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Abstract 

 The chromium(II) antimony(III) sulphide, [Cr((NH2CH2CH2)3N)]Sb4S7, was synthesised 

under solvothermal conditions from the reaction of Sb2S3, Cr and S dissolved in tris(2-

aminoethyl)amine (tren) at 438K. The products were characterised by single-crystal X-ray 

diffraction, elemental analysis, SQUID magnetrometry and diffuse reflectance spectroscopy. The 

compound crystallises in the monoclinic space group P21/n with a = 7.9756(7), b =  10.5191(9), c = 

25.880(2) Å and  = 90.864(5)°. Alternating SbS3
3-

 trigonal pyramids and Sb3S6
3- 

semi-cubes 

generate Sb4S7
2-

 chains which are directly bonded to Cr(tren)
2+

 pendant units. The effective 

magnetic moment of 4.94(6) B shows a negligible orbital contribution, in agreement with 

expectations for Cr(II):d
4
 in a 

5
A ground state. The measured band gap of 2.14(3) eV is consistent 

with a correlation between optical band gap and framework density that is established from analysis 

of wide range of antimony sulphides. 
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Introduction 

Template-directed synthesis is widely used in the preparation of novel chalcogenides [1,2]. Such 

new materials have the potential to exhibit interesting electrical, optical and magnetic properties [3]. 

Of particular interest are the antimony (III) sulphides which exhibit a wide structural diversity due 

to the stereochemical effect of the lone pair of electrons associated with Sb(III), and the ability of 

Sb(III) to adopt 3-fold and pseudo 4- and 5-fold coordination
 
[4]. In solvothermally-synthesised 

antimony (III) sulphides, the primary building units are generally SbS3
3-

 trigonal pyramids. These 

may be connected via corner- or edge-sharing to generate isolated molecular ions [5],
 
chains [6], 

layers [7] and three-dimensional structures [8]. 
 
The Sb4S7

2-
 chain, which is comprised of alternating 

Sb3S6
3-

 semicubes and SbS3
3-

 trigonal pyramids, is particularly prevalent. Such chains may occur in 

isolation, with individual chains separated by template molecules [9,10,11], or may be bridged via 

shared sulphur atoms, persulphide linkages or Sb2S4
2-

 units to form double chains of stoichiometry 

Sb8S14
2-

 [12],
 
Sb8S13

2-
 [13], or Sb10S16

2-
 [14] respectively.  

The introduction of a transition-metal cation into the synthesis mixture usually leads to in-

situ formation of a transition-metal-amine complex. This species in turn can act as a structure 

directing agent for the growth of anionic antimony-sulphide frameworks and additionally provide a 

charge balancing counter-ion to the anionic framework. For example, anionic SbS2
-
 and Sb4S7

2-
 

infinite chains in [M(en)3]Sb2S4 [M = Co, Ni, Fe] [6,11] and [M(en)3]Sb4S7  [M = Co, Ni, Fe] 

[11,15] are charge-balanced by cationic tris(ethylenediamine) transition-metal complexes whilst 

bis(diethylenetriamine)-iron(II) complexes fulfil a similar rôle in [Fe(detn)2]Sb6S10.0.5H2O, which 

contains Sb6S10
2-

 layers  [7]. In [Co(en)3]Sb12S19, the anionic three-dimensional antimony-sulphide 

framework contains Co(en)3
2+

 cations within one-dimensional channels [16].  

In a small number of examples, transition metals are directly coordinated to the primary-

bonded antimony-sulphide framework through transition- metal-sulphur bonds. In the majority of 

cases, this is achieved through the use of an amine which does not fully coordinate the transition-

metal cation, leaving vacant coordination sites to be occupied by transition-metal-sulphur bonds. 
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Tris(2-aminoethyl)amine (tren) is particularly useful in this respect as it has only four nitrogen 

donor atoms, leaving the transition-metal centre coordinatively unsaturated. Examples in which 

transition-metal-tren complexes are bonded directly to antimony-sulphide units include the discrete 

molecular units of [Co(tren)]2Sb4S8 and [Co(tren)]2Sb2S5,  in which two Co(tren)
2+

 cations are 

bridged via Sb4S8
4-

 or Sb2S5
4-

 units through cobalt-sulphur bonds [17]; [Fe(tren)]FeSbS4  containing 

Fe(tren)
2+

 cations bonded to FeSbS4
2-

 chains [18] and two-dimensional [Co(tren)]Sb2S4,  in which 

antimony-sulphide sheets are connected to Co(tren)
2+

 cations [19]. 

Here we describe the synthesis and characterisation of the first chromium(II)-antimony-

sulphide, [Cr(tren)]Sb4S7. This material is isostructural with a series of transition-metal containing 

compounds synthesised by  Schaefer et al. [20]. Magnetic properties indicate the presence of Cr(II) 

in an orbitally non-degenerate ground state, consistent with an unusual trigonal-pyramidal 

coordination geometry. The organically coordinated Cr(II) is attached to an antimony-sulphide 

backbone giving a relatively low-density chain-like structure, with an optical band gap of 2.14(3) 

eV. A linear relationship between optical band gap and antimony-sulphide framework density is 

also established in this work.  

 

Experimental Section 

[Cr(tren)]Sb4S7 was prepared under solvothermal conditions in a Teflon-lined stainless steel 

autoclave with an inner volume of 23 ml. A mixture of Sb2S3 (0.679 g, 2 mmol), Cr (0.104 g, 2 

mmol) and 3 ml 50% aqueous tris(2-aminoethylamine) (tren, Aldrich) containing S (0.001 g, 0.03 

mmol), with an approximate molar composition Sb:Cr:S:tren of 4:2:6:10, was thoroughly mixed, 

heated at 438 K for 21 days and cooled to room temperature at a cooling rate of 20 Kh
-1

. The solid 

product was filtered, washed in distilled water then acetone and dried in air at room temperature. 

The product consisted of large orange plates of [Cr(tren)]Sb4S7 as the major component, together 

with a small amount of black polycrystalline powder identified by powder X-ray diffraction as 

consisting of a mixture of Cr2S3, Cr5S6 and unreacted Sb2S3. Combustion analysis of a handpicked 
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sample of the title compound gave C, 8.18 ; H, 2.00; N, 6.29 %; (calc. for [Cr(tren)]Sb4S7: C, 7.92; 

H, 1.99; N 6.16 %). Thermogravimetric analysis was performed using a DuPont Instruments 951 

thermal analyser. Approximately 3.5 mg of finely ground hand-picked crystals were heated at a rate 

of 10 Kmin
-1

under a flow of dry nitrogen over the temperature range 298-673 K. A single step 

weight loss of 16.13% was observed between 585 and 601 K. This weight change is consistent with 

the complete loss of the organic component (calculated 16.07%). Powder X-ray diffraction data 

showed that the residue is amorphous.  

Single-crystal X-ray diffraction data for [Cr(tren)]Sb4S7 were measured at 100 K using a 

Bruker Nonius X8 Apex diffractometer with Mo-K radiation ( = 0.71073 Å). Intensity data were 

processed using the Apex-2 software [21]. The structure was solved by direct methods using the 

program SIR-92 [22], which located all Cr, Sb and S atoms. Subsequent Fourier calculations and 

least-square refinements on F were carried out using the CRYSTALS program suite [23]. The C 

and N atoms of the amine were located in a difference Fourier map. Hydrogen atoms were placed 

geometrically on the C and N atoms after each cycle of refinement. In the final cycles of 

refinement, positional and anisotropic thermal parameters for all non-hydrogen atoms were refined. 

Crystallographic and refinement details are given in Table 1.  

 Magnetic susceptibility measurements were performed using a Quantum Design MPMS2 

SQUID susceptometer. Ca. 10 mg of hand-picked crystals of the title compound were loaded into a 

gelatine capsule at room temperature and data were collected over the temperature range (5  T/K  

300) after cooling in the measuring field of 1000 G. Data were corrected for the diamagnetism of 

the gelatine capsule and for intrinsic core diamagnetism. Diffuse reflectance data were measured 

over the frequency range 9 090-50 000 cm
-1

 using a Perkin Elmer, Lambda 35 UV/Vis 

spectrometer. BaSO4 was used as a reference material. Measurements were made on ca. 10 mg of 

finely-ground hand-picked crystals of [Cr(tren)]Sb4S7 diluted with BaSO4. The band gap was 

determined by applying the Kubelka-Munk function [24]. 
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Results and Discussion 

The local coordination and atom labelling scheme of [Cr(tren)]Sb4S7 is shown in Figure 1 

and selected bond lengths, angles and valence sums are presented in Table 2. In the asymmetric 

unit, there are four Sb atoms, seven S atoms and one Cr(tren)
2+

 cation, all of which occupy general 

positions. Each antimony, with the exception of Sb(2),  is coordinated to three sulphur atoms at 

distances in the range 2.3825(10)-2.4879(9) Å, with approximately trigonal pyramidal geometry in 

which S-Sb-S angles lie between 80.49(3) and 99.80(3)
o
. Sb(2) is coordinated by four sulphur 

atoms, in a [2 + 2] arrangement with two shorter and two longer Sb-S bonds, as has been observed 

in a number of related materials [25, 26, 27]. The bond-valence sums [28] are consistent with a 

formal oxidation state of +3 for each antimony atom, resulting in anionic Sb4S7
2-

 chains.  These
 

chains consist of alternating Sb3S6
3-

 semi-cubes and SbS3
3-

 trigonal pyramids. The terminal sulphur 

atoms of the linking SbS3
3- 

trigonal pyramids act as monodentate ligands to coordinate to Cr(tren)
2+

 

units, thus forming infinite [Cr(tren)]Sb4S7 chains directed along [100] (Figure 2). The chromium 

cation is coordinated by the four nitrogen atoms of the tren ligand and by the S(1) atom of the 

thioantimonate(III) chain in a distorted trigonal bipyramidal geometry. The Cr-S bond is of length 

2.3895(10) Å, and the Cr-N bond lengths range from 2.135(3)-2.306(3) Å. 

In common with the majority of antimony-sulphide materials, secondary Sb…S interactions 

are also present at distances 3.11 - 3.69Å, which are less than the sum of the van der Waals’ radii of 

antimony and sulphur (3.8 Å) [29]. These include both intra- and inter-chain interactions. Interchain 

interactions between Sb(4) and the sulphur atoms S(2) and S(4), serve to link individual chains into 

buckled layers, which lie parallel to the (001) plane (Figure 3). Hydrogen bonding between the 

amine ligand and the sulphur atoms of adjacent layers provides additional bonding.   

The magnetic susceptibility data for [Cr(tren)]Sb4S7  indicate paramagnetism (Figure 4). A 

Curie-Weiss expression was fitted to the data, over the temperature range 50-300 K, yielding a 

Curie constant of 3.05(7) cm
3 

K mol
-1

 and a Weiss constant of  = -5.46(5) K. The former 

corresponds to an effective magnetic moment of 4.94(6) B. This value is in good agreement with 



 7 

the spin-only magnetic moment of 4.90 B calculated for a high-spin d
4
 cation and indicates that the 

orbital contribution is small. This is consistent with the orbitally non-degenerate 
5
A ground state 

expected for a high-spin d
4
 cation in a trigonal bipyramidal geometry for which the spin-orbit 

coupling constant, , is small [30]. Effective magnetic moments for Cr(II) in this unusual 

coordination geometry have been reported to lie in the range 4.82 – 4.89 B [31, 32].   

The diffuse reflectance spectrum (Figure 5(a)) of [Cr(tren)]Sb4S7 shows an absorption edge, 

together with two weak transitions at 10 000 and 13 700 cm
-1

. The latter arise from transitions from 

the 
5
A ground state of the trigonal bipramidally-coordinated (D3h symmetry) Cr

2+
:d

4
 ion to first and 

second 
5
E excited states. The energies of these two transitions compare favourably with the values 

of 10 800 and 14 000 cm
-1

 determined experimentally and theoretically calculated by Deeth et al. 

for [Cr(Me6tren)Br]Br [33]. By applying the Kubelka-Munk function [24], the band gap of 

[Cr(tren)]Sb4S7 is determined as 2.14(3) eV (Figure 5(b)), suggesting that this material is a 

semiconductor. The isostructural series of materials containing  Mn, Fe, Co and Zn, have band-gap 

values in the range 2.04 to 3.11 eV [20].  

It has been observed by Parise and Yo [9] that the colour of solvothermally-synthesised 

antimony sulphides is related to the density of the antimony-sulphide framework. Qualitatively, the 

colour variations suggest that the optical band gap is inversely related to the framework density. 

Here we have explored this correlation in a semi-quantitative fashion by examination of the existing 

literature on optical band gaps, supplemented by a series of diffuse reflectance measurements on 

systems with a variety of structural motifs and dimensionalities. All measurements of the diffuse 

reflectance spectra and the band-gap determinations were carried out as described above. In order to 

facilitate comparison between materials containing organic counter-ions and those in which charge 

balancing is provided by a cationic transition-metal complex, the presence of which affects the 

absolute density, we use the number of antimony metal atoms per 1000 Å
3
 as a measure of the 

density. This is similar to the approach adopted in zeolite chemistry [34] and focuses on the 

antimony-sulphide network, which is the principal contributor to the band structure. Using this 
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approach, it is clear (Figure 6) that the condensed binary phase Sb2S3 has the highest framework 

density (16.4 Sb atoms/ 10
3
 Å

3
)  and also the smallest measured optical band gap of 1.54(5) eV. At 

the other extreme, [Cr(tren)SbS3], which consists of discrete neutral complexes, has a calculated 

network density of 2.86 Sb atoms/ 10
3
 Å

3
 and a measured band gap of 2.52(4) eV. The network 

density of [Cr(tren)]Sb4S7 reported here (7.37 Sb atoms/ 10
3
 Å

3
)  is approximately mid-way 

between these two extremes and this material has a band gap intermediate between those of Sb2S3 

and [Cr(tren)SbS3]. Furthermore, by considering the available body of data (Figure 6) a linear 

correlation between framework density and optical band gap holds remarkably well for materials 

with a wide range of structures, regardless of the dimensionality of the antimony-sulphide 

framework. In general, increasing the dimensionality of the structure raises the framework density 

and decreases the band gap. One exception to this is [TH2]Sb4S7 (T = 1,4,8,11-

tetraazacyclotetradecane (cyclam)), which adopts a microporous open framework-type structure 

reminiscent of a zeolite [35]. Hence, despite the increased dimensionality, the framework has a very 

low density. Similarly, efficient packing of one-dimensional chains, as occurs in [CH3NH3]2Sb8S14 

[36] and [C2N2H10]Sb8S13 [37], both of which contain double chains, can lead to higher than 

expected densities, with a concomitant reduction in the band gap. 

The structure of the binary sulphide, Sb2S3, consists of double Sb4S6 chains of edge-linked 

SbS5 square-based pyramids and SbS3 trigonal pyramids. Band-structure calculations [38] indicate 

that the optical band gap in Sb2S3 corresponds to a transition between states of predominantly 

sulphur 3p-character in the lower valence band and states in the upper conduction band deriving 

from admixture of Sb 5s/p-type levels with sulphur p-levels. Furthermore, X-ray photoelectron 

spectroscopy [39] reveals that the highest energy valence-band levels of Sb2S3 derive from sulphur 

3p lone pairs. A valence band of predominantly sulphur character separated by a band gap from a 

conduction band mainly of antimony character appears to be preserved in more complex quaternary 

antimony sulphides [40]. This suggests that despite the structural differences between the phases 

included in Figure 6, we may associate the optical band gap in these materials with a transition from 
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valence band levels of sulphur 3p character. In Sb2S3, the levels closest to the Fermi energy arise 

from interaction of these sulphur 3p levels with antimony 5s levels. As the number of antimony 

centres per unit volume is decreased, these interactions are weakened, with the result that the tail on 

the low-binding energy side of the valence band is contracted. Therefore, whilst a full analysis of 

the band gap data presented here requires detailed band structure calculations to be performed for 

each of the materials, it appears that the reduction in band gap with decreasing framework density 

may be associated with narrowing of the conduction band due to decreased overlap of the sulphur 

lone pairs with antimony 5s levels.  

 

Conclusions 

The title compound, [Cr(tren)]Sb4S7, which is isostructural with  [M(tren)]Sb4S7 (M = Mn, 

Fe, Co, Zn) [20], provides the first example of a chromium(II) antimony sulphide. The structural, 

magnetic and optical properties of the compound are consistent with the presence of chromium as a 

high-spin Cr
2+

:d
4
 ion in trigonal bipyramidal coordination geometry. This is a somewhat unusual 

oxidation state in which to find chromium, despite the reducing conditions used in the synthesis. 

Although chromium(II) has been observed previously in sulphur environments, e.g. in the binary 

phases CrS and Cr3S4 [41] and the ternary phases BaCrS2 [42], CrEr2S4 [43], and CrV2S4 [41], the 

only reported condensed phase chromium-antimony sulphide, CrSbS3 [44], contains chromium in 

the +3 oxidation state. Examples of chromium-containing antimony sulphides, prepared in the 

presence of organic amines under solvothermal conditions similar to those described here, have to 

date also been restricted to the Cr(III) oxidation state [38, 39]. It has also been established here, 

from analysis of data for a wide range of thioantimonates of differing dimensionality, that a linear 

relationship exists between band gap and framework density and that the band gap of the title 

compound is consistent with this observed correlation.   
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Figure Captions 

Figure 1 Local coordination of [Cr(tren)]Sb4S7, showing the atom labelling scheme and thermal 

ellipsoids at 50% probability.  

Figure 2 View along [001] of the [Cr(tren)]Sb4S7 chains. Key: Antimony, large solid circles; sulphur, 

large open circles; Chromium, large shaded circles; carbon, small solid circles; nitrogen, 

small open circles.  

Figure 3 View along [100] of [Cr(tren)]Sb4S7 chains joined by longer Sb…S interactions into layers. 

Unit cell outlined and longer inter chain bonds shown as narrow black lines. (Amine 

molecules omitted for clarity).Key: as for Figure 2. 

Figure 4  Zero field cooled magnetic susceptibility data and inverse susceptibility data (inset) for 

[Cr(tren)]Sb4S7. The solid line shows the fit to the Curie-Weiss expression. 

Figure 5  Diffuse reflectance spectrum of [Cr(tren)]Sb4S7, with the spectroscopic transitions described 

in the text marked. The inset shows the extrapolation through the linear portion of the band 

edge used to determine the band gap. 

Figure 6 The relationship between the optical band gap and framework density for antimony 

sulphides. The data used to construct this figure, together with the corresponding references 

to the literature values are provided as supplementary information.  
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Table 1. Crystallographic Data for [Cr(tren)]Sb4S7  

 

Formula [CrC6N4H18]Sb4S7  

Mr 909.69 

crystal habit Orange plate 

crystal dimensions/mm 0.14 × 0.04 × 0.01 

crystal system Monoclinic 

space group P21/n 

T /K 100 

a /Å 7.9756(7) 

b /Å 10.5191(9) 

c /Å 25.880(2) 

 o
     90.864(5) 

V /Å
3
 2171.0 (3) 

Z 4 

 /cm
-1

 6.070 

calc /gcm
-3

 2.783 

measured data 65109 

unique data 10140 

observed data (I3(I)) 6148 

Rint 0.04 

no. parameters refined 199 

R(F) 0.0247 

wR(F) 0.0273 

 



 15 

Table 2. Selected bond lengths [Å], angles [] and bond valences (v.u.) for the Sb4S7
2-

 anion in 

[Cr(tren)]Sb4S7. 

  
*
 

Sb(1)-S(3) 2.4622(9) 0.97 

Sb(1)-S(2) 2.4270(9) 1.06 

Sb(1)-S(1) 2.4126(9) 1.11 

  3.14 

Sb(2)-S(7) 2.7839(9) 0.41 

Sb(2)-S(5) 2.4694(10) 0.95 

Sb(2)-S(4) 2.4598(9) 0.97 

Sb(2)-S(2) 2.6382(9) 0.60 

  2.93 

Sb(3)-S(6) 2.4386(9) 1.03 

Sb(3)-S(4) 2.4879(9) 0.90 

Sb(3)-S(3) 2.4798(9) 0.92 

  2.85 

Sb(4)-S(7) 2.3825(10) 1.20 

Sb(4)-S(6) 2.4746(9) 0.94 

Sb(4)-S(5) 2.4837(9) 0.91 

  3.05 

 

S(3)-Sb(1)-S(2) 97.18(3) 

S(3)-Sb(1)-S(1) 96.59(3) 

S(2)-Sb(1)-S(1) 99.06(3) 

S(5)-Sb(2-S(4) 102.49(3) 

S(5)-Sb(2)-S(2) 85.29(3) 

S(4)-Sb(2)-S(2) 85.00(3) 

S(7)-Sb(2)-S(5)  82.20(3) 

S(7)-Sb(3)-S(6) 80.49(3) 

S(7)-Sb(3)-S(4) 81.28(3) 

S(6)-Sb(3)-S(4) 97.99(3) 

S(7)-Sb(4)-S(6) 96.46(3) 

S(7)-Sb(4)-S(5) 90.66(3) 

S(6)-Sb(4)-S(5) 99.80(3) 

 

*bond valences and their sums calculated using parameters from reference [28]  
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Figure2 
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Figure 3 
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Figure 4 
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 Figure 5 
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Figure 6 
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