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Abstract 

In the course of this work inorganic trithio- CS3
2ī, perthio- CS2(S2)

2ī and 

perthiodicarbonates C2S6
2ī as well as compounds having both trithio- and perthiocarbonate 

or other non-related anions incorporated were prepared and structurally elucidated. It was 

possible to extend the system by introduction of selenide for sulfide, yielding the new 

perselenodithiocarbonate anion CS2(Se2)
2ī. 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 crystals, including 

trithiocarbonate and dithiocarbamate anions [S2C(NH2)]
ī as determined from X-ray 

diffraction data. 

At the interface of aqueous NH3 and CS2, the elusive (N2H7)
+ and CS3

2ī ions were stabilised 

in yellow crystals, which were identified as (N2H7)2CS3. 

Reactions of alkali trithiocarbonate with transition metal salts were conducted under 

solvothermal conditions for the first time and crystalline specimen were obtained. Thus, a 

series of transition metal complexes with Ni2+, Pd2+, Pt2+ and Co3+, as the central ion, could 

be crystallographically described in coordination with bidentate trithiocarbonato ligands. In 

the extension of the experimental series to lanthanoids, the treatment of Eu(CH3COO)3 with 

K2CS3 under solvothermal conditions in ethanol allowed to grow crystals of 

K9[Eu2(CH3COO)9](CS3)3. 

The solvothermal route was also used for the treatment of BaCS3 with Tl2SO4, but did not 

yield crystals of Tl2CS3, but Tl2S5. 

Cu2+ was successfully incorporated in neutral [Cu{CS2(S2)}] units forming a one-

dimensional polymeric structure, which crystallised with ammonium and perthiocarbonate 

ions form a solution of CuCl in aqueous NH3 and CS2. 

Among all structures the trithio-, perthiocarbonate and related 1,1-dithiolate anions could 

be described as planar for simplicity. The deviations from the ideal planarity and structural 

changes on the bond distances and angles, in particular comparing the free anions and when 

acting as a ligand for transition metals, is stressed throughout this work. Molecule 

vibrational spectroscopy is added consecutively to characterise these compounds. 

 

 

 

 



 

 

 

  



 

 

Zusammenfassung 

Diese Arbeit enthält die Präparation und strukturelle Aufklärung von Verbindungen die das 

Trithiocarbonat- (CS3)
2ī, das Perthiocarbonat- [CS2(S2)]

2ī oder das Perthiodicarbonat- 

(C2S6)
2ī Anion enthalten, sowie solchen, die sowohl Trithio- als auch Perthiocarbonat-

Ionen enthalten oder andere Anionen. Die Salze wurden mit allen Alkalimetall- und 

Barium-Kationen aus der Lösung und/oder unter solvothermalen Bedingungen in 

evakuierten Glasampullen dargestellt und kristallisiert. Es war möglich auch Diselenid-

Ionen an CS2 zu binden und so in der Verbindung K5[S2C(Se2)]1,5(CS3) Ā H2O das 

Diselenodithiocarbonat-Dianion zu erhalten und erstmals strukturell zu beschreiben. 

Mit Ammoniak als Edukt wurden die Metall Kationen mit Ammonium-Ionen substituiert 

und das Dithiocarbamat-Anion [S2C(NH2)]
ī in den Verbindungen (NH4)[S2C(NH2)] und 

(NH4)5(CS3)2[S2C(NH2)] dargestellt und kristallographisch und spektroskopisch untersucht. 

An der Grenzfläche zwischen einer konzentrierten wässrigen Ammoniaklösung und CS2 

wuchsen Kristalle der Verbindung (N2H7)2CS3, welche ein Diamminhydrogen-Kation 

(N2H7)
+ enthält. 

Unter solvothermalen Bedingungen in evakuierten Glasampullen gelang, mit der Bildung 

von Trithiocarbonato-Komplexen, auch die Reaktion von K2CS3 mit den Übergangsmetall-

Kationen Mn+ = Ni2+, Pd2+, Pt2+ und Co3+. Erstmals konnten diese anionischen Komplexe 

[M(CS3)n]
nī mit Kalium-Kationen stabilisiert werden. Die Aufklärung der 

Kristallstrukturen ist Teil dieser Arbeit. Das Trithiocarbonat-Anion tritt in diesen 

Komplexen als Chelat-Ligand auf. 

Auf explorativem Weg wurde auch die Verbindung K9[Eu2(CH3COO)9](CS3)3 erhalten und 

kristallographisch aufgeklärt. Sie kann als Mischsalz von Europium(III)-acetat und Kalium 

Trithiocarbonat aufgefasst werden und ist die erste Lanthanoid(III)-Verbindung mit CS3
2ī-

Ionen. 

Aus der Reaktion von BaCS3 mit Tl2SO4 unter solvothermalen Bedingungen wurden 

Kristalle mit der Summenformel Tl2(S5) dargestellt. Das stabile Thallium(I)-

Trithiocarbonat wurde so nicht in kristalliner Form erhalten. 

Aus einer Lösung von CuCl in ammoniakalkalischer Lösung mit CS2 bildeten sich neben 

CuS auch Kristalle der neuartigen Verbindung (NH4)2[Cu{S2C(S2)}][S 2C(S2)], welche 

neben Perthiocarbonat-Anionen auch neutrale eindimensionale Cu[S2C(S2)]-Ketten mit 

trigonal-planar koordinierten Cu2+-Ionen enthielt. 

Unter allen Kristallstrukturen konnten das Trithiocarbonat-, Perthiocarbonat und verwandte 

1,1-Dithiolat-Anionen in den Grenzen der Genauigkeit als planare Molekülanionen 

aufgeklärt werden, was auch durch die Auswertung von Molekülschwingungsspektren 



 

 

 

gestützt wurde. Strukturelle Besonderheiten wie Bindungslängen und Winkel, insbesondere 

beim Übergang vom freien Anion zum Liganden, werden diskutiert. 

  



 

 

  



 

 

 

 



 

 

Table of contents 

1 Introduction  .......................................................................................... 1 

 The discovery and elemental chemistry of CS2 ..................................................... 1 

 The formation of 1,1-dithiolates ........................................................................... 3 

1.2.1 Fundamental concepts .......................................................................................................... 3 

1.2.2 Basic reaction schemes for 1,1-dithiocarbonates .................................................................... 4 

 Common uses of CS2 and dithio derivatives ......................................................... 7 

 Aims and topics of this thesis ............................................................................. 11 

2 Results and discussion ........................................................................ 13 

 Sodium and potassium trithio- and perthiocarbonates ......................................... 13 

2.1.1 Sodium trithio- and perthiocarbonate salts .......................................................................... 14 

2.1.2 Potassium trithio- and perthiocarbonate salts ....................................................................... 28 

 Barium trithiocarbonate ...................................................................................... 54 

 Thiocarbonates of lithium, rubidium and caesium .............................................. 61 

2.3.1 Lithium salts ...................................................................................................................... 61 

2.3.2 Rubidium salts ................................................................................................................... 67 

2.3.3 Caesium salts ..................................................................................................................... 73 

2.3.4 On the perthiodicarbonate anion ......................................................................................... 88 

 Spectroscopy of trithiocarbonic acid and alkali thiocarbonate compounds ......... 95 

2.4.1 IR spectroscopy on trithiocarbonic acid .............................................................................. 95 

2.4.2 IR, RAMAN  and UV-Vis spectroscopy on thiocarbonate salts ............................................... 99 

 1,1-Dithiolates in the system of NH3 and CS2 ................................................... 117 

2.5.1 Ammonium salts of trithiocarbonate and dithiocarbamate .................................................. 117 

2.5.2 Treatment of CS2 with aqueous NH3 ................................................................................. 126 

2.5.3 Vibrational molecular spectroscopy .................................................................................. 133 

 Thiocarbonate complexes of transition, p-block and 4f-metals ......................... 140 

2.6.1 The Ni2+, Pd2+, Pt2+ and Co3+ trithiocarbonato complexes .................................................. 143 

2.6.2 Copper perthiocarbonate in a polymeric arrangement ........................................................ 170 

2.6.3 Other compounds ............................................................................................................. 177 

3 Summary and outlook ....................................................................... 189 

4 Experimental and analytical methods ............................................... 195 

 General preparative procedures ........................................................................ 195 

 Syntheses .......................................................................................................... 198 

4.2.1 Trithiocarbonic acid ......................................................................................................... 200 



 

 

 

4.2.2 Lithium thiocarbonates ..................................................................................................... 200 

4.2.3 Sodium trithiocarbonates .................................................................................................. 203 

4.2.4 Potassium trithiocarbonates and related compounds ........................................................... 205 

4.2.5 Rubidium trithiocarbonates ............................................................................................... 207 

4.2.6 Caesium thiocarbonates .................................................................................................... 208 

4.2.7 Barium trithiocarbonate .................................................................................................... 210 

4.2.8 Sodium and potassium perthiocarbonate ............................................................................ 211 

4.2.9 Treatment of NH3 with CS2 .............................................................................................. 212 

4.2.10 Perthiodicarbonates ...................................................................................................... 213 

4.2.11 Transition metal thiocarbonato complexes ..................................................................... 214 

4.2.12 Other compounds ......................................................................................................... 220 

4.2.13 Preparation of starting compounds ................................................................................ 221 

 Procedures for analytical methods .................................................................... 228 

4.3.1 X-ray powder diffraction (PXRD) ..................................................................................... 228 

4.3.2 X-ray structural analysis (SC-XRD) .................................................................................. 229 

4.3.3 Molecule spectroscopy ..................................................................................................... 232 

4.3.4 Thermal analysis .............................................................................................................. 236 

4.3.5 Computational methods .................................................................................................... 237 

4.3.6 Software .......................................................................................................................... 237 

5 Appendix of experimental data......................................................... 243 

 Crystallographic reports ................................................................................... 244 

 Powder XRD .................................................................................................... 253 

 Thermal analyses .............................................................................................. 257 

 Calculated structural values .............................................................................. 260 

6 References ......................................................................................... 263 

7 Acknowledgements............................................................................ 273 

8 Declaration ........................................................................................ 275 

  



 

 

Table of abbreviations 

a.k.a. as known as 

CCDC Cambridge Crystallographic Data Centre 

cf. (latin: conferatur) ï confer 

CSD Cambridge structural database 

DMSO dimethyl sulfoxide 

DMF dimethyl formamide 

e.g. (latin: exempli gratia) ï for example 

en ethane-1,2-diamine 

Et2O diethyl ether 

EtOH ethanol 

EtOī ethoxide anion 

eq. equivalent 

HMO Hückel Molecular Orbital 

HOMO/LUMO highest occupied molecular orbital/lowest unoccupied molecular orbital 

HSAB hard and soft acids and bases 

i.e. (latin: id est) ï that means 

ICDD International centre for diffraction data  

ICSD inorganic crystal structure data base (used version 4.6.0) 

IR infrared, near-infrared 

LASER light amplification by stimulated emission radiation 

MeOH methanol 

n-buli n-butyllithium 

OAc acetate anion/ acetato ligand 

PDF-2 Powder diffraction file ï 2 (2007) 

Ph phenyl 

THF tetrahydrofuran 

UV-vis ultraviolet-visible 

 

Table of quantities and their units 

EN (atom) electronegativity EN (atom) 

m  mass g or kg 

M molar mass gĀmolī1 

n  amount of substance mol 

T  temperature 

 

°C or K 

(T[K ] = (273.15 + T[°C]Ā°Cī1) K) 

RT room temperature  

 

  



 

 

 

  



 

 

1 

1 Introduction  

 The discovery and elemental chemistry of CS2 

Trithiocarbonates, the derivatives of the trithiocarbonic acid, (HS)2CS, belong to an 

interesting compound class. Research on these inorganic compounds, their organic 

derivatives and their differences towards the ubiquitous oxygen analogues enlivened 

scientists for two centuries to work in this field. Without any doubt, the development of the 

chemistry of thiocarbonates was dependent on the discovery of carbon disulfide, CS2, óthe 

most important carbon-sulfur compoundô, by LAMPADIUS in 1796.[1] In the 19th century 

experiments were carried out by BERZELIUS, who was among the first to study the reaction 

of CS2 with sulfides and hydrogen sulfides in aqueous solution.[2] Despite that early phase 

of well-founded scientific effort, BERZELIUS was able to draw an important conclusion, 

namely that of formation of sulfur analogues of the carbonates. Moreover, his preliminary 

work already covered the relative instability of solid products under ambient atmosphere as 

well as the formation of a red oil upon treatment of those solids with acid (cf. equation 1.1). 

Later, the identity of this red oil was revealed as (HS)2CS, which under ambient condition 

is a red liquid, that behaves hydrophobically.[3ï6] In this view, BERZELIUS can be taken as 

the explorer of (tri)thiocarbonates. 

 

1.1 

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

trithiocarbonate anion.[7] 

CS2 was put into reaction with different other substances available at that time, for which 

reason the class of thiocarbonylthio or mercaptothiocarbonyl compounds, i.e., 1,1-
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dithioacids and deriving 1,1-dithiolates were found. In this context it came to pass, that 

ZEISE, a contemporary of BERZELIUS, discovered O-alkyl dithioesters (HS)SC(OR) and 

dithiocarbamates [S2C(NR2)]
ī by treatment of CS2 with alkoxides (RO)ī or ammonia (NH3), 

respectively, where R is a non-metal substituent.[8] He decided to name the former new 

compounds xanthates, after the Greek xanthós, meaning óblondô or óyellowô.[9] They played 

an important role in the evolution of sulfur chemistry. Moreover, ZEISE worked on 

alkylthiols as well, and the common term ómercaptanô, derived from Latin corpus mercurio 

captum, meaning ócapture mercuryô originates from his work.[10] 

Not last, existence of the related thioxanthates [S2C(SR)]ī and 1,1-dithiocarboxylates 

S2CRī shall not be unmentioned. The latter can be obtained by reaction of CS2 with 

GRIGNARD reagenti.[11] However, this work is not going to discuss this class of compounds 

further. 

  

 
i  Grignard reagents are typically organic magnesium compounds. Generic formula RīMgīX, with R = alkyl/aryl moiety and X = halogenide. 

They are prominent to form new RīR* bonds by reaction with alkyl/aryl halogens R*īX. 
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 The formation of 1,1-dithiolates 

1.2.1 Fundamental concepts 

Generally speaking, the formation of 1,1-dithiolates from CS2, can be achieved by addition 

of a LEWIS-base into one of the double bonds in CS2. In other words, a nucleophilic species 

(Nuī) is demanded to build up an attractive interaction with the carbon atom, which 

simultaneously has to cancel one of the C=S double bonds, which is shown in equation 

1.2.[12] 

 

1.2 

Figuratively, for the reactivity of CS2, a comparison with the lighter homolog CO2 can be 

stressed. CS2 is a liquid at ambient conditions and is able to polymerise, which is a sulfur 

related property to show a lower tendency to form double bonds. CO2 in turn is gaseous and 

under ambient pressure no liquid phase is known. Qualitatively speaking, the strong double 

bonds are formed easier, as the p-orbitals overlap is increased with the those of the central 

carbon atom, due to the smaller size of oxygen. Moreover, CO2 is non-burning, non-toxic 

and exotherm, while endothermal CS2 burns and is toxic.[13] CO2 is readily soluble in water, 

stemming from a marked dipole moment due to the electronegativity difference of ~1.[14] 

CS2 has no strong dipole (æEN =0.06) and only reacts with water at higher temperatures, 

yielding CO2 and H2S.[1] 

 

It is important to introduce the fundamental principles that can be used to explain these 

reactions and there is a demand for definition of several terms concerning the reaction of 

CS2 with nucleophiles as presented in equation 1.2. Covered by the concept of Lewis acids 

and bases (named after G. N. LEWIS 
[15]) as well as the concept of HSAB, the probability 

of a successful nucleophilic attack on the CS2 molecule can be estimated. 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), that is not involved in the bonding of the Lewis base 
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molecule (often the HOMO), is donated to the unoccupied molecule orbital (LUMO) of a 

Lewis acid.[16] The energy level between of the HOMO and LUMO is defining whether the 

binding will be successful, i.e. if a net lower energy level of the newly formed molecular 

orbital between base and acid can be realised to be filled with electrons. It is important to 

note that in Lewis acid and base association reactions the donated electrons from the HOMO 

are only partially transferred by establishment of a dative, polar or coordinative covalent 

bond between the reagents.[13] Certainly, in most cases, including many 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 

bond between the metal and the ligand.[17] However, in the case of the reaction of CS2 with 

an electron donating nucleophile, the result will be better described as the formation of a 

covalent bond, i.e., the electrons will be equally shared. A useful, yet ambiguous, estimate 

for the probability of that reaction is given through the qualitative concept of HSAB 

characterisation. It was introduced by PEARSON in 1968 and the terms soft and hard refer 

to the polarisability of the electron cloud of the atom or molecule discussed in proportion 

to its size. For instance, the larger (smaller) and less (more) positively charged, the softer 

(harder) is the acid, and generally speaking soft acids favour soft bases over hard ones.[13,18] 

Practically, both the LEWIS and HSAB concepts offer ways to evaluate reaction possibilities 

in a thermodynamic view. This can in many cases be transferred to nucleo- and 

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

 

1.2.2 Basic reaction schemes for 1,1-dithiocarbonates 

Introduction of a chalcogenide anion Ch2ī substituting the general monoanionic nucleophile 

in equation 1.2 (cf. above) makes thiocarbonates (S2CīCh)2ī available. As shown in 

equations 1.3-1.5, this demands alkaline environment, and the formation can be understood 

as a stepwise reaction. Trithiocarbonates are unlikely to form in natural processes, because 

if  the pH value is not maintained high enough, gaseous COS and H2S are likely to form 

from the intermediates, shown in equation 1.6. 
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1.3 

 

1.4 

 

1.5 

Equation 1.3-1.5: Three step reaction of CS2 with hydroxide ions (aqueous alkaline 

media).[1] 

 

1.6 

Equation 1.6: Abort of formation of trithiocarbonate at low pH values (aqueous medium). 

Treating CS2 with an alkaline species such as hydroxide ions can be used to form 

trithiocarbonates in three steps. First, as shown in equation 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 the sulfur atoms. In equation 1.4, another 

hydroxide ion removes that proton in a condensation reaction upon formation of a 

dithiocarbonate anion, which is relatively unstable and prone to either react with an 

additional CS2 molecule or most likely decompose in the back reaction of equation 1.4 and 

1.3. As shown in equation 1.5, the dianionic intermediate can react with CS2 to form a 

trithiocarbonate anion and a carbon oxysulfide molecule. The stepwise reaction manner 

indicates, why dithiocarbonates could only be scarcely obtained in the solid state, as the 

alkaline media and excess of CS2 forces the reaction to proceed towards the formation of 

trithiocarbonates. Only in 1991, the free dithiocarbonic acid (HS)2CO or (HS)(HO)CS, 

could be isolated.[1,19] The preparation of the hydroxy tautomer was included in patents for 

fluorosurfactants and cholesterol-lowering agents.[20] 
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If sulfides are added directly, tri- and perthiocarbonatesii are obtained more easily as the 

equilibria are shifted towards the desired products. In equation 1.7 and 1.8, the introduced 

nucleophilic hydroxide anions are exchanged for hydosulfide HSī in alkaline media or for 

sulfide ions S2ī, respectively. In this context it should be mentioned that the reaction of 

weakly acidic H2S with CS2 does not form trithiocarbonic acid.[22] Polysulfide ions Sx
2ī (x 

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

1.9. 

 

1.7 

                         

1.8 

 

1.9 

Equation 1.7-1.9: Reactions of sulfides with CS2. 

  

 
ii Note, that the term tetrathiocarbonate for (CS4)

2ī is avoided for the sake of indication of the SīS single bond present in the molecule and 

prevent misinterpretation of the molecule shape of a tetrahedron. Because there also exist orthothiocarbonates, exhibiting a tetrahedral 

arrangement of CīS bonds on the central carbon.[21].  
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 Common uses of CS2 and dithio derivatives 

About the end of the 19th century, by the time of industrial development of chemistry, a 

more complex variety of electron-donating groups, e.g., primary and secondary amines, 

phosphines, thiolates, etc, became available. As mentioned above, this persuaded scientists 

to react CS2 with this growing number of available compounds. The products from these 

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 

elemental sulfur had been used that far, which was successively replaced by tailored sulfur 

compounds. 

 

Vulcanisation of rubbers 

In the 20s of the last century, the vulcanisation of rubbers underwent reformation, as the 

crosslinking of the polymers with elemental sulfur was supported or even replaced by new 

additives. The industrial protocol of vulcanisation suffered from uneconomic reaction times 

and temperatures.[23] So called accelerators now offered the advanced control of sulfur 

concentration and chain length for the curing of polymers.[24] In short, the mode of action 

of the accelerator is the reaction of the released fragments with the polymer chain upon 

elevated temperatures. To control the kinetics and mechanisms of the multiple-step reaction, 

other additives can become necessary.[25] Derivatives of the dithiocarbamates and xanthates 

were applied in rubber making. Both compound classes are assigned to the group of fast to 

ultra-fast accelerators.[23,24] A great enhancement in particular was the intermixing of carbon 

into the material, that was only then realised, as under conditions without accelerators, the 

sulfur crosslinking was chemically hindered.[23] This emphasises the growing versatility of 

rubber compounds, as by the addition of carbon, the materials resistance and stiffness could 

be tuned. 

 

Application as pesticide 

Some compounds used in the improved vulcanisation protocols were also used in pesticides, 

where particularly (dithio)carbamates were common. For instance, Thiodicarbiii , a 

derivative of the carbamates is used as a contact insecticide. Larvin WP75 (Bayer), where 

 
iii  Chemical name: dimethyl N,Nô-{thiobis-[(methylamino)carbonyloxy]}-bis(ethanimidothioate), Sum formula: C10H18N4O4S3, CAS No. 

59669-26-0 
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Thiodicarb is the main additive, is admitted outside the EU. The pesticidal activity, that is 

triggered upon hydrolysis, stems from the release of methomyl, that inhibits the 

acetylcholinesterase enzyme.[26] The compound has been abandoned from EU marketing in 

May 2007 as it was declared to be in suspicion to cause dietary risks.[27] 

 

Reagents in RAFT polymerisation 

Thiocarbonylthio compounds like dithiocarbamates, dithiolates, xanthates and 

trithiocarbonates are also used in free radical polymerisation (FRP) reactions. More closely, 

they are the agents, transferring the free electron of the radicals in so called reversible 

addition-fragmentation chain transfer (RAFT) polymerisation. In this context, they are 

referred to as RAFT-agents.[28] Syntheses and processing of polymers with all sorts of 

demands for properties have become a great pillar in the realm of chemical industry. Thus, 

a number of different preparation techniques are common, where free radical 

polymerisation plays an important role, due to its variability. There are three major steps in 

FRP: Chain initiation, propagation, termination and sometimes a fourth step can be 

considered as the chain transfer.[29] Within this specific field of polymer synthesis, RAFT 

polymerisation presents some advantages towards other synthesis protocols. By the 

intermediate chain transfer via the RAFT-agent, control of the chain growth is realised by 

means of concentrations of constituents, duration and temperature. The reaction in scheme 

1 describes the key function of the thiocarbonylthio compound during polymerisation 

propagation. 

 

Scheme 1: Proposed mechanism of controlled polymerisation propagation via stabilizing 

thiocarbonylthio RAFT-agent (grey). Polymeric growth is formulated as the polymer 

molecules PM and PN are adding monomers M to their chain (cf. part 1 and 3). The middle 

reaction step 2 is the so called ódormant speciesô as it is designed to be kinetically 

stabilised.[30,28] 

FRP reactions are usually initiated by the formation of a radical, that can start the chain 

reaction with the monomer molecules, desired to form up a polymer structure. To avoid an 

accelerating uncontrolled growth and all kind of possible side reactions, that might be 

undesired, several parameters can be adjusted. The concentration of initiators is kept low, 
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so that only a low number of radicals with respect to the number of monomers are let loose. 

Next, to preserve the reaction running controlled, the formation of a kinetically stabilised 

radical, has to be favoured in comparison to possible side reactions. By the chemical design 

of the RAFT-agent the volatility of free radical electron to transfer back to the polymer 

chain seed, can be decreased. As proposed in scheme 1, the C=S double bond, or 

thiocarbonyl bond, precisely, the looser ́ -bond is cleaved to form a new bond to the 

polymer radicaliv (cf. step 1). The radical electron is now trapped within the SīCīS 

fragment, probably occupying an orbital of the carbon atom as depicted (step 2). The 

substituent A acts as a setscrew for the stability of the new radical, as it can interact in terms 

of its inductivev and/or mesomericvi effect. Depending on the type and reactivity of 

monomers and polymer radicals, A will be chosen to increase or decrease the probability of 

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

be better controlled, with a more ódeactivatingô substituent for A, at the RAFT-agent, like 

a phenyl group, where the radical electron can be distributed via the delocalised ́ -electron 

system (+M-effect). The term ódormantô for the intermediate 2 in scheme 1 denotes this 

controlling key function of the RAFT-agent, which is written by disequilibrium arrows. The 

concentration of RAFT-agent in the reaction is set to a rather high value, which supports 

the stability of the dormant species. However, for propagation of the reaction, a certain rate 

of transfer of the radical electron back to the polymer chain óheld sleepingô is needed. In 

scheme 1, this process is described in step 3. From this moment on, the polymer radical PN 

becomes active to grow by chain reaction with monomers M (cf. step 1 and 3). 

In polymer synthesis often the mean molecular weight, or molecular dispersity, is of 

important significance. A narrow polydispersity (close to 1) categorises the polymerisation 

as controlled since the molecular mass of the product compound is then almost constant. In 

other words, the growth of the polymer molecules runs homogeneously, and termination of 

the growth starts only after all monomers available have been connected. This detail is 

responsible for another term used to describe this type of polymerisation: ólivingô. It 

denotes, that if  there are monomers available the chain growth proceeds, if not, termination 

is imminent. 

 
iv At this point it is no more necessary to differentiate between a polymer seed or already advanced chain as the mechanism should in 

principle not be dependant of the polymer chain length. At least for a basic understanding, no differentiation is needed, although certain 

effects may not be neglected. 
v An atom or molecule substituted for a hydrogen atom can act donating or withdrawing electron charge in the new electron bond that is 

formed upon substitution (+I-, īI-effect, respectively). 
vi An atom or molecule withdrawing or supplying a delocalised -́electron system and/or free electron pairs to an already conjugated electron 

system (īM-, +M-effect, respectively).  
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If all parameters are well chosen, it is furthermore readily derived, that the polymer radicals 

PM and PN in scheme 1 are close in molecular weight, i.e., chain length and 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). This can for example lead to a softening, because 

shorter polymer chains are intermixed with longer ones. Again, by tuning of the substituent 

A and depending on the polymer desired, this can still be feasibly realised with RAFT 

polymerisation.[30,28,29] 

 

There are far more than the described areas of application for thiocarbonylthio compounds. 

Particularly, trithiocarbonates are also viable in domain of medicine, pharmaceutics, fuel 

chemistry, ore froth flotation and synthetic chemistry.[31] 
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 Aims and topics of this thesis 

Having grasped the basic reaction patterns and theoretical background, generally, the aim 

was to prepare thiocarbonates in the solid state for crystallographic characterisation. This 

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 reviewed in Topics in Sulfur Chemistry - Carbon Sulfides and Their 

Inorganic and Complex Chemistry.[1] The work, written by GATTOW and BEHRENDT, covers 

knowledge on CS2 and its 1,1-dithiolate derivatives up until 1977. Among the multitude of 

reports and publications referred to in said review, related to thiocarbonates are frequently 

unavailable, going way back to the 60s and 70s. In 1992 GATTOW reviewed progress on this 

topic, when still only a few more crystal structures were presented.[19]  

Altogether, X-ray structure models of some basic inorganic compounds have up to today 

not been elucidated accurately. In spite the technology and applicability of structure 

determination techniques improved dramatically through the years, generally speaking, the 

number of solid-state structures still stands low when the trithio- or perthiocarbonate 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[CS2(S2)] Ā MeOH.[32] For trithiocarbonates free of solvent molecules, so far, only crystal 

structures of the Ŭ- and ɓ-trithiocarbonic acid,[33,34] sodium and thallium trithiocarbonate 

(the latter from PXRD data) were registered in single crystal databases.[35,36] 

Furthermore, the LEWIS-basic property of the trithiocarbonate anion makes thiocarbonates 

a ligand capable of donating electrons to LEWIS-acids, which can be exploited to prepare 

anionic transition metal trithiocarbonato complexes. Likewise, the purely ionic compounds, 

only a few trithiocarbonato complexes of transition and main group metals are known and 

not all have been determined crystallographically. No purely inorganic compounds have 

been described crystallographically. 

Finally, mixed thioselenocarbonates are structurally uncharted, which justifies to step ahead 

towards structural investigation of these hetero chalcogencarbonates. In status solidi 

inorganic dithiomonoselenocarbonates CS2Se2ī of only sodium, potassium and barium are 

known. 
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To gain access to compounds with thiocarbonate anions and to overcome drawbacks due to 

their known sensitivity towards oxidants and long-term instability under moist atmosphere, 

inert preparation and analysis is needed. 

As thiocarbonates are prone to release gaseous decomposition products, reactions of the 

educts in closed systems were realised using evacuated ampoules. At elevated temperatures 

solvothermal conditions increase the solubility of solids, which on cooling down start to 

crystallise. In particular, this was reported successful to grow crystals of sodium 

trithiocarbonate which persuaded to explore this method to prepare thiocarbonates further. 

The introduced starting compound CS2 is fortunately both solvent and reactant. As it 

constitutes an nonpolar and relatively inert molecule towards ionic compounds, to enhance 

its reactivity, it is mixed with a minor amount of alcohol. 

Another rather traditional method of preparation found in the literature, like the 

precipitation of group I and II salts from saturated solutions of MIHS or MII(HS)2 with CS2 

in ethanol and water, respectively, were acquired. Worked up, the crude products can be 

recrystallised under solvothermal conditions, again exploiting the better solubility at higher 

temperatures in a closed system. This poses another way to obtain products suitable for 

structure determination routines. Needless to say, X-ray 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 and RAMAN  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 the convenience of the compounds and offer to 

embed the results into the context of literature. Calculations based on the determined 

molecular geometries of the molecules on density functional theory DFT level provided 

support for the experimental spectra
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2 Results and discussion 

 Sodium and potassium tri thio- and 

perthiocarbonates 

Starting to work on thiocarbonates, a useful entrance to this field was to prepare alkali 

trithiocarbonates, namely those, which were known since the first half of the 20th century. 

Based on the work by YEOMAN from 1921,[5] sodium, potassium and barium 

trithiocarbonate were precipitated as microcrystalline powder. However, to obtain products, 

suitable for X-ray structure determination, another approach was applied. The solvothermal 

treatment of alkali sulfide with CS2 was first performed by HENSELER and JANSEN, who in 

this way obtained the single crystalline anhydrous sodium salt.[35] The 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, which were not described in structure models 

free of solvate molecules. Substitution of the starting sulfide powder with selenide yield 

crystals featuring a new anion, the perselenodithiocarbonate, which could be described with 

SC-XRD structure modelling. 

With a structure model, PXRD data of Na2CS3, K2CS3 and BaCS3 could be identified. This 

further allowed to compare vibrational spectra of other alkali salts that could not be 

identified with SC-XRD, with those of the potassium and barium compound. With this 

trithiocarbonates of the series of alkali metals and barium were successfully prepared. 
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2.1.1 Sodium trithio- and perthiocarbonate salts 

Sodium trithiocarbonate  Na2CS3 

Originally, the crystal structure of anhydrous Na2CS3 was first reported in the 60s by 

PHILIPPOT and RIBES, but neither the original work, nor data could be accessed.[37] 

Mentioned above, HENSELER and JANSEN (re-)discovered the crystal structure of anhydrous 

sodium salt in 1993, from a solvothermal reaction, confirming it to apply to the monoclinic 

crystal system with the space group C2/c (no. 15).[35] Their structure model was confirmed 

by analysis of the crystals of Na2CS3 6 obtained in this work in using their route. 

An earlier claimed high temperature phase transformation in the compound Na2CS3 was 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 determined by HENSELER and 

JANSEN, who named the compound ɓ-Na2CS3 for the low temperature phase.[35] In the 

review of GATTOW and BEHRENDT, a phase transformation in Na2CS3 is not 

communicated.[1] 

The preparation of Na2CS3 4, following the work by YEOMAN,[5] was carried out as well, 

which usually yields a microcrystalline powder of that compound 4. On one occasion a 

millimetre sized crystal agglomerate, which is depicted in figure 2.1, was obtained from the 

saturated alcoholic solution upon long standing. (It shall be noted that the numbering of the 

compound is related to the preparation, thus for instance, the crystals used to determine the 

structure of Na2CS3 6 chemically mean the same compound as 4, which in turn was powder.) 

 

Figure 2.1: Photograph of a macroscopic polycrystalline agglomerate of polycrystals of 

Na2CS3, grown upon long standing from saturated alcoholic solution. 
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Crystal structure model 

The unit cell is depicted in figure 2.2, with the origin at the inversion centre on the c-glide 

plane, and in table 2.1 a comparison of the determined cell parameters and residuals with 

those available in the database is given. 

  

Figure 2.2: Depiction of the face centred monoclinic unit cell of Na2CS3 6. On the left, the 

parallel alignment of the trigonal anion is captured in view along the b-axis. On the right, 

the alternative orientation of the C1īS2 bond parallel to the b-axis is observed. 

A detailed description of the structure can be found in the referred work by HENSELER and 

JANSEN. However, some interesting properties must not be left out. 

The anisotropy ellipsoid of the S2 atom is tilted out of the trigonal trithiocarbonate anion 

plane, which, as stated earlier,[35] could indicate a symmetry lowering of the space group to 

Cc. As in the preceding work, the structure could not be solved in this lower symmetry. The 

sodium cation Na1 is surrounded by four nearest trithiocarbonate anions, which have two 

mono- and two bidentate ionic interactions via the negatively charged sulfur atoms, adding 

up to a coordination number of six. The NaīS distances range between 283.44(9) and 

306.90(9) pm, where the mean value is 292.85 pm. In turn, each sulfur atom is coordinated 

by four sodium cations, very broadly forming a square around the central sulfur atom. 

Thereby, as described by HENSELER and JANSEN, a distorted anti-CaF2 fashioned structure 

is set up, which is depicted in figure 2.3. 
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Table 2.1: Comparison of the data of the crystal structure model of Na2CS3. 

Compound name (No.) this work (6) HENSELER, JANSEN 

1993[35] 

Temperature [K] 150(2) RT 

Crystal system monoclinic 

Space group (No.) C2/c 

a, b, c [pm] 998.5(1), 628.86(6), 

846.42(8) 

1003.6(1), 633.7(1), 

855.5(1) 

ɓ[°]  107.955(7) 108.05(1) 

V [nm3] 0.50562(9) 0.5173(1) 

Z 4 

ɟcalc [gĀcm
ī3] 2.025 1.98 

Absorption coef. ɛ 

[mmī1] 

1.455 1.307 

Crystal size [mm3] 0.12 × 0.07 × 0.05 ī 

   

X-radiation [nm] Mo KŬ 

Diffractometer STOE IPDS 2T Enraf-Nonius CAD 4 

2ɗ range [°] 7.772 ī 52.96 2 ï 80 

Index ranges -12 Ò h Ò 12, 

-7 Ò k Ò 7, 

-10 Ò l Ò 10 

-18 Ò h Ò 18, 

-11 Ò k Ò 11, 

0 Ò l Ò 15 

Reflections collected 2594 9907 

Independent reflections 

[Rint, Rů] 

529 

[0.0666, 0.0373] 

1582 

[0.02, ī] 

   

restraints / parameters 0/29 0/29 

Goodness-of-fit on F2 1.105 ī 

R1, wR2 indexes 

[I Ó 2ů(I)] 

0.0257, 0.0624 0.034, 0.033 

R1, wR2 indexes 

[all data] 

0.0283, 0.0633 

Residual electron 

density. peak/hole [e 

Åī3] 

0.58/-0.54 0.51 

Flack parameter   

Absorption correction 

type 

none*  ī 

*An absorption correction was abandoned, after the routine given in the 

chapter 4 could not improve the residuals for the crystal structure model. 
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Figure 2.3: Anit-CaF2 structure fashioned array of sodium ions, forming distorted cubes, of 

which half are inhabited by trithiocarbonate anions. 

Despite the temperature difference of the measurements, the trithiocarbonate anion 

geometry is changed only marginally. In table 2.2 the crucial values are compiled. The ideal 

D3h symmetry is broken, determining two non-equivalent CīS bonds. As C1 and S2 occupy 

the special site 4e, their position and bond coincide with the two-fold axis present in the 

space group symmetry. The molecule anion is thus constrained to C2v symmetry, as the 

symmetry element forces the molecule to planarity (vertical mirror plane). S1 and Na1 

possess regular lattice sites (8f). 

Table 2.2: Geometry details of the trithiocarbonate anion in the structure model of Na2CS3. 

distance / angle 150 K (this work) RT[35] 

C1īS1 [pm] 171.3(1) 171.51(7) 

C1īS2 [pm] 172.2(3) 171.8(1) 

S1īC1īS1 [°]  119.57(2) 119.35(7) 

S1īC1īS2 [Á] 120.21(1) 120,32(4) 

 

X-ray powder diffraction 

The powder obtained on the route of precipitation was identified as a mixed phase with 

major parts of Na2CS3 4 with a fit  of the PXRD data with the crystallographic phase 

information of the obtained Na2CS3 single crystal 6 (C2/c, own data) in a simple RIETVELD  

refinement (hydrogen atom sites were left out from the procedure). Some impurity with 

Na2CS3 Ā 2 H2O, could be found due to additional intensities in the powder diffractogram, 

which is graphically summarised in figure 2.4. The dihydrate phase information was fitted 
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with a simple PAWLEY  refinement (green line), neglecting to refine the atomic position in 

the impurity phase. 

 

Figure 2.4: Graphical output of computational refinement of experimental PXRD data of 

Na2CS3 4 (yexp red curve). The RIETVELD  and PAWLEY  refinement curves are coloured 

black and light green, respectively, and the difference curve (yexp ï yref(black)) is blue. The 

symbols at the bottom mark the reflection angles simulated from the single crystal 

information on which basis the RIETVELD refinement was carried out. Some strong 

mismatches (indicated in the blue curve) could be fit in a PAWLEY  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 pattern is in accord with that of a mixed phase of 

majorly anhydrous Na2CS3. However, there are some peak ranges that clearly speak for 

additional phases or crystal phase misfits not covered by the refinement. 

The reflection between 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 Na2CS3, only. This particular 

intensity could be explained with impurity by the dihydrate phase, which is well simulated 

with a PAWLEY  fit, using earlier reported cell parameters and space group of 

Na2CS3 Ā 2 H2O. The green line representing the impurity also describes the intensities at 

20 and 23° much better than the black line of the main product Na2CS3. 

Qualitatively, one may assume that water molecules introduced via the moist atmosphere, 

due to the hygroscopic nature of the compound. They do not readily occupy the sites as 

determined in a Na2CS3 Ā 2 H2O crystal grown thermodynamically balanced including water 

of crystallisation. Rather, the migration of the water molecules into the lattice of the 
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formerly anhydrous Na2CS3 is accompanied with a successive change of the crystal lattice. 

As a result of the refinement technique, apparently this change includes the set-up of the 

orthorhombic system at an early stage of hydration. This constitutes that by hydration of 

Na2CS3 a higher order is successively established in the lattice, which explains the 

hygroscopic nature of the material structurally, since by increasing lattice order, the lattice 

energy increases. It shall be admitted after all that by the different refinement methods there 

are still intensities left in the experimental data that cannot be addressed by either one of 

the calculated lines.  

Moreover, neither one of the phases of Na2S (Fm3m, ICSD no. 60436), Na2S2 (P62m, ICSD 

no. 73180), Na2CO3 (C2/m, ICSD no. 60311) or Na[S2COC2H5] Ā 2 H2O (P1 , own data), all 

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

useful to explain the origin of the unmatched intensities in figure 2.4. 

Sodium trithiocarbonate dihydrate Na2CS3 Ā 2 H2O 

As explained in the experimental details the substitution of metallic sodium with sodium 

hydroxide as a precursor results in inclusion of H2O in the crystal structure. As shown in 

figure 2.5 yellow, crystalline Na2CS3 Ā 2 H2O 5 could thus be precipitated from a saturated 

alcoholic solution of NaSH with addition of CS2. The crystals were ground to a powder and 

a PXRD curve was recorded right after the preparation. At a later point in time, a suitable 

crystallite for SC-XRD analysis was used to record data for a structure model. 

 

Figure 2.5: Photograph of yellow finely crystalline Na2CS3 Ā 2 H2O 5. 

Like the anhydrous compound, the crystal structure of Na2CS3 Ā 2 H2O was originally 

determined by PHILIPPOT and RIBES in 1969.[37] According to the original reference, 

reviewed by GATTOW and BEHRENDT, the space group Ccmb, using the formerly written 
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nomenclature had been determined, which was confirmed through analysis of modern SC-

XRD data. 

 

Crystal structure model 

The orthorhombic space group Cmca (no.64) could be used for the description of the unit 

cell with eight formula units. The unit cell is depicted with two viewing angles in Figure 

2.6. As a first impression, one can explain the structure as alternating layers, vertical to the 

elongated a-axis, that are filled with water and vacancies alternatively. 

 

Figure 2.6: Depictions of the extended face-centred unit cell of Na2CS3 Ā 2 H2O 5. All non-

hydrogen displacement ellipsoids are drawn at 70 % probability. The dashed yellow 

connections indicate hydrogen bonds between the negatively charged sulfur atoms and the 

water molecules of crystallisation. 
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In the top drawing, the trithiocarbonate anions and water molecules set up a network via 

hydrogen bonds. The S2ĀĀĀO distances (S1 has no interaction with water) of 258.1(1) (O1) 

and 351.42(5) pm (O2), show that the H2O molecules of crystallisation cannot be considered 

strongly hydrogen-bound.[38] This supports the fact that water could be carried off from the 

powder compound by drying. Some atoms occupy special sites in the present structure: The 

CS3
2ī possesses C2v symmetry, as a two-fold axis parallel to the a-axis is coinciding with 

the C1īS1 bond (both atoms in site 8d). Due to that, the anion is forced to planarity and 

offers only two non-equivalent CīS distances for comparison. Expecting one of the bonds 

to exhibit double bond character by a decrease in length, cannot be discussed separately 

from the site symmetry. As the three CīS bonds differ only marginally (172.0(2) (S1) and 

171.8(1) pm (S1)), the position of the double bond is not resolved from the X-ray structure 

model. In other words, the ́-electron system is distributed homogenously over the 

molecule. The anion model describes hardly any difference compared to the model in the 

anhydrous compound (cf. above). Particularly, the CS3
2ī ions are likewise coordinated in 

the cation network, set up by two individual sodium atoms Na1 and Na2, describing a 

distorted cubical fashioned lattice. Their distinct positions are special (8e), with rows of 

Na1 coinciding with another two-fold axis parallel to b and Na2 located in the mirror plane 

(8f) in (011) and (½11), as shown in figure 2.6 (bottom). Interestingly, the earlier mentioned 

anti-CaF2 fashioned structure, seen in the anhydrous compound, can thus again be 

recognised, which is shown in figure 2.7. 
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Figure 2.7: Drawing of the distorted primitive cationic framework in the crystal structure 

of Na2CS3 Ā 2 H2O 5, where CS3
2ī anions occupy every second cuboid built by the sodium 

cations. This results in an anti-CaF2 fashioned structure which is heavily distorted. Two 

water molecules of crystallisation per anion are included which are not considered in the 

comparison with the anti-CaF2 like structure. 

In this construction, S1 is coordinated by four Na1 ions, with an atomic distance of 

290.05(5) and 298.57(6) pm, but as the primitive sodium ion lattice is not aligned with the 

unit cell dimensions, the C1īS1 bond is not orthogonal to the almost rectangular plane of 

the nearest Na1 ions. Below 400 pm, the S2 atom has only two ionic interactions with Na1 

and Na2 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 the mirror plane, shifted away from the 

centre of the Na4 trapezoid spanned by the nearest Na2 ions. The O2 water molecule is 

occupying the cation cuboids vacant from anion occupation, alternating with the 

neighboured anions in the cationic network. Dipole-cation interaction, i.e., hydration of the 

sodium ions, can be assumed and for O1 and O2, two Na2 ions are close (233.2(2) and 

235.2(2) as well as symmetrically 237.2(1) pm). In order to compare, both the anti-CaF2 

fashioned structures in the anhydrous (cf. page 17) and the dihydrate compound a closer 

look at the atomic distances of the primitive sodium framework is used. This cation lattice 

in the anhydrous compound consists of smaller Na8 cuboids, with the longest NaĀĀĀNa 

distance to be 417.1(1) pm. Whereas, the longest NaĀĀĀNa distance in the primitive 

framework is significantly longer in the dihydrate, reaching 565.48(6) pm, which is the 

distance between the planes inhabited by Na1 and Na2. Thus, inclusion of H2O in the lattice 
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demands movement of the alternating planes of sodium cations away from each other. 

(Within the planes, the NaĀĀĀNa distances are comparable to those in anhydrous Na2CS3 

~350 pm.) It may be stated that the trithiocarbonate anion holds the separated planes 

together. On one hand it coordinates towards the hydrated plane occupied with Na2, which 

are heterogeneously stabilised in their site by H2O and negatively charged S2 with 

dipoleīcation and ionic interaction, respectively. On the other hand, negative charge is 

brought to the plane of Na1 cations, because they are relatively well ordered symmetrically 

around S1. Thus, the Na1 plane is guided by a 2:1 ionic interaction between Na1 ions and 

negatively charged S1. 

 

X-ray powder diffraction 

The experimental PXRD data was treated with a RIETVELD  analysis, which is graphically 

shown in figure 2.8, using the phases of anhydrous and the dihydrate of Na2CS3.  

 

Figure 2.8: Graphical output of RIETVELD analysis of the PXRD data of Na2CS3 Ā 2 H2O 

5 ground to a powder. Some strong mismatches of the refinement (black curve) can 

be observed from the peaks in the blue difference line (yexp ï yref). The arrows mark 

intensities of undefined additional phases. 

Thus far, the atomic positions in the unit cell of Na2CS3 Ā 2 H2O, were unknown, but with 

the crystal structure these positions could now be refined as well. However, some intensities 

could not be simulated with the crystal phase information of the dihydrate only. Because of 

the structural similarities described above, the anhydrous compound info was added as a 

second phase. This allowed to fit at least most of the strong peaks in the powder data, 
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identifying the powder as to consist majorly of these compounds. However, the intensity 

ratio of the experimental and refined peaks is not ideal, seen in the amplitudes of the 

difference curve above 2ɗ = 19°, shown in figure 2.8. Some additional intensities in the 

range of 2ɗ = 19 to 23° and 25 to 31° could not be described by the two main phases. The 

strongest reflections indicated by arrows clearly give rise to a third or even more phases in 

the powder mix, which could not be identified. It was tried to overcome these mismatches 

by a decrease of the space group symmetry of the dihydrate phase. Therefore, the single 

crystal data of Na2CS3 Ā 2 H2O 5 was solved in the primitice monoclinic group P21/c (no. 

14). This resulted in cancellation of the symmetry equivalent S2 site and enabled a third set 

of atomic x, y, z-parameters to be refined. This did not help to improve the RIETVELD 

refinement. Neither NaOH nor Na2CS3 could be identified as a third phase. Searching for 

the respective peak ranges of the refinement in the PDF-2 database did not uncover 

reasonable sub phases. After all, the strong mismatched peaks in the powder data cannot be 

identified properly.  

Sodium perthiocarbonate Na2[CS2(S2)] 

According to the review of GATTOW and BEHRENDT,[1] X-ray structure investigations of 

sodium perthiocarbonate was reported earlier by SILBER and PELLOUX
[39] but the original 

reference could not be enquired. In contrast to Na2CS3 Ā 2 H2O not even the review mentions 

single crystal structural data. An entry was obtained, searching for the original publication 

in the PDF-2 database, but it only features seven dhkl-values of the compound covers no 

assignment of a space group. 

Like the crystallisation of Na2CS3, the solvothermal route was successfully adopted to grow 

crystalline Na2[CS2(S2)]. Beforehand, it was attempted to prepare the phases of sodium tri-

, tetra- and pentasulfide as a starting material (cf. preparation of starting materials in section 

0) as it was unclear which of those would be useful to obtain the desired product. Moreover, 

during the course of this work the question arose, if two CS2 moieties can be connected with 

a sulfide chain, forming a (S2CSxCS2)
2ī anion, with x > 2, i.e., a longer sulfur connection 

than in the perthiodicarbonate anion (cf. below). 

Figure 2.9 shows a photograph of the obtained crystalline product that was suitable for an 

SC-XRD measurement. 
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Figure 2.9: Yellow intergrown crystals of Na2[CS2(S)2] 28 covering the wall of the glass 

ampoule. 

Several attempts were necessary to find a suitable specimen for measurement, because the 

structure models to describe the first data sets suffered from disorder. Eventually, a crystal 

was recovered quickly after finishing cool down from the solvothermal treatment. The 

structure was identified as anhydrous Na2[CS2(S2)] 28 which was free from disorder. 

 

Crystal structure model 

The structure contains four formula units per unit cell in the orthorhombic crystal system. 

The space group was determined to be Pmna (no. 53). Figure 2.10 shows the unit cell, set 

up by one unique CS2(S)2
2ī anion and two non-equivalent Na+ cations. 

 

Figure 2.10: Unit cell of Na2[CS2(S)2] 28. Displacement ellipsoids are drawn at 70 % 

probability. 
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The atoms of the molecular CS2(S)2
2ī anions are all occupying the WYCKOFF site 4h, which 

is in the mirror planes that are coinciding with the a-plane. Another parallel mirror plane at 

the centre of the unit cell is inhabited by CS2(S)2
2ī ions turned around as a consequence of 

the two-fold screw axes oriented in parallel, i.e., orthogonally with a, between the mirror 

planes. As all atoms are in the mirror plane, within the range of standard uncertainty, the 

molecule is forced into strict planarity, resulting in the molecule symmetry CS. 

The sodium ions Na1 and Na2 occupy the Wyckoff sites 4f and 4g, respectively. Both the 

sites own the symmetry element of a two-fold axis, directed parallel to the a-axis for Na1 

and to the b-axis for Na2. The cations set up a primitive lattice of rhombic cuboids, drawn 

by NaĀĀĀNa connections in figure 2.11 (left). These primitive distorted cuboids, which are 

alternatively vacant and filled by neighbouring CS2(S)2
2ī anions. 

In 1970 Na2[CS2(S2)] was crystallised from an anhydrous solution containing argon. 

Apparently, 5 % argon (no further details) was captured in the crystalline sodium salt and 

even under reduced pressure was not released before decomposition.[40] Unfortunately, the 

original reference could not be accessed for further enquiry. However, seen in form of the 

vacant Na8 polyhedrons in figure 2.11 (left), the room offered in the crystal structure 

accounts to about 0.76 nm3. The volume of an argon atom based on its VAN DER WAALS 

radius is about 0.23 ï 0.31 nm3,[41] which should be sufficiently small to theoretically be 

located or even move in the vacant Na8 polyhedron centres. In an ideal crystal, the vacant 

site would indeed form a tunnel in parallel direction along the a-axis, virtually allowing 

moieties of suitable size to move through the crystal lattice. 
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Figure 2.11: Parallel view along the a-axis of the unit cell of Na2[CS2(S2)] 28 with 

depiction of the rhombic base areas of the Na8 cuboids. They are either filled with the 

alternatively oriented packing of perthiocarbonate anions or left vacant (left). The 

perspective side view towards the c-plane shows the sodium ions lined up in a non-ideal 

way, considering their tangency with the two-fold screw axis going parallel to the c-axis 

(right). 

From the combination of symmetry elements, a two-fold screw axis occurs in parallel 

direction to the c-axis, which is depicted in figure 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, denying additional two-fold screw site symmetry. The rhombic polyhedron is 

therefore slightly distorted. Written in numbers, there are different distances of the 

Na1ĀĀĀNa1 polyhedron edge, namely 407.0(1) and 340.7(1) pm, naturally adding up to the 

lattice parameter a å 747.7(1) pm. 

The perthiocarbonate anion in the structure of Na2[CS2(S2)] 28 offers four distinct sulfur 

atoms, i.e., the covalent bonds in the molecule are free from symmetry dependence between 

each other. As expected, the SīS bond accounts to about 203.1 pm, which is in range of the 

atomic core distances found for polysulfide anions Sx
2ī with x = 2, 3, 4, etc.[13] The CīS 

bonding is shorter with about 168.3 (C1īS2), 171.3 (C1īS3) and 173.7 pm (C1īS1) and 

does not markedly differ from those found in the trithiocarbonate anion. As the bonds are 

symmetrically non-equivalent, in this structure the delocalised ́ -double bond can be 

determined with increased weight at the C1īS2 connection (cis side), which is decreased 

compared to the C1īS3 and the C1īS1 bonds. The latter should have the smallest bond 

character at all, as it is the bridging sulfur atom. 
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2.1.2 Potassium trithio- and perthiocarbonate salts 

Potassium trithiocarbonate K2CS3 

Routes given in the literature to precipitate K2CS3 from alcoholic saturated solution upon 

addition of CS2 were carried out. The anhydrous alkali trithiocarbonate was obtained as an 

intensely coloured pink powder 9, shown in the photograph in figure 2.12 (right) and 

investigated with PXRD, IR and RAMAN  spectroscopy. 

Based on the strategy of growing single crystal specimen under solvothermal conditions, by 

reaction of alkali sulfide and CS2, specimens for X-ray structure determination (photograph 

in figure 2.13) were obtained and the collected data was used to (re-)determine the crystal 

structure of K2CS3. Beforehand, the needed K2S was prepared and qualified with a slight 

impurity of K2S2, which is graphically shown in figure 4.10 in the experimental sub-section 

4.2.13. 

The obtained K2CS3 powder 9 was also used as a starting material in solvothermal reactions 

with transition metal salts (cf. section 2.6). On many occasions, this procedure included 

recrystallisation of K2CS3 under these conditions and resulted in growth of K2CS3 13 

crystals, depicted in figure 2.14, that were measured with SC-XRD to enforce the structure 

model obtained in the first place. 

  

Figure 2.12: Photographs of K2CS3 powder 9 after removal of the mother liquor and onset 

of drying step (left), and after drying (right). 
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Figure 2.13: Photographs of the pink anhydrous K2CS3 crystal 12. Crystal as obtained on 

the glass wall surrounded by yellow microcrystalline side product (left). Photos of the 

irregularly shaped crystallite of K2CS3 used for the SC-XRD experiment: The photos were 

taken after the measurement and show the clear crystal to weather and colour to change 

from pink to orange, although kept under inert oil. From middle to right, the progression of 

chemical weathering is displayed after one and three hours, respectively. (The polarisation 

filt er in extinguishes background light.) 

 

Figure 2.14: Opulent recrystallisation of K2CS3 13 on the ampoule wall after a solvothermal 

treatment. The quality of the crystals was superior to those from reaction, leading to 

improved structure residuals. 

The crystal structure of anhydrous K2CS3 cannot be found in the ICSD, and earlier reported 

crystallographic details go way back to the same untraceable reference of PHILIPPOT and 

RIBES that originally reported the structure of the sodium salt. However, taken form the 

mentioned review, one distinct space group has not been determined within the 

orthorhombic lattice.[1] Research through the PDF-2 database unfolded an entry (PDF no. 

00-025-0687) of the authors, where anhydrous K2CS3 is assigned with the space group 

Amam (No. 63). A new set of collected X-ray structure data gave a different space group in 

this work. Nevertheless, as virtually the same lattice parameters are given in the PDF-2 

entry and the review, it must be assumed that the authors may have struggled with disorder 

in their specimens. This can be understood, admitting that in the 1960s the operative 

requirements for crystals (e.g., size) used for structure determination were much higher. 

200 µm 

 

1000 µm 

 

200 µm 
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Crystal structure model 

In contrast to the lighter sodium compound (cf. above), the structure of K2CS3 12 was solved 

with the space group Cmc21 (No. 36) with Z = 12 formula units. Table 2.3 contains the unit 

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

PHILIPPOT and RIBES. 

The structure consists of three non-equivalent trithiocarbonate anions and four different 

potassium cation sites. In figure 2.15, the extended unit cell is drawn in view along the c- 

and a-axis on the left and right, respectively. 

Table 2.3: Comparison of unit cell parameters of K2CS3 reported in 1969 and obtained from 

the preparations in this work. 

K2CS3 

(no.) 

(details) 

T / K 
Crystal 

system 

Space group 

(no.) 

Cell parameters 
V / nm3 Z 

a / pm b / pm c / pm Ŭ, ɓ, ɔ / ° 

this work 

12 
150(2) ortho. Cmc21 (36) 999.7(2) 1565.0(3) 1208.9(2) 90 1.8916(7) 12 

this work 

13 
150(2) ortho Cmc21 (36) 999.4(1) 1564.9(1) 1209.50(9) 90 1.8917(3) 12 

PHILIPPOT, 

RIBES 

1969[37] 

nA ortho. Amam (63) 1217.9 1573.9 1005.7 90 1.928 12 

 

The anions of C1 and C2 are bisect by the mirror plane along their C1īS12 and C2īS22 

bonds, respectively. The anion of C3 in turn is oriented differently. Its trigonal plane, i.e., 

all atoms of CS3
2ī, lies in that mirror plane, which coincides with the a-plane at a = 0 and 

½. All atoms that coincide with the mirror plane are occupying the WYCKOFF site 4a. The 

trigonal planes of the CS3
2ī anions of C1 and C2 are not parallel to the b-plane of the unit 

cell, instead, they are tilted out of about 18 and 25°, respectively. This altogether makes the 

crystal structure of K2CS3 much more complex compared to its lighter sodium homologue, 

because there just one CS3
2ī anion per formula unit of asymmetry was determined in the 

structure. 

Interestingly, none of the atoms in the structure of K2CS3 exhibit a two-fold screw symmetry 

at their position. By the mirror and the c-glide symmetry in the a- and b-plane, respectively, 

the two-fold screw axis is translated to multiple centres in the unit cell, all being parallel or 

even coincide with the crystallographic c-axis. Those screw axes lying in the a-plane are 

shown as dashed lines in figure 2.15 on the right. The atoms C2 and S33 are in the mirror 

plane and only close to tangency with that axis of symmetry. 
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Compared with the reported values for the CīS bond length in the trithiocarbonate anion, 

the situation here is inconspicuous. The possible oscillation of the negative charges between 

the sulfur atoms agrees with a CīS bond length shorter than a single bond, but longer than 

a double bond on all three covalent bindings. The planarity of the triangular arrangement of 

the sulfur atoms around the carbon atoms in the centre is only marginally different from the 

ideal angle of 120° between the bonds. Giving some numbers, the three non-equivalent 

CS3
2ī ions show X-ray CīS bond lengths of 171.7(2) and 172.6(4) (C1), 171.3(1) and 

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 and K3 possess mirror symmetry in 4a site, where K1 and K4 

occupy the general position 8a. The positively charged potassium ions connect with the 

trithiocarbonate anions in an ionic bonding network. However, no distorted lattice motifs 

as in Na2CS3 could be observed. More precisely K1, K2 and K3 are surrounded by a sphere 

of eight, K4 by seven nearest sulfur atoms that carry the negative charge of the anions, 

where the mean KīS distance is 332.11 (K1), 331.48 (K2), 330.28 (K3) and 333.60 pm 

(K4). The shortest and longest coordination distances are 311.8(1) pm for K3īS22 and 

364.96(9) pm for K1īS32, respectively. For K2 and K3 the eight nearest sulfur atoms are 

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 farer sulfur atoms. 

The ions K2, K3 and K4 each dislocate (>350 pm distance) from the nearest carbon atom. 

However, short KĀĀĀC distances should not add to the overall ionic bonding as the carbon 

atom is oxidised to +IV. 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 KīS coordination within range of 400 pm, results in eight for K1, 

K2, K3 and K4, but only, if for K4 the range is extended to 404.3(1) pm, for a very long 

K4īS33 coordination. 
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Figure 2.15: Extended C-centred unit cell of K2CS3 in c- and a-axis viewing direction on 

the left and right, respectively. The dashed lines on the right mark the two-fold screw axes 

coinciding with the mirror and a-plane. 

As expected, the ionic network is designed with CS3
2ī performing both chelate and 

monodentate bonding of the cations. This is naturally possible, due to the delocalisation of 

negative charges to donate via 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 well-fitting softness in their 

electron cloud qualitatively improving their interaction, which contributes to the ionic 

network. 

 

X-ray powder diffraction 

As mentioned, knowledge of the crystallographic phase allowed to refine the PXRD data 

and identify the prepared pink salt with free from phase shift K2CS3. The PXRD data of the 

obtained K2CS3 9 powder is displayed in figure 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 K2CS3. The experimental data, refinement curve and difference curve are complemented 

with green line marks of the simulated PXRD from single crystal results. The refinement 

residuals are given in the appendix section 5.2. 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 by SC-XRD. Results on the Raman 

and IR spectroscopic investigation of K2CS3 powder 9 is shifted to subsection 2.4. 
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Figure 2.16: Simple RIETVELD  diagram showing very good agreement (flat blue difference 

curve) between the experimental diffraction data of K2CS3 powder 9 (red) and the 

calculated curve (black) as a refinement of the experimental data with the single crystal 

information of K2CS3 12. 

Potassium trithiocarbonate hydrate K 2CS3 Ā H2O  

In addition to the newly discovered structure of K2CS3, the crystal structure of potassium 

trithiocarbonate monohydrate, K2CS3 Ā H2O 10 was (re-)determined from the SC-XRD data, 

too. A photo of the crystallites suitable for the measurement is found in figure 2.17. They 

were obtained from a batch of K2CS3 which had been used for different purposes and thus 

exposed to moisture form atmosphere frequently. On the other hand, it is possible, that the 

powder has not been dried to the full extent in the first place after precipitation. 

Crystal data of K2CS3 Ā H2O 10 is available in the ICSD and was confirmed in this work. 

PHILIPPOT and L INDQVIST described this structure as the first ever to exhibit the free 

trithiocarbonate anion in an alkali salt.[42] Comparison of the newly collected data with that 

formerly published (table 2.4) shows marginal changes of the lattice parameters, note that 

the new structure has transformed the parameter a for c and vice versa. These can be 

explained to result from the temperature difference of 143 K during the measurements. 
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Table 2.4: Unit cell parameters of K2CS3 Ā H2O 10 determined in this work and as reported 

by PHILIPPOT and LINDQVIST in 1970. 

K2CS3 Ā H2O this work (10) 
PHILIPPOT, LINDQVIST, 

1970[42] 

T / K 150(2) 293 

Crystal size / mm3 0.16 Ā 0.15 Ā 0.12 0.48 Ā 0.16 Ā 0.16 

Habit pink-orange spheres orange needles 

Crystal system monoclinic primitive 

Space group (No.) P21/n (no. 14) 

a, b, c / pm 
637.78(1), 1689.7(3), 

673.5(1) 

675.9(5), 1706.6(4), 

641.8(2) 

ɓ / ° 95.09(1) 95.42(4) 

V / nm3 0.7229(2) 0.73700 

Z 4 

No. of reflections 

(R* ) 

1945 

(Rint = 0.0508, 

R1[all data] = 0.0372) 

1166 

(0.067) 

Device STOE IPDS 2T 
equi-inclination 

Weissenberg technique 

Radiation Mo kŬ Cu kŬ 

 

 

Figure 2.17: Photo of the crystallites of K2CS3 Ā H2O 10 used for structure determination. 

Crystal structure model 

In the monoclinic lattice, one trithiocarbonate anion, two potassium cations and an oxygen 

atom were obtained after analysis of the X-ray structure data. All atoms occupy regular 

lattice sites 4e. Figure 2.18 and 2.19 depict the unit cell in view along the a- and b-axis, 

respectively. In the earlier publication the trithiocarbonate anion present in this structure 

was determined with CīS bond lengths of 170.2 to 172.7 pm and SīCīS angles of 120Á 

within the range standard uncertainties. The same is found in this reinvestigation with the 

values given in the caption of figure 2.18. 

400 µm 
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Figure 2.18: Unit cell of K2CS3 Ā H2O 10 in the direction of the crystallographic a-axis. 

Considering the SĀĀĀO distances, the indicated hydrogen bonds (dashed) can be classified 

weak. The CīS distances of the CS3
2ī anion are 172.3(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 that there are no hydrogen bonds between the water molecules of 

crystallisation. Moreover, they are arranged alternatively between the trithiocarbonate 

anions, most probably connected via the drawn OīHĀĀĀS hydrogen bonds. The hydrogen 

atoms were added fixed to the residual electron density at the oxygen atom and afterwards 

they were refined freely, resulting in the distances and orientations as given. Their 

occupancy was fixed at 1. It is reasonable to draw simple OīHĀĀĀS hydrogen bonds to 

emphasise the hydrophilic nature of alkali thiocarbonates. However, as X-ray structure data 

is in principle not suitable to exactly locate hydrogen in solid structures, the OĀĀĀS distances 

(not drawn) can be stressed with more weighing. They are about 330 to 340 pm and, 

agreeing with STEINER, who suggested a geometrical ranking routine, can be assumed to 

include a weak hydrogen bonding only, amongst others considering the acceptorĀĀĀdonor 

distance.[38] As it was possible to dispose the water of crystallisation from K2CS3 Ā H2O to 

obtain K2CS3 (cf. above), the weak hydrogen bonding is explained. 

The potassium ions arrange roughly inside a diagonal plane perpendicular to the b-plane as 

seen in figure 2.19 . K1 and K2 are six- and seven-fold coordinated by sulfur donors, 

forming an ionic network. Additionally, the cations possess a shorter KīO distance, giving 

rise to the assumption of dipole interaction. These findings do not differ from those found 

in the reference. 
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Figure 2.19: View along the b-axis of the unit cell of K2CS3 Ā H2O 10. All non-hydrogen 

atomic displacement ellipsoids are drawn at 70 % probability. 

X-ray powder diffraction 

Indeed, the crystals were obtained from a powder of K2CS3 that has not been stored under 

inert conditions and was prepared almost one whole year before. The PXRD data, collected 

shortly after the preparation, was analysed with respect to the probability, that the powder 

might not have been completely dried. Thus, as shown in figure 2.20 the diffractogram was 

successively fit with a phase mix of anhydrous and monohydrate K2CS3. 

 

Figure 2.20: Experimental data and RIETVELD refinement of K2CS3 Ā H2O powder 11. 

Some small intensities do not fit well, as clearly described by the inconstancy of the blue 

difference line (see inset). However, the overall refinement based on the two main phases 

as given in the top left corner shows decent match of the data. 
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Potassium perthiocarbonate K2[CS2(S2)] 

Indeed, the crystal structure of anhydrous K2[CS2(S2)] 29 is the first to describe a solvent 

free perthiocarbonate. It was obtained from a solvothermal reaction of CS2 with commercial 

sulfurated potash, German ñSchwefelleberò, which comes in brownish yellow lumps 

consisting mainly of K2S (< 50 %). Repeatedly, single crystals of K2[CS2(S2)] were grown 

inside glass ampoules during the cool-down after the treatment at elevated temperatures. 

Figure 2.21 shows a microscope photograph of the grown crystallites that were usable for 

single crystal data collection. 

 

Figure 2.21: Crystals of K2[CS2(S2)] 29 grown on the ampoule wall. The yellow 

background stems from the excess liquid reactants. 

No entries for K2[CS2(S2)] or its solvated derivatives are contained in the PDF-2 database 

and from the review of GATTOW and BEHRENDT, it is taken, that the compound has been 

prepared free of solvate molecules and investigated with X-ray methods before according 

an original reference published in 1974. Again no more details could be extracted as said 

reference could not be accessed and the review does not give any crystallographic 

details.[1,43] 

 

Crystal structure model 

Potassium perthiocarbonate K2[CS2(S2)]  29 crystallised in the monoclinic crystal system. 

Four formula units are distributed in the unit cell obeying the space group P21/n (no. 14). 

All atoms occupy the regular site (4e) inheriting none of the symmetry elements found in 

the space group. Five non-equivalent potassium cations and three non-equivalent 

perthiocarbonate anions are determined. Neutrality in charge is maintained, as one of the 

CS2(S2)
2ī molecules was solved with a disorder of inversion. In figure 2.22 the unit cell in 

1000 µm 
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view along the special b-axis is depicted, which gives a comprehensive overview of the 

atomic arrangement. 

 

Figure 2.22: Depiction of the extended unit cell of K2[CS2(S2)] 29 in view along the b-axis. 

All atom ellipsoids are drawn with 70 % probability. The disordered CS2(S2)2ī anion in the 

point of inversion centring a- and c-plane is shown with grey atoms, indicating the partial 

occupation. 

The two-fold screw axes run in parallel with the b-axis and is located in the centres of the 

four areas separated by the dashed lines in figure 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 located on both the cell 

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 perthiocarbonate anion (C3 anion) is depicted for close examination in figure 

2.23. It is disordered by the point of inversion occurring in the a- and c-plane centres. 
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Figure 2.23: Disorder of the perthiocarbonate anion in K2[CS2(S2)] 29. The numbers give 

the atomic distances in pm. All atomic displacement ellipsoids are drawn at 70 % 

probability. 

The atoms C3, S31 and S33 are refined with a site occupation of ½. 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 

default 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 drawing the anion 

in either one of the disordered orientations, the atom named S32 applies twice, namely as a 

thiocarbonyl sulfur and the terminal sulfur of disulfide. Indication that the position of S32 

may be better described split into two very close but non-equivalent sulfur atoms (e.g., 

S32(a) and S32(b)) of only ½ occupancy is seen in the larger displacement ellipsoid 

compared to the other sulfur atoms. This is supported in consideration of the core distances 

to the covalent bonding partners C3 and S33, which is lower (164.5(7) pm) and higher 

(215.9(2) pm) compared to the non-disordered perthiocarbonate anions in the structure, 

respectively. Another way to decrease the size of the ellipsoid of S32 would be to assign it 

only ½ occupancy as well, resulting in a disordered trithiocarbonate anion instead. From a 

chemical view, the assumption of both tri- and perthiocarbonate anions to crystallise with 

potassium can neither be negated nor approved, because the precursor used in the reaction 

was mixed phase potassium sulfide, consisting of K2S mostly. The monosulfide was proven 

to give K2CS3 upon treatment with CS2 under solvothermal conditions (cf. above), thus a 

parallel formation of CS3
2ī and CS2(S2)

2ī can be assumed in first approximation. However, 

the data refinement residuals (cf. appendix table 5.3) increase dramatically when S32 

becomes only half occupied and the displacement ellipsoids of S32 and C3 collapse to be 

non positive definte, simply 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 with the sulfur atom site S32 to be doubly 

present in each of the orientations. 

All anions naturally stand in ionic interaction with the potassium cations. Recalling equation 

1.9 on page 6, the two negative charges on the perthiocarbonate anion should reside majorly 

at the terminal sulfur atom of the disulfide group and delocalised between the 1,1-

dithiocarbonyl sulfur atoms. Mono- and bidentate coordination of the cations is observed 

(cf. figure 2.24a and b as well as figure 2.25). As the electric charges are unlikely to reside 

at the bridging persulfide atom, the ionic interaction with cations, thus is considered weaker. 

 

Figure 2.24: Coordination schemes of the perthiocarbonate anion on potassium cations. 

Not exceeding 400 pm, the ions are in range with a number of seven (K2), eight (K1, K4) 

or nine (K3, K5) sulfur donors. Participation in ionic interaction of the bridging persulfide 

atoms S13, S23 and S33 as described in figure 2.24c was neglected for simplicity. (Still it 

is drawn as an orange contact in figure 2.25.) Depending on the orientation of the disordered 

CS2(S2)
2ī ion, the potassium ions are coordinated with six to seven (K1, K4, K5), seven 

(K2) or seven to eight (K3) sulfur atoms. Thus, the limits are given with the disordered 

sulfur atoms either counted one, or zero. 

for instance as shown in figure 2.25, K1 is coordinated by three chelate donors and one 

monodentate perthiocarbonate anion (cf. figure 2.24b and a, respectively), where one 

chelate is the disordered CS2(S2)
2ī ion. For both orientations two attractive ionic interaction 

contacts can be observed, one being undisputed as it is the S32 atom and should carry a 

negative charge for ionic interaction either way. 



Sodium and potassium trithio- and perthiocarbonates 

 

41 

 

Figure 2.25: Coordination situation on the K1 site in the crystal structure of K2[CS2(S2)] 

29. The dashed KīS contacts indicate ionic interaction. 

The second connection of K1 with that disordered anion is either K1īS31(a) or K1īS33(b), 

with 342.7(1) or 376.0(2) pm distance, respectively. The second negative charge of the 

anion, delocalised via the ́ -electron system is oscillating between S31 and S32, confirming 

S31 able to interact with the COULOMB field of K1. S33, in turn is the bridging sulfide, i.e., 

the persulfide, where the electronic charge density is unlikely to reside, minoring the 

strength of ionic bonding interaction with K1. Thus, two of six ionic interactions of K1 with 

near sulfur 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 non-disordered perthiocarbonate anions are generally of the same geometry as seen in 

the crystal structure of Na2[CS2(S2)] 28 (cf. above). However, in the sodium compound the 

anions are lying in a mirror plane, which is not the case in the structure of K2CS3 29. This 

allows to inspect the nature of their geometry uncoupled from symmetry elements present 

in the crystal lattice. 
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Potassium trithiocarbonate chloride hydrate K7(CS3)3Cl Ā H2O 

The crystal structure of K7(CS3)3Cl Ā H2O 14, a new compound, is part of this work. It was 

obtained as a crystalline side product with one molecule of water, possibly coming from 

wet ethanol, from the solvothermal reaction of K2CS3 9 with CoCl2 as described in the 

idealised equation 2.1. The obtained cobalt complex will be discussed in subsection 2.6.1. 

 

 

2.1 

As the products of the reaction were investigated with SC-XRD, and the collected data 

solved, the compound was identified unknown to the literature. 

Intermixing of chloride anions in anionic thio-carbon compounds has not often been 

reported. In 1974 STEPHENSON et al. described new thiocarbonyl complexes of ruthenium 

([Ph3P]2RuClx(CS)y], where x/y = 4/2 or 5/1, Ph = phenyl). It can be learned that in these 

compounds, ruthenium chloride moieties are incorporated, which are coordinated with 

additional CS ligands. A rhodium O-ethyl xanthate complex ([Me2PPh]RhCl2(S2COR)) 

with additional chloride ions has been reported by COLE-HAMILTON  and STEPHENSON in 

the same year. Crystal structure models of these do not exist to date.[44] 

 

Crystal structure model 

The thiocarbonate chloride hydrate double salt crystallised in a primitive orthorhombic 

lattice with two formula units per unit cell. The structure is set up with space group Pmmn 

(No. 59(b)) with the cell origin at a centre of inversion (1) and the structure model bares a 

50% disorder of one of the trithiocarbonate anions, centred with C1. In figure 2.26 the 

disorder is displayed in the unit cell, drawn in grey. The water molecule of crystallisation, 

i.e., the oxygen atom suffers from a disorder of 50 %, too. Calculation for display of the 

hydrogen atoms was thus abandoned, as their localisation is anyway not precise by means 

of X-ray structure analysis. 
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Figure 2.26: Unit cell display of K7(CS3)3Cl Ā H2O 14 in tilted view along the c-axis. 

Displacement ellipsoids are drawn at 70% probability. 

Actually, O1 lies close to the disordered S13 atom, suggesting a S13īO1 bond of 175 pm 

distance, resulting in a S2C(SO) anion, i.e., a 1,1-dithioperthiooxocarbonate (that was never 

reported so far). This option was abandoned, as under the applied reaction conditions, the 

formation of sulfur monoxide is very doubtful. In consideration of oxygen impending the 

reaction, more reasonable products would have been S2O3
2ī, CS2, and CO2.

[5] Thus, the O1 

atom should stem from a water molecule, occupying the far position from the disordered 

trithiocarbonate anion, providing enough distance of > 315 pm, which cannot be mistaken 

for a covalent bond. The situation is graphically described in figure 2.27, where the disorder 

is demonstrated in a closer display. In other words, the red S13(a)īO1 bond can be 

considered unstable, thus it is assumed, that the disorder is fashioned in either one of the 

orientations using the far SĀĀĀO distance, drawn as a dashed connection. The origin of water 

of crystallisation remained unclear, but as seen above, K2CS3 is hygroscopic, and a subtle 

amount of water could have been introduced by a partial amount of K2CS3 Ā H2O in the 

powder. Furthermore, as a solvent, absolute ethanol was used as purchased and could have 

incorporated water from the atmosphere over time. 
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Figure 2.27: Demonstration of the disordered trithiocarbonate anion in the structure model 

of 14 centred by the two-fold rotation axis (black arrow). All atoms are displayed with a 

chemical occupancy of 50 %. The distance of S13ĀĀĀO1 must not be mistaken as a bond (red 

dashed). The green dashed line is of reasonable distance to conclude a water molecule of 

crystallisation. The numbers give atomic distances in pm. 

The disordered atoms C1, S11, S12, S13 and O1 occupy the lattice position 4e, which is a 

site in the mirror plane perpendicular to the a-axis, i.e., the triangular plane of the C1 

trithiocarbonate anion lies in the mirror plane, thus obtaining Cs point symmetry. The 

disorder can be described to stem from the two-fold axis located very close to the C1 atom, 

which is nevertheless shifted from the ideal two-fold axis position. The intersection of the 

two perpendicular mirror planes present in the space group Pmmn, defines that two-fold 

axis. 

 

Alternating, the asymmetric area below and above the disordered anion and water molecule 

of crystallisation, the atoms K1 and Cl1 occupy the lattice site 2b, which exhibits the highest 

symmetry (mm2), as it contains all symmetry operations of the space group. Due to their 

ionisation, they indeed meet the same electron configuration of argon. With the K2 cation, 

residing in the regular site 8g, K1 and Cl1 form the motif of rock salt as a chain of K6Cl 

octahedra translating the crystal one-dimensionally. The atoms K2 build up symmetric 

square planes not ideally centred by the chloride ion (distance Cl1 form square plane centre: 

15.5(1) pm). This is as there is no mirror plane perpendicular to the c-axis, i.e., the axis of 

the one-dimensional K6Cl chain. The rock salt like motif is demonstrated in figure 2.28. 



Sodium and potassium trithio- and perthiocarbonates 

 

45 

 

Figure 2.28: Depiction of the unit cell from side perspective, emphasising the unbroken 

rock salt K6Cl chain extended along the two-fold axis in c-direction. The disordered C1 

trithiocarbonate anions are again colour coded, with 50 % occupancy each. 

In the structure of KCl, the ions are at a perfectly symmetric distance of KīCl = 314.5 pmvii, 

which almost reproduced in the structure of K7(CS3)3Cl Ā H2O 14, with K1īCl1 and K2īCl1 

of 319.4(2) and 313.30(5) pm, respectively. The divergence from the cubic structure indeed 

demands to use the term órock salt likeô for description, as the K6Cl octahedra are elongated 

along the two-fold axis, i.e., the ĀĀĀK1īCl1īK1ĀĀĀ row. 

K3 lies in site 4f, the mirror plane perpendicular to the b-direction that also includes the 

atoms C2 and S21. The regular sited S22 atom attached to C2 is thus translated by the mirror 

symmetry. The ordered trithiocarbonate anion obtains C2v symmetry with the C2īS21 bond 

being the two-fold axis of symmetry. 

The interaction between the different species in the structure is considered of ionic type. 

The potassium cations K1 and K2 stabilise the Clī anion but also stand in attractive 

interaction with the negatively charged sulfur atoms, which is shown in figure 2.29, where 

the ionic KīS bonds are drawn limited to a distance below 400 pm (cf. K2CS3). The 

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

 
vii KCl, ionic distance, ICSD entry 18014[45]. 
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O1 atom or a sulfur coordination, valuing between 295.6 pm (O1īK2) and 377.1 pm 

(S12īK1). Leaving one K1 ion desolated with zero sulfur connections from one disordered 

anion affects the design of the next nearest cation K1ô. Those interactive atomic distances 

were for simplicity counted half only. For K2, again depending on the orientation, either 

O1 and S12 or S13 and S11 offer close interaction distances. 

 

Figure 2.29: Arrangement of ionic and dipole interaction with the cations K1 and K2 in the 

structure of K7(CS3)3Cl Ā H2O 14 on the left and right, respectively. Anionic sulfur donor 

and chloride connection is drawn in dashed blue and green, while the dipole interaction 

with O1 is drawn as a two-coloured broken bond. The numbers given additionally on the 

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

The ordered trithiocarbonate anion acts as a chelate ligand in symmetry equivalent distances 

of 328.4 pm (S22īK1) or mixed distances of 326.7 (S21īK2) and 350.0 pm (S22īK2). In 

total, K1 can be assigned with eight and K2 with seven heterogenous ionic (S, Cl) and/or 

dipole (O) interactions. 

The mirror sited cation K3 has no interaction with Cl1 and belongs to the trithiocarbonate 

sub-structure. The cation is drawn in connection with the nearest groups in figure 2.30. It is 

six-fold surrounded by trithiocarbonate anions. In the mirror plane, from one side two 

disordered CS3
2ī moieties are in close range, offering a variable number and type of 
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connection partners depending on the local orientation. The mean value of two interactions 

(4Āİ) is counted, ranging between 321.9 (S12īK3) and 338.9 pm (O1īK3). In the mirror 

plane, two ordered trithiocarbonates cover the room opposite the disordered groups. One of 

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

perpendicularly to the virtual C2īK3 axis of 309.3 pm distance. The other anion offers a 

monodentate ionic K3īS21 interaction. 

Finally, from top and bottom of the mirror plane, two more monodentate KīS bonds are 

found. In total K3 is coordinated by eight atoms with either ionic (S) or dipole interaction 

(O). 

 

Figure 2.30: Depiction of the potassium trithiocarbonate sub-structure in the crystal 

structure of K7(CS3)3Cl Ā H2O 14. The cation K3 connects only with trithiocarbonate anions 

by ionic interaction, drawn as blue dashed lines. One dipole interaction with the water 

molecule is probable. 

It can finally be noticed that like in the structure of K2CS3, the geometry of the ordered 

CS3
2ī anions comprises all CīS bonds larger than 170 pm. Usually, one can expect one CīS 

bond to be decreased with some significance, proposing the favoured location of the double 

bond. In other words, in the solid-state, due to the site effect the geometry of the trigonal 

shaped anions 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 

K 5[CS2(Se2)]1.5(CS3) Ā H2O 

No crystal structures are known when sulfur is substituted by selenium on the thiocarbonate 

anion. On analogous routs as shown in the equations 1.7 - 1.9 on page 6, selenides or 

hydrogen selenides can be converted to triselenocarbonates with CSe2. Mixing selenides 

with CS2, gives the interchalcogencarbonates CS2Se2ī or CSSe2
2ī. In the 1960s different 

compounds belonging to this group have been prepared and investigated by means of their 

vibrational properties.[46] The conjugated dithiomonoselenocarbonic acid SC(SeH)(SH) is 

only known in its asymmetric state with one sulfur and the selenium atom to be protonated, 

i.e., the double bond favours to be situated between carbon and the other sulfur atom. Upon 

alkylation the both the symmetric and asymmetric ester can be obtained.[19] 

Monothiodiselenocarbonic acid SC(SeH)2 is to the present unknown. In turn, some work on 

triselenocarbonic acid SeC(SeH)2 characterising its dissociation, pH-value, decomposition 

in aqueous solution, conduction and size of the CSe3
2ī ion has been reported.[47] 

Like the related trithiocarbonic acid, the dithomonoseleno and triselenocarbonic acids have 

been prepared by protonation of the anion in a suspension of the barium salt with 

hydrochloric acid. The preparation of triselenocarbonic acid was found to demand a certain 

degree of moisture, as in dry ether BaCSe3 did not react upon treatment with HCl. 

Triselenocarbonic acid could thus be obtained below ī10 ÁC as a dark red grease.[48] 

Knowledge on the derived salts is limited to the dark violett BaCSe3 and K2CSe3, as well 

as orange Ba(CS2Se) and orange-red K2(CS2Se).[1,49] BaCSe3was reported to be a stable 

compound that dissolves without decomposition in O2-free water giving a green solution, 

in turn organic solvents except formamide afford decomposition.[48]  

Herein the solvothermal reaction of CS2 and K2Se was carried out to find out if in analogy 

of the crystallisation of K2CS3 12 (cf. above), the formation of CS2Se2ī occurs. As stated, 

the aimed compound K2CS2Se was earlier reported by SEIDEL to be of orange-red colour, 

very hygroscopic and pronounced sensitive to oxidation.[49] It was prepared in analogy of 

the more investigated barium compound, which forms after reaction of BaSe or Ba(SeH)2 

with CS2, but using ethanol as solvent. 

Under solvothermal conditions orange-red crystals grew from the reaction mixture and a 

crystal suitable for SC-XRD, shown on the photograph in figure 2.31, was recovered from 

the ampoule. The collected data could be solved and identified with the chemical formula 

K5[S2C(Se2)]1.5(CS3) Ā H2O 15, which contains the yet unknown perselenodithiocarbonate 

anion CS2(Se2)
2ī. 
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Figure 2.31: Photo of a crystal of K5[CS2(Se2)]1.5(CS3) Ā H2O 15 picked from the ampoule, 

in which K2Se 50 was treated with CS2. 

Crystal structure model 

The collected data was solved in a centred monoclinic space group C2/c with four formulas 

per unit cell. Two perselenodithiocarbonate anions are distinct from one another, as one is 

disordered by inversion. The disorder was handled by granting an occupation of 50 % of 

each atom. A tetraselenide anion (double tilted Se4
2ī chain) with Se31(a)īSe31(b) 

connection through the point of inversion was abandoned as an option for this anion site, as 

the resulting angles would need to be significantly larger than 90°,[13] which 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 

anion CS2Se2ī, which could be disordered in three ways by rotation around the principal 

axis, making an absolute structure determination challenging. A µRaman spectrum was 

recorded of the same red crystals, which were kept sealed in another ampoule. The spectrum 

and results of this investigation is found in sub-section 2.4.2. 

Some electron density was found left near the SeīSe moiety of the CS2(Se2)
2ī anions, that 

can be explained rising from the large electron density cloud of selenium. Figure 2.32 shows 

the unit cell in the view along the b-axis. In this, the disordered CS2(Se2)
2ī molecule plane 

is parallel to the viewing direction. A closer look at the elusive dianions is given in figure 

2.33, where also the disordered anion is drawn in its two possible orientations (a) and (b) 

with red and blue borders, respectively. 

200 µm 
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Figure 2.32: Depiction of the unit cell of K5[CS2(Se2)]1.5(CS3) Ā H2O 15. The disordered 

CS2(Se2)2ī ions are centred by points of inversion at ¼ b (shifted behind the paper plane). 

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

On the perselenodithiocarbonate, the determined atomic distances and angles are of 

reasonable size. Altogether the geometry of perthiocarbonate is recognised. Likewise, in 

(HS)(HSe)CS, the double bond seems to have an increased probability at the C2īS22 and 

C3īS31 connection, for they are slightly decreased in length compared to C2īS21 and 

C3īS32, respectively. As the perselenide moiety, like in the perthiocarbonate anion (cf. 

above), is not capable to stabilise a double bond to the carbon atom, the -́electron system 

is therefore delocalised between the two attached sulfides. The chalcogen atoms arrange 

angles around the carbon atom that are comparable to those determined on the 

perthiocarbonate anion. The torsion angle about CīSe is 178.2(1) and 179.3(3)° for the 

ordered and disordered anion, respectively, allowing to call the anion planar for simplicity. 

The SīCīS angles are 126.2(3) and 126.0(5)°, which is not significantly increased 

compared to the related perthiocarbonate in K2[CS2(S2)] 29. Also, the geometry towards the 

diselenide moiety substituting the perthio unit is similar, because the angles at the carbon 

atom are not symmetric with the cis-angle larger than the trans. The angular distribution 

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

The CīS distances are not varied from those seen in the structures without selenium. 
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The moiety CīSeīSe, with the terminal selenium atom non-bonded to other atoms than the 

bridging selenium, is unknown to the CSD. However, the determined distances between the 

atoms of this unit, given in figure 2.33 for the ordered anion in the structure, are within 

range of comparable structures, featuring bridging SeīSe moieties. For instance the 

structure of molecule crystals of dimethyl diselenide (H3C)2Se2 show CīSe distances of 

193.8 and 194.8 pm, and the bridging SeīSe measures 231.0 pm.[50] In selenocyanogen, or 

diselenium dicyanide Se2(CN)2, the respective distances are 185.5 and 186.7 pm for CīSe 

and 235.6 pm for SeīSe. Withdrawal of electron density from the CīSeīSeīC moiety by 

the cyanide groups, i.e., the nitrogen atoms, explains the shortening of the CīSe bond 

compared to dimethyl diselenide. It was shown that the CſN triple bond is not changed 

upon substitution of selenium with sulfur, but that for the related disulfur compound the 

respective CīS bond is strengthened, due to an increased resonance probability of the -́

electrons giving the ĀĀĀS+=C=Nī fragment. At the same time the dichalcogen bond is only 

weakened slightly.[51] For the discussed structure of the new CS2(Se2)
2ī a strong inductive 

effect by sulfur, weakening the CīSe bond is not expected, as the electronegativities are 

only of marginal difference.[52] Due to that, interestingly, the CīSe distances in 15 are closer 

in agreement with the structure of diselenium dicyanide than dimethyl diselenide. Actually, 

the SeīSe bond is hardly affected from the moieties it is attached to, for in Ŭ-Se the similar 

distances are ranging between 232.7 and 234.6 pm.[53] 

 

Figure 2.33: Zoomed drawing of the two non-equivalent CS2(Se2)2ī anions in 

K5[CS2(Se2)]1.5(CS3) Ā H2O 15. On the left, the non-disordered molecule anion is shown. 

On the right, the inversion disordered moiety is shown, solved by the occupation of 50 % 

of each atom. The numbers give the atomic distances in pm, angles are given in °, except 

for the disordered molecule. All displacement ellipsoids are drawn at 50 % probability. 

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

the three C1īS bonds clearly have a reasonable distance of 171.5(4) (S1) and 171.9(4) pm 
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(S3), comparable with the already described structures, the C1īS2 bond is markedly larger, 

namely 175.4(4) pm. Of course, this value is much smaller than found for the CīSe single 

bond in the CS2(Se2)
2ī ion (cf. figure 2.33), but considering CS3

2ī to actually comprise a 

CS2Se2ī, a certain double bond character will also be found at the CīSe bond, manipulating 

the distance to a lower value. The 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 S2. These findings indicate one selenium atom to partially (if not 

totally) occupy one of the sulfur sites of this anion. As already indicated above, there is 

furthermore no reason for the formation of trithiocarbonate, as there was no sulfide present 

in the reactants, excluding a doubtful decomposition of CS2. However, the crude product 

consisted not only of the crystals giving rise to the discussed structure. Granting the 

possibility of sulfur or sulfide impurities introduced either by CS2 or formed upon the 

reaction on routes not yet clarified, the formation of trithiocarbonate might still occur. 

Overall, the CS2Se2ī anion could be the true nature of the CS3
2ī

 molecule, since rotating 

this moiety about its principal three-fold axis, would disguise the position of selenium from 

the X-ray sensitivity. During the refinement a variety of disorders on the anion, namely 

partial (split) occupation of sulfur and selenium on all three positions (S1, S2 and S3) or 

only on sets of two, did not significantly change the refinement statistics. At last, a mixed 

occupation of the anion site with trithiocarbonate and dithiomonoselenocarbonate, could 

also not outnumber the residuals obtained by description of the data with CS3
2ī. Refinement 

of a shared S2 occupation with both sulfur and selenium, using the ShelX compatible 

constraint command EXYZ, yield a chemical occupancy ratio of sulfur to selenium of 4.9 

to 1. Therefore, it was abandoned to refine selenium in this anion. 

The only special site in the unit cell shown in figure 2.32 is occupied by the oxygen atom 

of the water molecule marking the two-fold axis parallel to b. The hydrogen atoms on the 

water molecule have been fixed by calculation within the ShelX program package. 

Five non-equivalent potassium cations interact with the trithio- and 

perselenodithiocarbonates via ionic bonds. Dipole-cation interaction can be assumed only 

between the water molecule of crystallisation and K5, which is in 284.1(4) pm distance, i.e., 

much shorter than some of the dipole-cation interactions in K7(CS3)3Cl Ā H2O 14 (cf. above). 

The coordination of the CS2(Se2)
2ī and CS3

2ī ions by K+ is depicted in figure 2.34. The 

atom S21 is pointing towards a pyramidal arrangement of potassium ions (K1, K3, K4 (2x), 

K5), which caps a primitive cuboid structure of K3, K4 and K5 encapsuling the ordered 

CS2(Se2)
2ī 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 lower number of cations. Four ionic interactions can be 

counted for S22, while the bridging Se21 only accounts to three, considering distances 

below 400 pm only. The latter can be explained, as the negative charge is less stabilised at 

the bridging Se21 (cf. perthiocarbonate), rising no need to arrange at that site for positively 

charged ions. Five potassium ions pose the counter charge for S1 below 340 pm, while S2 

and S3 are in close range of six cations. 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) pm, i.e., lower than the closest 

of S2. In cubic K2Se, the ionic KīSe distance has been determined to value 333 pm.[54] This 

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

 

Figure 2.34: Demonstration of the cation framework arranged around CS2(Se2)2ī (not 

labelled for clarity) and CS3
2ī anions and H2O of crystallisation in 

K5[CS2(Se2)]1.5(CS3) Ā H2O 15.  
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 Barium trithiocarbonate 

Crystallographically, BaCS3 was first investigated by KREBS et al. in 1965[55] but an entry 

on the crystal structure is missing in the CSD. Back then, the crystals were slowly grown 

from diluted aqueous barium hydrosulfide solution, stored on CS2 at RT. 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 group. They assigned the unit cell with either one of the primitive trigonal space 

groups P3121 (152) or P3221 (154), or one of the primitive hexagonal groups P61 (169) or 

P65 (170), as they discovered enantiomorphic twinning in their specimens. 

A non-available publication on the crystal structure and therefore less convenient for the 

discussion of BaCS3, by PHILIPPOT et al. is referred to in the review of GATTOW and 

BEHRENDT.[1,56]. The crystallographic results were found included in the PDF-2, where six 

d-values and assignment of the primitive trigonal space group P3112 (no. 151) is given.  

In this work BaCS3 was recrystallised under solvothermal conditions for structure 

determination from precipitated powder on analogous routes mentioned before. As detailed 

in the experimental section, the major difference was that instead of ethanol, water was used 

as a solvent for Ba(OH)2 to overcome the poor solubility in ethanol. 

In figure 2.35 microscope photographs of the crystals used for X-ray structure determination 

are given alongside with a photo of the dried powder of BaCS3. 

   

Figure 2.35: Photos of the bright yellow crystals of BaCS3 27 as obtained on the inside of 

the ampoule wall (left), and transferred to glass substrate, where the crystals were 

submerged in inert oil for sorting (middle). On the right: Photo of the fine yellow BaCS3 

26 powder.  

Crystal structure model 

Essentially, the description by KREBS et al. could not be negated in course of the re-

investigation of the crystal structure of BaCS3. However, considering the newly determined 

400 µm 200 µm 
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crystal symmetry, for the first time within almost 60 years, the structure is elucidated 

unambiguously. 

A crystal was indexed with a primitive hexagonal lattice using the point groups 6 or 622. 

Both groups are enantiomorphic and twinning can occur, especially when crystals are grown 

from solution. However, as grown under solvothermal conditions, a much smaller crystallite 

was analysed with SC-XRD compared to that in 1965. It is therefore reasonable to assume 

that by the decreased size a single crystalline domain could be measured. Thus, the pseudo-

symmetry 6/mmm claimed by KREBS et al., due to their twinned sample, was not offered as 

a suitable point group for the newly collected data. In short, solving the crystal data a 65-

axis could be neglected from solving of the crystal data, as the Flack parameter close to 1 

affirmed a 61-axis present in the crystal. It shall be said that the formation of crystals with 

65-symmetry is not refused, in fact their parallel growth aside the crystals possessing 61-

symmetry is taken for granted beyond 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 groups P6122 (no. 

178) or P61 (no. 169) were found suitable for the structure model of BaCS3. Essential 

crystallographic parameters reported by KREBS and co-workers are given in table 2.5 

alongside the parameters found by the re-investigation. 
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Table 2.5: Crystallographic parameters and data of BaCS3 27 and comparison of residuals 

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

KREBS et al. are added. 

 BaCS3 27, this work KREBS et al.[55] 

Empirical formula C Ba S3 

Sum formula BaCS3 

Formula weight 245.53 g molī1  

Temperature 150(2) K  

Crystal system primitive hexagonal trigonal or hexagonal P 

a = b / pm 651.79(9) 654 ± 2 

c / pm 1969.7(3) 1997 ± 4 

c / a 3.022 3.054 

V / nm3 7.247(2)  

Z 6 

ɟcalc / g cmī3 3.376 3.30 

ɛ / mmī1 9.321  

X-radiation (nm) MoKŬ (ɚ = 0.071073) CuKŬ (ɚ = 0.15418) 

Crystal size / mm3 0.08x0.08x0.08 0.5x0.1x0.1 

Space group (no.) P6122 (178) P61 (169) 

P61 (169) or P65 (170) 

P3121 (152) or P3221 

(154) 

Independent 

reflections (Rint, Rů) 
504 (0.0672, 0.02) 1024 (0.0645, 0.0277)  

R1 

[all data, I  > 2ů(I)] 
0.0318, 0.0307 0.0339, 0.0316  

wR2 

[all data, I  > 2ů(I)] 
0.0590, 0.0587 0.0548, 0.0542  

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

Goof on F2 1.336 1.195  

Largest diff. residual 

density peak/hole 
0.97/-1.12 e/ 3 1.07/-1.04 e/ 3  

Colour bright yellow luminous yellow 

SC-XRD device STOE IPDS 2T WEISSENBERG film  

 

By looking at the structure model in space group P61 and compare it with that in P6122 a 

chemical difference cannot be seen. In fact, increasing the space group symmetry adding 

two two-fold axes only changes two unambiguous sulfur atoms to become 

crystallographically equivalent. The atom S2 occupies the general lattice site 12c making it 

suitable to emphasise the differences of the obtained space group solutions. By different 

colourisation of the two symmetry-equivalent CīS2 bonds of the trithiocarbonate anion, 

this is visualised in figure 2.36 and 2.37. The 61-screw axis coinciding with the c-axis is 

thereby emphasised. In the figures the additional symmetries occurring in the space group 
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P6122 are described by dashed lines. The two-fold axes in the a- and b-plane are intersecting 

with the c-axis at different positions, namely at 0 and ½ c in the a-plane and ӎ and ӏ c in 

the b-plane. The both rotate around the c-axis obeying the 61 screw-translation in the polar 

space group. As the refinement residuals do not clearly favour one of the solutions (cf. table 

2.5), the higher symmetry was finally chosen. By the description of one less sulfur atom in 

the asymmetric unit, less parameters are needed to describe the collected data, compared to 

the model solution in P61. 

If one considers the red and blue coloured S2 atom bonds to be non-equivalent, i.e., non-

equivalent sulfur atoms, e.g., S2 and S3, both the two-fold axes symmetry operations were 

cancelled and the space group P61 would be obtained. In the consequence of the superior 

space group symmetry, the atoms Ba1, C1 and S1 occupy the special lattice site 6b, which 

possesses the symmetry of one of the two-fold axes. Consistently, in the formerly postulated 

space group P61 only the general site 6a occurs. Of course, this affords a different site 

symmetry of the trithiocarbonate ion, which is increased from Cs to C2v, assuming all atoms 

to be planar. (In the range of uncertainty, the CS3
2ī anion is planar in this structure.) 

As already mentioned, this symmetry detail is not influencing the chemical properties like 

e.g., vibration energies of covalent bonds. Therefore, a site effect on the molecular vibration 

cannot be expected in spectroscopic data, not to mention the influence of the different 

temperatures on these energies (150 K vs. RT). 
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Figure 2.36: Crystal structure model of BaCS3 27 with perspective view along the a-axis. 

The steps of translation of 1/6 c and rotation of 60° by the 61-screw axis located in the 

bottom horizontal line is emphasised by the differently coloured but equivalent C1īS2 

bonds. This view shows the two-fold axis, which is parallel to the b-plane at ӎ and ӏ c 

marked with the dashed lines. The atomic displacement ellipsoids are drawn at 70 % 

probability. 

 

Figure 2.37: View along the 61-axis in the structure of BaCS3 27. The dashed lines mark 

the two-fold rotation found in the a-axis at 0 c and in the b-plane at ӎ c. 
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Like in the crystals of alkali thiocarbonates, in BaCS3 attractive ionic bonding between the 

Ba2+ and CS3
2ī ions lead to the formation and stabilisation of the compound. The 

coordination of the barium cations is depicted in figure 2.38, where the two-fold symmetry 

axis conserved in the virtual line of S1, C1 and Ba1. Ionic interaction of the carbon atom in 

nearest distance with barium was neglected for coordination issues, as true ionic interaction 

should only occur between the atoms that carry electric charges. 

  

Figure 2.38: Ten-fold coordination by five trithiocarbonate anions of barium, centred in a 

trigonal bipyramid fashioned polyhedron (left). The trithiocarbonate anion is consistently 

performing bidentate coordination of the five nearest barium cations (right). The numbers 

give the bond lengths and atomic distances in pm. Displacement ellipsoids are drawn at 70 

% probability. 

Barium is thus coordinated by five trithiocarbonate anions that perform bidentate ionic 

bonds via sulfur atoms. The centres of the anions are positioned in the fashion of a distorted 

trigonal bipyramid. As visible in figure 2.37, the Ba1 site is shifted away from the 32-screw 

axis occurring in the intersection of three C1īS1 bonds. By that, the coordination 

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

 

X-ray powder diffraction 

As mentioned above, crystals could be obtained by recrystallisation of powder of BaCS3 26 

under solvothermal conditions. The powder (depicted in figure 2.35 (right)) was 

investigated with PXRD and the data curve could be fitted based on the phase information 

of the single crystal structure. The graphical result is shown in figure 2.39. In contrast to 

the decent refinement of the powder data of e.g., K2CS3 (cf. above), in the case of BaCS3 

there are strong signals in the difference curve, indicating some mismatch. Both stronger 
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and weaker intensities in the experimental data could not ideally be represented with only 

the phase of BaCS3 as obtained from the single crystal analysis. For the RIETVELD 

refinement, the background, the lattice parameters and atom positions as well as their 

thermal ellipsoids were allowed to alter from the single crystal lattice. As the intensity of 

the peaks in X-ray powder diffractograms are dependent on the multiplicity of the respective 

dhkl lattice spacing, these stronger amplitudes in the difference curve do not necessarily lead 

to the conclusion of a second or impurity phase. Because at a closer look, there are only a 

few low intense signals in the experimental data that were not modelled with the refinement 

curve at all. Without success, phases of the starting material Ba(OH)2 Ā 8 H2O as well as a 

possible side phase of BaS were used in an attempt to explain these inconsistencies. No 

reason for the misfit of the refinement with the data is the discussed chirality of the space 

group used to describe the structure, as the spatial information is lost in the powder and 

cannot be obtained from PXRD.[57] 

 

Figure 2.39: RIETVELD  refinement of the BaCS3 powder 26.  

Thermal analysis 

The powder was also investigated on its thermal stability. A DTA curve was recorded during 

a heating cycle between RT to 700 °C. A strong endothermic signal at 416.5 °C indicated 

decomposition or melting of the compound. A weight curve was not included in the 

measurement. The residuals were analysed with PXRD, concluding the product of the 

thermal treatment to consist of BaS. A remarkable accuracy of the reflections in the 

diffractogram of the residuals was noticed. The data for these investigations are given in 

the appendix section 5.3.  
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 Thiocarbonates of lithium, rubidium 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 reference from SEIDEL and MEYN was found and since then the compound 

was never mentioned anywhere. It was therefore attempted to prepare and characterise 

lithium trithiocarbonate by means of SC-XRD. 

SEIDEL and MEYN reported that n-butyllithium reacted with trithiocarbonic acid, forming a 

fine yellow crystalline precipitate. It was characterised by elemental analysis and IR 

spectroscopy, identifying the compound to be Li 2CS3.
[58] 

 

Treatment of (HS)2CS with n-butyllithium  

Following the above, a yellow and highly deliquescent powder 2 was obtained, which could 

not be identified with the sum formula Li2CS3 beyond doubt. A photograph of the obtained 

yellow material 2 after precipitation is given in figure 2.40. The product 2 could not be 

recrystallised as the other alkali trithiocarbonates but was subjected to PXRD and 

spectroscopy methods as obtained. Unfortunately, due to low signal-to-noise ratio, the 

PXRD data could not be used for indexing. Prolonged PXRD measurements to help for a 

better signal-to-noise ratio were discarded, because the compound decomposed even sealed 

in glass capillary. No satisfying reference entry matching with the weak diffraction 

intensities was found in the PDF-2 database too, thus the PXRD data did not suffice for 

identification of the material. The curve can be found in the appendix section 5.2 in figure 

5.1 on page 253. 
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Figure 2.40: Yellow precipitate 2 from treatment of SC(SH)2 with n-butyllithium in toluene 

below 0 °C. under argon The inset shows orange red droplets on the magnetic stirrer bar 

immediately formed from residuals of the product upon exposure to ambient atmosphere. 

The investigation with ATR-IR and RAMAN  spectroscopy is shifted at this point and will be 

discussed in the context of other data below (cf. 2.4 from page 95). In short, some of the 

expected bands could be observed, suggesting the presence of a 1,1-dithiolate moiety. The 

decomposition upon exposition with air left orange red droplets on the stirrer bar for 

instance. This is another sign for a trithiocarbonate anion as the heavier homologues of 

alkali trithiocarbonates deliquesce under formation of red droplets too.[5] 

 

Lithium trithiocarbonate hydro sulfide hydrate - Li 4(CS3)(HS)2 Ā 5 H2O 

Alternatively, preparation of Li2CS3 using traditional methods were tried, too. But, on the 

route that worked for other alkali trithiocarbonates, the experiments, where lithium metal 

was converted to the hydrosulfide and treated with CS2 afforded an orange jelly substance. 

Consistently, no solid-state structure investigation could be undertaken. 

On substitution of lithium metal with LiOH, as starting material, yellow crystals were 

finally obtained, which are displayed on the photos in figure 2.41. As they only formed in 

very low yield at the glass wall of the reaction vessel, analysis was limited to SC-XRD. 

Collection and solving of such data could identify the crystals as a trithiocarbonate 

hydrosulfide double salt, with the formula Li 4(CS3)(HS)2 5 H2O 3. An example for a double 

anionic trithiocarbonate hydrosulfide alkali salt has not been described before. 
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Figure 2.41: Overview of a group of obtained crystals of 3 with and without polarisation 

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 depicted in figure 2.42. 

 

Figure 2.42: Unit cell of Li4(CS3)(HS)2 5 H2O 3 viewing along the crystallographic c-axis  

coinciding with a 2-fold axis. 

The space group Fmm2 belongs to the polar space groups, that do not possess a defined 

origin as there are more than two points in the lattice, that do not move upon symmetry 

operation. The atoms occupy numerous special lattice sites. All space group symmetries 

coincide in the WYCKOFF site 4a, which is occupied by the C1, S2 and O1 atom. They 

enqueue along the 2-fold axis, which coincides with the c-axis, (the viewing direction in 

figure 2.42), and identical with the mirror planes intersection. The group of atoms 

occupying sites of lower symmetry in either one of the mirror planes (100) and (010) are 

200 µm 

 

200 µm 
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S1 and H1 as well as S3, Li1 and H3, respectively. The Li2 cation is found in lattice site 

8b, the two-fold screw axis centred at ¼,¼,0, lined up parallel to the c-axis, thus it has no 

occupation in the one of the mirror planes. The first water molecule of crystallisation is 

ordered along the c-axis in alternation with CS3
2ī anions. The second water molecule in the 

structure possesses no special site and is located around the straight virtual line defined by 

the Li2 cations, which coincides with a two-fold axis. Thus, with knowledge of the typical 

distances of SĀĀĀHīO hydrogen bonds, one can define the structure with a ôLi(HS) Ā H2Oô 

domain and a hydrated óLi 2CS3
ô network. The hydrogen atoms have been refined free, 

measuring O1īH1 = 84(3) and O2īH2A/B = 76(3)/79(3) pm, with water molecule angles 

of 109(4) and 105(3)°, respectively. The hydrosulfide molecule has an SīH distance of 

131(8) pm, which is rather large compared among a number of 24 entries in a search and 

retrieve result of free hydrosulfide anions in the CCDC (none of them used neutron sources). 

From neutron diffraction study of Na(HS) an ICSD entry assigned the bond in the 

hydrosulfide anion with 124.1 pm. Stressing, that in neutron diffraction, hydrogen distances 

often are determined smaller compared to X-ray diffraction, allows to accept the obtained 

SīH distance. 

The hydrosulfide anion is not donating a hydrogen bond with a near moiety (cf. figure 2.43). 

Indeed, grasped in figure 2.42 the hydrogen atom is pointed into the vacant space. Resulting 

in a one-dimensional connection of the coordination tetrahedra inhabited by Li2, the 

hydrosulfide anion in turn is accepting a water donated hydrogen bond, which is of acceptor-

donator distance (SĀĀĀO) of 323.6(1) pm. Literature data is sparse in this concern, underlining 

that sulfur has been observed both in the role as a possible strong hydrogen bond acceptor 

and to act inert towards such interaction. As there is actually a continuum of situations in 

this regard,[38] no clear evidence for an SĀĀĀHīO bond is drawn from the structure model. At 

last, from the distance, it can be ranged rather weak in strength. Other SĀĀĀHīO connections 

in the structure are present as the Li2CS3 sub-structure is surrounded by water molecules. 

With SĀĀĀO distances of 320.9(1) and 333.6(1) pm, again the hydrogen bonds can be 

considered weak in strength, but are comparable with a range of values determined earlier 

in this regard.[38] 
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Figure 2.43: Inter atomic and molecular arrangement in Li4(CS3)(SH)2 Ā 5 H2O 3. All non-

hydrogen atomic displacement ellipsoids are drawn at 70 % probability. The surrounding 

of the trithiocarbonate anion is depicted on the left. Contacts only with Li1 show a hydrated 

Li2CS3 sub-domain to be present in the lattice. The tetrahedral coordination of Li2 with two 

hydrosulfide and two water molecules is shown on 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 depicted in figure 2.43. The trithiocarbonate anion lies within 

the a-plane of mirror symmetry and is bisect along the C1īS2 bond by the mirror b-plane. 

This forces the geometry of the molecule to be exactly planar and the only two geometric 

quantities that stay non-equivalent are the two different bond lengths C1īS1 = 171.2(2) and 

C1īS2 = 171.9(3) pm, which compared to other herein described structures are of close 

value, indicating an almost ideal delocalisation of the C=S double bond over all three of the 

CīS bonds. Different from that, the angles, determined at the anion, exhibit a markedly 

alternating value of the ideal 120°. Especially the ionically interacting S1 atoms differ with 

S1īC1īS1 = 117.05(2)Á and S2 with no such interaction is close to ideal with S1īC1īS2 = 

121.48(2)°. In consequence, the ideal D3h symmetry is not obtained, but C2v. 

The structure overall cannot be described to be an entirely ionic network, as the two defined 

sub-structures are only connected via probable hydrogen bonds, as already stated. This is in 

line with the finding that the geometry of the trithiocarbonate anion is almost ideal with the 

isolated molecule. Because of the coordination of two symmetry-equivalent Li1 cations, the 

jolted angle <120° at the CS3
2ī ion of the involved sulfur atoms can be explained. At the 

other end of the CS3
2ī ion, the S2 atom has no Li+ coordination at all and is only stabilised 

by four hydrogen bonds, performed by four water molecules, in a square-planar fashion. 

Overall, except the two Li1 interactions, there are only weak hydrogen bonds assumed, 
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giving rise to assume a less strong crystal field, explaining the homogenous geometry of the 

trithiocarbonate anion. Still the symmetry in the crystal model confines the anion to a strict 

geometry, but the residuals of the solution allow to take these considerations for granted. 

In the Li2CS3 sub-structure, the symmetry equivalent Li1 ions have a distance measuring 

277.6(7) pm, which is significantly shorter, compared to the non-equivalent L1ĀĀĀLi2 

distance of 321.5(4) pm. Distances below 300 pm in lithium salts are however not unusual, 

for instance, in Li2S at 10 K the X-ray distance of LiĀĀĀLi, with 284.5 pm, is almost as 

short.[59] Other than the symmetry-identical ionic sulfur interaction, it can be assumed that 

Li1 is obtaining three dipole-cation interactions with water molecules via orientation of 

their lone pairs. For reference, the OĀĀĀLi distance of a coordinating water molecule of 

crystallisation, determined to 191.1 pm in the X-ray structure of Li2(SO4) Ā H2O was 

retrieved.[60] In the crystal described here, the distances are of similar size ranging from 

O2ĀĀĀLi2 = 196.4(3) to O2ĀĀĀLi1 201.6(3) pm. 

 

Concluding remarks 

Neither anhydrous Li2CS3 nor its hydrate could be obtained in simple analogy to the heavier 

trithiocarbonate homologues. 

As the solubility product of LiOH in ethanol is small compared to NaOH or KOH, 

concentration of the starting solution to a needed degree failed and the desired product did 

not simply precipitate upon addition of CS2. Eventually, the forced crystallisation upon 

addition of ether, results in crystallisation of all specimen present in the H2O/EtOH solution 

as idealised in equation 2.2. 

 

 

2.2 

Regarding other attempts, where other alkali metals could be crystallised with the tri- and 

perthiocarbonate anion, only brown viscous liquids or jelly was obtained. This also holds 

for experiments under solvothermal condition. The treatment of Li2S with CS2 in an 

evacuated glass ampoule at 100 °C did not yield solid products solid products. 

As the reactivity of n-butyllithium is beyond comparison to that of LiOH in anhydrous 

environment, it should be used in further work in the future. The introduction of the volatile 

trithiocarbonic acid to react with the organo-lithium may be refined in terms of temperature 

and solvents.  
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2.3.2 Rubidium salts 

With close agreement to the protocols which afforded anhydrous K2CS3, it was attempted 

to obtain crystals of Rb2CS3. There is only one publication by PHILIPPOT from 1967 on the 

structure of Rb2CS3, which could not be accessed. Linked with that work are however two 

modifications of the salt,[61] included the PDF-2 database.viii The entries reveal that only 

dhkl-values and no unit cell metrics on the compound were reported. In the progress review 

of GATTOW from 1992 updates of the anhydrous salt are missing.[19] Thus it was assumed, 

that the structure has never been described properly so far. 

In contrast the crystallographic information on the monohydrate Rb2CS3 Ā H2O is available 

and reported isostructural with the potassium homologue.[62] However, in the ICSD the 

structure is missing. 

 

Solvothermal treatment of Rb2Sx with CS2 

The growth of pink plank-shaped crystals, shown in figure 2.44, was occurring in the 

reaction of CS2 with óRb2Sô 48 under solvothermal conditions. The rubidium sulfide 

precursor was prepared beforehand. Figure 4.13 in the appendix contains the PXRD data of 

the starting material, stressing that it could not be identified due to the poor crystallinity. 

However, the óRb2Sô educt (batch #2, 48) was coloured pale yellow as expected for Rb2S,[63] 

where in a first attempt (batch #1) an inhomogeneous yellow material was obtained that did 

not afford crystals under reaction with CS2. Albeit the low crystallinity, from the PXRD 

curves, at least a phase change is observed by a different (weakly resolved) reflection 

pattern between the educt phases #1 and #2. It may be assumed that the desired rubidium 

sulfide phase was obtained in the later batch.  

 
viii Entries of two modifications on Rb2CS3 in the PDF-2 database: I [00-021-1046] orange-red, II [00-021-1047] violet-red. 
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Figure 2.44: Photos of the obtained material from reaction of prepared óRb2Sô 48 and CS2 

under solvothermal conditions. The pink coloured crystals were in suspicion to be Rb2CS3 

17 and were investigated with SC-XRD. Regrettably, the poor diffraction did not provide 

data needed for a structure model. 

The data obtained from the measurement could not be properly solved in the downstream 

evaluation. The frames recorded during the measurement offered qualification of the crystal 

at first glance. However, the scattering was weak, even at a relatively high exposition time 

of > 42 seconds per frame. The intensities were collected with a signal to noise limit (I/ů) 

of 10 and indexed with a primitive monoclinic lattice reaching a figure-of-merit of 0,6 

within the evaluation software APEX 3: a = 676.68(9), b = 1135.2(2), c = 2905.8(4) pm, ɓ 

= 93.622(6)°, Z = 14. The parameter c of that reduced cell differed from those reported for 

Rb2CS3 Ā H2O,[62] and the relatively c-axis length could indicate a growing error, e.g., 

twinning. After integration, the scaling and evaluation of the data yield Rint of 14 - 15 % 

and a signal vs. resolution of 8.1, both describing a poor data quality  in the first place. 

Switching between the space group P21 or P21/m did not help to describe a structure model 

and to yield decent residuals. Considering a twinned crystal, a simple automatised search 

for the transformation matrix by the command TWIN did not improve the situation and 

eventually, the crystal data was discarded. Some trithiocarbonate units and rubidium 

positions were found in the attempt to model the structure with the diffraction data, but 

residual fragmental moieties and electron density eventually could not be assigned with 

chemical reason. 

The crystalline species did not decompose too fast keeping the ampoule stoppered. Thus, 

they could be subjected to µRAMAN  spectroscopy which is shifted at this point and is 

discussed in sub-section 2.4.2. 

 

200 µm 200 µm 
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Rubidium trithiocarbonate Rb 2CS3 

Another attempt to crystalise Rb2CS3 was to prepare the salt as a precipitate and attempt 

recrystallisation in a subsequent step. With the description of YEOMAN used as guideline, a 

rubidium ethoxide solution, was exposed to H2S gas and the desired compound was 

precipitated adding CS2. The pinkish orange precipitate 16, which immediately formed, was 

captured in the photo in figure 2.45. The colouration of the powder persuaded to call it 

óRb2CS3ô 16 for simplicity. A PXRD of the as obtained powder could not be used to identify 

the product as the diffraction was too weak. 

 

Figure 2.45: Photograph of the formed rubidium compound óRb2CS3ô 16. 

Thermal analysis 

A DTA-TG measurement, shown in figure 2.46, was carried out up to 500 °C. It revealed 

the compound to release a small mass of volatiles upon heating to 200 °C, which is too 

small to represent a stoichiometric molecular moiety emitted from the powder. (It may be a 

sub-stoichiometric amount of adsorbed water.) Then, between 200 ï 325 °C, the weigh 

curve describes a plateau, while the heat flow passes an endothermic signal (peak at 240 

°C). Between 325 and 350 °C, an excursive endothermic signal with accompaniment of a 

steep weight loss and the following incongruent cooling curve, allows to assume irreversible 

decomposition.  
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Figure 2.46: Combined DTA heat flow and thermogravimetric plot of precipitated 

óRb2CS3ô 16. In the black curve, broad endothermic signals 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 treated at different temperatures, where the coloured 

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

With knowledge of these heat signals, the precipitated powder óRb2CS3ô 16 was conducted 

to thermal analysis repeatedly up to 200, 290 and 325 °C (indicated by the markings in 

figure 2.46). The measurements are combined in figure 5.7 in the appendix. All  residuals of 

these DTA-TG measurements were used to collect PXRD data and were also subjected to 

IR spectroscopy. As seen in figure 2.47, data of the unconditioned product and with previous 

heating under dynamic vacuum at 125 °C of all methods are compiled. (It 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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Figure 2.47: IR spectra and PXRD data (left and right, respectively) of 'Rb2CS3' 16 and of 

DTA-TG residuals. The IR spectrum (bottom) changes gradually until the powder was 

heated higher than 290 °C, followed by decomposition above 325 °C. The PXRD data 

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

The IR spectra reveal the decomposition of the material at about 325 °C, as the absorption 

pattern between 400 ï 4000 cmī1 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 salts in sub-section 2.4.2. Compared to the spectrum of 

the unconditioned powder (blue line at the bottom), the orange-coloured spectrum (290 °C) 

contains additional bands or band splitting, suggesting a transformation without cleavage 

of moieties, because of the constancy of the weight curve (cf. DTA-TG). A weak and broad 

absorption above 3000 cmī1 in the bottom spectrum indicates characteristic water impurity 

(OīH stretching), which is absent in the turquoise curve above. This probably means, that 

an adsorbed sub-stoichiometric amount of water could be degassed by treatment at 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 óRb2CS3ô powder 16 was conducted to recrystallisation in ethanol at elevated 

temperatures in a sealed glass ampoule and on cooling, crystals grew on the ampoule walls, 

which are shown in figure 2.48. 

  

Figure 2.48: Photographs of the crystalline material obtained from recrystallisation of 

óRb2CS3ô powder 16. On the left, chunks of intergrown individuals are depicted. They were 

separated under the microscope, but, as seen on the right, they consisted of flat intergrown 

domains. 

Although the recorded frames demonstrated single crystalline reflections, where no 

smearing of intensity spots or formation of ring-shaped intensity was observed, SC-XRD 

data of a recrystallised specimen could not be used for a structure model. Next to the initial 

triclinic cell, two c-centred monoclinic lattices were indexed with unit cell volumes 2.255 

nm3 and 4.494 nm3, where only the b parameter was identical. Again, the Rint and signal vs. 

resolution indicated poor description of the data with the indexed lattice. Integration 

applying the smaller unit cell volume in the space group C2/m, was carried out and among 

unsolved atomic fragments CS3
2ī and some Rb+ positions could be identified. However, in 

the total picture, residual electron densities that could not be assigned with atoms of suitable 

weight, denied completing a structure model. 

A structure model for Rb2CS3 or related derivatives could finally not be obtained by means 

of SC-XRD. 

Although facing troubles in the attempts to work out a structure model, the routes of 

preparation of the defective crystalline specimens in principle proved useful. It may be 

advisable to refine the recrystallisation conditions to achieve faultless crystallisation of 

Rb2CS3. A more systematic alteration of the temperature regimes, crystallisation time 

and/or solvents may be an option. 
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2.3.3 Caesium salts 

Caesium trithiocarbonate Cs2CS3 

On Cs2CS3, X-ray structure reference is scarce, too. However, the structure of the 

monohydrate Cs2CS3 Ā H2O was found in the ICSD, originating in a publication of 

PHILIPPOT and L INDQVIST from 1971.[64] The review of GATTOW and BEHRENDT lists the 

anhydrous salt Cs2CS3 to be featured in the same unacquainted report as anhydrous Rb2CS3, 

claiming two modifications ï Form I and Form II -without further details.[1,61] Linking to 

the original report, entries on these modifications are included in the PDF-2 database adding 

only information of different colours (dark and light red) to some dhkl-values.ix Any crystal 

metrics are missing. This motivated to attempt crystallisation of the anhydrous compound 

in order to acquaint a structure model. 

Among other experiments (cf. below), following the script of YEOMAN once more, caesium 

was dissolved in ethanol and turned into the hydrosulfide on H2S introduction. An 

immediately formed precipitate was obtained upon addition of CS2 to the basic ethanolic 

solution. The dried product was called óCs2CS3ô 19 and PXRD was carried out. 

 

X-ray powder diffraction 

Lacking a single crystal phase to use in a RIETVELD  refinement, the PXRD data qualified 

for treatment with an indexing routine implemented in the Topas program-suite. Only 

BRAVAIS  lattices belonging to the orthorhombic and monoclinic lattice systems were used 

as possible solutions. The cubic, hexagonal and tetragonal systems were left out as they 

were not expected, taking into account, that the so far known alkali trithiocarbonates did 

not form crystals of such high lattice symmetry. The program gave out a number of 2999 

different unit cells and space groups. To evaluate this large number of possible unit cell 

metrics, the volumes were considered first. Simply speaking, a large volume allows a large 

number of atomic sites in the unit cell, making it arbitrarily possible to fit experimental 

data. Thus, options where the volume was >> 3 nm3 were discarded. On the other hand, cell 

volumes < 2 nm3 in the result list majorly called for a triclinic lattice (space group P1) 

allowing the alteration of all six lattice parameters a, b, c, Ŭ, ɓ and ɔ in the subsequent 

PAWLEY  refinement, which again arbitrarily provided a good fitting. 

 
ix PDF-2-database entries on Cs2CS3: I [00-021-0226] dark red, II [00-021-0227] light red 
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Eventually, the low volumes < 3 nm3 with non-triclinic lattices were filtered out and 

furtherly sorted by their order anisotropy of the lattice parameters. Thereby, 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 parallelepiped. Still the number of options remained large, 

thus eight cells obtained in this way were picked out. A PAWLEY  refinement for the PXRD 

data of óCs2CS3ô 19 for 2ɗ = 2.5 to 35° was carried out with these eight cells. The results 

are given in table 2.6, where refined cell parameters are written bold. All PAWLEY  

refinements are given for graphical inspection in figure 5.2 in the appendix section 5.2. 

Table 2.6: Results on the PAWLEY  evaluation of possible unit cells obtained from an 

indexing routine within the Topas programme. 

#no. Crystal system, 

space group 

Indexed unit cell 

parameters 

Refined unit cell 

parameters 

Rp, 

Rwp, 

Rexp 

Goodness-

of-fit 

Rwp/Rexp a, b, c / pm ɓ/ ° a, b, c / pm ɓ/ ° 

# 1 orthorhombic, 

P222 

1241.41, 

701.79, 

2653.18 

90 1242.90, 

702.36, 

2653.14 

 5.67, 

8.67, 

0.73 

11.9 

# 2 orthorhombic, 

P212121 

795.11, 

2419.86, 

1438.44 

90 795.41, 

2414.08, 

1438.95 

 7.53, 

12.59, 

0.68 

18.5 

# 3 orthorhombic, 

P21212 

1242.92, 

702.09, 

2652.47 

90 1242.98, 

702.42, 

2653.03 

 5.94, 

9.12, 

0.73 

12.5 

# 4 orthorhombic, 

Pca21 

1335.57, 

3663.27, 

623,00 

90 1346.51, 

3637.16, 

630,60 

 5.87, 

9.38, 

0.66 

14.3 

#5 monoclinic, P2 1732.74, 

672.60, 

1389.45 

108.348 1736.29, 

674.30, 

1392.61 

108.652 6.10, 

9.94, 

0.66 

15.0 

# 6 monoclinic, 

P21/c 

1900.60, 

1711.16, 

723.37 

108.630 1895.51, 

1710.45, 

723.34 

108.42 4.55, 

7.78, 

0.54 

14.3 

#7 monoclinic, P2 1375.26, 

415.68, 

2800.74 

115.571 1382.00, 

416.41, 

2794.91 

115.57 5.38, 

9.06, 

0.66 

13.8 

# 8 monoclinic, P21 1029.12, 

1332.44, 

1301.12 

107.54 1025.50, 

1327.76, 

1298.55 

107.60 6.14, 

9.99, 

0.65 

14.5 

 

It shall be remembered, that from a PAWLEY  refinement no atomic positions or information 

of the atomic structure can be learned. The method simply provides to handle a recorded 

PXRD curve in a mathematical algorithm. In short, all sites in the volume of the unit cell 

are iteratively filled to run through all possible dhkl lattice spacings. With respect to the 
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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 apply favourably, considering the Rwp and 

goodness-of-fit to be relatively large (the latter should converge unity). Furthermore, as still 

the graphical output was relatively decent for all refinements, it may be concluded, that in 

the orthorhombic and monoclinic lattice systems, the degree of freedom for the refinement 

is too high, to yield meaningful results. 

Caesium trithiocarbonate hydrate Cs2CS3 Ā H2O 

Abundantly, a pink microcrystalline precipitate 20 was obtained substituting caesium metal 

with CsOH Ā H2O as a starting material. The hydroxide was converted to hydrosulfide, 

which reacted with CS2 (cf. equation 2.3). 

 

 

2.3 

The products, shown on the photos in figure 2.49, still contained water of crystallisation 

after a mild drying step (left) or solvothermal recrystallisation in ethanol (middle and right), 

respectively. 

   

Figure 2.49: Product obtained after addition of CS2 to a saturated solution of CsOH after 

treatment with H2S (left). The powder could be recrystallised, yielding crystals (middle). 

A crystallite was identified with Cs2CS3 Ā H2O 20c by indexing. On the right crystalline 

residuals are shown. The colourless crystals contained thiosulfate (decomposition product) 

and were discarded, but the pink crystals were eventually used to collect SC-XRD data. 

The prepared Cs2CS3 Ā H2O powder 20 was investigated with PXRD but showed low 

crystallinity, and the data quality was unsuitable for a RIETVELD  refinement on the basis of 

the crystal phase information of Cs2CS3 Ā H2O. 

400 µm 300 µm 
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The obtained crystals could be indexed with the metrics of the published and available 

crystal structure by PHILIPPOT.[64] For the sake of confirmation of the earlier structure, it 

was eventually decided to collect a new set of single crystal data for Cs2CS3 Ā H2O 20c.  

The powder precipitate (cf. figure 2.49 (left)) was recrystallised twice on other routes, 

namely apart from solvothermal condition. Interestingly, both colouration and habitus of 

the single crystals were different, which is seen in figure 2.50, where both the recrystallised 

solids are depicted. Al l methods yielded the same unit cell, identical with that of the 

published structure of Cs2CS3 Ā H2O. Thus, the measurement of only the specimen from the 

solvothermal method, i.e., 20c was executed. 

  

Figure 2.50: Photos of crystalline material obtained from recrystallisation of Cs2CS3 Ā H2O 

powder 20. On the left, isotropic irregular shaped crystallites 21 from experiments at RT 

and on the right needle-shaped crystals 22 grown during cooling of solution. 

Crystal structure model 

Cs2CS3 Ā H2O 20c crystallised in an orthorhombic lattice using the space group P212121 (no. 

19). Upon data evaluation, a twinning of the specimen used for data collection was noticed. 

This was not unexpected, as in the space group P212121 enantiomorphic growth is 

commonly occurring. The problem was mediated within in the ShelX solution software, 

treating 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(3). Unaccountably, the statistics in the measurement 

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 non-equivalent caesium 

cations one trithiocarbonate anion and one molecule of water of crystallisation. All atoms 

occupy regular sites, thus the symmetry of the trithiocarbonate anion is free of lattice 

symmetry operations. The unit cell is depicted in figure 2.51 viewing along the 

crystallographic a-axis. The eponymous two-fold screw axes are the only symmetry element 

in the lattice of the polar space group. In figure 2.51 parallel to the viewing direction two-

fold screw axes are at ¼ and ¾ b on the cell edges and the vertical cell centre (½ c). There 

200 µm 200 µm 
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are three non-equivalent C1īS bonds with lengths of 172.3(5) (S1), 172.4(5) (S2) and 

170.7(5) pm. The angles at the anion are 118.9(3)Á (S1īC1īS2), 120.5(3)Á (S1īC1īS3) and 

120.6(3)° (S2īC1īS3), which almost shows no distortion from the ideal trigonal shape and 

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

 

Figure 2.51: Unit cell of Cs2CS3 Ā H2O 20c in view along the a-axis. All non-hydrogen 

atomic displacement ellipsoids are drawn at 70 % probability. 

The coordination of the Cs+ ions are found to differ from each other. On Cs1, below 400 

pm four trithiocarbonate anions only perform bidentate coordination. Additionally, one 

molecule of water is in range of possible dipoleīcation interaction. In figure 2.52 the 

coordination is shown in the upper part of the unit cell. The shortest atomic distance is 

Cs1ĀĀĀO1 with 337.7(4) pm. The ionic interaction with sulfur ranges between 349.1(1) and 

380.5(1) pm, where the mean value is 361.6 pm. One long C1īS2 distance of 420.9(1) pm 

may be neglected. 

Cs2 in turn has six sulfur atoms of five different anions in close range for ionic interaction. 

Thus, Cs2 is coordinated in monodentate fashion only. Two near H2O molecules are likely 

to orient by dipoleīcation interactions towards the Cs2 cation. The coordination is depicted 

in figure 2.52 in the lower part of the unit cell. Again, the dipole interaction with water 

molecules of crystallisation is of the closes distance with 315.6(5) and 320.2(5) pm. The 

mean value of the monodentate anion coordination is 362.3 pm, which is of the same value 
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order as obtained for the bidentate coordination of Cs1. Compared with hydrated salts of 

caesium ions, the H2OĀĀĀCs interaction are within range of expected values. This also holds 

for the ionic CsīS interaction. In Cs2CO3 Ā 3 H2O the respective distances were reported to 

be 318.8 ï 349.7 pm and in Cs2(S5) Ā H2O both the dipoleīcation and the ionic interactions 

are of comparable values with 323 pm (H2OĀĀĀCs) and 356.3 ï 374.2 pm (CsīS), 

respectively.[65] Hydrogen bonds of the type OīHĀĀĀS can be only determined from the 

orientation and positions of the oxygen and sulfur, as the hydrogen atoms have been fixed 

to the oxygen atoms by calculation. There are four OĀĀĀS distances of which only two can 

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 hydrogen atoms attached to O1.[38] 

 

Figure 2.52: Coordination of the two non-equivalent caesium sites in Cs2CS3 Ā H2O 20c. 

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

Thermal analysis 

It was tried to withdraw the water of crystallisation from the Cs2CS3 Ā H2O 20 powder, to 

apply recrystallisation methods afterwards, hoping to obtain crystals of the anhydrous 

compound for structure investigation. 




































































































































































































































































