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Summary 
This work focuses on solid-state syntheses of tin compounds and some of their 

properties. Most of these compounds were obtained by solid-state metathesis (SSM) 

reactions between lithium carbodiimide and tin halides. Furthermore, some halides and 

oxide halides have been synthesized. The majority of the described compounds have 

been characterized by single-crystal X-ray diffraction (XRD). 

In the reaction of Li2(CN2) and SnCl2, Sn(CN2) was produced, along with Sn2O(CN2), 

as a byproduct. Further research has led to the discovery of Sn4Cl2(CN2)3 and 

Sn9O5Cl4(CN2)2. Moreover, Sn4Cl2(CN2)3 was shown to act as a precursor compound 

in the syntheses of Sn(CN2), Sn2O(CN2), and Sn9O5Cl4(CN2)2. Sn4Cl2(CN2)3 is formed 

in these syntheses at temperatures below 200 °C and transforms into either Sn(CN2), 

Sn2O(CN2), or Sn9O5Cl4(CN2)2 at temperatures above 300 °C. CuWO4-based 

photoanodes mixed with Sn2O(CN2) showed improved efficiencies compared to pure 

CuWO4 electrodes. Some tin carbodiimides were investigated by density functional 

theory (DFT) calculations, revealing their electronic structures, and indicating them to 

be semiconductors with band gaps on the order of 1 to 3 eV. The divalent tin 

carbodiimide compounds Sn4Cl2(CN2)3, Sn9O5Cl4(CN2)2, and Sn2O(CN2) were studied 

by Mössbauer spectroscopy to identify possible traces of Sn4+. No tin IV could be 

detected in samples of Sn4Cl2(CN2)3; however, samples of Sn9O5Cl4(CN2)2 and 

Sn2O(CN2) showed the presence of tetravalent tin. This Sn4+ presumably originates 

from the starting material SnO, which has also been shown to contain tin in the 

oxidation state IV.  

Analogous reactions with Li2(CN2) and SnBr2 (instead of SnCl2) led to the discovery of 

two compounds, Sn4Br2(CN2)3 and LiSn2Br3(CN2). Sn4Br2(CN2)3 is isotypic to 

Sn4Cl2(CN2)3, whereas LiSn2Br3(CN2) is isotypic to the mineral bideauxite 

(AgPb2Cl3(F,OH)2). LiSn2Br3(CN2) is thought to show negative thermal expansion at 

temperatures below 25 K, as indicated by density functional perturbation theory 

(DFPT) calculations. 

Reactions between tetravalent tin halides and lithium or sodium carbodiimide led to the 

formation of already known ternary compounds containing either Li or Na, e.g., 

A2Sn(CN2)3, A = Li, Na. To avoid the formation of ternary Li/Na containing 

dinitridocarbonates, reactions of Pb(CN2) and SnBr4 were carried out, leading to the 

formation of yellow single crystals, that were identified as Pb14.66Sn7.34Br26(CN2)7O2. 
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The compound containing only divalent tin has a complex crystal structure, where one 

metal site is occupied by both tin and lead. The tin to lead ratio could be determined 

by energy-dispersive X-ray spectroscopy (EDX) and is consistent with the crystal 

structure refinement. 

In course of explorative syntheses in the system of Li2(CN2), SnO, and SnX2, (X = Cl, 

Br, I), three tin oxide halides, Sn7O4Cl6, Sn7O4Br6, and Sn4OI6, were obtained. Since 

some tin oxide halides (in particular tin oxide chloride) were mentioned in the literature 

several decades ago, but without any crystal structure data, the discovery of these 

three compounds closed a long-standing gap between tin(II) oxide and tin halides. 

From similar reactions with Li2(CN2) and SnI2, a ternary lithium tin iodide, LiSn3I7, was 

obtained and later synthesized from SnI2 and LiI. Its crystal structure is closely related 

to SnI2, but with one shared position of lithium and tin. Recorded 7Li, 119Sn, and 127I 

solid-state nuclear magnetic resonance (ssNMR) spectra of LiSn3I7 and some related 

compounds demonstrated the incorporation of Li into the structure and showed the 

presence of two distinct tin sites. 

Besides syntheses with tin halides, reactions between lithium carbodiimide and 

tungsten oxide halides were carried out to synthesize a tungsten oxide carbodiimide. 

Since reactions with tungsten oxide chlorides and tungsten oxide bromide failed, a 

tungsten oxide iodide known from textbooks and articles, WO2I2, was synthesized to 

perform further reactions with it. Single crystals of WO2I2 were synthesized and its 

previously unknown crystal structure was determined. In addition, a second compound 

with the composition W2O3I4 was obtained and structurally characterized. 

WO2I2 was synthesized from a mixture of WO3, W, and I2 at a temperature gradient of 

800 to 300 °C. WO2I2 has been reported in the literature to play an important role in 

chemical transport reactions in tungsten halogen lamps, although its crystal structure 

was previously unknown. When heated above 400 °C, WO2I2 transforms into W2O3I4, 

a compound completely unknown in the literature so far.  
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Zusammenfassung 
Diese Arbeit konzentriert sich auf Festkörpersynthesen von Zinnverbindungen und 

einiger ihrer Eigenschaften. Der Großteil dieser Verbindungen konnte durch 

Festkörpermetathesereaktionen zwischen Lithiumcarbodiimid und Zinnhalogeniden 

dargestellt werden. Darüber hinaus wurden einige Halogenide und Oxidhalogenide 

synthetisiert. Die meisten der beschriebenen Verbindungen wurden durch Einkristall-

Röntgenbeugung charakterisiert. 

Bei der Reaktion von Li2(CN2) und SnCl2 entstand Sn(CN2), als Nebenphase bildete 

sich Sn2O(CN2). Weitere Untersuchungen haben zur Entdeckung von Sn4Cl2(CN2)3 

und Sn9O5Cl4(CN2)2 geführt. Darüber hinaus konnte gezeigt werden, dass 

Sn4Cl2(CN2)3 als Vorläuferverbindung bei den Synthesen von Sn(CN2), Sn2O(CN2) und 

Sn9O5Cl4(CN2)2 dient. Sn4Cl2(CN2)3 wird bei diesen Synthesen bei Temperaturen unter 

200 °C gebildet und wandelt sich bei Temperaturen über 300 °C entweder in Sn(CN2), 

Sn2O(CN2) oder Sn9O5Cl4(CN2)2 um. Photoanoden auf CuWO4-Basis, die mit 

Sn2O(CN2) gemischt sind, zeigten im Vergleich zu reinen CuWO4-Elektroden 

verbesserte Wirkungsgrade. Einige Zinncarbodiimide wurden mithilfe von DFT-

Rechnungen untersucht, wodurch bei diesen Verbindungen die elektronischen 

Strukturen charakterisiert und sie als Halbleiter mit Bandlücken im Bereich von 1 bis 3 

eV bestimmt werden konnten. Die zweiwertigen Zinncarbodiimid-Verbindungen 

Sn4Cl2(CN2)3, Sn9O5Cl4(CN2)2 und Sn2O(CN2) wurden mittels Mößbauerspektroskopie 

untersucht, um mögliche Spuren von Sn4+ zu identifizieren. In Proben von 

Sn4Cl2(CN2)3 konnte kein Zinn +IV nachgewiesen werden, jedoch zeigten Proben von 

Sn9O5Cl4(CN2)2 und Sn2O(CN2) das Vorhandensein von vierwertigem Zinn. Dieses 

Sn4+ stammt vermutlich aus dem Ausgangsmaterial SnO, in welchem auch Zinn in der 

Oxidationsstufe +IV nachgewiesen wurde.  

Analoge Reaktionen mit Li2(CN2) und SnBr2 (anstelle von SnCl2) führten zur 

Entdeckung von zwei Verbindungen, Sn4Br2(CN2)3 und LiSn2Br3(CN2). Sn4Br2(CN2)3 

ist isotyp zu Sn4Cl2(CN2)3, während LiSn2Br3(CN2) isotyp zu dem Mineral Bideauxit 

(AgPb2Cl3(F,OH)2) ist. DFPT-Rechnungen von LiSn2Br3(CN2) zeigen einen negativen 

Wärmeausdehnungskoeffizienten bei Temperaturen unter 25 K. 

Reaktionen zwischen vierwertigen Zinnhalogeniden und Lithium- oder 

Natriumcarbodiimid führten zur Bildung von bereits bekannten ternären Verbindungen, 

die entweder Li oder Na enthalten, z. B. A2Sn(CN2)3, A = Li, Na. Um die Entstehung 
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von ternären Li/Na-haltigen Dinitridocarbonaten zu vermeiden, wurden Reaktionen 

von Pb(CN2) und SnBr4 durchgeführt, bei welchen gelbe Einkristalle gebildet wurden. 

Diese konnten als Pb14.66Sn7.34Br26(CN2)7O2 identifiziert werden. Die Verbindung, die 

nur zweiwertiges Zinn enthält, weist eine komplexe Kristallstruktur auf, bei der eine 

Mischbesetzung von Zinn und Blei auf einer Atomposition auftritt. Das Verhältnis von 

Zinn zu Blei konnte durch EDX ermittelt werden und stimmt mit der Verfeinerung der 

Kristallstruktur überein. 

Im Zuge explorativer Synthesen im System von Li2(CN2), SnO und SnX2 (X = Cl, Br, I) 

entstanden die drei Zinnoxidhalogenide, Sn7O4Cl6, Sn7O4Br6 und Sn4OI6. Da einige 

Zinnoxidhalogenide (insbesondere Zinnoxidchlorid) bereits vor mehreren Jahrzehnten 

in der Literatur erwähnt wurden, jedoch ohne Kristallstrukturdaten, schloss die 

Entdeckung dieser drei Verbindungen eine seit langem bestehende Lücke zwischen 

Zinn(II)-oxid und Zinnhalogeniden. 

Bei ähnlichen Reaktionen mit Li2(CN2) und SnI2 wurde ein ternäres Lithiumzinniodid, 

LiSn3I7, gebildet und später aus SnI2 und LiI synthetisiert. Seine Kristallstruktur ist eng 

mit der von SnI2 verwandt, jedoch mit einer gemischten Position von Lithium und Zinn. 

Die aufgezeichneten 7Li-, 119Sn- und 127I-Festkörper NMR-Spektren von LiSn3I7 und 

einigen verwandten Verbindungen belegen den Einbau von Li in die Struktur und 

zeigen das Vorhandensein zweier verschiedener Zinnpositionen. 

Neben Versuchen mit Zinnhalogeniden wurden Reaktionen zwischen 

Lithiumcarbodiimid und Wolframoxidhalogeniden durchgeführt, um ein 

Wolframoxidcarbodiimid zu synthetisieren. Da Reaktionen mit Wolframoxidchloriden 

und Wolframoxidbromid fehlschlugen, wurde ein aus Lehrbüchern und Artikeln 

bekanntes Wolframoxidiodid, WO2I2, hergestellt, um damit weitere Reaktionen 

durchzuführen. Dabei konnten Einkristalle von WO2I2 synthetisiert und seine bis dato 

unbekannte Kristallstruktur bestimmt werden. Außerdem konnte eine zweite 

Verbindung mit der Zusammensetzung W2O3I4 dargestellt und ebenfalls strukturell 

charakterisiert werden. 

WO2I2 wurde aus einer Mischung von WO3, W und I2 bei einem Temperaturgradienten 

von 800 bis 300 °C gewonnen. WO2I2 wird in der Literatur eine wichtige Rolle bei 

chemischen Transportreaktionen in Wolfram-Halogenlampen zugeschrieben, obwohl 

seine Kristallstruktur bislang unbekannt war.  

Beim Erhitzen über 400 °C wandelt sich WO2I2 in W2O3I4 um. W2O3I4 ist eine in 

Literatur bisher völlig unbekannte Verbindung.   
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1.1 Solid-state reactions 

Solid-state reactions can be used to synthesize a variety of different substances. The 

common approach for the synthesis of inorganic solids is to react either elements or 

solid compounds directly. In most cases, very high temperatures are required for this 

type of reaction, as many elements and compounds (e.g., oxides) have a high melting 

point, resulting in low reactivity due to low diffusion rates.[1] For example, the synthesis 

of LaC2 from lanthanum and carbon requires temperatures of 1200 to 2000 °C for 2–

4h.[2] To synthesize the spinel CoAl2O4 from the oxides CoO and Al2O3, temperatures 

of up to 1300 °C are necessary.[3] Precursors can be used to lower the required 

reaction temperatures, which is a common reaction path for the aforementioned 

synthesis of CoAl2O4, that can be performed at temperatures as low as 700 °C using 

sol-gel methods.[3] Furthermore, low melting fluxes such as eutectic salt mixtures can 

be used to increase the diffusion between the individual reactants (e.g., LiCl/KCl, Mp. 

355 °C). For solid-state reactions in general, it is essential to pestle the reactants, using 

an agate mortar or grinding them in a ball mill.[1]  

Besides the type of reactants, the choice of the reaction vessel is also crucial for solid-

state reactions. At first, it is important to know whether an open or a closed system is 

needed. Open systems are suitable when working in air, when a specific atmosphere 

is required for the reaction (solid-gas reaction, e.g., CO2, NH3, or H2),[4] when the 

pressure would be too high for a closed vessel, or a certain substance is to be removed. 

For example, such reactions can be carried out in corundum or platinum crucibles. 

Most of the reactions in closed containers are performed in silica ampules. For 

reactions at higher temperatures, pressures, or for glass-corrosive substances (such 

as alkali metals or fluorides), various metal ampules, e.g., made of niobium, tantalum, 

molybdenum, tungsten, or platinum are available. In addition to the above-mentioned 

benefit of low-melting salts as fluxes, melts can also be used as reaction partners, if 

the thermal stability is appropriate, e.g., for the synthesis of nitrogenous compounds, 

the use of molten Li3N has proven to be effective.[1]  

In ordinary solid-state reactions, such as synthesis from the elements, the most 

thermodynamically stable compounds are often formed due to the high activation 

energies of these reactions and the resulting high reaction temperatures.[1] 

A diagram showing the principle of a thermodynamically controlled reaction is shown 

in Figure 1. In such a thermodynamically controlled reaction, metastable products can 

be formed, but this happens randomly rather than under controlled conditions. 
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Suppose it is eventually possible to lower the activation energy of a reaction. In that 

case, a metastable product can be obtained, although it is not the thermodynamically 

most stable product, but is formed faster. Such a kinetically controlled reaction path is 

illustrated in Figure 2.[5]  

Since solid-state reactions frequently suffer from low reactivity due to slow diffusion, 

different synthesis strategies with rather moderate reaction temperatures are needed. 

One of these different approaches is SSM reactions.[5]  

 

 

 

 

 

 

 

 
 

 
Figure 1. Schematic reaction diagram that illustrates a thermodynamically controlled reaction, in which the first 
activation energy Ea1 is greater than or equal to Ea2. Reprinted (adapted) with permission from[6]. Copyright 2017 
American Chemical Society.  

 

 

 

 

 

 

 

 

 
 

Figure 2. Schematic reaction diagram that illustrates a kinetically controlled reaction, where the first activation 
energy Ea1 is smaller than Ea2. Reprinted (adapted) with permission from[6]. Copyright 2017 American Chemical 
Society. 
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The basic principle of SSM reactions is a pairwise ion exchange of (in the simplest 

case) two reaction partners, forming a new product and a corresponding metathesis 

salt, as can be seen in reaction (1), where the two starting materials AB and CD react 

to form a new product (AD) and a metathesis salt (BC). Such reactions are usually 

strongly exothermic and can be monitored thermoanalytically by DTA or DSC.[7] 

 AB + CD → AD + BC (1) 

In addition, with SSM reactions, it is possible to transfer not only single but also 

polyatomic ions. SSM reactions have been explored for a wide variety of compounds, 

including nitrides, carbonates, carbides, and nitridoborates.[8] Besides the benefit of 

SSM reactions to capture metastable phases, it is also a useful tool for low-temperature 

syntheses compared to the classical solid-state approach. An example of this is the 

metathetic formation of LaC2 from LaCl3 and Li2C2, which occurs at 500 °C, whereas 

the above-mentioned synthesis from the elements requires more than 1200 °C.[8] The 

wide range of applications and benefits of these SSM reactions also becomes clear 

when looking at the substance class of dinitridocarbonates.  
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1.2 Dinitridocarbonates 

Metal dinitridocarbonates are characterized by the [NCN]2- anion, which exists in two 

different forms: the symmetric carbodiimide moiety and the asymmetric cyanamide 

form. Compounds containing the [NCN]2- ion are referred to as NCN compounds in the 

following.  

The protonated form H2CN2 (cyanamide) was first synthesized in the 19th century and 

appears in two tautomeric forms, cyanamide and carbodiimide, of which the cyanamide 

moiety is heavily favored. The two different tautomers are depicted in Scheme 1. At 

room temperature, the cyanamide is unstable (without stabilizer) and tends to dimerize 

to dicyandiamide (H2C2N4) or even to trimerize to melamine (C3H6N6).[9]  
 

Scheme 1. The two H2CN2 tautomers, shown in chemical equilibrium. Reprinted (adapted) with permission from[9]. 

However, as a divalent anion in metal dinitridocarbonates, the carbodiimide or the 

cyanamide form can be present. An explanation for the presence of cyanamide or 

carbodiimide in a crystal structure is given by the hard and soft acids and bases 

(HSAB) concept, as shown between the harder oxide and the softer sulfide ion, where 

the [NCN]2- ion can be placed in between.[10] 

The same applies to the hardness and softness of cations. Soft cations, such as Ag+, 

Pb2+ or, Hg2+ support the asymmetric [N C N]2- cyanamide moiety,[11] whereas hard 

cations, such as Li+,[12] Sm3+,[13] or Mg2+[14] support the symmetric [N C N]2- 

carbodiimide form. However, the shape of the NCN unit is also determined by the 

coordination environment of the NCN ions.[15] In addition to distinguishing the two NCN 

moieties by XRD, IR spectroscopy provides a reliable differentiation method, since 

symmetric NCN stretching vibrations occur for the asymmetric cyanamide form and 

are IR-forbidden for the symmetric carbodiimide moiety.[14] 

The first metal dinitridocarbonate discovered was Ca(CN2), obtained by Caro and 

Frank from CaC2 and N2 at temperatures of 1000 °C, which is called the Frank-Caro 

process.[16] Since then, calcium carbodiimide, called “nitrolime”, has been used as a 

fertilizer.[17] Ca(CN2) decomposes into urea and Ca(OH)2 when applied to soils; urea 
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is further converted into ammonia and CO2.[18] The dicyandiamide formed as an 

intermediate acts as a nitrification inhibitor in the soil and could prevent the bacterial 

formation of N2O, which is a very potent greenhouse gas.[17] The trigonal crystal 

structure of Ca(CN2) was first determined in 1927 by Dehlinger[19] and revised later by 

improved measurements[20]. Since the discovery of calcium carbodiimide, many more 

NCN compounds have been synthesized. Among them are pseudobinary 

dinitridocarbonates of the alkali metals (Li,[12] Na,[21] K[22]), alkaline earth metals (Mg,[14] 

Sr,[14, 23] Ba[14]), some more main group metals,[24] the transitions metals of 3d elements 

except Ti and V[25] and further d-elements[26]. In addition, the existence of pseudobinary 

compounds of all rare earth (RE) elements except La and Pm[13, 27] has been reported. 

More complex NCN compounds are also common and may contain additional anions 

(like Cl- or O2-)[28] or several cations like in LiM(CN2)2, (M = La, Ce)[29]. 

During the last decades, many different approaches for the synthesis of NCN 

compounds have been reported. Among the earliest is the synthesis of lithium 

carbodiimide, Li2(CN2), which was prepared in the 1970th by reacting Li3N with Li2C2 at 

600 °C, according to reaction (2).[12]  

 4 Li3N + Li2C2 → 2 Li2(CN2) + 10 Li (2) 

The sodium[21] and potassium[22] carbodiimides have been prepared by the reaction of 

their amides with the previously reported hydrogen-containing compounds 

Na(HCN2),[30] K(HCN2)[31]. For rubidium, only the hydrogenated compound Rb(HCN2) 

is reported, which was synthesized from the reaction of RbNH2 and H2CN2 in liquid 

ammonia.[32] 

The alkaline earth metal carbodiimides Mg(CN2), Sr(CN2), and Ba(CN2) were 

synthesized, using metal nitrides and melamine (melamine route) at temperatures 

ranging from 740 to 850 °C,[14] a method that can also be used for the synthesis of 

Li2(CN2) in accordance with reaction (3)[33]. 

 2 Li3N + C3H6N6 → 3 Li2(CN2) + 2 NH3 (3) 

Some NCN compounds could be synthesized by ammonolysis using the metal 

carbonates and ammonia, as exemplified for the synthesis of Li2(CN2) in 

reaction (4).[34] 

 Li2CO3 + 2 NH3 → Li2(CN2) + 3 H2O (4) 

A rather inconvenient reaction pathway has been described for the synthesis of 

M2Cl2(CN2) (M = Eu, Sr),[35] which was obtained from the reactions of MCl2, NaN3, and 
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NaCN in tantalum ampules. This synthetic pathway will be referred to as azide-cyanide 

below. 

A wide spectrum of NCN compounds could be obtained using SSM reactions. Among 

these are many different compounds of the group of RE elements as pseudobinary, 

ternary, or quaternary compounds. The reaction scheme for the synthesis of 

pseudobinary RE carbodiimides is shown in reaction (5). 

 2 RECl3 + 3 Li2(CN2) → RE2(CN2)3 + 6 LiCl (5) 

More complex RE carbodiimide compounds containing additional anions and/or 

cations were also successfully synthesized, as exemplified for the compounds 

La2O(CN2)2,[36] LaCl(CN2),[28b] LiLa(CN2)2,[29] La2Cl(CN2)N,[33] LaSr3F5(CN2)2
[37]. 

These reactions could be mostly performed in silica ampules at temperatures between 

500 °C and 650 °C.[13] 

Besides the solid-state approach, some of the NCN compounds have been 

synthesized from an aqueous solution. Fe(CN2) was prepared from 

[(NH4)2Fe(SO4)2]*6H2O, H2CN2, and ammonia solution[25e]. Solutions of metal 

chlorides, cyanamide, and ammonia led to the formation of Co(CN2), Ni(CN2),[25d] 

Cu(CN2),[25b] and Cd(CN2)[26d]. Zn(CN2) was precipitated from an aqueous solution of 

ZnSO4 and Na2(CN2).[25a] Ag2(CN2) could be precipitated using H2CN2, AgNO3, and 

ammonia solution,[26a] Pb(CN2) was prepared by mixing cyanamide, lead acetate, and 

ammonia solution,[24c] Tl2(CN2) was precipitated from a solution of Tl2CO3 and 

Na(CN2),[26e] and Hg(CN2) was obtained by mixing HgCl2, H2CN2, and NaOH[26b]. Some 

of these compounds were first synthesized as hydrogenated species and later 

decomposed to hydrogen-free ones by heating. 

Despite the many different approaches to synthesize NCN compounds, new synthetic 

routes are still being reported.[38] 

An overview of all existing (to the author’s knowledge) inorganic NCN compounds is 

presented in Tables 1–7. The year of publication, the molecular formula, the space 

group, and the type of synthesis used for preparation are given. A similar tabular 

overview of all known NCN compounds can be found in the PhD thesis of Dr. 

Konstantin Dolabdjian,[39] which has been expanded and supplemented in the present 

work. As shown in Tables 1–7, most of the metal dinitridocarbonates have been 

prepared by SSM reactions, especially in recent years. The large number of NCN 

compounds that have been prepared and characterized during the last decades is 

accompanied by many interesting properties and resulting applications, which will be 



1. Introduction 

8 
 

discussed in more detail in the following. Among the many different NCN compounds 

of RE elements that have been synthesized in the past, several have been investigated 

for their properties, in particular luminescence. As the first reported carbodiimide of the 

RE elements, La2O2(CN2) has been studied as phosphor using different dopants, such 

as Eu3+,[40] Pr3+,[41] Er3+/Yb3+,[42] or Tb3+[43]. Furthermore, the potential use of 

La2O2(CN2) nanofibers as photocatalyst was investigated.[42] Luminescence properties 

were reported and studied for the pseudobinary RE carbodiimide, Gd2(CN2)3 using 

Ce3+ and Tb3+ as dopants, revealing a strong luminescence comparable to that of 

doped yttrium aluminum garnet.[27c]  

Table 1. Pseudobinary NCN compounds containing only one cation. 

Year of discovery Molecular formula Space group Synthetic route 

1942[20a] Ca(CN2) R m (166) CaC2 + N2 

1978[12] Li2(CN2) I4/mmm (139) solid-state reaction 

1994[14] Mg(CN2) R m (166) melamine route  

1994[14] 
2010[23] 

α-Sr(CN2) 
β-Sr(CN2) 

Pnma (62) 

R m (166) 
melamine route 
SSM reaction 

1994[14] Ba(CN2) R c (167) melamine route 

1995[24a] In2.24(CN2)3 R c (167) solid-state reaction 

1997[24b] Si(CN2)2 Pn m (224) liquid-liquid reaction 

2000[24c] Pb(CN2)* Pnma (62) aqueous solution 

2000[26a] Ag2(CN2) P21/c (14) aqueous solution 

2000[26b] 
2002[26c] 

Hg(CN2) 
Hg(CN2) 

Pbca (61) 
P21/a (14) 

aqueous solution  

2000[22] K2(CN2) C2/m (12) liquid ammonia 

2000[21] Na2(CN2) C2/m (12) solid-state reaction 

2001[25a]  Zn(CN2) I 2d (122) aqueous solution 

2002[26d] Cd(CN2) R m (166) aqueous solution 

2003[27a] Eu(CN2) Pnma (62) solid-state reaction 

2005[25c] Mn(CN2) R m (166) SSM reaction 

2005[25b] Cu(CN2) Cmcm (63) aqueous solution 

2006[13] 
2008[27c] 

RE2(CN2)3    RE = 
Y, Pr, Nd, Sm,  
Gd–Er  

RE = Tm–Lu 

C2/m (12) 
 

R c (167) 

SSM reaction 

2007[27b] Yb2(CN2)3 R c (167) solid-state reaction 

2007[25d] Co(CN2), Ni(CN2) P63/mmc (194) aqueous solution 

2007[26e] Tl2(CN2) P  (2) aqueous solution 

2009[25e] Fe(CN2) P63/mmc (194) aqueous solution 

2010[44] Cr2(CN2)3 R c (167) SSM reaction 
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2016[27d] Eu2(CN2)3 C2/m (12) SSM reaction 

2018[26f] Zr(CN2)2, 
Hf(CN2)2 

Pbcn (60) SSM reaction 

2019[24d] Sn(CN2) I2/a (15) SSM reaction 

  2020[27e]   Sc2(CN2)3 R c (167) SSM reaction 

  2021[45]   Bi2(CN2)3 
  Bi2(CN2)3ꞏNH3 

C2/c 
Cc 

diethyl ether solution 

* First described in the wrong space group Pna21 in the 1960th.[46]  

Table 2. Pseudoternary NCN compounds containing one cation and one additional anion. 

Year of discovery Molecular formula Space group Synthetic route 

1995[28a] La2O2(CN2) I4/mmm (139) ammonia atm. 

1995[47] EA2(CN2)(CN)2   
EA = Sr, Ba 

P63/mmc (194) HCN atm. 

1996[48] 
 
2007[49] 

RE2O2(CN2) 
RE = Ce, Pr, Nd, 
Sm, Eu, Gd 
RE = Dy–Yb 

  P m1 (164) 

ammonia atm. 
 
melamine route 

2000[50] Ca4N2(CN2) 
Ca11N6(CN2)2 

Pnma (62) 
P42/mnm (136) 

solid-state reaction 
(with NaN3) 

2001[51] K5(CN2)2H P4/ncc (130) solid-state reaction 

2004[28b] RECl(CN2),        RE 
= La–Pr 

P21/m (11) SSM reaction 

2005[36] La2O(CN2)2 C2/c (15) SSM reaction 

2005[52] Eu8(CN2)4.95I6.10 C2/m (12) solid-state reaction 

2005[35] M2Cl2(CN2)        
M = Sr, Eu 

  C2/m (12) azide-cyanide 

2006[53] Eu2I2(CN2) Pmma (51) azide-cyanide 

2007[54] Y2O2(CN2) P63/mmc (194) 

P m1 (164) 

SSM reaction 

2009[55] LaF(CN2) Cmcm (63) SSM reaction 

2009[29] 
2011[56] 

Ce3(CN2)3N 
La3(CN2)3N 

P212121 (19) 
SSM reaction 

2010[57] Y2(CN2)(SiO4) 
La2(CN2)(SiO4) 
Pr2(CN2)(SiO4) 

C2/m (12)  
P21/c (14) 

P  (2) 

SSM reaction 

2011[58] Eu4F5(CN2)2 P 21c (114) SSM reaction 

2012[59] Na5(CN2)2(CN) 

(Li,Na)5(CN2)2(CN) 

I4/mmm (139) 

Im m (229) 

high pressure N2 
atm. 

2018[60] Sn2O(CN2) Pccn (56) SSM reaction 

2019[24d] 
2021[61] 

Sn4Cl2(CN2)3 

Sn4Br2(CN2)3 
P21/n (14) 

SSM reaction 

2019[62] Bi2O2(CN2) I4/mmm (139) SSM reaction 



1. Introduction 

10 
 

2020[27e] Sc2O(CN2) Immm (71) SSM reaction 

2020[63] LaI(CN2) Cmcm (63) SSM reaction 

2020[64] Hg3Cl2(CN2)2 Pca21 (29) aqueous solution 

Table 3. Pseudoquaternary NCN compounds containing one cation and two additional anions. 

Year of discovery Molecular formula Space group Synthetic route 

2003[33] RE2Cl(CN2)N       
RE = La, Ce 

Cmmm (65) SSM reaction 

2004[65] RE2Br(CN2)N,      
RE = La, Pr 

Cmmm (65) SSM reaction 

2013[66] La3Cl(CN2)O3 Cmcm (63) SSM reaction 

2019[67] Sn9O5Cl4(CN2)2 C2221 (20) SSM reaction 

2019[68] Sr4N(CN2)(C2N) P21/c (14) solid-state reaction 

2020[63] RE2I(CN2)N 
RE = La, Gd 

Cmmm (64) SSM reaction 

Table 4. Pseudoternary NCN compounds containing two different cations.  

Year of discovery Molecular formula Space group Synthetic route 

1978[69] NaH(CN2) Pbcm (57) reaction in ethanol 

1995[24a] NaIn(CN2)2 Cmcm (63) solid-state reaction 

1998[70] Na5H(CN2)3 Im m (229) decomposition  

1998[71] K5H(CN2)3 Im m (229) liquid ammonia 

1999[32] RbH(CN2) P212121 (19) liquid ammonia 

2005[72] (NH4)H(CN2) P212121 (19) liquid ammonia 

2007[73] 
 
2011[74] 

MH2(CN2)2 M = 
Co, Ni 

M = Fe 

Pnnm 
 
Pnmm 

aqueous solution 

2009[29] LiM(CN2)2     M = 
La, Ce 

P21/m (11) SSM reaction 

2012[75] 
2015[76] 

LiY(CN2)2 
LiM(CN2)2     M = 
Yb, Al, In 

Pbcn (60) 
SSM reaction 

2017[77] 
2018[78] 

SrZn(CN2)2 

BaZn(CN2)2 
Cmcm (63) 
Pbca (61) 

SSM reaction  

2018[79] A2Sn(CN2)3    A = 
Li, Na 

Pnna (52) SSM reaction 

2018[24d] 
 

Li2M(CN2)3    M = 
Zr, Hf 

R c (167) SSM reaction 

2020[80] NaSc(CN2)2 Pbcn (60) SSM reaction 
 

  



1. Introduction 

11 
 

Table 5. Pseudoquaternary NCN compounds containing three different cations. 

Year of discovery Molecular formula Space group Synthetic route 

2008[81] 
 
2016[27d] 

KRE[Si(CN2)4] 
RE = La–Gd (except Pm, Eu) 
RE = Eu 

   P21212 (18) 
 

SSM reaction 

2008[81] 
 
2010[82] 

RbRE[Si(CN2)4] 
RE = La–Gd (except Pm, Eu) 
RE = Y, Tb–Lu 

I  (82) 
SSM reaction 

2010[82] CsRE[Si(CN2)4] 
RE = Y, La–Lu (except Pm, 
Eu) 

I  (82) SSM reaction 

2011[83] LiM2[Al(CN2)4]       M = Sr, Eu C2/c (15) SSM reaction 

2013[84] LiBa2[Al(CN2)4] P212121 (19) SSM reaction 

2013[85] Li2Gd2Sr(CN2)5 C2/m (12) SSM reaction 

2013[86] RbRE[Ge(CN2)4]   
RE = La, Pr, Nd, Gd 

I  (82) SSM reaction 

2013[87] LiSr2[Ga(CN2)4] C2/c (15) SSM reaction 

2017[88] KRE[Ge(CN2)4]      
RE = La–Gd (except Pm) 

P21212 (18) SSM reaction 

2017[88] CsRE[Ge(CN2)4]   
RE = La–Gd (except Pm) 

I  (82) SSM reaction 

2019[89] 
2021[90] 

A2MnSn2(CN2)6       A = Li, Na 
Li2MgSn2(CN2)6        

P 1m (162) 
SSM reaction 

Table 6. Pseudoquaternary NCN compounds containing two different cations and one additional anion. 

Year of discovery Molecular formula Space group Synthetic route 

1996[91] Ba2Na(CN2)(CN)3 Fd m (227) melamine route 

2004[92] 
2004[93] 

LiEu2(CN2)I3     
LiSr2(CN2)I3         

Fd m (227) 
azide-cyanide 

2004[92] 
LiEu4(CN2)3I3 

P63/mmc 
(194) 

azide-cyanide 

2005[94] LiM2(CN2)Br3       M = Sr, 
Eu 

Fd m (227) azide-cyanide 

2005[95] Sr4GaN3(CN2) P21/c (14) solid-state reaction 

2006[96] In0.08Eu4(CN2)3I3 

Eu8I9(CN)(CN2)3 
In0.28Eu12(CN2)5I14.91 

P63/mmc 
(194) 
P3m1 (156) 

R m (166) 

azide-cyanide 

2007[97] 
2009[98] 
2020[99] 

(Sr6N)(CoN2)(CN2)2 

(Sr6N)(FeN2)(CN2)2 

(Sr6N)(CuN2)(CN2)2 

P21212 (18) 
P21212 (18) 
P21/c (14) 

solid-state reaction 

2009[55] LiRE2F3(CN2)2 
RE = Ce–Gd (except Pm) 

C2/c (15) SSM reaction 
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  2012[37] LaSr3F5(CN2)2 I 2m (121) SSM reaction 

2014[100] Ba4MgF2(CN2)4 P21/c (14) SSM reaction 

2017[101] 

 
APb2Cl3(CN2) 
A = Li, Na, Ag 

Fd m (227) SSM reaction 

2017[101] LiPbCl(CN2) P21/m (11) SSM reaction 

2019[102] K12Pb51(CN2)30Cl54 R m (166) SSM reaction 

2021[61] LiSn2Br3(CN2) Fd m (227) SSM reaction 

Table 7. Other, more complex NCN compounds. 

Year of discovery Molecular formula Space group Synthetic route 

2011[56] Eu3[AlF2(CN2)3(CN)] Pnma (62) SSM reaction 

2013[103] CaBa8(CN2)6O2(N0.5H0.5) R  (148) solid-state reaction 

2021[15] Pb14.66Sn7.34Br26(CN2)7O2 C2/m (12) solid-state reaction 

Transition metal dinitridocarbonates of the 3d series were reported to have several 

interesting properties, such as ferromagnetic behavior and a high resistivity against 

both acids and bases for Cr2(CN2)3
[25f, 44] and antiferromagnetic behavior for 

Mn(CN2)[25c]. In recent years several of those transition metal carbodiimides, such as 

Fe(CN2), Mn(CN2), Cr2(CN2)3, and Zn(CN2), were investigated for their potential use 

as anode materials in lithium- or sodium-ion batteries.[104] An equation of the 

conversion reaction of Fe(CN2) and Li is shown in reaction (6).[104b] 

 Fe(CN2) (s) + 2 Li (s)  Fe (s) + Li2(CN2) (s) (6) 

The compounds Ag2(CN2), Mn(CN2), and Bi2O2(CN2) have recently been investigated 

for photoelectrochemical (PEC) water oxidation and shown to improve the efficiency of 

CuWO4 and WO3 (tested with Bi2O2(CN2) only) photoanodes.[105] Silver cyanamide has 

furthermore been shown to be an effective photocatalyst for the reduction of CO2 into 

CH4.[106] 
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1.3 Tin compounds 

Many tin compounds are semiconductors, offering various applications for optical and 

electronic devices. Semiconductors are used in diodes, a simple electronic component 

in which the electric current can flow only in one direction while being blocked in the 

other, which is most commonly used for rectification. In addition to rectification, many 

other applications for diodes are known. Another important application of 

semiconductors is the conversion of light into electricity, which is used in 

photocatalysis, photodiodes, and solar cells. In addition, semiconductors can also be 

used to convert electricity into light, used for scintillators, light-emitting diodes, or 

lasers. Semiconductors are also essential for one of the most essential electronic 

devices, the transistor.[107] 

The most prominent tin compounds are the tin oxides SnO and SnO2, representing 

both oxidation states that tin normally adopts (II and IV). SnO2 occurs at standard 

pressure in two different modifications (tetragonal[108] and orthorhombic[109]) and, as a 

naturally occurring mineral cassiterite, it is one of the main tin ores[110]. Tin(IV) oxide is 

an n-type semiconductor with a direct band gap of 3.6 eV and belongs to the group of 

transparent conducting oxides.[111] 

The main application of SnO2 is its use for gas sensing since the electrical conductivity 

of SnO2 is very sensitive to gas molecules adsorbed on its surface, such as CO,[112] 

O2,[113] NO2,[114] or H2S[115]. Another interesting application of SnO2 is its potential use 

as anode material in Li- or Na-ion batteries.[116] Furthermore, tin dioxide is applied in 

perovskite solar cells (PSCs), (as will be discussed in more detail later), where it is 

used as the electron transport layer.[117] Additionally, SnO2 is applied in optical 

sensors,[118] photoconductors,[119] and photocatalysis[120]. 

To improve the properties of materials, doping can generally be used, as in the case 

of fluorine-doped tin oxide, which is used in many optoelectronic devices,[121] similarly 

to the even more common indium tin oxide that uses SnO2 as dopant[122]. 

Tin(II) oxide, SnO, crystallizes in two different modifications at standard pressure: as a 

tetragonal, black modification[123] and as a red orthorhombic modification, 

characterized recently[124]. SnO is a p-type semiconductor with an indirect band gap of 

0.7 eV and a direct band gap of 2.7 eV.[125] SnO is investigated as a promising thin film 

transistor that can be used in displays.[126] Further application possibilities for SnO are 

electrocatalysis,[127] as anode material in Li-[128] or Na-ion[129] batteries or as a gas 

sensor[130].  
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Besides tin(II) and tin(IV) oxide, several mixed valent tin oxides are reported in the 

literature, like Sn2O3, Sn3O4, Sn4O5, or Sn5O6.[131] However, only for Sn3O4, a crystal 

structure is available in the crystallographic databases[132]. The existence of this 

compound is not fully established, since the crystal structure was only determined by 

electron diffraction. 

Apart from the important tin oxides, some tin chalcogenides of the elements S–Te 

should be mentioned here. SnS, SnS2, and Sn2S3 are known tin sulfides.[133] SnS 

(orthorhombic modification) and SnS2 form both layered arrangements and are 

semiconductors with indirect band gaps of 1.8[134] and 2.2 eV[133b], respectively. SnS is 

investigated as an anode material for Li-ion batteries,[135] for solar cell applications,[136] 

and for photocatalytic water splitting[137]. Tin(IV) sulfide is (besides its use as pigment) 

investigated as an anode material for Li-ion batteries[138] and for photochemical water 

oxidation[139]. Other tin chalcogenides such as SnSe, SnTe, and SnSe2 are potential 

thermoelectric materials.[140] Moreover, for SnSe2 many applications are possible, 

including photoelectric detectors, nonlinear optics, IR photoelectric devices, and 

ultrafast photonics.[141] 

To replace fossil fuels, intensive research is being conducted on solar cells to make 

them more efficient, more durable, less expensive, and less toxic. An alternative to 

conventional silicon solar cells is the PSC. In this type of solar cells, perovskite-

structured halides are used as light absorbers,[142] and power conversion efficiencies 

of about 25 % for conventional PSCs,[143] and nearly 30 % for a perovskite/silicon 

tandem solar cell[144] have been reported. Most of the investigated compounds are 

organic-inorganic hybrid compounds like MAPbI3 with MA = methylammonium 

([CH3NH3]+) or FAPbI3 with FA = formamidinium ([CH(NH2)2]+) and suffer from low 

thermal stability and toxicity.[145] Hence, many efforts are being made to overcome 

these problems, which may become possible with fully inorganic tin PSCs.[146] 

In such compounds, the toxic lead is substituted by tin, the organic cation is substituted 

by Cs or Rb, like in RbyCs1−ySn(BrxI1−x)3. However, compounds such as CsSnI3 suffer 

from oxidation of Sn2+, leading to conversion to tin(IV) compounds like Cs2SnI6, which 

is a weakly light-absorbing material.[147]  
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Inorganic tin compounds offer a variety of properties and applications, which can also 

be expected for tin dinitridocarbonates. Thanks to the work of Dr. Konstantin 

Dolabdjian, the first important tin dinitridocarbonates were synthesized. These are the 

two divalent compounds Sn2O(CN2)[60] and Sn(CN2),[39] as well as two tetravalent 

compounds, A2Sn(CN2)3 (A = Li and Na)[79]. 
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In times of resource scarcity, environmental destruction, and the pursuit of ever more 

technological progress, research is striving to find solutions to these problems, for 

example, by finding energy-efficient, simple, and cheap light sources or more efficient 

batteries for the rapidly growing e-mobility sector or new drive systems. The need for 

more efficient solar cells, for example, is also crucial in the field of renewable energies. 

For this purpose, known materials can be modified, and thus their properties adjusted, 

or the application itself can be developed more efficiently. Another approach is the 

synthesis and characterization of new materials, especially in groups of materials that 

have not yet been studied on a large scale. Hence, this work aimed to synthesize new 

compounds in the field of dinitridocarbonates and investigate their properties. These 

compounds have some advantages compared to related compounds such as oxides 

or nitrides with respect to chemical and thermal stability. Furthermore, new materials 

can be synthesized within the field of metal dinitridocarbonates, which is only possible 

to a very limited extent in the area of oxides or nitrides. Moreover, interesting properties 

of metal dinitridocarbonates have repeatedly emerged. It has been shown that 

inorganic tin compounds such as SnO, which is a semiconductor, have very fascinating 

properties that offer a wide range of applications, especially in the field of 

optoelectronics. Dinitridocarbonates are pseudochalcogenides and usually exhibit 

similar properties to their corresponding oxides. In recent decades, the diversity of 

metal dinitridocarbonates has been demonstrated, and SSM reactions have proven to 

be a valuable tool for the synthesis of such compounds.  
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3.1 Tin carbodiimide and tin chloride carbodiimide (Publ. 1)[24d] 

Due to preliminary work in the field of tin and NCN compounds that was conducted in 

our group, it was possible to continue and expand this research area. 

The first reported tin carbodiimide compound Sn2O(CN2) was obtained as a side phase 

from the reaction of SnCl2 and Li2(CN2) by Dr. Dolabdjian.[60] The formation of brownish 

single crystals (attached to the ampule) already showed the tendency of this compound 

to be formed, even if no oxide phase is used in the reaction. This affinity of SnCl2 (and 

Li2(CN2)) to form Sn2O(CN2) in the presence of oxygen was demonstrated, applying 

different metal oxides (such as NiO, FeO, or PtO) in the reaction with SnCl2 and 

Li2(CN2), which always led to the formation of Sn2O(CN2). Later, phase-pure tin oxide 

carbodiimide could be obtained by appropriate amounts of SnCl2, Li2(CN2), and SnO. 

Tin carbodiimide, Sn(CN2), was first obtained as a brownish powder from the reaction 

of SnCl2 and Li2(CN2), contaminated with Sn2O(CN2), elemental tin, and some 

unidentified side phases. Further attempts to synthesize a phase-pure sample of 

Sn(CN2) failed. In order to have a more reliable Rietveld refinement (with only known 

phases), a reaction of equimolar amounts of SnF2 and Li2(CN2) was performed, using 

an arc-welded niobium container. The crystal structure of Sn(CN2) could then be 

refined with two different side phases (elemental tin and LiF). It crystallizes in the 

monoclinic space group I2/a, chosen due to the large monoclinic angle in the standard-

setting C2/c. The crystal structure of Sn(CN2) can be derived from the structure of 

tetragonal calcium carbide and of that of orthorhombic FeS2 (marcasite), as depicted 

in Figure 3. Here, the C2
2- ions of CaC2 are tilted within the projection plane to the 

arrangement of S2
2- ions in FeS2. In the final Sn(CN2) structure, the NCN2- ions are 

tilted further out of the projection plane, resulting in a fourfold coordination 

environment, instead of sixfold, as in CaC2 and FeS2. 

The overall crystal structure of monoclinic Sn(CN2) can be seen in Figure 4, where 

layers of metal atoms alternate with tilted layers of carbodiimide ions, forming a 

network-like structure. In order to get further insights into the electronic structure of 

Sn(CN2), the electron localization function (ELF) was calculated. When looking at the 

fourfold coordinated tin atom in Sn(CN2), it seems obvious that the Sn2+ lone pair is 

located somewhere above the NCN ions, as highlighted by a red asterisk in Figure 5a. 

Interestingly, the tin lone pair is distributed in a ring-shaped cloud (comparable to a 
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donut) around the Sn atom, as displayed in Figure 5b, showing electron delocalization 

that indicates covalent bonding.  

Figure 3. Comparison of the crystal structure of Sn(CN2) with the structures of CaC2 (left) and FeS2. Metals are 
shown in light gray, C in black, S in yellow, the CN2 units are displayed in dark gray (C) and blue (N). 

 

Figure 4. Perspective view of the ac plane of the structure of Sn(CN2). 
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Figure 5. a) Coordination environment of tin in Sn(CN2). The red asterisk indicates the presumed position of the tin 
lone pair. b) A section of the ELF of Sn(CN2) is shown as an isosurface at the 0.7 level.  

In an attempt to optimize the synthesis of Sn(CN2) by varying the reaction temperature, 

some unknown reflections appeared in the powder X-ray diffraction (PXRD) patterns 

at lower temperatures. Further investigations and variations of the used stoichiometries 

to 1:2 (Li2(CN2) to SnCl2) did not make these reflections disappear even at higher 

temperatures (as is the case with a 1 to 1 ratio). Appropriately long dwell times of the 

reaction mixtures at temperatures of around 350–400 °C and cooling rates of 

0.1 K/min, resulted in transparent, platelet-shaped single crystals that were 

characterized as Sn4Cl2(CN2)3. Thermoanalytic studies of equimolar mixtures of 

Li2(CN2) and SnCl2 showed that Sn4Cl2(CN2)3 is already formed slightly below 200 °C 

and transforms slowly into Sn(CN2) during heating, without any detectable thermal 

effect (starting at around 300 °C). 

Noteworthy, Sn4Cl2(CN2)3 is also formed in the synthesis of Sn2O(CN2) at similarly low 

temperatures.  

Phase-pure samples of Sn4Cl2(CN2)3 (according to PXRD measurements) were 

obtained when heating a 3:4 molar mixture of Li2(CN2) and SnCl2 to 250 °C, in 

accordance with reaction (7).  

 3 Li2(CN2) + 4 SnCl2 → Sn4Cl2(CN2)3 + 6 LiCl (7) 

The phase-pure Sn4Cl2(CN2)3 remains stable up to 550 °C, which corresponds to a 

temperature range of 350 °C (from formation to decomposition). This is significantly 

more than for Sn(CN2) or Sn2O(CN2), which decompose about 100 to 150 °C after their 

formation. A DTA of reaction (7), revealing the exothermic formation of Sn4Cl2(CN2)3 

below 200 °C, also showed an endothermic effect upon heating and an exothermic 

effect upon cooling, that were assigned to be melting and recrystallization of 

Sn4Cl2(CN2)3 and LiCl as depicted in Figure 6. 
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In contrast to the crystal structure of Sn(CN2), two distinct coordination environments 

of the carbodiimide ions are present in Sn4Cl2(CN2)3. One is planar coordinated and 

the other pseudotetrahedral. Tin is in a distorted trigonal prismatic coordination, 

surrounded by three Cl and three NCN ions. The overall crystal structure of 

Sn4Cl2(CN2)3 is characterized by layers of tin alternating with mixed layers of NCN and 

Cl ions (see Figure 7). As already shown with SnO, tin compounds can have interesting 

electronic properties. These were investigated in more detail using DFT calculations. 

These calculations revealed both compounds to be semiconductors with indirect band 

gaps on the order of 1 eV (Sn(CN2)) and 2 eV (Sn4Cl2(CN2)3), as confirmed by optical 

reflection measurements.  

Figure 6. DTA of a 3:4 molar mixture of Li2(CN2) and SnCl2 performed from room temperature to 500 °C with two 
heating/cooling cycles.  

 

 

 

 

 

 

 

 

 

 

Figure 7. Section of the crystal structure of Sn4Cl2(CN2)3, showing the view along the ac plane. Tin is shown in light 
gray, chlorine in green, carbon in dark gray, and nitrogen in blue.  
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3.2 Sn9O5Cl4(CN2)2 (Publ. 2)[67]  

The reaction pathway of the first discovered tin carbodiimide Sn2O(CN2), obtained from 

appropriate mixtures of Li2(CN2), Na2O, and SnCl2, was not fully elucidated when its 

synthesis and some properties were reported.[60] Thermal analysis (DTA) of a 1:1:2 

molar mixture of Li2(CN2), Na2O, and SnCl2 showed two exothermic effects and one 

endothermic effect upon heating, as illustrated in Figure 8. The first exothermic effect 

(1) could be assigned to the formation of Sn4Cl2(CN2)3, which forms, as in the synthesis 

of Sn(CN2) at low temperatures (<200 °C) and transforms later into the target 

compound, Sn2O(CN2). However, the second exothermic effect, which appeared upon 

heating at 300 °C (2), could not be assigned to the formation of Sn2O(CN2); instead, 

some unknown phase appeared in the PXRD pattern (recorded from reactions 

performed at 300 °C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. DTA of a 1:1:2 molar mixture of Li2(CN2), Na2O, and SnCl2. Reprinted (adapted) with permission from[60]. 
Copyright 2018 The Royal Society of Chemistry. 

During heating, this unknown phase transforms into Sn2O(CN2), to which the third 

(endothermic) effect at around 420 °C is attributed. When different molar mixtures of 

Li2(CN2), SnO, and SnCl2 were employed, this compound could finally be obtained at 

higher temperatures without transforming into Sn2O(CN2). A phase-pure powder 

pattern of this unknown phase (additional LiCl was washed out with ethanol) could then 

be indexed and refined, revealing this unknown phase to have the composition 

Sn9O5Cl4(CN2)2. It is obtained as a beige crystalline powder and crystallizes in the 

orthorhombic space group C2221. The compound is stable up to 450 °C (less than 
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Sn2O(CN2)) and could be treated in air. Its crystal structure consists of the unique motif 

of a [Sn8O3] cluster, in which the tin atoms are organized in a hexagonal bipyramid, as 

depicted in Figure 9.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9. View of two crystallographically identical [Sn8O3] clusters, forming the motif of a hexagonal bipyramid. 
Note that the orange lines between the tin atoms are only meant to indicate the geometric figure, but do not 
represent real bonds.  

The bond distances of the six in-plane tin atoms (Sn2, Sn3, Sn4) range from 3.36 to 

3.89 Å and are too long to be considered genuine bonds. However, the distance 

between the tin atoms located at the two tips of the hexagonal bipyramid (Sn1) is 

shorter (3.17 Å). The bonding situation of tin atoms will be discussed in more detail 

later. The three oxygen atoms of the [Sn8O3] cluster (O2, O3) are tetrahedrally 

coordinated by Sn, as are the two additional oxygen atoms (O1), located on the outer 

sides of the hexagonal bipyramid, connecting the [Sn8O3] units to two other [Sn8O3] 

clusters via a bridging tin atom (Sn5). Those bonds are indicated in Figure 9. The 

hexagonal bipyramids form infinite chains along [001] by this linkage, as can be seen 

in Figure 10. The NCN ion is surrounded by four tin atoms and can be considered as 

carbodiimide, despite slight deviations in the C-N bond distances (1.25 and 1.29 Å). 

This was also confirmed by IR measurements. The bonding between Cl and Sn is not 

displayed in Figure 10 for clarity. The NCN units link the [Sn8O3] clusters and are 

slightly tilted out of the [100] direction. 
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Figure 10. Perspective view along c. Tin is shown in light gray, oxygen in red, carbon in dark gray, nitrogen in blue, 
and chlorine in green.  

As for the previously reported tin carbodiimide compounds, the electronic structure of 

this compound was studied in more detail, using DFT calculations. The calculated band 

structure reveals Sn9O5Cl4(CN2)2 to be a semiconductor with an indirect band gap on 

the order of 2 eV (the optical band gap was determined to be on the order of 3 eV).  

 

 

 

 

 

 

 

 

 

Figure 11. ELF of a section through the bc plane of the structure of Sn9O5Cl4(CN2)2, showing the electronic structure 
of six tin atoms (upper-right corner) which are part of the hexagonal bipyramid, displayed in Figure 9. Additionally, 
three oxygen atoms are visible (inside the hexagon). Red color corresponds to a higher density of localized 
electrons, blue color corresponds to a lower density of localized electrons.  

The ELF was calculated to further understand the electronic structure and the 

localization of the tin lone pair. Figure 11 indicates a section through the hexagonal 

bipyramid, depicted in the upper-right corner. It can be seen that the electron 

localization of the two lower tin atoms is more homogeneous than it is for the middle 
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and upper tin atoms, which supports a more ionic bonding nature (of the two lower 

ones) versus more covalent bonding nature between Sn and O (of the middle and 

upper ones), where the electron cloud is more distorted. However, no bonding between 

the tin atoms is indicated. 

Since most tin carbodiimides remain stable for several days in air (except Sn(CN2)), 

tin Mössbauer spectroscopy measurements were performed to determine if Sn2+ is 

oxidized to Sn4+ during this air exposure. Hence, two different samples each of 

Sn4Cl2(CN2)3, Sn2O(CN2), and Sn9O5Cl4(CN2)2 were investigated. One sample that 

was kept in air for one day, and a sample that had no air contact. Interestingly, no 

obvious difference between those two differently treated samples of one compound 

could be determined. However, in samples of Sn2O(CN2) and Sn9O5Cl4(CN2)2, tin(IV) 

could be detected, even in the samples without air contact (samples were stored and 

measured under argon). In contrast, both Sn4Cl2(CN2)3 samples did not contain any 

Sn4+. In order to trace the origin of this Sn4+ impurity, two different SnO samples (used 

to prepare the tin compounds and also stored under Ar) were analyzed by Mössbauer 

spectroscopy. Some tin(IV) was detected in both compounds, suggesting that the 

origin of the tin(IV) impurity in the two oxide-containing carbodiimides (Sn2O(CN2) and 

Sn9O5Cl4(CN2)) was due to Sn4+ already present in the starting material SnO. 
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3.3 Sn2O(CN2) as photoanode (Publ. 3)[148] 

Tin oxide carbodiimide appears as brownish crystals and (if phase-pure) as brick-red 

powder. It has been shown that this compound is stable in water and survives even 

temperatures of up to 400 °C in air (for at least 10 h). This chemical and thermal stability 

makes it an interesting candidate for further investigation of its properties. Band 

structure calculations, as well as optical reflection measurements, reveal Sn2O(CN2) 

to be a semiconductor with an indirect band gap of 1.6 eV and a direct band gap of 2 

eV. Previous work on two other carbodiimide compounds, Ag2(CN2)[105a] and 

Mn(CN2),[105b] showed their potential as photoanodes for water splitting. Further 

investigation on the electronic properties showed that Sn2O(CN2) is an n-type 

semiconductor, similar to CuWO4. CuWO4 has already been investigated as an 

effective photoanode for PEC water splitting in previous studies.[149] Hence, as for 

Ag2(CN2) and Mn(CN2), the effects of tin oxide carbodiimide on the photocatalytic water 

splitting efficiency of CuWO4 was investigated. As illustrated in Figure 12, the 

photocurrent, generated by the mixed CuWO4/Sn2O(CN2) anode (60 µA∙cm-2) is larger 

than the sum of the two individual ones. This photocurrent recorded with interrupted 

illumination remains constant over the tested period of 2 h.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 12. Chronoamperometry of Sn2O(CN2), CuWO4, and CuWO4/Sn2O(CN2) photoanodes. The measurements 
were performed at a constant voltage of 1.23 V vs. reversible hydrogen electrode under simulated illumination (100 
mW∙cm-2).  

Recently, Sn2O(CN2) was investigated as anode material for Li-ion batteries and 

showed high capacity and cycling stability.[150] 
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3.4 Tin oxide halides (Publ. 4)[151] 

In reactions with tin halides, tin(II) oxide, and lithium carbodiimide, which were 

employed to synthesize tin carbodiimide compounds, some peaks were observed in 

PXRD patterns at lower temperatures that could not be assigned to any known 

compounds. Experiments with only two of the three starting materials used in each 

case showed these unknown peaks in reactions with SnO and tin halides.  

Further experiments with SnO and SnX2 (X = Cl, Br, I) at longer reaction times and 

slow cooling rates led to the formation of colorless (SnCl2, SnBr2) and orange (SnI2) 

single crystals. The three hitherto unknown crystal structures of the compounds 

Sn7O4Cl6, Sn7O4Br6, and Sn4OI6 could be determined from these crystals. All 

compounds are stable for several days under atmospheric conditions but decompose 

when in direct contact with water. Tin oxide chloride and tin oxide bromide both 

crystallize in the triclinic space group , whereas tin oxide iodide crystallizes with a 

monoclinic lattice. 

As a characteristic structural feature of both Sn7O4Cl6 and Sn7O4Br6, a distorted, 

cubane-like [Sn4O4] unit can be emphasized, which forms a dimeric arrangement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Cubane-like dimer as characteristic feature in the crystal structures of a) Sn7O4Cl6 and b) Sn7O4Br6.  

The [Sn4O4] unit in the crystal structure of Sn7O4Cl6 deviates strongly from the 

geometric shape of a cube, as shown in Figure 13a. The two [Sn4O4] units are linked 

by two Sn-O bonds, between which a center of symmetry is situated that inverts one 
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[Sn4O4] unit into the other. Three additional tin atoms are attached to each of the two 

units (Sn2, Sn5, Sn7). The Sn-O bond distances vary between 2.10 and 2.74 Å. The 

two longest bonds (2.51 and 2.74 Å) between Sn6 and O3/O4 are indicated by dashed 

lines since they seem too long to be considered actual bonds and will be discussed 

later.  

A similar motif can be found in Sn7O4Br6. However, a center of symmetry is missing 

here so that a dimer is present, which consists of a “complete” and an "incomplete" 

cubane-like [Sn4O4] unit (Figure13b). The “incomplete” cubane-unit of Figure13b (right 

part) contains longer Sn-O bonds with distances of 3.16 and 3.21 Å between Sn7 and 

O6/O8 and 2.81 Å between Sn3 and O5, which are too long to be considered bonds. 

The bond distances between the other tin and oxygen atoms vary between 2.1 and 2.4 

Å and are similar to the shorter bonds in Sn7O4Cl6 (no dashed lines).  

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Perspective view on the crystal structure of Sn7O4Cl6, showing the location of the cubane-like dimer 
along the bc plane. Tin is shown in black, oxygen in red, and chlorine in green.  

The overall crystal structure of Sn7O4Cl6 is shown in Figure 14, where the cubane-like 

dimers can clearly be recognized. The apical tin atoms are surrounded by chlorine, 

which also bridges the dimers. The arrangement in tin oxide bromide is similar, but with 

two dimers per unit cell and a larger tilt of those dimers towards the b-axis. 

As for some tin carbodiimide compounds, Sn7O4Cl6 was used as a representative for 

the tin oxide halides for DFT calculations, which reveal Sn7O4Cl6 to be a semiconductor 

with an indirect band gap of 2.8 eV, which is larger than for the related compound 

Sn9O5Cl4(CN2)2 (2.3 eV),[67] likely due to more covalent Sn-O bonding of its structure.  

The ELF calculated for Sn7O4Cl6 only showed a spheroidal distribution of electron pairs 

around chlorine and oxygen. The lone pair of tin is visible only as a small concave disk, 
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resulting in a tetrahedral coordination environment for tin when the lone pair is included 

with the three surrounding atoms. A closer look at the ELF reveals a weak but present 

ionic bond between Sn6 and O3/O4, as can be seen in Figure 15 by the lighter shades 

of blue between tin (Sn6) and the two oxygen atoms (O3 and O4) compared to the 

darker background. These bonds were indicated by dashed lines in Figure 13a.  

The monoclinic crystal structure of the tin oxide iodide Sn4OI6 differs from the triclinic 

structures of Sn7O4Cl6 and Sn7O4Br6. Two features of its structure are displayed in 

Figure 16 (top). The oxygen of the [Sn3OI6] fragment is coordinated trigonal planar by 

three tin atoms (Sn1, Sn2, Sn3), with a bond distance of around 2.1 Å, shorter than in 

Sn7O4Cl6 and Sn7O4Br6. The three tin atoms are all in a distorted quadratic planar 

coordination, surrounded by four iodine and one oxygen atom. It seems that the 

additional space of the tin lone pair is pushing the four iodide atoms (which each 

coordinate one tin atom) out of the planar coordination towards oxygen, resulting in 

this distortion. The second interesting feature in the crystal structure of Sn4OI6 is the 

[Sn2I8] dimer, displayed top right in Figure 16 and is bridging several of the [Sn3OI6] 

units, as displayed in Figure 16 (bottom).  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Section from the ELF of Sn7O4Cl6 to illustrate the interaction between a tin atom (Sn6) and two oxygen 
atoms (O3 and O4). Red indicates a high density of localized electrons, blue a low density of localized electrons.  

Another tin oxide bromide, Sn14O11Br6, was reported by another research group shortly 

after the publication of our work, describing the synthesis of Sn14O11Br6 as a promising 

birefringent material.[152]  
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Figure 16. Sections of the crystal structure of Sn4OI6. Top left: [Sn3OI6] fragment and top right: [Sn2I8] dimer. 
Bottom: perspective view of the crystal structure of Sn4OI6. 
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3.5 Tungsten oxide iodides (Publ. 5)[153] 

Tungsten oxide halides are known to exist for all four halogens, and some of them 

were tested in reactions with Li2(CN2) to synthesize a hypothetical tungsten oxide 

carbodiimide, such as WO2(CN2) or WO(CN2)2. Previous studies in which WOCl4, 

WO2Cl2, and WOBr4 were employed, failed. Hence, tungsten oxide iodides should be 

tested as a promising reactant.  

In order to synthesize the oxide iodide WO2I2, which is often mentioned in the literature, 

a more than 50 years old synthetic procedure described by Tillack was used.[154] 

Here, the author employed a 1:2:3 molar mixture of tungsten, tungsten(VI) oxide, and 

iodine. For higher yields, an excess of iodine was used (depending on the total mass 

of reactants). The reactions were carried out in fused silica ampules placed in a tube 

furnace, with mixtures of W, WO3, and I2 in a 1:2:6 molar ratio. The ampule was placed 

in the tube furnace at a temperature gradient of 800/300 °C. After 5 h of reaction time, 

metallic lustrous platelet-shaped crystals appear at the colder part of the ampule. Some 

of these thin platelets could be measured with a single-crystal diffractometer, 

confirming that these platelets are the target compound WO2I2, presumably formed 

following reaction (8). After determining the crystal structure of these platelets, we 

found that there is no crystal structure data on WO2I2 available (only some assumed 

lattice parameters in the work of Tillack). However, its synthesis and some of its 

properties were published more than half a century ago. 

 W + 2 WO3 + 3 I2  3 WO2I2 (8) 

The crystal structure of WO2I2 was solved and refined in the orthorhombic space group 

Immm. Tungsten is coordinated distorted octahedrally by four oxygen atoms situated 

in the octahedral plane and two iodine atoms, both situated on the tips.  

Those octahedra are connected along the a- and b-axis via W-O bonds, which results 

in a layered arrangement. This layered arrangement is shown in Figure 17 (left); a top 

view of one of those layers is shown in Figure 17 (right). Unfortunately, attempts to 

synthesize a tungsten oxide carbodiimide using WO2I2 failed as well. 

Tillack further reported the appearance of a second compound, formed at higher 

temperatures than WO2I2. He supposed this unknown compound, with a blueish color, 

to have the composition WO2I. According to the supposed formula, this compound 

might be formed by loss of iodine of WO2I2, a reaction mechanism known from several 

binary tungsten iodides.[155] 



3. Summary of the Main Results 

34 
 

Our PXRD studies indeed indicated the formation of a second phase when heating 

WO2I2 to 400 °C. We finally obtained some needle-shaped black crystals after many 

experiments at different temperatures with different dwell times and cooling rates. 

The determination of the crystal structure of those crystals was really challenging but 

ultimately successful after many attempts, revealing a monoclinic lattice with the 

composition W2O3I4. As reaction (9) indicates, this tungsten compound is formed from 

WO2I2, however, not by the loss of iodine but by the loss of oxygen. 

 4 WO2I2 W2O3I4 + O2  (9) 

Figure 17. Two different projections of the crystal structure of WO2I2. Left: view along the cb plane, right: perspective 
view along the ab plane.  

The crystal structure of W2O3I4 was solved and refined in the monoclinic space group 

I2/m. The crystal structure also adopts a layered arrangement, but unlike the crystal 

structure of WO2I2, two different coordination environments of tungsten are present, 

both shown as connected chains in Figure 18. Both are octahedrally coordinated and 

slightly distorted due to different bond distances. W1 is coordinated by four oxygen and 

two iodine atoms; W2 is surrounded by two oxygen and four iodine atoms. Those 

polyhedra are either connected by shared oxygen atoms (W1) or via iodine atoms 

(W2). This layered arrangement of the structure is shown in Figure 19 (left), 

furthermore, a top view of a layer is indicated in Figure 19 (right), emphasizing a Peierls 

distortion of the structure, resulting in alternating short and long W-W distances. The 

overall oxidation state of tungsten here is V, although, from a structural point of view, 

it is more plausible that two different oxidation states of tungsten, VI (W1) and IV (W2), 
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are present since alternating longer and shorter metal-metal distances, as present 

between W2 atoms, are known from tetravalent metal halides, such as WBr4,[156] 

NbBr4,
[157] or NbI4[158]. In addition, the formal charges of the ligands match with +6 for 

W1 (WO4/2I2) and +4 for W2 (WO2/2I4/2). 

When a sample of WO2I2 was heated beyond 400 °C, the formation of WO2 was 

observed, indicating a formal reduction of the oxidation state of tungsten from VI 

(WO2I2), to V (W2O3I4) and finally to IV (WO2).  

Figure 18. Two distinct chains in the crystal structure of W2O3I4, emphasizing two different coordination 
environments of tungsten.  
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Figure 19. Two different projections of the crystal structure of W2O3I4. Left: perspective view along the ac plane, 
right: perspective view, emphasizing the Peierls distortion, caused by alternating short/long W-W bonds.   

The electronic structure of both compounds was investigated using DFT calculations. 

Surprisingly, those calculations reveal both WO2I2 and W2O3I4 to be conductors with a 

behavior similar to a poor metal. 

WO2I2 has long been associated with processes in halogen incandescent lamps. The 

most common theory today is that vaporized tungsten condenses on the bulb wall and 

reacts with iodine and minor oxygen or water impurities to form WO2I2. This WO2I2 is 

now distributed in the bulb, where there is a large temperature gradient between the 

bulb wall and the filament. The idea is that WO2I2 first decomposes into WO2 and iodine 

due to its thermal instability. This WO2 decomposes further into WO + O and finally 

into W + O at even higher temperatures near the filament. This gaseous tungsten now 

precipitates on the filament, but at the thicker, cooler areas, not on the thinner, hotter 

regions, where it would be needed to “repair” those weaker points.[159] The role of the 

new compound W2O3I4 in halogen incandescent lamps, however is not clear yet.  
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3.6 Pb14.66Sn7.34Br26(CN2)7O2, a complex carbodiimide (Publ. 6)[15] 

There are many carbodiimide compounds containing either tin, lead, or germanium 

that have been produced in our research group in recent years, for instance, 

Sn(CN2),[24d] APb2Cl3(CN2), (A = Li, Na, Ag),[101] or ARE[Ge(CN2)4], (A = K, Cs, and RE 

= La–Gd, except Pm)[88]. Elements of group 14 seem to form NCN compounds in a 

particularly diverse way, combined with interesting physical properties, as reported for 

some of these compounds. Especially tin carbodiimide compounds, such as Sn(CN2) 

or Sn2O(CN2), are both semiconductors with band gaps on the order of 2 eV, 

respectively.[24d, 60] Furthermore, Sn(CN2) was tested as anode material in Li-ion 

batteries,[160] whereas Sn2O(CN2) was shown to enhance the efficiency of CuWO4 

photoanodes, used for PEC water splitting[148]. 

In order to study reactions between lead and tin, we employed mixtures of Pb(CN2) 

and different tin halides. Here reactions between Pb(CN2) and SnBr4, that were 

conducted to synthesize a tetravalent tin carbodiimide Sn(CN2)2, led to the formation 

of yellow single crystals, later identified as Pb14.66Sn7.34Br26(CN2)7O2. 

The crystal structure refinement revealed one crystallographic site for the metal atoms, 

shared by tin and lead. EDX measurements determined an overall tin to lead ratio of 

1:2, which is consistent with this crystal structure refinement. Pb14.66Sn7.34Br26(CN2)7O2 

can be synthesized phase-pure from appropriate reaction mixtures of Pb(CN2), PbBr2, 

SnBr2, and SnO, yielding a greenish to beige powder. As the molecular formula 

suggests, the crystal structure is quite complex and consists of nine different metal 

sites coordinated by bromine, NCN, or O. All nine different coordinations are shown in 

Figure 20. Some of these metal sites are arranged in two distinct motifs; a tetrahedron 

and a trigonal bipyramid. Both motifs are formed by tin and lead atoms and capped by 

NCN ions. These NCN units connect both arrangements and are linked to further 

polyhedra. A dimeric fragment of those two motifs and their arrangement in the crystal 

structure is depicted in Figure 21. 

Although no pseudobinary tin(IV) carbodiimide was obtained in this reaction, it 

demonstrates the versatility of tin halides in solid-state reactions to form compounds 

of various kinds with NCN ions. 
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Figure 20. Nine distinct coordination environments in the crystal structure of Pb14.66Sn7.34Br26(CN2)7O2. Bromine is 
shown in green, oxygen in red, carbon in dark gray, and nitrogen in blue.  
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Figure 21. Top: dimeric fragment consisting of a tetrahedron (blue) and a trigonal bipyramid (red). Dashed lines 
emphasize the linkage to further polyhedra. Bottom: arrangement of the top motifs in the crystal structure of 
Pb14.66Sn7.34Br26(CN2)7O2.   
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3.7 LiSn2Br3(CN2) and Sn4Br2(CN2)3 (Publ.7)[61] 

Divalent tin carbodiimide compounds have previously been obtained in our group from 

reactions of Li2(CN2) and SnCl2 (Sn(CN2), Sn4Cl2(CN2)3) and from reactions of 

Li2(CN2), SnCl2, and SnO (Sn2O(CN2), Sn9O5Cl4(CN2)2). Since reactions with Li2(CN2) 

and SnF2 led only to the formation of Sn(CN2), we employed different mixtures of 

Li2(CN2) and SnBr2 to study the chemistry between them in contrast to the behavior of 

SnCl2 in the NCN system. 

Different molar ratios of Li2(CN2) and SnBr2 led to the formation of two different 

compounds. LiSn2Br3(CN2) and Sn4Br2(CN2)3 were obtained from 1:2 and 3:4 molar 

mixtures of Li2(CN2) and SnBr2, respectively. Both compounds could be obtained as 

transparent, colorless crystals at 350 °C and 400 °C, respectively. Both crystal 

structures are isotypic to some already known carbodiimide compounds. Sn4Br2(CN2)3 

is isotypic to Sn4Cl2(CN2)3 that has been reported recently in our group.[24d] 

LiSn2Br3(CN2) is isotypic to several known compounds that are APb2Cl3(CN2), (A = Li, 

Na, Ag), APb2Br3(CN2), (A = Li, Na) and LiM2X3(CN2), (M = Eu, Sr), (X = Br, I).[35, 94, 101] 

Both reactions can be monitored by thermal analysis. 

A DTA of the 3:4 molar mixture, illustrated in Figure 22, was carried out with two 

heating/cooling cycles and indicates an exothermic effect between 150 and 205 °C in 

the first heating cycle. This effect is assigned to the formation of LiSn2Br3(CN2), which 

transforms later into Sn4Br2(CN2)3 without noticeable effects. A small endothermic 

peak within the broad exothermic effect is assumed to be due to the formation of a 

eutectic melt, formed between LiBr and unreacted SnBr2, which is confirmed by a DTA 

of LiBr and SnBr2, where an endothermic effect occurs at a similar temperature (pure 

SnBr2 melts later). In the further course of the reaction, an endothermic effect is 

observed at 395 °C, as well as an exothermic effect upon cooling at 356 °C, which can 

be assigned to the melting and recrystallization of the product and the metathesis salt 

LiBr. Both effects occur again in a second heating/cooling cycle. A DTA of a 1:2 molar 

mixture of Li2(CN2) and SnBr2 showed similar results.  

The crystal structure of Sn4Br2(CN2)3 comprises a layered arrangement of tin atoms 

alternating with mixed layers of bromide and carbodiimide ions, as shown in Figure 23. 

Tin atoms are coordinated by three bromide and three NCN units.  
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Figure 22. DTA of a 3:4 molar mixture of Li2(CN2) and SnBr2, recorded with two heating/cooling cycles. 

The crystal structure of LiSn2Br3(CN2) is composed of two characteristic features; tin 

tetrahedra that are capped and connected by NCN units to a complex network (see 

Figure 24) and [LiBr6] octahedra, that are linked at the corners by bromide ions (see 

Figure 25). Framework-like structures, such as in LiSn2Br3(CN2), are possible 

candidates for unusual thermoelastic properties like negative thermal expansion. 

Hence, the phonon band structure of LiSn2Br3(CN2) was determined using DFPT 

calculations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Perspective view of the crystal structure of Sn4Br2(CN2)3. 
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Figure 24. Section of the crystal structure of LiSn2Br3(CN2), indicating the arrangement of (red) tin tetrahedra and 
NCN ions. Tin is shown in black, carbon in dark gray, and nitrogen in blue.  

This phonon band structure is shown in Figure 26 (top), along with a graph of the linear 

thermal expansion coefficient plotted vs. temperature (bottom). The phonon band 

structure of LiSn2Br3(CN2) shows many low-energy phonons and below 25 K many 

modes with negative Grüneisen parameters, indicating negative thermal expansion 

below that temperature.  

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Section of the crystal structure of LiSn2Br3(CN2), showing the arrangement of [LiBr6] octahedra. Li is 
shown in light gray, bromine in green.  
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As the temperature increases, the positive mode Grüneisen parameters also 

increasingly participate in the thermal expansion (see Figure 26 bottom), leading to a 

positive coefficient of thermal expansion, which is, however, still relatively small even 

at 300 K. 

As with other tin compounds, the electronic band structure was calculated to make 

statements about the electronic properties. DFT calculations revealed an indirect band 

gap of 2.5 eV; thus, LiSn2Br3(CN2), like other tin carbodiimides, can be considered a 

semiconductor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Top: calculated phonon band structure of LiSn2Br3(CN2). Bottom: calculated linear thermal expansion 
coefficient of LiSn2Br3(CN2), determined between 5 and 400 K.  
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3.8 The ternary lithium tin iodide LiSn3I7 (Publ. 8)[161] 

During our explorative syntheses in the field of tin carbodiimide compounds, we 

employed different mixtures of Li2(CN2) and tin halides SnX2 (X = F–I).  

Experiments with Li2(CN2) and SnI2 yielded orange-red single crystals of a previously 

unknown compound. The parameters of the monoclinic unit cell were quite similar to 

those of SnI2, but one axis in particular, as well as the monoclinic angle β, deviated 

strongly from this cell. Closer examination showed that one crystallographic site is 

occupied by both lithium and tin, resulting in the composition LiSn3I7.  

Ternary tin halides such as CsSnI3 are particularly significant in the field of PSCs. They 

have become increasingly important in recent years as a potential candidate to replace 

the more common but toxic lead halides.[162] These lead halides, such as MAPbI3, 

FAPbI3, or CsPbI3, (MA = [CH3NH3]+, FA = [CH(NH2)2]+), were intensively studied and 

have become a possible alternative to conventional silicon-based solar cells.[163] 

Perovskite tin-based halides like CsSnI3, however, still lag behind lead compounds in 

terms of efficiency and stability, so much research remains to be done in this area.[162] 

 

LiSn3I7 is synthesized straightforwardly by a 1:3 molar mixture of LiI and SnI2 at 300 °C. 

Its crystal structure is related to that of SnI2. Hence, the lattice parameters of both 

LiSn3I7 and SnI2 are given in Table 8.  

Table 8. Unit cell parameters of LiSn3I7 and the related compound SnI2. 

 LiSn3I7 SnI2[164] 
Space group 

Unit cell dimensions (Å) 

 

 

Angle (°) 

Volume (Å3) 

Z 

C2/m 

a = 14.2850(4) 

b = 4.4140(3)   

c = 13.2188(3) 

β = 105.445(3) 

797.78(3) 

2 

C2/m 

a = 14.17(5) 

b = 4.54(2)   

c = 10.87(4) 

β = 92.0(2) 

698.09(433) 

6 

 

The crystal structure of LiSn3I7 is composed of two different coordination environments 

of the metal cations. One site, fully occupied by tin (Sn2) is coordinated capped trigonal 

prismatic by seven iodine atoms. The second site is shared by tin and lithium in a 1:1 

ratio (Li1/Sn1). This site is coordinated octahedrally by six iodine atoms. Both sites are 

shown in Figure 27.  
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Figure 27. Two distinct coordination environments in the crystal structure of LiSn3I7.  

Figure 28. Comparison of the crystal structure of LiSn3I7 (a) and SnI2. Tin is shown in light gray, lithium/tin in dark 
gray, and iodine in purple.  

The crystal structure of LiSn3I7 consists of a layered network of edge-shared octahedra 

that alternates with two layers of the capped trigonal prismatic coordinated tin (Sn2) 

and linked by iodine atoms (Figure 28a). This arrangement can also be found in the 

crystal structure of SnI2 but with one empty octahedral gap, leading to a connection of 

the octahedra only along the b-axis (Figure 28b). 
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To study the incorporation of lithium into the structure, ssNMR spectra of LiSn3I7, as 

well as several other compounds, were recorded. The 7Li solid-state MAS NMR spectra 

of LiSn3I7 showed a strong single peak, very similar to the spectra of LiI. To further 

prove that Li is incorporated into the crystal structure and is not just present as LiI, 127I 

MAS ssNMR spectra of LiSn3I7 and LiI were recorded, revealing a strong peak in LiI 

but only a weak, broad peak in LiSn3I7, presumably from residual LiI. However, the 

amount of LiI is too small to be considered as the origin of the 7Li peak of LiSn3I7, 

confirming the incorporation of Li into the crystal structure. 

The 119Sn ssNMR spectra showed two broad peaks for both SnI2 and LiSn3I7 that can 

be assigned to the two crystallographic tin sites, respectively. 

In order to investigate the electronic structure of LiSn3I7, DFT calculations were 

performed. The calculated electronic band structure revealed an indirect band gap on 

the order of 2 eV, somewhat larger than the calculated band gap of SnI2 (1.5 eV)[165]. 

 

Although the new compound LiSn3I7 does not adopt the cubic perovskite structure, it 

is an important member of ternary tin halides, as it is the first ternary Li-Sn halide and 

since many tin compounds have interesting properties, such as semiconductivity, it 

may provide a perspective for further research. 
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3.9 Appendix 

All figures, except those cited, were taken from the publication referenced in the 

respective chapter heading (3.1–3.8). Adaptions for some figures are listed below. 

 

Figure 4:  A second projection is included in the original figure in Publication 1. 

Figure 5:  The red asterisk is not included in the original illustration in Publication 1. 

Figure 5b was not taken from Publication 1. 

Figure 13:  Figures a & b are two separate images in Publication 4. 

Figure 16:  The two motifs at the top and the structure at the bottom are two separate 

figures in Publication 4. 

Figure 17:  The figure does not include a detailed illustration of the coordination 

environment of W, as shown in Publication 5. 

Figure 24: Combined with Figure 25 to form one illustration in Publication 7. 

Figure 25: Combined with Figure 24 to form one illustration in Publication 7. 

Figure 26:  Both graphs are separate images in Publication 7. 

Figure 28: Figures a & b are separate images in Publication 8. 
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ABSTRACT: A solid-state metathesis reaction between equimolar
amounts of Li2(CN2) and SnCl2 revealed the formation of two new
compounds, Sn4Cl2(CN2)3 and Sn(CN2). Thermal analysis of this
reaction indicated that Sn4Cl2(CN2)3 forms exothermically near 200
°C and subsequently transforms into Sn(CN2) at higher temper-
atures. The crystal structures of both compounds are presented.
According to optical measurements and band structure calculations,
Sn(CN2) can be considered as a semiconductor with a band gap on
the order of 2 eV. The presence of Sn2+ ions in the structure of
Sn(CN2) with a toroidally shaped lone pair is indicated by electron
localization function calculations. The structure of Sn(CN2) is shown
to be related to the structures of FeS2 and CaC2.

■ INTRODUCTION

The development of metal dinitridocarbonates, which assume
the carbodiimide (NCN)2− or cyanamide (N−CN)2−

moiety, has progressed to include compounds with rare
earth,1,2 transition metal,3−7 and main group elements.8−12

These compounds are occasionally considered as pseudo-
oxides with a spatially elongated (NCN)2− ion. Carbodiimides
of the group IV elements are exemplified by Si(CN2)2,

13

Pb(CN2),
14 and the structurally related compounds

APb2Cl3(CN2) (A = Li, Na, Ag).15 The structures and optical
properties of several tetracyanamido-metallates with a
pseudotetrahedrally shaped [T(CN2)4]

n− ion (T = Si, Ge,
Ga, Al) have been reported.16−19 However, this series of
compounds is not continued for T = Sn and Pb.
Tin carbodiimides can appear in two different oxidation

states. Sn(IV) compounds have been reported as A2Sn(CN2)3
with A = Li or Na,20 and Sn(II) is present in the carbodiimide-
oxide Sn2O(CN2).

21 Sn2O(CN2), like SnO, is a semiconductor
with a reported band gap on the order of 1−2 eV. Tin atoms in
the PbO-type crystal structure of α-SnO are surrounded with
O2− in a square fashion, yielding a [SnO4] square pyramid; a
similar Sn2+ environment is found in Sn2O(CN2). This typical
arrangement is consistent with Sn2+ possessing a stereochemi-
cally active lone pair.
The recently reported compound Sn2O(CN2) was originally

obtained as a minority phase in the synthesis of Li2Sn(CN2)3,
demonstrating that reactions in this system can produce
divalent or tetravalent tin. A thermoanalytical study of the
synthesis of Sn2O(CN2) revealed the presence of intermediate
compounds during the reaction; one of these was proposed to
be Sn4Cl2(CN2)3. A closer study of reactivity in the Li2(CN2)/
SnCl2 system now confirms the compound Sn4Cl2(CN2)3 as an

intermediate phase which also appears in the formation of the
new compound Sn(CN2). The structures and properties of
both compounds are the subject of this work.

■ EXPERIMENTAL AND CALCULATION DETAILS
Synthesis of Sn(CN2). Li2(CN2)

1 and SnCl2 (Sigma-Aldrich
99.999% ultradry) or SnF2 (Sigma-Aldrich 99%), respectively, were
mixed in an agate mortar under a dry argon atmosphere (glovebox) in
1:1 molar ratio (total mass: 300 mg). The mixture with SnCl2 was
sealed into a silica tube under vacuum, and the mixture with SnF2 was
sealed into a niobium tube by arc-welding (and then fused into an
evacuated silica ampule). Both reaction mixtures were heated in a
crucible furnace up to 450 °C with a heating rate of 3 K min−1 and
held at this temperature for 20 h before cooling to room temperature
at 2 K min−1. Reaction products were washed with ethanol and dried
at 80 °C in a drying oven.

Synthesis of Sn4Cl2(CN2)3. Li2(CN2)
1 and SnCl2 (Sigma-Aldrich

99.999% ultradry) were mixed in a 3:4 molar ratio in an agate mortar
and sealed into a silica tube under vacuum. The mixture was heated in
a crucible furnace to 250 °C with a heating rate of 3 K/min and kept
at this temperature for 5 h before being cooled to room temperature
at 3 K/min. The crystalline powder was removed from the ampule,
washed with ethanol, and dried at 80 °C in air.

Thermoanalytic Studies. Differential thermal analysis (DTA)
was performed with a STA 449F3 Jupiter; Fa. Netzsch, Selb,
Germany. Samples were fused into homemade silica containers and
analyzed between room temperature and 500 °C with a heating and
cooling rate of 2 K min−1.

X-ray Powder Diffraction. X-ray powder diffraction (XRPD) was
carried out with a powder diffractometer (STOE Darmstadt, STADI-
P, Ge-monochromator) using Cu Kα1 (λ = 1.540598 Å) radiation in
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the range of 5 < 2θ < 120°. The recorded X-ray powder diffraction
patterns were indexed, and the crystal structure was subsequently
solved with the program EXPO2009.22 Structure refinement was
performed using the Fullprof Suite.23 The structure refinement based
on the preparation with SnCl2 showed few weak unmatched
reflections of unknown origin. The refinement based on the synthesis
of SnF2 revealed LiF and elemental Sn (<10%) as a side phase.
Single-Crystal X-ray Diffraction. Data collection for single-

crystal X-ray diffraction (XRD) was performed using a Bruker APEX
DUO CCD diffractometer with Mo−Kα radiation (λ = 0.71073 Å)
and a graphite monochromator. Corrections for absorption effects
were applied with SADABS.24 The structure was solved by direct
methods (SHELXS),25 and full-matrix least-squares structure refine-
ments were performed with SHELXL-2015.26

Optical Measurements. Reflection spectra of Sn(CN2) and
Sn4Cl2(CN2)3 were recorded on an Edinburgh Instruments FS900
spectrometer equipped with a 450 W Xe arc lamp and a cooled single-
photon counting photomultiplier (Hamamatsu R928). BaSO4 (99%,
Sigma-Aldrich) was used as a reflectance standard.
Infrared Spectra. Vibrational spectra were recorded with a Bruker

Vertex 70 spectrometer within the spectral range of 400−4000 cm−1;
samples were prepared using KBr pellets.
Density Functional Theory (DFT). DFT calculations were

performed using the ABINIT software package.27 The Perdew−
Burke−Ernzerhof exchange-correlation functional28,29 was used with
the vdw-DFT-D2 dispersion correction.30 Optimized norm-conserv-
ing Vanderbilt pseudopotentials31 from the ABINIT library were used
as received. Electronic structures were determined following structural
relaxation and convergence studies. Example input files are available
as part of the Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis. Reactions between SnCl2 and Li2(CN2) were

explored in fused silica tubes at temperatures up to 500 °C.
Tin(II) carbodiimide was synthesized as a brown crystalline
powder at 450 °C from starting materials in equimolar
proportions in accordance with reaction 1.

+ → +Li (CN ) SnCl Sn(CN ) 2LiCl2 2 2 2 (1)

The progression and course of the reaction was studied by
DTA and differential scanning calorimetry (DSC) measure-
ments. These studies revealed that the formation of Sn(CN2)
is not as straightforward as would be expected from reaction 1.
Thermal analysis clearly indicates that upon heating the
reaction mixture (with a rate of 2 K/min), the intermediate
compound Sn4Cl2(CN2)3 is formed close to 200 °C (see
below). However, no noticeable thermal effect could be
assigned to the formation of Sn(CN2).
For the synthesis of pure Sn4Cl2(CN2)3, the proportion of

starting materials was adjusted to a 3:4 molar ratio. Reactions
in fused silica tubes at 250 °C yielded a light brown crystalline
powder of Sn4Cl2(CN2)3 (see reaction 2).

+ → +3Li (CN ) 4SnCl Sn Cl (CN ) 6LiCl2 2 2 4 2 2 3 (2)

Thermal analysis of reaction 2 showed a strong exothermic
reaction corresponding to the formation of Sn4Cl2(CN2)3 at
194 °C (Figure 1), with the melting and recrystallization
shown in a second DTA cycle. The identity of the product was
confirmed by PXRD. DTA studies also show that
Sn4Cl2(CN2)3 forms a melt with the coproduced LiCl at 450
°C and remains stable up to 550 °C.
Reaction between appropriate amounts of Sn4Cl2(CN2)3

and Li2(CN2), performed in fused silica tubes at 400 °C, leads
to the formation of Sn(CN2) as given in reaction 3.

+ → +Sn Cl (CN ) Li (CN ) 4Sn(CN ) 2LiCl4 2 2 3 2 2 2 (3)

The metathesis salt LiCl was removed from the reaction
products with dry ethanol for reactions 1−3.
DTA shows that the reaction of Sn4Cl2(CN2)3 with

Li2(CN2) into Sn(CN2) occurs without a noticeable thermal
effect near 300 °C.

Crystal Structure of Sn(CN2). The crystal structure of
Sn(CN2) was solved and refined from a PXRD pattern with
the monoclinic space group I2/a (no. 15). Due to the
monoclinic angle of 139.55° in the standard setting C2/c, the
use of the nonstandard setting I2/a is a common choice. The
Rietveld refinement plot of Sn(CN2) is displayed in Figure 2,
showing the presence of LiF as metathesis salt and elemental
tin as a side phase. Crystallographic data are presented in Table
1 and atomic positions in Table 2.
The crystal structure of Sn(CN2), presented in Figure 3, is

comprised of an alternating sequence of layers of tin and
carbodiimide ions stacked along the a-axis direction. Tin(II) is
surrounded by four nitrogen atoms forming a distorted square
[Sn(N)4] pyramid, and the (NCN)2− group is
surrounded by four tin ions in an approximately rectangular
formation (Figure 4). The unit cell plotted with dashed lines in
Figure 3 (below) highlights a smaller section of the unit cell
that neglects to account for the alternating orientations of
square [Sn(N)4] pyramids along ±b.
The local environment of the Sn2+ ion in the structure of

Sn(CN2) is closely related to the environment of tin in the
structure of Sn2O(CN2) and is similar to the square pyramidal
[Sn(O)4] arrangement in SnO. The local C2v symmetry of the
environment of Sn2+ in Sn(CN2) involves two short and two
long Sn−N distances (2.185 and 2.529 Å). The carbon atom of
the (NCN)2− unit is situated at the inversion centers,
resulting in a local D∞h symmetry, and has a C−N distance of
1.210 Å. This observation is in line with the results of infrared
measurements, which reveal a 2-fold degenerate bending
vibration at 673 cm−1 and an asymmetric stretching vibration
at 1984 cm−1 (see Figure S3).
To better understand the arrangement of atoms in the

crystal structure of Sn(CN2), we refer to the well-known
structure of tetragonal CaC2. From this structure, shown in
Figure 5, the orthorhombic structure of FeS2 (marcasite) is
constructed by tilting the S−S axis of the (S2)

2− units within
the plane of projection. This arrangement could be in fact a
prototype for the structure of Sn(CN2). From the structural
point of view, the stereochemically active asymmetric electron

Figure 1. DTA of the reaction of Li2(CN2) and SnCl2 in 3:4 molar
ratio according to reaction 2.
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density at the tin(II) atom and the packing effects in the
structure result in an additional tilting of the (NCN)-axes of
carbodiimide ions out of the projection plane in Figure 5. This
leads to the decrease of the coordination number of the metal
atoms from six in the former structures to four in Sn(CN2).
The alignment of carbodiimide units in the structure tends to

introduce an N−N repulsion that can be reduced by an angular
distortion of the unit cell into its current shape. The shortest
N−N distance between adjacent (NCN)2− ions is 2.88 Å.

Crystal Structure of Sn4Cl2(CN2)3. The crystal structure
of Sn4Cl2(CN2)3 was solved from single-crystal XRD in the
monoclinic space group P21/n. The crystallographic data are
given in Table 1, and the atomic positions are provided in the
Supporting Information (Table S1). The crystal structure can
be characterized by a layered arrangement in which one layer
of tin ions alternates with one layer hosting chloride and
carbodiimide anions (Figure 6).
The two crystallographically distinct Sn2+ ions in the

structure are coordinated in a distorted octahedral fashion.
Each tin atom is six-coordinated by three nitrogen atoms of the
(NCN)2− units and three Cl−. The Sn−Cl distance ranges
between 2.9 and 3.7 Å (Figure 7). The two crystallographically
independent carbodiimide ions are surrounded by four Sn2+

each, in two different ways. One environment of (NCN)2− is
nearly planar, similar to that in Sn(CN2), and the other may be
described as pseudotetrahedral (Figure 8). The carbodiimide
ions show typical C−N distances of 1.22/1.23 Å as well as
typical Sn−N distances of 2.22−2.35 Å.21

Electronic Structure. The electronic structures of Sn-
(CN2) and Sn4Cl2(CN2)3 were calculated using DFT to
rationalize their structures and predict their properties. It is

Figure 2. PXRD refinement pattern of Sn(CN2) with the experimental (red) and calculated (black) patterns of the Rietveld refinement. Bragg
positions (green) of Sn(CN2) (top), LiF (middle row), Sn (bottom), and the difference curve (blue) are also shown.

Table 1. Crystal Data and Structure Refinement Parameters
of Sn(CN2)

empirical formula Sn(CN2) Sn4Cl2(CN2)3

CCDC no. 1898725 1898799
formula weight/g·mol−1 158.74 665.75
temperature/K 298(2) 100(2)
wavelength/Å 1.5406 0.7107
crystal system monoclinic monoclinic
space group I2/a P21/n
a/Å 8.3133(6) 6.8933(1)
b/Å 5.0196(4) 9.1740(2)
c/Å 6.0898(4) 8.9110(2)
β/° 102.79(4) 106.05(2)
volume/Å3 247.82(3) 541.56(2)
Z 4 2
μ(Cu Kα)/mm−1 79.15
μ(Mo Kα)/mm−1 9.58
density (calculated)/g·cm−3 4.254 4.083
theta range for data collection/° 2.5−60 3−29
total number of reflections 191 1399
refined parameters 10 70
RP 2.8914
Rwp 3.9765
RBragg 1.8661
R1 0.0176
wR2 0.0423
goodness-of-fit on F2 1.0610 1.061
χ2 1.1258

Table 2. Atomic Coordinates, Wyckoff Positions (Wyck),
and Isotropic Displacement Parameters (Ueq in Å2) for
Sn(CN2)

atom Wyck x y z Ueq
a

Sn 4e 1/4 0.4638(1) 1/2 0.0425(2)
C 4b 1/2 0 1/2 0.054(3)
N 8f 0.4042(4) 0.1590(7) 0.3932(7) 0.036(2)

aUeq is defined as one-third of the trace of the orthogonalized Uij
tensor.
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important to note that DFT-calculated band gaps are
consistently underestimated, as the energies of the calculated
conduction band states do not account for the interaction
energy between an excited electron and the valence

electrons.32 The calculated band structures are shown in
Figure 9 and Figure 10 below.

Sn(CN2) is predicted to be a semiconductor with a small
indirect band gap of 1.2 eV (the optical band gap was
determined to be 2.0 eV, see Figure S1). The ca. 1 eV
underestimation is typical for a DFT-calculated value.32 The
valence band maximum lies at the A (0 0 0.5) point of
reciprocal space, at a point of relatively high curvature.

Figure 3. Two perspective views on the unit cell of the crystal
structure of Sn(CN2). Dashed lines in the plot below emphasize an
oversimplified pseudo unit cell that can be related to the FeS2
(marcasite) structure. Tin atoms are shown in light gray, nitrogen
in blue, and carbon in dark gray.

Figure 4. Coordination of Sn2+ by four N atoms of the (NCN)2− ions
(left) and the environment of (NCN)2− ions in the structure of
Sn(CN2).

Figure 5. Projection of crystal structures of tetragonal CaC2(I),
orthorhombic FeS2 (marcasite), and a section of the Sn(CN2)
structure, shown from left to right. Metal atoms are shown in light
gray, carbon in black, and sulfur in yellow.

Figure 6. Perspective view featuring the arrangement of layers in the
crystal structure of Sn4Cl2(CN2)3. Tin atoms are shown in light gray,
nitrogen in blue, carbon in dark gray, and chlorine in green.

Figure 7. Coordination of Sn2+ by three N atoms of the (NCN)2−

ions and three Cl− ions in the crystal structure of Sn4Cl2(CN2)3.

Figure 8. Coordination environments of two distinct (NCN)2− ions
in the crystal structure of Sn4Cl2(CN2)3. The left one is coordinated
pseudotetrahedrally, and the right one is almost planar.

Figure 9. Calculated electronic band structure of Sn(CN2). Special
points in the Brillouin zone were selected following Hinuma et al.33
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Sn4Cl2(CN2)3 is also predicted to be an indirect band gap
semiconductor with a band gap of 1.9 eV. Its valence band
maximum is located at Γ (0 0 0). From these results, we can
estimate the experimental band gap of Sn4Cl2(CN2)3 to be on
the order of 3 eV (2.6 eV according to the reflectance
measurement, see Figure S2).
To further understanding of the bonding within these

structures and the role the Sn2+ lone pair plays in determining
the structure, the electron localization function (ELF) was
calculated.34,35 The ELF is a measurement of the probability of
finding an electron in the same region of space as a reference
electron; higher values of the ELF are associated with electron
pair probability and electron localization. The ELF can range
from 0 to 1 with the homogeneous electron gas everywhere
having the value 0.5. Isosurfaces of the ELF for Sn(CN2) and
Sn4Cl2(CN2)3 are shown at the 0.7 level in Figure 11 and
Figure 12 below. Note that, as the DFT calculations were
performed with pseudopotentials, only valence and semicore
electrons are included.
The ELF analysis shows significant differences between

Sn(CN2) and Sn4Cl2(CN2)3. Sn4Cl2(CN2)3 shows significant
electron localization around the N and Cl atoms and very little
near the Sn atoms. The stereochemically active lone pairs of
the Sn2+ atoms can be seen clearly in Figure 12; they lie near
the [1 0−1] plane. The structure is therefore fairly close-
packed if the lone pairs are considered to take up space

corresponding to an atom. The overall pattern of high
localization near some atoms and little near others is consistent
with an ionic structure.
In contrast, the ELF of Sn(CN2) shows features indicating

more electron delocalization and covalent bonding between
the CN2 groups and the Sn atoms. Namely, there is a strong
correlation between the peaks and nodes of the ELF and the
bonding directions. The ELF does not show a classical Sn2+

lone pair; rather, the localized electrons are in a ring close to
the core; the asymmetry of which makes it stereochemically
active. This ring is coplanar with the short Sn−N bonds; there
is a smaller pocket of electron localization directed along the
long Sn−N bonds. Unlike in the Sn4Cl2(CN2)3 structure, the
empty space in the crystal structure appears to truly be void
space, indicating that the Sn(CN2) structure could be
categorized as an open framework structure, like those of
Hf(CN2)2 and Zr(CN2)2.

36 The electron delocalization in
Sn(CN2) over both the Sn atoms and the CN2 units is
consistent with its small bandgap.

■ CONCLUSIONS
Two new tin carbodiimide compounds were introduced with
their syntheses and crystal structures. The synthetic
intermediate compound Sn4Cl2(CN2)3 is formed from SnCl2
and Li2(CN2) at 200 °C, melts congruently at 450 °C, and
remains stable up to 550 °C. Sn4Cl2(CN2)3 acts as a versatile
precursor because it can form Sn(CN2) when reacted with
Li2(CN2) and Sn2O(CN2) when reacted with Li2(CN2) and
Na2O.
The new compound Sn(CN2) contains Sn2+ with a

stereochemically active asymmetric electron density that is
considered to have an impact on the crystal structure. Its
structure is shown to be related to the FeS2 (marcasite)
structure with a distortion that reduces the coordination
number of the cation from six to four, as is typical for Sn2+

compounds.
The asymmetric lone pair of tin in the structure of Sn(CN2)

can be viewed as chemically active, showing overlap or
covalent bonding with the carbodiimide, which gives rise to
electron delocalization. Sn(CN2) is a semiconductor with a
band gap on the order of 2 eV according to band structure
calculations and optical measurements.

Figure 10. Calculated electronic band structure of Sn4Cl2(CN2)3.
Special points in the Brillouin zone were selected following Hinuma et
al.33

Figure 11. Calculated electron localization function of Sn(CN2) shown as an isosurface at the 0.7 level (left) and as a section in the ab plane
(right). The view along c corresponds to the projection of the structure in Figure 3 (top).
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Table S1. Atomic coordinates, Wyckoff positions (Wyck) and isotropic displacement parameters 

(Ueq in Å2) for Sn4Cl2(CN2)3.

 Atom Wyck x y z U(eq)

Sn(1) 4e 0.61208(3) 0.41849(2) 0.35117(2) 0.006(1)

Sn(2) 4e 0.55623(3) 0.84712(2) 0.38978(2) 0.007(1)

Cl(1) 4e 0.25896(10) 0.62000(7) 0.26083(8) 0.011(1)

N(1) 4e 0.6362(3) 0.4567(2) 0.1107(3) 0.008(1)

N(2) 4e 0.7460(3) 0.6409(2) 0.4247(3) 0.007(1)

N(3) 4e 1.0616(3) 0.6493(2) 0.6360(3) 0.008(1)

C(1) 2b 1/2 1/2 0 0.008(1)

C(2) 4e 0.9060(4) 0.6455(3) 0.5291(3) 0.007(1)

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.
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Figure S1. Reflectance measurement of Sn(CN2). Definition of the y-axis: α is the 

absorption coefficient defined as , where R is the reflectivity. h is Planck’s =
(1 ― 𝑅)²

2𝑅

constant and ν the frequency. The exponent of 0.5 corresponds to an indirect bandgap.
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Figure S3. Infrared measurement of Sn(CN2).

Figure S2. Reflectance measurement of Sn4Cl2(CN2)3.
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ABSTRACT: The formation of the new compound Sn9O5Cl4(CN2)2 is
reported and placed in the context of several other recently discovered
tin carbodiimide compounds (Sn(CN2), Sn2O(CN2), and
Sn4Cl2(CN2)3), all of which contain divalent tin. The crystal structure
of Sn9O5Cl4(CN2)2, as determined by X-ray powder diffraction, includes
an unusual [Sn8O3] cluster, in which tin atoms form the motif of a
hexagonal bipyramid. An additional tin atom and two oxygen atoms
connect these clusters into chains. Mössbauer spectroscopy shows tin to
predominantly adopt the +2 oxidation state, and electronic structure
calculations predict Sn9O5Cl4(CN2)2 to be a semiconductor.

■ INTRODUCTION

Reactions between solids are often exothermic, but can also
proceed endothermically. The release or consumption of heat
during a reaction between two or more solids can be
monitored by thermal analysis. The thermal scanning of
chemical reactions can be a powerful method for the discovery
of new compounds when compared to the classical explorative
synthesis, where a mixture of solids is reacted at an intuitively
selected temperature. The potential of the thermal scanning
method has been demonstrated by the identification of more
than 20 binary W−I compounds,1 by solid-state metathesis
(SSM) reactions2 and by scanning a series of reduction
reactions of WCl6 to detect numerous compounds, for
example, in the Pb−W−Cl,3 Co−W−Cl,4 Fe−W−Cl,5 and
Cu−W−Cl6 systems. SSM reactions have been successfully
employed for the development of metal compounds of
nitridoborates,7−10 cyanurates,11 and carbodiimides.
Carbodiimide compounds have been discovered with rare-

earth,12 transition metal,13−17 and main group18−23 elements.
Such compounds, with variable band gaps, have shown
potential interest for applications, for example, in photo-
physics,24,25 control of thermal expansion,26 or as battery
materials.27,28

Recently we have focused on the preparation of tin
carbodiimides, wherein the carbodiimide anion can be
considered chemically to act as a pseudochalcogenide.14

Tin(II) chalcogenides were recently described as promising
candidates for high performance thermoelectric materials.29

The tin(II) sulfide SnS is a promising anode material for
sodium ion batteries.30 With its band gap of approximately 1.5

eV, it can be used for photodetector applications31 and as an
absorption layer for solar cell applications.32 Recently,
superconductivity was reported in SnS as well as in the
homologous SnSe.33 Stannous oxide (SnO) is a p-type
semiconductor that could be used in optoelectronics, such as
thin film transistors.34,35 The need for high performance
photovoltaic materials motivates a wide field of research in
which tin halides such as CsSnI3 or CsSnBr3 have been
studied.36

Semiconducting tin oxide carbodiimide Sn2O(CN2) was
recently synthesized from a mixture of solid SnCl2, SnO, and
Li2(CN2).

37 The formation of two intermediate phases was
detected during heating in this reaction by differential thermal
analysis (DTA). One intermediate phase was identified as
Sn4Cl2(CN2)3, which also appears as an intermediate phase in
the formation of Sn(CN2).

38

■ EXPERIMENTAL AND CALCULATION DETAILS
Synthesis of Sn9O5Cl4(CN2)2. The starting materials Li2(CN2),

12

SnCl2 (Alfa Aesar, ultra dry, 99.9985%), and SnO (Sigma-Aldrich,
99.99%) were mixed in a 2:4:5 molar ratio under a dry argon
atmosphere (glovebox), pestled in an agate mortar, and sealed into a
silica tube under vacuum. The mixture was heated in a crucible
furnace to 400 °C with a heating rate of 2 K/min and held at this
temperature for 10 h before cooling the product down to room
temperature at 2 K/min. The ampule was opened in air and kept in a
drying oven for 30 min at 80 °C. This procedure is performed to
make the compound more resistant against air and water as described
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for Sn2O(CN2).
37 The compound was then washed with water and

ethanol in order to remove the metathesis salt LiCl and dried
afterward at 80 °C for 30 min.
Thermoanalytic Studies. Differential thermal analysis (DTA)

was performed with a STA 449F3 Jupiter; Fa. Netzsch, Selb,
Germany. Samples were fused into homemade silica containers and
analyzed between room temperature and 500 °C with a heating and
cooling rate of 2 K/min.
Powder X-ray Diffraction (PXRD). PXRD patterns of products

were collected with a Stadi-P (STOE, Darmstadt, Germany) powder
diffractometer using germanium monochromated Cu Kα1 radiation (λ
= 1.5406 Å) and a Mythen 1K detector in the range of 5 < 2θ < 120°.
The recorded X-ray powder diffraction pattern was indexed, and the
crystal structure was subsequently solved with the program
EXPO2014.39 Structure refinement was performed using the Fullprof
Suite.40

Sn Mo ̈ssbauer Spectroscopy. Sn Mössbauer spectroscopy was
performed at room temperature with a CaSnO3 source in the
transmission mode. The velocity scale was calibrated with β-Sn metal
foil. The powder samples were sealed in polyethylene/aluminum bags
inside an argon-filled glovebox to avoid contact with air.
Infrared Measurements. The IR spectrum of Sn9O5Cl4(CN2)2

was recorded with a Bruker Vertex 70 spectrometer within the
spectral range of 400−4000 cm−1. A KBr pellet was used for sample
preparation.
Optical Measurements. For UV/vis spectroscopy, a commercial

diffuse reflectance mirror optic (Harrick, Praying Mantis)41 was used.
The light source (Mikropack DH-2000-Bal halogen and deuterium
lamp) and the FFT-CCD UV/vis spectrometer (Ocean Optics, Maya
2000) were connected to the mirror optic using optical fibers. By
using a beam shutter, the sensors were only exposed to UV/vis
radiation when recording a spectrum. BaSO4 was used as reflectance
standard.
Density Functional Theory. Abinit 8.10.3 was used to perform

electronic structure calculations.42−44 The employed exchange-
correlation functional was that of Perdew−Burke−Ernzerhof45
together with the dispersion correction vdw-DFT-D2.46 Both
optimized norm-conserving Vanderbilt pseudopotentials47 and
projector augmented-wave data sets48 were used as received from
the Abinit Web site. Furthermore, convergence studies and structural
relaxation were carried out prior to calculation of optimized electronic
structures. Example input files can be found as part of the Supporting
Information.

■ RESULTS AND DISCUSSION
Synthesis. Sn9O5Cl4(CN2)2 was prepared from stoichio-

metric amounts of SnCl2, SnO and Li2(CN2) in fused silica
tubing at 400 °C, following reaction 1.

2Li (CN ) 4SnCl 5SnO

Sn O Cl (CN ) 4LiCl
2 2 2

9 5 4 2 2

+ +

→ + (1)

Sn9O5Cl4(CN2)2, as obtained from this reaction, appears as a
brown crystalline powder that remains stable in moist air and
water, allowing its liberation from the coproduced LiCl by
washing with water.
The same principal reaction was previously reported for the

synthesis of Sn2O(CN2) at 450 °C, however, with different
stoichiometric amounts of reactants, given in reaction 2.37

Li (CN ) SnCl SnO Sn O(CN ) 2LiCl2 2 2 2 2+ + → + (2)

During this reaction two intermediate phases were detected by
thermal analysis (DTA), of which one was identified as
Sn4Cl2(CN2)3 with a formation temperature below 200 °C.38

The second intermediate was formed near 300 °C and is now
identified as Sn9O5Cl4(CN2)2. The successive formation of
both phases did not occur in a quantitative way in reaction 2,

as a result of the chosen composition of starting materials for
the synthesis of the target compound Sn2O(CN2). Hence,
explorative variations of the stoichiometry of starting materials
were necessary to obtain pure Sn9O5Cl4(CN2)2.
DTA of the formation of Sn9O5Cl4(CN2)2 (reaction 1)

reveals two exothermic effects during heating, shown in Figure
1. The first thermal effect near 190 °C can be assigned to the

formation of Sn4Cl2(CN2)3. The second, slightly stronger,
thermal effect near 310 °C is assigned to the formation of
Sn9O5Cl4(CN2)2, as evidenced by PXRD measurements of
both compounds. The cooling process did not show any
thermal effects, and a second heating/cooling cycle was also
featureless. Sn9O5Cl4(CN2)2 is stable up to 450 °C, where it
decomposes into tin oxides, elemental tin, and some X-ray
amorphous phases.

Crystal Structure of Sn9O5Cl4(CN2)2. The crystal
structure of Sn9O5Cl4(CN2)2 was solved in the space group
C2221 with EXPO2014.39 The Rietveld refinement was carried
out on a phase-pure sample of Sn9O5Cl4(CN2)2 using the
FullProf-WinPLOTR software;40 the final refinement plot is
displayed in Figure 2. Crystallographic data for
Sn9O5Cl4(CN2)2 are summarized in Table 1 and atomic
coordinates in Table 2.
Crystal structures of metal carbodiimides are usually layered,

with layers of carbodiimide ions alternating with connecting
layers of metal atoms. This pattern is somewhat preserved in
the structure of Sn9O5Cl4(CN2)2; however, a more complex
arrangement of tin atoms is found. The remarkable pattern of
tin oxide clusters can be used to explain the collective
arrangement in the structure. Tin atoms are arranged to form
[Sn4O] tetrahedra, with three tetrahedra sharing a common
edge, thereby generating the motif of a hexagonal bipyramid of
tin atoms. These [Sn8O3] moieties are connected by another
tin atom (Sn5) and additional oxygen (O1) to form chains. A
section of this arrangement is displayed in Figure 3.
The interatomic distances between tin atoms in the structure

of Sn9O5Cl4(CN2)2, highlighted by connecting lines in Figure
3, range between 3.36 and 3.89 Å and can be considered as
nonbonding contacts. However, the Sn1−Sn1 contact between
the tips of the hexagonal [Sn8O3] bipyramid is only 3.17 Å.
Bonding interactions between tin atoms are generally shorter,
for example, between 2.92 and 3.02 Å in the “naked” tin cluster
of K4Sn9,

49 or even shorter in the Zintl phases BaSnD3/4−x
(2.89 Å)50 and Ca5Sn3H (2.88 Å).51 Oxide ions occupy
tetrahedral interstices between tin atoms with Sn−O distances
ranging from 2.17 to 2.38 Å.

Figure 1. DTA of the reaction of Li2(CN2), SnCl2, and SnO in a 2:4:5
molar ratio corresponding to reaction 1 showing one heating and
cooling cycle.
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Tin atoms in Sn9O5Cl4(CN2)2 occupy five different sites as
can be seen in Table 2. A detailed view on the coordination
environments of tin ions is displayed in Figure 4, revealing four
3-fold and one 4-fold coordination with different ions.
The complete crystal structure of Sn9O5Cl4(CN2)2 can be

described as chains of tin oxide clusters running parallel to
each other along the crystallographic c-direction. These chains
are interconnected by (NCN)2− ions along a- and by
chloride ions along the b-axis direction, as can be seen in the
two projections of the structure in Figure 5.
Atoms of the (NCN)2− ion occupy general position in the

structure of Sn9O5Cl4(CN2)2, shown in Figure 6, with C1−N1

and C1−N2 distances of 1.25 and 1.29 Å. In view of the small
deviations of these values the (NCN)2− ion can still be
considered as a carbodiimide ion (rather than cyanamide).
This was also confirmed by IR measurements, as no symmetric
stretching vibrations of the NCN unit could be detected
(expected in the range of 1200 cm−1 for a cyanamide). IR
measurements furthermore revealed an asymmetric stretching
vibration at 1985 cm−1 and a bending vibration at 669 cm−1,
clearly confirming the presence of the carbodiimide ion. The
symmetric stretching vibration of the Sn−O bond52 was
identified at 618 cm−1, as was the bending vibration of the N−
Sn−N body at 551 cm−1 (see Figure S1). The (NCN)2− ion is
surrounded by four tin atoms with Sn−N distances ranging
between 2.17 and 2.36 Å.

Figure 2. PXRD refinement pattern of Sn9O5Cl4(CN2)2. Experimental PXRD pattern (red) and calculated pattern (black). Bragg positions (green)
and difference curve (blue) after Rietveld refinement.

Table 1. Crystal Structure Data of Sn9O5Cl4(CN2)2

empirical formula Sn9O5Cl4(CN2)2
CSD No. 1939861
formula weight (g·mol−1) 1370.25
temp (K) 298(2)
wavelength (Å) 1.5406
crystal system orthorhombic
space group C2221
a (Å) 11.8306(4)
b (Å) 9.7690(3)
c (Å) 19.9713(6)
volume (Å3) 1961.42(1)
Z 4
μ (Cu Kα; mm−1) 94.779
density (calcd; g·cm−3) 4.64
theta range for data collection (°) 2.5−60.0
total number of reflections 856
refined parameters 64
RP, Rwp 2.3581, 3.0568
RBragg 2.1200
χ2 1.0069

Table 2. Atomic Coordinates, Wyckoff Positions (Wyck),
and Isotropic Displacement Parameters (Ueq in pm2) for
Sn9O5Cl4(CN2)2

atom Wyck x y z Ueq
a

Sn1 8c 0.3863(5) 0.85588(9) 0.29960(4) 0.0418(2)
Sn2 8c 0.3668(6) 0.8509(1) 0.07080(4) 0.0396(2)
Sn3 8c 0.4486(6) 0.1576(1) 0.15694(4) 0.0407(3)
Sn4 8c 0.0692(7) 0.05009(9) 0.34376(5) 0.0377(3)
Sn5 4a 0.6321(1) 0 0 0.0490(4)
Cl1 8c 0.9215(2) 0.2091(3) 0.4829(2) 0.058(1)
Cl2 8c 0.3060(2) 0.1831(3) 0.3316(2) 0.0389(9)
O1 8c 0.5104(1) 0.9942(2) 0.08044(7) 0.039(2)
O2 4b 0 0.5224(2) 1/4 0.031(3)
O3 8c 0.0576(1) 0.2611(1) 0.32168(9) 0.045(2)
C1 8c 0.1928(2) 0.0241(2) 0.1851(1) 0.032(4)
N1 8c 0.0945(1) 0.0309(2) 0.21219(9) 0.035(3)
N2 8c 0.2872(1) 1.0168(2) 0.1470(1) 0.069(4)

aUeq is defined as one-third of the trace of the orthogonalized Uij
tensor.
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Mössbauer Spectroscopy. Sn Mössbauer spectra of SnO,
Sn4Cl2(CN2)3, and Sn9O5Cl4(CN2)2 are shown in Figure 7.
The spectrum of SnO shows predominantly a doublet with
isomer shift IS = 2.63 mm/s and quadrupole splitting QS =
1.35 mm/s. This isomer shift is characteristic for Sn2+ ions in
an oxide environment and the large quadrupole splitting
reflects the local asymmetry around the Sn ions with direct
Sn−Sn bonds. A second minor contribution is visible with IS =
0.0 mm/s and QS = 0.5 mm/s. These values are close to those
reported for SnO2.

53

The spectrum of Sn4Cl2(CN2)3 shows exclusively a broad
doublet with IS = 3.35 mm/s and a large splitting of QS = 1.28
mm/s revealing that only Sn2+ is present in this sample. The
even larger isomer shift in comparison to SnO is caused by the
presence of direct nitrogen neighbors with low electro-
negativity.54

The spectrum of Sn9O5Cl4(CN2)2 is again dominated by a
broad doublet with isomer shift IS = 3.15 mm/s and
quadrupole splitting QS = 1.82 mm/s. The large positive
value of the isomer shift reveals again that Sn is present in the
2+ oxidation state and has nitrogen neighbors. The very large
quadrupole splitting corresponds to a strong local asymmetry
around the Sn ions, as expected from the crystal structure
described above. A second minor contribution (area fraction of
about 7%) is visible with IS = 0.0 mm/s and QS = 0.5 mm/s.
This might hint at some minor impurity or passivation layer,
possibly amorphous, containing Sn4+ in an oxidizing environ-
ment, and could be explained by the presence of a small
amount of Sn4+ in the precursor SnO. This is evident since it
could be detected in SnO samples obtained from both Sigma-
Aldrich and Alfa Aesar. The results of fitting the Mössbauer
spectra are summarized in Table 3.

Electronic Structure. In order to determine the electronic
structure and properties of Sn9O5Cl4(CN2)2, density functional
theory (DFT) was used. Because the energies of the calculated
conduction bands do not account for the interaction energy
between an excited electron and hole and the valence
electrons, band gaps calculated with DFT are systematically
underestimated.55 The calculated band structure is shown in
Figure 8.
When comparing Sn9O5Cl4(CN2)2 to the two previously

synthesized tin carbodiimide compounds Sn(CN2) and
Sn4Cl2(CN2)3,

38 some similarities are found. All three
compounds are indirect band gap semiconductors, with
Sn9O5Cl4(CN2)2 exhibiting the largest band gap (2.3 eV, the
optical band gap was determined to be 3.1, see Figure 9). This
underestimation is typical for a DFT calculation and coincides
with the results obtained from Sn(CN2) (calculated, 1.2 eV;

Figure 3. Section of the structure of Sn9O5Cl4(CN2)2 emphasizing
two [Sn8O3] clusters, interconnected by oxygen (O1) and tin (Sn5)
into chains. Oxide ions (shown red) occupy approximately tetrahedral
sites.

Figure 4. Five different Sn2+ ions in the structure of Sn9O5Cl4(CN2)2
with their coordination environments.

Figure 5. Two projections of the structure of Sn9O5Cl4(CN2)2
showing chains of [Sn8O3] clusters running along [001]. Tin is
shown in light gray, oxygen is shown in red, chlorine is shown in
green, nitrogen is shown in blue, and carbon is shown in dark gray.

Figure 6. Environment of the (NCN)2− ion in the structure of
Sn9O5Cl4(CN2)2, surrounded by four tin atoms.
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measured, 2.0 eV) and Sn4Cl2(CN2)3 (calculated, 1.9 eV;
measured, 2.6 eV). The indirect band gap indicated in Figure 8
is only slightly smaller than the direct gap at Γ (2.4 eV). The
energy of the valence band maximum between Γ and S is also
only marginally higher than the maximum between Γ and Σ,
with the calculated difference being less than 0.01 eV. The
band structure of Sn9O5Cl4(CN2)2 has small band curvature,
indicating a large electron effective mass. This increased
effective mass is consistent with a structure with reduced
delocalization due to a smaller number of tin−carbodiimide
interactions in comparison to other tin carbodiimide
compounds. The maximum energy of the valence band lies
along the Γ(0 0 0)−S(0 0.5 0.0) direction; a second local
maximum close to the Fermi level (εF) is located along the
Σ(0.42 0.42 0)−Γ(0 0 0) direction. In addition to the band
structure calculation, the electron localization function (ELF)
was determined.57,58 The ELF is a measure of the probability
of finding an electron at the same position as a reference
electron with the same spin; it thereby provides information
about the localization of electrons. From this definition, it is
obvious that electron pairs have a high ELF value and are
readily visible. The maximum value of the ELF is defined as 1,

the minimum 0, and the value 0.5 corresponds to the
homogeneous electron gas. Information from the ELF enables
us to further compare the electronic structure of
Sn9Cl4O5(CN2)2, especially the structural influence of the tin
lone pair, with that of Sn(CN2) and Sn4Cl2(CN2)3.
At variance with band structure calculation, where projector

augmented-wave data sets were used, norm-conserving
Vanderbilt pseudopotentials were employed to calculate the
ELF. The change of the atomic data sets was necessary as the
Abinit code does not presently support the projector
augmented-wave method when calculating the ELF.47 The

Figure 7. Sn Mössbauer spectra of SnO, Sn4Cl2(CN2)3 and
Sn9O5Cl4(CN2)2. The experimental data points are shown as white
spheres, the overall fit as a red line, and the subspectra are shown as
red and blue doublets.

Table 3. Parameters Obtained from Fitting the Mössbauer Spectra: Isomer Shift IS, quadrupole Splitting QS, and Line Width
Γ are Given in mm/s

IS QS Γ area frac. (%)

SnO (Sigma-Aldrich) Sn2+ 2.629(1) 1.352(1) 1.032(2) 95.4
Sn4+ −0.047(11) 0.507(25) 0.795(42) 4.6

SnO (Alfa Aesar) Sn2+ 2.633(2) 1.390(2) 1.195(4) 95.2
Sn4+ 0.014(14) 0.583(25) 0.757(48) 4.8

Sn4Cl2(CN2)3 Sn2+ 3.346(2) 1.283(3) 0.887(5) 100.0
Sn9O5Cl4(CN2)2 Sn2+ 3.149(3) 1.818(4) 0.933(7) 92.6

Sn4+ −0.008(20) 0.513(37) 0.644(65) 7.4

Figure 8. Calculated electronic band structure of Sn9O5Cl4(CN2)2.
An arrow marks the indirect band gap. Special points in the Brillouin
zone were selected following Hinuma et al.56

Figure 9. Reflectance measurement of Sn9O5Cl4(CN2)2. Definition of

the y-axis: α is the absorption coefficient defined as R
R

(1 )
2

2
= − , where R

is the reflectivity, h is Planck’s constant, and ν is the frequency. The
exponent of 0.5 corresponds to an indirect bandgap. The
determination of the band gap (Tauc plot) was done as described
in Tauc59 and Davis.60
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fact that pseudopotentials were used for this calculation
influences the depictions below, as only valence and semicore
electrons are visualized.
The ELF analysis of Sn9O5Cl4(CN2)2 shows characteristics

similar to those found in both Sn(CN2) and Sn4Cl2(CN2)3.
With the latter compound, it shares the electron localization
around the carbodiimide units; there is significant localization
around the nitrogen and almost none around the carbon
atoms. Electron localization around the chlorine atoms is
present, but is more diffuse and does not reach the 0.55 level.
Different to Sn4Cl2(CN2)3, but similar to Sn(CN2),
Sn9O5Cl4(CN2)2 features void space in the crystal structure
in between the hexagonal bipyramids formed by the tin atoms
(Figure 3). This property could justify classifying it as an open
framework structure, like Sn(CN2). A quite interesting feature,
one that also distinguishes all three compounds, is the
localization of the tin lone pairs. Showing neither the toroidal
lone pair of Sn(CN2), nor the classic lobe of Sn4Cl2(CN2)3,
those in Sn9O5Cl4(CN2)2 are spread more homogeneously
around each tin atom (Figure 10).

Figure 10 shows the properties of the ELF near the tin
atoms more clearly and reveals that the tin atoms possess
differences in their electronic structures. The section shown in
Figure 10 is inclined relative to the bc plane to show a more
precise view of the tin atoms in the hexagonal bipyramid
shown in Figure 3 (right). Those tin atoms are the ones
arranged in a hexagon in the top right corner of Figure 11
encircling three oxygen atoms. While the two tin atoms at the
bottom of the hexagon exhibit more homogeneous electron
localization and ionic character, the ones at the middle and top
show strong inhomogeneous electron localization and a
significant correlation between the peaks and nodes and the
bonding direction of a specific tin atom. It is also important to
note that their electron localization around the atoms is
significantly distorted from a sphere. In particular, the
geometry of the ones at the top resemble rounded cubes.
The strong distortion of the electron localization is an
indicator of covalent bonding between the tin and oxygen
atoms.

■ CONCLUSION
The new compound Sn9O5Cl4(CN2)2 is presented with its
synthesis and crystal structure. Sn9O5Cl4(CN2)2 is generated
around 300 °C from SnO, SnCl2, and Li2(CN2) via the
precursor compound Sn4Cl2(CN2)3 formed near 190 °C. The
intermediate formation of Sn4Cl2(CN2)3 has already been
observed in previous syntheses of Sn2O(CN2) and Sn(CN2),
where it is formed near 150 and 200 °C, respectively.
Crystalline Sn9O5Cl4(CN2)2 resists air and water and is

stable up to 450 °C where decomposition starts. The
arrangement of tin atoms in the structure follows the motif
of a hexagonal bipyramid, thereby forming [Sn8O3] clusters
that are connected into chains by an additional tin atom. Tin
Mössbauer measurements revealed the presence of Sn(II) with
small amounts of Sn(IV) in Sn9O5Cl4(CN2)2, but not in
Sn4Cl2(CN2)3. The origin of the Sn

4+ can be traced back to the
SnO source, which was used in the synthesis, as shown by
Mössbauer spectroscopy of SnO. DFT calculations predict that
Sn9O5Cl4(CN2)2 is a wide-bandgap semiconductor with an
indirect band gap. The calculated ELF indicates that the lone
pairs of the tin atoms participate in bonding, with a mixture of
ionic and covalent character within each hexagonal bipyramidal
cluster.
Recently prepared tin(II) carbodiimides Sn(CN2), Sn2O-

(CN2), Sn4Cl2(CN2)3, and Sn9O5Cl4(CN2)2 represent semi-
conductors with band gaps in the order of 2−3 eV. Although
these compounds are mostly stable in air, a potential
application is not yet clear. An investigation on the
photochemical properties of Sn2O(CN2)

37 is currently under-
way.
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Meyer, H.-J. Tin (II) oxide carbodiimide and its relationship to SnO.
Dalton Trans 2018, 47, 13378−13383.
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Increased photocurrent of CuWO4 photoanodes
by modification with the oxide carbodiimide
Sn2O(NCN)†

Zheng Chen,a Manuel Löber,b Anna Rokicińska, c Zili Ma, a Jianhong Chen, d

Piotr Kuśtrowski, c Hans-Jürgen Meyer, b Richard Dronskowski a,e and
Adam Slabon *d

Tin(II) oxide carbodiimide is a novel prospective semiconductor material with a band gap of 2.1 eV and lies

chemically between metal oxides and metal carbodiimides. We report on the photochemical properties

of this oxide carbodiimide and apply the material to form a heterojunction with CuWO4 thin films for

photoelectrochemical (PEC) water oxidation. Mott–Schottky experiments reveal that the title compound

is an n-type semiconductor with a flat-band potential of −0.03 V and, as such, the position of the valence

band edge would be suitable for photochemical water oxidation. Sn2O(NCN) increases the photocurrent

of CuWO4 thin films from 32 μA cm−2 to 59 μA cm−2 at 1.23 V vs. reversible hydrogen electrode (RHE) in

0.1 M phosphate buffer (pH 7.0) under backlight AM 1.5G illumination. This upsurge in photocurrent orig-

inates in a synergistic effect between the oxide and oxide carbodiimide, because the heterojunction

photoanode displays a higher current density than the sum of its individual components. Structural ana-

lysis by powder X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) reveals that Sn2O

(NCN) forms a core–shell structure Sn2O(NCN)@SnPOx during the PEC water oxidation in phosphate

buffer. The electrochemical activation is similar to the behavior of Mn(NCN) but different from Co(NCN).

Introduction

One of the critical technical problems facing humanity is the
development of a long-term sustainable energy economy.1 This
especially includes clean and renewable energy generation; a
task that can be theoretically fulfilled by photoelectrochemical
(PEC) water-splitting to yield hydrogen.2 Water-splitting con-
sists of two half reactions: the transfer of two electrons for the
hydrogen evolution reaction (HER) and four electrons for the
oxygen evolution reaction (OER).3 The photo-generated charge
and holes separate and migrate through the semiconductor in
opposite directions to generate a photocurrent. Since the
initial report on solar-driven water-splitting on a TiO2 photo-

electrode in 1972,4 metal oxide semiconductors have been
intensively investigated, and BiVO4 has emerged as the bench-
mark oxide photoanode.5 There are only few known oxidic
photoanode candidates that display a smaller band gap than
BiVO4, such as CuWO4 with an electronic band gap in the
range of 2.2–2.4 eV.6

There are several critical characteristics for a semiconductor
material in terms of realistic application as a water-splitting
photoelectrode: (i) suitable conduction and/or valence band
edge positions; (ii) stability under operating conditions; (iii)
efficient charge carrier separation and transport along and
across the thin-film electrode; (iv) low-cost and earth-abundant
elements; and (v) sufficient light absorption.5–7 Additionally,
the surface of the light absorber has to be modified in most
cases with a suitable catalyst to overcome poor reaction kine-
tics, i.e. to drive the HER and/or OER.8

Copper tungstate is one of the few promising photoanode
materials with a suitable band gap, a valence band edge (VBE)
more positive than 1.23 V vs. RHE to permit water oxidation,
stability under neutral conditions and composed of abundant
elements.9 It can be manufactured on differential electrically
conductive substrates by electrochemical deposition,10 atomic
layer deposition (ALD),11 spray pyrolysis,12 and spin-casting.13

Several strategies have been reported to improve the perform-
†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9dt04752b

aChair of Solid-State and Quantum Chemistry, Institute of Inorganic Chemistry,

RWTH Aachen University, 52056 Aachen, Germany
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Chemistry, University of Tübingen, 72076 Tübingen, Germany
cFaculty of Chemistry, Jagiellonian University, 30-387 Krakow, Poland
dDepartment of Materials and Environmental Chemistry, Stockholm University,

10691 Stockholm, Sweden. E-mail: adam.slabon@mmk.su.se
eHoffmann Institute of Advanced Materials, Shenzhen Polytechnic, 7098 Liuxian
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ance of CuWO4 by doping with zinc,14 molybdenum15 or
iron,12 incorporating with silver nanowires,16 functionalizing
with gold nanoparticles.17 Charge transport is also facilitated
by post-synthetic hydrogen or nitrogen treatment of CuWO4

due to the formation of oxygen vacancies.10,18 Recently,
we have reported that surface modification of CuWO4

with Ag2(NCN)
8a or Mn(NCN)8b displays synergetic effects

between its constituents, which improve PEC water oxidation
efficiency.

Carbodiimides have received attention as novel materials
for photochemical energy conversion in addition to their appli-
cation as electrode materials for Li-ion batteries.19 This has
been mainly motivated by their suitable band gap values for
solar light harvesting and a beneficial VBE position for PEC
water oxidation.20 They are related to oxides but are character-
ized by a higher degree of covalency.21 The carbodiimide
anion (−NvCvN−) is considered as a pseudo-chalcogenide
anion and lies between oxide and sulfide anions in view of the
HSAB concept.22 The oxide carbodiimides are as such mixed-
anion compounds. The oxide carbodiimide representative
Sn2O(NCN) was obtained recently by Meyer et al. as crystalline
powder with an optical band gap of approximately 2.0 eV.23

The title compound is closely related to tin(II) oxide (SnO); a
semiconductor with a band gap of 2.8 eV as calculated on the
basis of electronic band structure calculations.24

In this work, we report on the photochemical properties of
Sn2O(NCN) and the fabrication of heterojunction CuWO4/Sn2O
(NCN) thin film photoanodes. We show that Sn2O(NCN) under-
goes structural changes during PEC water oxidation and can
augment the photocurrent of CuWO4 photoanodes.

Experimental
Synthesis of Sn2O(NCN)

Li2(NCN) was prepared as previously reported by Meyer.23,25

Equimolar amounts of Li2(NCN), Na2O and SnCl2 (Sigma
Aldrich 99.999%, ultra dry) were mixed and ground in an agate
mortar under argon. Samples of 250 mg were sealed into silica
tubes under vacuum and each mixture was heated in a furnace
to temperatures ranging from 450 to 500 °C. The samples were
kept for 12 h before cooling to room temperature. The
ampoules were opened in air, the product was washed with de-
ionized water and dried in oven at 80 °C for 4 h. Sn2O(NCN)
was obtained as a red powder.

Synthesis of CuWO4 thin films

CuWO4 thin films were produced on conductive fluorine-
doped tin oxide (FTO) glass (2.0 mm thick, Sigma-Aldrich),
based on a synthesis by Bartlett.9a Before the electrochemical
synthesis, the FTO glass was cleaned in diluted nitric acid
(Sigma), acetone and ethanol, respectively. 1.26 g (3.8 mmol)
sodium tungstate dihydrate (Na2WO4·2H2O, 99.9%, Acros
Organics) was dissolved in 15 mL deionized water by stirring,
and 1 mL hydrogen peroxide (30%, Geyer Chemsolute) was
added to the tungstate precursor solution. The solution was

stirred for 20 min at room temperature. 25 mL deionized water
and 25 mL isopropanol (>99.7%, Fisher Scientific) were added
to the solution. A solution of 0.73 g (2.7 mmol) copper(II)
nitrate trihydrate (Cu(NO3)2·3H2O, >99%, Sigma) in 10 mL de-
ionized water was added to the tungsten precursor solution.
The pH value was adjusted to 1.2 by adding nitric acid and the
solution was used for electrochemical deposition on FTO
glass. The electrochemical deposition was performed in a
three-electrode setup with platinum wire and 1 M Ag/AgCl
(WAT Venture) as a counter electrode and a reference electrode,
respectively. The electrochemical deposition was carried out by
a Gamry potentiostat and the Gamry framework software
package. The potential was swept in the range from −0.9 to
+0.2 V vs. 1 M Ag/AgCl for 12 cycles at the scan rate of 50 mV
s−1. The working electrode was disconnected in the electrical
circuit, washed with deionized water and dried at room temp-
erature under vacuum. The working electrode was heated at
450 °C for 2 h under ambient atmosphere. The excess of
copper oxides was etched by immersing the working electrode
into 0.5 M HCl for acidic treatment. The electrode was sub-
sequently annealed one more time at 450 °C for 30 min under
ambient atmosphere.

Preparation of Sn2O(NCN) and CuWO4/Sn2O(NCN)
photoanodes

Sn2O(NCN) powder was dispersed in ethanol (120 μg mL−1) by
ultrasounds. FTO, a bare graphite (for XPS) and CuWO4 thin
film electrode were placed on a heating plate at 50 °C. The
Sn2O(NCN) dispersion was drop-casted on the surfaces of the
corresponding thin film electrodes.

Structural characterization

Powder XRD patterns were recorded in transmission mode on
a STOE STADI-P diffractometer (Cu Kα1 radiation) operating
with a DECTRIS Mythen 1K detector. For the analysis of the
photoanodes by XRD, the samples were mechanically removed
from the photoanodes in advance. SEM images of Sn2O(NCN)
powder were recorded by a Leo Supra 35VP SMT (Zeiss).

A Themis Z TEM (Thermo Fisher) equipped with a SuperX
energy dispersive X-ray (EDX) detector operated at 300 kV in
the scanning TEM mode was used for determination of the
chemical composition of Sn2O(NCN) particles, which were
subject to chronoamperometry at 1.23 V vs. RHE. Prior to the
analysis, the particles were mechanically removed from the
pure Sn2O(NCN) electrode.

XPS spectra were collected by a hemispherical VG SCIENTA
R3000 analyzer using a monochromatized aluminum source Al
Kα (E = 1486.6 eV) at constant pass energy of 100 eV. The
binding energies were referenced to the Au 4f core level (Eb =
84.0 eV). The composition and chemical surrounding of the
sample surface were determined on the basis of the areas and
binding energies of Na 1s, K 2p, P 2p, O 1s, N 1s, C 1s and Sn
3d photoelectron peaks. The fitting of high resolution spectra
was obtained by using the Casa XPS software. UV-Vis spectra
were recorded on a Shimadzu UV-2600 spectrophotometer.
Measurements were recorded in absorbance and reflectance
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mode. The Tauc plots were calculated by Kubelka–Munk func-
tion F(R) = (1 − R)2/2R to determine the electronic band gap.

Photoelectrochemistry

The experiments were carried out in an electrochemical cell
operating in a three-electrode setup. The photoanode was used
as a working electrode. Platinum wire and a 1 M Ag/AgCl elec-
trode were used as a counter electrode and a reference elec-
trode, respectively. All current values of the electrodes were
recorded vs. 1 M Ag/AgCl reference electrode and converted vs.
RHE according to ERHE (V) = E1 M Ag/AgCl (V) + 0.236 (V) + [0.059
× pH] (V) at 25 °C. The electrochemical data were recorded by a
potentiostat (Gamry instruments). A solar light simulator
(class-AAA 94023A, Newport) with an ozone-free 450 W xenon
short-arc lamp was used to illuminate the photoanode with
100 mW cm−2 (AM 1.5G) simulated visible light. The power
output of the solar simulator was calibrated with a Si reference
cell (LOT-Quantum Design, Germany). 0.1 M potassium/
sodium phosphate (K/NaPi) buffer (or with 0.05 M Na2SO3 as
hole scavenger) at pH 7.0 was used as the electrolyte for PEC
experiments and prepared with Milli-Q water (18.3 Ω cm) at
25 °C. The linear square voltammetry (LSV) and cyclic voltam-
metry (CV) were swept at a scan rate of 10 mV s−1 from 0.64 to
1.44 V vs. RHE. Mott–Schottky (MS) measurements were
carried out under dark in an electromagnetically shielded box.
A sinusoidal modulation of 10 mV was applied at frequencies
of 10 Hz, 100 Hz and 1000 Hz in the potential range from 0.05
V to 1.23 V vs. RHE with an equilibration time of 10 s.

Results and discussion
Structure characterization of the bulk

Fig. 1a shows SEM images of the obtained microcrystalline
Sn2O(NCN) and the thin film CuWO4/Sn2O(NCN) photoanode.
Sn2O(NCN) crystallizes in an orthorhombic crystal structure
(space group Pccn) and has Sn2+ ions situated in a fourfold,
mixed O2−/NCN2− coordination environment.23 The carbodi-
imide anion is closely related to the oxide anion and can be
regarded as an N-based pseudo-oxide.26 For structural charac-
terization, we tested the photoanodes for PEC water oxidation
(vide infra) and removed subsequently a part of the thin film
for XRD and XPS characterization. The powder XRD patterns
of a pure Sn2O(NCN) photoanode indicate that the compound
maintains its structural bulk stability after PEC water oxidation
in phosphate electrolyte at pH 7.0 (Fig. 2).

The corresponding powder XRD patterns of the composite
CuWO4/Sn2O(NCN) photoanodes do not exhibit reflection
peaks of the oxide carbodiimide due to the low amount of the
latter (Fig. 3). The XRD patterns before and after PEC operation
remain unchanged and match the simulated patterns of the
copper tungstate.

Electronic structure

The electronic band gaps of CuWO4 and Sn2O(NCN) were
determined by the Kubelka–Munk function. The results show

that the band gap of CuWO4 and Sn2O(NCN) are 2.31 and
2.10 eV, respectively (Fig. 4). Both determined values are close
to the previously reported values of 2.2–2.4 eV for CuWO4

14

and 2.0 eV for Sn2O(NCN).
23 This would render both com-

pounds as potential photoanode candidates for water
oxidation.

Fig. 1 SEM micrographs of (a) Sn2O(NCN) and (b) thin film photoanode
CuWO4/Sn2O(NCN). The latter contains the continuous CuWO4 thin film
on which the rectangular-shaped Sn2O(NCN) particle is deposited
(bottom).

Fig. 2 Experimental and simulated powder XRD patterns of Sn2O(NCN)
before and after PEC water oxidation. The reflection peaks (310), (400)
and (211) overlap between (111) and (311) and are not marked in the
patterns.
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The semiconducting type and band edge positions of Sn2O
(NCN) were determined by MS measurements. Fig. 5 illustrates
the MS plots of Sn2O(NCN) photoanodes for applied different
frequencies of 10, 100 and 1000 Hz. All curves exhibit a posi-
tive slope, indicating that the oxide carbodiimide Sn2O(NCN)
is an n-type semiconductor; similar to CuWO4. For all three
different frequencies, extrapolation of the measured data
yields a flat-band potential of −0.03 V vs. RHE. For an n-type

semiconductor, the value of the flat-band potential is close to
the conduction band edge (CBE) position. Taking into account
the determined band gap, the VBE and CBE positions are 2.07
V and −0.03 V vs. RHE, respectively. A comparison of the CBE
and VBE positions for the binary tin oxides is shown in
Fig. S1.† Similar to SnO2, the oxide carbodiimide would be
theoretically suited for overall water-splitting.24,27

Photoelectrochemistry

For the investigation of heterojunction photoanodes CuWO4/
Sn2O(NCN), two additional electrodes of the individual com-
ponents were produced. All measurements were performed in
phosphate electrolyte at pH 7.0. The summarized LSV curves
for all three electrodes, recorded with a scan rate at 10 mV s−1

under backlight AM 1.5G illumination (100 mW cm−2), are
depicted in Fig. 6. The CuWO4 photoanode developed an
anodic current that reached 32 μA cm−2 at 1.23 V vs. RHE.

Upon functionalizing the surface with Sn2O(NCN) particles
by drop-casting, the photocurrent showed an upsurge which
was reached when adding 36 µg (Fig. S2†). A bare Sn2O(NCN)
electrode with the same amount of material as for the compo-
site photoanode CuWO4/Sn2O(NCN) developed only a small
photocurrent. The photocurrent produced by the heterojunc-
tion electrode, being equal 59 μA cm−2 at 1.23 V vs. RHE,
exceeds the sum of its individual components and exhibits as
such a synergistic effect. This trend is more visible during
chronoamperometry (CA) with interrupted illumination
(Fig. 7). The photocurrent remains relatively stable for a tested
period of 2 hours (Fig. S3†).

Since the photocurrent of the oxide carbodiimide was very
small, we created another Sn2O(NCN) photoanode by electro-
phoretic deposition with a higher amount of material. Fig. 8
illustrates the results of CA for this Sn2O(NCN) photoanode and
FTO glass, as a reference measurement, at 1.23 V vs. RHE in the
same electrolyte under illumination. It can be clearly seen that
the photocurrent of Sn2O(NCN) outperforms the substrate. As
such one can rule out that the photoactivity of Sn2O(NCN) may
be due to surface oxidation toward a tin oxide phase.

Fig. 3 Experimental and simulated powder XRD patterns of CuWO4

and CuWO4/Sn2O(NCN) after PEC water oxidation.

Fig. 4 Tauc plots for Sn2O(NCN) and CuWO4. The inset shows the nor-
malized absorbance spectra.

Fig. 5 MS analysis of EIS measurements of Sn2O(NCN) electrodes
applied frequencies of 10, 100 and 1000 Hz.

Fig. 6 LSV of Sn2O(NCN), CuWO4 and CuWO4/Sn2O(NCN) photo-
anodes. Measurements were performed in 0.1 M phosphate electrolyte
(pH 7.0) with scan at rate of 10 mV s−1 under sequentially interrupted
backlight AM 1.5G illumination (100 mW cm−2).
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In order to elucidate the origin of increased photocurrents
after Sn2O(NCN) functionalization, we determined the hole
collection efficiency ηhc. The oxidation of a hole scavenger,
such as the sulfite anion, allows to determine the number of
surface-reaching holes because this oxidation reaction is much
faster than the sluggish oxidation of water. This allows to esti-
mate that each hole reaching the semiconductor–electrolyte
interface will be used for an oxidative reaction. The compari-
son of the photocurrents for sulfite oxidation ( JNa2SO3

) and
water oxidation ( JH2O) allows to calculate ηhc = ( JH2O/JNa2SO3

).
For the CuWO4 thin films, the ηhc value significantly increases
upon functionalization with Sn2O(NCN) at higher potentials
(Fig. 9). This indicates that the reactivity of the surface
increases upon functionalization with the oxide carbodiimide.

To investigate the key factors of improved PEC perform-
ance, we analyzed the surface of bare Sn2O(NCN) photoanodes
after the PEC experiment by XPS. The electrode was prepared
on graphite instead of FTO substrate to avoid interference with
Sn stemming from FTO. Except the presence of O, C, N and
Sn, XPS reveals the presence of Na, K and P which originate

from the K/NaPi electrolyte. In Fig. 10, the high-resolution XPS
Sn 3d spectrum, with the Sn 3d5/2 and Sn 3d3/2 peaks dis-
tanced at the splitting energy of 8.4 eV, is shown. The latter
one is partially overlapped with the Na KLL Auger signal. The
relative high values of binding energies found for both com-
ponents (487.5 eV for Sn 3d5/2 and 495.9 eV for Sn 3d3/2)
obviously suggest that Sn2O(NCN) formed a phosphate-type
shell on the surface being exposed to the phosphate electro-
lyte, i.e. a core–shell structure Sn2O(NCN)@SnPOx. This indi-
cates that the catalytically active form is a tin phosphate shell
while the core contains the semiconducting Sn2O(NCN).
Similar positions of the Sn 3d signals have been observed
recently for tin phosphate (SnPOx) in relation to SnO2, which
exhibited the Sn 3d5/2 and Sn 3d3/2 components at 486.0 eV
and 494.4 eV, respectively.28 Different from the behavior of Co
(NCN) electrocatalysts,29 the electrochemical activation is
similar to the behavior of Mn(NCN) electrocatalysts8b as pre-
viously reported. Tin phosphate is known as a heterogeneous
catalyst for efficient dehydration of glucose into 5-hydroxy-
methylfurfural in ionic liquid according to the literature

Fig. 7 CA of Sn2O(NCN), CuWO4 and CuWO4/Sn2O(NCN) photoanodes
at 1.23 V vs. RHE. Measurements were performed in 0.1 M K phosphate
electrolyte (pH 7.0) under sequentially interrupted backlight AM 1.5G
illumination (100 mW cm−2).

Fig. 8 CA of bare Sn2O(NCN) and the FTO substrate at 1.23 V vs. RHE.
Measurements were performed in 0.1 M phosphate electrolyte (pH 7.0)
under sequentially interrupted backlight AM 1.5G illumination (100 mW
cm−2).

Fig. 9 Hole collection efficiencies ηhc of CuWO4 and CuWO4/Sn2O
(NCN) photoanodes. The inset shows the photocurrent densities during
water (solid line) and sulfite oxidation (dashed line) for CuWO4 (black)
and CuWO4/Sn2O(NCN) (red) photoanodes.

Fig. 10 XPS Sn 3d spectrum of bare Sn2O(NCN) on graphite after PEC
water oxidation.
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report. The fourfold coordinated Sn4+ sites from tin phosphate
are identified as the active species.28

The presence of phosphorous was also confirmed by comp-
lementary TEM EDX analysis, which was performed on Sn2O
(NCN) particles that were mechanically removed from a FTO/
Sn2O(NCN) thin film electrode after 30 min of CA at 1.23 V vs.
RHE. The high-angle annular dark field (HAADF) images in
Fig. 11 shows agglomerated particles that were scanned by
means of EDX. Besides phosphorous, the presence of tin,
oxygen, carbon and nitrogen could be confirmed, too.

The augmented charge carrier separation for the hetero-
junction can be understood by analyzing the energy band
diagram of both semiconductors (Fig. 12).8a The energetically
higher position of the CBE for Sn2O(NCN) in comparison to
CuWO4 enables injection of electrons into the conduction
band of the latter. At the same time, the photogenerated holes
can diffuse from the VBE of CuWO4 to Sn2O(NCN). This
results in decreased recombination of photogenerated elec-
trons and holes. In addition to the improved hole collection
efficiency, being the consequence of the tin phosphate shell,

the PEC water oxidation efficiency could be further increased
by 10% when depositing cobalt phosphate as co-catalyst on
the surface of the heterojunction photoanode (Fig. S4†).

Conclusions

We have investigated the photochemical properties of Sn2O
(NCN) and showed that this n-type semiconductor can be suc-
cessfully coupled to CuWO4 thin film photoanodes. Sn2O
(NCN) exhibits a flat-band potential of approx. −0.03 V and as
such, the position of the valence band edge would be suitable
for photochemical water oxidation. During PEC water oxi-
dation in phosphate buffer electrolyte Sn2O(NCN) undergoes
an in situ transformation to a core–shell structure; maintaining
a semiconducting core while forming an electrocatalytically-
active SnPOx shell. The obtained composite CuWO4/Sn2O
(NCN)@SnPOx photoanodes display a synergetic effect
between its constituents during the PEC water oxidation,
which shows up in an upsurge of photocurrent from 32 μA
cm−2 to 59 μA cm−2 at 1.23 V vs. RHE at pH 7.0 under simu-
lated AM 1.5G illumination. This is due to improved charge
carrier separation and augmented hole collection efficiency.
Our study demonstrates that mixed-anion compounds contain-
ing an oxidic and carbodiimide anion are potential materials
for photochemical oxidation reactions, while at the same time,
the surface can be electrochemically activated into a catalyti-
cally-active form.
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Synthesis, Structure and Electronic Properties of Three Tin
Oxide Halides
Manuel Löber,[a] Chris Steve Geißenhöner,[a] Markus Ströbele,[a] Carl P. Romao,[a] and
Hans-Jürgen Meyer*[a]

Three tin oxide halides, Sn7O4Cl6, Sn7O4Br6, and Sn4OI6, were
synthesized by solid-state reactions of SnO and SnX2 (X=Cl, Br, I)
at 300 °C. Crystal structures were solved and refined from single
crystal X-ray diffraction data, revealing the presence of cubane-

like [Sn4O4] units in the structures of Sn7O4Cl6 and Sn7O4Br6. The
electronic structure of Sn7O4Cl6 was analyzed by DFT band
structure calculations and the electron localization function
(ELF).

Introduction

Oxide halides are known to exist for alkaline metals,[1] alkaline
earth metals,[2] transition metals,[3] rare-earth elements[4] and for
some main group elements, including bismuth,[5] lead[6] and tin.
Crystal structures of three tin oxide fluorides have been
reported: Sn4O2F4,

[7] Sn4OF6
[8] with divalent tin and Sn4O2F10

[9]

with mixed-valence tin. Two tin (II) oxide chlorides, Sn2OCl2 and
Sn4O3Cl2, have been reported in the literature but no crystal
structure data are available. Sn2OCl2 was described as a light
grey powder, obtained from a 1 :1 molar mixture of SnO and
SnCl2 heated to 300 °C;[10] and Sn4O3Cl2 was described as a
brown material, synthesized by heating Sn4(OH)6Cl2 to 212 °C.[11]

Our attempts to reproduce these compounds failed. Further-
more, von Schnering et al. reported the crystal structure of a so
called “basic tin chloride”, structurally characterized as
Sn21Cl16(OH)14O6.

[12] When heating this compound, several
decomposition products were obtained, assigned as Sn21Cl16O13

and Sn9Cl4O7, however, without crystal structure data.[13]

Generally, metal oxide halides are candidates for applica-
tions, often related to their electronic properties. Bismuth oxide
halides e.g. BiOCl and Bi24O31Br10 are investigated for their
photocatalytic activity, for example for water splitting (BiOBr)[14]

and the removal of pharmaceutical compounds from water.[15]

TiOF2 and FeOCl were recently investigated as electrode
materials in Li-ion batteries.[16] The photoluminescence proper-
ties of Eu- and Pb-doped alkaline earth oxide halides M4OX6

were investigated for M=Ca, Sr, Ba; X=Cl, Br[17] as well as for
some Eu-doped rare-earth oxide halides.[18] The compound

Sn21Cl16(OH)14O6 was recently investigated in view of its efficient
photocatalytic degradation of methyl orange.[19]

Recent studies of the tin oxide carbodiimide compounds
Sn2O(CN2)

[20] and Sn9O5Cl4(CN2)2
[21] suggested the existence of

some yet unknown tin oxide halides, which are reported in this
work. Building upon band structures and photochemical
properties previously reported for tin oxide carbodiimide
compounds[20–22] we herein present the electronic band struc-
ture and electron localization function of Sn7O4Cl6, as calculated
by density functional theory.

Results and Discussion

Syntheses of Sn7O4Cl6, Sn7O4Br6, Sn4OI6

In the course of our explorative studies on the synthesis of tin
oxide carbodiimide (Sn2O(CN2)

[20]) and tin oxide chloride
carbodiimide (Sn9O5Cl4(CN2)2

[21]) compounds some unknown
side phases were detected when departing from SnX2 (X=Cl, Br,
I). Some of these side phases were investigated and identified
as tin oxide halides. The tin oxide halides reported herein were
prepared straightforwardly by reacting appropriate proportions
of SnO and SnX2 (X=Cl, Br, I) in fused silica ampules at 300 °C.
Sn7O4Cl6 and Sn7O4Br6 were obtained as beige crystalline
powders following reaction (1).

4 SnOþ 3 SnX2 ! Sn7O4X6, ðX¼Cl, BrÞ (1)

The oxide-poorer tin oxide iodide Sn4OI6 was obtained
according to reaction (2) as a crystalline powder having a yellow
to orange color.

SnOþ 3 SnI2 ! Sn4OI6 (2)

All three compounds remain stable under atmospheric
conditions for several days, but decompose when in direct
contact with water.

The discovery of these compounds allows their use in the
synthesis of mixed carbodiimide compounds such as

[a] M. Löber, C. S. Geißenhöner, M. Ströbele, C. P. Romao, H.-J. Meyer
Section for Solid State and Theoretical Inorganic Chemistry
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Sn9O5Cl4(CN2)2
[21] as successfully prepared from an appropriate

mixture of Li2(CN2) and Sn7O4Cl6 at 400 °C.
The crystal structures of compounds obtained from reac-

tions 1 and 2 were determined by single crystal X-ray
diffraction.

Crystal Structure of Sn7O4Cl6

The crystal structure of Sn7O4Cl6 was refined within a triclinic
lattice (P1) containing two formula units per unit cell (Table 1).
The most remarkable feature in the crystal structure of Sn7O4Cl6
is the presence of [Sn4O4] units with a structure following the
motif of carbon atoms in the cubane structure (C8H8),
surrounded by additional tin atoms. Pairs of such heterocubane
units are linked via Sn� O bonds to form a dimeric arrangement
in the structure of Sn7O4Cl6. The two [Sn4O4] units of the dimer
are related by a center of symmetry as shown in Figure 1. Each
oxygen atom of a [Sn4O4] unit is connected to an apical tin
atom (Sn2, Sn5, Sn7) or with the linking tin atom (Sn6) of an

adjacent [Sn4O4] unit resulting in tetrahedral (OSn4) environ-
ments for the oxygen atoms. The four tin atoms in [Sn4O4] have
three oxygen neighbors, except for the bridging atom (Sn6)
that is surrounded by four oxygen atoms. Apical tin atoms have
one oxygen and two chloride neighbors. The coordination
environment of tin atoms having a pyramidal [SnO3] arrange-
ment, visualized in Figure 1, suggests a localization of the 5 s2

lone pair of Sn2+ that is analyzed in more detail on basis of ELF
calculations as follows.

The bond lengths between Sn and O vary between 2.10 and
2.74 Å. The markedly longer distances between Sn6 and O3, O4
of 2.51 and 2.74 Å are shown as dashed lines in Figure 1, and
they will be discussed with the electronic structure below.

Each of the apical tin atoms (Sn2, Sn7 and Sn5) is
surrounded by two chloride ions as can be seen in Figure 2.

Table 1. Selected crystal and structure refinement data for Sn7O4Cl6, Sn7O4Br6 and Sn4OI6, recorded at room temperature (293 K).

Empirical formula Sn7O4Cl6 Sn7O4Br6 Sn4OI6

CCDC code 1909538 1946137 1942516
Formula weight (g/mol) 1107.67 2748.58 1252.16
Wavelength (Mo� Kα) (Å) 0.71073 0.71073 0.71073
Crystal system triclinic triclinic monoclinic
Space group P�1 (No. 2) P�1 (No. 2) P21/c (No. 14)

Unit cell dimensions (Å, °) a=7.7275(4)
b=8.8129(4)
c=12.0430(6)

a=8.2207(2)
b=12.8530(4)
c=17.5452(5)

a=9.1331(3)
b=12.9398(4)
c=13.7863(4)

Volume (Å3)

α=81.489(4)
β=79.362(4)
γ=78.096(4)
783.55(7)

α=95.200(2)
β=97.687(2)
γ=104.552(2)
1763.26(9)

β=109.049(2)

1540.05(8)
Z 2 4 4
Density (calculated) (g/cm3) 4.694 5.177 5.400
Theta range for data collection (°) 2.38 to 26.02 2.36 to 25.03 2.22 to 25.35
Total number of reflections 10697 22464 18977
Refined parameters 155 308 101
R1, wR2 0.018, 0.038 0.022, 0.045 0.032, 0.068
GOOF 1.207 1.166 1.450

Figure 1. The [Sn4O4] dimer with surrounding tin atoms in the structure of
Sn7O4Cl6.

Figure 2. Perspective view of the unit cell of Sn7O4Cl6, with one [Sn4O4] dimer
per unit cell. Tin atoms are shown in black, oxygen in red and chlorine in
green.
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Electronic Structure of Sn7O4Cl6

The electronic band structure and electron localization function
(ELF) of Sn7O4Cl6 were calculated using DFT in order to further
understand the structure and properties of this phase, espe-
cially the localization of the lone pair of the Sn2+ and its effect
on the structure. The ELF measures the probability of finding an
electron at the same point in space as a reference electron with
the same spin; therefore areas with high ELF values have high
electron localization and are associated with electron pairs.[23]

The ELF is particularly useful for understanding the behavior of
the Sn2+ lone pair.[21,24]

The calculated ELF is shown in the bc plane in Figure 3 (in a
similar projection as in Figure 2). The isosurfaces clearly show
the spheroidal distributions of electron pairs around the
chloride and oxide anions. The lone pairs of the tin cations are
more disperse, and consequently they appear as small concave
discs occupying the apical positions above the tin coordination
polyhedra. This result indicates a tetrahedral coordination of
the tin atoms including the lone pair, and that the tin atoms are
ionically bonded.[25] Additionally, the structure can be seen to

be approximately close-packed, with the empty space between
layers filled with lone pair electron density. For further under-
standing of the interaction between the larger Sn� O bonds a
more detailed view is shown in Figure 4, where the nodal
planes of the ELF between Sn6 and O3, O4 can be seen when
looking at the lighter blue color in the space between Sn and O
in contrast to the darker background color. These nodal planes
indicate ionic bonding between Sn and O.[25]

The calculated electronic band structure of Sn7O4Cl6 is
shown in Figure 5. Sn7O4Cl6 is demonstrated to be a semi-
conductor, with an indirect band gap of 2.8 eV between the Z
([0 0 1=2]) and T ([0 1=2

1=2]) points in the Brillouin zone. This
bandgap is significantly larger than that calculated for the
related material Sn9O5Cl4(CN2)2 (2.3 eV),[21] which can be ex-
plained by the more covalent nature of the Sn� O bonding in
that material, perhaps aided by the covalently bonded CN2

ligands. Previous comparisons of the calculated band gaps of
tin compounds to experimentally measured values indicate a
systematic underestimation of approximately 1 eV.[21]

Crystal structure of Sn7O4Br6

The crystal structure of Sn7O4Br6 was refined in a triclinic lattice
(P1) with four formula units per unit cell, twice that of Sn7O4Cl6
(Table 1). Both structures feature dimeric heterocubane-like
[Sn4O4] units surrounded by additional tin atoms, but with
different arrangements in the structure.

The two [Sn4O4] units forming the dimer in the structure of
Sn7O4Br6 are no longer related by a center of inversion (Figure 6)
as was the case in the structure of Sn7O4Cl6. Moreover, the two
[Sn4O4] dimers in the structure of Sn7O4Br6 have different
locations within the unit cell (Figure 7).

Tin atoms within [Sn4O4] units are coordinated by three
oxygen atoms to form a pyramidal [SnO3] arrangement,
suggesting a localization of the 5 s2 lone pair of Sn2+ as was
found in the structure of the homologous chloride, except for
the bridging tin atom (Sn7). Sn� O bond lengths vary from 2.1
to 2.4 Å. Connectivities between Sn3 and O5 (2.81 Å) and

Figure 3. Perspective view of the calculated electron localization function of
Sn7O4Cl6 shown as a yellow isosurface at the 0.8 level.

Figure 4. A section of the ELF of Sn7O4Cl6 (shown in the rainbow color scale
with red indicating high electron localization) emphasizing the interactions
between tin and two crystallographically distinct oxygen atoms.

Figure 5. Calculated electronic band structure of Sn7O4Cl6. Special points in
and paths through the Brillouin zone were chosen following Ref. [26].
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between Sn7 and O6, O8 (3.16 Å and 3.21 Å) are not considered
in Figure 6. Apical tin atoms (Sn5, Sn6, Sn8, Sn12, Sn13, Sn14)
have coordination numbers of three with one oxygen and two
bromine neighbors.

Heterocubane-type assemblies with tin can be found in
some already known compounds. Examples involve the basic
tin chloride Sn21Cl16(OH)14O6, where one [Sn4O4] cubane-type
unit is linked to the O atoms of the corners of another unit via
Sn and OH� interactions, in which Sn� O distances vary between
2.16 and 2.33 Å.[12] Another Sn� O cubane-type motif was
reported in Sn8O28C12[Fe(C10H8)2]6 where one [Sn4O4] unit is
surrounded by six ferrocene units with Sn� O distances from
2.05 to 2.19 Å.[27]

In tin oxide sulfate Sn2O(SO4) a cubane-like Sn4O4 motif is
surrounded by sulfate anions with Sn� O bond length between
2.15 to 2.35 Å.[28] An example with a [Sn4As4] unit is the
compound [TerSnAs]4 in which Ter=2,6-bis(2,4,6-trimeth-
ylphenyl)phenyl.[29]

Like in the compounds Sn7O4Cl6 and Sn7O4Br6, anion-
centered metal tetrahedra containing oxide ions are a common

feature in many inorganic compounds and minerals. Numerous
metal cations like Cu2+, Zn2+, Pb2+, Sn2+, Bi3+ are reported as
ligands.[30] Those anion centered metal tetrahedra can arrange
as chains, frameworks or finite units.[31]

Crystal structure of Sn4OI6

Sn4OI6 crystallizes in the monoclinic space group P21/c (Table 1)
with four crystallographically distinct tin atoms in the structure.
The crystal structure may be described as containing two
fragments, displayed in Figure 8, that are interconnected with
each other in a three-dimensional network as displayed in
Figure 9.

Three crystallographically distinct tin atoms (Sn1, Sn2, Sn3)
form a [Sn3O] fragment surrounded by six iodine ligands. The
Sn� O bond lengths are approximately 2.1 Å; Sn� I bond lengths
range from 2.98 to 3.23 Å. The [Sn3OI6] fragment displayed in

Figure 6. The [Sn4O4] dimer with surrounding tin atoms in the structure of
Sn7O4Br6.

Figure 7. Crystal structure of Sn7O4Br6, containing two [Sn4O4] dimers in the
unit cell. Tin is shown in black, oxygen in red and bromine in olive.

Figure 8. Coordination environments of tin atoms in the structure of Sn4OI6,
showing the [Sn3OI6] fragment (left) and the [SnI4] dimer (right).

Figure 9. Perspective view of the structure of Sn4OI6. Tin is shown in black,
oxygen in red, and iodine in light purple.
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Figure 8 (left) is coupled by inversion symmetry via shared I1
atoms to form a dimer. Some remaining iodine atoms (I4, I5, I6)
are shared with the second motif, the [SnI4] dimer.

Tin atoms show an interesting coordination pattern, which
differs from those in the previous Sn7O4X6 structures, but still
gives reason to envision that a localized 5 s2 lone pair of Sn2+ is
present in the structure.

Conclusions

Three tin oxide halides with divalent tin were synthesized from
solid-state reactions of SnO and SnX2 (X=Cl, Br, I) and their
crystal structures determined by single-crystal X-ray diffraction.
The crystal structures of Sn7O4Cl6 and Sn7O4Br6 contain
centrosymmetric and non-centrosymmetric heterocubane-like
[Sn4O4] dimers with surrounding (apical) tin atoms. Both crystal
structures can be visualized as dimeric [Sn4O4Sn3]2 heterocu-
banes, displayed in Figure 1 and Figure 6, being embedded in a
matrix of chloride respectively bromide. The characteristic
threefold coordination of tin atoms, following the motif of a
trigonal [SnO3] pyramid, gives reason to assume a localized 5 s2

electron pair of Sn2+.
In order to understand the bonding and the electronic

structure the electron localization function of Sn7O4Cl6 was
calculated. It could be shown that some weak Sn� O bonds with
above-average lengths of up to 2.7 Å exist, furthermore the
location of the tin lone pair could be identified to be on the
corners of the cubane-like units. A band structure calculation
revealed Sn7O4Cl6 to be a semiconductor with a calculated
bandgap of 2.8 eV, which is in accord with the light color of the
compound. As some oxide halides have potential applications,
e.g. as photocatalysts or as battery materials, more research in
this field is recommended although many compounds are
somewhat unstable in air.

The crystal structure of Sn4OI6 is also reported with four-
and five-coordinate tin atoms, and indications of a localized 5 s2

lone pair of Sn2+.

Experimental Section
Synthesis of Sn7O4Cl6. The starting materials SnCl2 (Alfa Aesar,
ultra-dry, 99.9985%) and SnO (Sigma-Aldrich, 99.99%) were mixed
and pestled in a 3 :4 molar ratio (total mass: 100 mg) under dry
argon atmosphere in a glove-box and sealed into a silica tube
under vacuum. The mixture was heated to 300 °C in a crucible
furnace at 2 K/min and remained there for 10 h. The reaction
product then was cooled to room temperature at 2 K/min. The yield
of Sn7O4Cl6 was estimated >90%, according to XRD powder
patterns. Single-crystals were obtained from a corresponding
mixture that was heated at 300 °C for 300 h and cooled to room
temperature at 6 K/day. Crystal powder and single crystals could be
treated in air.

Synthesis of Sn7O4Br6.The starting materials SnBr2 (Sigma-Aldrich,
p.A.) and SnO (Sigma-Aldrich, 99.99%) were mixed and pestled in a
3 :4 molar ratio (total mass: 100 mg) under dry argon atmosphere
in a glove-box and sealed into silica tube under vacuum. The
mixture was heated to 300 °C in a crucible furnace at 2 K/min and

remained there for 10 h and cooled to room temperature at 2 K/
min. The yield of Sn7O4Br6 was estimated >90%, according to XRD
powder patterns. Crystals were obtained by heating a 2 :1 molar
mixture ratio up to 300 °C for 100 h and cooling to room temper-
ature at 0.1 K/min. Crystal powder and single crystals could be
treated in air.

Synthesis of Sn4OI6.The starting materials SnI2 (Sigma-Aldrich
99.99%) and SnO (Sigma-Aldrich, 99.99%) were mixed and pestled
in a 3 :1 molar ratio (total mass: 100 mg) under dry argon
atmosphere in a glove-box and sealed into silica tube under
vacuum. The mixture was heated to 300 °C in a crucible furnace at
2 K/min and remained there for 10 h before being cooled to room
temperature at 2 K/min. The yield of Sn4OI6 was estimated >95%,
according to XRD powder patterns. Crystals were obtained by
heating a 3 :4 molar mixture ratio to 300 °C for 100 h before cooling
to room temperature at 0.1 K/min. Crystal powder and single
crystals could be treated in air.

X-ray Diffraction. Powder X-ray diffraction studies were performed
using a StadiP diffractometer (Stoe, Darmstadt) with Ge-monochro-
mated Cu� Kα1 radiation and a Mythen1 Detector.

Single crystals of Sn7O4Cl6, Sn7O4Br6 and Sn4OI6 were selected and
placed on the tip of a glass fiber. Data were collected using a
single-crystal X-ray diffractometer (IPDS 2T, Stoe, Darmstadt),
equipped with graphite-monochromated Mo-Kα radiation (λ=

0.71073 Å). The intensity data were corrected for Lorentz factors
and polarization effects by the IPDS software. Absorption effects
were corrected by the X-Red/X-Shape program of the Stoe
software. Crystal structure solutions were obtained by direct
methods (SHELXS), followed by full-matrix least-squares structure
refinements with SHELXL-2017.[32]

Deposition Numbers 1909538 (for Sn7O4Cl6), 1946137 (for Sn7O4Br6),
and 1942516 (for Sn4OI6) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service www.ccdc.ca-
m.ac.uk/structures.

Density Functional Theory. Density functional theory (DFT) was
used to calculate the electronic structure of Sn7O4Cl6 using the
Abinit software package.[33] Convergence studies were used to
choose a 40 Ha plane-wave basis set energy cutoff and a 2×2×1
Monkhorst–Pack grid[34] of k points. Norm-conserving pseudopoten-
tials were used as received from the Abinit library. Example input
files are available as part of the Supplementary Information.
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W2O3I4 and WO2I2: metallic phases in the chemical
transport reaction of tungsten†

Manuel Löber, Markus Ströbele, Carl P. Romao and Hans-Jürgen Meyer *

The crystal structures of the hitherto unknown phase W2O3I4 and

of WO2I2, a compound that is known to play an important role in

the chemical vapor transport of elemental tungsten are reported.

We demonstrate that WO2I2 transforms into W2O3I4, and then into

WO2 with increasing temperature. Crystals of WO2I2 appear as thin

platelets, showing metallic luster; crystals of W2O3I4 appear as

black colored needle-shaped platelets. Both compounds adopt

layered structures; electronic band structure calculations reveal

metallic conductivity for W2O3I4 and surprisingly also for WO2I2.

Elemental tungsten has been used as a filament in incandes-
cent light bulbs for over one century due to its exceptional pro-
perties, including the highest melting point of all metals (T >
3400 °C) and the highest enthalpy of vaporization (ΔHv ≈
860 kJ mol−1).1 The stability and inertness of tungsten metal
requires careful choice of synthetic routes and precursors for
the discovery of tungsten compounds.2 Tungsten diiodide
dioxide (WO2I2) is a highly prominent tungsten compound
which appears in textbooks due to its importance in the
chemical vapor transport (CVT) reaction of tungsten in
halogen lamps.3 The formation of WO2I2 has been described
by Tillack equation (1) 4 and has often been reproduced by
other researchers:5,6

W þ 2WO3 þ 3I2 Ð 3WO2I2: ð1Þ

Experimental studies and thermodynamic calculations
regarding WO2I2 have reached slightly varying conclusions (e.g.
formation enthalpies ΔH° = −146 to −152 kcal mol−1)7,8 but
its crystal structure has remained unknown until now (the only
structurally characterized tungsten oxide iodide was WOI3).

9

The treatment of this (exothermic) compound at elevated

temperatures reverses the formation reaction (1) and produces
tungsten metal via CVT.

A descriptive mechanism of the chemistry inside the
halogen lamp has been established in which WO2I2 is believed
to be the essential compound. The mechanism (which has fre-
quently been revised) explains the transport reaction of tung-
sten, as it is initially deposited on the glass tube of the bulb by
an aging process, and then recycled to the tungsten filament.3

The first step of the recovery of tungsten is the exothermic for-
mation of WO2I2, followed by its transformation into gaseous
WO2 and WO within the temperature gradient inside the bulb,
leading to the deposition of tungsten atoms onto the tungsten
filament.

WO2I2 can be formed from tungsten metal in the presence
of iodine and water in the halogen lamp at elevated tempera-
tures.8 Its preparation is performed in a temperature gradient
(900 °C–300 °C) according to reaction (1) in a fused (silica)
vessel. This was confirmed in our reactions, (using a tempera-
ture gradient 800 °C–300 °C) where WO2I2 deposited in the
cooler region of the reaction vessel, crystallizing as very thin
crystal platelets, often several mm in length, which showed
metallic luster. When WO2I2 was treated at 380 °C in a vacuum
sealed ampoule it transforms into the hitherto unknown com-
pound W2O3I4, as described in eqn (2):

4WO2I2 Ð 2W2O3I4 þ O2: ð2Þ
Crystals of W2O3I4 have a slightly different appearance to

those of the parent compound WO2I2, with needle-like mor-
phology and a black color. The thermal transformation of
WO2I2 into W2O3I4 involves a reduction of the formal oxidation
state of tungsten from W6+ to W5+.

When W2O3I4 was heated to about 400 °C (vacuum sealed
ampoule) the formation of WO2 was observed eqn (3), as con-
firmed by the powder X-ray diffraction.

2W2O3I4 Ð 3WO2 þW þ 4I2 ð3Þ
The selection of appropriate crystals for single-crystal X-ray

diffraction experiments was challenging, but ultimately suc-

†Electronic supplementary information (ESI) available: Experimental details and
supplementary tables, DFT files. CCDC 2004434 and 2054404. For ESI and crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/d1dt01212f

Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic

Chemistry, Eberhard Karls Universität Tübingen, Auf der Morgenstelle 18, 72076

Tübingen, Germany. E-mail: juergen.meyer@uni-tuebingen.de
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cessful for both WO2I2 and W2O3I4. Although the crystal struc-
ture of WO2I2 was previously unreported, lattice parameters
belonging to a monoclinic crystal system are given in the
literature.4

The structure of WO2I2 was refined on basis of single-
crystal X-ray diffraction (XRD) data in the orthorhombic space
group Immm, revealing a layered arrangement (Fig. 1). Further
crystallographic and structure refinement data can be found in
the ESI in Table S1.† Additionally, atomic coordinates, Wyckoff
positions and equivalent isotropic displacement parameters
are displayed in Table S2.† The structure is composed of
regular two-dimensional [WO4/2I2] layers, in which tungsten
atoms are interconnected by shared oxygen atoms. We note
two distinct W–O distances (187.42(2) pm and 195.25(2) pm)
in the structure of WO2I2, causing the absence of tetragonal
symmetry. Alternating layers are stacked along the c axis so
that the iodine atoms belonging to one layer point to the
centers of rectangular [WO4/2] faces of two adjacent layers
(Fig. 1).

A similar structure has been reported for orthorhombic and
monoclinic phases of WO2Cl2. A structure refinement of
WO2Cl2 from powder neutron diffraction data yielded a dis-
ordered Immm structure with fractional occupations for all
atom positions.10

The structure of the hitherto unknown compound W2O3I4
was refined on the basis of single-crystal XRD data in the
monoclinic space group I2/m. W2O3I4 also adopts a layered
structure, as displayed in Fig. 2. Individual layers in the struc-
ture are strongly distorted when compared to the nearly square
planar [WO4/2] layers in the structure or WO2I2.

Atomic coordinates, Wyckoff positions and equivalent iso-
tropic displacement parameters of W2O3I4 are displayed in
Table S3.†

The crystal structure of W2O3I4 is based on two crystallogra-
phically distinct tungsten atoms, W1 and W2, which have

different network connectivities. A section of one layer is dis-
played in Fig. 3. It emphasizes the two-dimensional edge-brid-
ging connectivity of [WO4/2I2] octahedra by shared oxygen
atoms (W–O distances 189.2(1) pm, 190.7(6) pm for W1 and
187.4(6) for W2); a pattern that is essentially the same as in
the structure of WO2I2. The second tungsten atom, W2, is situ-
ated within edge-sharing [WI4/2O2/2] octahedra connected via
iodine atoms, introducing alternating short (310.45(9) pm)
and long (438.37(7) pm) W–W distances parallel to the b axis
direction. This structural pattern is well-known in structures of
transition metal tetrahalides, whose electronic d1 or d2 con-
figurations introduce a Peierls distortion, as exemplified in the
structures of NbCl4

11 and WCl4
12 (WI4 is unknown).13 From a

structural point of view, the alternating long and short metal-
to-metal distances along the edge-sharing octahedral chain
indicate semi-localized electron density, and thus metal–metal
interactions corresponding to the shorter distances (drawn in
gray in Fig. 3).

Hence, it could be assumed that the overall formal oxi-
dation state of five for tungsten in W2O3I4 is represented by
mixed states of 6+ for W1, and 4+ for W2. A closer inspection
of this question and the origin of the metallic lustre in W2O3I4
and WO2I2 was performed using density functional theory
(DFT) calculations.

Fig. 1 Section of the crystal structure of WO2I2 with an outlined unit
cell, showing tungsten (grey), oxygen (red), and iodine (violet) atoms and
the cell edges (black). A section of one isolated ab layer, and the WO4/2I2
building block are shown at right.

Fig. 2 Crystal structure of W2O3I4, with the arrangement of tungsten
(grey), oxygen (red), and iodine (violet) atoms in the unit cell (left), and a
section of one isolated layer (right).

Fig. 3 A section of one isolated layer (cutout from Fig. 2, right) in the
crystal structure of W2O3I4, containing two distinct tungsten atoms, W1
and W2, lined up within the layer.
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The calculated electronic band structures of WO2I2 and
W2O3I4 are shown in Fig. 4 and 5, respectively. WO2I2 was
found to be a poor metal, with bands crossing the Fermi level
between the Γ [0 0 0], R [0 1

2 0], S [12 0 0], and T [0 0 1
2] points in

reciprocal space, indicating delocalization of electrons and
metallic bonding both within and between layers. W2O3I4 was
found to have higher metallicity, as indicated by a higher
density of states at the Fermi level. In both materials, the
bands crossing the Fermi level were found to have primarily W
d orbital character, mixed with some O p and I p orbital char-
acter, indicating covalency. In W2O3I4, both the W1 and W2
sites contribute to the density of states at the Fermi level.

These calculated electronic properties allow an analogy to
be drawn between WO2I2 and W2O3I4 and the sodium tungsten
bronzes (NaxWO3), which also display metallicity at high
sodium loadings, with bands crossing the Fermi level near the
corners of the Brillouin zone (as in WO2I2).

15 These features
can also be seen in the band structure of W2O3I4; however the

structural and chemical changes have shifted the Fermi level
upwards relatively by about 0.4 eV.

The oxidation states of the tungsten atoms were investi-
gated by Voronoi integration of the electron density.16 This
method assigned a formal charge of +3.6 to the tungsten
atoms in WO2I2 and of +3.6 and +3.3 to the W1 and W2 sites,
respectively, in W2O3I4. These values are lower than would be
assumed from the stoichiometry of these compounds but can
be explained by the small formal charges on the oxygen atoms
(−0.1 to −0.2), further demonstrating that the bonding
between W and O, and the W2–W2 interactions in W2O3I4 are
covalent and not ionic.

W2O3I4 appears as a new phase in the W–O–I system,
formed by chemical transformation from WO2I2 at 380 °C.
Both W2O3I4 and WO2I2 were found to adopt layered structures
composed of W-centered octahedra with corner sharing
through oxygen atoms, and, in the case of W2O3I4, edge
sharing through iodine atoms. Crystals of both compounds
are hardly distinguishable by visual inspection, and their coex-
istence can cause confusion in the assignment of X-ray powder
diffraction patterns. The refined crystal structure of WO2I2 is a
parent structure of WO2Cl2, earlier reported with a related, but
heavily disordered structure. The intercalation compounds
AxWO2Cl2 (A = Li–Cs),17,18 can also be considered to be deriva-
tives of the WO2I2 structure.

The full role of the new compound W2O3I4 in the chemical
transport reaction of tungsten is outside the scope of this
work. According to our studies it is clear that thermal treat-
ment of WO2I2 (formally W6+) leads to W2O3I4 (W5+) first, and
then to WO2 (W4+). There is some evidence that W2O3I4 may
have been erroneously assigned as “WO2I” in earlier studies
which did not report analytical or structural data.8,19,20 DFT
calculations were used to determine the electronic structures
of WO2I2 and W2O3I4. Both were found to be metals due to the
covalent nature of the W–O bonds. The addition of iodine to
WO2I2, forming W2O3I4, does not lead to a large change in the
formal charge of the tungsten atoms but shifts the Fermi level
downwards and leads to increased metallicity.
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S2 
 

Experimental Section 

Synthesis of WO2I2:1 W, WO3 and I2 were mixed and pestled in an agate mortar under dry argon atmosphere in a 1 : 2 : 6 molar ratio (100 
mg total mass). The reaction mixture was transferred to a silica ampoule (length approx. 15 cm) and fused under vacuum. The silica ampoule 

was placed in a tube furnace with the reaction mixture in the middle of the tube. The ampule was heated in a temperature gradient of 800 °C 

(middle of the tube) to 300 °C at 2 °C/min for 5 h, until cooling to room temperature at 2 °C/min. The crystalline product (WO2I2) was obtained 

as metallic lustrous needle-shaped plates at the cooler section of the ampoule.  
 

Synthesis of W2O3I4: Ground powder of (50 mg) WO2I2 was placed in a silica ampoule (length approx. 7 cm) under dry argon atmosphere. 

The silica ampoule was fused under vacuum and placed into a crucible furnace. The ampoule was heated at 2 °C/min to 380 °C and remained 

there for 48 h, until cooling to room temperature at 2 °C/ min. The compound (W2O3I4) was obtained as black needles with metallic luster. 
 

Computational methods: Density functional theory calculations were performed with the DFT software package Abinit (v. 9.2.2).2 The 

projector-augmented wave (PAW) method3 was used with the Perdew–Burke–Erzenhof exchange correlation functional4 and the vdw-DFT-

D3 dispersion correction.5 PAW datasets were used as received from the Abinit repository. Methfessel−Paxton smearing was used to 
determine the occupation of metallic bands.6 Plane-wave basis set cutoffs and k-point grid spacings were chosen following convergence 

studies (to 1% in pressure). Structural relaxation was performed prior to calculations of electronic band structures. Example input files are 

available as Supporting Information.  

 
Powder X-ray Diffraction: 

PXRD patterns of well ground powders were recorded using a StadiP diffractometer (Stoe, Darmstadt) with Ge-monochromated 

Cu-Kα1 radiation and a Mythen1 Detector. 

 
Single-Crystal X-ray Diffraction: 

Single crystals of WO2I2 and W2O3I4 were collected and placed on the tip of a cryoloop. Data were recorded using a Rigaku XtaLAB Synergy-S 

single-crystal X-ray diffractometer equipped with HyPix-6000HE detector and monochromated Mo-Kα radiation (λ = 0.7107 Å) at 100 K. The 

X-ray intensities were corrected for absorption with numerical method using CrysAlisPro 1.171.41.80a  (Rigaku Oxford Diffraction, 2021). The 
structure was solved by direct methods (SHELXS),7 and full‐matrix least‐squares structure refinements, performed with SHELXL‐20148 

implemented in Olex2 1.3-ac4.9  
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Results  

Table S1. selected Crystal and structure refinement data of WO2I2 and W2O3I4, recorded at 100 K. 

Empirical formula WO2I2 W2O3I4 

CSD  No. 2004434 2054404 
Formula weight / g·mol-1  469.65 923.30 
Temperature / K 100 100 
Wavelength/ pm  71.073 71.073 
Crystal system  Orthorhombic Monoclinic 
Space group  Immm I2/m 
a / pm  374.84(3) 924.84(6) 
b / pm 390.49(3) 748.82(4) 
c / pm 1662.8(1) 1336.48(8) 
β/°  98.810(6) 
Volume / nm3  0.24339(4) 0.91464(10) 
Z  2 4 
μ (Mo-Kα) / mm-1 36.26 38.58 
Density (calculated) / g·cm-3  6.41 6.71 
Theta range for data collection / °  4.90 to 25.93 3.52 to 26.02 
Total number of reflections  873 9630 
Refined parameters  14 48 
R1 0.0181 0.0297 
wR2 0.0403 0.0672 

Goodness-of-fit on F2 1.071 1.048 

Table S2. Atomic coordinates, Wyckoff positions (Wyck) and equivalent isotropic displacement parameters (in pm2 x 10-1) for WO2I2. 

atom Wyck x y z  U(eq)a 

W1 
I1 
O1 
O2 

2a 
4i 
2d 
2b 
 

1/2 
1/2 
1/2 
0 
 

1/2 
1/2 
0 
½ 
 

1/2 
0.66072(4) 
1/2 
½ 
 

39(1) 
12(1) 
6(2) 
18(2) 
 

a) U(eq) is defined as one-third of the trace of the orthogonalized Uij tensor. 
 
 

 

 

Table S3. Atomic coordinates, Wyckoff positions (Wyck) and equivalent isotropic displacement parameters (in pm2 x 10-1) for W2O3I4. 

atom Wyck x y z  U(eq)a 

W1 
W2 
I1 
I2 
I3 
O1 
O2 

4e 
4g 
4i 
4i 
8j 
8j 
4i 

1/4 
1/2 
0.3420(1) 
0.6923(1) 
0.0142(1) 
0.3741(6) 
0.2261(10) 

1/4 
0.2927(1) 
0 
1/2 
0.2482(1) 
0.2866(7) 
1/2 
 

1/4 
1/2 
0.5661(1) 
0.4190(1) 
0.3483(1) 
0.3761(4) 
0.2351(7) 

4(1) 
5(1) 
7(1) 
8(1) 
9(1) 
8(1) 
18(2) 

a) U(eq) is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Synthesis and crystal structure of Pb14.66Sn7.34Br26(CN2)7O2, a
complex member of group 14 carbodiimides
Manuel Löber,[a] Markus Ströbele,[a] and Hans-Jürgen Meyer*[a]

A mixed lead/tin bromide carbodiimide oxide was synthesized
by solid-state reaction between Pb(CN2), PbBr2, SnBr2 and SnO
at 400 °C. Its monoclinic crystal structure was solved and refined
in the space group C2/m by single-crystal X-ray diffraction from
a yellow single crystal. One crystallographic site was found to
be occupied by both tin and lead, in agreement with the results

of energy-dispersive X-ray spectroscopy (EDX). The crystal
structure comprises a complex network of tin/lead tetrahedra
and tin/lead trigonal bipyramids linked by NCN units. In
contrast to Pb(CN2), where the NCN ion is present as a
cyanamide moiety, IR-spectroscopy of the title compound
revealed the carbodiimide character of the NCN ion.

Introduction

Metal dinitridocarbonates have been established with many
different elements. The large number of new compounds
obtained in recent decades is due to the fact that compounds
with the [NCN]2� ion have previously gained less attention
compared to simple ions, but nevertheless they offer a variety
of interesting properties, such as luminescence,[1] magnetism,[2]

negative thermal expansion,[3] semiconductivity[4] or electro-
chemical properties.[5]

A characteristic feature of this group of compounds is the
appearance of the [NCN]2� ion as cyanamide moiety [N�C� N]2�

or as carbodiimide moiety [N=C=N]2� . Its preferred shape
depends on the hardness of the counter cation and the
individual coordination numbers of terminal nitrogen atoms of
the [NCN]2� ions. For hard cations, such as Li+, Na+, Mg2+, Ca2+,
the carbodiimide form is preferred,[6] while for soft cations, such
as Hg2+, Pb2+, Ag+, the cyanamide form is favored.[7]

So far, the largest number of compounds has been
described as rare earth dinitridocarbonates,[8] followed by a
significant number of transition metal[2a,b, 9] and main
group[6a,c,d,10] compounds, appearing as binary, ternary, quater-
nary, or even more complex compounds, with varying numbers
of cations and anions.[8b,11] Furthermore some polyatomic
anions, such as (CN)� ,[12] (C2N)

3� [13] or (SiO4)
4� [14] can also be

combined with the (CN2)2- ion.

During the past years a remarkable number of tin
dinitridocarbonates has been reported. Among them are
divalent tin compounds such as Sn(CN2), Sn4Cl2(CN2)3,

[4b] Sn2O-
(CN2),

[4a] Sn9O5Cl4(CN2)2
[15] and tetravalent tin compounds as

A2Sn(CN2)3,
[16] and A2MnSn2(CN2)6

[17] (A=Li, Na), all obtained by
solid-state metathesis (SSM)[18] reactions. Some lead compounds
were obtained already earlier, which are Pb(CN2),

[10b]

APb2Cl3(CN2) (A=Li, Na, Ag), LiPb2Br3(CN2) and, LiPbCl(CN2)
[19]

and K12Pb51Cl54(CN2)30.
[20] Pb(CN2), at first crystallized from

aqueous solution, was recently also synthesized
metathetically.[21]

Motivated by the variety of these group 14 compounds, we
performed studies in tin and lead dinitridocarbonate systems
and report the hitherto unknown mixed lead/tin compound
Pb14.66Sn7.34Br26(CN2)7O2, which is subject of this work.

Results and Discussion

Synthesis of Pb14.66Sn7.34Br26(CN2)7O2. After the binary tin
carbodiimide is known as Sn(CN2) with divalent tin, a
corresponding tin (IV) carbodiimide is likely to exist as Sn(CN2)2.
This compound, if existent, would parallel the tin oxide
chemistry (SnO, SnO2) and could be an interesting material for
reversible (lithium ion) intercalation, once an appropriate
structure would be given. After Li2Sn(CN2)3 has been established
with tetravalent tin by reacting tin halide with lithium
carbodiimide, we attempted reactions with tin halide and
Pb(CN2), revealing the title compound.

Reactions of mixtures of SnBr4 and Pb(CN2) were heated in
fused silica tubing at 500 °C. Cooled samples revealed yellow
platelet-shaped single crystals, which could be identified as
Pb14.66Sn7.34Br26(CN2)7O2. Tin was obviously reduced from +4 to
+2 as a result of the reducing nature of the [NCN]2� ion. The
initial observation of Pb14.66Sn7.34Br26(CN2)7O2 as a minority phase
is believed to originate from an oxide impurity, presumably
contained in the starting mixture, although not detected by
PXRD. The title compound was finally obtained as phase pure
sample (according to PXRD patterns), when reacting appropri-
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ate amounts of Pb(CN2) with PbBr2, SnBr2 and SnO, at 400 °C, in
accordance with reaction (1).

7PbðCN2Þ þ 7:66PbBr2 þ 5:34SnBr2 þ 2SnO

! Pb14:66Sn7:34Br26ðCN2Þ7O2
(1)

Crystal structure of Pb14.66Sn7.34Br26(CN2)7O2

The crystal structure of Pb14.66Sn7.34Br26(CN2)7O2 was solved and
refined in the monoclinic space group C2/m, based on single-
crystal X-ray diffraction data. An electron micrograph of a single
crystal of Pb14.66Sn7.34Br26(CN2)7O2 is shown in Figure 1. Selected
details of the single-crystal measurement and the refinement
are displayed in Table 1. During the structure refinement
process, it was noticed that tin and lead share one crystallo-
graphic site (Sn3/Pb3) at a 0.67/0.33 ratio. This ratio is

consistent with results of EDX analyses of the compound, which
revealed an overall tin to lead ratio of 2 (Pb) to 1 (Sn) for the
compound and a metal (Pb+Sn) to Br ratio of 1 to 1.2 (see SI).

In the crystal structure of Pb14.66Sn7.34Br26(CN2)7O2 two
distinct tin and six distinct lead sites are present (in addition to
one shared tin/lead site). Wyckoff positions, site occupation
factors, atomic coordinates and isotropic displacement parame-
ters of Pb14.66Sn7.34Br26(CN2)7O2 are given in the SI.

The two tin sites are very similar and are both coordinated
by five bromine, two CN2 units and one oxygen atom, with only
minor differences in bond distances and angles. Both coordina-
tion environments can be considered as bicapped prismatic
and are, due to different ligands and bond distances of Sn� Br
(3.35–3.52 Å), Sn� N (2.34–2.36 Å) and Sn� O (2.18–2.20 Å),
heavily distorted.

Among the six distinct lead sites, Pb1, Pb2 and Pb4 are all
coordinated by six bromine and three CN2 units. Their
coordination environment can be considered from a tricapped
trigonal antiprism. Pb5 is coordinated by seven bromine atoms
in a distorted capped octahedral fashion. Pb6 and Pb7 can be
well derived from a cubic coordination geometry, with either 8
bromine (Pb6) or seven bromine and one oxygen atoms leading
to a heavier distortion of the coordination of Pb7. The mixed
tin/lead site is coordinated by three bromine atoms and three
CN2 units. All nine distinct coordination environments of tin and
lead are depicted in Figure 2.

The three crystallographically distinct NCN units are all
coordinated pseudo-octahedrally by six metal atoms, as shown
in Figure 3. This coordination environment of the NCN ion
differs from those in Sn(CN2),

[4b] Sn2O(CN2),
[4a] Sn4Cl2(CN2)3

[4b] and
Sn9O5Cl4(CN2)2,

[15] where a fourfold coordination of the NCN2

units is present. The bond distances of Pb� N are between 2.54
and 2.82 Å, being somewhat longer than in the related lead
compounds Pb(CN2) (2.31–2.62 Å),[10b] LiPb2Cl3(CN2) (2.54 Å) and
LiPbCl(CN2) (2.39–2.70 Å).[19] The distances between Sn and N
are 2.34–2.36 Å and comparable to those in related tin
compounds. The shared tin/lead site has a metal to N distance

Figure 1. Electron micrograph of a single crystal of
Pb14.66Sn7.34Br26(CN2)7O2.

Table 1. Selected crystallographic and structure refinement data
of Pb14.66Sn7.34Br26(CN2)7O2, recorded at room temperature.

Empirical formula Pb14.66Sn7.34Br26(CN2)7O2

CSD code 2059414
Formula weight (g/mol) 6298.90
Wavelength (Mo� Kα) (Å) 0.71073
Crystal system Monoclinic
Space group C2/m
Unit cell dimensions (Å) a=17.8924(5)

b=10.3062(2)
c=18.4034(5)

(°)
Volume (Å3)

β=99.518(2)
3346.9(2)

Z 2
Density (calculated) (g/cm3) 6.25
2 Theta range for data collection (°) 4.48 to 51.36
Total number of reflections 22967
Refined parameters 188
R1, wR2 0.028, 0.056
GOOF 1.143

Figure 2. Different coordination environments of tin and lead in
Pb14.66Sn7.34Br26(CN2)7O2. Bromine is shown in green, oxygen in red,
carbon in dark grey and nitrogen in blue.
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of 2.42 Å, which can be considered as an average bond distance
of both lead and tin, concerning the unequal occupation of this
site (0.67 to 0.33).

The C� N bond distances of the three crystallographycally
distinct NCN units vary between 1.22 Å and 1.23 Å. Despite this
minor difference in length of the two CN bonds, all three CN2

units can be mainly considered as carbodiimide moieties, as
confirmed by IR-measurements of the title compound, which
showed the asymmetric stretching vibration of the NCN unit at
1927 cm� 1 and the CN bending vibration at 643 cm� 1. Both
similar to vibrational spectra of other tin carbodiimide
compounds.[4,15] Furthermore, the IR spectra revealed a bending
vibration at 421 cm� 1, that can be assigned to the N� Sn-N
body. The symmetric stretching vibrations, which are IR
forbidden for the symmetric carbodiimide ion, are hardly visible
in the IR-spectrum (at 1228 cm� 1 and 1322 cm� 1), confirming
the predominant carbodiimide character of the NCN ion.
However, these symmetric stretching vibrations are strongly
pronounced in the spectra of Pb(CN2) (at 1215 cm� 1 and
1305 cm� 1), which was recorded for comparison (see SI).

The overall crystal structure can be described by two
distinct motifs, as shown in Figure 4 (top). One is a tetrahedron
(blue) consisting of three lead atoms (Pb1, Pb4) and the shared
lead/tin atom (Pb3/Sn3), that are face-capped by four CN2 units
in [(Pb/Sn)4(CN2)4]. The second motif is a distorted trigonal
bipyramid (pink), with three tin atoms in the plane (Sn1, Sn2)
and two lead atoms (Pb2, Pb7) at each of the two tips. The
lower tetrahedron in Figure 4 (top) of this trigonal bipyramid is
face-capped by three CN2 units, while the upper tetrahedron is
oxide-centered, coordinated by tin and lead. The connectivity
pattern of the individual polyhedra in the structure can be
envisioned from Figure 4 (bottom).

These polyhedra form a layered arrangement, as indicated
in Figure 5, in which one tetrahedron is connected to two
trigonal bipyramids and, along the c-axis, to a second-layer
tetrahedron.

This double layered arrangement alternates with two layers
of trigonal bipyramids, connected not by NCN units but by
bromide ions.

As already shown in Figure 2, bromine is coordinating all
nine different metal sites and is either coordinated by four, five
or six metal atoms. The arrangement of bromide and the
additional lead atoms (Pb5 and Pb6) are not considered in

Figures 4 and 5, to emphasize the two motifs and their bonding
situation. However, a section of the structure, including the
bromine atoms, is available in the SI.

Conclusion

Reactions between lead carbodiimide and tin(IV) bromide led to
the formation of a hitherto unknown lead-tin bromide
carbodiimide oxide that could later synthesized phase pure by
using appropriate amounts of Pb(CN2), PbBr2, SnBr2 and SnO.

The crystal structure was determined by single-crystal X-ray
diffraction, revealing two specific features. A tetrahedron and a

Figure 3. Three crystallographically different CN2 units, coordinated
all pseudo octahedrally by either tin (black), lead (light grey) or a
shared tin/lead site (dark grey).

Figure 4. Top: dimeric fragment consisting of a tin/lead tetrahedron
(blue) and a tin/lead trigonal bipyramid (pink) linked by a CN2 unit.
Dashed lines indicate further linkage to equivalent units. Bottom:
Perspective view on the ac plane of the crystal structure of
Pb14.66Sn7.34Br26(CN2)7O2, emphasizing the arrangement of the upper
motif. Bromine atoms are not considered here.
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trigonal bipyramid consisting of tin and lead, both face-capped
and linked by carbodiimide ions. Among the nine crystallo-
graphically distinct metal sites, one position is shared by both
lead and tin. EDX measurements confirmed the formula
Pb14.66Sn7.34Br26(CN2)7O2, in accordance with the structure refine-
ment. IR measurements showed only asymmetric stretching
vibrations of the CN2 ion, verifying the carbodiimide character
of the title compound. This work shows once again the diversity
of the NCN ion and of the group 14 carbodiimide compounds,
which could be synthesized and characterized especially in the
last years.

The existence of Sn(IV) in binary tin carbodiimide as Sn(CN2)2
is not yet established. The compound may be labile without the
presence of an electropositive counter cation as present in
Li2Sn(CN2)3 or Li2MnSn2(CN2)6.

Experimental Section
Synthesis of Pb14.66Sn7.34Br26(CN2)7O2. The starting materials Pb-
(CN2), (synthesized as described in[10b]), PbBr2 (Sigma-Aldrich,
99.999%), SnBr2 (Sigma-Aldrich, p.a.) and SnO (Sigma-Aldrich,
99.99%) were mixed and ground in an agate mortar under dry
argon atmosphere in a 7 :7.66 :5.34 :2 molar ratio. The reaction
mixture was transferred into a silica ampoule and sealed under
vacuum. The mixture was heated to 400 °C at 2 K/min, kept there
for 20 h and cooled to room temperature at 2 K/min. Yellow single

crystals of Pb14.66Sn7.34Br26(CN2)7O2 could be obtained when heating
a 2 :1 molar mixture of Pb(CN2) and SnBr4 (Sigma-Aldrich, 99%) to
500 °C, at 2 K/min, remained there for 20 h until cooling to room
temperature at 0.1 K/min. Pb14.66Sn7.34Br26(CN2)7O2 could be synthe-
sized phase pure in accordance with a recorded PXRD pattern,
given in the SI. The crystals and the powder could be treated in air.

X-ray Diffraction

Powder X-ray diffraction (PXRD) pattern were recorded on a Stoe
StadiP diffactometer (Stoe, Darmstadt) with Ge-monochromated
Cu� Kα1 radiation and a Mythen1 Detector.

A single crystal of Pb14.66Sn7.34Br26(CN2)7O2 was measured using a
Stoe IPDS 2T single-crystal diffractometer (Stoe, Darmstadt)
equipped with graphite-monochromated Mo� Kα radiation (λ=

0.71073 Å). Intensities were corrected for Lorentz factors and
polarization effects using IPDS software. Absorption correction was
performed using the X-Red/X-Shape program of the Stoe software.
The crystal structure was solved by direct methods (SHELXS)
followed by full-matrix least-squares structure refinements using
SHELXL-2014.[22]

EDX measurements. Energy dispersive X-ray spectroscopy (EDX)
data were collected with a Hitachi SU8030 with a Bruker Quantax
70 EDX-System. The data were collected on eight different spots on
several single-crystals.

Acknowledgements

Funding of this work by the Deutsche Forschungsgemeinschaft
(DFG) through grant ME 914/25-2 is gratefully acknowledged.
We would like to thank Mrs. Elke Nadler (Uni Tübingen) for
performing the EDX measurements and recording the electron
micrographs. Open Access funding enabled and organized by
Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Carbodiimide · Tin · Lead · Crystal structure · EDX

[1] J. Glaser, L. Unverfehrt, H. Bettentrup, G. Heymann, H.
Huppertz, T. Jüstel, H.-J. Meyer, Inorg. Chem. 2008, 47, 10455–
10460.

[2] a) X. Liu, L. Stork, M. Speldrich, H. Lueken, R. Dronskowski,
Chem. Eur. J. 2009, 15, 1558–1561; b) X. Tang, H. Xiang, X. Liu,
M. Speldrich, R. Dronskowski, Angew. Chem. Int. Ed. 2010, 49,
4738–4742; Angew. Chem. 2010, 122, 4846–4850; c) K. B. Sterri,
C. Besson, A. Houben, P. Jacobs, M. Hoelzel, R. Dronskowski,
New J. Chem. 2016, 40, 10512–10519.

[3] K. Dolabdjian, A. Kobald, C. P. Romao, H.-J. Meyer, Dalton Trans.
2018, 47, 10249–10255.

[4] a) K. Dolabdjian, A. L. Görne, R. Dronskowski, M. Ströbele, H.-J.
Meyer, Dalton Trans. 2018, 47, 13378–13383; b) M. Löber, K.
Dolabdjian, M. Ströbele, C. P. Romao, H.-J. Meyer, Inorg. Chem.
2019, 58, 7845–7851.

Figure 5. Perspective view along the cb plane. Polyhedra are
displayed without atoms, to highlight the layered arrangement and
to point out the linkage via NCN units.

Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

ARTICLE

1976Z. Anorg. Allg. Chem. 2021, 1973–1977 www.zaac.wiley-vch.de © 2021 The Authors. Zeitschrift für anorganische und allgemeine Chemie
published by Wiley-VCH GmbH.

Wiley VCH Mittwoch, 27.10.2021

2120 / 220743 [S. 1976/1977] 1

https://doi.org/10.1021/ic800985k
https://doi.org/10.1021/ic800985k
https://doi.org/10.1002/chem.200802422
https://doi.org/10.1002/anie.201000387
https://doi.org/10.1002/anie.201000387
https://doi.org/10.1002/ange.201000387
https://doi.org/10.1039/C6NJ02498J
https://doi.org/10.1039/C8DT02001A
https://doi.org/10.1039/C8DT02001A
https://doi.org/10.1039/C8DT02747A
https://doi.org/10.1039/C8DT01846D


[5] M. T. Sougrati, J. J. Arayamparambil, X. Liu, M. Mann, A. Slabon,
L. Stievano, R. Dronskowski, Dalton Trans. 2018, 47, 10827–
10832.

[6] a) M. G. Down, M. J. Haley, P. Hubberstey, R. J. Pulham, A. E.
Thunder, J. Chem. Soc. Dalton Trans. 1978, 1407–1411; b) M.
Becker, J. Nuss, M. Jansen, Z. Anorg. Allg. Chem. 2000, 626,
2505–2508; c) U. Berger, W. Schnick, J. Alloys Compd. 1994,
206, 179–184; d) M. A. Bredig, J. Am. Chem. Soc. 1942, 64,
1730–1731.

[7] X. Qiao, D. Mroz, A. J. Corkett, T. Bisswanger, R. Dronskowski, Z.
Anorg. Allg. Chem. 2021, 647, 496–499.

[8] a) M. Neukirch, S. Tragl, H.-J. Meyer, Inorg. Chem. 2006, 45,
8188–8193; b) L. Unverfehrt, M. Ströbele, J. Glaser, H.-J. Meyer,
Z. Anorg. Allg. Chem. 2009, 635, 1947–1952.

[9] a) X. Liu, M. Krott, P. Müller, C. Hu, H. Lueken, R. Dronskowski,
Inorg. Chem. 2005, 44, 3001–3003; b) X. Liu, M. A. Wankeu, H.
Lueken, R. Dronskowski, Z. Naturforsch. B 2005, 60, 593–596;
c) M. Krott, X. Liu, B. P. Fokwa, M. Speldrich, H. Lueken, R.
Dronskowski, Inorg. Chem. 2007, 46, 2204–2207.

[10] a) R. Riedel, A. Greiner, G. Miehe, W. Dressler, H. Fuess, J. Bill, F.
Aldinger, Angew. Chem. Int. Ed. 1997, 36, 603–606; Angew.
Chem. 1997, 109, 657–660; b) X. Liu, A. Decker, D. Schmitz, R.
Dronskowski, Z. Anorg. Allg. Chem. 2000, 626, 103–105.

[11] a) Y. Hashimoto, M. Takahashi, S. Kikkawa, F. Kanamaru, J. Solid
State Chem. 1995, 114, 592–594; b) O. Reckeweg, F. J. DiSalvo,
Angew. Chem. Int. Ed. 2000, 39, 412–414; Angew. Chem. 2000,
112, 397–399; c) R. Srinivasan, M. Ströbele, H.-J. Meyer, Inorg.
Chem. 2003, 42, 3406–3411; d) R. Srinivasan, J. Glaser, S. Tragl,
H. J. Meyer, Z. Anorg. Allg. Chem. 2005, 631, 479–483; e) L.

Unverfehrt, J. Glaser, M. Ströbele, S. Tragl, K. Gibson, H.-J.
Meyer, Z. Anorg. Allg. Chem. 2009, 635, 479–483; f) M. Kubus,
D. Enseling, T. Jüstel, H. J. Meyer, Eur. J. Inorg. Chem. 2013,
2013, 3195–3199.

[12] U. Berger, W. Milius, W. Schnick, Z. Anorg. Allg. Chem. 1995,
621, 2075–2082.

[13] F. Jach, P. Höhn, Y. Prots, M. Ruck, Eur. J. Inorg. Chem. 2019,
2019, 1207–1211.

[14] M. Kubus, J. Glaser, A. Kłonkowski, H.-J. Meyer, Z. Anorg. Allg.
Chem. 2010, 636, 991–995.

[15] M. Löber, C. S. Geißenhöner, M. Ströbele, S. Indris, C. P. Romao,
H.-J. Meyer, Inorg. Chem. 2019, 58, 14560–14567.

[16] K. Dolabdjian, C. Castro, H.-J. Meyer, Eur. J. Inorg. Chem. 2018,
2018, 1624–1630.

[17] A. J. Corkett, R. Dronskowski, Dalton Trans. 2019, 48, 15029–
15035.

[18] H.-J. Meyer, Dalton Trans. 2010, 39, 5973–5982.
[19] K. Dolabdjian, H.-J. Meyer, Z. Anorg. Allg. Chem. 2017, 643,

1898–1903.
[20] X. Meng, F. Liang, W. Yin, Z. Lin, M. Xia, New J. Chem. 2019.
[21] X. Qiao, Z. Ma, D. Luo, A. J. Corkett, A. Slabon, A. Rokicinska, P.

Kuśtrowski, R. Dronskowski, Dalton Trans. 2020, 49, 14061–
14067.

[22] G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3–8.

Manuscript received: August 27, 2021
Revised manuscript received: September 14, 2021

Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

ARTICLE

1977Z. Anorg. Allg. Chem. 2021, 1973–1977 www.zaac.wiley-vch.de © 2021 The Authors. Zeitschrift für anorganische und allgemeine Chemie
published by Wiley-VCH GmbH.

Wiley VCH Mittwoch, 27.10.2021

2120 / 220743 [S. 1977/1977] 1

https://doi.org/10.1039/C8DT01846D
https://doi.org/10.1039/C8DT01846D
https://doi.org/10.1039/dt9780001407
https://doi.org/10.1002/1521-3749(200012)626:12%3C2505::AID-ZAAC2505%3E3.0.CO;2-%23
https://doi.org/10.1002/1521-3749(200012)626:12%3C2505::AID-ZAAC2505%3E3.0.CO;2-%23
https://doi.org/10.1016/0925-8388(94)90032-9
https://doi.org/10.1016/0925-8388(94)90032-9
https://doi.org/10.1021/ja01259a501
https://doi.org/10.1021/ja01259a501
https://doi.org/10.1002/zaac.202000472
https://doi.org/10.1002/zaac.202000472
https://doi.org/10.1021/ic0608952
https://doi.org/10.1021/ic0608952
https://doi.org/10.1002/zaac.200900221
https://doi.org/10.1021/ic050050a
https://doi.org/10.1515/znb-2005-0601
https://doi.org/10.1021/ic062051o
https://doi.org/10.1002/anie.199706031
https://doi.org/10.1002/ange.19971090627
https://doi.org/10.1002/ange.19971090627
https://doi.org/10.1002/(SICI)1521-3749(200001)626:1%3C103::AID-ZAAC103%3E3.0.CO;2-7
https://doi.org/10.1006/jssc.1995.1090
https://doi.org/10.1006/jssc.1995.1090
https://doi.org/10.1002/(SICI)1521-3773(20000117)39:2%3C412::AID-ANIE412%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3757(20000117)112:2%3C397::AID-ANGE397%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3757(20000117)112:2%3C397::AID-ANGE397%3E3.0.CO;2-W
https://doi.org/10.1021/ic020685z
https://doi.org/10.1021/ic020685z
https://doi.org/10.1002/zaac.200400323
https://doi.org/10.1002/zaac.200801324
https://doi.org/10.1002/zaac.19956211217
https://doi.org/10.1002/zaac.19956211217
https://doi.org/10.1002/zaac.201000013
https://doi.org/10.1002/zaac.201000013
https://doi.org/10.1039/C9DT03062J
https://doi.org/10.1039/C9DT03062J
https://doi.org/10.1039/c001031f
https://doi.org/10.1002/zaac.201700201
https://doi.org/10.1002/zaac.201700201
https://doi.org/10.1039/D0DT02677H
https://doi.org/10.1039/D0DT02677H
https://doi.org/10.1039/D0DT02677H


 



Zeitschrift für
anorganische und

allgemeine Chemie
Supporting Information

Synthesis and crystal structure of Pb14.66Sn7.34Br26(CN2)7O2, a
complex member of group 14 carbodiimides
Manuel Löber, Markus Ströbele, and Hans-Jürgen Meyer*

Wiley VCH Mittwoch, 27.10.2021

2120 / 220743 [S. 1978/1978] 1



S1 
 

Supporting Information for: 

 Synthesis and crystal structure of Pb14.66Sn7.34Br26(CN2)7O2, 

a complex member of group 14 carbodiimides 

 

Manuel Löber, Markus Ströbele and Hans-Jürgen Meyer* 

Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic Chemistry, 

University of Tübingen, Auf der Morgenstelle 18, 72076 Tübingen, Germany 

 

Corresponding Author 

*Prof. Dr. H.-Jürgen Meyer 

Section for Solid State and Theoretical Inorganic Chemistry 

Institute of Inorganic Chemistry 

University of Tübingen 

Auf der Morgenstelle 18 

72076 Tübingen 

E-mail: juergen.meyer@uni-tuebingen.de 

 

 

 



S2 
 

Figure S1. IR spectra of Pb14.66Sn7.34Br26(CN2)7O2 (black) and Pb(CN2) (grey). 

 

 

Table S1. Ratio (At-%) of tin, lead and bromine determined by EDX on different single crystals. 

 Tin to lead ratio Metal (Pb+Sn) to Br ratio 
Sample 1 2.26 1.26 
Sample 2 2.16 1.22 
Sample 3 1.95 1.11 
Sample 4 1.87 1.21 
Sample 5 1.91 1.16 
Sample 6 2.12 1.22 
Sample 7 1.90 1.24 
Sample 8 2.33 1.21 
Average 2.06 1.20 
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Table S2. Wyckoff positions, site occupation factors (s.o.f.), atomic coordinates and isotropic displacement parameters (Ueq in Å2) of 

Pb14.66Sn7.34Br26(CN2)7O2. 

 

 

 

 

 

 

 

 

 

 

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Perspective view along the ac plane in the crystal structure of Pb14.66Sn7.34Br26(CN2)7O2. Tin is shown in black, lead in light grey, the 
shared tin/lead site is shown in dark grey, oxygen in red, bromine in green nitrogen in blue and carbon in dark grey (small spheres). 

  

Atom Wyck. s.o.f. x y z Ueq
a 

Pb1 
Pb2 
Pb3 
Pb4 
Pb5 
Pb6 
Pb7 
Sn1 
Sn2 
Sn3 
Br1 
Br2 
Br3 
Br4 
Br5 
Br6 
Br7 
Br8 
Br9 
N1 
N2 
N3 
N4 
N5 
C1 
C2 
C3 
O1 

8i 
4i 
4i 
4i 
4i 
4g 
4i 
4i 
8j 
4i 
8i 
8j 
4i 
4i 
4i 
4i 
8j 
8j 
4i 
4i 
4i 
8j 
8j 
4i 
4i 
8j 
2d 
4i 

 
 
0.333 
 
 
 
 
 
 
0.667 

0.04708(2) 
-0.18932(3) 
-0.04912(4) 
-0.15205(3) 
0.12297(3) 
0 
0.25146(3) 
-0.10664(4) 
-0.27730(3) 
-0.04912(4) 
0.03339(5) 
0.20555(5) 
0.27258(7) 
0.00820(8) 
0.09423(8) 
0.40977(8) 
-0.10246(6) 
-0.15549(6) 
0.31652(8) 
0.0665(6) 
0.1892(6) 
-0.1572(4) 
-0.0838(4) 
0.4888(6) 
0.1275(7) 
-0.1200(5) 
½ 
-0.2272(5) 

0.30110(4) 
0 
½ 
½ 
0 
0.24814(6)0 
0 
0 
0.17091(5)0 
½ 
0.23633(9)0 
-0.19877(9)0 
0 
0 
0 
0 
0.21407(10) 
0.25786(10) 
0 
½ 
½ 
0.1548(7)0 
0.3487(7) 
0 
½ 
0.2521(8) 
0 
0 

0.38229(2) 
0.36682(3) 
0.20208(4) 
0.38027(3) 
0.23734(3) 
0 
0.00406(3) 
0.17675(4) 
0.17686(3) 
0.20208(4) 
0.17646(5) 
0.34003(5) 
0.18440(7) 
0.33959(7) 
0.04875(8) 
-0.06259(7) 
0.45576(5) 
0.06125(6) 
-0.45680(7) 
0.2911(5) 
0.2490(5) 
0.2493(4) 
0.2910(4) 
0.4323(5) 
0.2700(6) 
0.2700(4) 
½ 
0.1317(4) 

0.02741(11) 
0.02771(13) 
0.01785(15) 
0.0.2791(13) 
0.02338(12) 
0.03067(13) 
0.02590(13) 
0.01420(17) 
0.01455(13) 
0.01785(15) 
0.0258(2) 
0.0249(2) 
0.0227(3) 
0.0251(3) 
0.0297(3) 
0.0274(3) 
0.0254(2) 
0.0310(2) 
0.0254(3) 
0.016(2) 
0.016(2) 
0.0178(15) 
0.0164(15) 
0.016(2) 
0.014(2) 
0.0132(16) 
0.015(3) 
0.0141(16) 

       



S4 
 

Figure S3. Recorded (black) and calculated (grey) X-ray diffraction powder pattern of Pb14.66Sn7.34Br26(CN2)7O2. 
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Synthesis, Structure, and Thermoelastic Properties of
LiSn2Br3(CN2) and Sn4Br2(CN2)3
Manuel Löber,[a] Markus Ströbele,[a] Carl P. Romao,[a, b] and Hans-Jürgen Meyer*[a]

Tin carbodiimides have been reported with various composi-
tions, prepared via solid-state metathesis reactions by heating
tin halides and lithium carbodiimide at moderate temperatures.
The formations of two new compounds, LiSn2Br3(CN2) and
Sn4Br2(CN2)3 are monitored by differential thermal analysis
(DTA), and crystal structures are reported as refined on basis of
X-ray diffraction studies. The structure of LiSn2Br3(CN2) can be

described by two interpenetrating frameworks of corner-linked
coordination polyhedra, raising the possibility of negative
thermal expansion (NTE) as investigated by density functional
perturbation theory (DFPT). Like some previously reported tin
carbodiimide compounds, LiSn2Br3(CN2) was also found to be a
semiconductor with an indirect band gap of 2.5 eV, as
determined by DFT calculations.

Introduction

The simplest tin carbodiimide, the pseudo-binary compound
Sn(CN2), can be obtained from a reaction of Li2(CN2) and SnCl2;
its crystal structure was determined from X-ray powder
diffraction data. Band structure calculations and optical meas-
urements revealed this compound to be a semiconductor with
an indirect band gap in the order of 2 eV.[1] Sn(CN2) has been
investigated as potential battery material.[2]

With the addition of oxide into the previous reaction
mixture, Sn2O(CN2) is obtained to form reddish-brown crystals
somewhere above 400 °C.[3] The crystal structure of Sn2O(CN2) is
related to that of SnO, based on an alternating layer sequence
of tin atoms followed by alternating layers of either oxygen or
carbodiimide. Band structure calculations, as well as optical
reflectance measurements indicate Sn2O(CN2) to be a semi-
conductor with an indirect band gap around 1.5 eV and a direct
band gap around 2 eV. Further studies revealed that Sn2O(CN2)
can improve the efficiency of CuWO4 photoanodes used for
photocatalytic water oxidation.[4]

Differential thermal analysis (DTA) of the SSM reaction
between Li2(CN2) and SnCl2 revealed the formation of yet
another unknown compound at low heating conditions
(�200–250 °C) identified as Sn4Cl2(CN2)3.

[1] In fact this com-
pound could be shown to act as an intermediate phase in
formation reactions of Sn(CN2) and Sn2O(CN2).

[1,3]

DTA studies in the system Li2(CN2), SnCl2 and SnO did not
only reveal the intermediate formation of Sn4Cl2(CN2)3 but also
to the new compound Sn9O5Cl4(CN2)2 around 300 °C. Band
structure calculations and optical reflectance measurements
again revealed semiconducting behavior with a band gap in the
order of 3 eV.[5]

The orthorhombic crystal structure of Sn9O5Cl4(CN2)2 con-
tains two tin-oxide clusters [Sn8O3] as a novel feature, in
contrast to the common layered arrangements of metal atoms
and (NCN) units in most structures with carbodiimides.

All these studies have evidenced the usefulness of solid-
state metathesis (SSM) reactions for the discovery of new
compounds and systems, especially when combined with
thermal scanning and powder X-ray diffraction studies.[6]

Layered carbodiimides A2M(CN2)3 with tetravalent cations
have been synthesized with M=Sn, Zr, and Hf.[7] Their crystal
structures are characterized by alternating layers of (NCN) units
and metal atoms, revealing structural analogies to correspond-
ing ternary oxides A2MO3. In addition, compounds
A2MnSn2(CN2)6 (A=Li and Na) were discovered by SSM
reactions with tetravalent tin.[8]

Tetravalent transition metal carbodiimides were reported
for M(CN2)2 (M=Zr, Hf) to exhibit near-zero thermal expansion.[9]

The wine-rack topology of the crystal structure of M(CN2)2
makes them flexible framework materials, and negative linear
compressibility is predicted in Hf(CN2)2.

Due to the potential applications of tin carbodiimides as
electronic materials, we have continued the exploration of the
tin carbodiimide compositional space by reporting two
bromide-containing compounds, LiSn2Br3(CN2) and Sn4Br2(CN2)3,
in this work, and study how LiSn2Br3(CN2) differs from the
isotypic LiSr2Cl3(CN2) to demonstrate the role of tin. We have
calculated the phonon band structure and thermal expansivity
of Sn4Br2(CN2)3 in order to assess whether it behaves like a
flexible framework material.
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Results and Discussion

Syntheses of Sn4Br2(CN2)3 and LiSn2Br3(CN2)

Reactions between lithium carbodiimide (Li2(CN2)) and tin
bromide (SnBr2) were explored in two different ways, a) by
heating mixtures in fused silica tubing in an oven, and b) by
heating mixtures in fused silica tubing in a DTA analyzer.
Preparation condition were adjusted after the composition of
the new compounds were clarified.

The compounds Sn4Br2(CN2)3 and LiSn2Br3(CN2) can be
synthesized by using different stoichiometric amounts of
starting materials, Li2(CN2) and SnBr2, in accordance with
reactions (1) and (2) between 350 and 450 °C. As indicated by
PXRD both compounds could be synthesized without any
visible side phases (see SI).

3 Li2ðCN2Þ þ 4 SnBr2 ! Sn4Br2ðCN2Þ3 þ 6 LiBr (1)

Li2ðCN2Þ þ 2SnBr2 ! LiSn2Br3ðCN2Þ þ LiBr (2)

When employing equimolar amounts of Li2(CN2) and SnBr2,
a mixture of Sn4Br2(CN2)3 and the Sn4+-containing Li2Sn(CN2)3 is
formed. Tin carbodiimide, Sn(CN2), as formed when using
equimolar mixtures of Li2(CN2) and either SnCl2 or SnF2, was not
observed here.

Thermoanalytic Studies

DTA studies of both reactions, (1) and (2), were performed to
investigate reaction pathways and formation conditions of
compounds. The DTA of reaction (1) with the formation of
Sn4Br2(CN2)3 is shown in Figure 1. On heating, a broad
exothermic effect appears between 150 °C and 205 °C. This
exothermic effect can be assigned to the formation of

LiSn2Br3(CN2). PXRD measurements of intermediate products
between 150 and 250 °C still show the presence of some
unreacted Li2(CN2) and SnBr2, indicating a slow formation of
LiSn2Br3(CN2) within the broad exothermic effect. Within the
continuing heating process LiSn2Br3(CN2) slowly transforms into
Sn4Br2(CN2)3, (starting at 250 °C) but without any noticeable
thermal effect.

Finally, an endothermic effect at 395 °C upon heating and
an exothermic effect at 356 °C upon cooling were observed and
assigned as melting and recrystallisation of Sn4Br2(CN2)3 and the
coproduced LiBr. Those two effects are observed again in a
second heating/cooling cycle.

A small endothermic depression at around 190 °C of the
exothermic formation reaction may be caused by a eutectic
melt formation between LiBr with still unreacted SnBr2. This
assumption is supported by a DTA of LiBr with SnBr2, where an
endothermic effect was observed around 190 °C upon heating
and an exothermic effect upon cooling slightly below this
temperature.

The formation of LiSn2Br3(CN2), represented in reaction (2)
was also studied by DTA with similar thermal effects (see SI).

Crystal structure of LiSn2Br3(CN2)

The crystal structure of LiSn2Br3(CN2) was solved and refined in
the cubic space group Fd3m from single-crystal X-ray diffraction
data. Some details of the measurement and structure refine-
ment are displayed in Table 1.

The structure is isotypic to the known structures of
LiM2Br3(CN2), (M=Sr and Eu,[10]) LiM2I3(CN2), (M=Sr[11] and Eu[12]),
APb2Cl3(CN2), (A=Li, Na, Ag) and APb2Br3(CN2), (A=Li, Na).[13]

Unit cell parameters of isotypic compounds are depicted in
Table 2, all determined at room temperature, except for the title
compound. An indexed powder XRD pattern of LiSn2Br3(CN2),
recorded at room temperature yielded 14.4128(7) Å, slightly
larger than the value determined at 100 K (14.35722(9) Å). The
unit cell of LiSn2Br3(CN2) appears slightly larger than that of the

Figure 1. DTA of the reaction 3Li2(CN2)+4SnBr2 with the formation of
Sn4Cl2(CN2)3 in cycle 1, with another heating and cooling cycle of the
(Sn4Cl2(CN2)3, LiBr) product mixture given in cycle 2.

Table 1. Selected crystal and structure refinement data for LiSn2Br3(CN2)
and Sn4Br2(CN2)3, recorded at 100 K.

Empirical formula LiSn2Br3(CN2) Sn4Br2(CN2)3

CSD code 2049524 2056459
Formula weight (g/mol) 524.08 754.67
Wavelength (Mo-Kα) (Å) 0.71073 0.71073
Crystal system Cubic Monoclinic
Space group Fd3m P21/n

Unit cell dimensions (Å) a=14.35722(9) a=6.9597(1)
b=9.3531(2)
c=9.0323(2)
β=106.349(2)

Volume (Å3) 2959.45(6) 564.18(2)
Z 16 2
Density (calculated) (g/cm3) 4.71 4.44
2 Theta range for data collection (°) 8.03 to 52.56 7.89 to 52.73
Total number of reflections 16288 20167
Refined parameters 15 71
R1, wR2 0.029, 0.066 0.012, 0.025
GOOF 1.142 1.100
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related lead chloride compounds, but smaller than lead
bromide carbodiimide, which is in line with larger ionic radii of
Br� and Pb2+, versus Cl� and Sn2+.

The crystal structure of LiSn2Br3(CN2) is comprised of tin
tetrahedra that are capped by (NCN) units to form distorted
[Sn4(CN2)4] cubes (see Figure 2 (top)). The (NCN) units are
coordinated by six tin atoms in an approximately octahedral
coordination environment.

Tin is coordinated by six bromide and three carbodiimide
ions with Sn� Br bond length of 3.23 and 3.48 Å (see Figure 2
(bottom)). The Sn� N distance of 2.48 Å are comparable to other
known tin carbodiimide compounds. The symmetrical carbodii-
mide ion has a C� N bond distance of 1.21 Å, which is as long as
in Sn(CN2).

[1] Each [Sn4(CN2)4] is connected to four others tin
tetrahedra, forming a network like arrangement, shown in
Figure 3 (top). Lithium is coordinated distorted octahedrally by
bromide. Those octahedra are linked at the corners to an
infinite network, as displayed in Figure 3 (bottom). The Li� Br

bond distances of 2.78 Å are only somewhat longer than those
in LiBr (2.74 Å).[14]

Crystal structure of Sn4Br2(CN2)3

The crystal structure of Sn4Br2(CN2)3 was solved and refined in
the monoclinic space group P21/n from single-crystal XRD data.
Some crystal structure and refinement data are given in Table 1.
The crystal structure of Sn4Br2(CN2)3 is isotopic to the already
known compound Sn4Cl2(CN2)3, that was obtained from a
reaction of Li2(CN2) and SnCl2 at a 3 :4 molar ratio.[1] Due to the
larger ionic radius of Br� compared to Cl� the unit cell
parameters of Sn4Br2(CN2)3 are slightly larger. The two crystallo-
graphically distinct tin atoms are both distorted octahedrally
coordinated by three (NCN) units and three Br� ions. The Sn� N
distances are between 2.25 and 2.32 Å, the bond distances
between Sn and Br are between 3.08 and 3.63 Å and
comparable to those in Sn4Cl2(CN2)3 (Sn� N 2.22–2.35 Å, Sn� Cl
2.93–3.69 Å). The C� N distances of the carbodiimide ion are
1.23 Å (coordinated planar by Sn) and 1.22/1.23 Å (coordinated

Table 2. Comparison of lattice parameters of LiSn2Br3(CN2) with isotypic
compounds.

Compound a [Å]

LiPb2Cl3(CN2)
[a]

AgPb2Cl3(CN2)
[a]

NaPb2Cl3(CN2)
[a]

LiSn2Br3(CN2)
[b]

LiPb2Br3(CN2)
[a]

LiEu2Br3(CN2)
[b]

LiSr2Br3(CN2)
[b]

NaPb2Br3(CN2)
[c]

LiEu2I3(CN2)
[b]

LiSr2I3(CN2)
[b]

14.1892(1)
14.2559(6)
14.3155(5)
14.35722(9)
14.5270(5)
14.572(1)
14.641(1)
14.7251(4)
15.1427(17)
15.2312(13)

[a] Rietveld refinement. [b] Single crystal. [c] Indexed XRD pattern.

Figure 2. Top: Section of the framework of Sn tetrahedra (red) coordinated
by (NCN) units. The dashed lines indicate the further linkage with other tin
tetrahedra via Sn� N bonds. Bottom: Coordination environment of tin in
LiSn2Br3(CN2).

Figure 3. Top: Perspective view of the unit cell of LiSn2Br3(CN2). Tin is shown
in black, carbon in grey and nitrogen in blue. Tin tetrahedra are indicated in
red. Bottom: Perspective view of the unit cell of LiSn2Br3(CN2) showing the
structural arrangement of [LiBr6] octahedra. Li is shown in light grey, Br in
green.
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pseudo tetrahedrally by Sn) very similar to those in Sn4Cl2(CN2)3.
The coordination environment of tin in Sn4Br2(CN2)3 is shown in
Figure 4 (top).

The overall crystal structure can be described by alternating
layers of tin atoms with layers containing (NCN) units and
bromide (Figure 4 (bottom)).

Electronic Band Structure

Density functional theory was used to calculate the electronic
band structure of LiSn2Br3(CN2) (Figure 5). LiSn2Br3(CN2) was
found to be a semiconductor, with a calculated indirect band
gap of 2.5 eV, giving it a slightly larger band gap than the
related tin carbodiimides Sn(CN2) and Sn9O5Cl4(CN2)2.

[1,5] The
calculated electronic density of states (Figure 6) shows the
states near the Fermi energy to have a mixture of N, Br, C, and
Sn character, indicating the presence of highly delocalized
electrons, a finding also evidenced in the low curvature of these
bands.

Vibrational Properties

The structure of LiSn2Br3(CN2) can be described as two inter-
penetrating frameworks of corner-linked coordination polyhe-
dra (Figure 3); in such framework structures we expect the

presence of low-energy vibrational modes which can lead to
unusual physical properties such as NTE (negative thermal
expansion), as is seen in other carbodiimides such as Si(CN2)2
and Hf(CN2)2.

[9,16] Cubic materials which display NTE are of
special interest due to their lack of thermal expansion
anisotropy, which leads to thermal stress.[17] To investigate this
possibility, we have used density functional perturbation theory
(DFPT) to calculate the phonon band structure of LiSn2Br3(CN2),
and its mode Grüneisen parameters (Figure 7), which measure
the contribution of each mode to the overall thermal expansion
within the quasiharmonic approximation.

As Figure 7 shows, LiSn2Br3(CN2) does indeed have many
low-energy phonons, as is expected of a framework material.
Below 10 meV, these phonons have large mode Grüneisen
parameters, both positive and negative, some being ex-
tremely large (>100 and< � 100). Below 25 K, the modes
with negative Grüneisen parameters (mainly from acoustic

Figure 4. Top: Coordination environment of the two distinct crystallographic
tin atoms. Bottom: View along the ac plane of a section of the structure of
Sn4Br2(CN2)3, showing alternating layers of Sn and NCN/Br.

Figure 5. Calculated electronic band structure of LiSn2Br3(CN2). Special points
in and paths through the Brillouin zone were selected following
Reference.[15]

Figure 6. Calculated electronic density of states of LiSn2Br3(CN2), and its
projections onto the atomic spheres.
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bands) are predominant and NTE is predicted (Figure 8).
However, as the temperature increases low energy optic
bands with positive mode Grüneisen parameters contribute
increasingly to the thermal expansion, leading to a positive
coefficient of thermal expansion, which is predicted to reach
a value of α‘=2.4×10� 6 K� 1 at 300 K. This value would still be
considered anomalously low in comparison to most inorganic
solids.[17]

Examination of the phonon eigenvectors (see SI) shows
that the negative mode Grüneisen parameters of the acoustic
bands can be attributed to librational (rocking) motions of all
structural units (as expected for acoustic bands), with
displacements transverse to the wave propagation direction,
i. e., the predicted NTE at low temperatures can be explained

by the tension effect.[18] Along the Γ!X direction, where
large positive mode Grüneisen parameters are found, the
motions of the structural units are closer to translations than
librations.

As the structure of LiSn2Br3(CN2) is amenable to ionic
substitution, the effect of increasing the unit cell dimensions
was studied by calculation of the phononic structure and
coefficient of thermal expansion of LiSr2Br3(CN2). Similar ionic
substitutions have been used to enhance NTE in oxide
materials.[19] This substitution did not lead to significant changes
in the phonon band structure, however the magnitudes of the
mode Grüneisen parameters decreased significantly (see the
Supporting Information). While LiSr2Br3(CN2) is also predicted to
show NTE at temperatures <25 K, at 300 K its thermal
expansion is predicted to be much larger, with α‘=24×
10� 6 K� 1. This result suggests that the more covalent nature of
the Sn� NCN bond results in more framework-like behaviour,
outweighing the additional free space in the unit cell provided
by the larger lattice constant. Comparison of the calculated
elastic properties reveals LiSr2Br3(CN2) (K=40.8 GPa, G=

16.0 GPa, ν=0.32) to be slightly softer than LiSn2Br3(CN2) (K=

46.5 GPa, G=16.6 GPa, ν=0.34).
Although LiSn2Br3(CN2) is not expected to display NTE,

except perhaps at very low temperatures, the finding that it
and other isotypic materials are framework materials with many
low-energy phonons has important ramifications for applica-
tions. For example, the low-energy phonons act to decrease the
thermal conductivity,[20] increase the ability to perform ionic
substitutions,[21] and increase ionic conductivity.[22] Therefore,
the flexible framework structure is expected to enhance the
performance of LiSn2Br3(CN2) as a potential battery or ion
conducting material.

Conclusion

Tin carbodiimide compounds are obtained under decent
heating via SSM reactions to behave as wide gap semi-
conductors. The given compounds Sn4Br2(CN2)3 and
LiSn2Br3(CN2) are formed from SnBr2 and Li2(CN2) near 200 °C
and are most efficiently prepared between 350 °C and 450 °C,
both without any visible side phase, according to PXRD
patterns.

Sn4Br2(CN2)3 is isotypic to Sn4Cl2(CN2)3, which has been
shown to act as an intermediate compound in the formation of
other ternary tin carbodiimides. The structure of LiSn2Br3(CN2) is
isotypic to a number of compounds related to the mineral
Bideauxite. A remarkable feature of this compound is the
appearance of two interpenetrating frameworks of corner-
linked coordination polyhedral which can give raise to negative
thermal expansion. DFPT calculations indeed show the presence
of low-energy phonons related with large mode Grüneisen
parameters, but NTE is expected at very low temperature only.
The electronic structure of LiSn2Br3(CN2) has been studied from
the band structure and density of states (DOS), both deter-
mined by DFT calculations. The band structure and DOS show
an indirect band gap of 2.5 eV, slightly higher than related tin

Figure 7. Calculated low-energy phonon band structure of LiSn2Br3(CN2),
with bands coloured by their mode Grüneisen parameters (γ, some values
are off-scale). At right, a histogram of the density of states (1) weighted by
the Grüneisen parameters as

P
k 1k wð Þgk wð Þ, is shown, with positive values

colored in gold and negative values in blue. Special points in and paths
through the Brillouin zone were selected following Reference.[15]

Figure 8. Calculated linear thermal expansion coefficient of LiSn2Br3(CN2)
between 5 and 400 K.
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compounds, and a mixture of N, Br, C, and Sn character near
the Fermi level, indicating high electron delocalization.

Experimental Section

Syntheses of LiSn2Br3(CN2) and Sn4Br2(CN2)3

Powders of Li2(CN2) and SnBr2 were mixed and pestled in a 1 :2
(LiSn2Br3(CN2)) or 3 :4 (Sn4Br2(CN2)3) molar ratio under dry argon
atmosphere. The reaction mixtures were transferred into silica
ampoules and fused under vacuum. The ampoules were placed in a
crucible furnace and heated to 350 °C (LiSn2Br3(CN2)) or 450 °C
(Sn4Br2(CN2)3) at 2 K/min, remained there for 20 h until cooling to
room temperature at 2 K/min. Both compounds were obtained as
colorless crystalline powders.

Colourless plate-like single crystals of LiSn2Br3(CN2) were obtained
when heating the 1 :2 reaction mixture for 100 h at 350 °C until
cooling to room temperature at 0.01 K/min. Also plate-like and
colourless single crystals of Sn4Br2(CN2)3 could be obtained when
heating 3 :4 mixtures to 400 °C at 2 K/min, kept there for 100 h and
cooled to room temperature at 0.05 K/min. LiSn2Br3(CN2) cannot be
treated in air, but Sn4Br2(CN2)3 behaves stable under atmospheric
conditions X-ray Diffraction. Powder X-ray diffraction (PXRD)
pattern were recorded on a Stoe StadiP diffractometer (Stoe,
Darmstadt) with Ge-monochromated Cu� Kα1 radiation and a
Mythen1 detector.

Intensity data collections of single crystals of LiSn2Br3(CN2) and
Sn4Br2(CN2)3 were recorded on a Rigaku XtaLAP Synergy-S single-
crystal diffractometer, equipped with a HyPix-6000HE detector and
monochromatic Mo� Kα radiation. The intensities were corrected
using numerical methods and the CrysAlisPro 1.171.41.92a software
(Rigaku Oxford Diffraction, 2021). The structure was solved by direct
methods (SHELXS),[23] and full-matrix least-squares structure refine-
ments, performed with SHELXL-2014[24] implemented in Olex2 1.3-
ac4.[25]

Thermoanalytic Measurements. Differential thermal analysis (DTA)
were performed using a Netsch STA 449F3 Jupiter (Netsch, Selb,
Germany). The samples were sealed in homemade silica ampoules
and analysed between room temperature and 430 °C at 2 K/min.

Density Functional Theory. Density functional theory (DFT) calcu-
lations were performed using the Abinit software package (v. 9).[26]

Norm-conserving pseudopotentials were used as received from the
Abinit library. Plane-wave basis set energy cutoffs and Monkhorst–
Pack grid spacings were chosen following convergence studies (to
1% in pressure).[27] The Perdew–Burke–Erzenhof exchange-correla-
tion functional was used with the vdw-DFT-D3(BJ) dispersion
correction.[28] Mode Grüneisen parameters were calculated using a
tensile and a compressive perturbation of the lattice constant by 1
part in 10-5. Structural relaxation was performed prior to calculation
of the phonon band structure. Example input files are available as
part of the Supporting Information.

Deposition Numbers 2049524 (for LiSn2Br3(CN2)) and 2060907 (for
Sn4Br2(CN2)3) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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Figure S1. DTA of the reaction Li2(CN2) + 2SnBr2 with the formation of LiSn2Br3(CN2) in cycle 1, with another heating and cooling cycle of the (LiSn2Br3(CN2), LiBr) 
product mixture given in cycle 2. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. PXRD pattern of LiSn2Br3(CN2) + LiBr shown in black in comparison with the calculated pattern, shown in grey. The red lines indicate Braggpositions and 
intensities of LiBr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. PXRD pattern of Sn4Br3(CN2)3 shown in black in comparison with the calculated pattern, shown in grey. The metathesis salt LiBr was washed out with 
ethanol  

 



 

Figure S4. Calculated low-energy phonon band structure of LiSr2Br3(CN2), with bands coloured by their mode Grüneisen parameters (γ, some values are off-scale).  

 

Figure S5. Calculated linear thermal expansion coefficient of LiSr2Br3(CN2) between 5 and 400 K. 
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The Lithium Iodostannate LiSn3I7: Synthesis, Properties and
its Relationship to SnI2
Manuel Löber,[a] Markus Ströbele,[a] Klaus Eichele,[b] Carl P. Romao,[a] and
Hans-Jürgen Meyer*[a]

The mixed lithium tin iodide LiSn3I7 was prepared by reacting
LiI and SnI2 at 300 °C. Single-crystal X-ray diffraction revealed a
crystal structure related to that of SnI2, with nearly identical
coordination environments of tin atoms. The lithium ion in the
structure of LiSn3I7 shares one crystallographic position with a

tin atom in octahedral voids of (LiSn)Sn2I7, as confirmed by
solid-state 7Li, 119Sn and 127I MAS NMR spectra. DFT band
structure calculations show LiSn3I7 to be a semiconductor with
an indirect bandgap on the order of 2 eV.

Introduction

Binary tin halides are a well-known group of compounds which
include divalent and tetravalent tin compounds with F,[1] Cl,[2]

Br[3] and I,[4] as well as mixed-valence tin fluorides (Sn3F8
[1c] and

Sn2F6
[1e]). Some promising properties have been reported from

research on divalent binary tin halides. For example, SnF2 has
been investigated as an anode material for lithium-ion
batteries.[5] The luminescence of SnCl2, as well as of SnBr2 have
been studied.[6] Moreover both, SnCl2 and SnBr2, are used as
dopants for I-rich tin-based perovskite solar cells, which has
improved their stability.[7] SnCl2 and SnI2 are used as precursors
for the synthesis of perovskite solar cells.[8]

Ionic conductivity was reported for SnI2.
[9] Furthermore,

some theoretical work on SnI2 has been carried out, such as the
study of thermoelectric and optoelectronic properties of two-
dimensional SnI2.

[10]

More complex systems like ternary tin halides are also
known, including alkali halogenidostannates such as CsSnCl3,

[11]

CsSnBr3
[12] and CsSnI3

[13] which are studied for their potential use
in perovskite solar cells[14] and have been described as less toxic
alternatives to the prominent lead compounds CsPbX3 (X=Cl, Br,
I).[15]

Over the last decade, these lead-based perovskite solar cells
have reached power conversion efficiencies (PCEs) of up to
25%[16] and are considered a potential replacement for silicon-

based solar cells, which suffer from a relatively low PCE, a
complex production process (along with high CO2 emissions),
and high cost.[17] Perovskite solar cells are based on an organic-
inorganic metal halide with the general formula ABX3, where A
is a monovalent cation such as MA+ (CH3NH3

+), FA+ (HC(NH2)2
+)

or Cs+, B a divalent metal cation such as Pb2+ or Sn2+ and X a
halide anion such as Br� or I� .[18] These compounds exhibit the
cubic perovskite structure and are used as a light-harvesting-
layer.[19] Perovskite-based solar cells are characterized by proper-
ties such as low synthesis cost, large absorption coefficient,
long carrier diffusion length, low exciton binding energies, and
many more, making them a promising candidate for
applications.[20]

For best performances a relatively low bandgap of 1 to
1.4 eV is required, resulting in a theoretical PCE of 33%.[19]

However, the bandgaps of lead halide perovskites are typically
higher.[21] A major issue with organic-inorganic metal halides is
their low stability to moisture, temperature, and irradiation, due
to the used organic cations, so attempts are being made to
replace them with inorganic ions, mainly Cs+, with PCEs close
to 20% being achieved recently.[22] A general critical issue with
lead-based perovskite solar cells is the potential release of the
toxic lead halide, which is easily dissolved by water.[15] Hence,
extensive research has been conducted for several years on
analogous compounds in which lead is replaced by the less
toxic tin.[15,18,20,23] Despite the lower bandgap, the current best
PCE of a tin-based perovskite solar cell is about 13%, well
below the best performance of a lead-based solar cell. In
addition, a major challenge is the low air stability of divalent tin
halides, which are more easily oxidized from Sn2+ to Sn4+,
compared to lead compounds. To solve this issue various
approaches like encapsulation of the tin halides or the use of
reducing agents are made to prevent the tin halides from
oxidation.[18]

Inorganic alkali metal-tin-halides are generally known to
exist with Na,[24] K,[25] Rb[26] and Cs[11–13,27] but no ternary lithium-
tin-halide has been reported in the literature. The only
compounds containing the elements Li, Sn and I are
Li6+xP1� xSnxS5I with x varying between 0.05 and 0.3,[28] and two
recently published lithium thiostannate spinels: Li2MSn3S8
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(M=Mg, Fe, Mn, Ni, Co) and Li1.66CuSn3.33S8.
[29] Moreover, the

sulfidic compound Li0.6[Li0.2Sn0.8S2] was reported to be a lithium
superionic conductor.[30]

In the course of our explorative studies of multinary tin
carbodiimides[31] via solid-state metathesis reactions we have
employed mixtures of Li2(CN2) and SnX2. During such studies we
obtained single-crystals of a previously unknown lithium tin
iodide, as side phase, with the composition LiSn3I7, which is the
subject of this study.

Results and Discussion

Synthesis and Crystal Structure

Crystalline LiSn3I7 is obtained when heating a 1 :3 molar mixture
of LiI and SnI2 at 200 °C, as confirmed by PXRD measurements.

Subsequent reactions at 300 °C were chosen to achieve higher
yields and better crystallinity of the product:

LiIþ 3SnI2 ! LiSn3I7:

A crystal of LiSn3I7, as obtained upon slow cooling, is
depicted in Figure 1.

A DSC measurement (Figure 2) of the reaction mixture did
not show a thermal feature that could be assigned to the
formation of LiSn3I7. However, an endothermic effect was
observed upon heating (at a rate of 2 °C/min) to slightly above
300 °C, (onset at 295 °C) as well as an exothermic effect upon
cooling at 300 °C (onset at 303 °C), close to the melting point of
SnI2 (320 °C[32]). These two effects are assigned to the melting
and recrystallization of the title compound, which was con-
firmed visually when the reaction mixture was heated in a fused
silica tube.

The crystal structure of LiSn3I7 was solved and refined from
recorded single-crystal X-ray diffraction data in the monoclinic
space group C2/m. The Li1/Sn1 ratio at the split position
converged close to a 0.5/0.5 occupancy (see Table 2). Some
details of the single-crystal measurement and the refinement
are displayed in Table 1. Wyckoff positions, site occupation
factors, atomic coordinates and isotropic displacement parame-
ters of LiSn3I7 are displayed in Table 2. Tin atoms occupy two
distinct crystallographic positions in LiSn3I7, with approximately

Figure 1. Brownish prismatic crystal of LiSn3I7.

Figure 2. DSC measurement of a 3 :1 molar mixture of SnI2 and LiI from
room temperature to 400 °C in a cyclic heating-cooling procedure (see
arrows).

Table 1. Crystallographic and refinement data of LiSn3I7 in comparison to
some relevant data of SnI2.

LiSn3I7 SnI2
[4b]

CSD No.
Space group
Unit cell dimensions (Å)

Angle (°)
Volume (Å3)
Z
μ (Mo� Kα) mm� 1

Calculated density (gcm� 3)
2 θ range for data collection
Total number of reflections
Independent reflections
Refined parameters
R1

wR2

Goodness-of-fit on F2

2045613
C2/m
a=14.2850(4)
b=4.4140(3)
c=13.2188(3)
β=105.445(3)
797.78(3)
2
18.20
5.22
9.60 to 59.15
23279
1252
37
0.0162
0.0347
1.064

C2/m
a=14.17(5)
b=4.54(2)
c=10.87(4)
β=92.0(2)
698.09(433)
6

Table 2. Wyckoff positions, site occupation factors (s.o.f.), atomic coordi-
nates and isotropic displacement parameters (Ueq in Å2) for LiSn3I7.

Atom Wyck. s.o.f. x y z Ueq
[a]

Sn1 4i 0.513(2) 0.12272(4) 0 0.07202(5) 0.0162(2)
Li1 4i 0.487(2) 0.12272(4) 0 0.07202(5) 0.0162(2)
Sn2 4i 0.68327(2) 0 0.33761(3) 0.01645(8)
I1 4i 0.52252(2) 1=2 0.29788(2) 0.01332(7)
I2 4i 0.65220(2) 0 0.55092(2) 0.01012(7)
I3 4i 0.24040(2) 1=2 0.14310(2) 0.01930(8)
I4 2b 1=2 0 0 0.0223(1)

[a] Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.
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octahedral and approximately mono-capped trigonal prismatic
environments, as displayed in Figure 3. However, the octahedral
site in the structure of LiSn3I7 is a shared position that combines

lithium (Li1) and tin (Sn1) as (LiSn)Sn2I7. The split (Li1/Sn1) site is
surrounded by three crystallographically distinct iodine atoms
(I1, I3, I4), and the (Li1/Sn1)-I bond lengths vary between 2.99
and 3.14 Å (Figure 3).

A very similar environment of tin atoms can be found in the
crystal structure of SnI2 which crystallizes in the same space
group (C2/m) and with related a and b lattice parameters
(Table 1). A comparison of interatomic Sn� I distances in both
compounds reveals significantly shorter values for the mixed
Li1/Sn1 site than for Sn1 in SnI2, as can be seen in Figure 3 and
Figure 4. The range of Sn� I distances of the mixed Li1/Sn1 site
in LiSn3I7 (2.99 to 3.14 Å) covers more or less the bond lengths
between the Li� I distance in cubic LiI (3.01 Å)[33] and the Sn� I
distance in SnI2 (3.18 Å).

The seven-coordinated tin (Sn2) is surrounded by three
crystallographically distinct iodine atoms (I1, I2 and I3) in both
structures, (SnI2 and LiSn3I7), whereby the longer distances with
I3 are likely caused by a directional lone-pair effect of Sn2+ on
the Sn2 position. Iodine atoms, octahedrally surrounding Sn1 in
SnI2, and (Li1/Sn1) in LiSn3I7, form infinite chains of trans-edge
sharing octahedrons, running parallel to their respective b axis
directions (Figure 5 and Figure 6). An additional edge-sharing
connectivity of octahedra is present in the structure of LiSn3I7
parallel to the a axis. A comparative inspection of both
structures shows that differences are essentially due to the shift
of Sn1 away from the centre of symmetry (0,0,0), with the
generation of another symmetry equivalent octahedral chain
when going from the structure of SnI2 to that of LiSn3I7 within
the space group C2/m.

Disordered structures with lithium and tin are known to
exist for the sulfidic compounds Li4xSn1-xS2,

[34] with site occupa-
tion factors of 0.89 for Li and 0.11 for tin and for
Ba6Li2.67Sn4.33S16,

[35] with site occupation factors for Li and Sn of
0.05 and 0.95, 0.08 and 0.92, 0.03 and 0.97.

Figure 3. Approximately octahedral (Li1/Sn1) and capped trigonal prismatic
(Sn2) coordination environments of lithium and tin in LiSn3I7.

Figure 4. Approximately octahedral (Sn1) and capped trigonal prismatic
(Sn2) coordination environments of tin in SnI2.

Figure 5. The crystal structure of LiSn3I7 in the ac plane. Tin atoms are shown
in grey, with the mixed Li1/Sn1 site being situated inside blue octahedra of
iodide atoms (pink).

Figure 6. The crystal structure of SnI2 in the ac plane. Tin is shown in light
grey and iodine in pink.
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Similar unit cell parameters to those of LiSn3I7 were reported
for the compound AgSn4I9 in the 1980s but without further
crystal structure data.[36]

Solid-State NMR

In order to study the incorporation of lithium into the structure
of SnI2, we have studied the 7Li, 127I, and 119Sn solid-state NMR
spectra of LiSn3I7 and reference materials. The 7Li MAS NMR
spectrum of LiSn3I7 shows an intense, single peak at � 3.9 ppm
(Δν1/2 =255 Hz), which is very similar to the chemical shift in LiI,
� 4.3 ppm (Δν1/2 =249 Hz), as shown in Figure 7. Given that the
Li� I distances in LiSn3I7, 2.99–3.14 Å, are very similar to those in
LiI, 3.013 Å,[33] this observation is plausible. However, in contrast
to LiI, the 127I MAS NMR spectrum of LiSn3I7 shows only a very
weak and broad peak at 405 ppm (Δν1/2 ca. 4.5 kHz), compared
to the very strong signal in LiI at 411 ppm (Δν1/2 =1.1 kHz) or KI,
199 ppm (Δν1/2 =230 Hz). This can be ascribed to a small
amount of residual LiI on the surface of LiSn3I7 (not detectable
by PXRD). The 127I chemical shift difference obtained between
LiI and KI is in line with earlier reports in the literature and
highlights the sensitivity of this chemical shift on the
environment,[37] thus supporting the assignment of the weak
broad peak to residual LiI. A 127I NQR study of the parent
compound SnI2 indicated that the 127I nuclear quadrupole
coupling constants are in the range 284 to 406 MHz,[38] much
greater than the 127I Larmor frequency at our applied magnetic
field. Hence, the iodine atoms in SnI2 or LiSn3I7 are not expected
to contribute to the 127I MAS NMR spectra.[39] The presence of
iodine has a pronounced effect on the 119Sn MAS spectra of
LiSn3I7 and SnI2, the latter presented recently[40] and reported to
have a chemical shift of � 529 ppm. However, there are two
crystallographically different tin sites present in SnI2. Its 119Sn
MAS NMR spectra shown in the literature, and obtained here
for comparison, could indeed be interpreted in two different

ways: (1) a single site with associated spinning sidebands, or (2)
as two overlapping sideband patterns. This ambiguity arises
because of the intrinsically broad peaks (vide infra) and the
achievable spinning rates imposed practically. The 119Sn MAS
NMR spectrum of SnI2 obtained at a spinning rate of 10 kHz has
been decomposed, in agreement with the crystal structure,[4b]

into two different sideband families, with isotropic chemical
shifts of δiso= � 433 (Δν1/2 =9.96 kHz) and � 529 ppm (Δν1/2 =

6.60 kHz), in a 1 :2 ratio (see supporting information). The 119Sn
MAS spectrum of LiSn3I7 is very similar to that of SnI2, but even
broader: δiso = � 310 (Δν1/2 =10.5 kHz) and � 454 ppm (Δν1/2 =

10.3 kHz) and shifted by about 80–120 ppm to higher frequen-
cies.

Electronic Structure

The DFT-calculated electronic band structure of LiSn3I7 is shown
in Figure 8 below. In order to calculate the band structure, an
approximate structure accounting for the disorder at the Li1/
Sn1 sites had to be employed by the inclusion of two Li atoms
per unit cell. The energy differences between the different
orderings of the Li atoms were found to be fairly small, on the
order of 1 kJ/mol. The ordering with the two Li atoms per unit
cell in the same layer was found to be more stable than the one
with Li atoms in different layers; the more stable ordering was
used for the band structure calculation. As Figure 8 shows, this
calculation predicts LiSn3I7 to be a semiconductor, with an
indirect bandgap of approximately 2 eV. The states near the
Fermi level have predominantly I character, with some Sn
character and also some states which do not project onto the
atomic spheres and can be considered as interstitial or valence
electrons. There are almost no valence states which project
onto the Li spheres, indicating that Li is fully oxidised to Li+.
The band structure near the Fermi level is very similar to that of
SnI2, besides SnI2 having a somewhat smaller calculated
bandgap (�1.5 eV).[41]

Figure 7. 7Li MAS NMR spectra of LiSn3I7 and LiI (dashed line) at spinning
rates of 5 kHz. Spinning sidebands are marked by asterisks.

Figure 8. The calculated electronic band structure of LiSn3I7. The density of
states (black) and its projection onto the Sn (blue) and I (purple) atomic
spheres are shown at right. The density of states corresponding to Li in this
energy region is negligible. Special points in and paths through the Brillouin
zone were chosen following Ref. [42].
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Conclusion

The new compound LiSn3I7 was prepared as a crystalline single-
phase powder (according to PXRD) from SnI2 and LiI at 300 °C,
slightly below its melting point. The structure, as determined
from a brownish single crystal, crystallizes in the same space
group C2/m as SnI2. Moreover, there is an intriguing structural
relationship between LiSn3I7 and SnI2. One lithium and one tin
atom share a mixed Li/Sn position in the structure (as (LiSn)
Sn2I7) situated in an octahedral environment of iodine atoms.
The 7Li solid-state MAS NMR spectrum of Li in LiSn3I7 is only
slightly different from that of the corresponding signal in LiI.
DFT band structure calculations predict LiSn3I7 to be a semi-
conductor with an indirect bandgap in the order of 2 eV, in
accordance with the orange to brown body colour of the
crystalline powder.

Experimental Section

Synthesis

The starting materials SnI2 (Sigma-Aldrich, anhydrous, 99.99%) and
LiI (Sigma-Aldrich, anhydrous beads, 99.999%) were mixed and
pestled under dry argon atmosphere (glove box) in a 3 :1 molar
ratio (100 mg), filled into a silica ampoule (length �5 cm, ID
�1 cm) and fused therein under vacuum. The sample was heated
to 300 °C at 2 K/min in a crucible furnace for 20 h and cooled to
room temperature at 2 K/min. The reaction product was obtained
as an orange to brownish crystalline powder in high yield (>95%),
without any side phase being visible in the powder XRD diffraction
pattern. Orange to brownish prismatic single crystals were
obtained, when cooling the above-mention reaction mixture to
room temperature, using a cooling rate of 0.1 K/min.

Both crystals and powder cannot be treated in air and decompose
after few minutes.

Thermoanalytic Studies

A study of the reaction by differential scanning calorimetry (DSC)
was performed with a DSC 204 F1 Phoenix (Fa. Netzsch, Selb,
Germany). The starting materials were enclosed in a gold-plated
(5 μm) steel autoclave (volume 100 μL; BFT 94; Bächler Feintech AG,
Hölstein, Switzerland) under a dry argon atmosphere (glovebox).
The reaction of educts was analyzed between room temperature
and 400 °C at a heating and cooling rate of 2 K/min.

Powder X-ray Diffraction

PXRD patterns were recorded on well-ground powders using a
StadiP diffractometer (Stoe, Darmstadt) with Ge-monochromated
Cu� Kα1 radiation and a Mythen1 Detector.

Single-Crystal X-ray Diffraction

Data collection was performed on a Rigaku XtaLAB Synergy-S
single-crystal X-ray diffractometer equipped with HyPix-6000HE
detector and monochromated Mo-Kα radiation (λ=0.71073 Å) at
100 K. The X-ray intensities were corrected for absorption with a
numerical method using CrysAlisPro 1.171.41.67a (Rigaku Oxford
Diffraction, 2020). The structure was solved by direct methods

(SHELXS),[43] and full-matrix least-squares structure refinements,
performed with SHELXL-2014[44] as implemented in Olex2 1.3-ac4.[45]

Density Functional Theory

Density functional theory (DFT) calculations were performed using
the Abinit software package (v. 9) using the projector-augmented
wave (PAW) method.[46] Monkhorst-Pack grids of k-points[47] and
plane-wave basis set energy cutoffs were chosen after convergence
studies to 1% in pressure. Structural relaxation to a pressure
<1 MPa was performed prior to calculation of the electronic band
structure. The Perdew-Burke-Erzenhof exchange-correlation func-
tional was used[48] with the dispersion correction of Grimme.[49]

Example input files are available as part of the Supporting
Information.

Solid-state NMR

Solid-state NMR spectra were obtained on a Bruker Avance III HD
300 wide-bore NMR spectrometer (B0=7.05 T) operating at 116.64
(7Li), 60.04 (127I), or 111.92 MHz (119Sn). Samples were packed into
4 mm o.d. zirconia rotors under the inert atmosphere of a glove
box. Spectra were acquired after a 1 μs pulse (30° pulse).
Referencing against Ξ=38.863797% (7Li), 20.007486% (127I), or
37.290632% (119Sn)69 was achieved by the substitution method: an
external sample of CHCl3 in acetone in a zirconia rotor was spun at
1.5 kHz and the external magnetic field was adjusted such that the
1H chemical shift of CHCl3 matched a predetermined chemical shift
wrt. external 1% TMS in CHCl3.

Deposition Number 2045613 (for LiSn3I7) contains the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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Figure S1. 127I MAS NMR spectra of LiSn3I7, SnI2, LiI, KI at spinning rates of 5 kHz. 

Figure S2: 119Sn MAS NMR spectrum of SnI2 (blue) at a spinning rate of 10 kHz and decomposition 

using DMFit (red).1  

 

 



 

Figure S3: 119Sn MAS NMR spectrum of LiSn3I7 at a spinning rate of 10 kHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: Recorded PXRD pattern of LiSn3I7, (shown in black) compared to the calculated pattern, 

(shown in red). 
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DFT Input files:  

lisni7.in 

#autoparal 1  

 

#paral_kgb 1 

 

ndtset 3  

jdtset 1 2 3  

 

nkpt2 313 

 

iscf2 -2 

iscf3 -3 

 

pawprtdos3 2 

prtdos3 3 

 

kptopt3 1  

kptrlatt3 0 9 6 6 0 6 6 6 9 0 

nshiftk3 1 

shiftk3 0 0 0  

 

kptrlatt1        0    3    2      2    0    2      2    3    0 

nshiftk1 1 

shiftk1 0 0 0 

 

kptopt2 0 

 

getwfk 0 

getwfk2 1 

getden 0 

getden2 1 

getden3 1 

vdw_xc 6 

vdw_tol 1d-11 

pawxcdev 0 

 

fband 1 

 

occopt 6 

tsmear 0.01 

 

 

pawfatbnd2 1 

natsph2 22  

iatsph2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 



 

nstep 5000 

kptrlen 35  

 

ecut 18 

ecutsm 0.5 

 

pawecutdg 128 

 

kptopt 1 

 

tolwfr 1d-24 

prtcif 0 

prtden1 1 

prtden 0  

prtwf1 1 

prtwf 0 

prteig 1  

prtgsr 0 

 

 

# Structural parameters 

 

        

            acell     2.7112270684E+01  8.4227211718E+00  2.5471275357E+01 Bohr 

            rprim     9.9997956957E-01  0.0000000000E+00 -6.3922171241E-03 

                       0.0000000000E+00  1.0000000000E+00  0.0000000000E+00 

                      -2.7035055879E-01  0.0000000000E+00  9.6276195155E-01 

             xred     5.2575318289E-01  5.0000000000E-01  3.0117863564E-01 

                       4.8136864192E-01  5.0000000000E-01  7.1101321609E-01 

                       9.8136067576E-01  0.0000000000E+00  7.1099199080E-01 

                       2.5805753205E-02  0.0000000000E+00  3.0118338890E-01 

                       6.5620110797E-01  0.0000000000E+00  5.5710541460E-01 

                       3.5145252502E-01  0.0000000000E+00  4.5231650623E-01 

                       8.5141728326E-01  5.0000000000E-01  4.5230530407E-01 

                       1.5622846575E-01  5.0000000000E-01  5.5709716461E-01 

                       2.2799678301E-01  5.0000000000E-01  8.5546084321E-01 

                       7.4806374379E-01  5.0000000000E-01  1.3462898736E-01 

                       2.4800760211E-01  0.0000000000E+00  1.3458943676E-01 

                       7.2798911779E-01  0.0000000000E+00  8.5547483624E-01 

                       4.9566083677E-01  0.0000000000E+00 -1.2832065151E-02 

                      -4.3485574085E-03  5.0000000000E-01 -1.2887098437E-02 

                       6.8785169618E-01  0.0000000000E+00  3.4770752750E-01 

                       3.2352398903E-01  0.0000000000E+00  6.6736027520E-01 

                       8.2350429486E-01  5.0000000000E-01  6.6735509924E-01 

                       1.8790867679E-01  5.0000000000E-01  3.4771309225E-01 

                       1.2480275336E-01  0.0000000000E+00  9.1970682557E-01 

                       8.7732603806E-01  0.0000000000E+00  6.6391752486E-02 

                       3.7728621003E-01  5.0000000000E-01  6.6381545381E-02 

                       6.2483917982E-01  5.0000000000E-01  9.1975732145E-01 

natom    22   

ntypat   3   

typat    1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 3 2 2 3   

znucl    53 50 3   

 

kpt 0.0000000000     0.0000000000     0.0000000000  

    0.0000000000     0.0192307692     0.0000000000  

    0.0000000000     0.0384615385     0.0000000000  

    0.0000000000     0.0576923077     0.0000000000  

    0.0000000000     0.0769230769     0.0000000000  

    0.0000000000     0.0961538462     0.0000000000  

    0.0000000000     0.1153846154     0.0000000000  

    0.0000000000     0.1346153846     0.0000000000  

    0.0000000000     0.1538461538     0.0000000000  

    0.0000000000     0.1730769231     0.0000000000  

    0.0000000000     0.1923076923     0.0000000000  

    0.0000000000     0.2115384615     0.0000000000  



    0.0000000000     0.2307692308     0.0000000000  

    0.0000000000     0.2500000000     0.0000000000  

    0.0000000000     0.2692307692     0.0000000000  

    0.0000000000     0.2884615385     0.0000000000  

    0.0000000000     0.3076923077     0.0000000000  

    0.0000000000     0.3269230769     0.0000000000  

    0.0000000000     0.3461538462     0.0000000000  

    0.0000000000     0.3653846154     0.0000000000  

    0.0000000000     0.3846153846     0.0000000000  

    0.0000000000     0.4038461538     0.0000000000  

    0.0000000000     0.4230769231     0.0000000000  

    0.0000000000     0.4423076923     0.0000000000  

    0.0000000000     0.4615384615     0.0000000000  

    0.0000000000     0.4807692308     0.0000000000  

    0.0000000000     0.5000000000     0.0000000000  

    0.0000000000     0.5000000000     0.0625000000  

    0.0000000000     0.5000000000     0.1250000000  

    0.0000000000     0.5000000000     0.1875000000  

    0.0000000000     0.5000000000     0.2500000000  

    0.0000000000     0.5000000000     0.3125000000  

    0.0000000000     0.5000000000     0.3750000000  

    0.0000000000     0.5000000000     0.4375000000  

    0.0000000000     0.5000000000     0.5000000000  

    0.0000000000     0.4807692308     0.5000000000  

    0.0000000000     0.4615384615     0.5000000000  

    0.0000000000     0.4423076923     0.5000000000  

    0.0000000000     0.4230769231     0.5000000000  

    0.0000000000     0.4038461538     0.5000000000  

    0.0000000000     0.3846153846     0.5000000000  

    0.0000000000     0.3653846154     0.5000000000  

    0.0000000000     0.3461538462     0.5000000000  

    0.0000000000     0.3269230769     0.5000000000  

    0.0000000000     0.3076923077     0.5000000000  

    0.0000000000     0.2884615385     0.5000000000  

    0.0000000000     0.2692307692     0.5000000000  

    0.0000000000     0.2500000000     0.5000000000  

    0.0000000000     0.2307692308     0.5000000000  

    0.0000000000     0.2115384615     0.5000000000  

    0.0000000000     0.1923076923     0.5000000000  

    0.0000000000     0.1730769231     0.5000000000  

    0.0000000000     0.1538461538     0.5000000000  

    0.0000000000     0.1346153846     0.5000000000  

    0.0000000000     0.1153846154     0.5000000000  

    0.0000000000     0.0961538462     0.5000000000  

    0.0000000000     0.0769230769     0.5000000000  

    0.0000000000     0.0576923077     0.5000000000  

    0.0000000000     0.0384615385     0.5000000000  

    0.0000000000     0.0192307692     0.5000000000  

    0.0000000000     0.0000000000     0.5000000000  

    0.0000000000     0.0000000000     0.4375000000  

    0.0000000000     0.0000000000     0.3750000000  

    0.0000000000     0.0000000000     0.3125000000  

    0.0000000000     0.0000000000     0.2500000000  

    0.0000000000     0.0000000000     0.1875000000  

    0.0000000000     0.0000000000     0.1250000000  

    0.0000000000     0.0000000000     0.0625000000  

    0.0000000000     0.0000000000     0.0000000000  

   -0.0500000000     0.0000000000     0.0500000000  

   -0.1000000000     0.0000000000     0.1000000000  

   -0.1500000000     0.0000000000     0.1500000000  

   -0.2000000000     0.0000000000     0.2000000000  

   -0.2500000000     0.0000000000     0.2500000000  

   -0.3000000000     0.0000000000     0.3000000000  

   -0.3500000000     0.0000000000     0.3500000000  

   -0.4000000000     0.0000000000     0.4000000000  

   -0.4500000000     0.0000000000     0.4500000000  

   -0.5000000000     0.0000000000     0.5000000000  



   -0.5000000000     0.0192307692     0.5000000000  

   -0.5000000000     0.0384615385     0.5000000000  

   -0.5000000000     0.0576923077     0.5000000000  

   -0.5000000000     0.0769230769     0.5000000000  

   -0.5000000000     0.0961538462     0.5000000000  

   -0.5000000000     0.1153846154     0.5000000000  

   -0.5000000000     0.1346153846     0.5000000000  

   -0.5000000000     0.1538461538     0.5000000000  

   -0.5000000000     0.1730769231     0.5000000000  

   -0.5000000000     0.1923076923     0.5000000000  

   -0.5000000000     0.2115384615     0.5000000000  

   -0.5000000000     0.2307692308     0.5000000000  

   -0.5000000000     0.2500000000     0.5000000000  

   -0.5000000000     0.2692307692     0.5000000000  

   -0.5000000000     0.2884615385     0.5000000000  

   -0.5000000000     0.3076923077     0.5000000000  

   -0.5000000000     0.3269230769     0.5000000000  

   -0.5000000000     0.3461538462     0.5000000000  

   -0.5000000000     0.3653846154     0.5000000000  

   -0.5000000000     0.3846153846     0.5000000000  

   -0.5000000000     0.4038461538     0.5000000000  

   -0.5000000000     0.4230769231     0.5000000000  

   -0.5000000000     0.4423076923     0.5000000000  

   -0.5000000000     0.4615384615     0.5000000000  

   -0.5000000000     0.4807692308     0.5000000000  

   -0.5000000000     0.5000000000     0.5000000000  

   -0.4500000000     0.5000000000     0.4500000000  

   -0.4000000000     0.5000000000     0.4000000000  

   -0.3500000000     0.5000000000     0.3500000000  

   -0.3000000000     0.5000000000     0.3000000000  

   -0.2500000000     0.5000000000     0.2500000000  

   -0.2000000000     0.5000000000     0.2000000000  

   -0.1500000000     0.5000000000     0.1500000000  

   -0.1000000000     0.5000000000     0.1000000000  

   -0.0500000000     0.5000000000     0.0500000000  

    0.0000000000     0.5000000000     0.0000000000  

   -0.0625000000     0.5000000000     0.0000000000  

   -0.1250000000     0.5000000000     0.0000000000  

   -0.1875000000     0.5000000000     0.0000000000  

   -0.2500000000     0.5000000000     0.0000000000  

   -0.3125000000     0.5000000000     0.0000000000  

   -0.3750000000     0.5000000000     0.0000000000  

   -0.4375000000     0.5000000000     0.0000000000  

   -0.5000000000     0.5000000000     0.0000000000  

   -0.5000000000     0.4807692308     0.0000000000  

   -0.5000000000     0.4615384615     0.0000000000  

   -0.5000000000     0.4423076923     0.0000000000  

   -0.5000000000     0.4230769231     0.0000000000  

   -0.5000000000     0.4038461538     0.0000000000  

   -0.5000000000     0.3846153846     0.0000000000  

   -0.5000000000     0.3653846154     0.0000000000  

   -0.5000000000     0.3461538462     0.0000000000  

   -0.5000000000     0.3269230769     0.0000000000  

   -0.5000000000     0.3076923077     0.0000000000  

   -0.5000000000     0.2884615385     0.0000000000  

   -0.5000000000     0.2692307692     0.0000000000  

   -0.5000000000     0.2500000000     0.0000000000  

   -0.5000000000     0.2307692308     0.0000000000  

   -0.5000000000     0.2115384615     0.0000000000  

   -0.5000000000     0.1923076923     0.0000000000  

   -0.5000000000     0.1730769231     0.0000000000  

   -0.5000000000     0.1538461538     0.0000000000  

   -0.5000000000     0.1346153846     0.0000000000  

   -0.5000000000     0.1153846154     0.0000000000  

   -0.5000000000     0.0961538462     0.0000000000  

   -0.5000000000     0.0769230769     0.0000000000  

   -0.5000000000     0.0576923077     0.0000000000  



   -0.5000000000     0.0384615385     0.0000000000  

   -0.5000000000     0.0192307692     0.0000000000  

   -0.5000000000     0.0000000000     0.0000000000  

   -0.4375000000     0.0000000000     0.0000000000  

   -0.3750000000     0.0000000000     0.0000000000  

   -0.3125000000     0.0000000000     0.0000000000  

   -0.2500000000     0.0000000000     0.0000000000  

   -0.1875000000     0.0000000000     0.0000000000  

   -0.1250000000     0.0000000000     0.0000000000  

   -0.0625000000     0.0000000000     0.0000000000  

0 0 0 

 

lisni7.files 
 

lisn3i7.in 

lisn3i7.out 

lisn3i7i 

lisn3i7o 

tmp 

I.GGA_PBE-JTH.xml 

Sn.GGA_PBE-JTH.xml 

Li.GGA_PBE-JTH.xml 
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