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Abstract

By using a n-butylamine (BA)-1,2-ethanedithiol (EDT) solvent mixture as reaction medium, three
new heterometallic chalcogenides have been prepared, namely [HBA];¢[In,6Sn;4SesS,] (1),
[HBA]os[HR-MP];[In; ¢Sn; ,SesS;] (2) (R-MP = (R)-2-methylpiperazines) and
[H;TAEA],[InGe4S11(SH),(OH)] (3) (TAEA = tris(2-aminoethyl)amine). Compounds 1 and 2 feature
anionic two-dimensional [In,Sny_SegS,|* layers built up by [M4Q;9] (M = In/Sn, Q = Se/S) T2 clusters.
Protonated HBA* and HR-MP™ cations serve as charge balance agents located between the layers.
Compound 3 contains discrete [InGe4S;(SH),(OH)]® anionic clusters, in which the In3" ion adopts a
unique penta-coordination geometry with five S?- ions. These compounds were characterized by single
crystal X-ray diffraction, powder X-ray diffraction, energy dispersive X-ray spectroscopy, solid-state
UV-Vis diffuse reflectance spectroscopy, and thermogravimetric analyses. The steep UV-Vis

absorption edges indicate the band gaps of 1.86 eV for 1, 2.13 eV for 2 and 2.78 eV for 3.

Keywords: Thiol-amine solvent mixture; Heterometallic chalcogenides; Crystal structure; Photocatalysis.
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1. Introduction

Crystalline metal chalcogenides exhibit prominent performances in the areas of ion exchange [1-4],
thermoelectricity [5-8], photoelectric catalysis [9-15], and electrochemical energy storage [16-19]. The
structure and component of these materials play a dominant role in determining their properties, while
the participation of main group metals offer more possibilities for harvesting diverse topologies [20-26].
Generally, the most preferable coordination mode between group 13/14 metals and chalcogen atoms is
tetrahedral coordination geometry [27-30]. Four such tetrahedrons could set up a supertetrahedral T2
cluster (e.g. [GasQ10]%, [InyQ10]® [31], [GesQro]* [32,33], [SnyQi0]* [34], Q = S, Se). The variable
connection style between these T2 clusters can produce different structures [27,35]. Metal
chalcogenides built up by supertetrahedral clusters are usually synthesized in conventional solvents,
such as water, methanol, DMF, and acetonitrile [36-39]. However, binary intermediate phases (In,Ss,
In,Se;, GeS, SnS, SnSe) are usually generated as byproducts in the reaction process, and their low
solubility in the conventional solvents could consume the metal and chalcogen ions via precipitation,
which hinders the reaction process to construct complex frameworks. Hence, in order to prevent the
binary intermediate phases from precipitating in the reaction process, applying new type of reaction
media possessing high solubility to the binary intermediate phases is unprecedented.

To solve the insolubility of binary chalcogenides in the conventional solvents, Mitzi and co-workers
utilized the reducing power of hydrazine to dissolve bulk binary chalcogenides in an excess of
elemental chalcogen at room temperature [40-44]. Owing to the outstanding solubility of hydrazine for
binary chalcogenides, hydrazine has been used to dissolve various bulk chalcogenides to form
homogeneous solutions, which facilitate the deposition of chalcogenide thin films [41,42,45].
However, the high toxicity and explosion hazard of hydrazine limit its wide application in the
fabrication of chalcogenide devices. In recent years, Brutchey et al. reported a binary alkahest system

consisting of thiol and amine solvents, which exhibited excellent solubility for a variety of bulk binary



chalcogenides, such as In,S;, In,Se;, SnS, and SnSe [46-51]. These thiol-amine solvent mixtures
facilitated the spin coating process of metal chalcogenide thin films, and further promoted the
application of bulk binary chalcogenides in photovoltaic conversion [52-56]. In contrast to hydrazine,
the thiol-amine solvent mixtures are much safer and less toxic. Moreover, this alkahest system could
dissolve diverse elemental main group metals and its oxides at room temperature. Besides, diversiform
combinations of thiol-amine mixture provide more choices for varying the reaction environment.
Additionally, the strong solubility of thiol-amine solvent mixtures may forbid the precipitation of the
as-formed binary intermediate phases from reaction systems and promote the setup of new frameworks.
Until recently, we have used this thiol-amine solvent system to prepare a series of new
chalcogenidoarsenates [57], and thus more efforts are required to put into this research area.

On the basis of this motivation, we actively tried to employ this thiol-amine solvent system in the
synthesis of crystalline metal chalcogenides based on group 13 and 14 metals. In this work, by using
monoamine/dithiol solvent mixture (vol/vol = 1:1 of n-butylamine/l,2-ethanedithiol) as reaction
medium, we synthesized three new heterometallic chalcogenides, namely, [HBA], ¢[In; ¢Sn; 4SeqS;]
(1), [HBA]os[HR-MP],[In, sSn; »SesS,] (2), and [H;TAEA],[InGesS;1(SH),(OH)] (3). Compounds 1
and 2 contain the similar 2D anionic layers [In,Sny,SesS,]* separated by protonated n-butylamine
cations and (R)-2-methylpiperazine cations. Compound 3 is composed of anionic discrete
[InGe4S;1(SH),(OH)]® clusters. The In*' ion in 3 exhibits a penta-coordination geometry, which is
unusual in the reported indium sulfides. It should be noted that no crystals can be obtained when
replacing the BA-EDT solvent mixture with other conventional solvents. The photocatalytic activity of

compound 1 for degrading RhB was investigated.

2. Experimental section

2.1. Materials and general methods



All reagents and chemicals were purchased from commercial sources as analytical grade and without
further purification. Elemental analyses of C, H, N and S were carried out on a German Elementary

Vario EL III instrument. The mapping analyses of In, Sn, Ge, S and Se have been performed on a JEOL

JSM-7800F scanning electron microscope. Powder X-ray diffraction (PXRD) patterns were recorded in
the angular range of 20 = 5-65° on a Rigaku Mini-Flex II diffractometer using CuKa radiation. Optical
diffuse reflectance spectra were measured at room temperature with an UV-vis-NIR Varian 86 Cary 500
Scan spectrophotometer using a BaSO, plate as a standard (100% reflectance). The absorption (0/S) data
were calculated from reflectance spectra by using the Kubelka—Munk function: a/S = (1 - R)?/2R, where
a 1s the absorption coefficient, S is the scattering coefficient, and R is the reflectance. The
thermogravimetric analyzer was performed on a NETZSCH DSC214Polyma instrument under flowing

N, with a heating rate of 10 °C/min in the temperature range of 30-800 °C.

2.2. Synthesis

Synthesis of [HBA],6[In;¢Sn;4Se6S;] (1). In(NO3);-H,0 (0.96 mmol, 0.306 g), Sn (1.0l mmol,
0.120 g), Se (6.27 mmol, 0495 g), 1,8-diaminooctane (3.54 mmol, 0.511 g) and
n-butylamine/1,2-ethanedithiol (3 mL, vol/vol = 1:1) were mixed and sealed in an autoclave equipped
with a Teflon liner (20 mL), then heated at 160 °C for 5 days and cooled to room temperature. The
products were filtrated and washed several times with ethanol to obtain orange flake crystals of 1 with a
yield of 46.5% (based on In). Anal. calc. for 1 : C, 10.45%; H, 2.63%; N, 3.04%; S, 5.36%. Found : C,

10.69%; H, 2.48%; N, 3.24%:; S, 4.39%.

Synthesis of [HBA]ys[HR-MP],[In,Sn; ,SeeS;] (2). In(NOs);-H,0 (0.94 mmol, 0.301 g), Sn (0.66
mmol, 0.078 g), Se (4.03 mmol, 0.318 g), (R)-2-methylpiperazine (2.06 mmol, 0.206 g) and
n-butylamine/1,2-ethanedithiol (3 mL, vol/vol = 1:1) were mixed and sealed in an autoclave equipped
with a Teflon liner (20 mL), then heated at 160 °C for 5 days and cooled to room temperature. The

products were filtrated and washed several times with ethanol to obtain yellow needle crystals of 2



with a yield of 23.6% (based on In). Anal. calc. for 2 : C, 12.55%; H, 2.84%; N, 5.32%; S, 5.08%;

Found : C, 12.08%; H, 2.60%; N, 5.18%; S, 5.03%.

Synthesis of [H;TAEA],[InGe S11(SH)(OH)] (3). In(NO;);-H,O (0.93 mmol, 0.298 g), GeO,
(1.02 mmol, 0.107 g), S (5.22 mmol, 0.167 g), tris(2-aminoethyl)amine (3.49 mmol, 0.511 g), ethylene
glycol (1 mL) and n-butylamine/1,2-ethanedithiol (3 mL, vol/vol = 1:1) were mixed and sealed in an
autoclave equipped with a Teflon liner (20 mL), then heated at 170 °C for 5 days and cooled to room
temperature. The products were filtrated and washed several times with ethanol to obtain pale yellow
block crystals of 3 with a yield of 44.3% (based on In). Anal. calc. for 3: C, 12.65%; H, 3.98%; N,

9.83%. Found : C, 13.13%; H, 3.66%; N, 9.73%.

2.3. Single-crystal structure determination

Single-crystal X-ray diffraction data of compounds 1-3 were collected on a Xcalibur Eos CCD
diffractometer with graphite-monochromated MoKa radiation (4 = 0.71073 A) at room temperature.
The absorption corrections were determined using a multi-scan technique. The structures of 1-3 were
analyzed by direct methods and refined by full-matrix least-squares on F? using the SHELX-2016
program package [58]. In the structure of compound 1, the protonated n-butylamine cations are highly
disordered and could not be recognized from the difference-Fourier map. Thus, the SQUEEZE routine
of PLATON program was used to dismiss the scattering from the cations. The structural formulas of
compounds 1 and 2 were determined with the aid of elemental analysis and EDX data. Crystallographic
data and structural refinements are summarized in Table 1. The mapping images for compounds 1-3 are

showed in Figure 1.

2.4. Photocatalytic activity measurement
30 mg of 1 was suspended in 50 mL aqueous solution of Rhodamine B (RhB, 10 mg/L), and the

mixture was stirred in darkness for 30 min to reach the adsorption/desorption equilibrium between the



catalyst and RhB. Then the mixture was exposed to visible light irradiation using a 300 W xenon lamp
equipped with filter (4 > 420 nm). 3 mL of the suspension was taken from the mixture for each 30 min,
and the catalysts were separated by centrifugation, and then the remained solution was tested by
UV-vis spectrum. Degradation efficiency was judged by C/Cy, C was the instant RhB concentration

while Cy was the initial concentration of RhB [59].

3. Results and discussion

Compounds 1-3 are heterometallic chalcogenides based on group 13 (In) and 14 (Ge, Sn) metals.
Crystals of 1 and 2 were obtained by reacting In(NO3);-H,O, Sn and Se with different organic ligands
in BA-EDT solvent mixture at 160 °C. In the synthesis of 1, the protonated n-butylamine cations
rather than 1,8-diaminooctane acted as charge balance agent, since crystals of 1 with low yield and bad
quality can be prepared by replacing 1,8-diaminooctane with other nitrogen donor ligands or
surfactants, such as 1,12-dodecanediamine, 1,2-diaminocyclohexane, pyridine,
1,5-diazabicyclo[4.3.0]non-5-ene (DBN), octyltrimethylammonium chloride, 1-hexanol, et al.
However, compared with other nitrogen donor ligands, the crystals prepared in the present of
1,8-diaminooctane were in high yield and good quality. Therefore, performing as an auxiliary reagent,
surfactant 1,8-diaminooctane was beneficial for crystal growth [60-62]. Obviously, nitrogen donor
ligands play a crucial role in the crystal growth, although some of them did not serve as charge balance
agents [63-65]. Compound 3 was synthesized by reacting In(NOj);-H,O, GeO,, S,
tris(2-aminoethyl)amine and ethylene glycol in BA-EDT solvent mixture. It was worth noting that
ethylene glycol was indispensable during the reaction process of 3. As an important auxiliary solvent,
ethylene glycol was conducive to the crystal growth of 3, because no crystals can be harvested by
removing ethylene glycol from the reaction system (Scheme 1). We have investigated the effect of
reaction temperature to the syntheses of these compounds. The most suitable reaction temperature for

the crystal growth of 1 and 2 was 160 °C, while higher (170 °C, 180 °C) or lower (150 °C)



temperature could produce crystals with lower yields and bad quality. In the synthesis of compound 3,
when the reaction temperature was 150 °C, only unknown white powder was obtained; when the
reaction temperature was increased to 180 °C, crystals of 3 with bad quality were obtained. Thus,

170 °C was the most suitable temperature for the crystal growth of 3.

Aim to investigate the significant role of thiol-amine solvent mixture in the synthesis of compounds
1-3, some conventional solvents such as water, methanol and acetonitrile were used to substitute the
BA-EDT solvent mixture. However, no crystals could be obtained. Further experiments showed that
when removing or replacing one of components from the binary solvent system, such as replacing BA
with ethylenediamine or ethanolamine, EDT with ethanethiol or propanethiol, no target products can
be formed as well. Accordingly, BA-EDT solvent mixture is the most suitable solvent system for the
preparation of compounds 1-3. Compounds 1 and 2 were synthesized by heating the starting materials
at 160 °C. This reaction environment could promote the decomposition of 1,2-ethanedithiol, and thus

S?- ions were produced to take part in the assembly of the frameworks of 1 and 2.

Single crystal X-ray analysis indicates that [HBAJ,¢[In,6Sn; 4Se¢S;] (1) crystallizes in the
tetragonal space group P4,/nmc and contains two-dimensional anionic layers [In, ¢Sn; 4SegS;],>¢". In
the anionic layer of 1, the In and Sn atoms could not be differentiated by crystallographic analysis.
Similar case is encountered for distinguishing the Se and S atoms. Based on the elemental analysis and
EDX results (Figure S4), all the metal sites are assigned to the co-occupied In and Sn atoms with a
ratio of 0.65/0.35, while all the chalcogen sites are assigned to the co-occupied Se and S atoms with a
ratio of 0.75/0.25. Each In3*/Sn*' ion tetrahedrally coordinates with four Q? ions to build a [MQ4]
tetrahedron (M = In/Sn, Q = Se/S). Four [MQ4] tetrahedrons are connected with each other via
corner-sharing Q atoms to set up a [M4Q;0] T2 cluster subunit. These subunits extend by means of
corner-sharing connection to construct a [In, ¢Sn; 4SesS,],>%" layer (Fig. 2a), in which the protonated

n-butylamine cations are supposed to locate between the layers as charge balance agents (Fig. 2b). The



[In, 6Sny 4SeeS,],>%" layer of 1 contains windows formed by four T2 clusters with a dimension of
7.8715 x 7.8715 A. The adjacent layers have inverse configurations arranged in the ab-plane along the
c-axis, which is isostructural to CsGaTe,, CsInSe,, KInS, and so on [66-68]. The M-Q bond lengths of

1 vary from 2.509(3) to 2.535(5) A, and the M-Q-M angles range from 101.8(3)° to 112.71(9)°.

Compound 2 [HBA]ys[HR-MP],[In, §Sn; ,SesS,] crystallizes in the orthorhombic space group
Pna2; and contains anionic [InygSn;,SesS,],>%" layers, protonated butylamine cations and
(R)-2-methylpiperazine cations. Similarly to compound 1, the In/Sn and Se/S atoms in the anionic
layer of 2 could not be distinguished from the difference-Fourier map. According to the elemental
analysis and EDX results (Figure S5), the metal and chalcogen sites are assigned to the co-occupied
In/Sn and Se/S atoms with ratios of 0.7/0.3 and 0.75/0.25, respectively. The asymmetric unit of
compound 2 contains 4 In/Sn atoms, 8 Se/S atoms, 0.8 protonated butylamine and 2 protonated
(R)-2-methylpiperazines. Compounds 1 and 2 have the similar [M4Q;o] T2 cluster subunit, but with
different connection configurations (Fig. 3a). The anionic [In, gSn; ,SesS,],>%" layer of 2 is build up by
alternate connection of two types of chains with the reverse directions (Fig. 2a), both @ and b chains
are made up by [M;Q;0] T2 clusters, while their connections are arranged in an abab order. The
adjacent layers exhibit an inverted arrangement along the b-axis, where the protonated n-butylamine
cations and (R)-2-methylpiperazine cations serve as charge balance agents located between the layers

(Fig. 3b). The M-Q bond lengths vary from 2.490(8) to 2.598(9) A, and the M-Q-M angles range from

95.12(12) to 116.68(13)°. In the structures of compounds 1-2, the M-Q bond lengths are shorter than
the conventional Sn-Se bond lengths [69-70], but longer than the In-S bond lengths [71-72]. This
difference may be caused by the co-occupation of the In/Sn and Se/S atoms at the metal and chalcogen

sites, respectively.

Compound 3 [H;TAEA],[InGe,sS;1(SH),(OH)] crystallizes in the orthorhombic space group Pnma

and features discrete [InGesS;;(SH),(OH)]* anionic clusters charge-balanced by protonated



tris(2-aminoethyl)amine cations. In the [InGe4S;1(SH),(OH)]% cluster, the In atom adopts a special
penta-coordinated mode with five S atoms to build a [InSs] unit, and Ge atoms have both
tetra-coordinated and penta-coordinated coordination modes. Gel and Ge2 atoms are tetrahedrally
coordinates with four S atoms to set up [GeS,] tetrahedrons. Three [GeS,] tetrahedrons coordinate
with a [InSs] unit via corner-sharing S atoms to constitute a pseudo-T2 cluster [InGe;S;;]”. Ge3 atom
exhibits a five coordination mode with O and S atoms to build a [GeS,(SH),(OH)]*- unit, in which the
terminal Ge3-S1 and Ge3-S2 bond lengths are 2.228(10) and 2.239 (115) A, respectively, relatively
longer than Gel-S8 (2.169 A) and Ge2-S7 (2.179 A) bond lengths, indicating the presence of (SH)-
groups. Finally, the [GeS,(SH),(OH)]*" is connected with linking units [InSs] through edge-sharing to
establish a discrete cluster (Fig. 4a). The In-S bond lengths vary from 2.472(5) to 2.630(5) A, and the
S-In-S angles range from 78.9(2) to 146.81(15)°. The Ge-S bond lengths fall in the range of

2.1689(40)-2.239(115) A, and the S-Ge-S angles range from 105.53(12) to 112.91(12)°.

The solid-state UV-vis diffuse reflectance data of compounds 1-3 were collected at room
temperature and converted to optical absorption spectra by using the Kubelka-Munk function method
(Fig. 5). The steep absorption edges suggest that the band gaps of 1-3 can be estimated as 1.86 eV,

2.13 eV, and 2.78 eV, respectively, indicating that these compounds are semiconductors.

Thermogravimetric analyses of compounds 1-3 were investigated from 30 °C to 800 °C in a N,
atmosphere (Fig. 6). Compound 1 exhibited a weight reduction of 21.25% between 30 and 360 °C,
which may be attributed to the removal of all n-butylamine cations (16.13%) and two S atoms (5.37%)
per formula unit. Compound 2 exhibited a weight loss of 19.50% between 30 and 320 °C owing to the
removal of n-butylamine and (R)-2-methylpiperazine cations (20.20%), and then a weight decrease of
14.98% between 320 and 800 °C may correspond to the loss of two S atoms (5.11%) and 1.25 Se
atoms (9.43%) per formula unit. Compound 3 undergoes a weight loss of 25.80% between 30 to

350 °C corresponding to the release of all tris(2-aminoethyl)amine cations (26.19%), and a weight loss
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of 52.24% from 350 to 800 °C may be ascribed to the removal of the one -OH group (1.49%), one S

atom (2.81%) and 4 GeS, (47.99%) per formula unit.

Photocatalytic activity of compound 1 was evaluated by the degradation of RhB under visible light
irradiation (A>420 nm). As shown in Figure 7, the degradation ratio of RhB by 1 reached 98% in 150
min, and achieved nearly complete degradation in 180 min. In contrast, when removing compound 1
from the catalytic reaction, only 19.2% of RhB was degraded in 180 min. Thus, we can conclude that
compound 1 is photoactive under visible light irradiation for the degradation of RhB. In addition, the
PXRD pattern of 1 after the catalytic reaction was in good agreement with its simulated PXRD pattern
from single-crystal XRD data (Fig. S7), indicating the good stability of 1 as photo-catalyst in the

degradation process.

4. Conclusions

In summary, we employed a binary solvent mixture of BA and EDT as reaction medium to synthesize of
three novel crystalline heterometallic chalcogenides. No crystals could be isolated once the solvent
components were replaced by other conventional solvents, indicating the crucial role of the BA-EDT
solvent mixture to the crystal growth. Compounds 1 and 2 are characteristic of two dimensional anionic
[In,Sny.,SeeS,* layer with In/Sn and Se/S atoms occupying the same crystallographic position. The
protonated n-butylamine cations and (R)-2-methylpiperazine cations locate in the interlayer space.
Notably, compound 3 features a discrete anionic [InGe4S;;(SH)>(OH)]® cluster, in which the In?* ion
adopts an unusual penta-coordination geometry with five S> ions. The steep UV-Vis absorption edges
of these compounds indicate that they are semiconductors. Compound 1 displayed promising
photocatalytic activity for degrading RhB under visible light irradiation. Our explorations proved that
the thiol-amine solvent mixtures are promising reaction media for preparing crystalline metal

chalcogenides.
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Figure Captions
Scheme 1. Schematic illustration of synthetic procedures for compounds 1-3.
Figure 1. Mapping images of compounds 1-3.

Figure 2. (a) [Iny¢Sn; 4Se6S,],>%" anionic layer of compound 1. (b) Structure packing diagram of
compound 1 viewed along the a-axis.

Figure 3. (a) [InysSn;,SesS,],>% anionic layer of compound 2. (b) Structure packing diagram of
compound 2 viewed along the c-axis. H atoms are omitted for clarity.

Figure 4. (a) [InGe4S;1(SH),(OH)]¢- discrete cluster of compound 3. (b) Structure packing diagram of
compound 3 viewed along the b-axis, H atoms are omitted for clarity.

Figure 5. Solid state optical absorption spectra of compounds 1-3.
Figure 6. TG curves of 1-3 at a heating rate of 10 °C min-!' from 30 to 800 °C in a N, atmosphere.

Figure 7. (a) Vis spectra of RhB aqueous solutions at different catalytic reaction times. (b) Removal
efficiency of RhB by compound 1.

Table 1. Crystallographic data and structure refinements for compounds 1-3

1 2 3
Chemical formula C10_4H31_2N2_GSQS€(,IH2_GSI’11_4 C13_2H35,6N4_gSZSe6In2_gSn1_2 C12H45NgSI3InG€4O
Formula mass 1195.39 1264.49 1139.76
Crystal system Tetragonal Orthorhombic Orthorhombic
Space group P4,/nmc Pna2, Pnma
alA 7.8752(3) 13.3741(14) 21.2157(9)
b/A 7.8752(3) 28.778(2) 11.3247(5)
c/A 25.283(2) 8.0083(7) 15.6853(7)
o/ 90 90 90
pre° 90 90 90
y/° 90 90 90
V/A3 1568.00(18) 3082.2(5) 3768.6(3)
VA 2 4 4
Measured refls. 7753 19549 14644
Independent refls. 973 6722 4302
R 0.1113 0.1062 0.0876
GOF 1.003 1.039 1.058
R; (I>20(D) 0.0630 0.0813 0.0866
wR(F3) (I>2c (1) 0.1705 0.1383 0.2165
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Scheme 1

n-butylamine/1,2-ethanedithiol
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Figure 2.
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Figure 7.
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