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Solvothermal syntheses and characterizations of
polysulfido-thioantimonate and thioantimonate templated by

Co-phen complex cation

YUN LIU, JIALIN LU, FANG WANG, YALI SHEN, CHUNYING TANG,
YONG ZHANG and DINGXIAN JIA*

College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou, PR
China

(Received 11 September 2014; accepted 7 April 2015)

Polythioantimonate [Co(phen)3][Sb4S5(S4)2] (1), thioantimonates [Co(phen)3]2Sb18S29 (2), and
[H3O][Co(phen)3]SbS4·9H2O (3) were solvothermally prepared using [Co(phen)3]

2+ as a structure
directing agent in different protic solvents, indicating solvent effects on the solvothermal system of
Co/Sb/S/phen.

Polysulfido-thioantimonate [Co(phen)3][Sb4S5(S4)2] (1), thioantimonates [Co(phen)3]2Sb18S29 (2),
and [H3O][Co(phen)3]SbS4·9H2O (3) (phen = 1,10-phenanthroline) were prepared using [Co
(phen)3]

2+ formed in situ as a structure directing agent in 80 and 50% CH3OH aqueous solution or
water solution, respectively. In 1, eight Sb3+ ions are connected by ten μ-S2− and four μ-S2�4 bridg-
ing ligands to form a circular polysulfide thioantimonate anion [Sb8S10(S4)4]

4− which contains a six-
teen-membered Sb8S8 heteroring. The Sb3+ ions are in trigonal pyramidal SbS3 or trigonal
bipyramidal ψ-SbS4 geometries. In 2, sixteen SbS3 and two ψ-SbS4 units are interconnected by shar-
ing S atoms to form a 3-D [Sb18S29

4−]∞ framework containing an interpenetrating channel system,
in which the [Co(phen)3]

2+ complexes are enclosed. In 3, by O–H⋯O and O–H⋯S H-bonding,

*Corresponding author. Email: jiadingxian@suda.edu.cn

© 2015 Taylor & Francis

Journal of Coordination Chemistry, 2015
Vol. 68, No. 13, 2334–2346, http://dx.doi.org/10.1080/00958972.2015.1045500

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
34

 2
8 

D
ec

em
be

r 
20

15
 

mailto:jiadingxian@suda.edu.cn
http://dx.doi.org/10.1080/00958972.2015.1045500


[SbS4]
3−,·H2O and H3O

+ are interconnected into a fH3O-SbS4-ðH2O9Þg2n�n anionic layer, which
contains a (H2O)6 water cluster. The [Co(phen)3]

2+ complexes are located between the layers. The
syntheses of 1–3 show the influences of different solvents on the Co/Sb/S/phen system. The optical
band gaps of 1–3 are 2.02, 2.11, and 2.27 eV, respectively.

keywords: Thioantimonate; Cobalt; Solvothermal syntheses; Solvent effect

1. Introduction

Chalcogenidoantimonates attract attention because of their structural diversity and interest-
ing optical and electrical properties [1, 2]. Effort in templating syntheses in coordinative
ethylene polyamines under solvothermal conditions has led to numerous chalcogenidoanti-
monates containing transition metal (TM) complexes as charge compensating countertions
or structural components. The solvothermal system Sb/S/TM has been extensively investi-
gated in a variety of ethylene polyamines, such as ethylenediamine (en) [2(a), 3],
diethylenetriamine (dien) [4], tris(2-aminoethyl)amine (tren) [5] and triethylenetetramine
(trien) [6], or mixed ethylene polyamines [5(g), 7]. The TMn+ ions are coordinated to
polyamines to form chelating complex cations, which act as templates or structure directing
agents in the syntheses. The structures and denticities of the ethylene polyamines influence
the structures and compositions of the final thioantimonates, giving [Co(en)3]CoSb4S8 [2
(a)] and {[Co(tren)]2[CoSb2S6]}·H2O [5(g)], for example. The former, which was prepared
with bidentate en, contains a free [Co(en)3]

2+ counter cation, while the latter with tridentate
tren contains a [Co(tren)]2+ fragment coordinated by an inorganic [CoSb2S6]

4− anion. Par-
ticularly, in the case of thiophilic TM ions (such as Cu+ and Ag+), the thiophilic TM ions
are easily incorporated into the binary Sb/S composition to form ternary thioantimonates
with protonated amines as the charge compensating cations [8, 9]. On the other hand, the
structures and compositions of the TM-containing thioantimonates are sensitive to the
solvothermal reaction conditions. Examples to exhibit the influence of solvothermal
reaction conditions are the Ni-thioantimonates prepared from the Ni/Sb/S system in the
presence of the same polyamine dien. Seven Ni-thioantimonates, [Ni(dien)2]3(SbS4)2 [4(a)],
[Ni(dien)2]9Sb22S42·0.5H2O [4(b)], [Ni(dien)2]2Sb4S8 [4(c)], [Ni(dien)2]2Sb4S9 [4(d)],
[Ni(dien)2]Sb4S7·H2O, [Ni(dien)2]3Sb12S21·H2O [4(e)], and [Ni(dien)2]3(Sb3S6)2 [4(f)] were
prepared using the same starting materials, but with different molar ratio of reactants, in
different solvents, or at different temperature. Solvothermal syntheses in the Sb/S/TM/poly-
amine system usually produce thioantimonates(III) [4–7]. The thioantimonates(V) are
seldom obtained, and the limited examples include [Ni(dien)2]3(SbS4)2 [4(a)], [Co(dien)2]
[Co(tren)SbS4]2·0.5H2O [5(g)], [Cr(en)3]SbS4 [10], [Mn(tren)(Htren)]SbS4 [11], and [Ni
(en)3]2(SbS4)(NO3) [12]. Thioantimonates(V) other than thioantimonates(III) were obtained
in similar solvothermal syntheses with TM being replaced by lanthanide (Ln), giving
[Ln(dien)2(μ-η

1, η2-SbS4)]n (Ln = Pr, Nd, Sm) and [Ln(dien)2(η
2-SbS4)] (Ln = Eu, Dy), for

example [13]. The only example of thioantimonates(III) containing a Ln complex is
[La(dien)2(μ4-Sb2S5)(μ3-SO4)]n [14].

Compared with the TM-containing thioantimonates with aliphatic polyamines, the com-
pounds containing TM complexs with aromatic ligands are less explored [15]. In our previ-
ous work, we prepared polyselenidoarsenates and selenidoarsenates using the TM
complexes of phen as structure directing agents and found that the TM-phen complexes
show different structure directing effects from the TM-aliphatic-amine complexes in the
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solvothermal syntheses of selenidoarsenates [16]. In order to explore the effects of TM-phen
complexes and solvents on the solvothermal syntheses of thioantimonates, the Co/Sb/S/phen
system was investigated in H2O and mixed CH3OH-H2O solvents, and a polysulfido-
thioantimonate(III) [Co(phen)3][Sb4S5(S4)2] (1), a thioantimonate(III) [Co(phen)3]2Sb18S29
(2), and a thioantimonate(V) [H3O][Co(phen)3]SbS4·9H2O (3) were prepared.

2. Experimental

2.1. Materials and physical measurements

All starting chemicals were of analytical grade and used as received. Elemental analyses
were conducted using an EA1110-CHNS-O elemental analyzer. Fourier transform infrared
(FT-IR) spectra were recorded using a Nicolet Magna-IR 550 spectrometer on dry KBr
disks from 4000 to 400 cm−1. Powder X-ray diffraction (PXRD) patterns were collected on
a D/MAX-3C diffractometer using graphite monochromated Cu Кα radiation
(λ = 1.5406 Å). Energy dispersive X-ray measurements were performed on a scanning elec-
tron microscope Hitachi S-4700. Room temperature optical diffuse reflectance spectra of
powder samples were obtained using a Shimadzu UV-3150 spectrometer. Absorption (α/S)
data were calculated from the reflectance using the Kubelka-Munk function α/S = (1 − R)2/
2R [17].

2.2. Synthesis of the complexes

2.2.1. [Co(phen)3][Sb4S5(S4)2] (1). CoCl2·6H2O (48 mg, 0.2 mmol), phen·H2O (119 mg,
0.6 mmol), Sb (73 mg, 0.6 mmol), S (58 mg, 1.8 mmol), and dien (116 mg, 1.13 mmol) were
dispersed in 3 mL of CH3OH aqueous solution (80% in H2O) by stirring, and the dispersion
was loaded into a polytetrafluoroethylene (PTFE) lined stainless steel autoclave of volume of
10 mL. The sealed autoclave was heated to 140 °C for 6 days and then cooled to ambient
temperature. The resulting product contained dark-red crystals of 1 and some black powder.
The crude product was transferred into a vial which was filled with water. Most of the black
powder was suspended in water, which was then decanted leaving behind crystals. This
procedure was repeated until the water remained clear. The red crystals of 1 were collected
by filtering, washed with methanol, and stored under vacuum (yield: 104 mg, 46% based on
Sb). Elemental analysis results of the crystals are consistent with the stoichiometry of
C36H24N6CoSb4S13. Anal. Calcd for C36H24N6CoSb4S13 (%): C, 28.76; H, 1.61; N, 5.59.
Found: C, 28.65; H, 1.55; N, 5.48. IR data (KBr, cm−1): 3801 (w), 3741 (w), 3045 (w), 2353
(w), 1666 (s), 1582 (w), 1513 (s), 1422 (s), 1380 (w), 1341 (w), 1217 (w), 1142 (w), 1095
(m), 954 (w), 843 (s), 772 (m), 726 (s), 665 (w), 502 (m), 447 (w), 423 (m).

2.2.2. [Co(phen)3]2[Sb18S29] (2). CoCl2·6H2O (48 mg, 0.2 mmol), phen·H2O (119 mg,
0.6 mmol), Sb (73 mg, 0.6 mmol), S (58 mg, 1.8 mmol), and dien (105 mg, 1.02 mmol)
were dispersed in 3 mL of CH3OH aqueous solution (50% in H2O) by stirring, and the dis-
persion was loaded into a 10 mL PTFE lined stainless steel autoclave. The sealed autoclave
was heated to 140 °C for six days and then cooled to ambient temperature. The resulting
product contained red crystals of 2 and some black powder. The crude product was handled
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by the same purification process as that of 1 and red crystals of 2 were obtained (yield:
75 mg, 52% based on Sb). Elemental analysis results of the crystals are consistent with the
stoichiometry of C72H48N12Co2Sb18S29. Anal. Calcd for C72H48N12Co2Sb18S29 (%): C,
20.02; H, 1.12; N, 3.89. Found: C, 19.89; H, 0.98; N, 3.77. IR data (KBr, cm−1): 3732 (w),
3041 (w), 2365 (m), 1511 (s), 1429 (m), 1336 (w), 1141 (w), 1100 (w), 981 (s), 855 (s),
779 (s), 720 (vs), 665 (m), 604 (w), 555 (w), 549 (w), 422 (s).

2.2.3. [H3O][Co(phen)3]SbS4·9H2O (3). CoCl2·6H2O (95 mg, 0.4 mmol), phen·H2O
(238 mg, 1.2 mmol), Sb (49 mg, 0.4 mmol), S (38 mg, 1.2 mmol), and dien (124 mg,
1.20 mmol) were dispersed in 3 mL of H2O by stirring, and the dispersion was loaded into
a 10 mL PTFE lined stainless steel autoclave. The sealed autoclave was heated to 160 °C
for six days and then cooled to ambient temperature. The resulting product was handled by
the same purification process as that of 1 and yellow prism crystals of 3 were obtained
(yield: 227 mg, 55% based on Sb). Elemental analysis results of the crystals are consistent
with the stoichiometry of C36H45N6O10CoSbS4. Anal. Calcd for C36H45N6O10CoSbS4 (%):
C, 41.95; H, 4.40; N, 8.15. Found: C, 41.76; H, 4.34; N, 8.02. IR data (KBr, cm−1): 3930
(w), 3901(m), 3868 (m), 3836 (s), 3741 (s), 3675 (m), 3655 (m), 3618 (s), 3565 (w),
2982 (w), 1867 (w), 1834 (w), 1744 (m), 1698 (s), 1645 (m), 1518 (s), 1465 (m), 1432 (w),
1395 (w), 1337 (w), 1264 (w), 1153 (w), 1005 (w), 862 (w), 751 (m), 701 (m), 546 (w),
500 (m).

2.3. X-ray structure determination

Data were collected on a Rigaku Saturn CCD diffractometer at 293(2) K using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) to a maximum 2θ value of 50.70°. The
intensity data sets were collected with a ω-scan method and reduced with the CrystalClear
program [18]. An empirical absorption correction was applied for 1–3 using the multiscan
method. Structures were solved with direct methods using SHELXS-97 [19] and refinement
was performed against F2 using SHELXL-97 [20]. All non-hydrogen atoms were refined
anisotropically. Hydrogens were added geometrically and refined using the riding model.
The O–H hydrogens in 3 were located in difference map, and were refined using a riding
model. Technical details of data acquisition and selected refinement results are summarized
in table 1.

3. Results and discussion

3.1. Syntheses

Title compounds were prepared in CH3OH–H2O or H2O solvents under solvothermal condi-
tions. The reaction of CoCl2·6H2O, Sb, S, dien, and phen in 80% CH3OH aqueous solution
at 140 °C produced a cobalt polysulfido-thioantimonate(III) [Co(phen)3][Sb4S5(S4)2] (1).
The reaction in 50% CH3OH solutions afforded a cobalt thioantimonate(III) [Co
(phen)3]2Sb18S29 (2). A thioantimonate (V) compound [H3O][Co(phen)3]SbS4·9H2O (3)
was obtained by the reaction in water at 160 °C. The experimental PXRD patterns of the
bulk phase for 1–3 are similar to the simulated PXRD pattern on the basis of single-crystal
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X-ray diffraction data, (figures S4, S5, and S7 in SI). The different polarity and dissolving
capacity of the solvents might be attributed to formation of three thioantimonate com-
pounds. The influence of reaction solvents on the solvothermal syntheses are also observed
in syntheses of TM-containing chalcogenidoarsenates and chalcogenidostannates. The
solvothermal reactions of CoCl2, As2O3 and Se in H2O and CH3OH aqueous solution gave
selenidoarsenate [Co(phen)3]2[As8Se14] and polyselenidoarsenate [Co(phen)3][As2Se2(μ-
Se3)(μ-Se5)], respectively [13(a)]. The selenidostannates {[Mn(phen)2]2(μ2-Sn2Se6)}·H2O,
{[Mn(phen)]2(μ4-Sn2Se6)}n, and {[Mn(phen)2](Sn2Se5)}n with different structures were syn-
thesized in methylamine aqueous solutions with different concentrations [21].

3.2. Crystal structures

Compound 1 crystallizes in the triclinic crystal system and contains two formula units in
the unit cell (table 1). It contains one crystallographically independent Co, four Sb, and thir-
teen S atoms. The Co2+ is coordinated by three phen ligands (figure S8), forming a distorted
octahedral complex [Co(phen)3]

2+ with Co–N distances of 2.068(4)–2.120(4) Å, and
equatorial and axial N–Co–N angles of 78.99(17)–97.84(17)° and 166.26(17)–172.95(16)°
(table 2), respectively. The bond lengths and angles are consistent with those of reported
cobalt(II)-phen complexes [22]. As shown in figure 1, Sb(2) is equally connected with Sb
(1) and Sb(3) via μ-S2− and μ-S2�4 bridges, forming a Sb3S2(S4)2 fragment. The Sb3S2(S4)2
fragment is shared with the Sb(4)S3 trigonal pyramid at Sb(3) to form the asymmetric
Sb4S5(S4)2 unit (figure 1). Two Sb4S5(S4)2 units are joined end-to-end via a vertex-shared
sulfur (S6) to form the circular polysulfide [Sb8S10(S4)4]

4− anion containing a

Table 1. Crystallographic data and structure refinement details for 1–3.

1 2 3

CCDC deposit no. CCDC-1018727 CCDC-1018728 CCDC-1018751
Formula C36H24N6CoS13Sb4 C72H48N12Co2S29Sb18 C36H45N6O10CoS4Sb
Formula mass 1503.32 4320.32 1030.70
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 P 21 P-1
λ (Mo-Kα) (Å) 0.71073 0.71073 0.71073
a (Å) 12.3411(15) 11.156(10) 12.1297(5)
b (Å) 13.5453(17) 41.25(2) 14.9167(6)
c (Å) 15.6587(17) 12.354(11) 15.1183(6)
α (°) 101.977(2) 90 117.748(5)
β (°) 95.423(2) 106.595 107.508(6)
γ (°) 113.406(2) 90 97.404(8)
V (Å3) 3625.5(13) 5449(9) 2188.38(15)
Z 2 2 2
Dcalcd (g cm−3) 2.167 2.633 1.564
F(0 0 0) 1442 4000 1050
Reflections collected 22,692 24,543 17,787
Independent reflections 8370 10,030 7969
Rint 0.0382 0.0474 0.0333
Reflections with [I > 2σ(I)] 7653 9227 8458
Flack value 0.13(3)
Parameters 542 959 512
R1 [I > 2σ(I)] 0.0419 0.0496 0.0479
wR2 (all data) 0.0812 0.0955 0.1171
Goodness-of-fit on F2 1.118 1.065 1.128
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centrosymmetric sixteen-membered Sb8S8 heteroring. Among the four crystallographically
independent Sb atoms, Sb(1), and Sb(4) are coordinated to three sulfides in typical SbS3
trigonal pyramidal geometry with S–Sb–S angles of 85.76(5)–100.01(6)° and Sb–S bond
lengths of 2.3701(17)–2.5044(17) Å (table 2). The Sb(2) and Sb(3) form ψ-SbS4 trigonal
bipyramids with the axial S(4)–Sb(2)–S(7) bond angles of 173.62(5)° in ψ-Sb(2)S4 and S
(10)–Sb(3)–S(12) of 163.67(5)° in ψ-Sb(3)S4. The bond lengths of ψ-SbS4 are 2.4378(16)–
2.7477(16) Å, which are, as expected, longer than those of the SbS3 unit. The bond lengths
and angles of the SbS3 and ψ-SbS4 units are consistent with the corresponding values
reported in the thioantimonates containing both SbS3 and ψ-SbS4 units [3(e), 4(d), 4(e)].
The S2�4 chains possess typical S–S single-bond distances (2.046(2)–2.059(2) Å) and angles
(104.01(9)–107.18(10)°) (table 2), which is in the range of corresponding values observed,
such as 2.039(9)–2.069(9) Å for S–S in Cs5Sb8S18(HCO3) [23(a)] and 2.089(5) Å for S–S
in {(C3H13N2)[Sb8S14]}n [23(g)]. Sb(1), and Sb(3) have additional secondary Sb⋯S
interactions with S(4) and S(7) of S2�4 units at distances 3.158 and 3.777 Å, respectively,
(figure S9 in Supporting Information). These separations are shorter than the sum of the
van der Waals radii of Sb and S (3.80 Å) [24]. Taking into account these secondary bonds

Table 2. Selected bond lengths (Å) and angles (°) for 1–3.

1 2 3

Sb–Sa 2.4378(16)–2.7477(16) 2.408(6)–2.858(5) 2.317(4)–2.341(4)
Sb–Sb 2.3701(17)–2.5044(17) 2.358(5)–2.544(4)
S–S 2.046(2)–2.059(2)
Co–N 2.068(4)–2.120(4) 2.052(16)–2.122(16) 2.079(8)–2.118(8)
S–Sb–Sa 79.21(6)–173.62(5) 87.72(14)–174.02(14) 107.30(14)–111.24(14)
S–Sb–Sb 85.76(5)–100.01(6) 87.04(17)–102.30(18)
S–S–S 104.01(9)–107.18(10)
Sb–S–Sb 89.35(5)–104.42(6) 89.00(17)–106.55(17)
cis-N–Co–N 78.99(17)–97.84(17) 79.0(6)–95.7(6) 79.1(3)–95.4(3)
trans-N–Co–N 166.24(18)–172.96(17) 169.5(6)–172.5(5) 168.2(3)–171.4(3)

aBond lengths and angles for SbS4 units.
bBond lengths and angles for SbS3 units.

Figure 1. Crystal structure of the circular [Sb8S10(S4)4]
4− anion in 1 with the labeling scheme (thermal ellipsoids

are shown at 50% probability).
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the resulting Sb(1)S4 and Sb(3)S5 polyhedra may be described as distorted ψ-SbS4 trigonal
bipyramid and ψ-SbS5 octahedron, respectively.

Each [Sb8S10(S4)4]
4− anion contacts with four neighbors via weak S⋯S interactions

through S(6), S(9), and S(13). The S⋯S distances are 4.007 Å for S(6)⋯S(13a) and 3.908
Å for S(9)⋯S(9b) (figure 2), which lie in the range of 3.85–4.29 Å for S⋯S distances
reported [25]. The circular [Sb8S10(S4)4]

4− are interconnected by S⋯S van der Waals
interactions into a 2-D layer perpendicular to the a axis (figure 2). The layers are parallel
and the [Co(phen)3]

2+ cations are located between the layers [figure 3(a)]. Each [Co
(phen)3]

2+ cation interacts with two neighbors through face-to-face π⋯π [π⋯π = 3.195 and
3.333 Å] stacking interactions between the aromatic rings of phen to form zig-zag chains
between the anionic layers [figure 3(b)]. The interplane π⋯π distances are in the range of
those reported [22(b), 26]. The [Co(phen)3]

2+ cations interact with the anionic layers via
weak C–H⋯S hydrogen bonds with H⋯S distances from 2.802–2.928 Å. A large number
of TM complexes containing thioantimonates have been prepared by solvothermal methods
in polyamine solution [3–12]. However, no polythioantimonates are observed in these com-
pounds. Compound 1 is the first example of polysulfido-thioantimonate prepared by
solvothermal method using a TM complex as structure directing agent, although a number
of polysulfido-polythioantimonates had been obtained in aqueous ammonia solutions or by
flux methods [23].

Compound 2 is isostructural to the Ni-analog [Ni(phen)3]2Sb18S29 [15(a)]. It contains
two crystallographically independent Co ions, eighteen Sb, and twenty-nine sulfurs. Both
Co2+ ions are coordinated by three phen ligands, forming [Co(phen)3]

2+ (figure S10 [see
online supplemental material at http://dx.doi.org/10.1080/00958972.2015.1045500]), similar
to the [Co(phen)3]

2+ cation in 1 (table 2). With the exception of Sb(7) and Sb(8), each Sb is
coordinated to three sulfurs at distances of 2.358(5)–2.544(4) Å in approximately trigonal
pyramidal geometry with S–Sb–S angles of 87.04(17)–102.30(18)° (table 2). Sb(7) and Sb
(8) are coordinated to four sulfurs, forming the so-called ψ-SbS4 trigonal bipyramids with
two short (Sb–S: 2.408(6)–2.485(5) Å) and two longer (Sb–S: 2.618(4)–2.858(5) Å) Sb–S
bonds. Within the ψ-SbS4 trigonal bipyramids, the axial S–Sb–S bond angles are 173.76

Figure 2. A layer of the [Sb8S10(S4)4]
4− anions assembled through S⋯S interactions in 1.
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(15)° and 174.02(14)°, the equatorial S–Sb–S bond angles are 95.41(17)° and 95.64(18)°,
and the bond angles between apical and equatorial sulfurs range from 87.72(14) to 93.19
(15)°. The bond lengths and angles of the SbS3 and ψ-SbS4 units are consistent with the
corresponding values in 1 (table 2, tables S1 and S2). The sixteen SbS3 trigonal pyramids
and two ψ-SbS4 trigonal bipyramids are interconnected by sharing S to form the asymmetric
Sb18S29 unit, in which Sb9S9, Sb8S8, and Sb7S7 heterorings are formed (figure S11).
Excepting terminal sulfurs S(6) and S(29), twenty-seven of the twenty-nine crystallographi-
cally independent sulfurs are μ-S ligands to join two Sb with Sb–S–Sb angles of 89.00
(17)–106.55(17)° (table 2). All antimony atoms with the exception of Sb(18) have
additional sulfur neighbors at longer distances of 2.940–3.743 Å, which are less than the
sum of van der Waals’ radii (3.80 Å) of antimony and sulfur [24].

Each asymmetric Sb18S29 unit is further joined to four neighbors via five bridges, μ-S(3),
μ-S(12), μ-S(20), μ-S(21), and μ-S(23), in three dimensions to generate the full 3-D

Figure 3. (a) Packing diagram of 1 viewed down the crystallographic b axis. (b) A view of the zig-zag chain of
[Co(phen)3]

2+ cations assembled by face-to-face π⋯π stacking interactions in 1. Hydrogens are omitted for clarity.
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structure of [Sb18S29
4−]∞ [figure 4(a)]. These connections give rise to Sb22S22 and Sb18S18

large heterorings. Sb22S22 is formed by twenty SbS3 pyramids and two SbS4 units via shar-
ing common corners [figure 4(b)], while Sb18S18 is formed by eighteen SbS3 pyramids shar-
ing common corners [figure 4(d)]. This 3-D structure contains two intersecting channels,
one running along the a axis, as a consequence of the stacking of the Sb22S22 rings, and the
other along the c axis, as a consequence of the stacking of the Sb18S18 rings (figure S12).
The channel along the a axis has a square cross section of ca. 10.38 × 20.25 Å and the [Co
(phen)3]

2+ cations are located in this channel. As shown in figure 4(a), each channel along
the a axis encloses two parallel arrays of [Co(phen)3]

2+ cations which are composed of [Co
(1)(phen)3]

2+ and [Co(2)(phen)3]
2+, respectively. The aromatic plane of one phen in [Co(1)

(phen)3]
2+ (that containing N1 and N2) is parallel to that of a phen ligand in neighboring

[Co(2)(phen)3]
2+ (that containing N11 and N12). The interplane distance between the cen-

troids of the two phen ligands is 3.409–3.497 Å, indicating weak intermolecular π⋯π stack-
ing interactions [figure 4(c)]. These face-to-face π⋯π stacking interactions arrange [Co(1)
(phen)3]

2+ and [Co(2)(phen)3]
2+ cations in parallel arrays along the channel in the 3-D

[Sb18S29
4−]∞ framework.

Figure 4. (a) Packing diagram of 2 viewed down the crystallographic a axis, showing the 1-D channels in the 3-
D [Sb18S29

4−]∞ framework. (b) A view of the cross section of the 1-D channels along the a axis in 2. (c) A view
of the double parallel arrays of the [Co(phen)3]

2+ cations assembled by face-to-face π⋯π stacking interactions in 2.
(d) A view of the cross section of the 1-D channels along the c axis in 2. Hydrogens are omitted for clarity.
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Compound 3 crystallizes in the triclinic crystal system and contains two formula units in
the unit cell. It consists of a [Co(phen)3]

2+, a [SbS4]
3− anion, a protonated H2O, and nine

lattice water molecules. The [Co(phen)3]
2+ has a similar structure to the complex cations in

1 and 2 (table 2). The Sb5+ is coordinated by four S2− to form a tetrahedral [SbS4]
3− anion

with S–Sb–S angles of 107.30(14)–111.24(14)°. The Sb–S bond lengths (2.317(4)–2.341(4)
Å) are shorter than those of SbIIIS3 unit observed in 1 and 2 (table 2). The interesting struc-
tural feature of 3 is the existence of water clusters. The [SbS4]

3− contacts a H3O
+ and six

H2O molecules (O1, O3, O6, O7, O9, O10) via O–H⋯S intermolecular hydrogen bonds
[O⋯S = 3.154(16)–3.79(3) Å], forming a {H3O-SbS4-(H2O)6}

2− unit (figure 5). All the S
atoms of [SbS4]

3− are involved in hydrogen bonds with water molecules. The {H3O-SbS4-
(H2O)6}

2− unit and the rest of the H2O molecules are interconnected via O–H⋯O
[O⋯O = 2.44(4)–2.948(19) Å] hydrogen bonds into a fH3O-SbS4-ðH2O9Þg2n�n anionic layer
[figure 6(a)]. In the layer, a (H2O)6 water cluster is observed. [Co(phen)3]

2+ cations are
embedded between the anionic layers [figure 6(b)]. Water clusters or infinite water chains
and layers have drawn attention, and a number of water clusters, chains, and layers have
been structurally characterized in metal complexes. These water clusters are usually stabi-
lized by O–H⋯O and/or O–H⋯N interactions between water molecules and O or N in the
organic or inorganic host [27]. However, the water clusters hosted in the chalcogenometa-
late compounds and stabilized by weak O–H⋯S interactions are very rare. We have once
obtained the first water chain in the thioarsenate [Fe(phen)3][As3S6]·dien·7H2O. The
water chain is anchored on the [As3S6]

3− anions via O–H⋯S hydrogen bonding
interactions, forming a fAs3S6-ðH2OÞ7g3n�n layer [26]. The thioantimonate-water layer
fH3O-SbS4-ðH2O9Þg2n�n in 3 has never been observed in chalcogenidoantimonates before.

3.3. Optical properties

The UV–vis reflectance spectroscopic measurement of 1–3 was recorded using powder sam-
ples at room temperature. Absorption data from the reflectance spectroscopy by the
Kubelka-Munk function [17] demonstrate that 1–3 exhibit steep absorption edges with
corresponding band gaps (Eg) of 2.04, 2.11 and 2.27 eV, respectively (figure 7). This indi-
cates these compounds exhibit possible semiconducting properties. The band gap of 2 is

Figure 5. Intermolecular O–H⋯S interactions between [SbS4]
3− and H3O

+, and H2O in 3.
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comparable to the Ni-analog (Eg = 2.16 eV) [15(a)]. The band gap of 1 and 2 are smaller
than those of Co-thioantimonates(III) containing aliphatic polyamine ligands, such as [Co
(en)3]Sb2S4 (Eg = 2.52 eV) [3(c)] and [Co(tren)]Sb4S7 (Eg = 2.45 eV) [5(e)]. Blue shift of
the absorption edge is observed from Co-complexes of aromatic ligands to the
Co-complexes of aliphatic ligands.

4. Conclusion

Solvent effects on the solvothermal system Co/Sb/S/phen have been observed, and polysul-
fido-thioantimonate and thioantimonates 1–3 were prepared in mixed CH3OH–H2O and

Figure 6. (a) A view of the fH3O-SbS4-ðH2O9Þg2n�n H-bonding layer in 3. (b) Packing diagram of 3 viewed down
the crystallographic b axis, showing the [Co(phen)3]

2+ cations sandwiched between the fH3O-SbS4-ðH2O9Þg2n�n
layers. C and H are omitted for clarity. Cyan octahedron: CoN6.

Figure 7. Solid state optical absorption spectra of 1–3.
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H2O solvents, respectively. S8 is converted to both polysulfide anion S2�4 and sulfide anion
S2− in 80% CH3OH aqueous solvent, while it is converted to sulfide S2− in 50% CH3OH
and H2O solvents. Compound 1 contains a circular anion [Sb8S10(S4)4]

4− constructed by
both sulfide and polysulfide ions. The 3-D [Sb18S29

4−]∞ framework in 2 possesses an inter-
penetrating channel system and the [Co(phen)3]

2+ complexes are enclosed in the channels.
Compound 3 contains a water cluster stabilized by O–H⋯S and O–H⋯O hydrogen bonding
interactions. The solvent effects on the TM/Sb/S/phen system of other TMs are under
investigation.

Supplementary material

Crystallographic data for the structures reported in the article have been deposited at the
Cambridge Crystallographic Data Center as supplementary data, CCDC Nos. 1018727 (1),
1018728 (2), and 1018751 (3). Copies of the data can be obtained free of charge via www.
ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223 336 033, or E-mail: deposit@
ccdc.cam.ac.uk.
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