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Two new organic hybrid thiogermanates [Ni(dien),](Hpdien)Ge;S¢ (1, dien = diethylenetriamine)
and [Ni(teta)2]oGeqS1o (2, teta = triethylenetetramine) were synthesized under solvothermal con-
ditions. 1 contains a [Ni(dien);]?t complex cation, a protonated dien molecule and a [Ge;Sg]*~
dimeric anion, while 2 consists of discrete [GesSip]*~ adamantane-like cluster anions with [Ni-
(teta), ]2t complex cations as counter ions. The [Ge4810]4* anion is composed of four nearly tetra-
hedral Ge** centers to which are bonded four terminal atoms and six bridging S atoms. Luminescence
studies have shown that 2 exhibits an emission at 468 nm.
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Introduction

In 1989 Bedard et al. first forecast the synthesis of
microporous thiogermanates with framework topolo-
gies resembling those of zeolites, thus inspiring a host
of new potential applications [1]. By analogy with
the silicates built up from [SiO4]* tetrahedral build-
ing units, these thiogermanates usually contain the
adamantane-like thioanion [Ge4S;o]*~ built up by four
corner-linked [GeS4]*~ tetrahedra. The [GesSio]*~
anions in the presence of quaternary alkylammo-
nium surfactants or non-chelating amines as structure-
directing agents further self-organize with other metal
cations like Mn?*, Co?*, Ni**, Zn**, Cu*, and Ag™
to create mesostructural thiogermanates [2]. When
chelating amines were used as structure-directing
agents instead of quaternary alkylammonium surfac-
tants, only [GeZS6]4’ anions were charge-balanced
by a cationic transition metal complex, as exem-
plified by [M(en)3],GerS¢ (M = Mn, Ni) [3], [Ni-
(dien)2]2(GezSe) [4], [Ni(dien);](Hopipe)GesSe [4],
{IMn(tren)]o(12-GeaSe)} [41, and [{Coltepa) }a(u-
GerSg)] M = Mn, Co, Ni) [4,5]. However, the
[GesSio]*~ anion has been less characterized in the
presence of such complexes. To learn more about the
influences of complex cations onto the structure of
thiogermanate anions, we started to explore the sys-
tem GeO,/Ni/S/amine with the goal to synthesize other
thiogermanates. Herein, we report on the solvother-

Fig. 1 (color online). Crystal structure of 1 with labeling
scheme (H atoms and disordered N4 atom have been omit-
ted for clarity).

mal syntheses of two new thiogermanates [Ni(dien),]-
(Hpdien)Ge;S¢ (1, dien = diethylenetriamine) and [Ni-
(teta)2]0GesS1o (2, teta = triethylenetetramine).

Results and Discussion

Compound 1 crystallizes in the triclinic space group
P1 with one formula unit per cell and consists of
discrete [GezS¢]*~ anions with [Ni(dien);]** and
[Hydien]>" cations as counterions (Fig. 1). The Ni>*
ion is in a sixfold coordination of N atoms of two
chelating dien ligands, and the coordination polyhe-
dra can be described as distorted octahedra with s-fac-
conformation. The Ni—N distances vary from 2.110(4)
to 2.142(4) 10%, which are in agreement with the corre-
sponding values of discrete [Ni(dien),]*t cations [4].
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a)

Fig. 2 (color online). a) Part of the crystal structure of 1,
showing the formation of the (010) sheet; b) the 3-D H-
bonded network structure. H atoms have been omitted for
clarity.

The moderate distortion of the octahedral environment
can be manifested from the N-Ni—N; angles vary-
ing from 82.15(15) to 97.85(15)°. The protonated dien
molecule displays frans-conformation, but the coordi-
nated dien molecules show cis-conformation.

The dimeric [Ge>Sg]*~ anion in 1 is formed by two
[GeS4] tetrahedra sharing a common edge. The Ge-S,,
(b = bridging) distances varying from 2.2831(15)
to 2.2842(14) A are noticeably longer than the Ge-S;
(t = terminal) bonds scattering from 2.1457(17)
to 2.1587(16) A. The distortion of the [GeS4] tetrahe-
dra can be seen by the S—-Ge-S bond angles varying
from 109.92(6) to 116.29(7)°, deviating significantly
from the ideal value of 109.5°. The S atoms of the
[Ge»Se]*~ anions form hydrogen bonds to H-N groups
of [Ni(dien);]*>* cations with N---S distances varying
from 3.347(4) to 3.641(5) A and N-H---S angles in
the range of 145—172°, resulting in a layered arrange-
ment parallel to the (010) plane (Fig. 2a). Then the lay-
ers interact also via N-H- - - S hydrogen bonds between
[Ge>S¢]*~ anions and protonated dien molecules form-
ing a three-dimensional network (Fig. 2b).

Fig. 3 (color online). Crystal structure of 2 with labeling
scheme (H atoms and disordered C/N atoms have been omit-
ted for clarity).

2 is composed of Ge4S10*~ cluster anions and [Ni-
(teta),]*+ complex cations (Fig. 3). The teta ligands
are bi- and tetrachelating the Ni center, forming a dis-
torted octahedral [Ni(teta),]*t complex cation. The
[Ni(teta);]*>* cation may be viewed as a tadpole where
the [Ni(teta)z]zJr octahedral coordination sphere is the
head and the uncoordinated N atoms are the tail. The
absolute configuration of the [Ni(teta);]*t cation is
A(AS8AL). The Ni-N distances (2.121(6)—2.160(6) A)
are in the normal range as found in other Ni’>* cations
in an octahedral coordination environment of amine
donor atoms [4]. The [Ge4S;o]*~ adamantane-like an-
ion is formed by four edge-sharing GeS; tetrahe-
dra. The Ge-S; distances (2.1223(18)-2.135(2) A,
t = terminal) are shorter than those of the bridg-
ing Ge—S,, bonds (2.228(2)—2.2449(17) A, b = bridg-
ing). The moderate distortion of the GeSy tetrahedra
is demonstrated by the S—-Ge-S angles (106.18(8)—
112.50(8)°) deviating from the ideal value of 109.5°.
The [GesSi0]*~ clusters are packed in a pseudo-
hexagonal fashion, where each cluster is surrounded by
six neighbors. This is similar to the arrangement of the
[Ge4S10]*~ clusters in other thiogermanates [C,Ha, -
NH3]4GC4810 (I’l = 12, 14, 16, 18) [6] and [CnH2n+1‘
N(CH3)3]4GesS1o (n =12, 14, 16, 18) [7].

The [Ge4810]4_ clusters are separated by the [Ni-
(teta),]>" complex cations. There are a lot of short in-
termolecular N-H- - - S interactions between the termi-
nal S1/S5 atoms and the H-N groups of teta ligands
with N---S distances varying from 3.436 to 3.573 A
and N-H- - - S angles ranging from 147.44 to 170.05°,
resulting in a three-dimensional H-bonding network
structure (Fig. 4). In addition, the N-H---N H-bonded
interactions with N- - - N distances in the range of 2.950
t0 3.072 A also play an important role in stabilizing the
structure.

The emission spectrum of 2 in the solid state was
investigated at room temperature (Fig. 5). 2 exhibits
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Fig. 4 (color online). The 3-D supramolecular framework
of 2 constructed by N-H---S hydrogen bonds (H atoms
bonded to C atoms have been omitted for clarity).

Intensities
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Fig. 5. Solid-state photoluminescence of 2 at r. t.

a strong and broad emission band at 468 nm upon
photo-excition at 310 nm, which is consistent with
the solid-state luminescence of other thiogermanates
(440—489 nm) [4]. This emission probably originates
from the amine ligands because a similar weak emis-
sion is also found for the amine hydrochlorides [8].

Experimental Section

All chemicals were used as purchased without purifica-
tion. Elemental analyses (C, H, and N) were performed on
a PE2400 II elemental analyzer. The IR spectra were ob-
tained on an ABB Bomen MB 102 spectrometer in the range
of 4000-400 cm~! with pressed KBr pellets. Fluorescence
spectral analyses were performed using a Cary Eclips fluo-
rescence spectrometer.

Table 1. Crystal structure data for 1 and 2.
1 2

Formula C12H41G62N9Ni56 C12H36G62N3Ni55
Fw 707.83 656.75
Crystal system triclinic monoclinic
Space group P1 C2/c

a, A 7.2195(14) 21.939(6)
b, A 9.2561(19) 11.035(3)
c, A 11.502(2) 22.905(9)
o, deg 73.68(3) 90

B, deg 72.98(3) 111.793(3)
7, deg 71.15(3) 90

v, A3 680.6(3) 5149(3)

V4 1 8

T,.K 296(2) 296(2)
Calcd. density, gecm™>  1.72 1.69

Abs. coeff., mm~! 3.4 3.5
F(000), e 359 2688
20max, deg 50.20 52.00
Total reflns. collected 3742 14656
Unique reflns. 2387 5059

No. of ref. param. 142 300
R1[I>20(1)] 0.0337 0.0549
wR?2 (all data) 0.0753 0.1466
Apfin (max / min), eA3 0.78/-0.56 0.86 / —0.66

Synthesis of [Ni(dien), |»(Hodien)Ge;Sg (1)

[Ni(dien),],(Hpdien)Ge,Sg (1) was  synthesized hy-
drothermally in a 23-mL Teflon-lined autoclave by heating
a mixture of Ni (0.0075 g, 0.13 mmol), GeO, (0.0062 g,
0.06 mmol), S (0.0129 g, 0.40 mmol), and dien (3 mL)
at 160 °C for 10 d. After the mixture was slowly cooled to
room temperature, purple crystals were obtained (yield: 42 %
based on GeO;). — Anal. for 1: caled. C 20.36, H 5.84,
N 17.81; found C 20.31, H 5.79, N 17.76. — IR (cm_l): V=
3228(m), 3153(m), 2955(m), 2862(m), 1617(m), 1565(w),
1503(m), 1455(s), 1389(m), 1358(s), 1311(m), 1253(w),
1121(s), 1066(s), 967(m), 743(w), 678(m), 589(m), 529(s),
495(w), 423(s).

Synthesis of [Ni(teta);[,GeyS10 (2)

[Ni(teta)2]oGesS1o9 (2) was synthesized hydrothermally
in a 23 mL Teflon-lined autoclave by heating a mixture of
Ni (0.0072 g, 0.12 mmol), GeO, (0.0071 g, 0.07 mmol), S
(0.0121 g, 0.38 mmol), and teta (3 mL) at 160 °C for 10 d. Af-
ter the mixture was slowly cooled tor. t., purple crystals were
obtained (yield: 53 % based on GeO;). — Anal. for 2: calcd.
C 21.95,H5.53, N 17.06; found C 21.97, H 5.46, N 17.13. —
IR (cm™bY): v = 3413(m), 3313(m), 2939(s), 2834(m),
1599(s), 1552(m), 1476(s), 1383(w), 1318(w), 1294(m),
1183(w), 1102(s), 1019(s), 961(s), 773(m), 657(w), 534(w),
422(s).

X-Ray structure determination

Data collections were performed on a Rigaku Mercury
CCD diffractometer with graphite-monochromatized MoKy
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Table 2. Selected bond lengths (A) and angles (deg) for 1
and 22

1
Gel-S1 2.1587(16) Nil-N1 2.115(4)
Gel-S2 2.1457(17) Nil-N2 2.110(4)
Gel-S3 2.2842(14) Nil-N3 2.142(4)
Gel-83*1 2.2831(15)
$2-Gel-S1 116.29(7) S1-Gel-S3 110.33(6)
S2-Gel-S3#1 112.30(6) S3*1_Gel-S3 93.68(5)
S1-Gel-S3#1 109.92(6) Gel*1-83-Gel 86.32(5)
S2-Gel-S3 112.08(6) N1-Njl-N3#2 89.75(15)
N2#2_Nil-N2 180 N3-Nil-N3#2 180
N2-Nil-N1#2 97.85(15) N2#2_Nil-N3 97.06(15)
N2-Nil-N1 82.15(15) N1-Nil-N3 90.25(15)
N1*2_Nil-N1 180 N2-Nil-N3 82.94(15)
2
Gel-SI 2.1223(18) Ge2-S5 2.135(2)
Gel-S2 2.2417(17) Ge2-S4 2.2254(19)
Gel-S3 2.230(2) Ge2-83% 2.2332(19)
Gel-S4 2.228(2) Ge2-S6 2.2449(17)
Nil-N1 2.128(6) Nil-N4 2.151(6)
Nil-N2 2.121(7) Nil-N5 2.121(6)
Nil-N3 2.126(6) Nil-N6 2.160(6)
S1-Gel-S4 108.37(8) S5-Ge2-S4 106.26(8)
S1-Gel-S3 110.64(8) S5-Ge2-S3" 106.18(8)
S4-Gel-S3 108.53(8) S4-Ge2-83% 112.50(8)
S1-Gel-S2 108.01(9) $5-Ge2-S6 112.04(8)
S4-Gel-S2 110.78(6) S4-Ge2-S6 109.53(7)
$3-Gel-S2 110.50(6) $3%3_Ge2-S6 110.26(6)
N5-Nil-N2 95.7(3) N2-Nil-N4 93.7(2)
N5-Nil-N3 174.1(3) N3-Nil-N4 81.9(3)
N2-Nil-N3 82.0(3) N1-Nil-N4 173.4(3)
N5-Nil-N1 92.3(3) N5-Nil-N6 82.1(3)
N2-Nil-N1 81.7(2) N2-Nil-N6 176.2(3)
N3-Nil-N1 92.7(2) N3-Nil-N6 100.5(2)
N5-Nil-N4 92.9(3) N1-Nil-N6 95.2(2)
N4-Nil-N6 89.5(2)

2 Symmetry transformations used to generate equivalent atoms:
lx—1, —y+3, —z+2: " —x—1, —y+3, —z+ 1" —x 41,
y, —z+1/2.

radiation (A = 0.071073 nm) at 296(2) K. The intensities
were corrected for Lorentz and polarization effects. The
structures were solved with Direct Methods using the pro-
gram SHELXS-97 [9], and the refinement was performed
against F2 using SHELXL-97 [10]. All the non-hydrogen
atoms were refined anisotropically. The H atoms of the or-
ganic amines were positioned with idealized geometry and
refined with fixed isotropic displacement parameters. For 1,
the N4 atom was disordered over two positions with an oc-
cupation ratio of 0.50: 0.50. For 2, the atoms C9, C10, C11,
C12, N7, and N8 were disordered over two positions with
an occupation ratio of 0.71:0.29. Relevant crystal and data
collection parameters and refinement results can be found in
Table 1. Selected bond lengths and angles for 1 and 2 are
listed in Table 2.

CCDC 822833 (1) and 822834 (2) contain the supple-
mentary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
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