically for methane and (hexa uoro-)benzene ligawahara et al.
concluding that they were weakly attractive2®9] These ndings suggest that there are
weak attractive interactions beyond pure VdW forces between the layeos$ the structure,

which may in uence the crystallization of the compound.

Figure 4.32:Left: 3F-BTB linker in the structure of .2[Cd(H,NMe,)(3F-
BTB)(DMF) ,] x DMF shown without (top) and with (bottom) its Hirsh-
feld isosurface in thed,o,,m Mapping and one contacting linker molecule.
All contacts with hydrogen atoms shorter than 25 A are shown with yellow
dashed bonds. Right: Fingerprint plots of theHirshfeld surface, showing
only points where hydrogen atoms contact to exterior atoms (top) and only
points where hydrogen atoms contact to exterior oxygen atoms, aesiing
for 399 % and 81 % of the surface area, respectively.

PXRD of the bulk material reveals both a low crystallinity, indicated by the very
low re ection to noise ratio, and no good agreement with the calculated pattarof
the compound (s. Fig. 4.33). The presence of additional phases cannot be precluded
from the presented data but is deemed likely. Another possible explanation may be the

8This notation is adapted from the article, denoting the interaction of hy drogen atoms bound to
carbon with both uorinated and un uorinated  -systemsl?%
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occurrence of a temperature induced phase transition, as in the case of UoGHel€
infra).[2%1] Since the composition and structure of the bulk material at r.t. could not
be satisfactorily elucidated, no further investigations regarding the material pperties
were carried out in this work.

As previosly stated, obtaining this anionic Cd-based SBU from a reaction with the
un uorinated BTB linker is not unprecedented in literature. Kitagawa and coworkers
reported two interpenetrating coordination compounds based on this building block:
a two dimensional CP[Cd,(HBTB) ,(DMF)(MeOH)] (DMF) 4(MeOH)(NHMe;) and a
three dimensional MOF[Cd(HBTB)(DMF)] (DMF) .27 |n the former, the authors
crystallographically localized aNHMe, fragment, however, assigned the proton to the
carboxylates at the cluster? Through thermal analysis the authors found that the
NHMe, cannot be removedvia heating and attribute the formula (H,NMe,)[Cd(BTB)]
to the remaining materiall27 This composition may be considered as an un uorinated
congener and the individual layers of the compound also share the topology with
.2[Cd(H,NMe,)(3F-BTB)(DMF) ,] xDMF. The main di erence between the structures
is the interpenetration, which is not found herein. It may be rationalized by the
interplanar angles of the outer benzoates to the central ring. In the compound puliiisd
by Rao et al. these range from 3BX to 48:3%, which is signi cantly lower than the ones
found herein(27% And while the irregular coordination sphere around the Cd atoms
allows for some exibility, these lower angles could explain why a corrugated layesr
formed, that interweaves with the next layer.

[Cd(H,Me,)(3F-BTB)(DMF) ,] calc. =
Cd(NOg), + H33F-BTB in DMF + HOAC =
100 | |
>
D
c
[0]
I=
= 50
o
0 | || | |‘|| |||||.|||I|‘ llll\l
5 10 15 20 25 30 35

2q[°]

Figure 4.33:PXRD pattern of the material obtained by the reaction ofCd(NO3), 4 H,O
with H33F-BTB in DMF in the presence of acetic acid at 108C (dark
blue; measured with CuK radiation on a Rigaku Mini ex 600-C). For
comparison, a line diagram (red) calculated from the crystal structure of
22[Cd(H2NMe,)(3F-BTB)(DMF) ;] x DMF is given.

9 The authors did not go into further details on the localization of the proton, however, the ndings
herein would suggest that one dimethylammonium cation is formed and in ontact with one of the
SBUs (cp. Cd{N distances of 3823 4+ A herein, vs. 3963 7+ A therein). 27
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The authors further analyzed theCO, adsorption of the material, revealing that
the activated CP contains open metal sites, which interact with the adsodd guest.
Similar behavior could be expected from the herein presented compound, which should
be investigated if a phase pure sample can be obtained.

Another interesting example is presented bydu et al.,, who report on a fourfold
interpenetrated network analogous to the previously described examié! Therein,
they use the anionic compound as seeding crystals to obtain isoreticular MOFs based o
trivalent Eu and Th. 271l Potentially, this approach could also be extended to synthesize
novel lanthanide based CPs from?[Cd(H,NMe,)(3F-BTB)(DMF) ,] x DMF.
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4.2.4 Publication I: An Interpenetrating MOF from Fluorinated
BTB Ligands and a 1-D Mg Based SBU

Figure 4.34:Graphical abstract of the article \An Interpenetrating MOF from Fluori-
nated BTB Ligands and a 1-D Mg Based SBU" published iZeitschrift
far anorganische und allgemeine Chemiby Sean S. SebastignFinn P.
Dicke and Uwe Ruschewit#72]

The article presented in the following was submitted to the journaEeitschrift fur
anorganische und allgemeine Cheman the 31st of May 2024, revised on the 5th of July
2024 and published therein on the 9th of July 2024. It is dedicated tdartin Jansen on
the occasion of his 80th birthday and is accessible online via: 10.1002/zaac.20D&9.

In the following article, the synthesis and structure of a new MOF (named UoC-11)
based on Mg(ll) and3F-BTB is described. Single crystal X-ray di raction reveals that
a porous framework is constructed from 1D-SBUs of oxygen bridged Mg(ktations,
which are interconnected by perpendicular tritopic linker molecules. The intermolecula
interactions in the structure are investigatedvia Hirshfeld surface analysis, suggesting
F H contacts to play a dominant role in the crystallization of the compound. The
compound is twofold interpenetrating such that it shows no signi cant surface ase
from BET measurements. Unlike UoC-9 (s. subsec. 4.2.5, p. 77), this alkaline earth
metal based MOF does not exhibit a crystalline sponge behavior.

A detailed description of the contributions of all listed authors can be found within
the Supporting Information (s. subsec. 8.5.1, p. 227) of the article under the section
\Author contributions".
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4 Results

4.2.5 Publication II: Fluorinated linkers enable the synthesis of
exible MOFs with 1D alkaline earth SBUs and a
temperature-induced phase transition

Figure 4.35:Graphical abstract of the article \Fluorinated linkers enable the synthesis
of exible MOFs with 1D alkaline earth SBUs and a temperature-induced
phase transition” published inDalton Transactions by Sean S. Sebastign
Finn P. Dicke and Uwe Ruschewit#?51

The article presented in the following was submitted to the journaDalton Transactions
on the 9th of February 2023, revised on the 15th of April 2023 and published thare
on the 17th of April 2023. It is accessible onlingia: 10.1039/D3DT00422H.

The following publication describes the synthesis and crystal structure afoC-9
([EAs(3F-BTB) 30Ac(DMF) 5] with EA  Ca(ll), Sr(ll)) based on the 3F-BTB linker. A
detailed description of the crystal structure of the compound is given, supplementést
Hirshfeld-surface analysis of the framework and the contained guest molecules. Moezpv
a structural comparison to existing Ca(ll)-based MOFs is drawn. Its struatral behavior
upon cooling from room temperature to 100K is investigated in detailia both single
crystal and powder X-ray di raction. The compound crystallizes in the orthorhorbic
space grouplma2 (no. 46) and undergoes a phase transition between 2P5K and
20015K to Pna2; (no. 33). It further exhibits a crystal-sponge-like behavior, where
the compound amorphizes upon removal of the solvent and can be recrystallizgdthe
addition of solvent to the porous host compound again.

Parts of the results published in the following paper have already been reported imet
previous masters thesid?2%l The crystal structure of UoC-9(Ca), its phase transition as
well as the amide -stacking has been reported therein. All of the additional experiments
and results have been carried out as a part of this PhD thesis. A detailed descriptiof
the contributions of all listed authors can be found within the article under the section
\Author contributions”. The Supporting Information of this article can be found in
subsec. 8.5.2, p. 236.
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4 Results

4.2.6 Publication IlI: Exploring the Host-Guest Interactions of
Small Molecules in UoC-9(Ca)

Figure 4.36:Graphical abstract of the article \Exploring the Host-Guest Interactions
of Small Molecules in Uo€9(Ca)" published in CrystEngCommby Sean S.
Sebastian Finn P. Dicke and Uwe Ruschewit#73]

The article presented in the following was submitted to the journaCrystEngCommon
the 3rd of October 2024, revised on the 22nd of October 2024 and publishédrein on
the 24th of October 2024. It is accessible onlinga: 10.1039/D4CEQ01007H.

In the following article, the host-guest interactions of small solvent molecules ids
the UoC-9(Ca) framework are investigated by SCXRD. These investigatiorfecus
primarily on revealing unique interactions present within the UoC-9 system and seres
a proof of concept study for the employment of UoC-9 as a crystalline sponge maér
Single crystals of UoC-9(Ca) were synthesizada the previously established procedure
and loaded with seven di erent guest molecules by liquid exchange. Structural analys
of these crystals allowed the location of all molecules inside the framework raieg
their speci c interactions. The in uence of the guest molecules on the host material
Is discussed in detail and the main mechanisms to alter the lattice parameters are
established. Systematic analysis reveals that the previously introduced phase trarsit
of the MOF can be suppressed by some guest molecules. The NMP@Uo0C-9 system
displays a 3 b superstructure, which was traced back to two crystallographically
distinguishable SBUs. Amide- stacking, which was observed for DMF@UoC-9, is also
observed for eligible guests and studied in detail utilizinglirshfeld surface analysis.
A detailed listing of the contributions from each of the authors to the article is found
therein under the section \Author Contributions”. The Supporting Information of this
article can be found in subsec. 8.5.3, p. 247.
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Introduction

Over the last three decades, metatorganic frameworks
(MOFs) have undergone an incredible development from the
first mention of the term in 1995 (ref. 1) to their research for
a wide range of potential applications.>* The porosity of
MOFs, along with the ability to control and tune many of its
properties via chemical modification, is one of the major
aspects that makes these materials so attractive to chemists®
Modifying the internal surface of MOFs by functionalization
of the organic linkers, has led to vast improvements of a
variety of properties depending on the type of
functionalization. ® Fluorine as a substituent in particular has
shown improved sorptive properties for specific guest
molecules for gas-sensing and separation experiments’

Upon closer inspection of fluorinated MOFs in particular,
certain discrepancies of the resulting influence of the
functionalization are revealed. FMOF-1, as reported by Yang
et al..® exhibits some impressive properties such as (super)
hydrophobicity and a very high H ,-uptake (e.g, 41 kg m ° at
64 bar). Other reports on fluorinated systems however

Department of Chemistry and Biochemistry, Institute for Inorganic and Materials
Chemistry, University of Cologne, 50939 Cologne, Germany.

E-mail: uwe.ruschewitz@uni-koeln.de

T Electronic supplementary information (ESI) available: Detailed crystallographic

data, additional views of the crystal structures, precession images, and selected
difference Fourier maps. CCDC 23838952383900. For ESI and crystallographic
data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d4ce01007h

This journal is © The Royal Society of Chemistry 2024

reflections with a tripled b-axis, which was also elucidated within this work.

showed an insignificant influence of the H ,-uptake, when
compared to an isostructural unfluorinated MOF. ° Contrarily,
they found a significant increase of the CO,-uptake of the
compound. It is thus apparent that the interactions of the
internal MOF surface with specific guest molecules in
guestion are of major importance to the properties found.
Investigation of these interactions is not a trivial task. Guest
molecules often only interact weakly with the host
frameworks via non-covalent interactions, are mobile within
the framework and the very frequently complex structure of
the linker can make the interpretation of spectroscopic data,
such as IR spectroscopy, difficult due to severe signal overlap.
One of the most precise methods to observe molecular
interactions is via single crystal X-ray diffraction (SCXRD).
Some very successful examples of the analysis of guest
molecules inside porous host materials via SCXRD have been
shown by the group around M. Fujita, who later formalized
their procedure as the crystalline sponge (CS) method® In
2002, Fujita and co-workers published the synthesis and
crystal structure of {[(Znl,)s(tpt),]-x(solvent)}, (tpt = 2,4,6-
tris(4-pyridyl)triazine), ** an interpenetrating coordination
network, which is still regarded as the most potent crystalline
sponge!? Part of the success as CS of this compound is
attributed to its breathing behaviour. ¥ Non-covalent
interactions such as - -stacking can even be utilized to
create functional porous environments, as was shown by the
“cartridge” approach with the {[(Znl,)s(tpt),]-x(solvent)},
network.’® In a recent review article, Fujita and others
differentiate between robust MOFs and crystalline sponges

CrystEngComm , 2024, 26, 63616368 | 6361
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via the response of the host material to the guest
molecules.}? Accordingly, crystalline sponges exhibit a form
of guest recognition (i.e. breathing effects, formation of guest
specific non-covalent interactions) that enables the
crystallographic localisation of the guest molecules.

Recently, we have reported the synthesis, crystal structure
and properties of a fluorinated MOF based on alkaline earth
metal cations.'® This compound, [EAs(3F-BTBYOAc(DMF)]
(EA = Caf), Sr(1)), which was named UoC-9 (UoC: University
of Cologne), consists of one-dimensional EA(1)O, strands and
a fluorinated derivative of the well-known BTB ligand (3F-
BTB = 1,3,5-trifluoro-2,4,6-tris(4-carboxy-phenyl)benzene). The
parallel strands are interconnected by the linkers forming a
large void space (approx. 4344% of the overall volume),
accessible for solvent molecules, i.e. DMF (N,N-
dimethylformamide) in this study, as was shown by SCXRD.
A closer inspection revealed the wunique host-guest
interactions, the partially fluorinated linkers exhibit with the
DMF guest molecules* Part of the success of
{[(Znly)s(tpt) o] x(solvent)}, by Fujita and co-workers has been
attributed to the electron deficient tpt-linker, which
preferentially stacks with electron richer -systems of guest
molecules.? This effect has also been observed in UoC-9,
where the three fluorine substituents withdraw electron
density from the central ring of 3F-BTB. This has led to the
observation of amide- -stacking inside the pores of UoC-9*
Another factor that Fujita and co-workers deem beneficial for
the CS method is the interpenetrated nature of
{l[(ZnlL)s(tpt) o] -x(solvent)},, where the individual frameworks
can move with respect to each other, thus adapting the
“optimized” pore size for the guest molecules? In contrast,
UoC-9 exhibits significant changes of its lattice depending on
the guest loading as was shown by time-resolved PXRD
experiments (PXRD: powder X-ray diffraction)*

Herein, we will present the refined X-ray single crystal
structures of UoC-9(Ca) with six different guest molecules
embedded in its pores. The CS method is well established to
elucidate the structure of otherwise non-crystalline guest
molecules™ or to recognize different guest molecules.*® In
this work, we intend to utilize the CS behaviour to learn more
about the interactions of solvent molecules and their
functional groups with a MOF containing fluorinated linkers
as well as to learn more about UoC-9 as a potential crystalline
sponge, and how this behaviour influences properties like
structural phase transitions.

Results and discussion

Single crystals of UoC-9(Ca) (UoC-9 hereon) were prepared by
the methods described in our previous article.* The
supernatant (a mixture of DMF and acetic acid) of these
crystals was gradually exchanged with either acetylacetone
(Hacac, b.p.: 140 °C, 54 electrons), N-methyl-2-pyrrolidone
(NMP, b.p.: 202 °C, 54 electrons), benzonitrile (PhCN, b.p.:
188 °C, 54 electrons), toluene (PhMe, b.p.: 111 °C, 50
electrons), propylene carbonate (PC, b.p.: 242 °C, 54
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electrons) or tetrahydrofuran (THF, b.p.: 66 °C, 40 electrons);
for comparison: DMF, b.p.: 153 °C, 40 electrons. These
solvents were chosen, as they are aprotic, since UoC-9
decomposes quickly in water, and as most of them show a
comparatively low volatility in order to slow down the
degradation of the single crystals by evaporation of the
respective solvent. After the exchange of the supernatant
(further details are given in the Experimental section), the
colourless crystals remained intact and single crystal
diffraction data was collected at 100 K. Due to the phase
transition that as synthesized UoC-9 undergoes (and thus
potential strain on the single crystals), the crystals mounted
on the diffractometer were cooled down very slowly from RT
to 100 K over several hours. The diffraction data revealed not
only a significant effect of the guest molecules on the lattice
parameters (Table 1), but also on the phase transition as
observed for as synthesized UoC-9.

The structures presented herein were generally
elucidated starting from the atom positions of the
framework as previously published* and subsequent
localization of the guest molecules by difference Fourier
analysis. As the guest molecules often exhibit disorder,
least square restraints were employed to retain sensible
geometries of these molecules and the framework, where
molecular fragments overlap. Thus, the individual bond
lengths and angles will not be discussed in detail.
Instead, we would like to focus the discussion on more
general structural features, such as the distances between
entire molecular fragments and lattice parameters, which
can be determined reliably. Efforts were made to only
model those guest positions, where the geometry of the
guest was obvious from the difference Fourier map in
order to prevent overfitting of the models. Any remaining
electron density in the models was treated with the
SQUEEZE’ procedure within PLATON.*® Since both Ima2
and Pna2; are acentric space groups and the models
presented herein all contain unmodelled electron density,
which would affect the Flack(x) parameter, they were
generally refined as two component inversion twins. An
increase of the unit cell volume is observed for all the
herein presented guests. The crystals containing Hacac
and PhCN as guests do not undergo a phase transition,
which can easily be recognized from the missing
reflections following the extinction conditions for body
centred structures present in their diffraction patterns
(Fig. S11 and S15, ES). The crystal containing NMP
shows additional reflections indicating a tripling of the
crystallographic b-axis (Fig. S16, ESi). It was solved and
refined as a superstructure in the space group Pna2; (vide
infra).

Refinements of all crystal structures from these datasets,
as expected, reveal an incorporation of the guest molecules
into the pores of the framework. Comparing the expansion of
the observed unit cell volumes (Table 1) with the respective
sizes of the guests, a weak correlation might become
apparent at first glance. However, in a second step, the

This journal is © The Royal Society of Chemistry 2024
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Table 1 Unit cell parameters obtained from X-ray single crystal diffraction data (Cu-K /Mo-K /synchrotron) in dependence of the embedded guest
molecules. Additionally, the assigned space groups are given. All of the pre sented data was collected at 100 K. Additionally, the calculated molecul ar

volume of the guests per molecule ( Vguest),16 the number of electrons found in the por  es (s.a.v.) by the SQUEEZE procedure!’ the estimated number of
guest molecules per unit cell and their overall steric demand (SD  guest) are given

Space Guest volume per Number of electrons in  Estimated number of guest
Guest alA] b [A] c[A] VA9 group molecule® [A%] s.a.v. using SQUEEZE  molecules/cell® (SDyyest [A])
DMF® 31.6172(8) 16.5669(4) 28.5512(7) 14955.1(6) Pna2; 116.2 254 54.4 (6321)
Hacac 31.5957(19) 16.8364(9) 28.2441(16) 15024.7(15Jma2 148.4 2568 55.6 (8251)
THF  31.6409(19) 16.5291(9) 28.7463(15) 15034.2(14Pna2; 118.1 1777 56.2 (6637)
PhMe 31.7465(13) 16.6974(7) 28.4978(11) 15106.2(11Pna2; 143.8 1206 20 DMF + 25.9 PhMe (6048)
PC 31.6786(8) 16.5991(5) 28.8107(8) 15149.7(7)Pna2; 125.7 1619 50.8 (6386)
PhCN 31.8875(14) 16.6009(7) 28.7479(11) 15218.0(11ma2 137.6 1423 20 DMF + 36.4 PhCN (7333)
NMPP 32.033(6)  16.553(3) 28.956(6) 15354(8) Pna2; 148.8 15428 51.7° (7687)

a Structural data as previously published.**® Solution of NMP@UoC-9 as & superstructure; all appropriate values in this table are divided by 3

for comparison with the other structures. ¢ All electron density from not modelled solvent molecules removed by the SQUEEZE program gives

an estimate of the additional electrons/solvent molecules in the solvent accessible void (s.a.v.). ¢ Calculated (Vguesd USINg volume increments as

described by Koch and Fischer® © Steric demand of the guest mglecules per unit cell (SDguesy, calculated by the sum of all guest molecules
X

multiplied with their calculated SDyuest ¥4

Vguesti X Nguest;i
i

Vguest

amount of solvent molecules inside the pores also has to be
taken into account. An, albeit crude, estimate of the amount
of guest molecules inside the measured crystals can be
obtained by the results of their treatment with the SQUEEZE
program.’ The values obtained, by adding the amount of the
refined guest molecules (vide infra) to those estimated via the
amount of additional electrons in the unit cell, are presented
in Table 1. Considering these values clearly shows that the
observed expansion of the unit cells is not dependent upon

the sizes of the respective guests and the numbers of the
embedded guest molecules, i.e. the calculated overall steric
demand (SDyues). Thus, finding the mechanisms of the
response of UoC-9 to different guest molecules requires a
closer look at the individual crystal structures. In the
following, we will discuss the interplay of UoC-9 with the
guest molecules along the factors shown in Scheme 1. These
are comprised of the elongation of the SBU along the a-axis
(c), the bulk steric demand of the guests as previously

Scheme 1 Lewis structures of the guest molecules embedded in UoC-9 with their names as abbreviated in this work (a). Excerpt of the crystal
structure of UoC-9 with one isolated pore, indicated by a purple sphere with a 5 A radius (b). One isolated SBU of UoC-9 with an arrow indicating
the stretching direction (c). Red ellipse with arrows symbolizing the general steric demand of the embedded guest molecules (d). Excerpt of the
crystal structure of UoC-9 showing two 3F-BTB linker moieties involved in the intercalation of electron rich guest molecules in this MOF (e).

This journal is © The Royal Society of Chemistry 2024 CrystEngComm , 2024, 26, 63616368 | 6363
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described (d) and the distances and angles between the 3F-
BTB linkers that make up the CgF5; pocket after intercalation
of guest molecules (e).

As there is an inherent dependency of the structure of
UoC-9 on the presence of guest molecules (the framework
was shown to collapse upon evaporation of DMF),
DMF@UoC-9 was chosen as the“neutral” framework to
which these case studies will be compared to. In all cases
except for PhMe and PhCN, the coordinating DMF molecules,
present from the synthesis of UoC-9, are completely replaced
by the added guest, facilitated by a large excess of the
respective guest molecules in the equilibrium during the
exchange procedure.

Hacac@UoC-9 remains in the body centred RT-
modification at 100 K and exhibits an enlarged b-axis (by
1.62%) and a shortened c-axis (by 1.08%). The asymmetric
unit features one Hacac molecule coordinated to Ca3, and
disorder of one of the 3F-BTB linkers (Fig. S1, left, ESt). The
remaining two metal sites are saturated by oxygen atoms,
most likely stemming from severely disordered Hacac
molecules, which could not be modelled in a sensible way. A
possible reason for the enlarged b-axis can be found in the
disordered linker. The two positions of the linker are shifted
by 0.4 A along the b-axis, in order to facilitate two different
modes of coordination from one of the carboxylates to the Ca
atoms (Fig. S1, left, ESt). The involved benzoate moiety also
twists significantly with an interplanar angle of 62 ° between
the two positions. A further explanation for this particular
behaviour is found when considering the contacts to the
guest molecules. In DMF@UoC-9, this linker is involved in
amide- -stacking with DMF. This stacking seems to be absent
in Hacac@UoC-9, which is emphasized by the absence of
significant electron density in the difference Fourier map of
the pocket between two linkers (Fig. S17, EST). This results
in a decreased GFs CgFsring distance of 5.7957(3)
6.4381(4) A (measured from the centre points of the rings)

Fig. 1 Excerpt from the crystal structure of UoC-9 depicting one
expanded unit cell with a view along the crystallographic a-axis.
Arrows indicate the connected directions of expansion and contraction
along the b- and c-axis.
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compared to 6.5365(2) A in DMF@UoC-9(LT) (Fig. S1, right,
ESIt), which also explains the shortest observed a-axis among
all guest@UoC-9 systems, even though Hacac is a
considerably large guest. Considering that the largest steric
demand (SDyuest = 8251 &) by the guest molecules is
calculated for Hacac@UoC-9 and the GFs pocket is
unoccupied, the framework has to expand along the b-axis to
increase the volume of the large pores (Scheme 1d). This is
accompanied by a shrinkage of the c-axis (shortest observed
among all compounds), which can be rationalized from the
framework structure of UoC-9 (Fig. 1). Due to the
interconnection of the CaO,-strands by the 3F-BTB linkers, a
motion, in which the strands drift further away from another
along either the b- or c-axis, automatically pulls the strands
along the respective other axis closer together. A satisfactory
explanation, why Hacac as a guest specifically elongates the
b-axis instead of the c-axis, which all other systems seem to
prefer, cannot found within the structural data easily. It may
be due to the (disordered) packing of Hacac inside the pores,
which would exhibit a preference towards aligning the guest
molecules along the b-axis.

The other system, where the room temperature
modification of the framework is observed at 100 K, is
PhCN@UoC-9. Therein, the DMF molecules coordinating to
the SBU were not replaced by the PhCN guests, which instead
occupy the s.a.v. of the MOF and the pocket, in which amide-

-stacking was observed for DMF in DMF@UoC-9. In the
asymmetric unit, four different PhCN positions were refined,
two of which are disordered and occupy the aforementioned
pocket (Fig. S8, ESt). In the context of protein structures, it
was predicted that more electron deficient -systems would
interact with electron rich amides, forming energetically
favoured stackings.!® Accordingly, the electron rich cyanide
moiety of one of the disordered PhCN molecules is inserted
in-between the two CgFs rings. This results in an increased
distance between the two linkers (6.5502(3) A), compared to
the systems with an empty pocket (Fig. 2). Concomitantly,
the a-axis is elongated by 0.85%, compared to DMF@UoC-9.
The third largest steric demand of all systems was calculated

Fig. 2 Comparison of the C gF; CgFs ring centre to ring centre
distances (square) and interplanar angles (triangle) of the linkers in the
different guest@UoC-9 systems. Symbols for systems with guest
molecules encapsulated between two rings are marked in green and
systems without guests in-between the rings in blue.

This journal is © The Royal Society of Chemistry 2024
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for PhCN (SDyuest = 7333 &) with a considerable gap to the
next lower entry. As Hacac@UoC-9 and PhCN@UoC-9 do not
show a phase transition from Ima2 to Pna&; at lower
temperatures, we thus propose that the bulk steric demand
of the embedded guest molecules plays a crucial role for this
phase transition.

In NMP@UoC-9 with the second highest steric demand of
the guest, the space group Pna2; was observed at 100 K,
which suggests a phase transition in this system. However,
NMP@UoC-9 forms a superstructure with 3 x b (vide infra) so
that the formation of a superstructure is obviously another
way to accommodate larger guest molecule loadings (high
SDyues) Without suppressing the phase transition. The
remaining systems, which do undergo phase transitions as
found in DMF@UoC-9, have estimated SDQy,es: values below
7000 A& per unit cell.

In PhMe@UoC-9, the coordinating DMF molecules of the
SBU are not exchanged, analogous to PhCN@UoC-9, and
toluene molecules can only be refined within the pores of
UoC-9. Two unique positions for toluene (PhMe) are found in
the asymmetric unit and all five coordination sites for DMF
can be refined as such (Fig. S6, ESf). One of the three 3F-
BTB linkers exhibits a similar disorder as was observed for
Hacac@UoC-9 (largest shift along thec-axis by 0.5 A), which
is again accompanied by the absence of significant electron
density within the CgF; CgFs pocket. Analogously, the
crystallographic b-axis is elongated by 0.8% (second largest
reported herein). This suggests that the DMF molecules
present after the synthesis have a structure directing effect,
“binding ” the two linkers involved in the pocket formation
together by the formation of a sandwich complex. While it is
surprising in the first instance that the electron rich  -system
of PhMe does not intercalate between the linkers, this is
reasonably explained by the larger steric demand of the
phenyl unit. The pocket itself is surrounded by three non-
coplanar benzoate moieties, which would collide with the
hydrogen atoms of a hypothetically sandwiched toluene
molecule. Instead, the guests interact with the phenylene
moiety of an adjacent benzoate and coordinating DMF
molecules, all of which are disordered over two positions.
The occupancies of the toluene molecules were refined to
66.6% and 57.7%, respectively.

In THF@UoC-9, a similar disorder of the same 3F-BTB
linker position in the asymmetric unit is observed. Again, the
difference Fourier map indicates the CgF; CgF3 pocket to be
empty (Fig. S18, ESY), corroborating the structural impact of
guest molecules in the CgF3 CgF3 pockets. Appropriately,
the shortest CgF3 CgF3 distance is observed (Fig. 2). In this
structure model, three THF positions were refined, all of
which are coordinated to the SBU with one of them being
disordered over two positions (Fig. S5, ESt).

The PC@UoC-9 system is very similar to the DMF@UoC-
9 system. It features five crystallographically unique
positions for PC molecules, four of which are coordinated
to the SBU and the remaining one occupies the GsF; CgF3
pocket. Two of these five positions are disordered in the

This journal is © The Royal Society of Chemistry 2024
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presented model, attributable, in part, to the fact that the
solvent used is a racemic mixture of the two enantiomers of
PC (Fig. S7, ESl). There is additional disorder of one of the
benzoate moieties in the 3F-BTB linker, where the phenyl
moieties are twisted by an interplanar angle of 38°.
However, the attached carboxylate moieties are shifted only
slightly from one another with no difference in their mode
of coordination (Fig. S2, ESIt). The occupancy of the PC
molecule inside the CgFs CgF3 pocket refines to a value
close to one (therefore set to one in the presented structure)
indicating an energetic preference of the intercalation of the
electron rich carbonate. This is corroborated by the short
CgF3 CgFs distance of 6.3491(2) A found for PC@UoC-9
(Fig. 2) and serves to explain the comparatively short
crystallographic a-axis found for this system (only 0.2%
increase compared to DMF@UoC-9).

NMP@UoC-9 is a particularly interesting example due to
its 3 x b-superstructure. The digitally generated precession
images of the diffraction data recorded at a high intensity
synchrotron facility clearly show a tripling of the b-axis (Fig.
S16, ESt). Since all atoms occupy the general Wyckoff
position 4a, the asymmetric unit contains 3 x 5 = 15 Ca
atoms, 3 x 3 =9 3F-BTB linkers and 3x 1 = 3 acetate anions
only for the framework structure. NMP molecules replace
DMF molecules coordinated to the Ca(i) strands and inside
the pores such that twelve NMP molecules in the asymmetric
unit coordinate to metal centres (five of them are disordered
over two positions) and six were refined in the s.a.v. (Fig. S9,
ESIt). The reason for the observed superstructure becomes
apparent upon inspection of the SBU (Fig. 3).

In the NMP@Uo0C-9 system, two distinguishable CaQ-
strands are present (CatkCal0 and CaliCal5). They
differ most significantly in the Cal, Ca6 and Call
positions (cp. highlighted frame in Fig. 3), which are all
equivalent in the DMF@UoC-9 (LT) structure. While Call
is similar to Cal in DMF@UoC-9, Cal in NMP@UoC-9
exhibits a different coordination sphere, accompanied by a

Fig. 3 Excerpts of the crystal structures of UoC-9(Ca) in its low
temperature modification (top) and the NMP@UoC-9(Ca) system
(bottom) showing CaO ,-strands with their coordination polyhedra with
atom labels for the Ca-atoms inside one unit cell. The viewing
direction is along the c-axis, the b-axis propagates from the bottom to
the top of the figure. The frame is a guide for the eye (for details, see
text).
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shift away from Cal0 (cp. CatCalQupeuoco = 3.777(3) A
vs. CalCa%mrguoc.o = 3.6528(9) A). Furthermore, the
coordination sphere around Cal in NMP@UoC-9 is
influenced by the disorder of one benzoate moiety (BTB_9:
C30A-C36A and C30BC36B). Instead of the bidentate
coordination to CalO forming a »-bridge to Cal, which
would be analogous to Ca5 in DMF@UoC-9, the
carboxylate forms two single bonds to Cal and CalO (Fig.
S3, ESt). The latter case would naturally drive the Ca(i)
cations further apart due to their repulsion, providing an

explanation for the observation of the longest a-axis in
the herein presented guest@UoC-9 systems. While this
disorder is not unique for the presented guest@UoC-9
systems, the combination of one SBU (strand) with
disorder and another one without is (Fig. S10, ESIt). To
rationalize the guest molecules as the cause for this

behaviour, it is necessary to analyse the GF; CgFs
pockets in more detail. In NMP@UoC-9, the largest
CsF3s CgFs ring distances are found ranging from

6.6897(13) A to 6.8247(13) A (Fig. 2). This can be
explained by the larger steric demand of NMP compared
to the other guests in this type of interaction,
corroborated by the Hirshfeld surface analysis (vide infra).
Thus, the appearance of the superstructure can be
explained by the intercalation of a sterically more
demanding guest between the 3F-BTB linkers of the
pocket. The guest pushes them apart along the a-axis,
elongating the unit cell in this direction, and rearranging
the carboxylate units along the SBU. Comparing the bulk
steric demand of the NMP guest to the aforementioned
Hacac and PhCN systems, no phase transition would be
expected. However, NMP@UoC-9 at 100 K may be
understood as being a “halfway” point between the Pna2;
and the Ima2 structure, where one of the disordered
benzoate moieties in the asymmetric unit remains in its
“RT Ima2 position” and the remaining ones shift to their
“LT Pna2; conformations”, which leads to the formation
of the 3 x b superstructure.

An inspection of the Hirshfeld isosurfaces around the
guest molecules intercalated in the CgF3; CgFz pockets
reveals further interactions with the host framework. Fig. 4
shows the isosurfaces for PC@UoC-9 and PhCN@UoC-9 and
the closest N-H and O—-H contacts from the framework to the
guest molecules. It can be seen that in both examples the
electron rich functional groups form hydrogen bonds with
the positively polarized hydrogen atoms of the outer benzoate
moieties. This is corroborated by the sharp spikes in the
delineated fingerprint plots corresponding to the Hirshfeld
isosurfaces. The hydrogen atoms involved should be
particularly polarized due to the strong electron withdrawing
functional groups attached to the linker. ° A similar
behaviour is observed for NMP@UoC-9, where the same
contacts between the oxygen atom of the guest to the arylic
hydrogen atoms are formed (Fig. 5). This Hirshfeld isosurface
further shows the contacts between the hydrogen atoms of
the methylene group in  -position to the carbonyl function of
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Fig. 4 PC (top) and PhCN (bottom) molecule shown with its
calculated Hirshfeld isosurface ( dnorm-mapping) 2t stacked between
two 3F-BTB linkers in the framework of their respective guest@UoC-9
systems. Close contacts are highlighted with dashed orange lines.
Fingerprint plots of the respective Hirshfeld isosurfaces (displayed to
the right) show the contacts from inner O/N atoms to outer H atoms
contributing to 20.8% and 13.2% of the surface areas, respectively.

the guest to the carbon atoms of the CgFs-rings, which are
shorter than the sum of the respective vdW-radii. These
contacts, which are assumed to contribute to a repulsion of
the involved fragments, nicely explain, why the largest
CgF3 CgFs distance is observed for this system. The
examples presented herein show clearly that the GFs CgFs
pocket is very selective towards electron rich guests— or
fragments thereof — smaller than a phenyl ring. At this point

it is somewhat surprising that the C ¢F; CgF3 distances seem
to respond as expected to the insertion of guest molecules,
while the involved angles do not follow a clear trend, as their

Fig. 5 NMP molecule shown with its calculated Hirshfeld isosurface
(dnorm-mapping) 2* stacked between two 3F-BTB linkers in the
framework of the NMP@UoC-9 system. Close contacts are highlighted
with dashed orange lines. Fingerprint plots of the respective Hirshfeld
isosurface (displayed to the right) show the contacts from inner O/H
atoms to outer H/C atoms contributing to 14.5% and 19.5% of the
surface area, respectively.

This journal is © The Royal Society of Chemistry 2024
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spread shown in Fig. 2 does not allow to recognize any
correlation.

The guest@UoC-9 system is, due to its sensitivity to water
and degradation upon evaporation of the guest molecules,
not as suitable to be used for the CS method as e.g.
{[(Znl,)s(tpt) o] x(solvent)},.?  Furthermore,  UoC-9 s
significantly less flexible than other crystalline sponges.
However, it does exhibit promising behaviour for chemical
sensing of the herein described guests via the CgFz CgFs
pockets, which could be tailored into other, eventually more
stable porous frameworks.

Experimental

Synthetic procedures

UoC-9(Ca). 10.0 mg of Hs-3F-BTB (synthesized by the
procedure published by Christoffels et al.??) (0.02 mmol) and
30.0 mg Ca(NQ),-4H,O (0.13 mmol) were dissolved in a
mixture of 4 mL DMF and 0.2 mL acetic acid. The mixture
was heated for 48 h at 100°C yielding colourless crystals of
sufficient size for SCXRD.

Guest exchange. Suitable crystals of UoC-9(Ca) were
transferred to a screw cap vial via a pipette with the
supernatant. Selected solvents/guests were added to the
suspension, before the excess liquid was removed againvia
a pipette (crystals always remained under a minimal layer
of liquid). This step was repeated (34 times), until
complete exchange of the supernatant was assumed and
finally proven by SCXRD. The crystals remained in the
liquid for at least 72 h, before they were selected under a
microscope and immediately mounted under a cooled N,
stream on the diffractometer.

Analytical methods

Single crystal X-ray diffraction (SCXRD). Single crystal
diffraction data was collected on a Bruker APEX-II CCD
diffractometer (Cu-K radiation, mirror-monochromator, =
1.54187 A), on a Bruker D8 venture diffractometer (Mo-K
radiation, mirror-monochromator, = 0.71075 /3\) or on the
Kappa diffractometer of the P24.1 beamline of the PETRA llI
facility at the Deutsches Elektronen-Synchrotron (DESY) ( =
0.50000 A), Hamburg/Germany. Suitable crystals were
selected under a microscope and quickly mounted under a
cooled N, stream on the diffractometer, as the crystals loose
their guest molecules very easily. The temperature was

View Article Online

Paper

controlled with an Oxford Cryostream 800 system. The exact
cooling rates for the individual measurements varied, but
were kept below 1 K min® The data reduction and
correction for absorption was carried out using SAINT 2% and
SADAB$* inside the APEXS5 (ref. 25) program package for the
diffraction data collected in house. Data collected at the
DESY was reduced and corrected inside the CrysAlisPro
1.171.41.112a program package€® Initial models, unless
otherwise stated, were obtained with SHELXT’ and were
subsequently refined using SHELXL 28 The difference Fourier
maps were calculated using SHELXE® and visualized in
ShelXI€?® and VESTA

Hirshfeld-surface analysis. To calculate the Hirshfeld
surfaces, the CrystalExplorer 21.2 (ref. 31) program-package
was used. All hydrogen bond lengths were set to normalized
values (1.083 A for GH) by the program prior to the
calculation. The electron densities for each atom type were
taken from the basis sets calculated by Kogaet al.*?> and the
surfaces were generated on the very high setting for the
number of grid points.

Conclusions

In conclusion, we have shown the successful embedment of
six different guest molecules inside the fluorinated
framework of UoC-9(Ca) via liquid exchange. The guest
molecules are common solvents with different functional
groups and polarities and were all confirmed to reside
inside the framework by the elucidation of single crystal
diffraction data from the exchanged guest@UoC-9 systems.
Of these six guest@UoC-9 systems, those with encapsulated
Hacac and PhCN do not undergo a phase transition from
Ima2 to Pna2; down to 100 K that was observed for the as-
synthesized UoC-9 (containing DMF), which is attributed to
the larger bulk steric demand of these guest molecules
(Hacac, PhCN). NMP@UoC-9 exhibits a 3 b superstructure
representing an “intermediate” phase between the RT
modification (Ima2, Z = 4) and the low temperature
modification ( Pna&2;, Z = 4) of UoC-9(Ca). Throughout the
detailed analysis of the guest@UoC-9 systems, it became
clear that guest molecules with different functionalities
affect the lattice of UoC-9 in different ways, which is
summarized in Table 2.

Whereas the bulk steric demand of the guest molecules is
mostly reflected in the occurrence/absence of the phase

Table 2 Comparison of the calculated molecular volumes of single guest molecules ( Vguest) and the overall steric demand (SD gest) With some structural
properties of the different guest@UoC-9 systems  discussed in this work (for details, see Table 1)

Guest Vguest [A] SDyuest [A%] Phase transition? alapyr b/bome c/ComE CoFs CgoF3 pocket filled?
Hacac 148.4 8251 No 0.999 1.016 0.989 No

PhCN 137.6 7333 No 1.009 1.002 1.007 Yes

NMP 148.8 7687 3x b supercell 1.013 0.999 1.014 Yes

DMF 116.2 6321 Yes 1 1 1 Yes

THF 118.1 6637 Yes 1.001 0.998 1.007 No

PhMe 143.8 6048 Yes 1.004 1.008 0.998 No

PC 125.7 6386 Yes 1.002 1.002 1.009 Yes

This journal is © The Royal Society of Chemistry 2024
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transition or an increase/shrinkage of the b- and c-axes,
stacking interactions within the C gF; CgF3 pocket cause an
elongation of the a-axis. The bulk steric demand of the guests
is not well reflected in the unit cell volume due to their
different locations in the MOF (large pore vs. CgF3 CgFs
pocket) and interactions of the guest molecules with the
framework. In our ongoing work, we aim to further improve
our understanding of interactions in fluorinated host —guest
systems. This is of particular importance for both the
crystallization and thus synthesis of these systems as well as
their material properties, e.g.adsorption of gases.
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4 Results

4.2.7 3[Sr3(3F-BTB) 2(DMF)]

As described in the previous publicatio®! (s. subsec. 4.2.5), the Sr variant of UoC-9
is not obtained as a phase pure substance. The compound predominantly formed, when
no seeding crystals of UoC-9(Ca) are added to the reaction mixture, was al$ocedated
within this work and will be presented in the following. Samples of this compound
were synthesized/ia the reaction of Sr(NOs), with H33F-BTB in a DMF/acetic acid
mixture (20:1) at 100*C. This procedure yielded crystals in the shape of thick colorless
plates as shown in Fig. 4.37.

Figure 4.37:Crystals obtained by reactingH3:3F-BTB with Sr(NOs), in DMF and
acetic acid in the mother liquor without (left) and with (right) crossed
polarization lter.

SCXRD reveals that the compound crystallizes in the monoclinic spacegro®2,
(no.4) with a angle of 102145 2¢X and a cell volume of 44127 14s A, Further
details on the structure re nement can be found in sec. 8.1, p. 201. The asymmetric
unit of .3[Sr3(3F-BTB) »(DMF)] is comprised of threeSr atoms, two complete3F-BTB
linkers and ve DMF molecules (s. Fig. 4.38) with all atoms occupying the generah2
Wycko site. Thus, Z equals two for the herein presented structure. Four of the DMF
molecules are coordinated to th&r atoms, where one of them is disordered over two
positions (DME6 and DME7). The occupancy factors oDME and DME/ were re ned
with the constraint that their sum is equal to one, resulting in values of 49°16 %
and 551°16 %, respectively. One additional DMF molecule[MEB) occupies the void
space oE3[Sr;(3F-BTB) »(DMF)], which accounts for 139A° or 32 % (1160°, 26 %
with DMB present) of the unit cell volume. A rationale for the observation of a
non-centrosymmetric space group can be found in the two di erent linkers within the
asymmetric unit. WhereBTBL1 is almost aligned parallel with theb axis, BTB2 is clearly
tilted away (cp. Fig. 4.40). The Flacki) parameter was re ned to a value ok 0.408(6)
in the here presented structure model. Since the omission of inversion symmetry in
the space group is validated by the previously explained structural ndings, this high
value of Flack)[274 can be explained by a combination of di erent factors. Both the
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presence of unmodeled electron density in the re nement as well as an unfavorable
interaction (uorescence) of the radiation MoK ) with the Sr atoms of the sample can
signi cantly in uence the Flack(x) parameter[274 Additionally, it is also possible that
an inversion twin, as which the data set was treated, was used in the measuremen

Both linker molecules are fully deprotonated and their carboxylate groups coordirat
to the Sratoms in two di erent bridging modes forming meandering, in nitely repeating
one dimensional SBUs, which are parallel to the crystallograph& axis. As shown
in Fig. 4.39, this strand consists of three Sr atoms repeating eveay 10:018Z 11 A.
The interconnection of these strands by the perpendicular linker molecules results in
a continuous void volume throughout the crystal structure. Due to the latter, the
compound can be considered as a three dimensional MOF.

Figure 4.38:Asymmetric unit of .3[Sr(3F-BTB) ,(DMF)] as displacement ellipsoids.
The molecular fragments are labeled according to the residues in the
re nement (s. subsec. 6.2.4, p. 165). Hydrogen atoms are omitted for
clarity. The displacement ellipsoids are drawn at 50 % probability.

The coordination modes and the resulting SBU are analogous to UoC-9 with an
increased coordination number (CN 8) for the Sr atoms. This increased coordina-
tion sphere is also expressed in an increased sharing of vertices among the adjac
polyhedra, compared to UoC-9. Whereas in UoC-9 theA(l1)O , polyhedra (CN 7)
are predominantly connectedria shared edges, shared faces are observed between all
polyhedra, except betweerbr_2 and Sr_3 (s. Fig. 4.39). All coordination polyhedra
in this compound, similar to UoC-9, are highly irregular, which is corroborated by
their high CShM values. The latter where calculated usingHAPE??*4 and can be
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seen in Tab. 8.12, p. 220. None of the values for regular polyhedra are below BeT
lowest value, i.e. the most regular coordination polyhedron, is found arour@rl with

a CShMmppg Vvalue of 3.119, which may thus be described as a severely distorted
triangular dodecahedron.

Figure 4.39:Excerpt of the SBU of.3[Sr;(3F-BTB) ,(DMF)] shown along the crystallo-
graphic c axis. Light blue coordination polyhedra are drawn around the
Sr atoms.

Sr3 exhibits the most distorted coordination polyhedron, with none of the calcCShM
values below 7. TheSr{O bond lengths vary in a range from 292 4« A to 2:831'4« A
with an avg. value of 2698A. This is in good agreement with the values fosr{O
bonds in carboxylates found in the CSD (s. Tab. 8.11, p. 21#)] Therein an average
value of 260" 10 A is observed.

Figure 4.40:0ne expanded unit cell of3[Sr3(3F-BTB) »(DMF)] shown along the crys-
tallographic a axis. Light blue coordination polyhedra are drawn around
the Sr atoms.
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The framework may be understood as an annealed variant of the previously outlined
kgd networks, where the trinuclear SBUs are not capped by terminal ligands but instead
coordinated by further carboxylates perpetuating the chain. Thus, the familiar ntove
known from e.g. \2[Co3(3F-BTB) »(DMA) 4] solv' is seen when viewing the structure
along thea axis (s. Fig. 4.40). Fig. 4.41 shows how the linkers interconnect the SBUs
and the void space left in between them. These void spaces are signi cantly smaller
than in UoC-9 due to the regular interval of the linkers and their higher ratio to the
metal cations (cp. Sr3F-BTB, 5:3 in UoC-9 vs. 3:2 herein). In UoC-9, characteristic
pockets are formed between th€sF3 rings due to the AB type intervals between them.
Herein, noCgF3 pocket is present due to the much larger, regular spacing between the
rings, which is equal to the cell parametea (resulting in an AA type interval).

The interplanar angles observed in the linker molecules between the central ring
and the benzoates are in a comparatively narrow range from Bl to 591X As
previously stated, these angles are in agreement with other structures incorpting
the 3F-BTB linker. With an average value of 5%, this is close to the energetic
minimum conformation, as showrvia DFT calculations (cp. 536X, vide infra). This
further supports that the linkers in this structure are not in uenced signi cantly by any
packing e ects, i.e. by contacting other linkers or embedded guest molecules, amdy
be considered as free rigid structural elements connecting the one-dimensional SBUs.

Figure 4.41:Left: One expanded unit cell of.3[Sr;(3F-BTB) »,(DMF)] shown along
the crystallographic ¢ axis. Right: One isolated pore of.3[Sr3(3F-
BTB) ,(DMF)], with the void space represented by a purple transparent
sphere. Unit cell edges are shown to aid with the orientation and scale.
Light blue coordination polyhedra are drawn around the Sr atoms.

Inspecting the Hirshfeld isosurfaces calculated for the linkers reveals further infor-
mation on the weak interactions in the compound. As previously described, there are
no signi cant linker{linker contacts present in the structure, exposing the majaty
of their surface to interact with the DMF molecules in the pores. It may be infeed
from the ngerprint plots and the contacting molecules in Fig. 4.42, that the most

99



4 Results

important contacts involved in these interactions are between oxygeand hydrogen.
Both O H andH O contacts are formed from the DMF molecules to the linker. All
of these contacts, which are shorter than the sum of the respective VdWdig are in
accordance with the electrostatic potential of the molecules involvedi@e infra). Three
such cases can be discerned. In the rst case the hydrogen atoms of the DMHegales
contact with an exposed fraction of the oxygen atom from one of thewdboxylates (cp.
DME/ and DMB3). In the second, the oxygen atoms of the DMF molecules contact to
the arylic hydrogen atoms of the linker (cp.DME and DME).

Figure 4.42:Left: 3F-BTB linkers BTB1 (top) and BTB2 (bottom) in the structure of
3[Srz(3F-BTB) o(DMF)], shown with a selection of the contacting DMF
molecules, and theiHirshfeld isosurfaces in thel,,,m, mapping. All con-
tacts with hydrogen atoms shorter than 5 A are shown with yellow dashed
bonds. Right: Fingerprint plot of the respectiveHirshfeld isosurfaces show-
ing only points where exterior oxygen contact to interior atoms, accouimg
for 163% (BTBL, top) and 107 % (BTB2, bottom) of the surface area,
respectively.

A third mode is found for DME and DME6 with BTB2 and BTBL, respectively, where
the methyl groups contact to the uorine atoms of the central ring. The large blue rea
above the central ring on the isosurface arounBTB1 indicates that no interactions
strong enough to localize a DMF molecule are formed to the positively polarized
systems of the linkers. DMEB and DME also undergo guestguest interactionsvia the
oxygen atom of the former and the methyl group of the latter molecule.

.3[Sr3(3F-BTB) ,(DMF)] forms as the major phase in the previously described reaction
with an additional unidenti ed minor compound, as shown in the PXRD diagram given
in Fig. 4.43. The rst statement is supported by the good agreement betwedhe
re ections calculated from the single crystal data and the measured pattern. U2 to
the use of synchrotron radiation, the pattern is plotted in reciprocatl-spacing to allow
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the comparison with the calculated dat# obtained from WinXPow.[275 The minor
phase can be identi ed by the re ection at Xd 0:145, marked with an asterisk in the

diagram. No compound could be assigned to this additional re ection over the course
of this work.

100 | [Sr3(3F-BTB) ,(DMF),] calc. = |
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Figure 4.43:PXRD patterns of the material obtained by the reaction ofSr(NO3), with
H;3F-BTB in DMF in the presence of acetic acid at 108C (dark blue)
(measured with synchrotron radiation (  0:45920A at BL9/DELTA ,
Dortmund, Germany)). For comparison, a line diagram (red) calculated
from the crystal structure of .3[Sr3(3F-BTB) »(DMF)] is given.

Due to the structural and compositional similarities to UoC-9, the response of the
lattice parameters to temperature of3[Sr3(3F-BTB) ,(DMF)] was further investigated.
To achieve this, a sample of the compound in a sealed capillary was cooled stepwise

while PXRD patterns were recorded using radiation from a high intensity synchrotro
source DELTA).

10 The data was calculated forAgK ; radiation, which is the closest available wavelength in the
program.?’® This was done in order to best represent the wavelength dependentispersion term
of the scattering factors for the intensity calculations.
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Figure 4.44:PXRD patterns of the material obtained by the reaction ofSr(NO3), with
H3;3F-BTB in DMF in the presence of HOAc at 100*C as a function of
temperature from 293 Kto 173 K. Both diagrams display the same patterns
in di erent ranges. Patterns were measured with synchrotron radiation (

0:45920A, BL9/DELTA , Dortmund, Germany).

It can be seen from Fig. 4.44 that the lattice does not undergo any signi cant chaeg
(e.g. phase transitions) in the observed temperature range from 293K to IKX3The
changes, as may be seen in the excerpt of the di raction data, are more subtle and
irregular. A systematic re nement of the lattice parameters using the.eBail method
further reveals the anomalous behavior of the compound upon cooling (s. Tab. 4.2).

Although the cell can be tted to the synchrotron data with goodR values, it is
striking, that the lattice parameters deviate signi cantly from the ones obtainedfom
the single crystal data. The most plausible explanation for this are the di erent media
surrounding the crystals/crystallites in the two measurements. While the powder in the
capillary is exposed to an open atmosphere during the preparation of the sample and
subsequently resubmerged in the supernatant, the single crystal is isolatednfréhe
mother liquor and immediately mounted under the nitrogen stream of the di ractometer.
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Table 4.2:Lattice parameters andwR, values obtained fromLeBail ts of PXRD data
collected from.3[Sr;(3F-BTB) ,(DMF)] over a temperature range from 293K

to 173 K.

TIK | alAl b [A] c[A] g VIAT  wR,

27 10.0182(11) 28.361(3) 15.9323(16) 102.253(4) 4391.0(6) -
293 | 9.9561(12) 28.823(2) 15.6745(11) 102.524(11) 4391.0(6)  4.66
273 | 9.9409(12) 28.831(3) 15.6495(16) 102.577(11) 4377.0(9)  4.65
253 | 9.9705(10) 28.860(3) 15.6485(15) 102.887(10) 4389.4(9)  4.74
243 | 9.9361(10) 28.872(2) 15.6495(10) 102.998(9) 4374.3(5)  4.87
233 | 9.9345(10) 28.887(3) 15.6487(14) 102.988(10) 4376.0(8)  4.79
223 | 9.9306(9) 28.8738(18) 15.6443(9) 102.997(9) 4370.9(5)  4.79
213 | 9.9251(9) 28.8683(18) 15.6494(9) 103.070(9) 4367.7(5)  4.64
203 | 9.9227(9) 28.8641(18) 15.6549(8) 103.125(8) 4366.6(5)  4.60
193 | 9.9178(8) 28.8574(18) 15.6545(8) 103.130(8) 4363.2(4)  4.55
183 | 9.9160(9) 28.8465(16) 15.6504(8) 103.075(8) 4360.6(4)  4.47
173 | 9.9064(9) 28.8432(18) 15.6495(9) 103.110(9) 4355.7(5)  4.57
299 | 9.9515(13) 28.825(2) 15.6766(11) 102.535(12) 4389.7(6)  4.66

2 Cell parameters of the single crystal data for comparison®? The same sample after cooling.

The lattice parameters obtained from the powder di raction experiments showhat

the unit cell volume decreases with the temperature, as expected with one eten.!

In contrast, the b axis increases to a maximum value of 287 3« A (100:2% of r.t.)

at 233 K. Since no signi cant phase transition is observed, this could be attributed
to a rearrangement of internal solvent molecules inside the pores of the compound.
The re ned cell parameters of the sample after the cooling, from data collected at.,
indicate that the process is reversible.

Since the minor phase could neither be assigned nor removed by di erent synthetic
attempts, the material was not analyzed any further. Due to the presumed rigidityfo
the material it may be of interest to analyze the sorptive properties of the copound in
the future.

11 At 253K, the third largest unit cell volume is observed. No rationale for this sudden increase (of the
a axis) is found in the structure and the other observations made hereirand it is thus considered
as an artifact.
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4.2.8 .2[Bay(3F-BTB)(OAC)(DMA) 4:x(HOAC) 1{x] solv

In the previousmasters thesisa coordination polymer.?[Bas(3F-BTB) ,(DMA) ¢] based
on Ba(ll) cations and the3F-BTB linker, synthesized in DMA, was reported?23! Due
to the observations of acetate being incorporated into the structures in loér systems
and in particular with alkaline earth cations (vide suprg, Ba(NO3), was reacted with
H33F-BTB in mixtures of DMA and HOAc. While reaction times of 48 h at 106C
initially gave clear solutions, large crystals (s. Fig. 4.45) formed in the reactiovessel
over the course of several weeks afterwards. This occurred in threpaate vessels
with varying concentrations of the starting materials.

Figure 4.45:Crystals obtained by reactingH;3F-BTB with Ba(NO3), and acetic acid in
DMA in mother liquor without (left) and with (right) crossed polarization
lter.

The crystals were suitable for di raction and subsequently analyzedia SCXRD
and revealed the structure of a novel two dimensional coordination polymer, which
will be presented in the following. .2[Ba,(3F-BTB)(OAC)(DMA) 4:x(HOAC)1(x] solv
crystallizes in the triclinic space groupP 1 with a cell volume of 27770 3¢ A®. Further
details on the structure solution and the cell parameters can be found in sec. §1201.

The obtained di raction data was of high quality and it was possible to integrate
re ections up to a resolution of 06A, with a low R value of 0.0350. As shown
in Fig. 4.46 the ASU consists of two Ba atoms, one fuBF-BTB linker, four DMA
molecules coordinated to the metal ions and two occupying the pores as well as ¢
moieties. Due to the high quality of the data set it was possible to re ne the disorder of
most of the solvent molecules, applying restraintsSAME&Nd SIMU only to some of the
residues (cp. Fig. 4.46 unrestraine@AGnd DMAss. restrainedOACRNd DMARUnlike
for all other structures presented herein, no space was left in the unit cell thatas
not accounted for by the atoms of the herein presented structure. Concomitdy, the
SQUEEZE!%8] program con rmed that there is no s.a.v. within this structure. Three
of the four coordinating DMA molecules are disordered by a rotation of 18@round
the Ba{O bond, which is a type of disorder very frequently observed for DMA due
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to its geometry. The occupancy of the disordered positions were re ned analogous
to the one previously described in subsec. 4.2.2 revealing a preferential ori¢iota
for all DMA ligands (occ.(DMA1) 85978+ %, occ.ODM&) 71:6" 8 %, occ.ODMAB)
764" 7+ %). Since the charge of the Ba atoms is not fully balanced by the linker, one of
the acetic acid fragment¥ must be deprotonated. From the single crystal data (e.g
C{O bond lengths) as presented here it cannot be unambiguously determined which of
the acetate moieties carries the proton. However, it is possible to re r@AC without
any restraints and OACRO exhibits additional smeared electron density, which is likely
attributed to an additional disordered DMA molecule, which could not be resolved in
the re nement.

Figure 4.46:Asymmetric unit of .2[Bay(3F-BTB)(OAC)(DMA) 4.x(HOAC)1(x] solv as
displacement ellipsoids. The molecular fragments are labeled according to
the residues in the re nement (s. subsec. 6.2.4, p. 165). Hydrogen atoms
are omitted for clarity. The displacement ellipsoids are drawn at 50 %
probability.

It is thus followed that OAC would be the preferentially deprotonated moiety
exhibiting less disorder due to stronger electrostatic bonding. This results in the foula
as presented?[Bay(3F-BTB)(OAC)(DMA) 4. x(HOAC)1(x] solv, wherex represents the
occupancy of the unresolved DMA molecule. All of the atoms occupy the general 2
Wycko position, facilitating that Z 2.

2 The geometry of the electron density of the coordinating fragment QAC2) could potentially stem
from a nitrate. However, tting a nitrate on this position results in  worseR values and increased
displacement ellipsoids.
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All carboxylates of the linker are coordinated to the Ba cations forming a linear
tetranuclear Bas(OAc),(COQO)s SBU over the inversion center of the structure. While
the carboxylates of the linkers are always bonded to more than one Ba atom, the
acetate moieties are both bonded t®a2in a bidentate chelating fashion. This may be
considered an extension of the trinuclea€o3(COO)s SBU previously described, since
the acetate ligands do not contribute to any connections relevant to the framewo
structure. The larger Ba atoms feature an extended coordination sphere withNC 10
for the inner Ba2atom and CN 8 for the outer Balatom (s. Fig. 4.47).

Figure 4.47:Isolated SBU of.2[Ba,(3F-BTB)(OAC)(DMA) 4.x(HOAC)1(x] solvshown
along the crystallographicb axis. Light blue coordination polyhedra are
drawn around the Ba atoms.

Calculations with SHAPE[?#4 reveal that both coordination polyhedra are irregular
with all CShM values for regular polyhedraA4:5 (s. Tab. 8.13, p. 221). This is to be
expected with such large coordination spheres involving more than one type ofaligl
and coordinating carboxylates.Balcoordinates to four terminal DMA ligands, while
Ba2exhibits only one coordination sité® accessible to the solvent.

The Ba{O bond lengths range from 556419 A to 2:897414» A for Bal(CN
8) and from 2704714~ A to 2:9753« A for Ba2(CN 10), which is in agreement
with the average bond length found for Ba based MOFs in the CSP1 It should,
however, be mentioned that the reported bond lengths span over a very widengge from
2:.53A to 3:269A. Each of the SBUs is connected to siF-BTB linkers, forming an
in nite two dimensional network (s. Fig. 4.48) with the kgd topology. It thus forms an
isotopological series with previously describedyCos;(3F-BTB) ,(DMA) 4] solv' and
.?[Baz(3F-BTB) 2(DMA) ¢].1223]

13 Two solvent accessible sites are present, when the site of the nailfy occupied OACRLO is considered.
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Figure 4.48:Isolated layer of.2[Ba,(3F-BTB)(OAC)(DMA) 4. x(HOAC)1{x] solvshown
along the crystallographic 111 direction. Light blue coordination poly-
hedra are drawn around the Ba atoms.

The layers stack in the 111 direction in a pseudo AB fashion, where the more
voluminous SBUs of one layer interdigitate into the organic spacer part of the next laye
(s. Fig. 4.49). Even though there is no apparent pathway for guest molecule di usion
the structure, there is a void space fully occupied bpPMAR2 and DMARS3.

The role of the linker conformation for the formation of CPs and MOFs has been
discussed in detail for the previously reported structures. In the case of tisoreticular
Co based congener it was shown that there are isoreticular compounds based on the
un uorinated BTB linker with the same SBU. In the herein reported structure the
interplanar angles between the central ring and the outer benzoates are inased in the
same manner as in the Co based compound ranging from4o 77.3% with an avg. of
60:3%. This results in an even greater interplanar angle between the central ringna
the carboxylates of 63X to 86:9%X. Even though the cations are much larger, the same
network is formed, which in this case may be explained by their tolerance for various
irregular coordination spheres.
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Figure 4.49:Excerpts of ve layers from the crystal structure of .2[Bay(3F-
BTB)(OAC)(DMA) 4.x(HOAC)1(x] solvshown in red and blue to aid with
the visualization of the stacking.

A Hirshfeld isosurface was calculated to show the weak interactions of the linker in
more detail and is shown in Fig. 4.50. From the shape of the isosurface it can be iirdéd
that the linkers are densely packed within the surrounding framework and solvent
molecules. Furthermore, no signi cant contacts closer than the sum of the respiwe
VdW radii are formed with the uorine substituents. This supports the observation hat
direct uorine contacts rarely guide the assembled structures for compounds witlme
3F-BTB linker. Linker molecules form closeC H contacts with another (s. Fig. 4.50),
where the arylic H atoms of the benzoates are oriented towards the C atonmmnoecting
the central to the outer rings. The polarities of the atoms involved would not sugst
a particularly strong attraction between them, which would in turn suggest, thathe
linker{linker interaction takes a subordinate role in the formation of the SBU in the
assembly of this structure. A closer inspection of the interactions betwedme solvent
molecules and the organic part of the framework reveals that electrostaticrées appear
to be a dominant factor. The DMA molecules in direct contact with the linker exhibit
three motives by which they interact with the latter.

108



4 Results

Figure 4.50:Left: 3F-BTB linker in the structure of .?[Bay(3F-
BTB)(OAC)(DMA) 4:x(HOAC)1(x] solv shown with a selection of
the contacting DMF molecules (top) and the contacting linker (bottom)
with its Hirshfeld isosurface in thed,,, mapping. All contacts with
hydrogen atoms shorter than A are shown with yellow dashed bonds.
Right: Fingerprint plots of the Hirshfeld surface showing only points
where oxygen atoms are involved (top) and only points where these oxygen
atoms contact to exterior barium atoms, accounting for 28 % and 69 %
of the surface area, respectively.

In one case they are oriented such that the electronegative O atom cocis the
electropositive arylic H atoms of the benzoates. Another variant orienthe methyl
groups of the DMA molecules such that they contact the electronegative O atoro§the
carboxylates of the linker. A third mode is found foDMAS, where the methyl group
of the acetyl moiety forms a close contact to the -system of the outer benzoatek'
Notably, no or amide -stacking interactions are observed in this structure.

PXRD of the bulk material, from which the single crystal for the SCXRD measurement
was procured, reveals its re ections to be in good agreement with the calcudat pattern
from the crystal structure (s. Fig. 4.51). The intensities are signi cantly moduleed,
which can be attributed to the di erence in the temperatures at which the samples
were measured. As observed for the other compounds herein, the di raction pattern
changes upon evaporation of the adhering mother liquor (cp. blue vs. dark blue). In
general, the long range order decreases, indicated by the weakening of the raet
towards higher di raction angles.

14 Since the precise orientation of the hydrogen atoms of this methyl unitcannot be adequately
determined in a data set of this quality this is to be considered wih some caution. The carbon
atoms involved (C311 and C36) are 3.610° 15 A apart.
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Figure 4.51:PXRD pattern of .2[Ba,(3F-BTB)(OAC)(DMA) 4. x(HOAC)1(x] Solv ob-
tained by the reaction ofBa(NO3), with H33F-BTB in DMF in the presence
of acetic acid at 106‘C: as synthesized (dark blue) and after 1 h of drying
under standard atmosphere (blue) measured with CK- radiation on a
Rigaku Mini ex 600-C. For comparison, a line diagram (red) calculated from
the crystal structure of .2[Bay(3F-BTB)(OAC)(DMA) 4. x(HOAC)1(x] solv
is given.

Furthermore, additional re ections appear, most notably at 56%, corresponding to
a d-spacing of 18A. This is assumed to be caused by a collapse of the structure
into a di erent material. None of these additional re ections match with any expeted
known compounds and the additional phase could not be identi ed within this work.
The reversibility of this transformation was not further investigated, precluding an
discussion about a potential sponge behavior.

Thermogravimetric investigations of the dried material resulted in the diagram
shown in Fig. 4.52. It can be seen that three distinct steps are exhibited by the
thermogravimetric curve, the rst two at 130*C and 210*C and the nal one at
430%C. These account for 13 %, 153 % and 300 % of the initial mass of the sample,
respectively. The combination of the rst two steps (28 %) is signi cantly below the
mass loss expected from the loss of all crystallographically observed DMAdaHOAC
molecules (377 %). This further supports that the dried material is a collapsed variant
of a2[Bay(3F-BTB)(OAC)(DMA) 4.x(HOAC)1{x] solv, where some of the guests di use
out of the material. From the data herein it may be inferred that this (pre thermal
analysis) mass loss (approx. 12%, calc. under the assumption that 37 % of the mass
is lost in total, considering the measured mass loss) would be accounted for by tidMA
molecules (cp. 12 %) or one DMA molecule and on@&lOAc molecule (cp. 111 %) per
formula unit. The nal step in the diagram (430*C) would indicate a comparatively
high thermal stability of the collapsed material. However, due to the dense structure
of the compound, no or only very low sorptive capabilities of the compound are to be
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expected. The remaining material from these experiments was analyzéd PXRD
(s. Fig. 8.2, p. 215), revealing that it decomposes intBaF, and amorphous carbon.
Presence of the latter is deduced from the remaining mass of@® (cp. ca. 20% of
the total mass isBaF;) and the black appearance of the material. The sum formula
would suggest that there is an insu cient amount of uorine contained in the structure
to decompose intoBaF, stoichiometrically. Other crystalline decomposition products,
e.g. BaO could, however, not be identi ed in the PXRD analysis.

100 [Bay(3F-BTB)(OAC)(DMA) 4,4 (HOAC)1 4] =
9 |
80 |
70 |
60 |
50 |
40 |
30 |
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Figure 4.52:Thermogravimetric curve of.2[Ba,(3F-BTB)(OAC)(DMA) 4:x(HOAC)1{x]
shown in red. The sample was heated from 3Q to 1000*C with a rate of
10*C min ! under an argon ux of 30 mLmin 1.

A search in the CSI¥"! reveals that there have been three articles on MOFs based on
Ba(ll) and the BTB linker, hitherto. 2761278 All of these compounds have in common
that continuous one dimensional SBUs are formed, as e.g. in UoC-9 and UoC-titl¢
supra). This further emphasizes the tendency of alkaline earth metal cations to form
such in nite SBUs with the uorinated BTB derivatives. Furthermore, none of the three
mentioned compounds were synthesized in DMA (instead DMF and NMP,O were
used as solvents’®278l), while the synthesis temperatures were comparable to those
reported herein (cp. 120 C[276.2771 and 105*C[?76l). This may hint at a tendency of DMA
to stabilize the capped SBUs or the formation of 2D-CPs as observed faf[Cos(3F-
BTB) ,(DMA) 4] solV', .2[Bas(3F-BTB) 2(DMA) ¢]?2% and the compound presented in
this section. To conclude.?[Ba,(3F-BTB)(OAC)(DMA) 4:x(HOAC)1(x] solv may be
viewed as an extension to the series of alkaline earth metal based MOFs/CRith
acetate and the3F-BTB linker (UoC-11, UoC-9(Ca) and UoC-9(Sr)). A very obvious
discrepancy, however, is the dimensionality of the resulting compounds and the solvent
system used to synthesize them. Future investigations should thus focus on tha(B),
HOAc, H33F-BTB system in DMF instead, to possibly reveal another 3D-network to
\truly" complete this series.
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4.2.9 Lanthanide Based Coordination Compounds

Over the course of this work it was attempted to react the8F-BTB linker with Eu(ll)
cations to form novel coordination compounds due to their similar size compared to
Sr(ll) (cp. Tab. 4.3). Eu(ll) could substitute Sr(Il) in the structure of UoC-9(Sr)
without signi cantly altering the geometry, which would be of interest due to the
luminescent properties of Eu(ll).

Table 4.3: Comparison of the e ective ionic radii of Sr(ll), Eu(ll) and Ln(lll)

(Ln  Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) for di erent coordination num-
bers in A as published byShannon(279]

r;erFf Pp PCF"\'P Vi VI ViI| IX
sr(Il) 1.18 1.21 1.26 1.31
Eu(ll) 117 1.20 1.25 1.30
sm(il) 0.958 1.02 1.079 1.132
Eu(lll) 0.947 1.01 1.066 1.120
Gd(ll) 0.938 1.0 1.053 1.107
Th(lll) 0.923 0.98 1.04 1.095
Dy(lll) 0.912 0.97 1.027 1.083
Ho(I11) 0.901 { 1.015 1.072
Er(Ill) 0.89 0.945 1.004 1.062
Tm(lIl) 0.88 { 0.994 1.052
Yb(I11) 0.868 0.925 0.985 1.042
Lu(lln) 0.861 { 0.977 1.032

The synthetic challenge arising from usindeu(ll) compared to the alkaline earth
elements lies very obviously in the oxidative lability oEu(ll) . While divalent europium
is astonishingly stable when compared to the other lanthanides (cfE2 -, ._c,yi

0:35 V12801 in water), it still oxidizes readily in solution in the presence of oxygen. Since
UoC-9 was synthesized in a mixture of DMF and HOACc, e orts were made to degas
the reaction mixture before attempting the analogous procedure witu(ll) under Ar
atmosphere. The reaction mixture exhibits a yellow color indicating the presence of
Eu(ll) in solution. A crystalline precipitate is formed after 48 h of heating at 108C,
which upon SCXRD analysis revealed a novel framework structure containirgu(lll) .
This is initially surprising considering that the solution still retains its color after heating
and precipitation of the Eu(lll) compound. While Eu(ll) is stable in DMF 281 the
acidity of the solution plays a crucial role for its redox activity. Additionally, H3;3F-BTB
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may also in uence the oxidation process as such electron de cient arenes are etpé
to have a high electron a nity and may be reduced by the Eu(ll). The yellow color of
the solution is thus likely attributed to minuscule amounts ofEu(ll) in solution and
a reaction with H33F-BTB is only observed forEu(lll) . The structure of the novel
Eu(lll) compound was further investigated and will be presented in the following

3[Ln( 3F-BTB)(DMF)]

Subsequent reactions withLn(lll) salts (Ln(NO3)3; xH,0) prepared under ambient
conditions were carried out. These showed the formation of the same or isosttual
compounds to those previously described for the later lanthanidé&n{Lu. Single
crystals were grown for Ln Sm, Eu, Tbh, Dy and their di raction data was collected,
which in all cases revealed a compound that may be described.d&n(3F-BTB)(DMF)].

A solution for the structures was found in the monoclinic space group2;~c (no. 14),
with a angle very close to 99 In many cases, the deviation from 90is smaller than
three times the estimated standard deviation, resulting in fully orthogonal unit cells.
For some of the presented models, this orthogonality only arises after transfaation of
the primitive cells. The unit cell parameters of all structures are compiled in Table 4.4,
p. 123.

Determination of the crystal structures was impaired by the compounds tendency
to form pseudomerohedral twins, where the domains are rotated by 28&round the a
axis (cell setting as in Tab. 4.4). The formation of such twins is also re ected ithe
crystal growth shown in Fig. 4.53, where agglomerates of needle shapedstaljites are
formed, fanning out from a shared point.

Figure 4.53:Crystals obtained by reactingLn(NO3); xH,O (Lh  Sm, Eu, Gd, Th,
Dy, Ho, Er, Tm, Yb, Lu) with H33F-BTB in DMF/ HOAc photographed
under a microscope.

Single crystals suitable for data collection were isolated needles, which may origena
from the same nucleus as the agglomerates resulting in this characteristic relasbip
between the domains. Any potential pathways of forming these twingia crystal
transformations during the measurement, such as a phase transition similar tnC-9,
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may be precluded by the observation of the twinning for data collected at 270K
(s. Fig. 4.54) and PXRD experiments at r.t. yide infra). Due to the nearly orthogonal
-angle, many of the re ections overlap to a high degree (s. Fig. 4.54), further hindiey
a precise determination of the lattice parameters. While these lattice parametersea
su ciently well determined to provide a chemically sensible model in conjunction with
the intensities, it could still a ect bond lengths and other geometrical parameter
beyond the estimated standard deviations obtained by the SCXRD procedure. For the
integration of the intensity data, large boxes were chosen to t the re econ pro le
and not re ned in the process in order to obtain a data set, which can be adequately
described by a twin lawTWINGS. (4.1)).

0O O
TWIN 1 0
0 I

I |

(4.1)

Contributions of the individual twin components were allowed to freely re ne, resulting
in values close to 0.5 (s. Tab. 8.8, p. 208). The data sets obtained this way vatyongly
in their quality, which can be inferred from theR;; values presented in Tab. 4.4, p. 123.
As an example, the structure of3[Sm(3F-BTB)(DMF)] will be presented in further
detail, as for this compound the dataset with the highest quality was obtained according
to the relevant metrics.

Figure 4.54:Digitally generated precession images of[Ln(3F-BTB)(DMF)] data sets
for, from left to right and top to bottom, Ln  Sm, Tb, Dy, Eu at 100K
and Eu at r.t., showing the (hkO)-plane fully up to ad spacing of 085A.
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Contained within the asymmetric unit of .3[Sm(@BF-BTB)(DMF)] are one Sm atom,
one3F-BTB linker and one DMF molecule, which is coordinated to the metal center
(s. Fig. 4.55). All atoms occupy the generaletWycko position resulting in four
formula units per unit cell. The conformation of the linker within the asymmetric
unit rules out any additional symmetry, which was further con rmed by the ADDSYM
subroutine of PLATON 168l supporting a correct assignment of the space group. One of
the carboxylate oxygen atoms©3621) had to be restrained with theISORcommand
in order to ensure sensible anisotropic displacement parameters. This is caused by
an artifact of the twinning, where electron density of the heavysm atom from the
twin domain is projected onto the oxygen atoms site (s. Fig. 8.3, p. 216) and is
present throughout all isostructural crystals. Any attempts of treating this isue with
appropriate absorption correction of the data showed no improvement for botthe
multiscan255:256] and the numerical corrections within theAPEXS5 [2571 program package.
The structure was treated with the SQUEEZE subroutine within PLATON, due to the
presence of disordered solvent molecules, revealing a s.a.v. of 15239485:6 %) with 394
residual electrons, i.e. ca. 10 DMF molecules, per unit céll.

Figure 4.55:Asymmetric unit of .°3[Sm(@F-BTB)(DMF)] as displacement ellipsoids. The
molecular fragments are labeled according to the residues in the re nement
(s. subsec. 6.2.4, p. 165). Hydrogen atoms are omitted for clarity. The
displacement ellipsoids are drawn at 50 % probability.

15 The amount of residual electrons within the unit cell only varies slightly for the other crystals,
which were measured. Details regarding these structures can be fod in sec. 8.1, p. 201.
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All oxygen atoms of the linker are coordinated to thesm atom, either in a chelating-
bridging fashion as forO1611-C16.1-01621 or a bridging mode. This results in an
eightfold coordinatedSm atom, which shares six of its vertices with two adjacent Sm
atoms forming in nite 1D strands, parallel to the crystallographica axis (s. Fig. 4.56).
The coordination polyhedron around the metal may most adequately be described as
a distorted square antiprism (cp.CShMsapr.s  1:330) as assessed witBHAPE.[244]
Such distorted polyhedra are frequently observed when carboxylates calptite multiple
vertices to large cationd?5! Two Sm atoms, connectedia four carboxylate functions,
form a pseudo paddlewheel with &m{Sm distance of 435126+ A. These units are
in turn connected by sharing two outer oxygen atoms with &m{Sm distance of
4:11T 1+ A (s. Fig. 4.56). Sm{O bond lengths range from B1T 5 A to 2:627 4+ A,
which is in agreement with other compounds based @m(lll) and carboxylates (cp.
subsec. 8.1.10, p. 211). These bonds may further be separated into two groutpsse
with a distance A2:425A, which are formed from the carboxylates with three contacts
to Smatoms (all bonds toO1611 and O1621) and those @2:425A. A rationale for the
enlarged bond lengths is provided by the bonding mode, whereby the carboxylate is
attracted to both cations in opposing directions.

Figure 4.56:Excerpt of the SBU of.3[Sm(3F-BTB)(DMF)] shown along the crystallo-
graphic c axis. Light blue coordination polyhedra are drawn around the
Sm atoms.

The strands are interconnected by th&F-BTB linkers, perpendicular to the a axis
leaving a continuous void space between them (s. Fig. 4.57). Due to the lack bét
acetate anion in the strand and the higher charge of the cations compared to UoC-9
the ratio of linkers to atoms in the strand is higher, resulting in less void space fohis
structure. The described structure also supports the formation of the obse twins,
which are e ectively rotated around the a axis by 18¢ from another, such that the
LnOy strands can contact at the interface between two domains (cp. Fig. 8.4, p.®1
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Figure 4.57:Left: One expanded unit cell of3[Sm(@F-BTB)(DMF)] shown along the
crystallographic a axis. Right: Two expanded unit cells shown along the
crystallographic c direction. Light blue coordination polyhedra are drawn
around the Smatoms. Unit cell edges are shown to aid with the orientation
and scale.

Due to this porous structure, the compound can be described as a MOF. Although the
metal cations have di erent radii and oxidation states,.3[Ln(3F-BTB)(DMF)] appears
very similar to UoC-9 (vide suprg. The metal strands are also arranged in a pseudonm-
pattern (viewed along thea axis) interconnected by the linkers. Consequently, this results
in a similar inter-strand spacing (cp. 27056 2» A vs. 2856942+ A and 16722413 A
vs. 1656353+ A for .3[Sm(BF-BTB)(DMF)] and UoC-9(Ca), respectively). It may
be speculated that there is a high temperature phase transition between r.tnéthe
reaction temperature atA90*C, which could be the reason for the systematical twinning
of the compound.

Ferey and coworkers reported the structure of MIL-103(RE), which is basedno
the un uorinated BTB linker and the trivalent RE metals La{Ho and Y and can
be written as: RE(BTB)(H ,0) 2(CyOH). They also obtained a continuous 1D-SBU
interconnected by the linkers arranged in a hexagonal pattef???l However, unlike
2[Ln(3F-BTB)(DMF)], large 1D channels are formed along the crystallographic
axis. The diering structures may mainly be attributed to the di ering synthesis
parameters, where the assembly takes place in a biphasic mixture of cyclohexanol
and H,O in the presence oNaOH. Another structurally very similar MOF based on
trivalent lanthanoids and un uorinated BTB has been reported byXu et al.[283 Their
compound,”[Eu; 5(BTB) 15(H,0)] 3DMFe,,, exhibits the same linker to metal ratio
and a continuous one dimensional SBU, in which every linker connects to three strands.
The minor di erences between the latter and the herein presented compounds arise
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from the SBU. " [Eu, 5(BTB) 15(H,0)] 3DMFe,, does not exhibit a pseudo paddlewheel
as described herein. Due to the otherwise similar synthetic parameters betwedba
latter and the herein described compound, this is most likely caused by the di erences
in the linkers. The interplanar angles directly in uenced by the uorine substituents,
l.e. those between the benzoate moieties and the central rings, are indeed iasesl
ranging from 337 2¢X to 83.8"2¢X compared to 234" 4+X to 64:2°3+X. This, in turn,
in uences the interplanar angles between the central ring and the carboxylate futans.
In "[Euy5(BTB) 15(H,0)] 3DMFe,,, these range from 14" 4¢X to 892 4¢X with an
average of 583* compared to 319°3+X to 75:3"3X with an average of 5%X observed
for .3[Ln(3F-BTB)(DMF)]. As the interconnection between the carboxylates and the
strands would be more decisively in uenced by these angles, an increase of their ager
values may cause these di ering structures.

Figure 4.58:Left: 3F-BTB linker in the structure of .3[Sm(3F-BTB)(DMF)] shown
with its Hirshfeld isosurface in thed,o,, Mapping and one contacting linker
molecule. All contacts with hydrogen atoms shorter than:BA are shown
with yellow dashed bonds. Right: Fingerprint plot of theHirshfeld surface
showing only points where hydrogen atoms contact to exterior atoms (top)
and only points where these hydrogen atoms contact to exterior oxygen
atoms, accounting for 3%® % and 81 % of the surface area, respectively.

In order to more closely investigate the weak interactions of theF-BTB linker, its
Hirshfeld surface was calculated and is shown in Fig. 4.58. From the large blue area
over the CgF3 ring, it becomes apparent that no interactions with the uorine atoms or
the corresponding -system are involved in the framework. Instead, these fragments
are exposed to the internal void space of the MOF. There are contact®in the oxygen
atoms of the carboxylates to the arylic hydrogen atoms of adjacent linker riexules,
which are shorter than the respective sum of the VdW radii. Due to the polaritiesfo
the atoms involved, it can be assumed that this is an attractive interaction, whit may
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signi cantly in uence the formation of the framework in addition to the previously
described interplanar angle$® This is corroborated by the fact thatO H contacts
(s. Fig 4.58, bottom right) account for 43 % of the entire surface area (cp.:8% for
O Sm contacts).

The parameters for the synthesis aff[Ln(3F-BTB)(DMF)] were further explored in
an attempt to nd a pathway to reliably synthesize single crystals of better quidty. It
was achieved by the variation of the content of the modulatorHOAc) as is shown in
Fig. 4.59.

Figure 4.59:Crystals obtained by reactingEu(NO3); xH,O with H33F-BTB in a sol-
vent mixture of 40mL DMF with a varying HOAc content from 0.1 mL
to 0:7 mL photographed under a microscope with the same magni cation
for all images.

It may be seen that fewer crystals of larger sizes are obtained with an ieasing
HOAc content. While the tendency to form spherulite-like conjoined agglomerates
prevails, the amount of crystallites forming an individual specimen is decreased. The
overall yield of these reactions was lower, but could be increased with longeatieg
periods. Further increasing the acetic acid content resulted in no product format.
Acetic acid may in uence crystallization of the MOF in several ways. A lower pH
value could both lower the activity of the carboxylates of the linker and the anion
could compete with the linker in the coordination of the metal cations. Both of thes
mechanisms would slow down the nucleation and growth of the crystallites in solution.
From the observed results, the nucleation would seem to be more a ected, rewer,
more thorough quantitative studies are necessary to verify these claims.

It was possible to synthesize phase pure samples.§f£.n(3F-BTB)(DMF)] for Ln

Eu, Gd, Tb, Dy, Er, Tm and Yb, which was con rmed by PXRD. As shown in
Fig. 4.60, the measured di ractograms match with line diagram calculated from the
single crystal structure of.°[Eu(3F-BTB)(DMF)]. A shift towards higher 2 values, as
observed for the calculated re ections, is explained by the low temperature athich
the single crystal data was measured. The reaction withu(NO3); X H,O resulted in
a sample which displays additional re ections (s. Fig. 4.60) of a second phase, that
remained unidenti ed.

16 Similar contact motives are also found in~[Euy.5(BTB) 1.5(H20)] 3DMFs,, 1283
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Figure 4.60:Left: PXRD patterns of the materials obtained by the reaction of
Ln(NO3)3z xH,O (Ln Eu, Th, Er, Yb, Gd, Dy, Tm, Lu) with H33F-BTB
in DMF in the presence of acetic acid at 108C. Right: The PXRD pat-
tern of .3[Eu(3F-BTB)(DMF)] as synthesized (dark blue). For comparison,
a line diagram (red) calculated from the crystal structure of3[Eu(3F-
BTB)(DMF)] is given. All data was measured with CuK radiation on a
Rigaku Mini ex 600-C.

While the samples clearly di er in their crystallinity, no clear trend of the lattice
parameters with regards to the cation is apparent. Even though single cryssepicked
from the product of the reaction with samarium nitrate can be identi ed as.3[Sm(3F-
BTB)(DMF)], PXRD reveals a di erent main phase. This phase is similar to the ones
obtained from the reactions with the early lanthanided.a{ Sm (vide infra), which is
also in agreement with the observation of the morphology (s. Fig. 4.53).

Thermal analysis of a sample of3[Eu(3F-BTB)(DMF)] reveals, that heating to
1000%C results in a mass loss of 48% in two steps (s. Fig. 4.61). The rst step
occurs at ca. 166C and 237 % of the initial mass are lost. This is in reasonable
agreement with the mass expected by the loss of the DMF molecules (cp:52% for
the coordinating DMF molecule and the 2.5 DMF molecules per formula unit estimated
by SQUEEZE!%8]), A possible explanation for the discrepancy of ca. 5% may be the
sample preparation, since the single crystals are picked directly from the mother liquor
and are subsequently frozen in an inert oil. In contrast, the sample for therrhanalysis is
handled under ambient conditions prior to the measurement. It thus appears likely that
the single crystals may contain more solvent molecules. Furthermor@QUEEZEI16¢]
does not estimate the remaining electron density with the same precision as the thermal
analysis.
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Figure 4.61:Thermogravimetric curve of.3[Eu(3F-BTB)(DMF)] shown in red. The
sample was heated from 3XC to 1000XC with a rate of 10XCmin ! under
an argon ux of 30mLmin 1.

The second step occurs at ca. 55Q and can be attributed to a decomposition of
the framework, which would suggest an exceptionally high thermal stability of the
compound. As the remaining mass cannot be fully explained by the formation of
EuOF (calc. 262 %), it is assumed, that amorphous carbon also remains after heating
(s. Fig. 8.6, p. 217). The latter has been observed for MOFs in literatuf®! Such a
high thermal stability is in contrast with the previous observations made for uorinatel
(not to be confused with uorous) MOFs[®"l A rationale can be found when considering
the mechanism of the decomposition proposed [8mets et al. viadecarboxylation?”]
Herein, the uorine atoms are su ciently spatially separated, such that their in uence on
the carboxylates can be considered negligible. While the composition of the compound
might remain intact above the rst step, it is unlikely, that the framework survives at
such high temperatures.Devic et al. reported that MIL-103, which shows a similar
thermogram to the one herein presented, decomposes completely at 42?821 Coupled
di raction and sorption studies further revealed that above 288C an irreversible
collapse of the structure takes placg82 Due to the very similar composition, it can be
speculated that.[Ln(3F-BTB)(DMF)] behaves in a similar fashion.

Compared to UoC-9,.3[Ln(3F-BTB)(DMF)] thus appears to be more rigid and does
not collapse upon the removal of the solvent. Consequently, the sorptive praopes of
3[Ln(3F-BTB)(DMF)] were investigated. As shown in Fig. 4.62, the optimal activation
temperature was determined by heating a sample of[Eu(3F-BTB)(DMF)] at di erent
temperatures for 24 h under vacuum. The highest uptake &f, was observed for the
sample activated at 120CC. Higher temperatures resulted in a lower uptake o,
suggesting a degradation of the framework at temperatures above X20under high
vacuum conditions.
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Figure 4.62:Left: N, isotherms recorded of3[Eu(3F-BTB)(DMF)] after activation at
di erent temperatures. Right: Adsorption and desorption curves of theN,
isotherm of .3[Eu(3F-BTB)(DMF)] after activation at 120 *C.

Concomitantly, the PXRD pattern of the material recorded after the activaton
procedure exhibits only two intense re ections indicating a loss of the long range
order caused by the procedure (s. Fig. 8.5, p. 217¢[Eu(3F-BTB)(DMF)] displays
a type | isotherm (s. Fig. 4.62, right), typical for microporous material3®4! with no
indication of hysteresist’ Thus, any breathing behavior or other responsive e ects
of the framework may be precluded, further supporting that3[Ln(3F-BTB)(DMF)]
forms a rigid framework. An accessible surface area Sfet 72375 g ! was
calculated from the isotherm. This value is comparable to the accessible surfaceaare
of MIL-103(RE), for which the authors reportedSget values ranging from 730rhg !
to 930n¥g ! depending on the batch use@#8 The similar BET surface areas are
somewhat surprising due to the structural di erences of the two MOFs. MIL-10KE)
contains large open channels and has a signi cantly higher accessible volume ratio of
50:6 %8 compared to.°[Ln(3F-BTB)(DMF)]. The sorptive behavior of the un uorinated
analogue”[Eu, 5(BTB) 15(H,0)] 3DMFe,, was not reported by the authors in the
corresponding article, precluding any comparisons which may more closely re ect the
in uence of uorine substituents in the linker.[283]

The ionic radii for Ln(Ill) cations with CN 8 decrease by approx. :3% from Eu
to Yb, which should have an observable e ect on the lattice parameters. It would be
expected to be most notable along the-axis, which is structurally de ned exclusively
by Ln{O bonds. Devic et al. observed this e ect for MIL-103(RE), which shrinks
notably by ca. 5% throughout the lanthanide contraction fromLa to Ho, which the
authors claim to be is in agreement witivVegard's law.[285]

7 The slight deviation between the ad- and desorption curves around @ p~po is most likely an artifact

from the measuring device.
18 This value is not reported by the authors and was calculated bySQUEEZE from the structural

data published in the article.[?82
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Table 4.4:Unconstrained primitive unit cell parameters (obtained by tting the cell
to the re ections without crystal system constraints e.g. 99 angles for
orthorhombic), number of re ections used for tting the cell and nal Ry
values found for.’[Ln(3F-BTB)(DMF)] (Ln  Sm, Eu, Dy, Tb). All data
except for Eu(lll) (270K) has been collected at 100 K.

S Eu(lll) Th(lll) Dy(lll)  Eu(lll) (270K)
a[A] 8.06323 806706+ 7:.97979%  8:01096 8:1294 7.
b[A] 270662 269332 269293 269182 27:116 2
c[A] 16730713 16734413 167872 16706311s 16736712

[ 900093 900283+ 900104  90.043 2 89.998 3¢
9 809853 899803 899254 90,023 3 90.080 3¢
9 899453 899973« 900044 89963 3- 90,013 3~
V [A%] 364777+  36357°7+ 36072°12 36025 7- 36893 8-

no. of re s. 9959 9042 9914 9849 9664

Rint 0.0710 0.1396 0.2265 0.0746 0.0753

The (unconstrained) re ned cell parameters single crystal structures of the othe
2[Ln(3F-BTB)(DMF)] compounds are shown in s. Tab. 4.4. A linearR? 0:9811)
trend within the unit cell volume, in accordance with the lanthanide contraction, is
observed. Therein, theSm compound exhibits the largest unit cell and the one based on
Dy the smallest, deviating by 13%. For every increase in the atomic numbez of the
metal, the unit cell shrinks by approx. 1%3, which is a smaller e ect compared to the
cell expansion in dependence of the temperature (dpu(lll) vs. Eu(lll) (270K)). Devic
et al. observed very similar relative deviations over the same range of lanthanides, waer
the unit cell of MIL-103(Sm) is approx. 16 % larger than that of MIL-103(Dy).[?85]
The quality of the re ned crystal structures (e.g. bond precision) does not allowof
any further interpretation, whether these e ects are solely attributed to Borter Ln{O
bonds or if there are additional shifts in the framework. Furthermore, the individual
cell parameters do not seem to obey any trend.

Another means to determine the lattice parameters of the isostructural series, whic
is not in uenced by twinning e ects, is tting the unit cell to PXRD data via the LeBail
method. This was attempted forEu through Yb. However, due to the low data quality
these investigations did not reveal any additional information and will not be preséd
in further detail.
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Early Lanthanides La{Nd

As previously described, the systematic investigations of the lanthanide nitratesaging
with H33F-BTB also covered the early lanthanides fronha to Nd. These do not form
2[Ln(3F-BTB)(DMF)] but another set of presumably isostructural compounds, as can
be inferred from their PXRD patterns (s. Fig. 4.63).
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Figure 4.63:PXRD patterns of the materials obtained by the reaction of
Ln(NO3)s xH,O (Ln La, Ce, Pr, Nd, Sm) with H33F-BTB in DMF in
the presence of acetic acid at 10 (measured with CuK radiation on
a Rigaku Mini ex 600-C).

In Fig. 4.64, it can be seen that they di er in the morphology of the resulting solids,
forming spherulite-like opaque agglomeratesSm is a special case, where individual
single crystals can be identi ed as3[Sm(@F-BTB)(DMF)], but the dominant product
is the phase discussed herein.

Figure 4.64:Materials obtained by reactingLn(NO3); xH,O (Ln La, Ce, Pr, Nd,
Sm) with H33F-BTB in DMF/HOAc photographed under a microscope.

It was not achieved to synthesize single crystals of suitable size and quality to indiéy
the structure of these phasesia SCXRD. Instead, it was attempted to index the phase
from the powder data. One possibly suitable unit cell was identi ed and used as a basis
for a LeBail re nement of one of the measured PXRD patterns, as shown in Tab. 4.5.
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Table 4.5:Cell parameters andR val- A triclinic unit cell with a cell volume of
ues obtained from LeBail 14082°2. A® can be re ned with goodR values
t.Of PXRD data collected for a PXRD pattern of the Nd based material.
with the product from the _ _ _ _ _
reaction ofHs3F{BTB with This cell is plausible with regard to the size

Nd(NO3)3 xH,O0. of the linker used. Assuming the same for-

Parameter Value mula found for the compounds formed by the
late lanthanides, a densely packed structure
a [A] 16.0125(9) . . .
with two formula units per unit cell could t
b[A] 17.0617(9) these parameters. As shown in the previously
c[A] 5.7423(6) reported structures, the3F-BTB linker itself
& 95.131(8) measures approx. 1A in its widest dimension.
X 97.272(7) Comblr?ed with the short c axis ff)und, this
could hint at a layered structure with parallel
[X]S 113.666(3) aligned linkers as found for the majority of
VI[AT] 1408.2(2) the herein reported structures. Within this
Rp 1.88 work no plausible model could be established
WR, 257 and the structure of these early lanthanide

compounds remains to be elucidated in future
work. A systematic re nement of all the compounds shown in Fig. 4.63 with theeBail
method did not yield appreciable results, due to the strongly varying crystallinity
between the samples. Furthermore, it should be stated that the cell presentbdrein
may at best serve as a plausible starting point for future attempts to elucidate the
structure.
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4.3 Novel Compounds Based on XF-BTMB X 3,6

Considering how the BTMB linker might connect two arbitrary SBUs, it becomes
apparent that di erent rotational isomers of the linker would result in entirely di erent
geometries. As observed for the uorinated BTB system and also investigatey
computational analyses in this work Yide infra), coplanar phenyl rings are not energet-
ically favored. In un uorinated biphenyl systems both coplanar and 90conformers
are energetic maxima of the rotation. Consequently, a carboxylic acid functian meta
position would possess four energetic minima along a 360tation.

Figure 4.65: Three dimensional models of two isomers ot3F-BTMB.

Applying this to the herein discussed linkers would theoretically result in ten distin-
guishable conformers (ve pairs of enantiomers). Fortunately, as the computational
investigations revealed, the energetic barrier of the 8@onformer is low enough for
the two neighboring conformers to be considered quasi-degenerate. Thus, otlg two
rotational isomers shown in Fig. 4.65 are relevant for the assembly of coordioa
compounds and the linker itself must not be considered being chifdl. Either all
carboxylic acid functions are oriented in the same direction with respect tdé central
ring resulting in isomer A or one function faces in the opposite direction to the other
two, representing isomer B.

Both rotational isomers were crystallographically identi ed for3F-BTMB ( vide infra).
In comparison to the3F-BTB derivatives, the experiments with these linkers cover a
much smaller fraction of the metals in the periodic table. Only syntheses based on
Mn(ll) and Cu(ll) resulted in compounds, which were structurally analyzed. In the
following, these newly discovered structures and syntheses thereof as webabsequently
investigated material properties will be presented.

19 The linkers can serve as building block in the assembly of chiral copounds, which may stabilize
one enantiomer, as will be shown later on.
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4.3.1 22[Mn5(3F-BTMB) 3(OH)(DMF) g(x(H20)x] solv

The reaction ofMn(NO3), 4H,O with H33F-BTMB in DMF at 100 XC for 72 h resulted

in the formation of homogeneous rose tinted crystals, which can be seen in HIg6.
SCXRD analysis of these crystals revealed an unprecedented compound, which will be
presented in the following.

Figure 4.66:Crystals obtained by reactingH3;3F-BTMB with Mn(NO3), 4H,O in DMF
in mother liquor without (left) and with (right) crossed polarization lIter.

The compound crystallizes in the orthorhombic space groupbca(no. 61) and may
be described with the sum formula2[Mns(3F-BTMB) 3(OH)(DMF) g{x(H20)x] solv.

A comparatively large unit cell is observed with a cell volume of 26 48% A®. More
detailed information on the measured lattice parameters, the data set and the re meent

is found in sec. 8.1, p. 201. A very complex asymmetric unit is found consisting of ve
Mn atoms and three full3F-BTMB linkers (s. Fig. 4.67), which are all in the previously
introduced A conformation. Additionally, there are seven DMF molecules which could
be re ned, two of them (DME/ & DME and DMEL1 & DMEL2) being disordered over two
positions. Of the two pairs, onlyDMF is coordinated toMn5 Furthermore, there are
ve oxygen atoms completing the coordination spheres around the Mn atonMn2Mn5
These are assumed to stem not only from DMF molecules, which could not be sensibly
modeled due to their disorder, but also from water and hydroxide anions. All atoms
are found on the general 8Wycko position resulting inZ 8 and 161 non hydrogen
atoms per asymmetric unit.

Due to the disorder of the solvent molecules and their general mobility, restraintsene
employed on all DMF fragments in order to retain sensible geometries. Furtherneo
any electron density stemming from severely disordered guest molecules or unmodeled
terminal ligands were removed with theSQUEEZE subroutine?® The latter signi cantly
improved the geometries of the model and thR values of the re nement. Since the
charge is not neutralized by the combination of metal cations and the linkers (assuming

20 The SQUEEZE procedure yielded 1843 additional electrons per unit cell in a void aamunting for
3
7161A°.
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divalent Mn cations), it is concluded, that Olbelongs to a hydroxide anion. This is
corroborated by the absence of residual electron density arou@d, which is present
for the other four oxygen atoms Q2to OF. Consequently, these should belong to
disordered DMF molecules. Furthermore, the distance of7Z09 7» A betweenOland
019 suggests a hydrogen bridge between the hydroxide abdMB, which is in good
agreement with this assumption.

Figure 4.67:Two views of selected atoms of the asymmetric unit of?[Mng(3F-
BTMB) 3(OH)(DMF) g;x(H20)4] solv as displacement ellipsoids. The
molecular fragments are labeled according to the residues in the re nement
(s. subsec. 6.2.4, p. 165). Hydrogen atoms are omitted for clarity. The
displacement ellipsoids are drawn at 50 % probability. On the left only the
Mn atoms and the linkers and on the right only the DMF molecules are
shown. Aditionally, non DMF fragments are shown in a transparent mode.

The latter also serves as a counterargument against a potential uoride aniowhich
could be present if a partial decomposition of the linker is assumed. It would not
be reliably distinguishable from a hydroxide aniorvia X-ray crystallography at this
resolution, due to their similar electron densities. However, since any halogen bonding
from an oxygen atom with a uoride can be precluded, hydroxide appears to be the
most sensible candidate at this position. The disorder between the positions DME/
and DMBB suggests a mixing oH,O and DMF as ligands for the metal centersDME
(non-coordinating) overlaps withDME/ (coordinating) and O18 is located 2746 7« A
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away from O17.2 The latter could be explained by a hydrogen bridge analogous to
the one betweerOland O19.

All carboxylates are coordinated to Mn atoms in either monodentate bridging modes
or a chelating coordination to one Mn atom. Some of the observéh{O bonds appear
to be signi cantly elongated ranging from 2083 4« A to 2:359 4« A. The medianMn{O
bond length for carboxylic oxygen atoms to Mn atoms at 100K in the CSD is22 12 A
(cp. Tab. 8.11 in sec. 8.1¥" This large range ofMn{O distances can be explained by
the various interactions between the coordinating solvents in the con ned spacétbe
crystal structure accompanied by disorder. Another reason is found in the carbdates,
which may coordinate in a bidentate fashion with a dominant oxygen atom (shorter
bond length) and a subordinate atom which forms a longer bond. This is also re ected
in the broad range ofMn{O bond lengths found in the CSD, ranging from :B32A
to 2:644A (cp. Tab. 8.11 in sec. 8.1). All coordination spheres around the Mn atoms
(CN  6) may be described as distorted octahedra, corroborated by ti@&ShM values
calculated with SHAPE[?44 (s. Tab. 4.6). Mn2 and Mn4 are signi cantly less distorted
than the other three. The distortion, as discussed for the previous structures, ¢gaused
by the carboxylate ligands. This is further corroborated upon considering thavin2
and Mn4 are coordinated only monodentately by the ligands. In these cases an almost
ideal octahedral coordination geometry is formed. For the remaining Mn atoms at k&ta
one edge of the polyhedron is xed by th@®©{O distance of a carboxylate function of
approx. 22A. Comparing this value with the length of the edges in the ideal octahedra,
ca. 30A, rationalizes the largeCShM values obtained herein.

Table 4.6: SelectedCShM values for the coordination polyhedra around the Mn atoms
in the crystals structure of.2[Mns(3F-BTMB) 3(OH)(DMF) g;x(H20)x] solv,
calculated by SHAPE.[244]

Atom Mn1l Mn2 Mn3 Mn4 Mn5
CShMoc 6 2.412 0.189 2.805 0.278 2.697
CShMypr 6 13.476 14.241 11.979 15.495 11.861

Two unique SBUs can be distinguished, where the vertex connection of two octahedra
form one node, as seen favinland Mn2 or three octahedra form a short chairvia the
same connection, which is seen fdin3to Mn5(s. Fig. 4.68). The dinuclear SBU is
connectedvia three and the trinuclear SBUvia six carboxylates. From this it becomes
apparent that the former is coordinated by a hydroxide ion@2J to balance the charge.

21 Accordingly 017 was re ned as a fully occupied position, while the rest of DME7 and DMEB were
freely re ned with the constraint, that the sum of both occupancies is 1. This results in the non
integer coe cient for oxygen in the sum formula.
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Figure 4.68:Isolated SBUs of.2[Mns(3F-BTMB) 3(OH)(DMF) g;x(H20)x] solv shown
along the crystallographicb axis, with the dinuclear variant on the left and
the trinuclear on the right. Light blue coordination polyhedra are drawn
around the Mn atoms.

A rationale for the complexity of the structure may originate in the geometry of the
linker. All of the 3F-BTMB linkers exhibit increased interplanar angles between the
central ring and the benzoate substituents ranging from 5Z* to 86:9% with an average
of 638%. Computational investigations carried out within this work (s. sec. 4.3.2, p. 137
reveal an increase of these interplanar angles, when the central ring is uoriegat The
carboxylates, which are largely una ected by the substituents of the cerdf ring, are
closer to coplanarity with their benzoate rings ranging from 3% to 14:3%. Considering
that the linker appears to be in an energetically favored conformation, it may be
concluded, that packing e ects, which could impose strain on the ideal geometry did
linker, play a subordinate role in the formation of this compound.

The compound forms porous layers, which stack along the crystallograpli@xis
(s. Fig. 4.69). It can be seen, that the trinuclear SBU is connecting the layers time
inside while the other SBU connects to carboxylates located towards the extariaf the
layers. Inside the layers are channels, propagating along the crystallographiaxis,
which are lled with DMF molecules. These channels, along with the space between
the layers, account for a large solvent accessible void of 10 §§(40:0 %)?2 inside the
structure, if the DMF molecules can be removed or at least replaced without cgbise
of the structure.

22 Calculated after removing the non coordinating DMF molecules from the structure.
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Figure 4.69:Expanded unit cells of.2[Mns(3F-BTMB) 3(OH)(DMF) g{x(H20)x] solv
with the isolated excerpt of one layer shown along the crystallographi
b and c axis (from left to right). Unit cell edges are shown to aid with the
orientation and scale. Approximate thickness of the layers is shown in red.

The layers arec2 18A in thickness and exhibit an uneven, meandering surface
(s. Fig. 4.70). Adjacent layers interdigitate with one another, which is likely aaributing
to the fact that no one-dimensional disorder is observed in the precession imageshef t
SCXRD dataset (s. Fig. 8.7, p. 218). The latter is very commonly observed in layet
structures in which the energy barrier for a gliding between them is low, e.g. grapaior
MoS,.12861 The stacking pattern of the layers may be described as AB, which can be seen
in Fig. 4.70. As previously described, there are not many examples of structures with
the un uorinated congener of the linker. While there is no isoreticular analog, there
is an apparent similarity between.2[Mns(3F-BTMB) 3(OH)(DMF) g(x(H20)«] solvand
PESD-1, a coordination compound based on tetranucelar zinc clusters and BTMB,
published by Rao et al. in 2014[231 The latter also exhibits a layer-type structure,
which exposes the organic part of the framework to the exterior. Small poreBed
with DMF, are also formed within the layers, although smaller than in the compound
herein reported. PESD-1 exhibits thinner layers (cp. 1A), which can be explained by
the smaller interplanar angles (cp. 3@ to 422X, avg.: 347%) between the central and
the benzoate rings in the linkers thereinRao et al. investigated their material for its
hydrophobic properties, which they ascribed to the exposure of the organic moést
to the exterior of the crystals formed by PESD-12%1 It may be interesting to extend
these investigations to the compound presented herein from a basic reseashect. As
shown later on (s. sec. 4.4) the uorination of the central ring signi cantly incrases its
electrostatic potential. This may in uence the interactions of the exterior of he layers
with water as well as organic molecules, which may in turn have a signi cant in uence
on the material properties.
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Figure 4.70:Excerpts of three layers of2[Mns(3F-BTMB) 3(OH)(DMF) g;x(H,0)x] solv
shown along the crystallographi@ axis. Atoms are drawn at the sizes of
their respective VAW radii and the individual layers are colored in red and
blue to visualize the stacking.

To visualize the non covalent interactions between the linkers and the guest malés
the Hirshfeld isosurfaces were calculated for aBF-BTMB moieties and are shown in
Fig. 4.71 and Fig. 4.72. Unlike for the majority of the previously describe8F-BTB
based compounds,?[Mns(3F-BTMB) 3(OH)(DMF) g;x(H20)x] solv exhibits signi cant
contacts directly to the uorine atoms of the linkers. Fig. 4.72 shows thaBTME
and BTMB3 are in direct contact, where the uorine atom of the former interacts with
the positively polarized arylic hydrogen atoms of the latter. Observing this fothe
3F-BTMB linker and not the BTB counterpart can be rationalized by the increased
torsion angles from the central ring to the benzoates and their geometry.h& uorine
atoms are signi cantly more exposed from one side in this A conformer than frorhe
other side. Furthermore, the connected SBUs and further periphery of the network do
not lie in the plane of the uorine atom, as for3F-BTB.
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Figure 4.71:Left: 3F{BTMB linkers in the structure of .?[Mns(3F-
BTMB) 3(OH)(DMF) g;x(H20)4] solv shown with their Hirshfeld
isosurface in thed,o,rm mapping: BTME (top) and BTMBB (bottom). Both
linkers are shown with one contacting linker and selected contacting DMF
molecules. All contacts to hydrogen atoms shorter than:2A are shown
with yellow dashed bonds. Right: Fingerprint plots of the respective
Hirshfeld surfacesBTMR (top) and BTMB (bottom), showing only points
where uorine atoms contact to exterior atoms, accounting for 18 % and
9:4 % of the respective surface areas.

Upon further investigation of the Hirshfeld isosurfaces it can also be inferred, that
there are interactions of the DMF molecules with the uorine atoms. As would be
expected from their polarization, the hydrogen atoms of the methyl groupsntact to
the negatively polarized uorine atoms (s.DME5 and DMB, in Fig. 4.71). Aside from
this, the DMF molecules are also oriented such, that their oxygen atoms contao
the arylic hydrogen atoms in agreement with the electrostatic potentialfahe linker
(s. DMB and DMEL2, in Fig. 4.71). DMEL2 expresses this interaction twofold tTMB.
The fact that the same oxygen atom also exhibits a contact closer than the suwh the
respective VAW radii to the uorine atom in this pseudo cavity of BTME, which would
be repulsive in nature, may indicate that these interactions are particularly strong.
Otherwise, they would not be able to strain the system in a way that such contts
would occur.

This cavity is of further concern when shifting the attention to theHirshfeld isosurface
of BTMA. (s. Fig. 4.72). 1t may be seen that the other half of the cavity is formed by this
linker and that the molecule disordered over two positionsdMEL1 & DMEL2) occupies
it. DMEL2 (highlighted with a yellow wire mesh in Fig. 4.72) forms an additional contact
from its methyl group to the uorine atom of BTMB.. DMEL1 on the other hand forms
contacts from its two methyl groups to the oxygen atoms of the carbolates of BTMA.
The occupancy of both of these fragments were freely re ned under the constitathat
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their sum is equal to one. From this, a preference towards tH2MFL1 position (occ.
0.654(1)) may be inferred. The latter should, however, be viewed with some ceunt
due to the large displacement ellipsoids of the atoms involved.

Figure 4.72:Left: 3F{BTMB linker (BTMBR) in the structure of .2[Mns(3F-
BTMB) 3(OH)(DMF) g;x(H20)4] solv shown with its Hirshfeld isosurface
in the dnorm Mapping and two contacting disordered DMF positionsMFEL1
& DMEL2, the latter is shown with a yellow wire mesh as visual aid). All
contacts to hydrogen atoms shorter than BA are shown with yellow
dashed bonds. Right: Fingerprint plots of theHirshfeld isosurface, show-
ing only points where oxygen atoms contact to exterior atoms (top) and
only points where uorine atoms contact to exterior atoms (bottom), ac-
counting for 204 % and 130 % of the surface area, respectively.

To investigate, whether the material is obtained in a phase pure form, a PXRD
pattern of the bulk sample was measured. As shown in Fig. 4.73, the positions of the
re ections are in general agreement with the calculated pattern. Surprisingly, thenost
intense re ection in the calculated data (at 2 5:2%) is almost entirely missing in the
measured di ractogram. While this could be attributed to a preferential orientaton
of the powder patrticles, which might be expected due to the layered structuré the
compound, this is deemed unlikely for the herein observed case. The most intense
calculated re ection is indexed to the"11 le-lattice plane (1;;; 100%). However, if
the particles were oriented parallel to the stacking direction, it would be exptad,
that the series of 00 re ections signi cantly gain in intensity. Upon comparing some
of these re ections (e.g.lggx 0:3% at 49 and lgs 6:5% at 99 to the observed
di ractogram, it appears that this is not the case. It is thus unclear what causeshe
modulation of the intensities.
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Figure 4.73:PXRD pattern of a material obtained by the reaction ofMn(NO3), 4H,O
with H3z3F-BTMB in DMF in the presence of acetic acid at 108C (dark
blue; measured with CuK radiation on a Rigaku Mini ex 600-C). For
comparison, a line diagram (red) calculated from the crystal structure of
22[Mns(3F-BTMB) 3(OH)(DMF) g;x(H20)«] solv is given.

After drying the material under standard atmosphere for 1year, the crystallinity
severely degrades (s. Fig. 8.8), however, the most intense re ections stilhran intact.
Thermal analysis of this material reveals a gradual decomposition of the compound
via two steps (s. Fig. 4.74). The rst step occurs slightly above 12€C and accounts
for about 15 % of the samples mass. Afterwards, a gradual decrease up to*50an
be observed lowering the remaining mass to 8% of its initial value. This is in good
agreement with the mass loss calculated for all DMF molecuf€swhich would account
for 33:8 % of the total mass. This would indicate, that even after the long time that the
sample was exposed to the atmosphere, no signi cant amount of the solvent molecules
was able to di use out of the network. From the initial step it may be followed that
there are two groups of guest molecules, with respect to their volatility, withithe
compound. Above the second step beginning at 450, the organic part of the network
completely decomposes and &% of the initial mass remain after heating to 1008C.
The decomposition products are MnO (con rmedvia PXRD, s. Fig. 8.9, p. 219) and,
since the MnO content of the compound (cp. 1%%) does not fully account for the
remaining material, most likely amorphous carbon. Accordingly, the remaining material
appears black.

23 Both the crystallographically re ned ones (7 per formula unit) and the additional ones estimated
from SQUEEZE (1843e8 230375eO  5:76 DMF molecules) calculations are considered herein.

135



4 Results

100 [Mn5(3F-BTMB) 3(OH)(DMF)g. (H;0),] =
90
80 |-
70
60 -
50
40 |
30

rel. mass [%]

100 200 300 400 500 600 700 800
temperature [°C]

Figure 4.74:Thermogravimetric curve of.2[Mns(3F-BTMB) 3(OH)(DMF) g;x(H20)]
solv shown in red. The sample was heated from 3G to 1000*C with a
rate of 10°C min ! under an argon stream of 30 mL min'.

As will be shown in the following, the same synthetic parameters lead to the assembly
of paddlewheel-based MOCs when Cu(ll) ions are used with the same linker. Herein,
however, the formation of the outlined CP is observed instead. While Mn(ll) is capable
of forming paddlewheel units with carboxylates, substituting Cu(ll) in isostructural
MOFs,[287] this is not a commonly reported phenomenon. The CSD only contains 28
entries for carboxylate based Mn paddlewheels in tot&’! While it remains exclusively
speculative in nature if a Mn-based UoC-10v{de infra) analog is synthetically accessible,
it remains to be of even greater interest whether another M@F-BTMB compound
can be crystallized from the B conformer of the linker.
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4.3.2 Publication IV: UoC-10: Exploring the Packings of Chiral
Copper(ll) Paddle Wheel Based Metal-Organic Cages
(MOCs)

Figure 4.75:Graphical abstract of the article \UoC-10: Exploring the Packings of Chiral
Copper(ll) Paddle Wheel Based Metal-Organic Cages (MOCs)" published
in Chemistry { A European Journal by Sean S. SebastigrHyunsong Lee
Satish Badarukhiya Ronja K. Christo els, Jan M. Gebauer and Uwe
Ruschewitz?88]

The article presented in the following was submitted to the journaChemistry { A
European Journalon the 18th of June 2024, revised on the 19th of August 2024 and
published therein, as aHot Paper on the 20th of August 2024. It is accessible online
via: 10.1002/chem.202402334.

In the following article, the crystal structures of ve di erent polymorphs of UoC-10, a
uorinated MOC, are reported along with the di erent syntheses, material poperties and
a computational analysis of the linkers. The MOC is assembled from two isostrucalr
linkers with two di erent degrees of uorination and is adequately described with the
formula [Cuy2(nF-BTMB) g(solv);2] (n - 3,6; solv  H,O, EtOH, DMA, DMF). One
of the polymorphs is investigated in depth and exhibits an exceptionally higBget
surface area for MOCs. The chiral MOC is soluble in DEF, which was supported by
UV-vis spectroscopy and the absence of decomposition products in the ESI-MS asay
of the solution. Solid material of the in depth investigated polymorph exhibits the
capability to remove organic pollutants from aqueous solutions. DFT calculations are
used to understand the stability of the conformer of the linker required to assemblbe
MOC as well as a potential isomerization of the compound in solution. The individual
contributions of all listed authors to the article may be found in theSupporting
Information (s. sec. 8.5.4, p. 261).
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4.3.3 1[Cu(H 3F-BTMB)] solv

Reacting H33F-BTMB with Cu(NO3), 3H,O in an EtOH/HOAC -,4. mixture leads to
the gradual formation of blue crystals after heating of the solution, shown in Fig. 467
SCXRD analysis of these crystals revealed a unique structure, contrary to théherto

presented MOCs, which will be described in the following.

Figure 4.76:Crystals obtained by reactingH3;3F-BTMB with Cu(NO3), 3H,0O in
EtOH/HOAC -4 in mother liquor without (left) and with (right) crossed
polarization lter.

Similar to the structure elucidation of \.?2[Co3(3F-BTB) ,(DMA) ] solV' the crystals
shown resulted in low quality di raction data (s. Fig. 4.77) indicated by the poor reo-
lution as well as smeared re ections along the (h0Il) plane. The latter likely stems fro
multiple domains resulting from a fragmented single crystal used for the measurement
All investigated single crystals of the compound underwent rapid degradation upon
exposure to atmosphere once extracted from their mother liquor. While the qualityf o
the re ned model is higher than the one presented for.X[Cos(3F-BTB) ,(DMA) 4] solV'
it should still be discussed with caution and not be overinterpreted with regard®
precise geometrical values.

Figure 4.77:Digitally generated precession images of Cu(H3F-BTMB)] solv of the
(Okl),(h0l) and (hk0) plane, fully showing the re ections up to ad-spacing
of 1:00A.
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The structure presented crystallizes in the triclinic space group1 (no.2) and may
be described asi[Cu(H3F-BTMB)] solv. Two full H3F-BTMB 2{ linkers, two Cu(ll)
cations and three oxygen atoms are present in the asymmetric unit of the structur
(s. Fig. 4.78). All atoms, except forO3 occupy the general RWycko position. The
linkers are coordinated to the copper atomsia two of the carboxylate functions to
form a paddle wheel SBU. Both of the remaining benzoates (one per linker) are not
coordinated to a metal and it is assumed that they are protonated, resulting in the
aforementioned formula. This is further supported by the presence @3 which is
located within 2.3A to 2.5A of the oxygen atoms of theC201 benzoate and may
represent a solvent moleculeH,0) forming a hydrogen bridge to the carboxylic acid?
The structure, as presented, contains a solvent accessible void accountiag?f?SA3
(31:4 %) of the unit cell volume. In order to improve the quality of the model, the
SQUEEZE procedure was used to remove di use electron density contained in the s.a.v.
This reveals 230 residual electrons, which would correspond to ca. 9 additionaDH
molecules per unit cell.

Figure 4.78:Asymmetric unit of .:[Cu(H3F-BTMB)] solvas displacement spheres. The
molecular fragments are labeled according to the residues in the re nement
(s. subsec. 6.2.4, p. 165). Hydrogen atoms are omitted for clarity. The
displacement spheres are drawn at 50 % probability.

24 |t may also be the case, thatO3is erroneously located in the crystal structure and it merely accouts
for \false" electron density on this special Wycko position. Due to the poor quality of the data
this cannot be conclusively discussed.
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As may be inferred from the formula, this compound can be described as the
BTMB analogon to .[Cu(H3F-BTB)(Py) 1;{x(DMF) ] DMF, also forming a ribbon like
structure. In Fig. 4.79 it can be seen, that unlike its BTB congener the ribbon forma
zig-zagpattern, oscillating in the (113)-plane. Furthermore, the paddle wheel units are
not oriented perpendicular to the ribbons, but instead tilted slightly from a parallel
orientation to the propagation direction of the polymeric structure. The ribbonsdo
not propagate along any of the crystallographic axes but instead along a more complex
direction, where a vector through twoCulpositions is normal to the (hkl)-plane with
h 997,k 1043 and| 212.

A rationale for these di erences obviously lies in the position of the coordinating
carboxylate group betweerBF-BTB and 3F-BTMB. The linkers in this structure are
both found in the B isomer, as previously introduced (s. p. 126), ar®BTMB and BTME
represent enantiomers of each other. Although the two copper based coordinat
polymers are isotopological, exhibiting the same connections, the paddlewheel units
cannot be oriented perpendicular to the propagation direction, due to geometrical
constraints imposed by the linker. Instead, the SBUs are drawn closer to eadher (cp.
10:197 2+ A vs. 1555688+ A for inter paddle wheel distances in the herein presented
CP and the BTB analog respectively) resulting in the contracted variant obseed
herein.

Figure 4.79:Excerpt of one ribbon of.![Cu(H3F-BTMB)] solv a) shown along the
[111] direction; b) along the 113] direction; c) along the vector fromCul
to Cul?! x1 ¥z QOrange coordination polyhedra are drawn around th€u
atoms.
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The stacking pattern of the ribbons, which may be seen in Fig. 4.80, remains
very similar to the one observed foe![Cu(H3F-BTB)(Py) 1;x(DMF) ] DMF, where
individual layers can be discerned. In contrast, adjacent ribbons inside one layeear
much closer together in the herein presented structure. This is due to the interdigtion
of adjacent ribbons (s. Fig. 4.80). Due to the low precision of the atom positioms the
re ned structure model, aHirshfeld surface analysis was not undertaken.

Figure 4.80:Left: Excerpt of two adjacent ribbons of.![Cu(H3F-BTMB)] solv shown
along the [11 1] direction with individual strands highlighted in red and
blue. Right: Excerpt of the crystal structure of.![Cu(H3F-BTMB)] solv
shown along the propagation direction of the ribbons, highlighted in red
and blue to visualize the stacking.

The measurement of a PXRD pattern from the bulk material, which the previously
outlined synthesis a orded, reveals a low crystallinity, as expected from thECXRD
experiments (s. Fig. 4.81). Furthermore, it can be seen that the obtained paitin
does not show a good agreement with the one calculated from the describedstaly
structure. It is thus assumed that the structure quickly decomposes by the los$ o
EtOH under ambient conditions. This sharp decrease in the stability of the compound
when compared to theBF-BTB analog, can be attributed to the much more volatile
solvent. No conclusive evidence can be presented on whether the ribbon like e
is retained after the speculated loss of EtOH. Thus, no further analysis on the teaal
was carried out herein and it may be upon future work to further study this compound.

It remains to discuss why the same SBU and linker combination, which forms
several polymorphs of UoC-10 with di erent synthetic parameters, assembi&o this
exceptional structure. The most notable di erence between UoC-10 and the herein
presented compound is the amount of acetic acid used (cp8ML of HOAC(yq) on
4:8mL of solution for UoC-10(l)). Thus, an apparent rationale for the formation bthis
compound is likely the acidity of the reaction mixture, favoring the protonated variat
of the linker.
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Figure 4.81:PXRD pattern of a material obtained by the reaction ofCu(NO3), 3H,O
with H33F-BTMB in EtOH in the presence of acetic acid at 108C (dark
blue; measured with CuK radiation on a Rigaku Mini ex 600-C). For

comparison, a line diagram (red) calculated from the crystal structure of
a:[Cu(H3F-BTMB)] solv is given.
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4.4 Computational Investigations on H 33F-BTB and
Metaanalysis

Over the course of this work, seventeen new structures containing tB&-BTB linker
have been elucidated. FOBF-BTMB and 6F-BTMB the in uence of the uorine
substituents on the rotation of the phenyl-phenyl moieties has already been studieth
DFT calculations(?88] (s. subsec. 4.3.2, p. 137). Herein, these studies shall be extended
to include 3F-BTB without the limitations of brevity imposed by their publication in a
scienti ¢ journal.

Figure 4.82:Three dimensional model oH3;3F-BTB with the atoms involved in the
herein discussed torsion angles (tors.) highlighted in orange (phenyl-
carboxylic acid) and purple (phenyl-benzoic acid).

When modeling a system as complex as the one herein presented, many simpli cations
and assumptions are necessary to maintain a sensibly small scope and set of pararaet
The BTB system contains six bonds, which can potentially rotate individually from
one another. Herein, the calculations only consider the rotation of one moiety at a
time, or two in conjunction in a con ned range {ide infra) to simplify the discussion.
Furthermore, out of convenience, the torsion angles (s. Fig. 4.82) shall be dise
instead of the interplanar angle$® Since the focus of these investigations resides on
the geometry-energy relationship of the linker with regard to the uorination of he
systems, established functionals and basis sets were employed without further enneg
thereof. This is done to ensure comparability to similar systems in literature, further
details can be found in subsec. 6.3.3. The full 36@ycle of the torsion angles was
scanned analogously to the BTMB system. Unlike for BTMB, the symmetry of the
system herein is only broken by the positions of the protons of the carboxylicids.
However, as revealed later on, these protons have almost no impact on the energy

25 While the two values are not equal, they are strongly correlated due to he planarity of the phenyl
and carboxylate/carboxylic acid groups.
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of the system and thus the discussion will be con ned to the rst 99segment. The

screening of the full rotation only considers the electronic energy of the systefor

the assessment of the rotation barrier, the Gibbs free energy of the involvednima

and maxima was calculated. All geometries of minima and maxima were con rmed

as such by calculating their vibrations, where the former exhibit no and the latter

exactly one imaginary frequency. It remains to be stated that the (quantitatie) energy

values obtained herein are to be considered carefully. DFT methods have been shown,

with regard to their capability to accurately model rotation barriers, to resilt in

the energies particularly of transition states that are overestimated by kcal mol * to

3kcal mol *.1289290] Considering, that the values obtained herein are quite small, these

errors would have a signi cant impact on the derived barriers. However, the same

studies also revealed that the form of the rotational potentials calculatedia DFT

methods and wave function based methods are indeed comparable, supporting the

procedure followed hereir?89.290]
Using modern DFT methods, molecular systems can be modeled both in vacuum

or in a continuous solvent model (e.g. CPCI ). The in uence of whether or not

a solvent model is used, seems to be more pronounced on the rotation barrier of the

carboxylic acid and negligible on the rotation of the benzoic acid moiety fdi#;3F-BTB

(s. Fig. 8.10, p. 219). Considering that the carboxylic acid group is the most polpart of

the molecule (cp. Fig. 4.85), it appears as expected that it shows a strongerdraction

with a polarizable solvent. In all subsequent calculations, the CPCM model was dse

because it more closely re ects the conditions relevant for the herein discusseects.

It should, however, be mentioned that this simple model cannot account for complex

electrostatic interactions with solvent molecules and potential reactiopartners.
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Figure 4.83:Potential energy surface scan (E¢) of Hs3F-BTB and H,3F-BTB !
against the torsion angle of one benzoate/benzoic acid (left) and
one carboxylate/carboxylic acid moiety (right) calculated via DFT
(B3LYP [204/def2-TZVP [199/CPCM(DMF) [2201/D3(BJ) [2°1).
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Another factor to be considered is the deprotonation of the linkers to describe
them accurately in solution or, even more important, in the solid state as parof
the coordination compounds. When comparing the rotational barriers di,3F-BTB {
and H33F-BTB, it becomes apparent that the deprotonation signi cantly reduces the
phenyl-carboxylate rotation barrier by approx. Zcal mol * (s. Fig. 4.83). This would be
insigni cant for considerations in assembled compounds, as this only reasonably models
an anion in a dilute solution. However, it can be learned that the energy demand to
overcome this rotation barrier appears to be lowered upon deprotonation. Ehermore,
the relative energetic maxima are quite low, which would suggest that during typical
synthesis temperatures the full rotation of the carboxylate or the carlxylic acid is
accessible for potential reactions. The phenyl-benzoate rotation seemsbie entirely
una ected by the deprotonation. Further deprotonated states (e.g. BF-BTB?2{) are
not considered, because the coulomb repulsion between the carboxylates bethe
dominant in uence for the energy of such small systems. In the following discussion
only the fully protonated linkers will be considered, as they are a more sensible model
of the linker in assembled coordination compounds. Any metal forming a coordination
bond to the carboxylates would also modulate their electron density, which is more
closely modeled by the protonated variant.
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Figure 4.84:Potential energy surface scan (Eg) of H33F-BTB and H3;BTB
against the torsion angle of one benzoic acid (left) and one car-
boxylic acid moiety (right) calculated via DFT (B3LYP [204/def2-
TZVP [199/CPCM(DMF) [220/D3(BJ) [2°1]), Gibbs free energies (G) of
the local minima and maxima are given with labels, displaying the energy
value.

The in uence of the uorination of the central ring on the rotation barriers becomes
apparent when comparing the calculated energies B§3F-BTB and H3BTB as shown
in Fig. 4.84. As expected, the phenyl-benzoic acid rotation is more a ected than
the phenyl-carboxylic acid rotation, which is almost una ected by the uorination of
the inner phenyl ring. For the former, both the angular coordinates of the energetic
minima and the values of the maxima are signi cantly shifted. IfH;3F-BTB the angle
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of the minimum energy is shifted from ca. 36to ca. 54%% tting nicely with the
previously made observations in the reported crystal structures. This shiftingao easily
be rationalized by the altered maxima at 8 and 90%. In the non- uorinated molecule,
the larger of the two maxima is located at 88X with G 2:89kcalmol ! and the
lower one at 18@* with G 2:07kcalmol *. Upon uorination of the central ring
this relation is both inverted and ampli ed. H33F-BTB exhibits a maximum of G
7:94kcalmol * at 180:9% and a very low local maximum of G  1:24kcalmol * at 88:2X,
The ratio between the two free energies%%‘ 6:4 vs. 5—83 1:4) is thus increased by
more than a factor of four. This shifts the minimum of the uorinated linker away from
the large barriers at & and closer towards 90

The rotation of the carboxylic acid is nearly una ected by the uorination of the
central ring. Only a very slight decrease of the rotation barrier (cp. :B6kcal mol * vs.
5:70kcal mol ') becomes apparent, which is in agreement with the generally observed
e ect of electron withdrawing substituents (vide infra).

Comparing the herein obtained energy barriers of the phenyl-benzoic acid rotation
to the ones calculated for the BTMB system in the previous articl&®l reveals very
small di erences between the two systems. For un uorinated BTB vs. BTMB the
energy barrier for the 98 maximum is slightly increased with the carboxylic acid in
para position. The maximum at O on the other hand is decreased (cp.:®kcalmol *
vs. 207kcalmol !). In the uorinated systems this trend appears to be inverted
(s. Tab. 4.7).

Table 4.7:Calculated rotational barriers of H;BTB, H3;BTMB, H33F-BTB and

H33F{BTMB in kcalmol 1 Energies for the BTMB derivatives are taken
from the previously published articlel288]

molecule G (907 & 270%) G (0% & 180%)
[kcal mol 1] [kcal mol 1]
HsBTB 2.89 2.07
HsBTMB 2.73 2.59
Hs3F-BTB 1.24 7.94
H33F-BTMB 1.55 7.20

The barrier at 0%, calculated for H;3F-BTB, is slightly higher than its tri uori-
nated BTMB analog (cp. 794kcalmol * vs. 7:20kcalmol !). A small di erence of
0:31kcalmol * is observed between the two systems for the smaller barrier at”9Any
rationale for this modulation must be sought in the di erent substitution patterns,
which points towards the mesomeric e ect of the carboxylic acid. The latter-M e ect)
causes electron density to be withdrawn from carbon atoms ortho and para positions

26 The discussion will be con ned to the rst half of the rotation due to the apparent (pseudo)-symmetry
obvious from the diagram.
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relative to it. Thus, a carboxylic acid in the meta position would leave more electron
density in the carbon atoms of the C(benzoate){C(phenyl) bond involved in theatation
than one in para position. An explanation could be that a higher amount of electron
density at this carbon atom in the outer ring stabilizes the conjugated form (ned® &
1809, when the central ring is electron poor, thus lowering the barrier. Conseaquity,
this stabilization would be less pronounced, when the central ring does not have its
polarity inverted (i.e. it is un uorinated). Instead, the inverse interaction, with the
electron rich carbon atom from the central ring to the electron poorarbon of the outer
ring, could stabilize the conjugated form in thepara substituted system.

Table 4.8: Selected average geometric parameters of the DFT optimized structures of
H;BTB and H33F-BTB.

molecule avg. tors. angle avg. tors. angle
phenyl-carboxylic acid phenyl-benzoic acid
HsBTB 36:08¢ 30K
Hs3F-BTB 5352¢ 0:34¢

The calculated optimized geometries (s. Tab. 4.8) allow for the derivation of furer
properties, besides the rotational barriers. As described in detail in the artec on
UoC-9/251 the secondary e ects (i.e. the in uence on the electrostatic potential) of
the uorination play an important role in the host-guest interactions. In Fig. 4.85 te
electrostatic potentials of the two molecules §BTB and H33F-BTB are shown. Both
molecules exhibit the expected electrostatic potential for the functional gops and
the phenyl rings, corroborating the previously made claims about the intermolecular
interactions. The most striking di erence between the two is found in the centiaing,
where the potential is indeed inverted. Comparing these electrostatic potesit maps to
the previously described crystal structures and the interactions found theresuggests
that the electrostatic interactions are the driving force in their assembly. lmaddition,
these ndings support that uorinated arenes, such as th&F-BTB linker, are not to be
considered uorousi1® Fluorous compounds would be expected to have a homogeneous
electrostatic potential on the surface, which is obviously not the case ftre herein
described molecule.
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Figure 4.85:Electron density isosurfaces (0.02a.u.) aroundH;BTB (left) and
H33F-BTB (right) in their DFT optimized geometries (B3LYP [204/def2-
TZVP 199/CPCM(DMF) [220/D3(BJ) [2°1]). The surfaces are mapped with
the electrostatic potential, from red negative over white neutral to blue
positive.

While the rotation barriers may serve as a rst impression of the exibility of the
systems, they still reveal little knowledge about what compounds would be expedt
from them in the solid state. Such investigations require the careful evaluatiaf the
calculations against observed data e.g. from crystal structures. The CBD contains
431 entries for the unfunctionalizedTB 3! fragment with 651 unique geometries. When
compiling all these crystallographic observations of the torsion angles betwedre touter
and the inner rings of these, a trend towards 3%and 0X becomes apparent (s. Fig. 4.86).
This is in excellent agreement with the previously described DFT studies on the toos
angles and the minimum of the calculated energetic 2D surface (cp. Fig. 4.86, right).
Since this agreement validates the herein followed approach of modeling the linker, it
thus also allows further deductions from the calculated surface in conjunction withné
data from the CSD. Over 60 % of the crystallographically observed angles fall time
range from 2& to 40% for the torsion angles phenyi-benzoate @Nd 0% to 15X for the torsion
angle S phenyl-carboxylate - 1his window is associated with a relative energetic demand
of @kcalmol *, which is very low, suggesting, that the geometry of the linker is the
determining factor for most of the resulting structures. Further comparisons beten the
angles found in the CSD and the calculated energy surface reveal that no pair of asgle
is found with an expected energy demand higher thank&al mol *. This value may be
considered an empiric limit of strain, which may be imposed on the BTB linker through

27 This was calculated using a faster DFT functional and a smaller basis gedue to the large amount
of necessary calculations.
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packing e ects. Moreover, it becomes apparent that the distribution along the tsion
angle s phenyi-enzoate 1S broader than its counterpart, which is re ected in the shapes
of the 1D potential surfaces calculated for the isolated rotations (cp. Figt.84). Each
BTB linker has three pairs which could rotate independently from another, howeveas
the distribution for pairs averaged for every linker reveals (s. Fig. 8.11, p. @Rthis is
not the case. This distribution is even further condensed to the optimum value, which
suggests that an energetic compensation of a strained angle in a molecule is aeliev
by relaxation of the other two therein.
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Figure 4.86:Left: Plot of all torsion angles between the central ring and the benzoate
against the torsion angles of the outer phenyl rings and the carboxylates
found in unfunctionalized BTB moieties in the CSD?7! The points are
colored in, as a visual aid, according to the amount of close neighbours.
Two points a and b are considered close whe@a bSB2:5. Right: Two
dimensional potential energy surface dfi;BTB calculated via DFT meth-
ods (BP-86(2031 def2-SVP[199 CPCM,[220] D3(BJ)[2°1]), along the torsion
angle between the central ring and the outer benzoic acids and the torsion
angles between the outer phenyl rings and the carboxylic acid functions.

Treating the 3F-BTB linkers, which were structurally investigated in this thesis, in the
same fashion as detailed for the BTB linker results in the diagrams shown in Fig. 4.87.
The obviously much smaller data set of th@F-BTB linker does, unfortunately, not allow
for an easy visual identi cation of the most populated area. Computing the geomedr
mediare® of the set results in a value of 58%, 16:8% (cp. (35:2%, 8:09) for BTB). This is
in good agreement with the torsion angl& nenyi-benzoic acia from the calculated energetic
minimum geometry of the linker with 535X, However, even more than its un uorinated
counterpart, the observed median torsion angl® phenyi-carboxyiic acia  Which is a3 for the

28 The geometric median is de ned as the point ) with the least sum of distance to all other points
(Xi) in a set of m points: argmin, P"S xS
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optimized geometry, deviates strongly from the calculated one. A plausible explanatio
for the latter is provided by the coordination to metal cations in combination with
adjacent ligands and the electrostatic repulsion imposed by them. These factoveuld
obviously strongly in uence the geometry of the carboxylates, which is insu ciently
modeled by a carboxylic acid in a continuous solvent model. In general, it can bees,
that just like in the un uorinated case, the distribution of the values found matches
the energetic minimum of the calculated surface.
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Figure 4.87:Left: Plot of all torsion angles between the central ring and the benzoate
against the torsion angles of the outer phenyl rings and the carboxylates
found in the 3F-BTB moieties crystallographically observed in this thesis.
The points are colored in, as a visual aid, according to the amount of close
neighbours. Two pointsa and b are considered close whe@a bSB 2:5.
Right: Two dimensional potential energy surface dfi;3F-BTB calculated
via DFT methods (BP-86[2%1 def2-SVPI19 CPCM, 2201 D3(BJ)[?°1]), along
the torsion angle between the central ring and the outer benzoic acids
and the torsion angles between the outer phenyls and the carboxylic acid
functions.

The points are again con ned to an area, where the calculated relative enerdges
not exceed 6cal mol *, further supporting the validity of this proposed limit. Where
the distribution of the points of the un uorinated linker is in large parts located betwen
0% and 45 of the torsion angles phenyi-benzoate (S- Fig. 4.86), this appears to be mirrored
(45X to 90¥) for 3F-BTB (s. Fig. 4.87).

Overall, these ndings illustrate how, in general, di erent networks are expectefrom
the uorinated BTB derivatives. Furthermore, the few examples found in this work
of isoreticular uorinated and un uorinated compounds are also represented in these
considerations from the overlap of the energetic troughs.
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The initial aim of this work was to study the host-guest interactions in the poresfo
novel uorinated MOFs. Three main aspects to achieve this objective have &e followed:
the synthesis of uorinated linkers, the synthesis of novel porous compounds frahese
linkers and the analysis of the structures with a strong emphasis on the use of di ragh
methods. In this work, it was possible to synthesize two novel linkers and structlly
investigate ten hitherto unknown MOFs, MOCs and CPs from uorinated linkers.
Four articles in scienti ¢ journals have been prepared from this research, alf which
have been accepted and published, as of the time of writing this the&,272273,288]
Cumulatively, 25 crystal structures have been elucidated and presented hierproviding
a basis of observations to study both the e ects of uorination on the linkers as &l as
the host-guest interactions in these compounds. The study of these two aspdstas
much a study of the experimentally observed crystal structures as it is of tHmkers
themselves, the latter of which was further pursued by computational investigats
utilizing DFT.

Central to these studies was to establish reliable synthetic pathways botb novel
linkers and their derived coordination compounds. Besides the new linkers, which were
synthesized herein, the in uence of the reaction temperature and the use of modulaor
on the composition and the morphology of resulting coordination compounds was
demonstrated. A preference towards the formation of linear SBUs was shown for
the products of theH3;3F-BTB linker with di- and trivalent metal cations. Fluorine
atoms have a signi cant impact on the geometry and electrostatic potential ahe
organic linkers, which was shown by the crystallographic observations made hereirhel
compounds synthesized in the present thesis exhibited a variety of di erent means t
interact with various guest molecules. Most notably, the amide-stacking interaction
characteristic to UoC-9 was shown to be facilitated by the uorination of the linkr
and the unique geometry of the MOF.

The H33F-BTB linker, rst synthesized by C. Breitenbach ree Stastny?22 served as
a basis for most of the novel compounds synthesized herein. It was possible to optemiz
the rst of the three steps towards its synthesis and attempts towards higher deges of
uorination of the BTB linker were undertaken. While these attempts did not yield the
desired BTB linkers, they did { by accident { lead to the investigation of the BTMB
derivatives. Two di erent degrees of uorination (3F & 6F) of the BTMB sca old have
been synthesized, which were unprecedented in literature. Their synthesis isided
from the well established pathway towards the EBF-BTB linker.

Three new coordination polymers, utilizing the3F-BTB linker and the transi-
tion metals Co, Cu and Cd, have been synthesized for the rst time. Their struc-
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tures were elucidated, revealing two 2D CPs with thé&gd and hcb topologies for
\.2[Co3(3F-BTB) 2(DMA) ] solv' and .?[Cd(H,NMe;)(3F-BTB)(DMF) ,] xDMF, re-
spectively. .} [Cu(H3F-BTB)(Py) 1;x(DMF) ] DMF, the third of these CPs, exhibits a
1D ribbon like structure. The Co based compound was shown to have an un uorinated
counterpart, also synthesized in DMA and thus extends a series of CPs dyesized
with BTB derivatives with the kgd topology. Time resolved PXRD studies were un-
dertaken to describe the structural changes at[Cu(H3F-BTB)(Py) 1(x(DMF) ] DMF
upon drying in detail and the weak interactions between the ribbons of the structar
were studied usingHirshfeld surface analysis. The Cd based CP was revealed to be
an anionic network featuring a SBU where three carboxylates coordinate to onktbe
divalent metal cations resulting in a negative charge balanced by,NMe," cations. It
was possible to crystallographically localize the position of the exterior catipwhich is
often hindered by its disorder. Herein, the cation is bound to oxygen atoms in the SBU
via H bridging bonds, which is corroborated by airshfeld surface analysis.

The series of alkaline earth metal based CPs and MOFs with tH&=-BTB linker
was expanded from the two Ca and Ba based compounds synthesized in the previous
masters thesid??®! Now, this series covers six compounds froMg{Ba, with four of
them being three dimensionally connected coordination networks.

Reacting strontium and barium nitrate with the 3F-BTB linker led to the formation
of a MOF with a 1D SBU and a CP with thekgd topology, respectively. The framework
of the Sr based MOF.3[Sr;(3F-BTB) ,(DMF)] may be understood as annealekigd
type layers and exhibits a s.a.v. in which the positions of solvent molecules werenesl,
revealing the interactions with the frameworkvia electrostatically favored contacts.
High intensity synchrotron radiation was used to study the behavior of the cryat
lattice upon cooling of the compound, revealing a complex non linear shifting thereof.
22[Bay(3F-BTB)(OAC)(DMA) 4.x(HOAC)1¢«x] solv was shown to be a densely packed
CP with non coordinating solvent molecules located in between the layers. Therma
analysis suggests that the release of these molecules occurs by drying the compound
under ambient conditions.

UoC-11 was shown to be a twofold interpenetrating MOF, based on in nite 1D
SBUs from Mg cations. Therein, the frameworks are in contact with anotheria the
uorine atoms of the 3F-BTB linker, suggesting these electrostatic interactions to have
a major contribution to the assembly of the compound. Furthermore, the behavior
of the material upon evaporation of the adhering mother liquor was studieda time
resolved PXRD, revealing an irreversible shifting of the lattice.

UoC-9251 was studied in great detail over the course of this project, revealing the
isostructural compound UoC-9(Sr) and a systematic study of the interaction dhe
host material with various small guest molecules. Two articles have been prepdre
from these ndings. The rst one was published inDalton Transactions in 2023 and is
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concerned with the structures of UoC-9(Ca) and UoC-9(Sr), their porosityral general
guest exchange capabilities as well as the second-order phase transition both MOF
undergo at low temperatures. Hirshfeld surface analysis of the crystallographically
localized guest molecules reveals a characteristic amidestacking interaction of UoC-9
with the DMF molecules inside the framework by their intercalation into aC¢F3 CgF3
pocket. The latter may only be rationalized by the uorination of the central ringand
the concomitant inverted electrostatic potential of the -system.

The second article features the crystallographic localization of six di erentnsall
guests inside the framework of UoC-9 and an extensive analysis of the in uence of the
incorporated molecules on the host. It was possible to show that tli&F; CgF3 pocket
is highly selective towards speci ¢ guest molecules and that the steric demand of the
guest molecules has an in uence on the capability of the compound to undergo the
phase transition. Furthermore, it was shown that the incorporation of NMP into the
framework causes a 3 b superstructure to form with two distinguishable SBUs. The
latter may be viewed as an \intermediate" phase between the two modi cationsma 2
at r.t. and Pna2; at low temperatures.

Reacting the3F-BTB linker with Eu cations in DMF led to the formation of .3[Eu(3F-
BTB)(DMF)], which was elucidated using SCXRD. Subsequent experiments revealed
that isostructural .3[Ln(3F-BTB)(DMF)] may be synthesized from the lanthanides
Sm{Lu. The compounds exhibit a systematic twinning and a pseudo-orthorhombic unit
cell, which made the structure elucidation di cult. .°[Eu(3F-BTB)(DMF)] was further
investigated via thermogravimetry and sorptive analysis revealing a comparatively
high thermal stability as well as a speci c surface area @ger 72375nm?g 1. The
framework lends itself to a comparison with MIL-103(RE}?8?] based on the un uorinated
BTB linker, which, although it has a larger s.a.v. (cp. 566 % for MIL-103(RE) vs.
356 % herein), exhibits similar speci ¢ surface areas.

Using the herein describe®F- and 6F-BTMB linkers it was possible to synthesize
four new compounds based on divalent transition metal cations. Two conformerstbé
linker (A and B) can be discerned, corroborated by DFT based calculations cad out
in this work. Two CPs, a 1D ribbon-like compound, which may be understood as the
BTMB variant of .}[Cu(H3F-BTB)(Py) 1{x(DMF) ] DMF, and a 2D layer based one,
were synthesized utilizing Cu(ll) and Mn(ll), respectively. . [Cu(H3F-BTMB)] solv
represents the hitherto only observation of the B conformer of the linker. The owplex
structure of the Mn based CP.2[Mns(3F-BTMB) 3(OH)(DMF) g(x(H20)4] solvfeatures
two distinguishable SBUs and a large s.a.v. in between and inside its layered structure.
It was possible to localize several guest molecules inside the voids of this structure
enabling the observation of their interaction with the uorinated BTMB linker. These
reveal the presence of cavities, which form electrostatically favorablgenactions with
the DMF molecules inside them, corroborated by &lirshfeld surface analysis.
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Another compound, which can be synthesized from the new uorinated BTMB linkers
and Cu(ll) cations, is the paddlewheel based MOC named UoC-10. The compound
was synthesized from the BTMB derivatives in both degrees of uorination anthe
crystal structures of ve di erent modi cations (i.e. packings of the pseudospherial
MOCs) were elucidated. An article was prepared from the ndings on these compounds,
which was published inChemistry { A European Journal as aHot Paper.[288] Therein,
the syntheses, the crystal structures and a rationalization for the di erempackings
were discussed. In addition, the material properties of one of the packings (UoCd))0
were further explored, due to its reliable, phase pure synthesis. It was shown that
the material can be used to remove organic material from aqueous solutions ahett
it can be dissolved without dissociating in DEF. Furthermore, it was shown that
UoC-10(l) exhibits one of the highest speci ¢ surface areas measured for MOs
date (Sger 1481n%g ! calc. from N, sorption/desorption isotherm)[288] The novel
uorinated BTMB linkers were investigated computationally using DFT and compared
to their un uorinated congener. This demonstrated the in uence of uorination on the
rotational barrier and the preferred conformation of the linker.

The computational studies of the BTMB linker were extended in this project to cover
the BTB system and combined with an extensive metaanalysis of the crystall@ghically
observed BTB linkers in the CSD?271 These studies showed that the geometries for the
linker found in the CSD agree with the energetically minimized geometries from the
DFT calculations. The latter not only validates the results from the computational
studies but further suggests that the favored conformation of the linker plays a domina
role for the crystallization of derivative compounds.

Summarizing the general ndings from both the crystallography of the coordina-
tion compounds herein and the DFT calculations emphasizes these three aspects for
uorinated aromatic linkers:

Fluorine substituents increase the rotational barrier of sphybridized substituents
in its plane, while lowering the barrier orthogonal to it (s. Fig. 5.1, a).

The majority of compounds crystallize according to the minimum geometry
(lowest energy interplanar angle) of the linker. This is especially pronounced for
substituents not directly bound to the metal centers (s. Fig. 5.1, b).

The electrostatic potential of the linker has the dominant in uence on the forma-
tion of host-host and host-guest contacts and is strongly in uenced by uorine
substituents (s. Fig. 5.1, c).
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Figure 5.1:Visualizations of the three major aspects how uorination in uences aromatic
linkers and derivative framework structures.

In conclusion, the presented results provide a broad insight into the chemistry
of uorinated aromatic carboxylate-ligands. The in uence of the uorination on
the geometry of these ligands as well as on the favored interactions with iars
guest molecules have been explored by a multitude of crystallographic observations
These experimental studies have been supplemented and expanded by computational
investigations of the linkers, supporting the rationalization of the ndings. While
the primary focus of this work is in the interest of basic research, to improve the
understanding of structure-property relationships in functionalized porous compounds,
it was also possible to present examples of use cases for some of the novelrialste
UoC-9 was shown to function as a crystalline sponge and UoC-10 as a highly porous
MOC, capable of adsorbing organic pollutants in water. Although these examples do
not replace any superlative de nitions, it goes to show how basic research and desig
new materials for application interlock. A deeper understanding of how a specic
functionalization of a building block in uences the way it can be used to assemble
compounds and how the properties of the latter are a ected is a valuable basis fdret
targeted design and application of new materials in the future.
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6.1 General

Syntheses that required inert conditions, were carried out under argon atmosphéne
Schlenkapparatuses. The glassware was evacuated, heated and ooded with argon
three times before chemicals were added.

6.2 Analytical Methods

6.2.1 Infrared Spectroscopy (IR)

Solid samples were placed on the diamond window oParkin EImer FT-IR spectrometer
Spectrum Twoat room temperature and pressed down with a steel piston. The spectra
were recorded in a range from 4Q@fn ! to 4000cm ®. Eight spectra were recorded
and averaged to produce each of the measurements presented herein. Pricgvery
measurement the background was measured by recording a spectrum with a clean
diamond window.

6.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

All nuclear magnetic resonance spectra presented in this work were measuredao
Bruker Avance Il 300 'H NMR spectra were measured at 30MHz, 13C"1He NMR
spectra (DEPTQ) at 75 MHz and °F NMR spectra at 282MHz, respectively. The
deuterated solvents used herein contain tetramethylsilane (TMS) as reégice substance
for the NMR measurements.!H NMR and 13C NMR shifts in ppm are given in reference
to the signals of the protons and carbon atoms in TMS. ARPF NMR shifts are given
in reference toCFCls. The shift to the latter is estimated from the deuterium signal
of the solvent used. Assignment of the observed shifts was carried out on theibas
of 2D H,C HMQC+HSQC and H,H COSY correlation spectra. The peak shapes and
multiplicities are denoted as s (singlet), d (doublet), t (triplet), g (quartet) and m
(multiplet). Combinations of multiplicities are described by the combination of their
descriptors, i.e. dt (doublet of triplets). Broad signals, e.g. from quickly exchaiyg
protons from carboxylic acids, are written as brs. All data, after preliminary ppcessing
with Topspin 3.2[2921 was analyzed and visualized with thélestReNova 12.0.0program
package293l
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6.2.3 Powder X-ray Diraction (PXRD)

Powder samples presented in this work, which were obtained in house, were meakure
as at samples inBragg-Brentanogeometry. These samples were crushed prior to being
placed on the sample holder of &igaku Mini ex 600-C and subsequently measured
using Cu-K ( 1:54187A) radiation with a Ni- Iter for monochromatization. Data
collection times varied with the predominantly used program scanning the sample
at 5*min ! from 3% to 90X, When measuringCo containing samples, the resulting
X-ray uorescence was ltered using the energy detection bandwidth of th®/tex
Ultra silicon strip detector. High intensity synchrotron PXRD data was measured in
sealed capillaries irDebye-Scherrergeometry at Beamline 9 of theDELTA facility in
Dortmund, Germany.

Interconversion of powder data between di erent le formats by the di eent mea-
surement devices was achieved using the progrd®eentgenschweif?®4! The data was
processed and analyzed with th&/inXPow program packagéd?’® Theoretical pat-
terns were generated from the&rystallographic Information Filed?%! of the according
structures with the WinXPow program package.

LeBail Fits

All LeBail ts presented in this work were performed in theJana2020 program pack-
agel®% In all re nements the cell parameters of the single crystal structures or of
the indexing procedure withWinXPow were used as a basis for the re nement. The
ranges of the PXRD patterns were truncated such that the background could be ¢d
adequately using 5-7 parameterd_gégendrepolynomials). The pro le functions were
always tted as Pseudo-Voigttype functions (s. (8.11), p. 213), where theGW W
in eq. (8.19), p. 214) andLY ( Y in eq. (8.18), p. 214) parameters are re ned. All
other parameters of the pro le functions U; P;V; X; Xe and Y in eq. (8.18) and (8.19))
were set to 0 and not re ned. The quality of the resulting ts can be assessedh the
weighted pro le R factor (WRp), which is de ned as:

B0

P;w;"y;"obe y;"calce?

A
P;wiyi"oba2 (61

WR,

ThereinYy; is the intensity at every point in the PXRD pattern and w; the corresponding
weighting factor.
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6.2.4 Single Crystal X-ray Di raction (SCXRD)
Structure Determination and Re nement

Crystals were picked directly from the mother liquor or prepared as describedg
evacuated, placed in solvent, dried) before mounting them on a goniometer on damy
loop with silicone oil. The crystals were cooled depending on the sensitivity of the
compound to either 100K, 200K or 280K before irradiation. All in house SCXRD
measurements were carried out 08C-XRD Bruker D8 Venture di ractometers with
either CuK ( 1:54178A), MoK ( 0:71073A) or AgK ( 0:5608%A)
radiation and a mirror monochromator. Synchrotron SCXRD measurements were
conducted at two locations. One is thd®24 beamline at the PETRA IIl facility of
the DESY in Hamburg, Germany. Another one is theX06SA (PX I) Beamline at the
SLS facility of the PSI in Villingen, Switzerland. Reduction of the di raction data
collected in house, by integration and absorption correction, were carrieait using the
SAINT 1501 and SADABSI258] programs of theAPEXS5 [257 program package. Data from
the synchrotron facilities was reduced using th€rysAlisPro 1.171.41.112a program
packagel297]

The SHELXT [1%%] program was generally used to determine the spacegroup and to
obtain a starting model, which is then re ned with the SHELXL-18 program/?8! via
the least squares method againstR,. In some cases, when no satisfactory starting
model was obtained with this method SHELXS!16% was used to obtain a model (or
just positions of heavy atoms) in a low symmetry spacegroug’(, | 1). Additional
atom positions were located in the di erence fourier map and the model was chedKer
additional symmetry in the PLATON program packagé!®® In cases where remaining
unmodeled electron density was present in the structure, it was removed using the
SQUEEZE!%8] routine within PLATON .[268] Re nement against the altered set of low
angle re ections yielded by this procedure always resulted in improve values and
generally improved the geometry of the models. A detailed listing of the initial structure
factors obtained by the data reduction and the altered set of structure faots from the
SQUEEZEM8] procedure can be found in theCrystallographic Information Files of the
respective structures. The quality of the resulting structure may be assedskom the
following metrics{??¥l GooF, R;,, R1 and wR,.

The GooF (Goodness of Fit) is de ned as:

1%
m
GooF S m ne 1Q WF,S F.S¢; (6.2)

whereF, is the observed (measured) structure factof;. the structure factor calculated
from the model,w the weighting factor of each re ection,m the number of measured
re ections and n the number of tted parameters (e.g. atom parameters, displacement
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factors etc.)[300:301 This value should approach unity for good models and is highly
dependent on the weighting scheme used to calculate
The two R valuesR; and wR, are de ned as:

P"I5S &.SS

R
! P" %,S

(6.3)

and

B0

PTWF2 F2e2

wR
2 PmWAFoz.z

(6.4)

Both values describe the quality of the model to t the observed structure facts and
approach zero. Since thevR; value considers the squared structure factors, it tends to
be larger thanR;. Very high quality structure re nements may yield R; values below
0.01. SHELXL minimizes the value ofwR, in the re nement procedure. ThelUCr
recommendsvR, values to be below 0.20 for the publication of the structurd®?

The R is de ned as:
P"&2 FZmeansS

P™FZ
and thus independent of the tted model. Its value approaches zero for more faaiie

Rint (65)

statistics of the data set. Sincé=2"meane is calculated from all symmetry equivalent
re ections in a given space group type, this metric may also be used to asselss t
validity of the chosen space group during the solution of the structure. ThR;,; should
not drastically increase between a low symmetry space group type in the crgbsystem
and the one chosen for the structure solution.

Naming

The crystal structures presented in this work often times contain many (b ) atoms

and several molecular entities in their respective asymmetric units. In order teep

the discussion of the structures as simple as possible, the naming scheme described in
the following was applied for all herein presented compounds.

All atoms belonging to molecular entities (solvent molecules, linkers, molecular ions)
were placed in appropriate residuesRESI Xin SHELXL). The linkers and molecular
anions were given the residues with the lowest numbers, which are followed by noalar
cations, solvent molecules coordinated to the metal cations and lastly uncoordindte
solvent molecules. The atoms within the residues received the same name according to
their location in the molecule. Due to the length constraints for residues withiSHELXL
their names are abbreviated to t into four characters, resulting in the omission ahe
uorination for all linkers. An overview of the atom names within all herein presente
molecular fragments is presented in Fig.6.1.
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Figure 6.1:Molecular fragments appearing in this work shown with their atom la-
bels. From left to right, top to bottom: a) 3F{BTB , b) 3F{BTMB , c)
HOACc/OAc, d) DMF, e) DMA and f) pyridine.

For the BTB and BTMB derivatives the central rings were namedC1to C6 The
atoms of the outer benzoate/benzoic acid rings are subsequently groupedtbg rst
digit (CX0to CX6with X 1, 2, 3). All heteroatoms have been named according to
the C atom they are attached to. For the small guest/solvent molecules the naming
scheme is as shown in Fig.6.1. Since all herein presented structures are named using
this scheme only a minimum of labels are written throughout this work to increase the
clarity of the respective graphics.

6.2.5 Sorption Measurements

All N, sorption measurements were conducted onuantachrome Autosorbl-MPdevice.
Measurements were performed at 77 K after activationia heating under high vacuum
(1 10 “mbar). The data was analyzed using th&S1winl2% software. Speci ¢ surface
ares were determined using thdl, sorption data in the pressure interval from p/p0
0.0005 to 0.03, using the multipoint BET method Brunauer-Emmett-Teller).[304

6.2.6 Thermogravimetry

Thermogravimetric measurements were carried out onMETTLER TOLEDO StarR
DSC1 coupled with a TGA/DSC1 (Star Systen). The samples were weighed in a
corundum crucible under a continuous Ar stream (4@L~min). The samples were
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heated to 30%C, where the temperature was kept for fin. This step was carried out
to ensure, that the weight of the sample is at a consistent value at the start ohé¢
measurement. Afterwards the samples were heated to 10@with a heating rate of
10*C~min. Due to measurement artifacts in the recorded data at higher temperatures,
some of the TGA curves are only reliable and shown up to 850. The measured data
was evaluated with theSTARe program package.

6.2.7 UV/vis Spectroscopy

All UV/vis-spectra were recorded on avarian Cary 05E spectrophotometer in 10nm
quartz cuvettes. The spectra were recorded in a range from 200 to 1000nm. All

substances were measured in solution with eithéf,O or DEF as the solvent. Prior
to the measurements cuvettes containing the solvent were measured to deterntine
background.

6.3 Computational Methods and Database Searches

6.3.1 Continuous Shape Measures (CShM)

The CShM values presented in this work were calculated with th8hapeprogram package
by Casanova et al?*4 A divergence from an ideal regular polyhedron is calculated by
the algorithm as described byCasanova et al.in 2004 (s. eq(6.6)).1244 The magnitude
of the value ranges from 0 to 100 may be used to assess the similarity of the ol
polyhedron to an ideal one with an equal number of vertexes. Values closez&ro
correspond to nearly ideal polyhedra. All polyhedra with values above 3 may not be
described by their reference polyhedron.

The CShM value of an arbitrary polyhedronQ to a reference polyhedror® is de ned
as:

P, % S
P9 &3

where P denotes the centroid ofQ. &l and p are positions of theN vertices of the
arbitrary and the reference polyhedron, respectively.

CShMg P+  min 100 (6.6)

6.3.2 Database Searching

Systematic searching of the CSP/1 was done using the progranConQuestf2%] Data
conversion and statistical analysis of selected geometrical paramete@s carried out
using the programMercury!3%€! or self developed programs. The latter were written in
the Python 3 programming languagé3?’]

168



6 Experimental

Queries of structural motives to search in the CSD (or the MOF subdét thereof)
were createdvia the drawing tool within ConQuesti3%3! The most general formulation
(i.e. relying on unspeci ed bonds, when applicable) was sought for all searched framts.
When bond lengths were compared to structures herein, the temperatures at which
the structures were measured were included in the query as additional constrainss (
Tab.8.11, p. 211).

6.3.3 Density Functional Theory (DFT) Calculations

All calculations were carried out using theOrca 5.0.3 program package and its built-in
functions [398:309 The programs were executed on the high performance clus@HEOPS,
utilizing parallel processingvia Open MPI.310

All energies and geometries obtained by DFT calculations shown herein used either the
small def2-SVP basis sets or the def2-TZVP basis sets developedigigend et all19
BP-861203:311] or B3LY P24 were used as exchange-correlation functionals in conjunction
with the D3(BJ) 1294 dispersion correction and the RIJCOSR! approximation. The
CPCM formalismi?2% was used when approximation of a solvent was desired. All
calculation with this solvent approximation used the parameters for DMF as the &@nt,
as built-in in Orca 5.0.3[308:309]

Initial molecular geometries for the subsequent optimization were created in the
program Avogadrql®13l where the geometries were pre-optimized using the MMFF94
force eld based approach. All potential energy surfaces were screened fririervals of
one of the torsion angles. The constrained geometry optimizations were calcuthtg
to a convergence tolerance ofQ 10 ®a.u. while the unconstrained optimizations for
the minimum energy geometries and the transition states had a convergence talese
of :0 10 '4a.u. Gibbs free energies (G) for the latter states were computedvia
analytical frequency calculations, which also con rmed the minimum or transition
states of the geometry by presence (TS) or absence (minimum) of exactly one imagyna
frequency. The vibrational entropy contribution of the Gibbs free energies wasmputed
using the quasi rigid-rotor-harmonic-oscillator approximatiori314

6.3.4 Hirshfeld Surface Analysis

All Hirshfeld isosurfaces were generated and visualized with ti@rystalExploreri315]
program package using the structure data of the here elucidated structures. Hydem
bond lengths are adjusted by theCrystalExplorer program to C{H 1:083A, N{H

1:009A and O{H 0:983A prior to the generation of the isosurfaces. All surfaces
were generated on th&/ery High setting for the grid size. In this work, the basis sets of
Thakkar et all316:317] were used for all calculations, which is the recommended default
in the CrystalExplorer program packagés3!®!
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6.4 Synthetic Procedures

6.4.1 Reagents

All solvents and reagents described throughout this work were used as comnedhg
supplied. A compilation of all chemicals, their commercial sources and the purity is
listed in Tab.6.1.

Table 6.1: Compilation of all chemicals used throughout this work, their supplier and
the respective purity, according to the suppliers.

Chemical Source Purity
Ar Air Products 99:9997 %
1,3,5-tri uorobenzene Fluorochem n.s.
3,4-xylenol ACBR 98 %
3-formylphenylboronic acid BLDpharm 9% %
3-formyl-4- uorophenylboronic acid BLDpharm 97 %
4-formylphenylboronic acid Fluorochem n.s.
4-formyl-3- uorophenylboronic aci¢ Fisher Scienti c2 9899 9%
4-formyl-3- uorophenylboronic acid BLDpharm 98 %
XPhos BLD Pharm 97 %
acetone VWR Chemicals n.s.
Br, ABCR 99:8 %
CDCl; Eurisotop 998 %
CH,Cl, Fisher Scienti c 998 %
CO, (dry ice) YARA Industrial GmbH n.s.
cyclohexane Fisher Scienti c 98B %
DMF Fisher Chemicals 99 %
DMA ABCR 99 %
DMSO-ds Deutero 998 %
EtOAC Biesterfeld n.s.
Et,O Fisher Scienti ¢ A99.5 %
HClaq) (37 %) n.s. n.s.
HMDS Carbolution 98 %
HOAC (glacial) Fisher Scienti c A997 %
H205(aq) (30 %) Fisher Scienti ¢ A30 %
H,SO, n.s. n.s.
Isopropanol BCD Keln A995 %
n-BulLi Acros Organics. 2.5M in hexane

Continued on next page.
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Table 6.1: Compilation of all chemicals used throughout this work, their supplier and
the respective purity, according to the suppliers. (continued)

Chemical Source Purity
n-pentane AppliChem n.s.
p-dioxane Riedel de Haen n.s.
pyridine Acros Organics 9% %
Tf,0 Carbolution 98 %
THF Fisher Scienti c 99:8%
toluene Fisher Scienti c 998 %
o-xylene Acros Organics 99 %
Pd(PPh3)4 Carbolution n.s.
AICl 3 Riedel de Haen n.s.
KMnO 4 Acros Organics 98 %
MgSO, Alfa Aesar 98 %
NaOH Fisher Scienti c 99%
NacCl n.s. n.s.
CsF ABCR 99%
Na,S,;03 Sigma-Aldrich A98 %
NaHCO; n.s. n.s.
K,COs3 Merck n.s.
Ba(NO3), Riedel de Haen A99 %
Cu(NO3), 3H,O Sigma Aldrich 995 %
Cd(NO3), 4H,0 n.s. n.s.
Co(NO3), 6H,0 Fluka 99%
Sr(NO3), 4H,0 Riedel de Haen n.s.
Ca(NO3), 4H,0 n.s. n.s.
Mn(NO3), 4H,0 Alfa Aesar 98 %
La(NO3); 6H,0 Applichem n.s.
Ce(NOs)3 6H,0O VWR Chemicals 99 %
Pr(NO3)s 6H,0 Sigma-Aldrich 999 %
Nd(NO3); 5H,0 Alfa Aesar 999 %
Sm(NGs); 6H,0 ABCR 99:9%
Eu(NO3)s 6H,0 ABCR 99:9%
Gd(NO3)3; 6H,0 ABCR 99:9%
Tb(NO3)3 5H,0 ABCR 99:9%
Dy(NO3); 6H,0 ABCR 99:9%
Ho(NO3)s; 5H,0 ABCR 99:9%

Continued on next page.
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Table 6.1: Compilation of all chemicals used throughout this work, their supplier and
the respective purity, according to the suppliers. (continued)

Chemical Source Purity
Er(NO3); 5H,0 ABCR 99:9 %
Tm(NO3); 5H,0 ABCR 99:9 %
Tb(NO3); 6H,0 ABCR 99:9 %
Lu(NO3)3 xH,0 ABCR 99:9 %

a) The compound was falsely sold as 4-formyl-3- uorophenylboronic acid. Sufequent NMR
investigations revealed it to be 3-formyl-4- uorophenylboronic acid.

6.4.2 Linker Syntheses

In the following, the synthetic steps to synthesize the linkers used in this work ar
presented. The syntheses dfi;3F-BTMB, H36F-BTMB and their precursors have
been described in this format along with the article \UoC-10: Exploring the Packirg
of Chiral Copper(ll) Paddle Wheel Based Metal-Organic Cages (MOCs)". Tus,
these descriptions will not be reiterated and may instead be found in the supporting
information of the respective article (s. subsec. 8.5.4, p. 261 and following).
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1,3,5-Tri uoro-2,4,6-tris(4-formylphenyl)-benzene

! Pd(PPh3)4/K,CO3
(©/ Rl Fﬁf
5:1 p-dioxane/H,0O
| | | 3d,100°C
o

3:53 g (236 mmol, 6:0equiv:) of 4-formylphenylboronic acid, 200 g (393mmol, 1.0equiv:)
of 1,3,5-tri uoro-2,4,6-triiodobenzene (synth. herein) and 26 g (236 mmol, 6:0equiv:)
of K,CO3; were added to 48nL of a p-dioxane/H,O mixture (5:1, v:v) under inert
conditions (s. sec. 6.1, p. 163). After the suspension was degassed withfor 2 h,
200mg (0:17mmol, 0:04equiv:) of the catalyst Pd(PPhs), were added to the mixture.
The mixture was heated to 100C and stirred for 72 h before cooling it to &C in an ice
bath. The resulting precipitate was Itered o and carefully washed with an ice cook
mixture of p-dioxane andH,O (5:1, v:v). After drying under ambient conditions, 1299
(2:92 mmol, 74 %) of the product were obtained as colorless powder.

Yield: 1:299 (292 mmol, 74 %).

Molar Mass: G7H1sF303 (44441 gmol b).

'H NMR (300 MHz, DMSO-d): [ppm] 10.09 (s, 3H, H-1), 8.08 (dJ 8.3 Hz,
6H, H-3), 7.86 (d,J 7.9Hz, 6H, H-4).

13C NMR (75 MHz, DMSO-d): [ppm] 192.8 (C-1), 154.0 (C-7), 136.1 (C-5),
133.7 (C-2), 131.2 (C-4), 129.5 (C-3), 114.2 (C-6).

19F NMR (282 MHz, DMSO-d): [ppm] 11482 (s, 3F, F-7).
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1,3,5-Tri uoro-2,4,6-tris(4-carboxyl)-benzene (H 3;3F-BTB)

O~_OH

KMnOy4 O

_ >
3:1acetone/H,0

F F
24,60 °C O
HO O F O o)

o OH

0:68g (L53mmol, 1:0equiv:) of 1,3,5-tri uor-2,4,6-tris(4-formylphenyl)-benzene (synth.
herein) were dissolved in 30 mL of &l,O/acetone mixture (3:1,v:v). After the addition
of 2199 (139mmol, 9:0equiv:) KMnO 4, the mixture was heated to 6C and stirred
for 24 h. The mixture was allowed to cool to r.t. and the resulting precipitatévinO,
was Itered o over silica. The residue was washed wittH,O and acetone. After
combining the ltrate and the washing solution, the volatile components of the mixture
were removed under reduced pressure. The resulting solution was acidi ed with dilute
HCl.q). Subsequently, the resulting precipitate was removeda Itration and dried
under ambient conditions, yielding @4 g (230mmol, 85 %) of the desired product as
colorless powder.

Yield: 0:64 g (230 mmol, 85 %).

Molar Mass: G7H15F306 (49208 gmol 1).

IH NMR (300 MHz, DMSO-&):  [ppm] 13.15 (s, 3H, COOH), 8.09 (d,J
8.4Hz, 6H, H-3), 7.74 (dJ  8.1Hz, 6H, H-4).
13C NMR (75MHz, DMSO-ds):  [ppm] 166.9 (C-1), 153.9 (C-7), 132.3 (C-5),
131.0 (C-2), 130.6 (C-4), 129.4 (C-3), 114.2 (C-6).
19F NMR (282 MHz, DMSO-d&):  [ppm] 11530 (s, 3F, F-7).

174



6 Experimental

1,3,5-tri uoro-2,4,6-tris(4-formyl-3- uorophenyl)-benzene

! Pd(PPh3)4/K,CO3
F. B. OH . F. F
5:1 p-dioxane/H,0O
f I 1J: 1 4d,100°C
o

1:98 g (127 mmol, 6:5equiv:) of 4-formyl-3- uorophenylboronic acid, 200g (X96mmol,
1:.0equiv:) of 1,3,5-tri uoro-2,4,6-triiodobenzene (synth. herein) and 3 g (118 mmaol,
6:0equiv:) of K,CO3 were added to 24nL of a p-dioxane/H,O mixture (5:1, v:v), under
inert conditions (s. sec. 6.1, p. 163). After the suspension was degassed withfor
2h, 91mg (7:8umol, 0:04equiv:) of the catalyst Pd(PPh3s), were added to the mixture.
The mixture was heated to 108C and stirred for 120 h before cooling it to 6C in
an ice bath. The resulting precipitate was lItered o and carefully washed with an
ice cooled mixture ofp-dioxane andH,O (5:1, v:v). NMR spectroscopy revealed no
formation of the desired product and a decomposition of the starting material.
Molar Mass: G7H1,FsO3 (49837 gmol %).
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1,3,5-tri uoro-2,4,6-tris(4-formyl-3,5-di uorophenyl)-benzene

F B. F £ Pd(PPhs)s/XPhos/K,COs
OH
5:1 p-dioxane/H,0O
l ' | 31 THF/H,0

O F F 7d,100°C

In the following, two similar reactions di ering in the solvent mixture and catalyst
concentration are described in parallel. :66g (300mmol, 3:0equiv:) of 4-formyl-
3,5-di uorophenylboronic acid, 051g (200mmol, 1:0equiv:) of 1,3,5-tri uoro-2,4,6-
triodobenzene (synth. herein) and B3 g (60mmol, 6:0equiv:) of K,CO3; were added
to 7mL of a p-dioxane/H,O mixture (5:1, v:v) or a THF/ H,O mixture (3:1, v:v), under
inert conditions (s. sec. 6.1, p. 163). After the suspension was degassed withfor
2h, 5725mg (0:05mmol, 0:05equiv:) of the catalyst Pd(PPhz)4 and 480mg (0:10mmol,
0:1equiv:) of XPhos were added to the mixture (118ng (0:10mmol, 0:10equiv:) of
Pd(PPh3), and 720mg (0:15mmol, 0:15equiv:) of XPhos were used for the reaction
using the THF/H,O as solvent, respectively). The mixture was heated to 16CQ and
stirred for 7d before allowing it to cool to r.t. Over the course of the heaig no
formation of coupling products was observedia TLC, which was further con rmed by
NMR spectroscopy.
Molar Mass: G7HgF9O3 (55234 gmol %).
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2,3,6,7-Tetramethylanthracene

©i CHQC|2/A|C|3 OOO
B —
4h,75°C

27.:6 g (160mmol, 1:0equiv:) of AICI3; were added to 3@mL (300mmol, 1:0equiv:) of

o-xylene under inert conditions (s. sec. 6.1). After cooling the mixture to10*C in

an ice bath with NaCl, 380mL (160mmol, 1:0equiv:) of CH,Cl, were added under
vigorous stirring. The mixture was heated to 73C for 4 h before it was allowed to cool
to r.t. Thereafter, 200mL of dilute H,SO, (10 % vol.) were slowly added to the reaction
mixture under ice bath cooling. The mixture was lItered to give a crude product, which
was recrystallized (toluene) yielding 8 g (2249mmol, 8 %) of the desired product as

an o -green solid.
Yield: 5:39 (2249 mmol, 8 %).

Molar Mass: GsHis (2343 gmol b).

1H NMR (300 MHz, CDCly):  [ppm] 8.15 (s, 2H, H-1), 7.70 (s, 4H, H-3), 2.45 (s,
12H, H-5).
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2-Bromo-4,5-dimethylphenol

\@\ BrZ
_—
CH,Cl,/Et,0 i OH
OH 2012 2

15.5h,0°C —r.t. Br

1989 (160mmol, 1:0equiv:) of 3,4-xylenol were added to a mixture of 500mL of
CH,CI, and 6Q0mL of Et,O. After cooling the mixture to 0*C in an ice bath, 82mL
(160mmol, 1:0equiv:) of Br, diluted in 160mL of CH,ClI, were added dropwise over the
course of B h. The ice bath was removed and the reaction mixture was stirred for 12 h,
before a sat. solution oNa,S,0; was added. The layers were separated and the agueous
layer was extracted 2 with 150mL of CH,Cl, before the combined organic layers were
dried over MgSQ,. Thereafter, the solvent was removed under reduced pressure to give
a crude product. Puri cation via recrystallization (cyclohexaneh-pentane) yielded
28049 (139 mmol, 87 %) of the desired product as colorless solid.

Yield: 28:0g (139 mmol, 87 %).
Molar Mass: GHoOBr (201:1 gmol 1).
8
9 3 2
4 1
57 “OH

1H NMR (300 MHz, CDCls): [ppm] 7.20 (s, 1H, H-5), 6.82 (s, 1H, H-2), 4.82
(brs, 1H, OH-7), 2.18 (s, 3H, H-9), 2.17 (s, 3H, H-8).
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4,5-Dimethyl-2-(trimethylsilyl)-phenyl tri ate
1. HMDS, 3 h, reflux

2.n-BulLi, 2 h,-78°C
3.Tf,0,26 h,-78°C —r.t.
OH OTf

Br TMS

16.0g (798 mmol, 1:0equiv:) of 2-bromo-4,5-dimethylphenol (synth. herein) were
dissolved in 100nL of abs. THF under inert conditions (s. sec. 6.1, p. 163). After
the addition of 200mg (1:31mmol, 1:1equiv:) of HMDS, the mixture was heated to
75%C and stirred for 3h. The mixture was allowed to cool back to r.t. and all
volatile compounds were removed under reduced pressure. The remaining material
was redissolved in 100L of an abs. THF before it was cooled to 78*C with a dry
ice/isopropanol bath. Over the course of 2h, 38mL (87:8mmol, 1:1equiv:) of n-BuLi
were added to the mixture. Thereafter, 2D g (957 mmol, 1:2equiv:) of Tf,O were
added slowly over a time of 2h. The mixture was stirred for 24 h before it wadiaved
to warm to r.t. 100 mL of a sat. NaHCO; solution were added to the mixture before the
layers were separated. The aqueous phase was extractedadth 20 mL of Et,O. The
combined organic layers were dried ovevigSO, before the solvent was removed under
reduced pressure to yield a crude product. Subsequently, it was puri eda column
chromatography (cyclohexaneR; 0:24), which yielded 215g (658 mmol, 72 %) of
the desired product as colorless solid.

Yield: 21:5g (658 mmol, 72 %).
Molar Mass: GoH17F303SSi (3264 gmol b).
9 4 832
5 1OTf
TL\(/)IGS !

IH NMR (300 MHz, CDCl):  [ppm] 7.23 (s, 1H, H-5), 7.09 (s, 1H, H-2) 2.28 (s,
3H, H-9), 2.26 (s, 3H, H-8), 0.34 (s, 9H, H-10).
19F NMR (282MHz, CDCly):  [ppm] 7398 (s, 3F, F-7).
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2,3,6,7,14,15-Hexamethyltriptycene

w0
_— >

Oee * acetonitrile/toluene l

oTf

TS 24 h,85°C I \

280mg (1:19mmol, 1:0equiv:) of 2,3,6,7-tetramethylantracene (synth. herein) and
200mg (1:31mmol, 1:1 equiv:) of CsFwere dissolved in 3®mL of an abs. tolueneMeCN
mixture (5:1, v:v) under inert conditions. After heating the mixture to 85*C, 390mg
(1:19mmol, 1:0equiv:) of 4,5-Dimethyl-2-(trimethylsilyl)-phenyl tri ate (synth. herein)
were added. The mixture was stirred for 24 h before it was allowed to cool ta. Solid
material in the mixture was removedvia lItration and the solvent was removed under
reduced pressure to yield a crude product. Subsequently, it was puri eda column
chromatography (cyclohexane/EtOAc, 10:1y:v), which yielded 50mg (0:15mmol, 12 %)
of the desired product as colorless single crystals.

The small quantity of product was only con rmedvia SCRXD.
Yield: 50mg (@15 mmol, 12 %).

Molar Mass: GgH.s (3385 gmol 1).
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2,3,6,7-Anthracenetetracarboxylic acid (H 4ATC)

_—

pyridine/H,0O HOOC COOH
16 h,110°C

72h,r.t.

0:80g (341mmol, 1:.0equiv) of 2,3,6,7-tetramethylantracene (synth. herein) were
dissolved in 100nL of a pyridine/H,O mixture (3:2, v:v). After heating the mixture
to 110*C, 20:0g (123mmol, 36equiv:) of KMnO, were added portion-wise over the
duration of 16 h. Subsequently, the mixture was allowed to cool to r.t. and stied
for additional 72 h. Solid material from the mixture was removedia Itration and
remaining KMnO 4,q) Was reduced by addingd,0,-solution (35 %). After removing
the precipitated MnO, via lItration, the remaining solution was acidi ed using conc.
HCl ). A yellow precipitate formed, which was Itered o and dried under vacuum
a ording a crude product. This material was puri ed by recrystallization (acetoneH,0)
yielding 0:32g (@90 mmol, 27 %) of the desired product as yellow powder.

Yield: 0:32g (090 mmol, 27 %).

Molar Mass: GisH100s (35427 gmol ).

HooC.2 2. o 2 COOH
HOOCCOOH

'H NMR (300 MHz, DMSO-d): [ppm] 13.59 (brs, 4H, COOH), 8.50 (s, 2H,
H-5), 8.07 (s, 4H, H-3).

181



6 Experimental

6.4.3 Conventional Syntheses

In the following, the syntheses of the di erent compounds, which were structurallghar-
acterized within this work, are described. The procedures to synthesizwC-9(Ca),1251
UoC-9(Sr) 251 UoC-10@3F),[?881 UoC-10(6F)[?88] and UoC-11272 are published in their
respective articles and are not contained in this section. Instead, these cgan parame-
ters may be taken from the corresponding articles or theBupplementary Information

All conventional syntheses (including both solvothermal and reactions below the
boiling point of the solvents) were carried out in 15 mL sealed screw cap glasals or
steel autoclaves Parr Instrument Company) with 23 mL Te on inlays. The vials or
inlays were loaded with the chemicals under standard atmosphere, sealed, and shaken
before placing them in the oven. Over the course of XX h the oven was heated tet
target temperature, where it was kept for YY h before allowing it to cool bek to r.t.
for ZZh. These temperature programs are abbreviated to XX/YY/ZZ throughout this
work.

\.2[C03(3F-BTB) »(DMA) 4] solv"

20.:0mg (68:7 umol, 3:4equiv:) of Co(NOs3), 6 H,O and 100mg (20:3umol, 1:0equiv:)
of H33F-BTB were added to a screw cap vial. Subsequently;,dnL of DMA were
added and the vial was sealed. After repeatedly (3 heating the mixture at 100*C for
2/48/24, small violet crystals and solids formed. The solid material was isoladeby
Itration. The composition of the material was analyzedvia PXRD.

a}[Cu(H 3F-BTB)(Py) 1;x(DMF) ] DMF

20.7mg (1211 pmol, 6:0equiv:) of CuCl, 2H,0 and 99mg (20:1 umol, 1:0equiv:) of
H33F-BTB were added to a screw cap vial. Subsequently,0dmL of DMF and 0:1 mL

of pyridine were added and the vial was sealed. Blue crystals formed in the solution
after several months A6) at r.t. The solid material was isolated by Itration and the
composition of it was analyzedria PXRD.

2[Cd(H 2NMe ,)(3F-BTB)(DMF) ,] x DMF

350mg (1135umol, 5:6equiv:) of Cd(NO3), 4H,0 and 100mg (20:3umol, 1:0equiv;)
of H33F-BTB were added to a screw cap vial. Subsequently;dmL of DMA and 0:2mL
of glacial acetic acid were added and the vial was sealed. After heating at XQOfor
2/48/24, colorless needles formed. The solid material was isolated by Itratioand
the composition of it was analyzedria PXRD. Comparison of the latter to the single
crystal data revealed additional unknown phases present in the mixture.
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.3[Sr3(3F-BTB) »(DMF)]

29.0mg (137:0umol, 7:2equiv:) of Sr(NO3), and 94mg (19:1umol, 1:0equiv:) of H33F-
BTB were added to a screw cap vial. Subsequently,@mL of DMF and 0:2mL of glacial
acetic acid were added and the vial was sealed. After heating at’8D for 2/24/12 and
again at 90*C for 2/24/12, small colorless crystals formed. The crystals were isolakte
by ltration and resubmerged in mother liquor for PXRD analysis. From the latter, it
was revealed that.3[Sr;(3F{BTB) »(DMF)] is the major product of this reaction with
the presence of an unknown minor fraction.

?[Bay(3F-BTB)(OAC)(DMA) 4+ x(HOAC) 1(x] solv

Several reactions carried out in this work resulted in the formation of cryatline
22[Bay(3F{BTB)(OAC)(DMA) 4.x(HOAC)1(x] solv. Thus, a general procedure will be
described in the following.Ba(NO3), and H33F-BTB were added to a screw cap vial.
Subsequently, mixtures of DMA and glacial acetic acid were added and the vial was
sealed. Heating at 1068C for 2/48/24 (2 ) initially yielded clear solutions or the
formation of isolated single crystals. Over the course of several weelfer the heating
procedures, larger crystals formed in all variations (i.e. di erent amounts daftarting
materials and solvents, s. Tab. 6.2) of this reaction. The solid material was lated by
Itration. The purity of the material was con rmed via PXRD.

Table 6.2: Amounts of starting materials used in the synthesis of.2[Ba,(3F-
BTB)(OAC)(DMA) 4:+x(HOAC)1{x] solv.

m(Ba(NO3),) [mg] m(H33F-BTB) [mg] Vv(DMA) [mL]  v(HOACc) [mL]

36.2 10.2 4 0.1
31.5 10.0 4 0.2
33.2 10.5 4 0.4
69.8 20.8 4 0.2
91.2 30.5 4 0.2
130.5 40.3 4 0.2

3[Ln( 3F-BTB)(DMF)]

All samples of.3[Ln(3F-BTB)(DMF)] were synthesized in the same fashion. In the
following, a general procedure will be described. The various Ln nitrates used mag b
found in Tab. 6.1, p. 170.

30mg of Ln(NO3)3 xH,0O and 100mg (20:3pumol, 1:0equiv:) of H33F-BTB were
added to a screw cap vial. Subsequently;@ImL of DMF and 0:7mL of glacial acetic
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acid were added and the vial was sealed. After heating at 80 for 2/48/24, small
colorless needle shaped crystals formed in the solution. The crystals were isaldy
Itration, washing with DMF and subsequent drying. Its purity was con rmed via
PXRD.

.2[Mn 5(3F-BTMB) 3(OH)(DMF) g((H20),] solv

11:0mg (43:8pumol, 1:3equiv:) of Mn(NO3), 4H,0 and 162mg (32:9umol, 1:0equiv:)
of H33F-BTMB were added to a screw cap vial. Subsequently;@mL of DMF were
added and the vial was sealed. After heating at 10C for 2/72/24, homogeneous rose
tinted crystals formed in the solution. The crystals were isolated by Itration, washing
with DMF and subsequent drying. Its purity was con rmedvia PXRD.

a1[Cu(H 3F-BTMB)] solv

10:0mg (41:4 umol, 1:1equiv:) of Cu(NO3z), 3H,O and 179mg (36:4 umol, 1:0equiv:)
of H33F-BTMB were added to a round bottom ask. Thereafter, 48mL of the solvent
mixture (EtOH/ HOAC(q) 50 %; 10:2,v:v) were added to the mixture before it was
heated to 90XC under re ux. After 20 h the clear solution was allowed to cool back to
r.t. and blue crystals formed after two hours and continually grew over the cose of
several days. The solid material was isolated by ltration and investigatedia PXRD.
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8 Appendix

8.1 Crystallographic Data

The following tables contain selected details of the crystal structures and tinee nement

as presented in this work. Further geometric parameters, such as the atomiogitions,
and the displacement ellipsoid tensors as well as the integrated data set used for
the re nement may be found in theCrystallographic Information Files (.cif ) in the
electronic supplement of this work. The supplement contains oneip le with all

.cif les and their respective \checkcif'318l reports in the .pdf format. The les are
named according to the sum formulas used in this work (s. Tab. 8.1).

Table 8.1: Names of the compounds described in this work with their corresponding
.cif les in the electronic supplement.

Compound File Name

\.2[C03(3F-BTB) ,(DMA) ] solv" [Co3(3F-BTB)2(solv)].cif
J[Cu(H3F-BTB)(PY) 1(x(DMF) ] DMF [Cu(H3F-BTB)(Py)(DMF)].cif
2’[Cd(H,NMe,)(3F-BTB)(DMF) ,] x DMF [Cd(NMe2)(3F-BTB)(DMF)2].cif
.3[Sr3(3F-BTB) »(DMF)] [Sr3(3F-BTB)DMF4].cif
22[Bay(3F-BTB)(OAC)(DMA) 4.x(HOAC)1(«x] solv[Ba2(3F-BTB)(OAc)(DMA)4].cif
2[SM@F-BTB)(DMF)] [Sm(3F-BTB)DMF].cif
-°[Eu(3F-BTB)(DMF)] [Eu(3F-BTB)DMF].cif
2[Mns(3F-BTMB) 3(OH)(DMF) g{x(H20)x] solv [Mn5(3F-BTMB)3(OH)(solv)].cif
«![Cu(H3F-BTMB)] solv [Cu(HBTMB)(solv)].cif

More information on crystal structures that were published along the articles, lich
are part of this work, can be found on the CSP'! via their CCDC-numbers.
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8 Appendix

SQUEEZEI166]

8.1.1 \.2[Co3(3F-BTB) ,(DMA) ] solv"
Table 8.2:Details of the crystal structure renement of \.2[Cos(3F-
BTB),(DMA) ,] solv".
Compound \.2[Co3(3F-BTB) (DMA) 4] solv"
Empirical formula C03Cs54H24F014
Formula weight [gmol *] 1187.52
Temperature [K] 100(2)
Crystal system monoclinic
Space group (number) C2~c (15)
Lattice Parameters af] 34.378(15)
b [A] 28.539(13)
c [A] 25.347(11)
[ 90
M 10349112
[ 90
Volume [A3] 24182(18)
Z 12
calc [gcm 3] 0.979
[mm 1] 0.666
F(000) 7140
Crystal size [mn?#] 0.100 0.090 0.01
Crystal color/shape pink/plate
Wavelength MoK ( 0.71073A)
2 range [ 3.752 to 34.776 (11.89A)
Index ranges Fhin ~max 28 /28
Kmin ~max 23 /23
I min ~max 21/21
Re ections total/independent 69644/7467
Completeness to 2 34.77¢ 99.2%
Data / Restraints / Parameters 7467/0/462
GooF on P 1.758
R values [ (D)/[all data] R; 0.1969/0.2861
wR, 0.4812/0.5310
Rine 0.2461
R  0.1020
Largest peak/hole [eA 3] 1.827/ 1:657

sav. 12521A° (51:8%)
Elec. in s.a.v. 1898
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8 Appendix

8.1.2 .1[Cu(H 3F-BTB)(Py) 1(x(DMF) ;] DMF

Table 8.3:Details of the crystal
BTB)(Py) 1;x(DMF) «] DMF.

structure renement of .Cu(H3F-

Compound a1[Cu(H3F-BTB)(Py) 1;x(DMF) x] DMF
Empirical formula CuCsa51H25 49F3N20O7 24
Formula weight [gmol *] 704.65
Temperature [K] 100(2)
Crystal system triclinic
Space group (number) P1(2
Lattice Parameters af] 11.7200(5)
b [A] 11.8776(5)
c [A] 15.5568(6)
W 105242 2+
i 105539 2.
X 1031827 2.
Volume [A3] 1906.45(14)
Z 2
calc [gcm 3] 1.228
[mm 1] 0.632
F(000) 721
Crystal size [mn#] 0.210 0.100 0.04
Crystal color/shape blue/prism
Wavelength MoK ( 0.71073A)
2 range [ 3.752 to 55.752 ((F60A)
Index ranges Fhin ~max 15/ 15
Kmin ~max 15/ 15
Imin ~max 20/ 20
Re ections total/independent 31565/9018
Completeness to 2 50.4& 99.5%
Data / Restraints / Parameters 9018/73/514
GooF on P 1.074
R values [ (D)/[all data] R; 0.0454/0.0523
wR, 0.1243/0.1305
Rt 0.0370
R 0.0400
Largest peak/hole [eA 3] 1.682/ 0:668
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8.1.3 .2[Cd(H 2NMe ,)(3F-BTB)(DMF) ] x DMF

Table 8.4:Details of the crystal structure

BTB)(DMF) ,] x DMF.

re nement of .?[Cd(H,NMe;)(3F-

Compound

.2[Cd(H,NMe;,)(3F-BTB)(DMF) ,] x DMF

Empirical formula
Formula weight [gmol *]
Temperature [K]
Crystal system

Space group (number)

Lattice Parameters af]
b [A]
c [Al
[
[
[
Volume [A3]
Z
calc [g cm 3]
[mm 1]
F(000)

Crystal size [mn?]
Crystal color/shape

CdCsg.gaHa2.95F3N4 2809 28
887.50

100(2)

monoclinic

P2,/ c (14)
12.2019(5)
29.6727(14)
11.7965(6)

90.0

91:022 2¢

90.0

4270.4(3)

4

1.380

0.580

1821

0.130 0.050 0.03
colorless/needle

Wavelength MoK ( 0.71073A)
2 range [ 2.161 to 60.164 ((¥09A)
Index ranges Bhin ~max 17 /16
Kmin ~max 41/ 41
I min ~max 16/ 16
Re ections total/independent 234915/12514
Completeness to 2 50.4& 99.9%
Data / Restraints / Parameters 12514/0/553
GooF on P 1.226
R values [ (DJ/[all data] R; 0.0688/0.0764

Largest peak/hole [eA 3]

wR, 0.1502/0.1536
Rine  0.0624

R 0.0221

4.336/ 1:675
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8.1.4 .3[Sr3(3F-BTB) 2(DMF)]

Table 8.5: Details of the crystal structure re nement of.3[Sr;(3F-BTB) o(DMF)].

Compound 3[Sr3(3F-BTB) 2(DMF)]

Empirical formula Sr3Ces.44H57.68F6N4.81016.81

Formula weight [g mol ]

1593.33

Temperature [K] 270(2)
Crystal system monoclinic
Space group (number) P2, (4)
Lattice Parameters af\] 10.0182(11)
b [A] 28.361(3)
c [A] 15.9323(16)
[ 90
M 102253 4+
"] 90
Volume [A3] 4423.7(8)
Z 2
calc [gcm 3] 1.197
[mm 1] 1.871
F(000) 1610
Crystal size [mn#] 0.490 0.440 0.24
Crystal color/shape colorless/plate
Wavelength MoK ( 0.71073A)
2 range [ 4.402 to 53.594 ((¥y88A)
Index ranges Fhin ~max 12/12
Kmin ~max 35/35
Imin ~max 20/ 20
Re ections total/independent 89409/18711
Completeness to 2 50.4& 99.8%
Data / Restraints / Parameters 18711/289/940
GooF on P 1.053
R values [ (D)/[all data] R; 0.0454/0.0523

wR, 0.1243/0.1305

Rinw 0.0544

R  0.0408

0.729/ 0:494

0.408(6) (as inversion twin)

Largest peak/hole [eA 3]
Flack(x)
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8.1.5 .2[Ba,(3F-BTB)(OACc)(DMA)

Table 8.6:Details of the crystal

4+ x(HOAC) 1¢x] solv

structure renement of .2[Bay(3F-

BTB)(OAC)(DMA) 4. (HOAC)1(,] Solv.

Compound

22[Bay(3F-BTB)(OAC)(DMA) 4.x(HOAC)1(x] solv

Empirical formula

Ba2C51.37H64.31N2.25014.62F3

Formula weight [gmol *] 1320.96
Temperature [K] 100(2)
Crystal system triclinic
Space group (number) P1(2
Lattice Parameters af] 13.8370(7)
b [A] 15.6364(8)
c [A] 15.9147(8)
&l 61:306 2¢
i 69920 2¢
X 70537 2¢
Volume [A3] 2777.0(3)
Z 2
calc [gcm 3] 1.580
[mm 1] 1.488
F(000) 1331
Crystal size [mn?#] 0.180 0.160 0.08
Crystal color/shape colorless/block
Wavelength MoK ( 0.71073A)
2 range [ 5.274 to 72.662 (BO0A)
Index ranges Fhin ~max 21/ 23
Kimin -max 24 | 26
I min ~max 26 / 25
Re ections total/independent 181075/25727
Completeness to 2 50.4& 99.3%
Data / Restraints / Parameters 25727/270/930
GooF on P 1.060
R values [ (DJ/[all data] R; 0.0383/0.0475
wR, 0.0913/0.0970
Rine  0.0437
R  0.0350
Largest peak/hole [eA 3] 2.303/ 2:487
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8.1.6 3[Sm(3F-BTB)(DMF)]

Table 8.7: Details of the crystal structure re nement of.3[Sm@F-BTB)(DMF)].

Compound 3[SmBF-BTB)(DMF)]
Empirical formula SMGoH19F3NO;
Formula weight [g mol ] 712.81
Temperature [K] 100(2)
Crystal system monoclinic
Space group (number) P2,~ (14)
Lattice Parameters afp] 8.0622(5)
b [A] 27.056(2)
c [A] 16.7224(13)
[ 90
M 90013 3¢
"] 90
Volume [A3] 3647.7(5)
Z 4
calc [gcm 3] 1.298
[mm 1] 1.662
F(000) 1404
Crystal size [mn?#] 0.260 0.040 0.03
Crystal color/shape colorless/needle
Wavelength MoK ( 0.71073A)
2 range [ 3.872 to 61.146 (B99A)
Index ranges Fhin ~max 11/11
Kmin ~max 38/38
I min ~max 23 /23
Re ections total/independent 266886/11179
Completeness to  25.24% 100.0%
Data / Restraints / Parameters 11179/6/384
GooF on P 1.280
R values [ (D)/[all data] R; 0.0620/0.0649
wR, 0.1374/0.1385
Rt 0.0710
R 0.0240
Largest peak/hole [eA 3] 2.569/ 1.661
SQUEEZE!66] sav. 1290A° (35:4 %)
Elec. in s.a.v. 348
BASF 0.51245 TWINeq. (4.1), p. 114)
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8.1.7 3[Eu(3F-BTB)(DMF)]

Table 8.8: Details of the crystal structure re nement of.3[Eu(3F-BTB)(DMF)].

Compound .3[Eu(3F-BTB)(DMF)]
Empirical formula EuCs3oH1gF3NO;
Formula weight [g mol ] 714.42
Temperature [K] 100(2)
Crystal system monoclinic
Space group (number) P2,~ (14)
Lattice Parameters af] 8.0669(6)
b [A] 26.9312(16)
c [A] 16.7343(13)
[ 90
[ 90
"] 90
Volume [A3] 3635.5(4)
Z 4
calc [gcm 3] 1.305
[mm 1] 1.778
F(000) 1408
Crystal size [mn?#] 0.240 0.030 0.03
Crystal color/shape colorless/needle
Wavelength MoK ( 0.71073A)
2 range [ 4.538 to 56.576 (F50A)
Index ranges Fhin ~max 10/ 10
Kmin ~max 35/35
| min ~max 20/ 22
Re ections total/independent 55209/9016
Completeness to  25.24% 99.9%
Data / Restraints / Parameters 9016/6/384
GooF on P 1.050
R values [ (D)/[all data] R; 0.0714/0.1131
wR, 0.1447/0.1643
Rine 0.1396
R 0.0940
Largest peak/hole [eA 3] 1.774/ 3:066
SQUEEZE!66] sav. 1294A° (35:6 %)
Elec. ins.a.v. 394
BASF 0.47347 TWINeq. (4.1), p. 114)
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8.1.8 2[Mn 5(3F-BTMB) 3(OH)(DMF) g;x(H20)x] solv

Table 8.9:Details of the crystal
BTMB) 3(OH)(DMF) gx(H20)i]

structure renement of .?[Mnsg(3F-

solv.

Compound 22[Mns(3F-BTMB) 3(OH)(DMF) g{x(H20)x] solv
Empirical formula Mns5C10oHgsFgN7O30.42
Formula weight [gmol *] 2341.19
Temperature [K] 100(2)
Crystal system orthorhombic
Space group (number) Pbca(61)
Lattice Parameters af] 27.997(6)
b [A] 26.387(5)
c [A] 35.852(7)
[ 90
"] 90
[ 90
Volume [A3] 26485(9)
Z 8
calc [gcm 3] 1.171
[mm 1] 0.541
F(000) 9563
Crystal size [mn?#] 0.160 0.050 0.03
Crystal color/shape pink/plate
Wavelength MoK ( 0.71073A)
2 range [ 3.294 to 50.700 (B30A)
Index ranges Fhin ~max 33/31
Kmin ~max 26 / 31
I min ~max 43/ 42
Re ections total/independent 188014/24230
Completeness to  25.35¢ 99.9%
Data / Restraints / Parameters 24230/738/1470
GooF on P 1.019
R values [ (D)/[all data] R; 0.0696/0.1339
wWR, 0.1843/0.2247
Rine 0.1131
R  0.0785
Largest peak/hole [eA 3] 1.003/ 0:554

SQUEEZEI166]

sav. 7161A° (27:0%)
Elec. in s.a.v. 1843
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8.1.9 .![Cu(H3F-BTMB)] solv

Table 8.10: Details of the crystal structure re nement of![Cu(H3F-BTMB)] solv.

Compound a![Cu(H3F-BTMB)] solv
Empirical formula CuCy7H15F307.05
Formula weight [g mol ] 572.91
Temperature [K] 100(2)
Crystal system triclinic
Space group (number) P1(2)
Lattice Parameters ap] 14.351(3)
b [A] 14.674(3)
c [A] 15.468(3)
X 84764 14
M 7324913
X 89273 14
Volume [A3] 3105.7(12)
Z 4
calc [gcm 3] 1.225
[mm 1] 1.494
F(000) 1152
Crystal size [mn#] 02001001
Crystal color/shape blue/prism
Wavelength CuK ( 1.54178&))
2 range [ 5.992 to 88.982 (1100A)
Index ranges Fhin ~max 12/12
Kmin ~max 13/13
I min ~max 13/13
Re ections total/independent 14711/4787
Completeness to  67.67% 98.0%
Data / Restraints / Parameters 4787/0/306
GooF on P 1.362
R values [ (D)/[all data] R; 0.1782/0.2765
wR, 0.4332/0.4921
Rine  0.1329
R 0.2092
Largest peak/hole [eA 3] 2.412/ 1.078
SQUEEZE!66] sav. 975A° (31:4%)

Elec. in s.a.v. 230
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8.1.10 Selected Average Bond Lengths

Table 8.11:Selected average bond lengths as found in the C8Dwith their standard
deviation ( ), the number of values (found within the number of entries)
used for their calculation, the respective minimum and maximum values
and the temperature at which the structures were measured.

No. of Values

e o oEmien M MO o
CUpagdiewh. { O pmE 2:14° 3« A 52726 2:097A 2:211A 100
CUpaddiewn. {N py 2173 A 136 60 2:104A 2:303A 100
Cu{Cupaddiewh Py 2:632« A 68 60 2:586A 2:694A 100
Cu{ CuU paddiewh./DMF 2:632¢ A 2626 2:605A 2:682A 100
SM{Ocarboxylate 2:39°6° A 55°32 2:263A 2:533A 100
Mn{O carboxylate 2:12°12 A 6524 100% 1:832A 2:644A 100
Sr{Ocarboxylate 2:60°10 A 2054438 1:.909A 3:054A 283{303
Ba{Owors 2:8312 A 870772 2:53A 3:269A 100
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8.2 Additional Equations

X-Ray Di raction

The atomic scattering factorf may be written as:

frsin ~o fo f®§ " (8.1)

wheref g is the non-dispersive part of the scattering factor, which has been parameter-
ized using a set of nine coe cients (the Cromer-Mann coe cients, s. e((8.2)) based on
relativistic Hartree-Fock calculations for the atomsH{Cf in various oxidation states!31°]
f®andi f>®%@re the real and imaginary part of the dispersive term of the scattering
factor, respectively3201 Unlike the former, these are dependent on the interactions of
the speci ¢ atom types with the wavelength and require more laborious computatis
not elaborated herein320

4

fOsin ~« Qaebs" - ¢ (8.2)

i1
The imaginary part of the scattering factor is responsible for causing the intensity
di erences in Friedel-pairs (i.e.“hkle and “hkl+*), thus allowing the calculation of a
Flack(x) parameter and the determination of absolute structures from SCXRD. In order
to account for the displacement of the atoms for the calculation of the structuriactors
F, the scattering factorf is multiplied by an atom speci ¢ factor, dependent on the
displacement factory; (s. eq. (8.3)).

2 ,sinz
fihsin ~« f e8 Y2 (8.3)

Computational Chemistry

The Hamiltonian in the Born-Oppenheimerapproximation can be separated into four
terms as

lq fe \l)ee Oen \/}nn ! (84)

where T, represents the kinetic energy of the electrons an@.; Ve, and ¥, the
potential energies arising from electron-electron, electron-nucleus, andcfeus-nucleus
interactions, respectively. In turn, these operators (using atomic) are deed as:

fe A Q i (85)
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n nl 1

Oee Q Q r_, (8.6)
ijo1j 1ty

Ven SZ—' (8.7)

and

(8.8)

The indicesi;j;1 and J represent the electrons (lowercase) and nuclei (uppercase),
respectively andZ the charge of the latter. ¥}, is constant in the Born-Oppenheimer
approximation, since the nuclei are stationary.

The wavefunction for a Cl calculation can be described as:

Scie ©See QPSfe QS Q CSie Q cpUSiie i (8.9)
ia i@ i@ Q@@
a@ aG@ a@@@
where S oe is the reference wave function describing the system (e.g. from a HF
procedure) andc denotes the coe cients of the respective termsS 2e denotes a single
substitution where the spinorbitals ; and , are exchangedS ﬁ‘bea double substitution
and so on.
The functionals of the coulombic repulsion between electrods and the coulombic

attraction to the nuclei V.,  are de ned as:

1 “re Cr® N ZI"Rye Cre
= _ V, ——dr; A
23 S 3 T8 drdr® and Ve, |le R 1S dr; (8.10)

wherer is a spatial position andR, the spatial location of the nuclei.

PXRD Pro le Function

The following de nitions and equations were taken from th@owder parameters.pdf
on the o cial website of the Jana2020 program[321 The Pseudo Voigtfunction pV~xe
is de ned as:

pV'xe L7 xe "1 G xe; (8.11)

whereL"xe and G"xe are Lorentzian and Gaussian functions, respectively, and the
parameter is de ned via the FWHM values H_ and Hg of the component functions

by:

2 3
1:3660% 0:4771% HHL- 0:11116 HHL- : (8.12)
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In the latter equation H is de ned as:
H HE 26926H2H, 24284H3IH? 4:4716HEH? 0.0784HcH;! H?: (8.13)

The component functions insidegV~xe are each de ned as:

a_

L~ xe T o2 (8.14)
and ,
G"xe aGexpCEZ%é‘ : (8.15)

The coe cients of these functions can be expressed by their respective FWHMIuas

(s. (8.16) and (8.17)). )

H .

Yy
2 2L HE
Hg 8In2
The b coe cients of these functions are, in the context of prole tting for PXRD
analysis, de ned by:

a_ b_ H, (816)

ac (8.17)

bh "X Xeco0s x*~cos Y Y.co0S yetan Al (8.18)

for the Lorentzian, where theX -term accounts for the broadening of the particle sizex(
for iso- and X ¢ for aniso-tropic, respectively) and theY -term for the strain broadening,
analogously. The last term represents the strain anisotropy. For the Gauas the
coe cient is de ned as:

P "1 2 2

by Utan? Vtan W ol o2 2 (8.19)

where the values olJ, V and W account for re ection broadening by the aperture,
the dispersion from the wavelength and the monochromat&#? _5— accounts for the
broadening caused by the particle size aridl  «2 2 accounts for anisotropic strain.
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Figure 8.1:IR spectra of.![Cu(H3F-BTB)(Py) 1{x(DMF) \] DMF as synthesized with
mother liquor adhering to the material (dark blue) and over a range of
various states of drying from 10nin (violet) to 48 h (red). The spectra are
displayed with an o set to increase visibility.

| Ban‘caIc. -

100 | [Ba,(3F-BTB)(OAC)(DMA) 4] after heating at 1000°C = |
S
>
2
2

E 50 | |
o

oL L_JWJP"‘MJ? M‘ — k"“—

5 25 45 65 85
2q[°]
Figure 8.2:PXRD pattern of .2[Ba,(3F-BTB)(OAC)(DMA) 4.x(HOAC)1;x] solv after

thermal decomposition at 1008C (dark blue; measured with CuK radi-
ation on a Rigaku Mini ex 600-C). For comparison, a line diagram (red)
calculated from the crystal structure of Bak323 is given.
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Figure 8.3:Excerpt of the crystal structure of .3[Sm(@BF-BTB)(DMF)] showing the
di erence Fourier map in a 5A around the one carbon of the central ring
in the center of the gure. Green and red colors correspond to positive
and negative electron densities, respectively. The maps are drawn with a

threshold of Q55 e~A3.

Figure 8.4:Excerpt of the crystal structure of .°[Sm(3F-BTB)(DMF)] showing ex-
panded unit cells related by their twin law eq.(4.1), p. 114, with the
interface shown as a dashed line. Coordination polyhedra are drawn around

the Sm atoms.
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100 [Eu(3F-BTB)(DMF)] calc. = |
[Eu(3F-BTB)(DMF)] as synth. =
g [Eu(3F-BTB)(DMF)] after activation at 160°C =
2
‘®
c
Q 4
£
E2
=
35

Figure 8.5:PXRD pattern of .3[Eu(3F-BTB)(DMF)] before (dark blue) and after in
vacuo activation at 160‘C (light blue) (measured with CuK radiation on
a Rigaku Mini ex 600-C). For comparison, a line diagram (red) calculated
from the crystal structure of .3[Eu(3F-BTB)(DMF)] is given.

EuOF calc. =

[Eu(3F-BTB)(DMF)] after heating to 1000°C =
— 100 |
=
2
‘0
c
L
£ 50
[
\‘Jw ‘.a-JJ W A, M
oL L ! n L | L | ul 1l Ll
5 15 25 35 45 55 65 75 85

29 [°]

Figure 8.6:PXRD pattern of .3[Eu(3F-BTB)(DMF)] after thermal decomposition at
1000*C (dark blue) (measured with CuK radiation on a Rigaku Mini ex

600-C). For comparison, a line diagram (red) calculated from the crystal
structure of EUOF324 is given.
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Figure 8.7:

Figure 8.8:

Digitally generated precession images of
2[Mns(3F{BTMB) 3(OH)(DMF) g{x(H20)4] solv of the (Okl), (hOl)
and (hk0) plane, fully showing the re ections up to ad-spacing of 085A.

[Mng(3F-BTMB) 5(OH)(DMF)g., (H,0),] calc. =
[Mng(3F-BTMB) 5(OH)(DMF)g., (H,0),] =
Fio0 | [Mng(3F-BTMB) 5(OH)(DMF)g , (H;0),] aged = |
>
‘0
@
E 0 My
T). 50 ;\W —
0 | i | | || ||a .|. w Lo b ot |.||||||. |..|
5 10 15 20
2q[°]

PXRD pattern of material obtained by the reaction ofMn(NO3), 4H,0
with H33F-BTB in DMF in the presence of acetic acid at 108C (blue;
measured with CuK radiation Rigaku Mini ex 600-C). For comparison,
a line diagram (red) calculated from the crystal structure of?[Mnsg(3F-
BTMB) 3(OH)(DMF) g;«x(H20)] solv is given.
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MnO calc. =
[Mn5(3F-BTMB) 5(OH)(DMF)g_, (H,0),] after heating =

100 | ]
S,
2
‘©
c
L
€ 50 | -
o
\\_ l ]
0 I I ! ! ! 1 T b
15 25 35 45 55 65 75 85 95
2q[]

Figure 8.9:PXRD pattern of [Mns(3F-BTMB) 3(OH)(DMF) g;x(H20)x] solv after ther-
mal decomposition at 1008C (dark blue; measured with CuK radiation
on a Rigaku Mini ex 600-C). For comparison, a line diagram (red) calcu-
lated from the crystal structure of MnQ323! js given.

12 ¢ . . . . . . . 12 ¢ . . .
CPCM(DMF CPCM(DMF

10 + vacuun(1 ) . 10 vacuun(1 ) 1
T | T I
g B g B
S er 8 e6f
> >
o 4+ 2 4
(O] Q
c c
o 2t ® 2t

0 | g % L ll....‘--l ----'--.-nn..‘-“-l. | 0 .“.-- -..‘“-.-.-

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
constrained tors. angIephem,,_benzoiC acid [°] constrained tors. ang|ephenw_carboxwiC acid []

Figure 8.10:Potential energy surface scan dfi;3F-BTB against the torsion angle of
one benzoic acid moiety (left) and one carboxylic acid (right) calculated
via DFT (B3LYP/def2-TZVP/D3) with and without the use of a solvent
model (CPCM(DMF)) respectively.
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Figure 8.11:Plot of the average torsion angles between the central and the outer rings
against the torsion angles of the carboxylate functions and the outer rings
found in unfunctionalized BTB moieties in the CCD{! (left) and 3F-
BTB found in this work (right). The points are colored in, as a visual
aid, according to the amount of close neighbors. Two pointsand b are
considered close whefa b3 2:5.

8.3 Additional Tables

Table 8.12:SelectedCShM values for the coordination polyhedra around the Mn
atoms in the crystals structure of.3[Sr;3(3F-BTB) »(DMF)], calculated by

SHAPE.[244]
Atom Srl Sr2 Sr3
CShMrpp.g 3.119 4.376 7.905
CShMjgTpr-8 4.754 4.222 8.292
CShMstprg 4.598 3.738 7.421
CShMyspg 4.841 6.073 9.836
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Table 8.13:SelectedCShM values for the coordination polyhedra around the Ba atoms in
the crystals structure of.2[Bay(3F-BTB)(OAC)(DMA) 4. x(HOAC)1(x] solv,
calculated by SHAPE.[244]

Bal Ba2
CShMrpp g 4.738 CShMyspc 10 6.583
CShMjgtpr-8 5.248 CShMjmgeic-10 6.666
CShNprR_g 4,589 CShMJBCSAPR-lO 8.311
CShMssp.g 7.167 CShMrp.10 8.427
CShMsapr-s 5.076 CShMspp.10 9.299
8.4 NMR Spectra
N |
l ‘

Figure 8.12: 300 MHZ'H spectrum of 1,3,5-tri uor-2,4,6-tris(4-formylphenyl)-benzene
in DMSO'd6
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RRY TSl

S——

Figure 8.13:75 MHz DEPTQ spectrum of 1,3,5-tri uor-2,4,6-tris(4-formylphenyl)-
benzene in DMSO-g.

Figure 8.14:282 MHz 19F spectrum of 1,3,5-tri uor-2,4,6-tris(4-formylphenyl)-benzene
in DMSO'd6

222



8 Appendix

N [ Y

LJL“ B

i —

Figure 8.15: 300 MHZ'H spectrum of Hs3F-BTB in DMSO-de.

N TSl

S

Figure 8.16: 75 MHz DEPTQ spectrum of BH3F-BTB in DMSO-ds.
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Figure 8.17: 282 MHZ°F spectrum of H3F-BTB in DMSO-de.

Figure 8.18: 300 MHZ'H spectrum of 2,3,6,7-tetramethylanthracene in CDGI
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[of _—

Figure 8.19: 300 MHZH spectrum of 2-bromo-4,5-dimethylphenol in CDGI

\ N N NN

,f |

T

Figure 8.20:300 MHz'H spectrum of 4,5-dimethyl-2-(trimethylsilyl)-phenyl tri ate in
CDCls.
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Figure 8.21:282 MHz °F spectrum of 4,5-dimethyl-2-(trimethylsilyl)-phenyl tri ate in
CDCls.

Figure 8.22: 300 MHZ'H spectrum of H,ATC in DMSO-de.
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