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Abstract. The addition of a solution of tetrathiosquarate using K2C4S4·H2O to an aqueous 

solution of Fe(II) chloride yields mainly an insoluble, brown-black, amorphous material, but 

from the filtrate the Fe(II) salt FeC4S4·6H2O can be isolated as dark red crystals in low overall 

yield. The crystal structure determination shows the presence of C4S4
2– ions, which act each 

as bidentate chelating ligands towards two Fe2+ ions forming linear one-dimensional chains 

[Fe(H2O)2(C4S4)]n with two aqua ligands coordinated in trans positions of the octahedral 

FeS4(OH2)2 coordination polyhedron. Additional water molecules link the chains via O–H···O 

bridges to a three dimensional network. The C4S4
2– ions are planar but show substantial 

distortion from ideal D4h symmetry caused by the chelating coordination. The infrared and 

Raman spectra show bands typical for the molecular building units. The single-crystal vis/nir 

absorption spectrum of FeC4S4·6H2O reveals a weak absorption around ν%  = 6100 cm–1 which 

is assigned to the transition 5T2g → 5Eg. Above 14000 cm–1 the spectrum is completely dark, 

in agreement with the deep red colour of the compound. The magnetic properties of 

FeC4S4·6H2O show the expected single-ion effects for high-spin Fe(II) centers in a 

tetragonally distorted coordination environment and antiferromagnetic coupling within the 

coordination polymer. The quantitative analysis results of the susceptibility data concur with 

the ligand field parameters estimated from optical spectroscopy studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: tetrathiosquarate; cyclobutene-1,2-dithione-3,4-dithiolate(2−); iron(II); optical  

spectrum;  magnetism. 
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 3 

Introduction 

In contrast to the well known anion of squaric acid, the squarate ion C4O4
2–, the sulfur bearing 

analogue tetrathiosquarate C4S4
2– is less explored. C4S4

2– was firstly prepared by Seitz et al. 

The potassium salt K2C4S4·H2O is a well water soluble compound of intensive yellow colour 

containing the square-planar C4S4
2– ion [1]. Up to now only a few salt like compounds or 

coordination complexes were characterized. 

 

Tetrathiosquarate C4S4
2– forms water soluble compounds of salt like character with the earth 

alkaline ions from Mg2+ to Ba2+
. While Ca2+ and Sr2+ yield almost isotopic tetrahydrates 

MC4S4·4H2O, Mg2+ and Ba2+ show a different behaviour. For Mg2+ the formation of the 

discrete octahedral complex ions [Mg(H2O)6]
2+ is observed [2]. Ba2+ forms a double salt 

BaK2(C4S4)5·16H2O under inclusion of the potassium ions from the starting compound 

K2C4S4·H2O. Ba4K2(C4S4)5·16H2O is the least soluble of the series [3]. The Ca2+, Sr2+, and 

Ba2+ containing salts show high coordination numbers for the earth alkaline ions, which are 

linked by bridging H2O molecules and bridging tetrathiosquarate ions to one-dimensional 

strands for Ca2+ and Sr2+ or to a three dimensional network for Ba4K2(C4S4)5·16H2O. In all 

structures, the C4S4
2– ions almost fulfil D4h symmetry despite small derivations form the ideal 

symmetry are generally observed caused by the coordination to the cations. 

 

The behaviour of C4S4
2– against transition metal ions in aqueous solution is substantially 

different. Generally, insoluble, amorphous, deeply coloured  precipitations are formed [4]. 

The semiconducting poly(nickel tetrathiosquarate) [K0.15(NiC4S4)]n was subject of a structural 

study using LAXS and EXAFS spectroscopy revealing a polymeric band structure with 

bidentate C4S4 groups [5] and of theoretical considerations [6, 7] 

 

Transition metal complexes of C4S4
2– are known mainly from the work of W. Beck et al. Most 

of them are complexes of the type [LnM(C4S4)MLn]
x (x = 0, MLn = Mn(CO)4, Rh(CO)2; 

PMePh2Au [8], (PPh3)2M with M = Cu, Ag; x = 2–, MLn = M(CO)4 with M = Cr, Mo, W) 

[9]. In these complexes, C4S4
2– acts as bridging ligand between two metal atoms. A unique 

example of a complex with a chelating and terminal ligand function is [(C4S4)Ni(py)2(C4S4)]
2– 

[10]. It is significant that all these complexes contain besides tetrathiosquarate additional 

ligands, which obviously prevent the formation of insoluble polymers.  
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 4 

We found now that Fe(II) ions do not quantitatively precipitate with tetrathiosquarate, but 

allow for the isolation of the crystalline compound FeC4S4·6H2O, the first of this kind of a 

transition metal ion obtained from aqueous solution.        

 

 

Experimental 

 

The starting material K2C4S4· H2O was obtained by the procedure described in [1]. 

 

IR spectra in the region 400 – 4000 cm−1 were recorded with a Burker Vector 22 spectrometer.                             

Spectra of the solid samples were obtained as KBr pellets.  

 

The single crystal electronic absorption spectra of FeC4S4·6H2O was measured at 293 K in the 

nir/vis (5800 – 25000 cm–1, step-width ∆λ(vis) = 1 nm, ∆λ(nir) = 2 nm) using a strongly 

modified CARY 17 microcrystal spectrophotometer (Spectra Services, ANU Canberra, 

Australia). Details of the spectrometer have already been described in literature [11, 12]. A 

needle-shaped, dark red crystal with dimensions 0.3 × 0.04 × 0.04 mm3 was selected for the 

investigation. The reference intensity was measured using a pinhole instead of the crystal 

mounted on an aperture. 

 

The magnetic susceptibility of a polycrystalline sample of FeC4S4·6H2O was measured using 

SQUID magnetometry (MPMS-5XL, Quantum Design) in the temperature range 2 – 300 K at 

an applied field of 0.1 Tesla. The susceptibility data were corrected for the sample holder 

(PTFE tube) and for diamagnetic/TIP contributions (χdia(FeC4S4·6H2O) = –154 × 10–11 m3 

mol–1) calculated from tabulated values. 

 

FeC4S4 ⋅ 6 H2O: An aqueous solution of 0.235 g (1 mmol) FeCl2·6H2O in 10 ml water was 

added to an aqueous solution of 0.272 g (1 mmol) K2C4S4 ·H2O in 10 ml water. A brown 

precipitate is formed immediately. The solution was filtered and the resulting brownish-

yellow filtrate was left standing open abandoned to slow evaporation at room temperature. 

Within two days, dark red, needle shaped crystals of FeC4S4·6H2O precipitate. The yield 

based on the amount of FeCl2·6H2O/ K2C4S4 ·H2O did not exceed 5 %. Several runs of this 

procedure were necessary to obtain sufficient material serving as samples for the 

spectroscopic and physical measurements.    
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 5 

 

 

The crystals of the title compound are slightly sensitive towards the loss of water and were 

therefore sealed in glass capillaries. The diffraction quality of the crystals towards X-rays was 

checked by preliminary precession exposures, which showed the triclinic symmetry. Data 

were collected at ambient temperature using a Bruker-Nonius kappa-CCD diffractometer 

equipped with Mo-Ka radiation. The space group could be derived from the data set as 

triclinic P 1  (No. 2). A structure model was obtained by direct method [13] and refined 

against F
2 with anisotropic displacement parameters for all non-hydrogen atoms [14]. The 

refinement confirmed the centrosymmetry of the structure. The H atoms were all identified in 

a difference Fourier synthesis. They were refined with the geometrical restraint of the same 

O–H distances within 0.01 Å. H(11) and H(12), attached to the oxygen atoms of the 

coordinating aqua ligands, were refined with free isotropic displacement parameters, whereas 

these parameters were fixed for all other H atoms to Biso = 1.2 Biso of the attached O atoms. 

Crystallographic data and details of the structure analysis are given in Table 1, positional 

parameters and equivalent isotropic parameters for the non-H atoms and isotropic 

displacement for H atoms in Table 2, and selected bond lengths and angles in Table 3. 

 

Further information on the crystal structure analyses have been deposited with the Cambridge 

Crystallographic Data Centre. CCDC nnnnnn contains the supplementary crystallographic 

data for this paper. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif.  

 

 

Results and Discussion 

 

 
Synthesis 

As already known, all transition metal ions form in aqueous solution dark-coloured 

precipitations with C4S4
2–. The solubility of the precipitated materials is generally very low, 

so the intensively yellow coloured solution of K2C4S4 is completely decolourised on addition 

of transition metal ions. We observed now, that the filtrate of the precipitation reaction with 

Fe2+ is still of brownish-yellow colour, even in the presence of a slight excess of Fe2+. Slow 

 

Crystal Structure Analyses 
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evaporation of the filtrate gives rise to the crystallisation of dark-red crystals of  

FeC4S4·6H2O. The yield of the reaction is inherently very low and did not exceed 5 %. 

 

Crystal structure of FeC4S4 ⋅ 6 H2O 

The structure of FeC4S4·6H2O is built of one-dimensional polymeric strands. 

Tetrathiosquarate ions act as bridging ligands between Fe2+ ions making up the linear chain  

–Fe–C4S4–Fe–C4S4–. The six-coordinate iron atom is located on a crystallographic centre of 

symmetry and is coordinated by two bidentate tetrathiosquarate anions occupying the 

equatorial positions and by two water molecules occupying the axial positions (Figure 1). The 

FeS4 unit is planar as required by symmetry. The O–Fe–O linear unit is positioned normal to 

the FeS4 plane. The Fe–O bond length is 2.129(2) Å, while the respective Fe–S bonds to S(1) 

and S(2) amount almost identical to 2.5595(5) and 2.5519(5) Å, respectively (Table 3). The 

angles in the octahedral coordination environment around Fe are 180° and near to 90°, 

differing maximally by +2.7°. The anions are located at a centre of symmetry giving them 

strictly planar molecular shape. The two independent C–C bonds are equal within standard 

deviations and amount to 1.462(3) Å, the two independent C–S bonds of 1.648(2) and 

1.649(2) Å also do not differ significantly. The S···S distances in the outer perimeter of the 

C4S4
2– ion show, however, significant deviations from the ideal square D4h symmetry. The 

short S(1)···S(2) and S(1)II…S(2)II distances of 3.5986(5) Å are observed between the 

coordinating S atoms, which are attached to the same Fe atom. The S(1)···S(2)II and  

S(1)II···S(2) distances in the direction of the chain are substantially longer (3.9733(5) Å). This 

is accompanied by two largely differing C–C–S angles (Table 3). The tetrathiosquarate ions is 

thus strongly deformed to a rectangular shape by the chelating coordination to the Fe atoms.  

 

In the unit cell, the [Fe(H2O)2(C4S4)2/2]n chains are running along the c-axis (Figure 2). All 

chains are identical by translational symmetry and within the chains the C4S4 groups are 

identical by translation, so all C4S4 groups in the structure are arranged parallel to each other. 

The structure contains four additional water molecules per formula unit. These water 

molecules are located between the [Fe(H2O)2(C4S4) 2/2]n chains and connect them via O–H···O 

and O–H···S bridges to a three-dimensional net (Figure 3). Hydrogen bridges with H···A< r(A) 

+ 2.0 Å are observed [15]. The O···H distances are in the range from 2.02 to 2.30 Å with the 

respective O···O distances from 2.74 to 3.04 Å. The water molecules at O(2) connect 

neighboured Fe centres via eight-membered rings consisting of two H2O(1) and two H2O(2) 

molecules along the b-axis. The O(3)···S(2) distance is 3.338 Å, which amounts the sum of 
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 7 

van der Waaals radii (3.32 Å [16]), the respective O–H···S bridge amounts  2.68 Å. The O–

H···S bridges in the structure of  FeC4S4·6H2O are weaker than those found in the structures of 

CaC4S4·4H2O [2] where H···S distances of 2.492 Å were found and even weaker than those in 

Ba4K2(C4S4)5·16H2O with H···S distances beginning with 2.328 Å [3]. 

 

Vibrational Spectroscopy 

 

The IR spectrum of FeC4S4·6H2O shows close similarities to those of the earth alkaline 

tetrathiosquarates [2, 3]. Most of the observed absorption bands (606m, 745m, 788s, 873w, 

1021sh, 1186vs, 1220vs, 1375w, 1618s, 1763w, 3474w, 3591w /cm–1) arise from the normal 

modes of the C4S4
2– ion with D4h symmetry [17]. The strong band at 1618 cm–1 can be 

attributed to bending fundamental of coordinated H2O, which is for example observed at 1580 

cm–1 for K2[FeCl5(H2O)] [18]. We did not succeed in recording a Raman spectrum of  

FeC4S4·6H2O due to strong fluorescence occurring on irradiation with Nd:YAG laser (1064 

nm), even at low laser powers.  

 
 
Electronic Absorption Spectroscopy 

 
The single-crystal UV/vis/nir absorption spectrum of FeC4S4·6H2O reveals a weak absorption 

around ν%  = 6100 cm–1, which we assign to the transition 5T2g → 5Eg of the [Fe(H2O)2(C4S4)2] 

chromophore. Above 14000 cm–1 the spectrum is completely dark, in agreement with the deep 

red colour of the compound. Fig. 4 shows the spectrum depicted as the absorbance A = –

log(Icrystal/Ireference) versus the wavenumber ν% . The nir/vis electronic absorption spectrum 

reveals a rather low ligand-field splitting for the chromophore [Fe(H2O)2(C4S4)2] with ∆o = 

6100 cm–1. It is also somewhat surprising, that the coordination of iron(II) by two chelating 

tetrathiosquarate ligands and two water molecules does not lead to a splitting of the 5T2g → 
5Eg transition. While we can not completely exclude further absorption below 5800 cm–1, 

below the spectrometer limit, this does not appear very likely to us. For the hexa-aquo Fe(II) 

complex [Fe(H2O)6]
2+, ∆o = 9400 cm–1 is reported [19]. The homoleptic complex of the 

tetramethyl-dithiooxamide with iron(II) shows octahedral coordination and ∆o = 6800 cm–1 

[20]. It is the only well documented example for Fe2+ ions octahedrally coordinated by sulfur 

ligands. Similar ligand-field splittings are, however, observed for hexa-thiocyanate complexes 

[21]. Above 14000 cm–1 the spectrum is completely dark, in agreement with the deep red 
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 8 

colour of the compound. The absorption in this spectral region is attributed to metal-ligand 

charge transfer and to intra-ligand electronic transitions. 

 
 
 

Magnetism 

The magnetic low-field susceptibility of FeC4S4·6H2O as a function of temperature (2.0 – 300 

K) is shown in Figure 5, represented by effective effective magnetic moment µeff = 

797.74 (χm T)1/2 (SI units). The effective magnetic moment of the title compound at 290 K is 

4.77 per Fe(II) ion, slightly lower than the spin-only value of 4.90 µB for a high-spin d6 

system. Note that the magnetism of high-spin Fe(II) complexes (free ion ground term 5
D) 

implies a significant temperature dependence of µeff due to first-order orbital contributions 

according to the 5T2(D) ground state [22]. 

 

The observed magnetic properties were analyzed with CONDON using the complete basis set 

(full d manifolds, i.e. 210 functions for Fe(II) (3d6)) as a function of the applied field B. These 

factors are necessary to yield reliable information on the magnetic dipole orientation with 

respect to the local symmetry elements. CONDON takes into account the following single-ion 

effects: interelectronic repulsion, spin-orbit coupling, ligand field effects and the applied field 

[23]. Therefore, modeling the magnetic properties requires the ligand-field effect, spin-orbit 

coupling, and exchange coupling all to be taken into account. The values for the spin-orbit 

coupling parameter (ζ = 340 cm–1) and Racah parameters (B = 720 cm–1, C = 4 B) were 

chosen on the basis of the optical spectra [24, 25] and used as constants in the following 

calculations. The exchange interactions between the spin-2 centers within the chain are 

considered in the molecular field approximation 

 ( ) MF

k

q λBςCBχ=χ −−−  ,,,1
m

1
m ,  (1) 

where χm represents the single-ion susceptibility and λmf the molecular field parameter. The 

effective magnetic moment exhibits a significant temperature dependence, resulting in a 

decay from 4.77 at room temperature to 3.0 at 20 K. To reproduce this monotonous decrease 

in µeff we need to accommodate both (antiferromagnetic) exchange coupling between nearest 

neighbor spin centers as well as ligand field effects with respect to the tetragonally distorted 

octahedral coordination environments of the Fe centers in FeC4S4·6H2O (D4h). To this effect a 

ligand field operator with reference to the fourfold rotation axis for the angular part of the 

wave function was adopted [26, 27]: 
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In cubic systems the ligand field parameter B0
2 is zero and a fixed relation between 

4
0

4
4  14/5 BB =  exist, so that only the coefficient 4

0B  remains an essential fitting parameter (all 

ligand field parameters stated in Wybourne notation [27]). The crystallographic structure 

shows that the coordination polyhedron is very strongly compressed so that a negative value 

for 2
0B  is predicted by the point charge electrostatic model (PCEM). A least-squares fit for 

calculated and experimental values of χm for the temperature range between 15 – 290 K (for 

which the molecular field model is valid), yields λMF = – 5.89 × 106 mol cm–3,  = –41000 

cm–1,  = 13200 cm–1, 4
4B  = 5900 cm–1 (SQ = 0.6 %; blue graph in Fig. 5). 

As expected, the negative molecular field parameter λMF indicating antiferromagnetic 

coupling, mediated by the tetrathiosquarate linkers, is essential for a good fit. Note that the 

ligand field parameters obtained here correspond well with the LFOS from the UV/VIS data 

(Dq ≈ 600 cm–1). 

 

 

Conclusions 

 

Tetrathiosquarate C4S4
2– forms a slightly water soluble complex compound of salt like 

character with Fe2+ ions and allows for the isolation of dark red FeC4S4·6H2O. The crystal 

structure, consisting of 1-D polymeric bands –Fe(OH2)2–C4S4–, confirms the structure models 

that had been set up earlier for the amorphous polymeric transition metal tetrathiosquarates, 

precipitated from aqueous solution. The Fe(II) ion exhibits a tetragonally distorted FeO2S4  

coordination with low ligand-field splitting and high-spin configuration. An antiferromagnetic 

exchange coupling between the Fe(II) ions is present, mediated by the tetrathiosquarate 

linkers. 
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 10 

   Table 1  Crystallographic data and details of the structure determination for FeC4S4·6H2O  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound FeC4S4 · 6H2O 

Formula C4H12FeO6S4 

Formula weight 340.23 
Crystal system triclinic 
Space group P 1  

Z 1 
a / Å 6.3345(3) 
b / Å 7.2894(4) 
c / Å 7.6016(4) 
α / º 72.329(3) 
β / º 73.234(3) 
γ / º 81.405(3) 
V / Å3 319.49(3) 

 
Density (calc.)/ g⋅cm−3 1.768 
µ /cm−1 18.4 
Diffractometer Bruker-Nonius kappaCCD 
Radiation  Mo-Kα, λ=0.7107Å 
Temperature /K 293 
Range of data collection / ο 2θ < 55.05  
Index ranges -8 ≤ h ≥ 8  

-9 ≤ k ≥ 9  
-9 ≤ l ≥ 9 

Reflections collected 2872 
Independent reflections, Rmerg 1474, 0.020 
No. of data / parameters 1474 / 91 
Goodness-of-fit on F2 1.048 
wR(F2) 0.0726 
R(F) for [n] F0 > 4σ(F0) 0.0292 [1214] 
R(F) for all data 0.0407 
Largest difference peak  
and hole / e·Å–3 

+0.64 / -0.34 
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 11 

Table 2  Positional coordinates and equivalent isotropic displacement parameters Ueq / Å
2 for 

the non-H atoms in the structure of FeC4S4·6H2O. H atoms were refined with isotropic 

displacement parameters. Standard deviations refer to the last significant digit.  

 
 

Atom x y z Ueq 

Fe 0 0 0 0.0243(2) 

S(1)  0.27921(8) -0.10705(8)  0.20307(7) 0.0300(2) 

S(2) 0.27340(8) -0.11709(8) -0.27003(7) 0.0292(2) 

C(1) 0.1131(3) -0.0442(3) 0.3895(3) 0.0248(4) 

C(2) 0.1106(3) -0.0489(3) -0.4163(3) 0.0247(4) 

O(1) 0.1098(3) 0.2846(2) -0.1137(3) 0.0342(3) 

O(2) 0.7186(3) -0.4431(3) -0.1061(3) 0.0464(5) 

O(3) 0.6660(4) -0.3806(3) 0.4955(3) 0.0530(5) 

H(11) 0.172(5) 0.311(4) -0.053(4) 0.07(1) 

H(12) 0.171(5) 0.315(4) -0.216(3) 0.07(1) 

H(21) 0.709(5) -0.409(4) -0.206(3) 0.056 

H(22) 0.798(4) -0.530(3) -0.101(4) 0.056 

H(31) 0.599(5) -0.283(3) 0.502(5) 0.064 

H(32) 0.592(5) -0.462(4) 0.539(4) 0.064 
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Table 3    Selected bond lengths / Å and angles / ο  in the structure of  FeC4S4·6H2O. For 

symmetry operations see legend of Fig. 1. 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fe – O(1)                    2.129(2) C(1) – S(1)                      1.648(2) 

Fe – S(1)                  2.5595(5) C(2) – S(2)                  1.649(2) 

Fe – S(2)                2.5519(5) C(1) – C(2) 1.462(3) 

  C(1) – C(2)II 1.462(3) 

S(1) – Fe – S(2)   89.50(2) S(1) – Fe – S(2)I  90.50(2) 

S(1) – Fe – O(1)   87.79(5) S(1) – Fe – O(1)I   92.21(5) 

S(2) – Fe – O(1)   92.71(5) S(2) – Fe – O(1)I   87.29(5) 

C(1) – C(2) – C(1)II 90.1(2) C(2) –  C(1)II – C(2)II 89.9(2) 

C(2) – C(1) – S(1) 130.5(2) C(2)II – C(1) – S(1) 139.6(2) 

C(1) – C(2) – S(2) 130.3(2) C(1)II – C(2) – S(2) 139.7(2) 
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Legends for Figures 

 

 

 

Fig. 1   A section of the [Fe(H2O)2(C4S4)]n chain in the structure of  FeC4S4·6H2O. Thermal 

ellipsoids are drawn to include a probability density of 70%. Symmetry operations:   I = –x, 

−y, –z; II = −x, −y, –1 − z.  

 

Fig. 2   The unit cell of FeC4S4·6H2O in a perspective view along the c-axis. Atoms are drawn 

as spheres of arbitrary radii. The coordination of the Fe2+ ions is shown as massive octahedra.   

 

Fig. 3   The unit cell of FeC4S4·6H2O  in a perspective view along the a-axis. Fe, C, S, and H 

atoms are drawn as spheres of arbitrary radii, oxygen atoms are drawn as ellipsoids scaled to 

include a probability density of 50 %. Short O–H···O and O–H···S bridges are drawn as 

fragmented bonds.  

 

Fig. 4   Single-crystal electronic absorption spectrum of FeC4S4·6H2O. 

 

 

Fig. 5 Temperature dependence of µeff of FeC4S4·6H2O at 0.1 Tesla (circles: experimental 

data, best least squares fit to employed model: blue line). The red graph represents a 

simulation of the single-ion effects without exchange coupling interactions (see text). 
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Fig. 4 
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Fig. 5 
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