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Abstract

In the course of this work inorganic trithioCS?" perthic CS(S2)? and
perthiodicarbonate€,Ss? aswell as compounds having both trithiand perthiocarbonate

or other norrelated anions incorporated were prepared and structurally elucidated. It was
possible to extend the system by introduction of selenidestitfide, yielding the new
perselenodithicarbonate anion G8Se)? | The salts were crystallised with alkali metal and
barium cations from solutions or under solvothermal conditions in sealed and evacuated
glass ampoules. Substitution of the metal ions with ammonium led to crysiElsding
trithiocarbonate and dithiocarbamate anionsC[8IH;)]' as determined from Xay
diffraction data.

At the interface of aqueous Nldnd CS, the elusive (WH7)* andCSs? "ionswere stabilised

in yellow crystals which wereidentified as (NH7)2CSs.

Reactions of alkali trithiocarbonate with transition metal salts were conducted under
solvothermal conditiomfor the first time and crystalline specimen were obtained. Thus, a
series of transition metabmplexes wittNi?*, P*, P£* and Cd", as the cetal ion, could

be crystallographically described in coordinatiith bidentatdrithiocarbonato liganddn

the extension of the experimental series to lanthanoidsrdhtnent of Eu(CHCOO) with

KoCS under solvothermal conditions in ethanol allowdd grow crystals of
Ko[Euz(CH3COOQOX](CSs)s.

The solvothermal routeas also used for the treatmentBHCS with TI>SQu, but did not

yield crystals ofTI>.CSs, but ThSs.

Cuw?* was successfully incorporatedn neutral [Cu{CS3(S2)}] units forming a one
dimensional polymeric structure, which crystallised with ammonium and perthiocarbonate
ions form a solution of CuCl in aqueous N&hdCS,.

Among all structures the trithipperthiocarbonate and related -Hithiolate aniors could

be described gslanar for simplicity. The deviations from the ideplanarity and structural
changes on the bond distances and angigzarticularcomparing the free anions anthen
acting as a ligand for transition metals, is stressed throughout this Wtolecule

vibrational spectroscopy is added consecutively to characterise these compounds.






Zusammenfassung

Diese Arbeit enthalt di€raparation und strukturelle Aufklarung verbindungerdie das
Trithiocarbonat (CSs)? ", das PerthiocarbonafCSx(S;)]? " oder das Perthiodicarbonat
(C2Se)? " Anion enthalten sowie solchen, die sowohl Trithials auch Perthiocarbonat
lonen enthalten odeandereAnionen Die Salze wurden migllen Alkalimetall- und
BariumKationen aus der Ldsungindbder unter solvothermaie Bedingungenin
evakuierten Glasampulledargestellt und kristallisiertes war mdglichauch Diselenid
lonen an CS zu bindenund soin der VerbindungKs[S:C(Se)]15(CSs) AH.O das
Diselenodithiocarbonabianion zu erhalten und erstmals strukturell zgdeeiben.

Mit Ammoniak als Edukt wurden die Metall Kationen mit Ammoniiomen substituiert
und das Dithiocarbamagnion [S;C(NH2)]" in den Verbindungen (NB[S2C(NH)] und
(NH4)s(CS)2[S.C(NH>)] dargestellt und kristallographisch usplektroskopisch untersucht.
An der Grenzflache zwischen einer konzentrierten wassrigen Ammoniaklésung und CS
wuchsen Kristalle der Verbindung {N7).CSs, welche ein Diamminhydrogeliation
(N2H7)* enthalt.

Unter solvothermalen Bedingungém evakuierten Gisampullergelang mit der Bildung
von TrithiocarbonateKomplexen auch die Reaktion von4CSs mit den Ubergangsmetall
KationenM" = Ni?*, Pd*, P£* und C&*. Erstmals konnten diesmionischenKomplexe
[M(CS3)n]"" mit Kalium-Kationen stabilisiert werden. Die Aufklarung der
Kristallstrukturen ist Teil dieser Arbeit. Das Trithiocarbowation tritt in diesen
Komplexen als Chelatigand auf

Auf explorativem Weg wurde auch die VerbindungEuz(CHzCOO)](CSg)3 erhalten und
kristallograplisch aufgeklartSie kannals Mischsalz von Europium(IHacetat und Kalium
Trithiocarbonat aufgefasst werdendist die erste Lanthanoid(IHyerbindungmit CS? -
lonen.

Aus der Reaktion vorBaCS mit TI.SOQs unter solvothermalen Bedingungen wurden
Kristalle mit der Summenformel I(Ss) dargestellt Das stabile Thallium(})
Trithiocarbonat wurde so nicht in kristalliner Form erhalten.

Aus einer Losung vor@uCl in ammoniakalkalischer Losung mit G®ildeten sich neben
CuS auch Kristalleder neuartigenVerbindung (NH)2[Cu{S:C(S)}[S2C(S)], welche
neben Perthiocarbondtnionen auch neutrale eindimensionale CGQ&)]-Ketten mit
trigonakplanar koordinierten Cti-lonen enthielt.

Unter allen Kristallstrukturen konnten das TrithiocarbepBerthiocarbonat und verwandte
1,1-Dithiolat-Anionen in den Grenzen der Genauigkeits planare Molekulanionen

aufgeklart werdenwas auch durch die Auswertung von Molektlschwingungsspektren



gestiizt wurde Strukturelle Besonderheiten wie Bindungslangen und Winkel, insbesondere

beim Ubergang vom freien Anion zum Ligandererden diskutiert.
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1 Introduction

1.1 The discoveryand elemental chemistry @,

Trithiocarbonates, the derivatives of the trithiocarbonic a¢HiS»CS, belong toan
interesting compound class. Research on th@seganic compounds their organic
derivativesand their differences towards thebiquitous oxygen analogues enlivened
scientists fotwo centuresto work in this field. Without any doubtthe development of the
chemistry of thiocarbonates wdspenént on the discovery of carbon slilfide, CS, 6t he
most important carbesulfur comm u n d 6LAMPADIYS in 1796/ In the 19" century
experimentsvere carried out bBERZELIUS, whowas among the first tstudy the reaction
of CS with sulfides anchydrogensulfidesin aqueousolution?! Despite that early phase
of well-founded scientific effortBERzELIUS was able to dravan inportantconclusion
namely thaof formation ofsulfur analogues of the carbonatééoreover,his preliminary
work already coverethe relativenstability of solid productsinder ambient atmosphere as
well as the formation of a red oil upon treatmenthofstesolidswith acid(cf. equationl.1).
Later, the identity of thisred oil wasrevealed agHS):CS, whichunder ambient condition
is a redliquid, that behavelydrophobially.®'® In this view,BERZELIUS can be taken as

the explorer of (tri)thiocarbonates.

o S@ SH
S—_ C/ +H* HS—cC
N \ 1.1
S S
trithiocarbonate anion trithiocarbonic acid

Equation 1.1: Reaction to form trithiocarbonic acid by addition of protons to the

trithiocarbonate aniolf!

CS was put into reaction witdifferentother substancesvailableat that time for which

reason the class ofthiocarbonylthio or mercaptothiocarbonycompounds, i.e. 1,1-
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dithioacidsand derivingl,1-dithiolateswere found In this context it came to pasthat

ZEISE, a contemporary oBERZELIUS, discoveredO-alkyl dithioesters(HS)SC(OR) and
dithiocarbamatefS,C(NR2)]" by treatment of C8with alkoxides(RO)' orammonia (NH),
respectively,where R isa nonmetal substituerd®! He decided to name the formeew
compoundsxanthatesafter the Greekanth6s me ani ng 0 b |PoThey playedr 6y e | |
an important role in the evolution cdulfur chemistry. Moreover, ZEISE worked on
alkylthiolsaswelland t he common ter m O mecorpus marcariod, der i
captum meani ng 6 c ariginates feom hieworkd r y 6

Not last existence of the related thioxanthaf&C(SR)]' and 1,%dithiocarboxylates

S,CR' shall not be unmentioned. The latter can be obtained by reaction 0@

GRIGNARD reagerniti*'l However, this work is not going to discuss this class of compounds

further.
" Grignardreagents are typicallyorggmma gnesi um compounds. Generic formula RTMgTX, with R
They are pminentt o f orm new RT R* bonds by reaction with alkyl/aryl hal ogens

2



The formation of 1,4dithiolates

1.2 The formation of 1,idithiolates

1.2.1 Fundamental concepts

Generallyspeakingthe formation ofl,1-dithiolates from C& can beachieved by addition
of aLEwiIs-base imo one of the double bondis CS. In other words, a nucleophilic species
(Nu') is demanded to build up an attractive interaction with the carbon atdnich
simultaneouslyhas tocancel one of the C=S double bondsdjich is shown inequation
1.2.112

S ©
I -S
0.
Cf/;s e [ S¢C\N s==¢/
S/ Nu “ > \ 1'2
Nu
nucleophilic attack 1,1-dithiolate

Figuratively, for the reactivity o€S, a comparison with the lighter homolog €€an be
stressed. CSs a liquid at ambient conditions and is able to polymerise, whiclsidfar
related property to show a lower tendency to form double bondsinQ0rn is gaseous and
under ambient pressure no liquid phase is kndwnalitatively speaking, the stronguble
bonds are formed easier, as therpitals overlap is increased with the those of the central
carbon atom, due to the smaller size of oxygdareover, CQ is nonburning, nortoxic

and exotherm, while endothermal £1firns and is toxi€-3! CO, is readily soluble in water,
stemming from a mrked dipole momendue to the electronegativity difference of .24

CS has no strong dipolesN =0.06) and only reacts with water at heghtemperatures,
yielding CQ and HS Y

It is important tointroducethe fundamental principles thaan be used to explathese
reactions andhere is a demand for definition of several terms concerning the reaction of
CS with nucleophiles as presenteddquationl.2. Covered by the concept béwis acids

and basegnamed afteiG. N. LEwis %)) as well as the concept BfSAB, the probability

of a successful nucleophilic attack on the-@®lecule can bestimated These theories
describe the interactions of the reactants with similar outcome as the behaviour between
nucleophiles and electrophiles.

Basically, a reaction is classified as Lewis acid and base reaction, if a localised lone pair of

electrons (or a negative charge), tths not involved in the bonding of thieewis base
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molecule 6ftenthe HOMO), is donated to the unoccupied molecule orbital (LUMO) of a
Lewis acid’®! The energy level between of the HOMO and LUMO is defining whether the
binding will be successful, i.e. if metlower energy level of the newly formed molecular
orbital between base and acid can be realtselge filled with electronslt is important to

note that in_ewis acid and base association reactitve donated electrorisom the HOMO

are only partially transferredy establishmenof a dative polar or coordinative covalent

bond between the reagefity.Certainly, in most cases, includimgany transition metal

ligand coordinative bonds, a differentiation from a normal electron sharing bond is
reasonable, as the electrons are far from being equally distributed within the range of the
bondbetweerthe metal and the ligadtf! However, inthe case of the reaction of ©€8ith

an electron donating nucleophile, the result will be better described as the formation of a
covalent bondi.e., the electrons will be equally sharéduseful, yet ambiguous, estimate

for the probability of that reaction is given through the qualiea concept ofHSAB
characterisation. It was introduced BgaARsONin 1968and the termsoftandhard refer

to the polasability of the electron cloud of the atom or molecule discussed in proportion
to its size. For instance, the larger (smaller) arsd l@nore) positively charged, the softer
(harder) is the acid, and generally speaking soft acids favour soft bases over hatt'®nes.
Practically, both th& Ewis andHSAB concepts offeways toevaluate reaction possibilities

in a thermodynamic view. This can in many cases be transferred to nusheb

electrophilicity that are associated with a kinetic understanding of chemical reactions.

1.2.2 Basic reaction schemes forl-dithiocarbonates

Introduction of a chalcogenide ani@? 'substituting the general monoanionic nucleophile
in equation1.2 (cf. above) makeshtocarbonates (&€ ICh)? available As shown in
equationsl.3-1.5, this demandsalkalineenvironmentandthe formation can be understood

as a stepwise reactiomrithiocarbonates are unlikely to form in natural processes, because
if the pH value is not maintained high enough, gaseous COS a8datt likely to form

from the intermediates, shm in equatiorl.6.
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©
s S SH _2SH
= - .
4C\/\e ‘_/C/ )‘_ s /*C\/ 13
S on 37 “om 570 §76% :
_SH ©
,/ e H2O S S
© 9 S/C\\ @S/ NI 1.4
dithiocarbonate
© S ©
S S S
© C —~— Q-C—S‘“C:@ -~ + ¢C 15
S— \ base J/ \ ” S '
O O S S

trithiocarbonate

Equation 1.3-1.5: Three step reaction of €Svith hydroxide ions (aqueous alkaline

media)l!

©
S S acid 0
e / -~ // —_— Cé + H2S T
S—C\ s—C\ > 1.6
0 © 0°

dithiocarbonate

Equationl.6: Abort of formation of trithiocarbonate at low pH values (agueous medium).

Treating C$S with an akaline speciessuch ashydroxide ions can be used form
trithiocarbonats in three stepsFirst, as shown in equati 1.3, the nucleophilic addition
occurs to from a monoanionic intermediate, where the proton of the introduced hydroxide
ion is intramolecularly transferred to one of thelfur atoms. In equatiori.4, another
hydroxide ion remoes that proton in a condensation reaction upon formation of a
dithiocarbonate anion, which is relatively unstable and proneitteer react with an
additional CS moleculeor most likely decomposa the back reaction of equatidm and

1.3. As shown in equatiod.5, the dianionic intermediatean react with CSto form a
trithiocarbonate anion and a carbon suifide molecule. The spavise reactiormanner
indicates, why dithiocarbonates could only be scarcely obtained in the solid state, as the
alkaline media and excess of £8rces the reaction to proceed towards the formation of
trithiocarbonatesOnly in 1991, the free dithiocarbenacid (HSCO or (HS)(HO)CS,
could be isolate® 'l The preparation of the hydroxy tautomer was included in patents for

fluorosurfactants and cholestedolwering agent&’!
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If sulfides are added directly, trand perthiocarbonatesre obtained more easily as the
equilibria are shifted towards the desired products. In equatiband1.8, the introduced
nucleophilic hydroxide anions are exchanged for Isyditde HS in alkaline media or for
sulfide ions 8 respectively In this context it should be mentioned that the reaction of
weakly acidic HS with CS does not form trithiocarbonic acitf! Polysulfide ionsS ' (x

=2, 3, 4, 5) form perthiocarbonate or perthiodicarbonate ions, which is written in equation
1.9.

© ©
(s S S
= + OH ~
C C + H,0 1.7
= 2 .
s \_o |
SH S
© ©
C(;s S\C P g
/ B S— .
S S
©s
© ¢
2 c(;S 2 SN INge SN ST N
=
S, S S
1.9
Sl
S5 S S /C/ ©
oc s@ N TSN
é O3]
'S
perthiocarbonate perthiodicarbonate
Equationl.7-1.9: Reactions obulfides with CS.
" Note, that the terrtetrathiocarbonatdor (CS)2'i s avoi ded for the sake of indication of the
prevent misinterpretation of the moléewshape of a tetrahedron. Because there also exist orthothiocarbonates, exhibiting a tetrahedral
arrangement of CiS b@nds on the central carbon.

6



Common uses of CS2 and dithio derivatives

1.3 Commonuses of CS and dithio derivatives

About the end of the f9century, by the time of industrial development of chemistry, a
more complex variety of electreshonating groups, e.g., primary and secondary amines,
phosphines, thiolates, etc, became availabtementioned abovehis persuaded scientists

to react CSwith this growing number of available compound$eTproducts fronthese
reactions became variable and research on their uses and applications increased. This was
for two major reasons. On one hand, the improvement of rubber production and on the other,
the demand for pesticides to control all sorts of plagues in agriculture. In both fields
elementakulfur had been used that far, which weagcessivelyeplaced by tailoredulfur

compounds.

Vulcanisation of rubbers

In the 20s of the last century, the vulcaation of rubbers underwent reformation, as the
crosslinking ofthe polymerswith elementakulfur wassupported or even replaced by new
additives The industrial protocaf vulcansationsuffered from uneconomieactiontimes
and temperaturd$®! So calledacceleratorsnow offered theadvancedcontrol of sulfur
concentration and chain length for the curing of polyn¥étsn short, the mode of action
of the acceleratoiis the reactia of the releasedragments with the polymer chain upon
elevated temperatureBo control the kinetics and mechanisms of the multgikp reaction,
other additivesan becomaecessar{?® Derivatives of the dithiocarbaames andxanthates
wereappliedin rubber makingBoth compound classeseassigned to the group of fast to
ultra-fast accelerator$®2?4 A great enhancement in particular was the intermixihcarbon
into thematerial that was only then reaid, as under conditions without accelerators, the
sulfur crosslinking was chemically hinder&d! This emphases thegrowing versatility of
rubber compounds, as by the addition of carbon, the materials resistance and stiffness could

be tuned.

Application as pesticide

Somecompounds used in thprovedvulcansation protocolsvere alsaisel in pesticides
where particularly (dithio)carbamateswere common For instance, Thiodicarld’, a
derivative of the carbamates is usesh contact insecticidd.arvin WP75(Bayel), where

i Chemical nane: dimethyIN,N&{thiobis-[(methylamino)carbonyloxyJbis(ethanimidothioate), Sum formula;d81sN404Ss, CAS No.
5966926-0
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Thiodicarbis the main additive, is admitted outside the.HWie pesticidakbctivity, that is
triggered upon hydrolysisstems from the release of methomyhat inhibits the
acetylcholinesterase enzyié. The compoundhas been abandoned frde marketng in

May 2007as itwas declared to be in suspicion to cause diatiakg?"]

Reagents in RAFT polymerisation

Thiocarbonylthio compounds like dithiocarbamates, dithiolates, xanthates and
trithiocarbonates aralsoused infree radicalpolymerisationfFRP)reactions. More closely,
they are the agents, trdeging the free electron of the radicals in so caltedersible
addition-fragmentation chain transfefRAFT) polymerisation In this context, lhey are
referred to aRAFT-agentd?®! Syntheses and processing polymers with all sorts of
demanddor propertieshave becomagreat pillar in the realm of chemical industry. Thus,
a number of different preparation techniques are commehere free radical
polymerisatiorplays an important role, due to its variabilifyhere arehreemajor steps in
FRP: Chain initiation, propagation, termination asdmetimes a fourth step can be
considered as the chairansfer?®! Within this specif¢ field of polymer synthés, RAFT
polymerisation presents some advantages towards other synthesis prot@&yolshe
intermediate chain transfera the RAFT-agent, control of the chain growth is resalil by
means of concentrations of constituents, duratind temperatur&.he reactiorin scheme

1 describes thekey function of thethiocarbonylthiocompoundduring polymerisation

propagation.

R N

o S S S /'s\ S S .
P N ~
LM)\“Y\”NT”M/\V‘”N:PM Y U

+ +
M A A A M
1 2 3

Schemel: Proposed mechanism of controllpdlymerisationpropagation via stabilizing

thiocarbonylthio RAFTagent @rey). Polymeric growth is formulated as the polymer

molecules R and R are adding monomehd to their chain (cf. part 1 and 3). The middle

reactonst ep 2 is the so called O6dor mant speciesb

stabilised30:28]

FRP reactions are usually initiated by the formation of a radibatcan starthe chain
reaction with the monomer molecules, desired to form up a polymer struttuesoid an
accelerating uncontrolled growth and all kind of possible side reactions, that might be

undesired, several parameters can be adjusted. The concentratdratdrs is kept low,

8



Common uses of CS2 and dithio derivatives

so that only a low number of radicals with respect to the number of monomées lamse

Next, to preserve the reaction running controlled, the formation of a kinetically sealbili
radical, has to be favoured in comparison tegdole side reaction8y the chemical design

of the RAFT-agentthe volatility of free radical electron to transfer back to the polymer
chain seed,can bedecreasedAs prgposed inschemel, the C=S double bond, or
thiocarboryl bond, precisely the looser -bond is cleaved to form a new bond to the
polymer radical’ (cf. step 1) The r adi cal el ectron is now
fragment, probably occupying an orbital of the carbon atom as depicted (step 2). The
substituen®A acts as a setscrew for the stabibfythe new radicalas it can interact in terms

of its inductivé and/or mesomerit effect. Depending on the type and reactivity of
monomers and polymer radicals will be chosen to increase or decrease the probability of

the radical electron to be transferred. Highly reactive polymer radicals, for instaigte

be better controlled, withaeonr e &6 deact i vat A atghe RAFGagent, like ue nt
a phenyl groupwhere the radical electron can be distribwéthe delocaked” -electron
system(+M-effect). The term &éddor mant 6schemel detotegtlsi nt e
controlling key function of the RAFRgent which iswritten by disequilibriumarrows The
concentration of RAFJagent in the reaction is set to a rather high value, which supports
the stability of the dormant speci¢sowever, for propagation of the reactj@ncertain rate

of transfer of theradical electrorbackto the polymer chaid h esl| de e singeded. In
schemel, this process idescribedn step 3.From this moment on, the polymer radical P
becomesctive to grow by chain reaction with monomevis(cf. step 1 and 3).

In polymer synthesis often theean molecular weight, or molecular dispersity,of
important significance. A narrow polydispersity (close t@dfegoriseshe polymersation
ascontrolled sinceéhe molecular mass of the product compound is #isrostconstant. In

other words, the growth of the polymer molecules fammogeneouslyand termination of

the growth garts only after all monomersavailable have beeoonnected.This detail is
responsible for another term used to describe tyy® of polymeisat i on: ol i vi
denotes, thaf there are monomers available the chain growth prog¢efeaist, termination

iS imminent.

v At this point it is no more necessary to differentiate between a polymer seed or already advancedhehaieasanism should i
principle not be dependant of the polymer chain length. At least for a basic understanding, no differentiation is eedhdceitain
effects may not be neglected.
¥ An atom or molecule substituted for a hydrogen atom can act donating or withded@gtrgn charge in the new electron bond that is
formed upon substitution (%1 -@fféct, respectively).
"' An atom or molecule withdrawing or supplying a delocalis&tectron system and/or free electron pairs to an already conjugated electron
s y s t Blamt+Mceffect, respectively).

9



Introduction

If all parameters are well chosen, it is furthermore readily derived, that the polymer radicals
Pu and Py in schemel are close in molecular weight, i,echain lengthand the
polydispersity is close to the value of 1.

Notwithstanding, depending on the desired material properties, it is common practise to
grant a certain polydispersity width (>1). Shian for example lead to a softening, because
shorter polymer chains are intermixed with longer oAgsin, by tuning othe substituent

A and depending on the polymer desired, this can still be feasiblysedaNith RAFT

polymerisatiorf30:28.2°]

There ardar more than thelescribecareasof application for thiocarbonylthio compounds
Particularly, trithiocarbonatesre alsoviable in domainof medicine,pharmaceutigsfuel

chemistry, ordroth flotationandsyntheticchemitry.!
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1.4 Aims and topics of tis thesis

Having graspedhe basic reaction patterns atietoreticalbackground generally, the aim

was to preparéhiocarbonates in the solstate for crystallographic characterisatidinis

type of data is overall needed to grow knowledge on the chemical properties of compounds
their structural peculiarities and behaviour of elements in a broader sense.

Although inorganic thiocarbonates have been known for decades, only a couple of solid
state structures were reviewedTiopics in Sulfur Chemistry Carbon Sulfides an@heir
Inorganic and Complex Chemistly The work, written byGATTOW andBEHRENDT, covels
knowledge on C&and its 1,1dithiolate derivatives upntil 1977.Among the multitude of
reportsand publicationseferredto in said review, related tthiocarbonatesrefrequently
unavailable going way back to the 6@nd70s In 1992GATTOW reviewed progress on this
topic, when still only a few more crig structures were presentéd.

Altogether,X-ray structure modslof some basic inorganic compounkiave up tatoday

not been elucidatedaccurately In spite the technology and applicability of structure
determination techniques improved dramatically through the years, generally speaking, the
number of soligstate structures still stands low when théhio- or perthio@arbonate is a

free dianion.

For instance, to the best of the authors knowledge, the only available crystal structure of the
free perthiocarbonate anion is given by that of potassium perthiocarbonate methanol solvate
K2[CS(S2)] AMeOH B2 For trithiocarbonates free of solvent molecules, so far, only crystal
structures of thé} and b-trithiocarbonic acid®*-*4 sodium and thallium ithiocarbonate

(the latter from PXRD data) weregistered in single crystal databaSés®!

Furthermore, ie LEwis-basic property of the trithiocarbonate anion makes thiocarbonates
a ligand capable of donating electronsL®wis-acids, which can be exploited to prepare
anionic transition metal trithiocarbonato complexes. Likewtisepurdy ionic compounds,

only a faw trithiocarbonato complexes of transition and main group metals are known and
not all have been determined crystallographicaNyo purely inorganic compounds have
been described crystallographically.

Finally, mixed thioselenocarbonates are structuratighartedwhich justifies tostep ahead
towards structural investigation dhese hetero chalcogencarbonatbs.status solidi
inorganicdithiomonoselenocarbonatesS£5€ ' of only sodium, potassium and barium are

known.
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To gain access to compounds withabarbonate anions and ¢@ercome drawbacks due to
their known sensitivity towards oxidants and lowgrm instability under moist atmosphere,
inert preparation and analysis is needed.

As thiocarbonates are prone to release gaseous decomposition prodactmns of the
educts in closed system®rerealisedusingevacuated ampoules. At elevated temperatures
solvothermal conditions increase the solubility of sqglihich on cooling down start to
crystallise. In particular, this was reported succesful to grow crystals ofsodium
trithiocarbonatevhich persuaded to explore this methtodorepare thiocarbonatésrther.

The introduced starting compound £&S fortunately both solvent and reactawts it
constitutes amonpolar and relatively inert molecutewards ionic compounds, to enhance

its reactivity, it ismixed with a minor amount of alcohol.

Another @ather taditional method of preparatiofound in the literature like the
precipitation ofgroup | and Il saltfrom saturated solutianof MHS or M'(HS), with CS

in ethanol and water, respectivelyere acquiredWorked up the crude productgan be
recrystalli®@dunder solvothermal conditionagain exploiting the better solubility at higher
temperatures in a closed system. Thases another way tobtain products suitable for
structure determination routineeedless to say, -Xay structure analysis is in this regard

of major importance, a powerful and to some extent unambiguous method to identify the
structure and constituents of solids.

Additionally, IR andRAMAN spectroscopy were chosen, to investigate the compounds by
means of their molecular vibrational properties. These complementary methods, together
with the structure information give rise to theneenience of the compounds and offer to
embed the results into the context of literature. Calculations based on the determined
molecular geometries of the molecules aensity functional theor{pFT level provided
support for the experimental spectra
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2 Results and discussion

2.1 Sodium and potassiumtmithio- and
perthiacarbonats

Starting to workon thiocarbonatesa useful entrance to this field was to prepare alkali
trithiocarbonatesnamely thosewhich wereknown sincethe first half of the 20 century

Based on thework by YEoMmAN from 192151 sodium, potassium and barium
trithiocarbonate wrepreapitated as microcrystalline powder. However, to obtain products,
suitable for Xray structure determination, another approach was apglredsolvothermal
treatment of alkalsulfide with CS was first performed bYHENSELERandJANSEN, who in

this way oltained the single crystalline anhydrous sodium 3IfThe reactions under
solvothermal conditions were applied in a broader spectrum of starting materials. Among
crystallisation and investigation of different new interesting compounds, it was successful
to grow crystals of perthiocarbonates as well, whichewet described in structure models
free of solvate molecules. Substitution of the starsntfide powder with selenide yield
crystals featuring a new anion, the perselenodithiocarbonate, which could be described with
SC-XRD structure modelling.

With a gructure model, PXRD data of MNaSs, K2CS and BaCgcould be identified. This
further allowed to compare vibrational spectra of other alkali salts that could not be
identified with SCXRD, with those of the potassium and barium compound. With this

trithiocarbonates of the series of alkali metals and barium were successfully prepared.

13



Results and discussion

2.1.1 Sodium trithie and perthiocarbonatalts

Sodium trithiocarbonate Na,C3s

Originally, the crystal structure of anhydrous 8& was first reportedn the 60sby
PHILIPPOT and RIBES, but neither the original work, nor dateould be accesséd’
Mentioned abovellENSELERandJANSEN (re-)discovered the crystal structure of anhydrous
sodium salin 1993 from a solvothermal reactiospnfirming it to apply to the monoclinic
crystal system with the space gro@p/c (no. 15)13% Their structure model wasonfirmed

by analysis othe crystals of NaCSs 6 obtained in this workn using theirroute

An earlier claimed high temperature phase transformation in the compou@&Neas not
pursued as the original papers are unavailable, and more devotion was paid for the
preparation and structural investigation of the other alkali trithiocarbonates (cf. below).
Moreover, no indications of such a transformation was determinefiHNSELER and
JANSEN, who named the compourfiiNa,CSs for the low temperature phaBeél In the
review of GATTOw and BEHRENDT, a phase transformation in Ma& is not
communicated!!

The preparationf Na,CS 4, following the workby YEeowman,P! was carried out as well,
which usually yield amicrocrystalline powder othat compoundd. On ore occasion a
millimetre sizedcrystalagglomeratewhichis depicted irfigure 2.1, wasobtainedfrom the
saturated alcoholic solution upon long standifiigshall be noted that the numbering of the
compound is related to the preparation, thus for instance, the crystals used to determine the

structure of NaCS 6 chemically mean the same compoundashich in turn was powder.)

Figure 2.1: Photograph of macroscopigolycrystalline agglomerate gfolycrystals of
NaCSs, grownupon long standinfrom saturated alcoholic solution.
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Sodium and potassium trithi@nd perthiocarbonates

Crystal gructure model
The unit cell is depicted ifigure 2.2, with the origin at the inversion centre on thglide
plane,and intable2.1 a comparison of the determined cell parameterd residualsvith

those available in the databasegiven.
« / @
@ @
@ % @
@® ®

Figure2.2: Depiction of the faceentred monoclinic unit cell of N@Ss 6. On the left, the

\_a

parallel alignment of the trigonal aniémcaptured in view along theaxis. On the right,

the alternative orientation 6fh e C 1 1 S allel b dhebebxispsaobserved.

A detailed description of the structure can be found in the referred wadekgeELERand
JANSEN. However, some interesting properties must not be left out.

The anisotropy ellipsoid of the S2 atom is tilted out of the tregdrithiocarbonate anion
plane, which, as stated earli&¥,could indicate a symmetry lowering of the space group to
Cc. As in the preceding work, the structure could not be solved in this lowensymn The
sodium cation Nal is surrounded by four nearest trithiocarbonate anions, which have two
mono and two bidentate ionic interactioni the negatively charged sulfur atoms, adding
up to a coordination number o Bn 283.44(9) afdh e N
306.90(9) pm, where the mean value is 292.85Iprturn, each sulfur atom is coordinated

by four sodium cations, very broadly forming a square around the central sulfur atom.
Thereby, as described IHENSELERaNdJANSEN, adistorted antiCak, fashioned structure

is set up, which is depicted frgure 2.3.
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Table2.1: Comparison of the data of the crystal structure model e€CSa

Compound nameNo.) this work ©) HENSELER, JANSEN
1993°%!

Temperature [K] 150(2) RT

Crystal system monoclinic

Space group (No.) C2/c

a, b, c[pm] 998.5(1), 628.86(6),1003.6(1), 633.7(1),
846.42(8) 855.5(1)

b[°] 107.955(7) 108.05(1)

V [nm?] 0.50562(9) 0.5173(1)

z 4

Jcalc[ g A3ﬂ: m 2.025 1.98

Absorption coefe 1.455 1.307

[mm']

Crystal size [mr] 0.12 x 0.07 x 0.05 1

X-radiation [nm] Mo Ky

Diffractometer STOE IPDS 2T Enraf-Nonius CAD 4

2d range [°] 7.772 1 52i80

Indexranges -12h0 12, -18h0 18,
-7 kC(D? -11“k© 11,
-101@ 10 0 1O 15

Reflections collected 2594 9907

Independent reflections529 1582

[Rint, Re] [0.0666,0.0373] [ 0. 02, T ]

restraints / parameters 0/29 0/29

Goodnesof-fit on F2  1.105 ]

Ry, WR: indexes 0.0257, 0.0624 0.034, 0.033

[1 O 4@)]

R:, WR: indexes 0.0283, 0.0633

[all data]

Residual electron 0.58+0.54 0.51

density. peak/hole [e
Ai 3]

Flack parameter

Absorption correction none I
type
*An absorption correction wasbandonedafter the routinggiven in the
chapter 4could not improve the residuals for the crystal structure model.
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Sodium and potassium trithi@nd perthiocarbonates

S1
Cl1 Nal
S1
S2
S
©Na
©C

Figure2.3: Anit-Cak; structure fashioned array of sodiuoms, forming distorted cubes, of

which half are inhabited by trithiocarbonate anions.

Despite the temperature difference of the measurements, the trithiocarbonate anion
geometry is changed ontgarginally. In table2.2 the cucial values are compiled@heideal
Dsnsymmetry is brokendeterminingwonone qui val ent C1 S bonds.
the special site 4e, their position and bond coieewith the twaefold axis present in the
space group symmetry. The molecule anisrihus constrained t€2y symmetry asthe
symmetry element forces the molecule to planarity (vertical mirror pla®k)and Nal

possess regular lattice sites (8f).

Table2.2: Geometry details of thigithiocarbonate anion in the structure model ofC&.

distance / angle 150 K (this work) RT3
C1i S1 [pm] 171.3(1) 171.51(7)
C171S2 | 172.2(3) 171.8(1)
S17 C1i S1[°] 119.57(3 119.35(7)
S17TC11S  120.21(1) 120,32(4)

X-ray powder diffraction

The powderobtained on the route of precipitatiovas identifiedas a mixed phase with
major parts of N2CS 4 with a fit of the PXRD datawith the crystallographigphase
informationof the obtained N&CSs single crystab (C2/c, own datajn a simpleRIETVELD
refinement(hydrogen atom sites were left out from the procedusejne impuritywith
Na;CSs A2 H,0, could be found due to additionmitensities in thepowderdiffractogram
which is graphically summarised figure 2.4. The dihydrate phase information was fitted
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with a simplePAWLEY refinement (green line), neglecting to refine the atomic position in

the impurity phase.

I\|\I\I}Illl}llll|l[l[|[[l[|\I\I/1/|I|I|
Na,CS, (4) ) o==0 experimental data
90 % Na,CS,; PAWLEY
10 % Na,CS; H,0 = RIETVELD

—— difference curve
| Na,CS, (C12/c1)

| Na,CS; -2 H,0 (Cmce)

intensitiy / arb. u

(N0 T IO O | COVRTTTAL L TNl (R
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20/°

Figure2.4: Graphical outpudf computational refinement @xperimental PXRD data of
NaCS 4 (Yexp red curve). TheRIETVELD and PAWLEY refinement curveare coloured

black and light green, respectivelgnd the difference curvgelp T Yrefblack) iS blue. The
symbols at the bottom mark the reflection angles simulated from the single crystal
information on which basis thRIETVELD refinement was carried ouSome strong
mismatches (indicated in the blue curve) could be fitRrn&/LEY refinement as drawn in

light green

From the blue difference curve, some misfits of the black curve and the experimental data
is observed. Qualitatively, the reflection pattésnn accord wih that of a mixed phase of
majorly anhydrous N&LS. However, there are some peak ranges that clearly speak for
additional phases or crystal phase misfits not covered by the refinement.

The reflectionbetween 18 and 19° is either shifted to the right or contains further phase
information, as it is too intensive to belong to the phase of(Q\&, only. This particular
intensity could be explained with impty by the dihydrate phasewhich is wellsimulaed

with a PAWLEY fit, using earlier reported cellparametersand space groupof
Na,CS; A2 H,0. The green line representing the impurity atscribes théntensitiesat

20 and 23° much better than the black ladiehe main product N&€Ss.

Qualitatively, onemay assume that water molecules introdue@the moist atmosphere,
due to the hygroscopic nature of the compauhidey do not readily occupy the sites as
determinedn aNaCSs A2 H2O crystal growrthermodynamially balancel including water

of crystallisation.Rather, he migration of thewater molecules into the lattice of the
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Sodium and potassium trithi@nd perthiocarbonates

formerly anhydrous N& S is accompanied with a successive change ottgstal lattice

As a resul of the refinement techniquapparentlythis change includes the sgp of the
orthorhombicsystemat an early stagef hydration. This constitutes that by hydration of
NaxCS a higherorder is successively established in the lattice, which explains the
hygroscopic nature of the material structurally, since by inamgdatticeorder, the lattice
energ increaseslt shall be admitted after alhatby the different refinement methods there
are still intensities left in the experimental data tbamnot be ddressedy either one of

the calculated lines.

Moreover,neitherone of the phases of b& (Fm3m, ICSD no. 60436), N&, (P62m, ICSD

no. 73180), NgCOs (C2/m, ICSD no. 60311) or NapEOC;Hs] A2 H,O (P1, own dat, all

of which could be present from incomplete conversion, decomposition or oxidation, were

useful to explain the origin of thenmatchedntensiiesin figure 2.4.

Sodium trithiocarbonate dihydrate Na,CSs A2 H,0

As explaned in the experimental details the substitution of metallic sodium with sodium
hydroxide as grecursor results imclusion ofH2O in the crystal structuréAs shown in
figure 2.5 yellow, crystallineNa,CS A2 H,O 5 could thusbe precipitated from a saturated
alcoholic solution of NaSH with addition of @S he crystals were ground to a powder and
a PXRD curve was recorded right after the preparation. At a later point in tisuitasale

crystallitefor SGXRD analysiswas used to record data for a structure model.

Figure2.5: Photograph of yelloinely crystalline NaCS A2 H,0 5.

Like the anhydrous compoundhe crystal structure of N&Ss A2 H,O was originally
determined byPHILIPPOT and RIBES in 196917 According to the originareference,

reviewed by GATTOw and BEHRENDT, the space grougccmb usingthe formerlywritten
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nomenclaturdhad beerdetermined, whichvas confirmedhrough analysis ofnodernSC

XRD data

Crystal gructure model

The orthorhombic space gro@mca(no.64)could beusedfor the description of the unit
cell with eight formula unitsThe unit cell is depictedith two viewing anglesn Figure
2.6. As a first impression, one can explain the strucasa@ternating layersvertical to the

elongatedh-axis, that arefilled with waterandvacanciesalternatively.

Figure2.6: Depictions of the extendefacecentred unit cell of N&CS A2 H,0 5. All non-
hydrogen displacement ellipsoids are drawn at 70 % probability. The dashed yellow

connections indicate hydrogen bonds between the negatively clsalfigchtoms andhe

water molecules of crystallisation.
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Sodium and potassium trith and perthiocarbonates

In the top drawingthe trithiocarbonate anions and water molecules set up a netwark
hydrogen bondsThe S2A @ distance{S1 has no interaction with watesj 258.1(1) (O1)

and 351.42(5) pm (O2%how thatheH>O molecules of crystallisation cannot be considered
stronglyhydrogenbound!®® This supports the fact that water could be carried off from the
powder compound by dryin Some atoms occupspecial sitegn thepresenstructureThe

CSs? "possesse€,, symmetry, as a twdold axis parallel to the-axis is coinciding with

t he C171 Bath atoms id site 8dPDue to that, the anion is forced to planarity and
offers ony two nonequivalentCT S di st ances for compari son.
to exhibit double bond character by a decrease in length, cannot be discussed separately
from the site symme tsdifferonfmardginallg (72.0(2) &) ard1 S b
171.8(1) pm (S1))theposition of the double bond is not resolved from thea) structure

model. In other words, thé-electron system is distributed homogenously over the
molecule.The anion model describes hardly any difference compared to the model in the
anhydrous compound (cf. abov@articularly, the CS? "ions are likewise coordinated in

the cation networkset up by twoindividual sodium atoms Nal and Na2, describing a
distorted cubical fashioned lattice. Thadrstinct positions are specidBe), with rows of

Nal coinciding with another twtold axis parallel td and Na2 located in the mirror plane

(8f) in (011) and (*211)as shownn figure 2.6 (bottom).Interestingly, heearlier mentioned
anti-Cak fashioned structure seen in the anhydrous compourghn thus again be

recognised, which is shown frgure 2.7.
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Figure2.7: Drawing of thedistorted primitivecationic framework in the crystal structure
of NaeCS A2 H,0 5, whereCS? "anions occupy every second cuboid built by the sodium
cations This resuls in an antiCaF, fashionedstructure which is heavily distorted. Two
water molecules of crystallisation per anion im&uded which are not considered in the

comparison with the anCak; like structure

In this construction, S1 is coordinated by fourINens, with an atomic distance of
290.05(5) and 298.57(6) pm, but as grenmitive sodium ion lattice is not aligned with the

uni t cel |l di mensions, t he dnost&dtanputaohadeofi s not
the nearest Nal ionBelow 400 pm, th&2 atom has only two ionic interactions with Nal

and Naz2 in a distance of 292.72(5) and 299.76(6) pm, respectively.

Of course, compared to the anhydrous compound, additionally two water molecules are
included for each anion. The O1 atom is found in theaniplane, shifted away from the

centre of the Natrapezoidspanned by the neared¥t2 ions. The O2 water molecule is
occupying the cation cuboids vacant from anion occupatipnalternating with the
neighbourednions in the cationic networkipole-cation interaction, i.e., hydration of the

sodium ions, can be assumed and for O1 and O2,Na® ions areclose (233.2(2) and

235.2(2) as well asymmetrically237.2(1) pm) In order to comparehoth theanti-Cak

fashioned structures ithe anhydous (cf. pagel7) and the dihydrate compouradcloser

look at the atomic distances of the primitive sodium framework is.ud@d cation lattice

in the anhydrous compouncbnsists ofsmaller Nag cuboidswi t h t he | ongest
distanceto be 417.1(1) pm.Whereas thel onge st Na AiA AhN primitive st anc e
frameworkis significantly longer inthe dihydrate reachng 565.48(6)pm, which is the

distance between the planes inhabited by Nal and™Nag, inclusion oH20 in the lattice
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demandsmovement of thealternating planes of sodium catioasvay from each other
(Within the planes, the NaAAANa di s:XC&nces
~350 pm.)It may be stated thathe trithiocarbonate anion holds the seated planes
together. On one hand it coordinates towards the hydrated ptanpied with Na2, which

are heterogeneously stabilised their site by H.O and negatively charged S&ith

di pol el cati on a,mrabpedtiely Onctheiothdr bandegativeccinarge is
brought to the plane of Nal catiom®cause thegre relatively well ordered symmetrically
around S1. Thus, the Ngdlaneis guided by a 2:1 ionic interaction between Nal ions and

negatively charged S1.

X-ray powder diffraction
The experimental PXRD datavas treated with & ETVELD analysis which is graphically
shown infigure 2.8, usingthe phases of anhydrous and the dihydrate oClSa

{|||||[[111|||||||||||||||||||\/1/|||
Na,CS; - 2 H,0 (5) o==0 gxperimental data
. 35 % Na,CS, — refinement
65 % Na,CS; - 2 H,0 — difference curve

L | Na,CS, (C12/cl)
' | Na,CS, -2 H,0 (Cmce)

intensitiy / arb. u
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26/°

Figure2.8: Graphical output oRIETVELD analysisof the PXRD data of N&S A2 H,O
5 ground to a powder. Some strong mismatcti¢lserefinement (black curve) can
be observed from the peaks in the blue difference yiagi(yrer). The arrows mark

intensitiesof undefined additional phases.

Thusfar, theatomic positions in the unit cell of M@S; A2 H,O, were unknown, buwith

the crystal structurthese positions coultow be refined as welHowever, soméntensities
could not be simulated with the crystal phase information of the dihydrateBatpise of
the structural similaritieslescribed abovehe anhydrous compound infeas addedas a

second phaselhis allowed to fit at least most of the strong peaks in the powder data,
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identifying thepowder as to consishajoly of thesecompound. However,the intensity
ratio of the experimental and refined peaksot ideal, seen in the amplitudes of the
difference curve aboved2= 19° shown infigure 2.8. Someadditionalintensitiesin the
range of 2= 19 to 23° and 25 to 31° could not be described by the two main phases. The
strongesteflectionsindicated by arrowslearly give rise to a third or even more phases in
the powder mixwhich could not be identifiedt was tried to overcome these mismias

by adecrease of the space group symmetiyhe dihydrate phasdherefore,the single
crystal data of N&CS A2 H,O 5 wassolved in the primitice monoclinic group2:/c (no.
14). Thisresulted incancelation of the symmetry equivalent S2 sdaad enablea third set

of atomic x, y, z-parameterdo be refined This did not help to improve thRIETVELD
refinement Neither NaOH nor NaxCSs could be identifiedas a third phasesearching for
the respectivepeak rages of the refinementin the PDF2 databasealid not uncover
reasonable sub phases. After ek strong mismatched peaks in the powder datenot be

identified properly

Sodium perthiocarbonateNaz[CSx(S?)]

According to the review o6ATTOW and BEHRENDT,!! X-ray structureinvestigationsof
sodium perthiocarbonate was reported earlieSiger and PELLoUX°! but theoriginal
reference could not be enquired contrast to NaCSs A2 H-O not even the reviementions
singe crystal structuratlata An entry was obtained, searching for the original publication
in the PDF2 database, but it only features sevkg-values of the compoundoversno
assigimentof aspace group.

Like the crystallisation of N&Sg, the solvothemal route was successfully adopted to grow
crystalline Na[CS(S;)]. Beforehand, it was attempted to prepdue phases aodium tri

, tetra and pentaulfide as a starting materi@f. preparation of starting materials in section
0) as it was unclear which of those would be useful to obtain the desired prigiduetver,
during the course of this work the question arose, if twpr@&eties carbe connected with

a sulfide chain, forming §,CS.CS)? anion with x > 2, i.e., a longesulfur connection
than in the perthiodicarbonate anion (cf. below).

Figure 2.9 shows a photograph of the obtained crystalline prothaitwas suitabléor an

SC-XRD measurement.
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Figure2.9: Yellow intergrown crystals of N§CS(S)2] 28 covering the wall of the glass

ampoule.

Several attempts were necessary to find a suitable speéomereasurement, becathe
structure models to describe thiest datasetssuffered from disorder. Eventually, a crystal
was recovered quicklyafter finishingcool down from the solvothermal treatment. The

structure was identified as anhydrous]&&(Sz)] 28 which was free from disorder

Crystal gructure model
The structure contains four formula units per unit cell in the orthorhombic crystal system.
The space group was determined toPmma (no. 53).Figure 2.10 shows the unit cellset

up by one uniqu€S(S)>? anion and two norquivalent Nacations.

.

Figure 2.10: Unit cell of Na[CS(S)2] 28. Displacement ellipsoids are drawn at 70 %

probability.
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The atoms of the molecul@S,(S).* anions are all occupying ti#YCKOFF site 4h, which

is in the mirror planes that are coinciding with #iplane. Amotherparallel mirror plane at
the centre of the unit cel inhabited byCS(S).” ionsturned around as a consequence of
the twofold screw axes orienteid parallel i.e.,orthogonally witha, between the mirror
planes As all atoms are in the mirror plane, within the range of standard uncertainty, the
molecule is forced into strict planarjtyesulting inthe molecule symmetr{s.

The sodiumonsNal and Na2 occupy the WyaK sites 4f and 4g, respectively. Both the
sites own the symmetry element of a thabd axis, directed parallel to theeaxis for Nal
and to theb-axis for Na2. Theationsset up a primitive lattice of rhombizuboids drawn

by NaA Malconnections ifigure 2.11 (left). Theseprimitive distortedcuboids, which are
alternatively vacant and filleby neighbouringCS(S).* anions

In 1970 Nao[CS(S2)] was crystallised froman anhydrous solution containing argon.
Apparently,5 % argon(no further detailsyvas captured in the crystalline sodium salt and
even under reduced pressuvas not released before decomposiffShUnfortunately, the
original referencecould not be accesser further enquiry However, seen in form of the
vacant Na polyhedronsin figure 2.11 (left), the room offered in the crystal structure
accounts to about 0.76m°. The volume of an argon atom based onvidsi DER WAALS
radius is about 021 0.31 nm?,[“Y which should be sufficiently small to theoretically be
locatedor evenmovein the vacant Napolyhedron centres. In an ideal crystal, the vacant
site would indeed form a tunnel in parallel direction alongakeis, virtually allowing
moieties of suitable size to move through the crystal lattice.
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Figure 2.11: Parallel view along the-axis of the unit cell ofNa[CS(S;)] 28 with
depiction of the rhombic base areas of the blaboids They are either filled with the
alternatively oriented gcking of perthiocarbonate anions or left vacdleft). The
perspective side view towards tbglaneshowsthe sodium ions lined up in a nddeal

way, considering their tangency with the tfadd screw axis going parallel to theeaxis
(right).

From the combination of symmetry elements, a tiadd screw axis occurs in parallel
direction to thec-axis, which is depicted ifigure 2.11 (right). In the view along this
direction, one can observe, that the sodium atoms are just shifted a little from the ideal
location denyingadditional twefold screw site symmetry. The rhombic polyhedron is
therefore slightly distorted. Written in numiserthere are different distances of the
NalAMal polyhedron edge, namely 407.0(1) and 340.7(1) pm, naturally adding up to the
lattice parametea a 747.7(1) pm.

The perthiocarbonate anion in the structure a@$[NSy(Sy)] 28 offers four distinctsulfur

atoms, i.e., the covalent bonds in the molecule are free from symmetry dependence between
each other. As expected, the SIS bond acco
atomic core distances found for psiyfide anions & 'with x=2, 3, 4, eté¢®¥ The CT S
bondingisshdarer wi th about 168.3 (C11S82), 171. 3
does not markedly differ from those found in the trithiocarbonate anion. As the bonds are
symmetrically non-equivalent, in this structure theelocalised” -double bond can be
determinedwt h i ncreased wei g h tcisside) whibheis dEcteasBd®2 c o
comparedtoth«€€ 1 1 S3 aildl Stlhsebrboenlattershould havehe smallesbond

character at allas it is the bridgingulfur atom
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2.1.2 Potassiumrithio- and perthiocarbonatalts

Potassium trithiocarbonate Ko:CSs

Routes given irtheliterature to precipitate ¥CS from alcoholic saturated solution upon
addition of CS were carried out. Thanhydrousalkali trithiocarbonate was obtained @s
intensely coloured pinlpowder9, shown in the photograph ifigure 2.12 (right) and
investigated with PXRD, IR anBAMAN spectroscopy.

Based on the strategy of growing single crystal specimen under solvottwmakions by
reaction of alkalsulfide and Cg specimens for Xay structure determination (photograph
in figure 2.13) were obtained and the collected alatas used to (ridetermine the crystal
structure of kCS. Beforehand, lie neededK>S wasprepared andjualified with a slight
impurity of K2Sp, which is graphically shown ifigure 4.10in the experimental subection
4.2.13

The obtaine&K>CS powder9 was also used as a starting material in solvothermal reactions
with transition metal salts (cGection2.6). On many occasionsthis procedure included
recrystallisationof K.CSs under theseconditionsand resulted ingrowth of Ko:CS 13
crystals depicted irfigure 2.14, that were measured with SXRD to enforcethe structure

model obtained in the first place.

Figure2.12: Photographs of ¥CS powder9 after removal of the mother liquor andset

of drying step(left), andafter drying(right).
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Figure2.13: Photographs of the pink anhydrousd&; crystal12. Crystal as obtained on
the glass walkurrounded byyellow microcrystallineside produt (left). Photos of the
irregularly shaped crystallite of:.KS; used for the S&XRD experimentThe phote were
taken after the meaeement and show the cleenystalto weather and colour to change
from pink to orange,ldnoughkeptunder inert oil From middle to right,ie progression of
chemical weathering displayedafter one and three hours, respectively. (The polarisation

filter in extinguishes background light.)

Figure2.14: Opulentrecrystallisatiorof K.CS 13onthe ampoule wall after a solvothermal
treatment.The quality of the crystals was superior to those from reacteading to

improved structure residuals.

The crystal structure of anhydrosCSs cannotbe found in the ICSD, and earlier reported
crystallagraphic details gavay back to the same untraceable referenc@otipPoT and
RIBES that originally reported the structure of the sodium salt. Howeag&en form the
mentioned review, one distinct space group has not been determined within the
orthorhombic latticé!! Research through the PEFFdatabasenfoldedan entry (PDF no.
00-025-0687) of the authors, where anhydrousCis is assgned with the space group
Amam(No. 63). A new set of collected-Kay structure data gave a different space group in
this work. Nevertheless, agrtually the samdattice parameters are given in the PRF
entry and the review, mustbe assumed that tteithorsmayhave struggled with disorder

in their specimensThis can be understood, admitting that in the 1960s the operative

requirements for crystalg.g., sizeused for structure determination were much higher
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Crystal gructure model

In contrast tahe lighter sodium compound (cf. above), the structui.GiS: 12 wassolved

with the space grougma; (No. 36) withZ = 12 formula unitsTable2.3 contains the unit

cell parameters of the obtained crystals in comparison with the reported values from
PHILIPPOT andRIBES.

The structure consists of three requivalent trithiocarbonate amis and four different
potassium cation sites. figure 2.15, the extended unit cell is drawn in view along the

anda-axis on the left and right, respectiye

Table2.3: Comparison of unit cell parametersiCS; reportedn 1969 and obtained from

the preparations in this work.

K2CS Cell parameters

(o) Tk Crystal Space grou v 2
(details) ' a/pm b/pm c/pm Ubo/°

th'sl"z"ork 150(2) ortho. Cme; (36) 999.7(2)1565.0(3 1208.9(2) 90 1.8916(7 12
th'sl"3"°rk 150(2) ortho Cme (36) 999.4(1)1564.9(11209.50(9 90 1.8917(3 12
PHILIPPOT,

RIBES nA ortho. Amam(63) 1217.9 1573.9 1005.7 90 1.928 12
1969°%71

The anions of C1 and C2 are bisect by the
bonds, respectively. The anion of C3 in turrorgenteddifferently. Its trigonal plane, i.e.,

all atoms of C&", liesin that mirror plane, whicleoincideswith thea-planeata = 0 and

%. All atoms that coincide with the mirror plane are occupyingWheckOFF site 4a. The
trigonal planes of th€S® anions of C1 and C2 are not parallel to Haplane of the unit

cell, instead, they are tilted out of about 18 and 25°, respectively. This altogether makes the
crystal structure oK>.CS much more complex compared to its lightediumhomologue
becausedhere just oneCS? anion per formula unit oAisymmetrywas determinedn the
structure

Interestingly, none of the atoms in the structure 8% exhibit a twoefold screw symmetry

at their position. By the mirror and tlegglide symmetry in th@- andb-plane, respectively,

the twofold screw axiss translated to multiple centres in the unit cell being parallel or

even coincide with the crystallographseaxis Thosescrew axedying in thea-plane are
shown as dashed lisén figure 2.15 on the right. The atomsZCand S33are in the mirror

plane and only close to tangency wikiat axis of symmetry
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Comparedwith the reported values forttei S bond | ength in the t
the situation here is inconspicuol$ie possibl@scillation of the negative charges between
thesulfurat oms agrees with a Ci1' S bond | ength sh
a double bond on all tee covalent bindings. The planarity of the triangular arrangement of

the sulfuratoms around the carbabomsin the centre i®nly marginally different fronihe

ideal angle of 120° between the bon@sving some numbers, the three requivalent

CS? ions show Xr ay C1 S bond Il engths of 171.7(2)
172.6(3) (C2) as well as 171.6(3), 171.5(4) and 172.8(3) (C3).

The potassium ions are distributed around the anions with respect to the symmetry of the
point group. The ions K2 andXpossess mirror symmetry in 4a site, where K1 and K4
occupy the general position 8a. The po®ily chargedpotassium ioa connect with the
trithiocarbonate anions in an ionic bonding netwdtlowever, no distorted lattice motifs

as in NaCS could be oberved.More precisely K1, K2 and K3 are surrounded by a sphere

of eight, K4 by seven nearestlfur atoms that carry the negative charge of the anions,
where the mean Ki S distance is 332.11 (K1
(K4). The shortestah | ongest coordination distances
364.96(9) pm for K11 S32, r es p e cstlfuratemsyare For
also the nearest of all atom types, but the situation for K1 is different. There, the closest
atom is C3(2.986(1) pm) and C1 (340.2(3) pm) lies closer than three fadéur atoms.

The ions K2, K3 and K4 each dislocgte€350 pm distangefrom the nearest carbon atom.
However, short KAAAC distances should not
atom is oxidised to +1V. Furthermore, the carbon orbitals should be screened by the adjacent
sulfur atom orbitals, not rising assumption for actual interaction between potassium and
carbon.

Adding up the number of KI1 S c sultsrinceightfartKiL,on w
K2, K3 and K4, but only, if for K4 the range is extended to 404.3(1) pm, for a very long
K41 S33 coordination.
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Figure2.15: ExtendedC-centred unit cell of KCSs in ¢- anda-axis viewing direction on
the left and right, respectivelyhe dashed lines on the right mark thefiatol screw axes

coinciding with the mirror and-plane

As expected, the ionic network is designed withsC%erforming both chelate and
monodentate hading of the cations. This is naturally possible, due to the delocalisation of
negative charges to donati the " -system of the anion. In view of the HSAB concept, as
sulfide and potassium ions are of similar size and indeed possess the same electronic
configuration, namely that of argon, they offer a relatively vigling softnessin their
electron cloud galitatively improving their interaction, which contributes to the ionic

network.

X-ray powder diffraction

As mentioned, knowledge of theystallographic phase allowed to refine the PXRD data
and identify the prepared pink salt with free from phase shit3. The PXRD data of the
obtained KCS 9 powder is displayed ifigure 2.16, where the graphical result of a simple
RIETVELD refinement is given. It is shown that the PXRD data fit the single crystal phase
of K.CSs. The experimental data, refinement curve and difference curve are complemented
with green line marks of theimulated PXRD from single crystal results. The refinement
residuals are given in the appendix secbah Stepwise, the experimental PXRD data was

fit by refinement of the amorphous background, the cell parameters, the thermal
displacement and the actual atom positions determined B}Q. Results on the Raman

and IR spectroscopic investigation 0i®&S powder9 is shifted to subsectio?.4.
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Figure2.16: SimpleRIETVELD diagram showing very good agreement (flat blue difference
curve) between the experimental diffraction data oC% powder 9 (red) and the
calculatedcurve (black)as a refinement of the experimental data with the single crystal
information of KCSs 12,

Potassium trithiocarbonate hydrate K :.CSz AH.0

In addition to the newly discovered structurekolCSs, the crystal structure of potassium
trithiocarbonate monohydrat,CS; AH,O 10was (re)determined from the SERD data,
too. A photo of the crystaties suitable for the measureménfound infigure 2.17. They
were obtained from a batch E6CS which had been used for different purposes and thus
exposed to moisture form atmosphere frequently. On the bdrmad,it is possble, that the
powder has not been dried to the full extent in the first place after precipitation.

Crystal data ofK,CSs AH,O 10 is available in the ICSnd was confirmed in this work.
PHILIPPOT and LINDQVIST described tis structure as the firseverto exhibit the free
trithiocarbonate anioim an alkali salt*?l Comparison of the newly collected data with that
formerly publishedtable 2.4) shows marginathange of the lattice parametersote that
the new structure has transformed the paramatlar ¢ and vice versaThesecan be

expainedto resultfrom the temperature difference of 143dkiring the measurements.
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Table2.4: Unit cell parameters of S AH,O 10 determined in this worknd as reported
by PHILIPPOT andLINDQVIST in 1970.

PHILIPPOT, LINDQVIST,

K2CSs; AH,0 this work (L0) 197G
T/K 150(2) 293
Crystal siz¢ mm? 0.16A0.15A0.12 0.48A0.16A0.16
Habit pink-orange spheres orange needles
Crystal system monoclinic primitive
Space group (No.) P2i/n (no. 14)
a, b, ¢/ pm 637.72(35(71:;,%?;3)9.7(3), 675.95)1,;(720)6.6(4),
b/° 95.09(1) 95.42(4)
V/nm? 0.7229(2) 0.73700
z 4
No. of(:;f;ections (R iQ(igso& 6%6667)
Ry[all data]= 0.0372) :
Device STOE IPDS 2T We;i‘;:g:'r'gsgﬁ:ique
Radiation Mo ky Cu ky

Figure2.17: Photo of the crystallitesf K.CS; AH,O 10 used for structure determination

Crystal gructure model

In themonoclinic lattice, one trithiocarbonate anion, two potassium cationsrangyaen
atom were obtained after analysis of thaay structure data. All atoms occupy regular
lattice sitesde. Figure2.18 and2.19 depict the unit cell in view along thee and b-axis,
respectively.In the earlier publication the trithiocarbonate anion present in this structure
was determined with Ci1'S bond | engths of 170.
within the range standard uncertainties. The same is found in this reinvestigation with the

values given in the caption éfjure 2.18.
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b

Figure 2.18: Unit cell of K.CS AH,0 10 in the direction of theerystallographica-axis.
Consi der i digandegthe indicdtedd Aydrogen bonds (dasheal) be classified
weak TheC1 S di s tha®S3€ 'anonacefl72.3(1) (S1), 171.1(2) (S2) and 172.2(2)

(S3)pm. All non-hydrogen atomic displacement ellipsoids are drawn at 70 % probability.

It can be confirmed thathere are no hydrogen bonds between the water molecoles
crystallisation. Moreover, they are arranged alternatively between the trithiocarbonate
anions, most probably connectetht h e dr a ®rhydi©Odem FoAdsThe hydrogen

atoms were addefixed to theresidual electron density at tlbgygen atom and afterwards

they were refinedfreely, resultng in the distances and orientations as given. Their
occupancy was fixed at 1. It is reasonable to deawple OT HB\Wydrogen bondso
emphasse thehydrophilic nature of alkali thiocarbonatd$¢owever, as Xay structure data

is in principle not suitaldto exacty locakhy dr ogen i n solid struct
(not drawn)can be stressed with more weighing. They are aboutt83840 pm and,
agreeing wWithSTEINER, who suggeste@d geometrical ranking routine, can be assumed to
include a weakydrogen bonding onlyamongst others considegt he acceptor A
distance®®! As it was possible to dispose thetemof crystallisation from KCSs AH2O to

obtain KCSs (cf. above)the weak hydrogen bonding is explained.

The potassium ions arrange roughlgidea diagonal plane perpendicular to thelane as

seen infigure 2.19 . K1 and K2 are six and seveffold coordinated bysulfur donors,
forming an ionic network. Additionally, th
rise to the assumption of dipole interaction. These findings do not differ from those found

in the refeence.
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S1

Cl S2

Figure2.19: View along theb-axis of the unit cell of KCS; AH,O 10. All non-hydrogen

atomic displacement ellipsoids are drawn at 70 % probability.

X-ray powder diffraction

Indeed, the crystals were obtained frampowder of KkCSs that hasnot been stored under

inert conditions anevasprepared Bnostone whole year before. The PXRD data, collected
shortly after the preparation, was analysed with respect to the probability, that the powder
might not have beecompletelydried. Thus, as shown iigure 2.20the diffractogran was

successively fit with a phase mix of anhydrous and monohydra@&K

"I'"'W"W""I""I"”l"”/'/l'|'|'|
K,CS; H,0 (11) i T T ITTTITTTTTTTTITT] om0 experimental data
79 % K,CS, ' ] —refinement

21 % K,CS;- H,0 — difference curve
| K,CS; H,O (P12,/n1)

| K,CS, (Cme2)

intensitiy / arb. u
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Figure 2.20: Experimental data anRIETVELD refinement of KCS; AH,O powder11.
Somesmallintensitiesdo not fit well, as clearly described by the inconstancyhef blue
difference lineg(see inset). Howevethe overall refinement based on the twain phases

as given in the top left cornshows decent match of the data.
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Potassiumperthiocarbonate Ky[CSx(S)]

Indeed, the crystal structucg anhydrous K[CS(Sp)] 29 is the firstto describe a solvent
freeperthiocarbonatdt was obtainedrom a solvothermal reaction of G&ith commercial
sulfurated potashGe r ma n ASchwefell eber o, whi ch com
consisting mainly of KS (< 50 %).Repeatedly, single crystals obCS(Sz)] were grown

inside glass ampoules during the cdolwvn after the treatment at elevated temperatures.
Figure2.21 shows a microscope photograph of the grown crystallitesvikat usable for

single crystal data collection.

Figure 2.21: Crystals of K[CS(S:)] 29 grown on the ampoule wall. The yellow
background stems from the excess liquid reactants.

No entries for K[CSy(S,)] or its solvated derivatives are containedhe PDF2 database
and fom the review ofGATTOW and BEHRENDT, it is taken, that the compound has been
prepared free of solvate molecules and investigated withyXxmethods beforaccording
anoriginal reference published in 197Again no moredetailscoud be extracted asaid
referencecould not be accessednd the review does not give any crystallographic

details!43]

Crystal gructure model

Potassium perthiocarbonale[CS(Sz)] 29 crystallised in the monoclinic crystal system.
Four formula units are distributed in the unitlo@beyingthe space group2:/n (no. 14).

All atoms occupy the regular site (4e) inheriting none of the symmetry elements found in
the space group. Five n@guivalent potassium cations and three -eguoivalent
perthiocarbonate anions are determined. Neutrality in charge is maintasmedg of the

CS(S2)? 'molecules was solved with a disorder of inversionfignre 2.22 the unit cell in
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view along the specidh-axis is depicted, which gives a comprehensive overview of the

atomic arrangement.

Figure2.22: Depiction of the extended unit cell of}CS(S,)] 29in view along thé-axis.
All atom ellipsoids are drawn with 70 % probability. The disord€@&s(S;)? 'anionin the
point of inversion centring- andc-planeis shown with grey atoms, indicatitige partial

occupation.

The twofold screw axes rum parallel with theb-axis and is located in the centres of the

four areas separated by the dashed linefigare 2.22. The lines also mark points of
inversion at the centre of the cell edge, the cell corners and the centre of the unit cell.

The different perthiocarbonate anions labelled in the picture add up to twenty negative
charges per unit cell: eight of those are contributed by four C1 anions; eight more negative
charges are added by the C2 anions, and as the distorted C3 anion is locatictioe dall

edge and plane centre, it adds four negative charges. All potassium cations are located inside
the cell and are counted plus one positive charge each, giving a total of twenty to achieve
neutrality in the unit cell.

The distorted perthiocarboteanion (C3 anion) is depicted for close examinatiofinginre

2.23. It is disordered by the point of inversion occurring in gh@ndc-plane centres.
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Figure2.23: Disorder of the perthiocarbonate aniorKigf CS(S;)] 29. The numbers give
the atomic distances in pm. All atomic displacement ellipsoids are drawn at 70 %

probability.

The atoms C3, S31 dnS33 are refined with a site occupation of %2. By the centre of
inversion two orientations of the perthiocarbonate anion are possible, which are drawn with
red (a) and blue (b) borders in the figure, respectively. Note, that S32 is coloured with the
defaut border colour black, because it accounts to an occupancy of 1 and describes two
different sulfur atoms. Crystallographically, the site named S32 unifies these chemically
different atoms either bound to the C3 atom or to S33. This means, that drawaigdhe

in either one of the disordered orientations, the atom named S32 applies twice, namely as a
thiocarbonylsulfur and the terminasulfur of disulfide. Indication that the position of S32

may be better described split into two very close but-egquivdent sulfur atoms (e.g.,
S32(a) and S32(b)) of only ¥ occupancy is seen in the larger displacement ellipsoid
compared to the otheulfuratoms. This is supported in consideration of the core distances
to the covalent bonding partners C3 and S33, whiclowser (164.5(7) pm) and higher
(215.9(2) pm) compared to the ndisordered perthiocarbonate anions in the structure,
respectively. Another way to decrease the size of the ellipsoid of S32 would be to assign it
only %2 occupancy as well, resulting in a dered trithiocarbonate anion instead. From a
chemical view, the assumption of both @ind perthiocarbonate anions to crystallise with
potassium can neither be negated nor approved, because the precursor used in the reaction
was mixed phase potassitgulfide, consisting of KS mostly. The morgulfide was proven

to give K:CS upon treatment with Gunder solvothermal conditions (cf. above), thus a
parallel formation of C& "andCS(S2)? "'can be assumed in first approximation. However,

the data refinement residuals (cf. appenthikle 5.3) increase dramatically when S32
becomes only half occupied and the displacement ellipsoids of S32 and C3 collapse to be
non positive defintesimply meaning the thickness of the ellipsoids becoming negative,
which is nonphysical. This justified to conclude the structure model with a 50 % inversion
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disorder on the C3 perthiocarbonate anion and withsthiir atom site S32 tbbe doubly
present in each of the orientations.

All anions naturally stand in ionic interaction with the potassium cations. Recalling equation
1.9 on pageb, the two negative charges on the perthiocarbonatenahiould residenajorly

at the terminalsulfur atom of the dulfide group and delocalised between thd-
dithiocarbonylsulfur atoms. Mone and bidentate coordinatiosf the cationds observed

(cf. figure 2.24a and bas wél asfigure 2.25). As the electric charges are unlikely to reside

at the bridging peulfide atom, the ionic interaction with cations, thus is considersker

®K
® S S
K~ ® e e’ 5o #
LN N

®K‘—/S\@ -“\C S

| K @;|

S S

a b c

Figure2.24: Coordination schemes of the perthiocarbonate anion on potassium cations.

Not exceeding 400 pm, the ions anerange witha number of seven (K2gight (K1, K4)

or nine (K3, K5)sulfur donors.Participdion in ionic interaction of the bridging paulfide
atoms S13, S23 and S33 describedh figure 2.24c was neglected for simplicity. (Still it
is drawn as an orange contacfigure 2.25.) Depending on the orientation of the disordered
CS(S2)? Tion, thepotassium ionsre coordinated with i to seven(K1, K4, K5), seven
(K2) or seven to eighfK3) sulfur atoms Thus the limits are given with the disordered
sulfur atoms either counted one, or zero.

for instance as shown ifigure 2.25, K1 is coordinated by three chelate donors and one
monodentate perthiocarbonate anion (ifgure 2.24b and a, respectively), where one
chelate is the disorder&5,(S;)? Tion. For both orientations two attractive ionic interaction
contacts can be observed, one being undisputed as it is the S3aradoshould carry a

negativecharge for ionic interaction either way
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Figure2.25: Coordination situation on the K1 site in the crystal structure f€&(S;)]
29. The das h e mdickté i&ic mteractioa.c t s

The second connection of K1 with that diso
with 342.7(1) or 376.0(2) pm distance, respectively. The second negative charge of the
anion, delocalisedliathe " -electron system is odkiting between S31 and S32, confirming

S31 able to interact with theouLowms field of K1. S33, in turn is the bridginsulfide, i.e.,

the pesulfide, where the electronic charge density is unlikely to reside, minoring the
strength of ionic bonding interdon with K1. Thus, two of six ionic interactions of K1 with
nearsulfur donors, namely those of the disordered anion should at least be considered less
exactly or less accurately described. Similar coordination considerations can be guessed for
K3, K4 and K5. Only K2 happens to have no interaction with the disordered

perthiocarbonate anion.

The nondisordered perthiocarbonate anions are generally of the same geometry as seen in
the crystal structure dfla]CS(S:)] 28 (cf. above). However, in the sodiucompound the
anions are lying in a mirror plane, which is not the case in the structureG&R9. This

allows to inspect the nature of their geomaincoupled from symmetry elemerisesent

in the crystal lattice.
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Potassium trithiocarbonate chloride hydrate Kz(CSs)sCl AH20

The crystal structure df7(CSs)sCl AH20 14, anew compoundjs part of this worklt was
obtained as @&rystallineside productwith one molecule of water, possibly coming from
wet ethanol,from the solvothermal reactiomf Ko:CS 9 with CoChk as described in the

idealisedequation2.1. The obtained cobalt complex will be discussed in subse2t®i

K,CS;
COC12 > K7(CS3)3C1 + Ks[CO(CS3)3]CS3
ethanol, 100 °C, 6d
sealed ampoule

21

As the products of the reaction werevestigated with S&XRD, and the collected data
solved, the compound was identified unknown to the literature.

Intermixing of chloride anions in anionic thiarbon compounds has not often been
reported.In 1974 STEPHENSONet al. described newhiocarbony complexes of ruthenium
([PhsP].RUuCk(CS)], where x/y = 4/2 or 5/1, Ph = phenyl} can be learned thah these
compounds, ruthenium chlorideoieties are incorporated, which are coordinated with
additional CS ligands. A rhodiur®-ethyl xanthate compbe ([Me2PPh]RhC}(S;COR))
with additional chloride ions r&been reported bZOLE-HAMILTON and STEPHENSONIN

the same year. Crystal structure mod#lshesedo not exist to daté?

Crystal structure model

The thiocarbonate chloride hydrate double saitstallised in aprimitive orthorhombic
lattice with two formula units per unit cell. The structure is set up witleesgaoupPmmn
(No. 59(b)) with the cell origin at a centre of inversiof) @nd the structure model bares a
50% diorder of one ofthe trithiocarbonate aniencentred with Clln figure 2.26 the
disorderis displayedn the unit celldrawn in grey.The water molecule of crystallisation,
i.e., the oxygen atom suffers from a disorder of 50 %, too. Calcul&tiodisplay of the
hydrogen atoms was thus abandagrestheir localisation is anyway not precibg means

of X-ray structure analysis.

42



Sodium and potassium trithi@nd perthiocarbonates

o\
S1l 'm S22
(1 %ﬂ Cl
% o s21| QC2
6/ & ® s - S22
o 2
V
S21
0 % C2 o
(‘S
. \ S22 82('
S
- b} ;
©o

C

Figure 2.26. Unit cell display of K(CS)sCl AH,O 14 in tilted view along thec-axis.

Displacement ellipsoids are drawn at 7pf6bability.

Actually, O1 lies close to the disderedS 1 3 ngn a

distance, resulting in S(SO) anioni.e., al,1-dithioperthiooxocarbonatéhat was never

at om, suggesti
reportedsofar). This option was abandoned, as under theiadpleaction conditions, the
formation ofsulfur monoxideis very doubtful In consideration of oxygen impending the
reaction, more reasonable products would have be®sf S CS, and CQ.P! Thus, the O1
atom should stem from a water molecule, occupying the far position from theleied
trithiocarbonate anion, providing enough distance @&f1l5 pm, which cannot be mistaken
for a conalent bondThe situation igraphicallydescribed idigure 2.27, where the disrder

is demonstrated in a closer display. other words, e red S1@) O1 bond can be
considered unstable, thus it is assumed, thatiberder is fashioned in either one of the
orientations using the far’SA distance, drawn as a dashed conneciitwe. origin of water

of crystallisationremained unclear, but as seen above&; % is hygroscopicand a subtle
amount of water could have é&e introduced by a parti@mount of KCS; AH20 in the
powder. Furthermoregs a solventabsolute ethanol was used as purchased and could have

incorporated water from the atmosphere over time.
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Figure2.27: Demonstration of thdisordered trithiocarbonate aniamthe structurenodel
of 14 centred by the twdold rotation axis (black arrowAll atoms aredisplayed witha
chemical occupancy of 50 %he distance of S¥8A1Aust not be mistaken as a bond (red
dashed). The green dashed lisef reasonable distance to conclude a water mitdeaf

crystallisation. The numbers give atomic distances in pm.

The diorderedatomsC1, S11, S12, S13 and @tcupy the lattice position 4e, which is a
site in the mirror plangerpendicular tadhe a-axis, i.e., the triangular plane of ti&l
trithiocarlonate anion lies in the mirror planéhus obtainingCs point symmetry The
disorder can be described tem from the twefold axislocated vey close to the C1 atom,
which is nevertheless shifted from the ideal #ietd axis position.The intersection othe
two perpendicular mirror planes present in the space ghvamn defines that twdold

axis.

Alternating,the asymmetriareabelowand abovehe di®rderedanionand water molecule
of crystallisationthe atoms K1 and CI1 occupy the lattice site 2b, whidiibits the highest
symmetry(mn®), as it contain®ll symmetry operations of the space grobDpe to their
ionisation, thg indeed meet the same electron configuration of arg¥ith the K2 cation,
residing in the regular site 841 and Cl1form the motif of rock saltas a chain oKeCl

octaheda translaing the crystal onalimensionally.The atons K2 build up symmetric

square plaesnot ideallycentred by thehloride ion(distance Cl1 form squapdane centre:
15.5(1) pm) This isas there is no mirror plane perpendicular to tkexis, i.e., the axis of

the onedimensional KCI chain The rock saltike motif is demonstrated ifigure 2.28.
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@o

Figure 2.28: Depiction of the unit cell from side perspective, empdiagithe unbroken
rock salt KCI chain extended along the tvimid axis inc-direction. The disordered C1

trithiocarbonate anianareagain colou coded, with 50 % occupancy each.

In the structure oKCl, theions are at a perfectly symmetdci st anc e31d4.5pnK1 CI
which almostreproduced in the structure §#(CSs)sCl AH-014,wi t h K11 Cl 1 and
of 319.4(2) and 313.30(5) pm, respectivelyeTdivergnce from the cubic structuiedeed
demands to use the term O0r eXdctaledaare elohgatkde 6 f
alongthetwef ol d axi s, i .e.gw. t he AAAKI1TCl 11T K1AAA
K3 lies in site 4, the mirror plane perpendicular to tbhedirection thatalsoincludes the

atoms C2 and S2Theregular sited S22 atom attached to C2 is thus translated by thoe mirr
symmetry. The ordered trithiocarbonate anion obt&as y mmet ry wi t h t he |
being the twefold axis of symmetry.

The interactionbetween the different species in the structisreonsidered of ionic type

The potassium cations K1 and K&ablise the CI' anion but also stand in attractive
interaction with the negatively chargedIfur atoms,which is shown irfigure 2.29, where

thei oni ¢ Kg ase dlwertindted to a distance below 400 pm (cf.®Ss). The

coordination is affected by the disler, expressed by either a dipole interaction with the

Y KCl, ionic distance, ICSD entry 1804%.
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O1 atom or asulfur coordination valuing between 295.6 pm (O
( S 1 2 1Lle€avipg one Klion desolated with zersulfur connections frononedisordered

anionaffects the design of the next neareationK 1.dhose interactive atomic distances

were forsimplicity counted half onlyFor K2, againdepending on the orientation, either

01 and S12 or S18nd S11 offer close interaction distances

S12
S11

/ Cl1

C1
S11

S12

S12
S11
C1
S13
C1 1
S12

S13

Figure2.29: Arrangement of ionic and dipole interaction with the cations K1 and K2 in the
structure of K(CSs)sCl AH.0 14 on the left and right, respectively. Aniorsalfur donor

and chloride connection is drawn in dashed blue and green, while the dipole interaction
with O1 is drawn as a twooloured broken bond. The numbers given additionally on the

right are bond lengths in pm and angles in ° of the ordered trithiocarbonate anion.

Theorderedrithiocarbonate anion acts as a chelate ligand in symmetry equivalent distances

of 328.4 pm (S221 K1) or mianad3d 0diOs tpam dfeSs2 2a fK 23
total, K1 can bessignedvith eight and K2 with seven hetgm@nous ionic (S, Cl) and/or

dipole (O) interactions.

The mirror sited catioiK3 has no interaction with CI1 arimklongsto the trithiocarbonate
sub-structure.The cation is drawn in connectiavith the nearest groups figure 2.30. It is

six-fold surrounded by trithiocarbonate anions. In the mirror plane, from onetwule

disordered CSs? ' moietiesare in close range, offering a variable numbed typeof
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connection partners depending on the local orientation. The mean vaiue ioferactions
(4Ai s counted, ranging between 3mMmthetirnrgrS12T
plane, twoorderedtrithiocarbonates cover the room opposite th@misredgroups. One of

them performs a tridentate coordination, the trigonal anion plane oriented almost

perpendicularly to the virtual C21 K3 axi s
monodentate ionic K371S21 interaction.
Finally, from top and bottonof themi r r or pl ane, t wo more mon

found In total K3 is coordinated bgightatomswith eitherionic (S) or dipole interaction

(0).

Figure 2.30: Depiction of the potassium trithiocarbonateb-structure in thecrystal
structure of k(CSs)sCl AH,O 14. The cation K3 connects onlyith trithiocarbonate anions
by ionic interaction, drawn as blue dashed lif@se dipole interaction with the water

molecule is probable.

It can finally be noticed that like in the structure ofG&s, the geometry of the ordered
C&?'ani ons compbronsdess ladrlgeCri St han 170 pm. Usu
bond to be decreased with some significance, proposing the favoured location of the double
bond. In other words, in the solgtate, due to the site effect the geometry of the trigonal
shaped aniam should be influenced. However, as seen above no clear signs of such

symmetry lowering effects were observed.
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Potassium perselenodithiocarbonate trithiocarbonate hydrate
K5[CS2(Se)]1.5(CSs) AH,0

No crystal structures akenown whenrsulfuris substitutedy selenium on the thiocarbonate
anion On analogous routs as showntime equationdl.7 - 1.9 on page6, selenides or
hydrogen selenides can be convertedrigelenocarbonates with CSeMixing selenides

with CS, gives the interchalcogencarbonates,&8'or CSSe? ' In the 1960s different
compounds belonging to this group have been prepared and investigated by means of their
vibrational propertie&® The conjugated ithiomonoselenocarbonic ac®C(SeH)(SH)is

only known in its asymmetric state with oselfurand the selenium atom to be protonated,
i.e., the double bond favours to be situated betwasgbon and the othsulfuratom. Upon
alkylation the both the symmetric andasymmetric estercan be obtained®
Monothiodselenocarboitc acidSC(SeHj) is to the present unknowin turn,some workon
triselenocarboic acid SeC(SeH characterising its dissociation, pkhlug decomposition

in aqueous solution, conduction and size of the€Sen has been reportéd!

Like the related trithiocarbonic acid, the dithomonoseleno and triselenocarbonic acids have
been prepared by protonation of the anion in a suspension of thembaali with
hydrochloric acid. The preparation of triselenocarbonic acid was found to demand a certain
degree of moisture, as in dry ether Bag$e& not react upon treatment with HCI.
Triselenocarbonia@ci d coul d thus be obt a@greasétf! bel ow T 10
Knowledge on the derived salislimited to the darkviolett BaCSe and K:CSe;, as well
asorangeBa(CSSe) and orangered K»(CSSe).[14°1 BaCSewas reported to be a stable
compound that dissolvasithout decompositionn O.-free water giving a green solution

in turn organic solvestexcept formamide afford decompositi¢fi.

Herein the solvothermal reaction of £81d K:Se was carried out to find outiif analogy

of the crystallisation of KCSs 12 (cf. above) the formation ofCSS€ "occurs.As stated,

the aimedcompoundK.CSSewas earlier reported b$eEIDEL to beof orangered colour

very hygroscopic and pronounced sensitive to oxidatitiit was preparedn analogy of

the moreinvestigatedbarium compound, which formefter reaction of BaSe or Ba(SeH)

with CS, but using ethanol as solvent

Under solvothermal conditis orangeed crystals grew from the reaction mixture and a
crystal suitable for S&XRD, shown on the photograph figure 2.31, was recovered from

the ampouleThe collected datcould be solved and identified with the chemical formula
Ks[S:C(Se)]1.5(CSs) AH.0 15, which contains theet unknownperselendithiocarbmate

anion C3(Se)? "
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Figure2.31: Photo of a crystal dfs[CS,(Se)]1.5(CSs) AH,0 15 picked from the ampoule,
in whichK>Se50was treated with GS

Crystal structure model

The collected data was solved in a eedtmonoclinic space grougR/c with four formulas

per unit cell. Twaperselenodithiocarb@te anions are distinct from one another, as one is
disordered by inversionlhe disorder was handled by granting an occupatib50 % of

each atom.A tetraselenide anion (double tilteBe?' c hai n) wi t h Se31(
connection through the point of inversismasabandoned as an option for this anion site, as
the resulting angles would need to be significantly larger thaft8@fhich is not the case.

An additional trithiocarbonate anion yield the best residuals during the refinement.
However, it remains vague if the anion might in truth not be a dithiomonoselenocarbonate
anionCSSe ', which could be disordered in three ways by rotation around the principal
axis, making an absolute structure determination challengingRaman spectrum was
recorded of the same red crystals, which were kept seatetbtherampoule. The spectrum

and results of this investigation is found in sislection2.4.2

Some electron density was f oQ(3Sk)’laeidns, thate ar
canbe explainedising from the large electraensitycloud of seleniumFigure2.32 shows

the unit cell in the view along theaxis. In this, the disorderedS(Sex)? 'moleculeplane

is parallel to the viewing directio®\ close look atthe elusive dianions is given figure

2.33, wherealsothe disordered anion is drawn in its two possible orientations (a) and (b)
with red and blue borders, respectively
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Figure 2.32: Depiction of the unit cell oKs[CS,(Se)]1.5(CSs) AH.O 15. The disordered
CS(Se)? 'ions are centred by points of inversion ab¥shifted behind the paper plane).

L.

All non-hydrogen atomic displacement ellipsoids are drawn at 70 % probability.

On the perselenodithiocaxdnate, the determined atomic distances and angles are of
reasonable sizeAltogether the geometry of perthiocarbonateegsognisedLikewise, in

(HS)(HSe)CS t he doubl e bond seems to have an i nci
C31S31 connectisbmghtby dtbheyveased in | ength ¢
C31S32, r eAs pheperseienide imgiety, like in the perthiocarbonate anion (cf.

above),is not capable to stabilise a double bond to the carbon atom;dleetron system

is thereforedelocalised between the two attactmdfides. The chalcogen atoms arrange

angles around the carbon atom that are comparable to those determined on the
perthic ar bonate ani on. The U78.2(%)iand79.H3N°tpltlee about
ordered and disordered anjarspectivelyallowing to call the anion planar for simplicity

The ST C1 S angl easad 136:065)°, WRidh.iRof Significantly increased

compared to the related perthiocarbonatéifCS;(S)] 29. Also, the geometrydwards the

diselenide moietysubstituting the perthio unit is similar, becauke angles at the carbon

atom are not symmetric with th@s-angle larger than thegans The angular distribution

can be considered to minimise the repulsion between the lone pairs at each chalcogen atom.

The C1S distances ar entheostructureswitheud seleniummm t hos e
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ThemoietyC 1 S e Jw8hethe terminal selenium atom ndwonded to other atoms than the
bridging seleniumis unknown to the 6D. However, the determined distandestween the

atoms of this unit, given ifigure 2.33 for the ordered anion in the structuege within
range of comparabl e structur edor inftancetther i ng
structure of molecule crystals of dimethyl diselenideG}dSes how Ci Se di st a
193.8 and 194.8 pm, and t heD%nrsélesharyamogen,De i Se
diselenium dicyanide SECN)., the respective distang@arel 8 5. 5 and 186. 7 p
and 235.6 pm foalofSedlSect r'win hddemsm ty from t
the cyanide groupsi.e., the nitrogen atomg& x pl ai ns t he shorteni ngq
compared to dimethyl diselenide. It was shownthdte CI N tr i pl e bond
upon substitution of selenium witulfur, but that for the related slilfur compound the
respective Ci' S bond is strengthened, -due t
electronsgiving the A =C=N' fragment At the same time the dichalcogen bond is only
weakened slight?!! For the discussed structure of thew CS(Se)? 'a strong inductive

effect bysulfur, weakeni ng ismoeexpedtefas thé eacttbnegativities are

only of marginal differenc€?Due t o t hat, i nt er eislbaratigsery, t I
in agreement with the structure of diselenium dicyanide than dimethyl disel&cidelly,

theS e T IBad is hardly affected from the moieties it is attached to, fok$® thesimilar
distancesarerangng betweer232.7 and 234.6 pi’l

169.6

S31(b)

Se32(a)

Figure 2.33: Zoomed drawing of the two nomquivalent CZSe)?' anions in
Ks[CS(Se)]1.5(CSs) AH20 15. On the left, the nodisordered molecule anion is shown.
On the right, the inversion disordered moiety is shown, solved by the occupation of 50 %
of each atomThe numbers give the atomic distances in pm, angles are igiveexcept

for the disordered molecul@ll displacement ellipsoids are drawn at 50 % prohigbil

The trithiocarbonate anion present in the structure gives rise for discussion. While two of

the three Cl1TS bonds clearly hava7ia@dpmason
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(S3), comparabl e with the alr eanhikedglargecr i bed

namely 175.4(4) pmOf course, this value is much smaltehan f ound for t he

bond in theCS(Se)? "ion (cf. figure 2.33), but considering C& "to actually comprise a
CS;S€'acertamloubl e bond character bondmanipulategp b e
the distance to a lower valu&he anisotropic displacement ellipsoid of S2 is moreover
clearly smaller compared to S1 and S3, indicating a larger electron density than that of
sulfur at the position of SZT'hese findings indicatene selenium atom to partially (if not
totally) occupy one ofthe sulfur sites of this anionAs already indicated above, there is
furthermore no reason for the formation of trithiocarbonate, as there wsasfit® present

in the reactantsexcluding a doubtful decomposition of £%lowever, the crude product
consisted not only of the crystals giving rise to thecussedstructure. Granting the
possibility of sulfur or sulfide impurities introduced either b S or formed upon the
reaction on routes not yetasified, the formation of trithiocarbonate mightill occur.
Overall, the CS,S€ "anioncould be the true nature of th@Ss®> 'molecule sincerotating

this moietyabout its principal threéold axis would disguise the position of selenidrom

the X-ray sensitivity. During the refinement a variety of disorders on the anion, namely
partial (split) occupation ofsulfur and selenium on all three positions (S1, S2 &8¢ or

only on sets of two, did naignificantly changehe refinement statistics. At last mixed
occupation of the anion site with trithiocarbonate and dithiomonoselenocarbonate, could
also not outumberthe residuals obtained by description of theadsith CS:? . Refinement

of a sharedS2 occupatiorwith both sulfur and seleniumusing theShelX compatible
constraint command EXYZ4ield a chemical occupancy ratio siilfur to selenium of 4.9

to 1L Therefore, it was abandoned to refine selenium i dhion.

The only special site in the unit caslhown infigure 2.32 is occupied by the oxygen atom

of the water moleculenarking thetwo-fold axis parallel tob. The hydrogen atoms on the
water molecule have been fixég calculationwithin the ShelXprogrampackage.

Five nonequivalent potassium cations interact with thdrithio- and
perselendithiocarbonatesia ionic bonds.Dipole-cation interaction can be assadonly
between the water molecule of crystallisation &5dwhich is in 284.1(4) pm distangcee.,

much shorter than some of the dipaiation interactions in KCSs)sCl AH,O 14 (cf. above.

The coordinationof the CS(Se»)? "and CS? Tions by K* is depicted infigure 2.34. The

atom S21 is pointing towards a pyramidal arrangement of potassium ionK3KK4 (2x),

K5), which capsa primitive cuboid structureof K3, K4 and K5 encapsuling the ordered
CS(Se)? "anion. At the other end of the anion the Se22 atom is similarly surrounded by
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five potassium cations (K2, K3 (2x), K4, K5). More centred in the cuboid, the S22 and Se21
atoms stand in interaction with a lowermier of cations. Four ionic interactions can be
counted for S22, whilehe bridgingSe21 only accounts to three, considering distances
below 400 pm onlyThe latter can be explained, as the negative charge is less stabilised at
the bridgingSe21(cf. perthiocarbonate}jsing no need to arrange at that gte positively
charged ionsFive potassium ions pose the counter charge foneddw 340 pmwhile S2

and S3 are in close range of siaions. Interestingly, S2 being in suspicion for a partial
identity of selenium (cf. above) has its ionic contacts from 333.5(1) to 366.3(2) pm, while
S3 has its longest distance to a potassium ion to be 331.9(1)epnower than the closest

of S2.IncubickSe, t he i onihasb&eh&ermiheddovaldddpen® This

again poses another argument to assume S2 to partially incorporate selenium.

Figure 2.34: Demonstrationof the cation framework arranged around €Se)? " (not
labelled for clarity)y and CS?' anions and bBD of crystallisation in
Ks[CS(Se)]1.5(CSs) AH.0 15.

53



Results and discussion

2.2 Barium trithiocarbonate

Crystallographically, BaCSwas first investigated biKREBS et al. in 1965°! but an entry

on the crystal structuris missing in the CSDBack then, lhe crystals were slowly grown

from diluted aqueous barium hyduafide solution, stored on G&tRT. The absence of a
crystal entry in the database arises most probably from the reason, that the authors could
not differentiate one space group only, as the compound was found to crystallise in a chiral
space groupThey assigned the unit cell with either one of the primitive trigonal space
groupsP3:21 (152) orP3,21 (154), or one of the primitive hexagonal groits (169) or

P6s (170), as they discovered enantiomorphic twinning in their specimens.

A non-available publicatioron the crystal structurandthereforeless convenientor the
discussion of BaC$ by PHILIPPOT et al. is referred to in the review @ATTOW and
BEHRENDT.®8, The crystallographic results were found included in the-RD®here six
d-values and assignment of the primitive trigonal space gR3ap2 (no. 151) is given.

In this work BaC$% was recrystallised under solvothermal conditions for structure
determination from precipitated powder on analogous routes mentioned beSatetaibd

in the experimental section, the major difference was that instead of ethanol, water was used
as a solvent for Ba(OH}o overcome th@oorsolubility in ethanol.

In figure 2.35microscope photographs of the crystals use&-ray structure determination

are given alongside with a photo of the dried powder of BaCS

Figure2.35: Photos of the bright yellow crystals B&ECS 27 asobtained on the inside of

the ampoule wall(left), and transferred to glass substrate, where the crystals were
submerged in inert oil for sortingniddle). On the right: Photo of the fine yellow BaCS

26 powder.

Crystal structure model

Essentially, thedescription byKREBS et al. could not be negated in course of the re

investigation of the crystal structure of Ba_Bowever, considering the newly determined
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crystal symmetry, for the first time within almost 6@ays, the structure is elucidated
unambiguously.

A crystal was indexed with a primitive hexagonal lattusengthe point groups 6 or 622

Both groups are enantiomorphic and twinning can occur, especially when crystals are grown
from solution. However, agrown under solvothermal conditions, a much smaller crystallite
was analysed with S@RD compared to that in 1965. It is therefore reasonable to assume
thatby thedecrease size a single crystalline domatould bemeasured. Thus, the pseudo
symmetry 6mnm claimed byKREBSet al., due to their twinned sample, was not offered as

a suitablepoint group for the newly collected data. $hort solving the crystal data 6-

axis could be neglected from solving of the crystal data, aEldek parameteclose to 1
affirmed a G-axis present in the crystal. It shall be said that the formation of crystals with
6s-symmetry is not refused, in fact their parallel growth asidectlystals possessing-6
symmetryis taken for granteteyond dispute.

One could now understand the system with a higher symmetry or that postulated by the
authors named above. With six formulas per unit cell, the chiral space gP6wi (no.

178) or P61 (no. 169) were found suitable for the structure model of BaESsential
crystallographic parameters reported KREBS and ceworkers are given inable 2.5

alongside the parameters found by thénneestigation.
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Table2.5: Crystallographic parameteasd dataof BaCS 27 andcomparison of residuals

of the models in the different space groups. Where applicable reference values taken from

KREBSet al. are added.

BaCS 27, this work

KREBSs et all®®]

Empirical formula C Ba S3

Sum formula BaCS

Formula weight 245.53g mol?

Temperature 150(2)K

Crystal system primitive hexagonal trigonal or hexagonal |
a=b/pm 651.79(9) 654+ 2
c/pm 1969.7(3) 1997 + 4
c/a 3.022 3.054
V/nm? 7.247(2)

Z

Jeaic/ g cmi® 3.376 3.30
e/ mmt 9.321

X-radiation (nm)
Crystal size / mm

Space groupnQ.) P6,22 (178)

Independent

reflections Rint, Ra) 504 (0.0672, 0.02)
R1

[all data,l > 26(1)] 0.0318, 0.0307
WR

[a_|| data,l > 2L°J(|)] 0.0590, 0.0587

Mo K &= 0.071073)
0.08x0.08x0.08

Cu K B=(.15418)
0.5x0.1x0.1

P61 (169) orP6s (170)

P6, (169)
(154)

1024 (0.0645, 0.0277)
0.0339, 0.0316

0.0548, 0.0542

P3:21 (152) orP3,21

Flack parameter -0.01(3) -0.01(4)

Goof onF? 1.336 1.195

52;98?3 sg;'k;ﬁz'lgua' 0.97/1.12¢/ ? 1.0741.04¢/ 3

Colour bright yellow luminous yellow
SCXRD device STOE IPDS 2T WEISSENBERGfiIm

By looking at the structure model in space gr&§ and compare it with that iR6:22 a

chemicaldifference cannot be seelm fact, increasing the space group symmetry adding

two two-fold axes only changes

crystallographically equivalenThe atom S2 occupies the general lattice site 12c making it
suitable to emphasise the differences of the obtained space group solByaifferent

colourisation of the two symmetgquivalentC1 S 2
this is visualisedn figure 2.36 and2.37. The G-screw axis coinciding with the-axisis

thereby emphasiseth the figuresthe additional symmetries occurring in the space group
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P6:22 are described by dashkdes The twofold axes in the- andb-plane are intersecting
with the c-axis at different positions, namely at O drct in thea-plane andy, a ndin |
the b-plane. The bothotate around the-axis obeying the gscrewtranslation in the polar
space groupAs the refinement residuals do rad¢arlyfavour one of the solutions (dable

2.5), the higher symmetry was finally chos@y the description of one lessilfuratom in

the agmmetric unit,less parameters are needed to describe the collecteddapared to

the model solution iP6;.

If one considers the red and blue coloured S2 atom bonds to beguoralent, i.e., non
equivalentsulfuratoms, e.g.S2 and S3both the twefold axes symmetry operations were
cancelled and thepace group’6: would be obtained. In the consequence of the superior
space group symmetry, the atoms Bal, C1 and S1 occupy the special lattice site 6b, which
possesses the symmetfyone of thewo-fold axes. Consistentlyjn the formerly postulated
space groug6: only the general site 6a occur®f course, this affords a different site
symmetry of the trithiocarbonate ion, which is increased f@&no C,y, assuming all atoms

to be planar. (In the range of uncertainty, thg?C8&nion is planar in this structure.)

As already mentioned, thsymmery detail is not influencing the chemical properties like
e.g.,vibration energesof covalent bondsTherefore asiteeffecton the molecular vibration
cannot beexpectedin spectroscopic datayot to mention the influence of the different

temperaturson these energies (150 K vs. RT)
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Figure2.36: Crystal structurenodel of BaC%27 with perspectiveriew alongthe a-axis.

@\E{_M

°Ba
Cs
@c

The steps of translation of 1/6 and rotation of 60° by thé;-screwaxis located in the
bottom horizontal linds emphased by the differentlycoloured but equivalentC 1 7 S 2
bonds This view shows the twld axis, which is parallel to thie-plane atvy aln d
marked with the dashed lines. The atomic displacement ellipsoids are drawn at 70 %
probability.

Figure2.37: View alongthe G-axisin the structure oBaCS 27. The dashed lines mark
the twafold rotation found in the-axis at Oc and inthe b-plane atv c.
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Barium trithiocarbonate

Like in the crystals of alkali thiocarbonates, in Ba@8ractive ionic bonding between the
Ba?* and CS?'ions lead to the formatiorand stabilisation of the compound. The
coordination of the barium cations is depictedigure 2.38, wherethe twofold symmetry
axisconserved in theirtual line of S1, C1 and Bal. lonic interaction of the carbon atom in
nearest distance with barium was neglected for coordination issuese amic interaction

should only occur between the atoms that carry electric charges.

Bal

=

Ba
— =

4
0324.0(4)

- an
Bal 326.6(2)

358.8(2)\ /322.2(2)

VBal

Figure2.38: Tenfold coordination by five trithiocarbonate anions of barium, centred in a

trigonal bipyramid fashioned polyhedrdleft). The trithiocarbonate anion is consistently
performing bidentate coordination of the fiwearest barium catior{fsaght). The numbers
give the bond lengths aradomicdistances in pnDisplacement ellipsoids are drawn at 70

% probability.

Barium is thus coordinated by five trithiocarbonate anions that perform bidentate ionic
bondsvia sulfuratoms. The centres of the anions are positioned in the fashion of a distorted
trigonal bipyramid. Assisible in figure 2.37, the Bal site is shifted away from thestrew

axis occurringi n t he i ntersecti onBy that the lcoodieatio® 17 S 1

polyhedron centred by the barium ion is distorted from an ideal trigonal bipyramid.

X-ray powder diffraction

As mentioned above, crystaisuld be obtained brecrystallistion ofpowderof BaCS 26
under solvothermal conditions. The powder (depicted figure 2.35 (right)) was
investigated with PXRD anthe data curveould befitted based on the phase information
of the single crgtal structure The graphical result is shown figure 2.39. In contrast to
the decentrefinement of the powder data efg.,K.CSs (cf. above), in the case of Bag€S

there are strong signals in the difference cumdicatng some mismatchBoth stronger
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and weaker intensities in the experimental data could not ideally be represented with only
the phase of BaGSas obtained from the single crystal analysis. For RMeTVELD
refinement the backgroundthe lattice parameters and atom positions as well as their
thermal ellipsoids werallowed to alter from the single crystal lattidgs the intensity of

the peaks in Xay powder diffractograsare dependent on the multiplicity of the respective

dnk lattice spacing, these stronger amplitudes in the difference curve do not necessarily lead
to the conclusion of a secomd impurity phase. Because at a closer look, theeonly a

few lowintensesignals in the experimental data that were not modelledthihefinement

curve at allWithout success, phases of the starting material Ba{@8IH.0 as well as a
possible side phase of BaS were used in an attempt to explain these inconsiskmcies.
reason for the misfit of the refinement with the data isdiseussed chiralityf the space

group used to describe tls¢ructure asthe spatialinformation is lost in the powder and
cannot be obtained from PXRP!

||\||\||1||1||H||\||\||\||1|||[|H||\||/{[||
| BaCS, powder o==0 gxperimental data —|
| — refinement 7
— difference curve |
BaCs, recryst. (P6,22) |

intensitiy / arb. u

7 e WErwerer 00 men v waere i uco om0 e oo ——m
T I T T T I T T T ‘ T T T T I T T T ‘ T T T I T T T T ‘ T T T | T T T [ T |
5 10 15 20 25 30 35 40 50 60
20/°

Figure2.39: RIETVELD refinement of thd8aCS powder26.

Thermal amlysis

The powder was also investigated on its thermal stability. A DTA curve was recorded during
a heating cycldetweenRT to 700 °C. A strong endothermic signal at 416.5 °C indicated
decomposition or melting of the compound. A weight curve was not dedun the
measurement. The residuals were analysed with PXRD, concluding the product of the
thermal treatment to consist of Ba&. remarkable accuracy of the reflections in the
diffractogram of the residuals was noticdthe data for these investigatioase given in

the appendix sectiob.3.
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2.3 Thiocarbonates of lithiumrubidium and caesium

2.3.1 Lithium salts

The lithium salt of the trithiocarbonic acid is probably the most neglected, because up to
now only one referencérom SEIDEL and MEYN was found andince then the compound
was never mentionednywhere. It was thereforattemptedto prepare and characterise
lithium trithiocarbonate by means of SXRD.

SEIDEL andMEYN reported hat n-butyllithium reacedwith trithiocarbonic acigforming a

fine yellow crystalline precipitate It was characterised by elemental analysisd IR
spectroscopyidentifying the compoundo beLi,CSs.[8l

Treatment of (HS):CS with n-butyllithium

Following the abovea yellowandhighly deliquescenpowder2 wasobtained which could
not be identifiedvith the sum formula LLICS beyond doubtA photograptof the obtained
yellow material 2 after precipitationis givenin figure 2.40. The product2 could not be
recrystallisedas the other alkali trithiocarbonatebut was subjectedo PXRD and
spectroscopy methodss obtainedUnfortunately, die to low signako-noise ratig the
PXRD datacould not be used fandexng. Prolonged PXRD measurementshelp for a
better signako-noise ratio verediscarded, because the compouledomposdeven sealed
in glass capillary.No satisfying reference entrymatching with the weak diffraction
intensitieswas found in the PDR databaseoo, thusthe PXRD datalid not suffice for
identification of the materialThe curve can be found in the appendix secEdhn figure
5.1 on page253
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Figure2.40: Yellow precipiaite2 from treatment o5C(SH)2with n-butyllithium in toluene
below 0 °C.under argorThe inset showsrangered dropletoon the magnetic stirrer bar

immediatelyformed from residuals of the product upon exposure to ambient atmosphere.

The investigation with ATRR andRAMAN spectroscopys shifted at this point and will be
discussed in the context of other data below 2cf.from page95). In short, some of the
expected bands could be observed, suggesting the presence dfithibJate moiety. The
decomposition upon exposition with air left orange red droplets on ther shiarefor
instance. This is another sign for a trithiocarbonate anion as the heavier homologues of

alkali trithiocarbonates deliquesce under formation of red droplet§!too.

Lithium trithiocarbonate hydro sulfide hydrate - Li4(CSg)(HS)2 A5 H20

Alternatively, preparatiorof Lio.CSg using traditional methods were tried, tdut, on the
routethat workedfor other alkalitrithiocarbonatesthe experiments, where lithium metal
was converted to the hydsolfide andtreatedwith CS afforded an orange jelly substance.
Consistently no solid-statestructureinvestigaton could be undertaken.

On substitution of lithium metal with.iOH, as starting materiglyellow crystals were
finally obtained which are displayed on the photosfigure 2.41. As they only formed in
very low yield at the glass wall of the reaction vessel, analysis was limited -d6RRC
Collection and solving ofsuch data could identif the crystalsas a trithiocarbonate
hydrosulfide double salt, with the formulli 4(CSg)(HS)2 5 H20 3. An example for alouble

anionictrithiocarbonate hydrsulfide alkalisalt has not been described before.
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Figure2.41: Overview ofa group ofobtained crystals a3 with and withoutpolarisation

filter, respectively (left and middle). Photo of the crystallite used for structure

determination measurements

Crystal structure model

The setup of the unit cell structure is depictefigure 2.42.

e&—o Lilg S2

b <> T
ol i ® o

Figure2.42: Unit cell of Li4(CS3)(HS)2 5 H20 3 viewing along thecrystallographia-axis
coinciding with a2-fold axis.

The space groupmn? belongs to the polapacegroups, that do not possess a defined
origin as there are more than two points in the lafttbat do not move upon symmetry
operation. The atoms occupymerousspecial latticesites All space grougymmetries
coincide in theWyCKOFF site 4a, which is occupied by the C1, S2 and O1 atom. They
enqueue along the-@ld axis, whichcoincides withthe c-axis, (the viewing direction in
figure 2.42), and identical with the mirror planes intersectiorhe group of atoms

occupying sites of lower symmetry in either one of the mirror pldh@8) and (010pare
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SlandH1 as well asS3, Liland H3 respectively The Li2 cation isfound in lattice site

8b, the twofold screw axis centred at ¥4,%)hed upparallel to thec-axis, thus it has no

occupation in the one of the mirror plande first water molecule of crystallisation is

ordered along the-axisin alternation with C& "anions. The second water molecirghe
structurepossesses no special sited is locatedround the straightirtual line defined by

the Li2 cationswhich coincides with a twold axis Thus, with knowledge of the typical

di stances of SAAAHT O hydrogen ba@iH8)MH000ne can
domain and a hyart eLtbCSS network. The hydrogen atoms have been refined free,
measuring O11TH1 = 84 (3) pmwlith \We2er rhibkéule Bngles 7 6 ( 3)
of 109(4) and 105(3)°, respectivelyhe hydrsulfi de mol ecul e has an ST |
131(8) pm, whichs rather largeeomparedamonga number of 24 entries ia search and

retrieve result of free hydsalfide anions in the CCDQone of them used neutron sources)

From neutron diffraction study of Na(HS) an ICSD entry assighed the bond in the
hydrosulfide anion with 124.1 pm. Stressing, that in neutron diffraction, hydrogen distances

often aredeterminedsmaller compared to -Xay diffraction, allows to accept the obtained

STH distance.

Thehydrosulfide anionis notdonatinga hydrogen bond with a neawoiety (cf. figure 2.43).

Indeed, grasped ifigure 2.42the hydrogen atom is pointed into the vacant spesulting

in a onedimensionalconnection of thecoordinationtetraheda inhabited by Li2 the

hydrosulfide anion in turns accepting a water donated hydrogen bond, which is of aceeptor
donator distance LitcBafurk &t@is sparse indhds 8onaerh, Linderlmimg

thatsulfur has been observed both in the role as a possible strong hydrogen bond acceptor
andto actinert towards such interaction. As there is actually a continuum of situations in
thisregard® no cl ear evidence for an SAAAHT O bond i
last, from the distance, it can be ranged rather weak in strengtbt her SAAAHT O con
in the structure are present as theCS sub-structureis surrounded by water medules.

Wit h SAAAO 320i9¢)taach338.6&(1) mrhgain the hydrogen bonds can be
considered weak in strength, but @@mparablevith a range oWvaluesdetermined earlier

in this regard3®!
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Figure2.43: Inter atomic and molecular arrangement if{C&)(SH). A5 H,O 3. All non-
hydrogenatomicdisplacement ellipsoids are drawn at 70 % probabilibe surrounding
of the trithiocarbonate anion is depictadthe left. Contacts only with Ldhow a hydrated
Li.CS subbdomain to be present in the lattidde tetrahedral coordination of Li2 witivd
hydrosulfide and two water moleculds shownon the right Numbers give the respective

distances in pm.

Balance of the anionic charge of the trithiocarbonate is performed by neighbouring lithium
cations, which coordination is depictedigure 2.43. The trithiocarbonate anion lies within

the a-planeof mirror symmetryand is bisecalongt he C11 S2 b onhbdplatey t he
This forces the geometry of the molecule to be exactly planar and the onbetwoetric
guantitiesthatstaynonequivalentare the two different bond lengtlis1 7 § 171.2(2)and

Cl1 $271.9(3) pm, whiclcomparedto otherhereindescribed structuregre of close
value, indicating an almost ideal delocalisation of the C=S double bond over albthhee

Ci1 S b @iffadent from that, he angles, determined at the aniorexhibit amarkedly
alternatingvalue of the ideal 120Especially the ionicallynteracting S1 atoms differ with
S17TC11S1 = 117.05(2)A and S2 with no such
121.48(2)°.In consequence, the ide@g, symmetry is not obtained, b@ey.

The structure overall cannot be describetie an entirelyonic network, as the twdefined
substructures are only connecteid probablenydrogen bondsas already stated@his is in

line with the finding thatthe geometry of the trithiocarbonate aniomlisost ideal with the
isolated moleculeBecause of theoordinationof two symmetryequivalent Lilcations the

jolted angle<120°at the CS? "ion of the involvedsulfur atomscan be explainedAt the
otherend of the C&" ion, the S2 atom has no'Léoordination at all and is only stabilised

by four hydrogen bonds, performed by four water molecules, in a sqlemar fashion.

Overall, except the two Lil interactionfjere are only weak hydrogen bonds assd,
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giving rise to assume a less strong crystal field, explaining the homogenous geometry of the
trithiocarbonate aniorstill the symmetry in the crystal model confines the anion to a strict
geometry, but the residuals of the solution allow to take thessiderations for granted.

In the Li.CS substructure, thesymmetryequivalentLil ions havea distance measuring

277.6(7) pm, which issignificantly shorter compared to the neequi val ent L1AA
distance of 321.5(4) pm. Distances below 300 pm imuih salts are however not unusual,

for instance, in LiS at 10 Kthe Xr ay di st an with 284.5 pmLis almd<Aas i

short®® Other than thesymmetryidenticalionic sulfur interaction it can be assumed that

Lil is obtaining three dipetcation interactios with water moleculewia orientation of

their | one pairs. For reference, tbeof OAAALI
crystallisation determined to 191.m in the Xray structure of Li(SQs) AH-O was

retrieved® In the crystal described here, the distances are of similar size ranging from
O2AA2 = 196 AAe@p3B)pm. O2AA

Concluding remarks

Neither anhydrous LCS norits hydrate could be obtained in simple analogy to the heavier
trithiocarbonatehomologues.

As the solubility product of LiOH in ethanol is small compared to NaOH or KOH
concentration of the starting solution to a needed degree failethartesired product did
not simply precipitate upon addition of €3 ventually, the forced crystallisation upon
addition of etherresults in crystallisation afll specimen preseim theH20/EtOH solution

as idealised in equatiah?2.

H,O/EtOH
+Et,0 2.2

2SH + 4Li" + CS;2 ———— Liy(CS3)(SH),- 5H,0 |
Regarding other attemptshere other alkali metals could be crystallised with theamnid
perthiocarbonate anion, only brown viscous liquids or jelly was obtaifhis also holds
for experiments under solvothermal conditiofhe treatmentof Li>S with CS in an
evacuated glass ampowde 100 °C did not yield solid producsslid products.
As the reactivity ofn-butyllithium is beyond comparison to that bfOH in anhydrous
environment, it should be used in further work in the future. The introduction of the volatile
trithiocarbonic acid to react with the orgahthium may be refined in terms of temperature

and solvents.
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2.3.2 Rubidiumsalts

With close agreemertb the protocols which affordeginhydrous KCSs, it was attempted
to obtaincrystals ofRICSs. There is only ong@ublicationby PHILIPPOT from 19670on the
structureof RpCSs, which could not be accessed. Linked with that work are howswer
modifications of the salf®¥ included the PDR databas#’ The entriesreveal that only
dnk-values and no unit celmetricson the compound wem@ported.In the progresseview
of GATTOW from 1992updates othe anhydrous sa#tre missing*®! Thus it was assumed,
that the structure has never been described properly so far.

In contrastthe crystallographic informatioon the monohydratBb,CS; AH-0 is available
and reported isostructural with the potassium homolo§tieHowever, n the ICSD the

structure is missing.

Solvothermad treatment of Rb>Sc with CS;

The growth of pink plank-shaped crystaJsshown infigure 2.44, was occurringin the
reaction of CS with 0 R$ 348 under solvothermal conditiond'he rubidium sulfide
precursor was prepared beforehalidure4.13in the appendixontains the PXRD data of
the starting material, stressing that it could not be identidieel to the poor crystallinity
However, thed R® @duct(batch #248) was coloured pale yelloas expected for RS,
where in a first attempbatch#1) an inhomogeeous yellow material was obtaindtht did
not afford crystals under reaction WiCS. Albeit the low crystallinity,from the PXRD
curves at least a phase change is obserbgda different (weakly resolved) reflection
patternbetween theeductphasestl and #2 It may be assumed th#te desired rubidium

sulfide phase was obtainad the later batch

Y Entries of two modifications oRb,CS; in the PDF2 database: | [6021-1046] orangeed, I1[00-021-1047] violetred.
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Figure2.44: Photas of the dotained material from reactiomf pr e pRé@8ardl C% R
under solvothermal conditionEhe pink coloued crystalswere in suspicion to bRb,CS;
17 andwereinvestigated with S€&XRD. Regrettably, ie poor diffractiordid not provide
data needetbr a structure model.

The data obtained from the measuremamild not be properlysolved in he downstream
evaluation. The frames recorded during the measuremenédtfaalification ofthe crystal

at first glanceHowever, he scattering was weak, even at a relatively high exposition time
of > 42 secondser frame The intensiies were collectedvith a signal to noise limitl(Q)

of 10 andindexed with a primitive monoclinic lattice reaching a figufemerit of 0,6
within the evaluation softwarAPEX 3 a= 676.68(9)b = 11352(2), c = 2905.8(4) pmb
=93.622(6)°Z = 14.The parametec of that reduced celiffered from those reported for
Rb,CSs AH,0,%?! and therelatively c-axis length could indicate a growing error, e.g.,
twinning. After integration the scaling and evaluation of the data yiB®e of 14 - 15 %

and a signal vs. resolution of 8.hoth describing goor data quigty in the first place
Switching between the space grde@y or P2:/mdid not help to describe a structure model
and to yield decent residualSonsidering a twinned crystal, a simple automatised search
for the transformation matrix byné command TWIN id not improve the situation and
eventually, thecrystal data was discardedsome tithiocarbonate units and rubidium
positions were found in the attempt to modled structure with the diffraction data, but
residual frgmental moietiesand electron density eventually could not be assigmihl
chemicalreason

The crystdine specieglid not decompose too fast keeping the ampoule stoppered, Thus
they could be subjeetd to [RAMAN spectroscopywhich is shifted at this point and is
discussed irsub-section2.4.2
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Rubidium trithiocarbonate Rb .CS;s

Another attempt to crystalise RBSs was toprepare the salt as a precipitated attempt
recrystalli@tionin a subsequent steyith the descriptionof YEOMAN used as guideline, a
rubidium ethoxide solutionwas exposed tdH>.S gas and the desired compoumas
precipitatedaddingCS. The pirkish orangerecipitatel 6, which immediately formed, was
captured in the photo ifigure 2.45. The colouration of the powder persuaded to call it
0 RBS016for simplicity. A PXRD of the as obtained powdeould not be used to identify

the products the diffraction was too weak

Figure2.45: Photograph of thtioermedrubidium compound R®S:016.

Thermal amlysis

A DTA-TG measuremenshown infigure 2.46, was carried outip to 500°C. It revealed

the compound to release small mass oVolatiles upon heating to 200 y@hich is too

small torepresent atoichiometric molecular moiegmittedfrom the powder(lt may bea
sub-stoichiometric amount of adsorbed wa}eFhen, between200i 325 °C, the weigh
curvedescribes a plateawhile the heat flowpasgsan endothermic signal (peak at 240
°C). Between 325 and 350 °C, an excursive endothermic signal with accompaniment of a
steepweight lossand the following incongruent cooling cunadlows to assumgreversible

decomposition.
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Figure 2.46: Combined DTA heat flow and thermogravimetplot of precipitated
Rb,CS616. In the black curve, broad endothecnsignals below 180 °C indicate the
release of volatiles, supported by a small weight loss of 1 %. At 350 °C the compound
decomposes, described by a steep weight loss and the erratic increase in the heat flow
signal. Subsequently, the material was treatetifferent temperatures, where the coloured

points on the black curve, mark the max. temperature.

With knowledge of theeheat signals, the precipitated powde R-6S0616 wasconducted

to thernal analysisrepeatedlyup to 200, 290 and 325 C (indicated by the markings in
figure 2.46). The measurements are combinedignre 5.7 in the appendixAll residuals of

these DTA-TG measurementsere used to collect PXRD data awere alsosubjected to

IR spectroscopyAs seen iffigure 2.47, dataof the unconditioned product and with previous
heating under dynamic vacuum at 125 6fCall methods are compiledlt shall be noted,

that because of a holding step in the measurement up to 325 °C, the material ran into

decomposition.)
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Figure2.47: IR spectaand PXRDdata(left and right, respectivelygf 'RCSs' 16 andof
DTA-TG residuals The IR spectrunfbottom) changes gradually until the powder was
heated higher than 290 °@llowed by decompositiorabove325 °C. The PXRD data

cannot be used for identification at any time duée low signal to noise ratio.

The IR spectra reveal the decomposition of the materiabaut325 °C, as thabsorption
patternbetween400i 4000 cm?! fundamentally change. Before that, the characteristic
spectrum of the trithiocarbonate anion can be recognised, which is discussed with more
detail and with respect to the other saltsutrsection2.4.2 Compared to the spectruoh

the unconditioned powder (blue line at the bottom),ategecoloured spectrum (290 °C)
contains additional bands or band splitting, suggesting a transformation without cleavage
of moieties, because of the constancy of the weight o@iv®TA-TG). A weak and broad
absorption above 3000 ¢in the bottom spectrum indicates characteristic water impurity

( O1 H st rvehicltihabserg in theirquoisecurve above. Thiprobablymeans, that

an adsorbed suistoichiometric amount of water could be dsged by treatmerat 125 °C

under vacuum. Unfortunately, the powder did not crystallise properly at any point under the

given conditions, as seen by the low intensity to noise ratio in the PXRD curves.
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Solvothermal recrystallisation

The RCS0 powder 16 was conducted to recrystallisatiom ethanol at elevated
temperatures iasealed glass ampoudsdon cooling crystals grew on the ampoule walls

which are shown ifigure 2.48.

Figure 2.48: Photographs othe crystalline material obtained from recrystallisatiin
0 ROB®Ss6powde 16. Onthe left chunks of intergrown individualsre depicted. Theyere
separated under the microscpbat, as seen on the rigkheyconsisted oflat intergrown

domains.

Although the recorded frames demonstrated single crystalline reflections, where no
smaring of intensity spots or formation of rirgaped intensity washserved SGXRD

data of a recrystallised specimen could not be used for a structure NNedeto the initial
triclinic cell, two c-centred monoclinic lattices weredexedwith unit cell volumes 2255

nm® and 4494 nnt, where only thés parameter was identicahgain, theRinand signal vs.
resolution indicated poor description of the data with the indexed lattice. Integration
applying the smaller unit cell voluma the space grou@2/m, was carried out andmong
unsolved atomidragments C& 'and someRb" positionscould beidentified. However, in

the total pictureresidualelectron densitiethatcould not be assigned with atoms of suitable
weight, denied completing a structure model

A structure modefor RbCSs or related derivativesouldfinally not be obtainethy means

of SGXRD.

Although facing troubles in the attempts to work out a striectmodel, the routes of
preparation of the defective crystalline specimengrimciple proved useful It may be
advisable to refine the recrystallisation conditidnsachieve faultless crystallisation of
RbCS. A more systematic alteration d@he temperre regimes crystallisation time

and/or solventsnay be an option
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2.3.3 Caesiunmsalts

Caesium trithiocarbonate CsCSs

On CsCSs, X-ray structure referencés scarce, too However, the structure of the
monohydrateC$CS; AH,O was found in the ICSDpriginaing in a publication of
PHILIPPOT andLINDQVIST from 19714 The review of GATTow and BEHRENDT lists the
anhydroussalt CsCSsto be featured in the samenacquaintedeport as anhydrous RBSs,
claiming two modification§ Form | andForm Il -without further detail$"5* Linking to
the originalreport entrieson thesenodificaionsare included in the PDE databasadding
only information of different colour¢dark and light refito somednk-values* Any crystal
metricsare missingThis motivated to attempt crystallisatiof the anhydrous compound
in order toacquainta structure model.

Among other experiments (cf. below), following the scrip¥@oMAN once more, caesium
was dissolved in ethanol and turned into the hgdhtde on H.S introduction An
immediately formed pr&pitate wasobtained upon addition of G$o the basic ethanolic
solution. Thedried product was called GGS619 andPXRD wascarried out

X-ray powder diffraction

Lacking a single crystal phase to use iRi@TVvVELD refinement, he PXRD dataqualified
for treament with an indexing routinamplemented in thelopas programsuite. Only
BRAVAIS lattices belonging to therthorhombic and monoclinic latticgy/stens wereused
as possible solutiondrhe cubic, hexagonal and tetragosgbtems were left ows they
were not expectedaking into account, thahe so far knownalkali trithiocarbonate did
not form crystals okuchhigh lattice symmetry.The program gaveut a number o999
different unit cells and space groug® evaluate this large number of possihlat cell
metrics, the volumewereconsidered firstSimply speaking, é&arge volumeallows a large
number of atomic sites in the unit cell, making ibi&rarily possible to fitexperimental
data Thus options wherehe volume was >> 3 nhwerediscarded. On the other hand, cell
volumes < 2nm? in the result listmajorly called fora triclinic lattice (space grougPl)
allowing the alteration of all siattice parameters, b, ¢, U b and 2 in the subsequent

PAWLEY refinement which again arbitrarily provided a good fitting.

* PDFR2-database entries @&CSs: | [00-021-0226] dark red,11[00-021-0227] light red
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Results and discussion

Eventually, he low volumes < 3 nfwith nontriclinic lattices were filtered out and
furtherly sorted by their ordeanisotropyof the lattice parameter3hereby, more options

could be left out, as the parameters sometimes diverged so that the form of the cell was
converging a plane instead of a parallelepig&till the number of options remained large,
thuseightcells obtained in this way wepacked out A PAWLEY refinement for the PXRD

dat aC06%019%or 2d = 2.5 to 35°as carried out with these eight cellthe results

are given intable 2.6, where refined cell parameters are writtbold. All PAWLEY

refinements are given for graphical inspectiofigure 5.2 in the appendix sectiob.2

Table 2.6: Results on thd?’AWLEY evaluation of possible unit cells obtained from an

indexing routine within th&opasprogramme.

#no. Crystal system, Indexed unit cell Refined unit cell Ry, Goodness
space group parameters parameters Rwp,  Of-fit
ab,c/pm bl° a b, c/pm b/° Rexp  Rup/Rexp
#1 orthorhombic, 1241.41, 90 1242.90, 5.67, 11.9
pP222 701.79, 702.36, 8.67,
2653.18 2653.14 0.73
#2 orthorhombic, 795.11, 90 795.41, 7.53, 18.5
P21212; 2419.86, 241408, 12.59,
1438.44 143895 0.68
#3 orthorhombic, 1242.92, 90 1242.98, 5.94, 12.5
P212:2 702.09, 702.42, 9.12,
2652.47 2653.03 0.73
#4 orthorhombic, 1335.57, 90 134651, 5.87, 14.3
Pca2; 3663.27, 363716, 9.38,
623,00 63060 0.66
#5  monoclinic,P2 1732.74, 108.348 1736.29, 108.652 6.10, 15.0
672.60, 674.30, 9.94,
1389.45 1392.61 0.66
#6 monoclinic, 1900.60, 108.630 1895.51, 108.42 4,55, 14.3
P2i/c 1711.16, 1710.45, 7.78,
723.37 723.34 0.54
#7  monoclinic,P2 1375.26 115.571 1382.00, 115.57 5.38, 138
415.68 416.41, 9.06,
2800.74 2794.91 0.66
#8 monoclinic,P2; 1029.12, 107.54 102550, 107.60 6.14, 14.5
1332.44, 132776, 9.99,
1301.12 1298.55 0.65

It shall be remembered, thisom a PAWLEY refinement no atomic positions or information
of the atomic structurean be learned. The method simply provides to handle a recorded
PXRD curve in a mathematical algorithihm. short, 3 sites in the volume of the unit cell

are iteratively filled to rurthrough all possiblalh lattice spacings. With respect to the
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Thiocarbonates of lithium, rubidium and caesium

space group symmetry the extinction conditions are changed. The calculated intensity is
unlimited as atomic form factors are not considered.

It can be obtained, that none of the cells applyotaably, considering thd&., and
goodnessof-fit to be relatively large (the latter should converge unigrthermoreas still

the graphical outpuwvas relatively decent for all refinements, it may be concluded, that in
the orthorhombic and monocliniattice systems, the degree of freedom for the refinement

Is too high, to yield meaningful results.

Caesium trithiocarbonate hydrate Cs,CSs AH-0

Abundantly, a pink microcrystalline precipita2® wasobtainedsubstituting caesium metal
with CsOHAH,0 as a starting materialhe hydroxide was converted to hyduifide,
which reacted with CS(cf. equation2.3).

ethanol, 60 °C

2CsOH-H,0 + H,8 — o > Cs,CS;-H,0 + 2H,0 2.3

The producs, shown on the photan figure 2.49, still contained wateof crystallisation
after a mild drying stefleft) or solvothermal recrystallisation ethanolmiddle and right)

respectively.

Figure2.49: Product obtained afteddition of CS to a saturated solution of CsOH after

treatment with HS (left). The powdercould berecrystallisedyielding crystals (middle).
A crystallite wasdentified with CsCS AH,O 20c by indexing On the rightcrystalline
residuals are shown. The colourless crystalgainedhiosulfate (decomposition product)

andwere discardedyutthe pink crystals were eventuallgedto collectSCG-XRD data.

The preparedCsCS AH-O powder 20 was investigated withPXRD but showed low
crystallinity, and the data quality was unsuitable fdRiaTvELD refinementon the bais of

the crystalphasenformationof CCSs AH-O.
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The obtained crystalgould be indexed with the metrics of the publistee® available
crystal structure byPHILIPPOT.I®4 For the sake o€onfirmationof the earler structure it

was eventually decided to collect a new set of single crystal da@sf6:S; AH>0 20c.

The powder precipitate (cffigure 2.49 (left)) was recrystallisedwice on other routes
namely apart from solvothermal condition. Interestingly, both colouration and habitus of
thesinglecrystakwere different, which is seen figure 2.50, whereboth therecrystallised
solids are depictedAll methodsyielded the sameunit cell, idertical with that of the
published structure of G8S; AH,0. Thus,themeasurement of onlhe specimen from the

solvothermal method, i.e20c was executed

Figure2.50: Photos of crystalline material obtained from recrystallisation € &sAH,0
powder20. On the left, isotropic irregular shaped crystalli2ds§rom experiments aRT

andon theright needleshaped crystal22 grownduring cooling of solution.

Crystal structure model

CsCSs AH20 20c crystallisedn an orthorhombic lattice using the space grBag@:2: (no.
19).Upon data evaluation, a twinning of the specimen used for data collection was noticed.
This was not unexpected, as in the space grBa@gf:2: enantiomorphic growth is
commonly occurring. The problem was mediated within in $felXsolution software,
treaing the hkl reflections with the corresponding inversion matrix, which excluded the
reflections of the twin domain automatically. The domains were almost equally scaled with
flack parameters of 0.55(3) and 0.45(Bhnaccountably, the statistics in the ma@snent
output achieved 100 % data completeness for the integration but in with the final structure
solution, only 90% completeness was obtained.

Four formula units are included in the unit cell, comprising two-equivalent caesium
cations one trithioadonate aniorand one molecule of water of crystallisatidil atoms
occupy regular sites, thus the symmetry of the trithiocarbonate asitree of lattice
symmetry operationsThe unit cell is depicted infigure 2.51 viewing along the
crystallographi@-axis.The eponymous twiold screw axes are the only symmetry element

in thelattice of the polar space groujn figure 2.51 parallel to the viewing direction two

fold screw axes are at &nd ¥b on the cell edges and the vertical cell centrec)’T here
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are three nomequivalent @1 S bonds with lengths 0172.3(5) (S1), 172.4(5) (S2) and
170.7(5) pm. The angles atthe anioear1 1 8. 9 ( 3) A
120.6(3)°( S 2 1 C lwhitBalmost shows no distortion from the ideal trigonal shape and

Thiocarbonatesf lithium, rubidium and caesium

(S171C1iS2),

for simplicity can be called planar within the margin of uncertainty.

e

%53 .QSZ
(9 €1 S1

Csl

o feo

—

—ey

O(fs

Es

() S1 ©o
53%:4 @c
Cl1 S2 ©n

Figure 2.51: Unit cell of CsCS AH,0 20c in view along thea-axis. All northydrogen

atomic displacement ellipsoids are drawn at 70 % probability.

The coordination of the Csons are found to differ from each other. On Csélow 400

pm four trithiocarbonate anions only perform bidentate coordination. Additionalhe

molecule of water is in range of possible dgalation interaction. Infigure 2.52 the

coordination is shown in the upper part of the unit cEHe shortest atomic distance is
wpmt The i8nk& Tnteradtiagn)witkulfur ranges between 349.1(1) and

Cs1AAAO1

3805(1) pm, where the mean value isI3&pm.On e

may be neglected.

| o n glista@ck bf320.9(1) pm

Cs2 in turn hasix sulfuratoms of five different anions in close range ifmwic interaction.

Thus, Cs2 is coordinated in monodentate fashion dnlyo nearH.O molecules arékely

toorientbyd i p ol el c ationsmwards thetCa2 catioifhe coordination is depicted

in figure 2.52 in the lower part of the unit celAgain, the dipole interaction with water

molecules of crystallisatiors of the closes distance with 315.6(5) arD2(5) pm. The

mean value of the monodentate anion coordinati@®®&3 pm, which is of the same value
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order as obtained for the bidentate coordination of Csl. Comparecydtiated salts of
caesiumions,the#®DAAACs i nt er act iexpected vakieswlhis disb molds a n g e
for the ionic C£D:%33HMthegasgectiveidistances wene reparted to

be318.87 349.7 pmand in C3(Ss) AH20 both the dipolecation and the ionic interactions

are of comparable values witB23 pm (H.O ACs) and 356.3i 374.2 pm Cs1 S) ,
respectively®* Hy dr ogen bonds of t toely detgrmired f@MAAAS c a
orientation and positions of thexygenandsulfur, as the hydrogen atoms have been fixed

to the oxygen atoms by calculation.&h e are four OAAAS distances
be ranked as close enough for moderate hydrogen bonding with 324.2(5) and 333.0(4) pm,
respectively. Two more long distances of 373.9(5) and 387.9(4) pm may comprise

dispersion interaction with hydrogeroais attached to 038

Figure2.52: Coordination of the two neaquivalent caesium sites in £ AH,0 20c.

All non hydrogenatomic displacement ellipsoids are drawn at 70 % probability.

Thermalanalysis
It was tried to withdraw the water of crystallisation frome CsCS; AH.O 20 powder to
apply recrystallisation methods afterwards, hoptogobtain crystals of the anhydrous

compoundor structure investigatian
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