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Five new thiogallates have been prepared solvothermally in the presence of ethylenediamine and characterized
by single-crystal X-ray diffraction, thermogravimetry, and elemental analysis. [enH,][GasS+(en),] (1), which crystal-
lizes in the monoclinic space group P2i/c with lattice parameters a = 12.8698(12) A, b = 10.4812(9) A, ¢ =
16.5473(14) A and B = 102.457(4)° (Z = 4), exhibits a layered structure in which both covalently and hydrogen-
bonded template molecules coexist. The structures of [M(en)s]os[GaS;] (M = Mn (2) (orthorhombic, Cmcm, a =
9.5555(6) A, b = 15.0696(10) A, ¢ = 12.2893(7) A, Z = 8) M = Co (3) (orthorhombic, Cmcm, a = 9.4660(7) A,
b = 15.0990(11) A, ¢ = 12.2540(8) A, Z = 8), M = Ni (4) (orthorhombic, Cmem, a = 9.4510(10) A, b =
15.1416(15) A, ¢ = 12.2387(11) A, Z = 8)) and Mn(en),Ga,S; (5) (monoclinic, C2/c, a = 14.3002(11) A, b =
7.9509(5) A, ¢ =12.1184(6) A, B = 100.191(4)°, Z = 4) are closely related and contain one-dimensional [GaS;]~
chains, which are separated by [M(en)s]?* counterions in 2, 3, and 4, and linked into a three-dimensional structure
by [Mn(en),J** units in 5.

Introduction tetrahedrally shaped fragments of the cubic ZnS-type lattice,

Following the report by Bedatcthat template-directed are genera_lly _dgnoted as),Twhere the indexi indicates the
synthesis can be applied to effect the crystallization of tin number of individual tetrahedron along each edge. The nature

and germanium sulfides, there has been considerable interes?f the cations involved n these cluster7s_ > as follows. T2
in the solvothermal synthesis of chalcogenides. The majority CIUSterS, such as [G8i*" or [InsGeSg",” contain tet-
of materials produced to date contain the main-group ravalent ions or a mixture of tetra- and trivalent ions; T3
elements of Group 13 (IR} Group 14 (Ge, Sm5and Group clusters, such as {§5,0'°,2 contain trivalent ions; T4

' e 10- = 0
15 (As, Sby's The structures of these materials are based ClUSters, such as [MeSig™® (M = Mn, Co, Zn, Cd);
on a variety of building units such as [i,'> supertet- contain a mixture of tri- and divalent ions; while T5 clusters,

rahedr& adamantane-like supertetrahedral &g+ units?  SUch as [CensSsg] =" contain tri- and monovalent ions.
and [ShSy|*~ semicube&.Of those building units, supertet- The progressive introduction of lower valences with increas-

rahedral clusters such as {i8,'" or [Ge:Si]*~ are par- ing the size of the cluster limits the expansion of the negative
ticularly interesting because by replacing regular tetrahedraCharge in the cluster, which would render the solid unstable.
with supertetrahedral clusters in structures such as diamond Other types of tetrahedral clusters, such as the pentasupertet-
crystalline microporous solids with large pores, representing 'anedral clusters; have been recently reportéd.

more than 80% of their crystal volume, can be generéted. While a number of indium sulfide structures based on

These supertetrahedral clusters, which can be described aSUPertetrahedral clusters have been repdriiit is known
about the related thiogallates. Isolated T2 /&g® anions

* Fax: +44 (0)131 451 3180. E-mail: chepv@hw.ac.uk. have been describééiand Zheng et al. have reported the
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Solvothermal Synthesis of Thiogallates in Ethylenediamine

first solvothermal syntheses of a small number of three-di-
mensional gallium frameworks containing T2 [GéV1,S;¢]® ™

(M = Ge, Sn), T3 [GaSx]** and T4 [ZnGaS:3 10 clus-
ters? 1> while the present author described recently a solvo-
thermally prepared gallium sulfide [N4H2¢l0 GaS] con-
taining one-dimensional [GalS chains!® Three-dimensional

frameworks of supertetrahedral T3 and T4 gallium selenide

clusters have also been described recefri@nd Dong et al.
reported a layered gallium selenide, [edl@a,Se(en)],*®
which does not contain supertetrahedral clusters.

In this work, the crystal structures of five thiogallates

and en (4.6 mL), which corresponds to a molar composition of
Ga/SINiS/en= 1:2.5:0.5:30, was loaded into a 23 mL Teflon-lined
stainless steel autoclave. [Ni(gh)}GaS] was prepared by heating
this reaction mixture at a temperature of 180D for 6 days. The
product of the reaction contains mainly violet platestdbgether
with a small amount of clear plates tf

Synthesis of Mn(en)Ga,S, (5). A mixture of GaS; (0.267 g;
1.1 mmol), S (0.055 g; 1.7 mmol), Mng&#H,O (0.113 g; 0.6
mmol), and en (1.2 mL), which corresponds to a molar composition
of GaSy/S/IMnChL-4H,0O/en= 1:1.5:0.5:15, was loaded into a 23
mL Teflon-lined stainless steel autoclave. The container was closed
and heated at a temperature of 10 for 13 days. The product

prepared under solvothermal conditions in the presence ofconsists of a large amount of clear hexagonal blocksarfd some

ethylenediamine (en) are described. [gfi@a;S;(en)] (1)

is the first example of a solvothermally prepared thiogallate
in which covalently and hydrogen-bonded template mol-
ecules coexist. The structures of [M(ge}GaS] (M = Mn

(2), Co 3), Ni (4)) and Mn(en)G&S; (5) are closely related
and contain one-dimensional [GAS chains, which are
isolated in [M(enj]odGaS] but linked into a three-
dimensional structure by [Mn(e}" units in 5.

Experimental Section

Synthesis of [enH][GasS;(en)] (1). A mixture of GaS; (0.400
g; 1.7 mmol) and S (0.054 g; 1.7 mmol) was loaded into a 23 mL
Teflon-lined stainless steel autoclave. Ethylenediamine (3.4 mL)
was added to form a mixture with an approximate molar composi-
tion GaSy/S/en= 1:1:30. After stirring the mixture, the container
was closed, heated at 180 for 10 days, and then cooled to room
temperature at a cooling rate of € min~1. The reaction mixture

was filtered, washed with ethanol and deionized water, and dried

in air at room temperature. Under these conditions, the product ;
b P d calculated for the removal of the amine, are as follolySound:

consists of a mixture of an unidentified white powder an
transparent plates df Subsequent synthetic studies were directed

at attempts to produce a single-phase material. A single-phase

sample containing only clear plateslofvas subsequently prepared
by heating a mixture with a molar composition Ga/S/en of 2:4:30
at a temperature of 170C for a 5 day period. For the remaining
syntheses, yield of the main phase is always greater than 80%.
Synthesis of [Mn(en}]odGaS;] (2). A mixture of GaS; (0.267
g; 1.15 mmol), S (0.037 g; 1.15 mmol), Mn&4H,0 (0.113 g; 0.6
mmol), and en (2.3 mL), which corresponds to a molar composition
of GaS:/S/MnCh+-4H,0/en= 1:1:0.5:30, was loaded into a 23 mL

crystals ofl.

CHN Analysis. Combustion analysis was carried out on hand-
picked crystalsl, found: C= 10.64%, H= 3.37%, N= 12.18%;
calcd: C= 10.51%, H= 3.79%, N= 12.25%:;2, found: C=
14.10%, H= 4.68%, N= 16.39%; calcd: C= 14.33%, H=
4.81%, N= 16.71%;3, found: C= 14.14%, H= 4.72%, N=
15.83%; calcd: G=14.22%, H= 4.77%, N= 16.58%:4, found:

C = 13.48%, H= 4.63%, N= 15.73%; calcd: G=14.22%, H=
4.77%, N= 16.59%;5, found: C= 10.81%, H= 3.57%, N=
12.42%; calcd: G= 10.85%, H= 3.64%, N= 12.65%.

Thermogravimetric Analysis. Thermogravimetric analysis was
performed using a DuPont Instruments 951 thermal analyzer.
Approximately 10 mg of finely ground crystals were heated under
a flow of dry nitrogen over the temperature range-800°C at a
heating rate of 2C min~1. All the products are stable up to 210
280°C, with the exception o2, which starts to decompose at 140
°C. In all cases, the weight loss is a multistage process, with the
overall weight change corresponding approximately to the complete
removal of the amine. The found weight losses, together with those

25.0%; calcd: 26.5%2, found: 36.0%; calcd: 35.99@, found:
37.1%,; calcd: 35.6%4, found: 39.5%; calcd: 35.6%, found:
26.7%; calcd: 27.1%. Powder X-ray diffraction indicates that the
products of thermal decomposition are amorphous materials.
Crystal Structure Determination. Crystals were mounted on
glass fibers and X-ray intensity data collected using a Bruker X8
APEX 2 diffractometéf® with graphite-monochromated MoK
radiation ¢ = 0.71073A). After initial data collections at 293 K,
it was found that the structures @f 3, and4 contain disordered
amine molecules, and therefore, the final data collection for these

Teflon-lined stainless steel autoclave. The container was closed andhree materials was carried out at 100 K. Full crystallographic details

heated at a temperature of 170 for 12 days. The remainder of

are given in Table 1. The structures were solved by direct methods

the procedure is identical to the one described above. The productusing the program SIR$2which located Ga, transition metals,

consists of a large number of crystalsdand some crystals df.
Synthesis of [Co(eng]osGaS] (3). A mixture of GaS; (0.540

g; 2.3 mmol), S (0.110 g; 3.4 mmol), Co@BH,0 (0.271 g; 1.1

mmol), and en (4.6 mL), which corresponds to a molar composition

of GaSy/S/CoCh-6H,0/en= 1:1.5:0.5:30, was loaded into a 23

and all S atoms. Subsequent Fourier calculations and least-squares
refinements orF were carried out in the CRYSTALS program
suite?! The C and N atoms of the amine were located in difference
Fourier maps. Foll and5, all non-hydrogen atoms were refined
anisotropically, while for2, 3, and4, the N and C atoms, which

mL Teflon-lined stainless steel autoclave. The sealed container wasWere found to be disordered, were refined isotropically. The amine

heated at 160C for 20 days. The product contains mainly orange
plates of3 but also some clear plates of

Synthesis of [Ni(en}]osGaS;] (4). A mixture of Ga (0.160 g;
2.3 mmol), S (0.184 g; 5.7 mmol), NiS (0.104 g; 1.15 mmol),

(14) Krebs, B.; Voelker, D.; Stiller, K.-Olnorg. Chim. Actal982 65,
L101.

(15) zheng, N.; Bu, X.; Feng, B. Am. Chem. So2003 125 1138.

(16) Vaqueiro, PJ. Solid State Chen2006 179, 302.

(17) Bu, X.; Zheng, N.; Wang, X.; Wang, B.; Feng,Ahgew. Chem., Int.
Ed. 2004 43, 1502.

(18) Dong, Y.; Peng, Q.; Wang, R.; Li, Ynorg. Chem2003 42, 1794.

H atoms were placed geometrically after each cycle of refinement,
but not refined. A Chebyshev polynomial was applied as a
weighting schemé?

(19) Bruker X8 APEX 2Version 1.0-8; Bruker AXS, Inc.: Madison, WI,
2003.

(20) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camelli, MJ. Appl. Crystallogr., Sect..A994
27, 435.

(21) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W. In
CRYSTALS Issue 10hemical Crystallography Laboratory, University
of Oxford: Oxford, UK, 1996.
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Table 1. Crystallographic Data for [end{GasS;(en)], [M(en)s]osGaS] (M = Mn, Co, Ni), and Mn(en)GaSa

Vaqueiro

formula [enH][GasSy(en)] (1)  [Mn(en)losGaS] (2)  [Co(enklodGaS] (3)  [Ni(en)klodGaS](4)  Mn(enyGaS (5)
M 685.66 251.46 253.47 253.36 442.83
crystal habit colorless plate colorless plate orange plate violet plate colorless block

dimensions/mmh 0.06x 0.01x 0.02 0.0% 0.02x 0.01

cryst syst monoclinic orthorhombic
space group P2:/c Cmcm

T/IK 293 100

alA 12.8698(12) 9.5555(6)
b/A 10.4812(9) 15.0696(10)
c/A 16.5473(14) 12.2893(7)
BI° 102.457(4) -

VIA3 2179.4(3) 1769.63(19)
z 4 8
wavelength/A 0.71073 0.71073
ulem™t 5.587 4.193
measured data 34 328 16 286
unique data 3984 1439
observed datd ¢ 30(1)) 2201 861

Rimerg 0.039 0.036

R(Fo)? 0.020 0.021
Ru(Fo)? 0.022 0.025

2R(Fo) = X(IFol = IFel)/ZIFol. ® Ru(Fo) = [IW(IFol — |Fc)¥3WIFo[7Y2

0.0% 0.01x 0.01
orthorhombic

cmcm

100
9.4660(7)
15.0990(11)
12.2540(8)

1751.4(2)
8

0.71073

4.463
12578

1413
690
0.049
0.020
0.021

0.05¢ 0.03x 0.01
orthorhombic
Cmecm
100
9.4510(10)
15.1416(15)
12.2387(11)

1751.4(3)
8

0.71073
4.591
10577

1552
763
0.042
0.024
0.023

0.106< 0.10x 0.06
monoclinic
2z
293
14.3002(11)
7.9509(5)
12.1184(6)
100.191(4)
1356.12(15)
4
0.71073
5.452
8780
1964
1490
0.028
0.024
0.027

Table 2. Selected Bond Lengths (A) and Angles (deg) for

[enH][GasSr(en)] (1)

Figure 1. Local coordination of the non-hydrogen atoms in the layers of
[enH][GasSy(en)] (1) showing the atom labeling scheme and ellipsoids at

50% probability.

Results and Discussion

Structure of [enH7][GasS;(en)] (1). The structure ofl
consists of anionic layers of stoichiometry [Sgen)]?,
between which protonated template molecules reside. Figureity of the previously reported structures of solvothermally
1 shows the local coordination of the framework atoms, while prepared thiogallates are based on supertetrahedral clus-
selected bond lengths and angles are presented in Table 2ers?*°this is not the case ifh. The [GaS;(en)]?~ building
The gallium atoms Ga(l) and Ga(3) exhibit a distorted units are connected by their four terminal sulfurs to four other
tetrahedral coordination, with an average-Gmadistance of
2.29 A, comparable to values in the literature for thiogallates pores. When the van der Waals’ r&élof Ga and S are taken

in tetrahedral coordinatiotf. The atoms Ga(2) and Ga(4) are

Ga(l-S(1) 2.3027(14)  Ga(3)S(3) 2.2665(15)
Ga(1)-S(6) 2.2708(13)  Ga(3)S(4) 2.2801(13)
Ga(1)}-S(2p 2.2796(14)  Ga(3}S(5) 2.3054(14)
Ga(1)-S(4y 2.2841(13)  Ga(3)S(7f 2.2968(14)
Ga(2)-S(1) 2.2430(14)  Ga(4)S(5) 2.2484(13)
Ga(2)-S(2) 2.2643(14)  Ga(4)S(6) 2.2446(13)
Ga(2)-S(3) 2.2372(14)  Ga(4)S(7) 2.2594(14)
Ga(2)-N(1) 2.015(3) Ga(4yN(3) 2.005(3)
S(4P-Ga(1)-S@2p 114.31(5) S(A-Ga(3)-S(3) 107.77(5)
S(4P-Gal-S(6p  111.74(5) S(B-Ga(3)-S(4) 113.00(5)
S(2P—Ga(1)-S(6p 111.67(5) S(3)yGa(3)-S(4) 112.76(5)
S(4P—Ga(1)-S(1) 101.40(5) S(A-Ga(3)-S(5) 112.25(5)
S(2P—Ga(1)-S(1) 109.07(5) S(3)Ga(3)-S(5) 108.58(5)
S(6p—Ga(1)-S(1) 107.95(5) S(4)Ga(3)-S(5) 102.42(5)
S(1-Ga(2-S(2)  105.58(5) S(5)Ga(4)-S(6) 113.58(5)
S(1)-Ga(2)-S(3)  115.68(5) S(5)Ga(4)-S(7) 111.31(5)
S(2-Ga(2-S(3) 116.75(5) S(6)Ga(4)-S(7) 114.98(5)
S(1)-Ga(2)-N(1)  108.14(12) S(5)Ga(4)-N(3) 106.93(12)
S(2-Ga(2)-N(1) 106.92(12) S(6)Ga(4)-N(3) 102.09(12)
S(3)-Ga(2)-N(1)  103.20(12) S(AGa(4)-N(3) 106.98(13)

a Symmetry transformations used to generate equivalent aterist
XY, zZbP1—x12+y,32-2°2—-x —-12+vy, 32—z

in boat conformation. It is worth noting that, while the major-

building units, forming a layer (Figure 2), which contains

into account, the effective aperture of these pores is ca. 4

trigonal-pyramidally coordinated by sulfur. In addition, these 1 A2 In this layer, the [G#5;(en)]?~ units exhibit two alter-

two gallium atoms have a neighboring nitrogen from an nating orientations in which the apex of the tetrahedra (and
ethylenediamine molecule at a distance of ca. 2.01 A, therefore the covalently bonded en molecules) point in oppo-
resulting in overall tetrahedral coordination. In the struc- site directions. Similar layers to those present in the struc-
ture of1, two Gag and two GagN tetrahedra are linked by

their corners, forming a building unit with stoichiometry

ture of 1 have been found in the gallium selenide [epH]
[Ga;Se(en)].'® There are, however, differences betwden

[GasS;(en)]?~ (Figure 1), which can also be described as and [enH}Ga;Se(en)] in the orientation and amount of
being constructed from two fused six-memberedSz&angs

(22) Carruthers, J. R.; Watkin, D. Acta Crystallogr., Sect. A979 35,

698.
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ethylenediamine molecules situated between the layers. The
structure ofl (Figure 3) contains 3 mol of en per formula

(23) Bondi, A.J. Phys. Cheml964 68, 441.
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C a

Figure 2. View along the [001] direction showing a [G&(en)]?~ layer
formed by linking [GaSz(en)]?~ building units through their terminal
sulfurs. Key: gallium, large black circles; sulfur, large open circles; carbon,
small black circles; nitrogen, small open circles. Galliunitrogen bonds
are shown in white. Hydrogen atoms have been omitted for clarity.

Figure 3. View along the [010] direction showing the location of the
ethylenediamine molecules it with the unit cell outlined. Gallium
nitrogen bonds are shown in white. Key as for Figure 2. Hydrogen atoms
have been omitted for clarity.

unit, while [enH}[Ga;Se(en)] contains four. In both

Figure 4. Two representations of the one-dimensional [@a%hain in
2, 3, and4, showing the edge-sharing Gastrahedra. Key: gallium, large
black circles; sulfur, large open circles.

ecules. The structural study is unable to establish directly
the degree of protonation of the template molecules, but it
is very unlikely that those acting as ligands would be
protonated. Therefore, charge-balancing considerations re-
quire diprotonation of the isolated en molecules located
between the layers. The IR spectrumldf consistent with

the presence of both protonated and unprotonated primary
amine funcional groups.

Generally, the organic template molecules used in the
solvothermal synthesis of metal chalcogenides enter the
structure through weak hydrogen bonding. In extended
chalcogenide structures, covalent bonding of the template
molecules has only been found in a small number of hybrid
chalcogenides such as Cdipen (Q= S, Se, Te¥ and
ZnTe0.5L (L = aliphatic diamin€¥?%or in rare examples
of sulfides containing transition metals octahedrally coor-
dinated both by sulfur and amines, such as,$®pSs-L (L
= amine)?”?81 is the first example of a thiogallate in which
the amine plays a dual role as a ligand and a structure
directing agent.

Structure of [M(en)3]odGaS;] (M = Mn (2), Co (3), Ni
(4)). The structure of [M(en)odGaS] (M = Mn, Co, Ni)
contains Gagtetrahedra linked together by sharing opposite
edges to form one-dimensional [G&Schains, as shown in
Figure 4. Selected bond lengths and angles for [M{gg)
[GaS)] are presented in Table 3. The average-Galistance
is ca. 2.29 A, comparable to the literature values for
tetrahedrally coordinated thiogallatésThe Ga$g tetrahedra
are distorted, as evidenced by 8 —S angles which extend

structures, 2 mol of en per formula unit are covalently bonded gyer the range 95-4118.7. Similar distortions have been
to the gallium atoms, while the remaining en resides as reported for edge-shared MSunits in ternary sulfides

discrete molecules between the layers.linthe nitrogen  containing isolated [IMSs]® ions, such as NBaSs,2° or in
atoms of these isolated en molecules have a number of sulfur

neighbors at distances in the range 3:338 A, as well as
other nitrogen atoms at distances of 22895 A, implying
hydrogen-bonding interactions. Similar hydrogen-bonding
interactions have been proposed for [ef8piSe(en)].
Given the anionic nature of the thiogallate layer4,icharge
balancing requires protonation of some of the amine mol-

(24) Deng, Z.-X.; Li, L.; Li, Y. Inorg. Chem.2003 42, 2331.

(25) Huang, X.; Li, J.J. Am. Chem. So200Q 122 8789.

(26) Huang, X.; Li, J.; Zhang, Y.; Mascarenhas, A.Am. Chem. Soc.
2003 125, 7049.

(27) Bensch, W.; Schur, MEur. J Solid State Inorg. Cherhi996 33, 1149.

(28) Engelke, L.; Schaefer, M.; Schur, M.; Bensch,@%iem. Mater2001,
13, 1383.

(29) Eisenmann, B.; Hofmann, &. Kristallogr. 1991, 197, 147.
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Table 3. Selected Bond Lengths (A), Bond Valences (v.u.) and Angles (deg) for [Mi¢elBaS] (M = Mn, Co, Ni)

[M(en)slodGaS]
M =Mn (2 M =Co (3) M = Ni (4)
bonds P2 P2 P
Ga(1)»-S(1) 2.2782(11) 0.75 2.2688(15) 0.77 2.2683(17) 0.77
Ga(1)»-S(2) 2.3030(10) 0.70 2.3017(14) 0.70 2.3049(15) 0.70
Ga(1)-S(3) 2.2985(6) 0.71 2.2946(8) 0.71 2.2960(8) 0.71
Ga(l)-S(3y 2.2985(6) 0.71 2.2946(8) 0.71 2.2960(8) 0.71
sum 2.87 sum 2.89 sum 2.89
M(1)—N(1) 2.274(3) 0.34 2.169(4) 0.41 2.127(4) 0.36
M(1)—N(1) 2.274(3) 0.34 2.169(4) 0.41 2.127(4) 0.36
M(1)—N(2) 2.287(4) 0.33 2.180(4) 0.40 2.135(4) 0.35
M(1)—N(2)¢ 2.287(4) 0.33 2.180(4) 0.40 2.135(4) 0.35
M(1)—N(3) 2.276(4) 0.16 2.172(4) 0.20 2.129(5) 0.18
M(1)—N(3)¢ 2.276(4) 0.16 2.172(4) 0.20 2.129(5) 0.18
M(1)—N(3)? 2.276(4) 0.16 2.172(4) 0.20 2.129(5) 0.18
M(1)—N(3)e 2.276(4) 0.16 2.172(4) 0.20 2.129(5) 0.18
sum 1.98 sum 2.42 sum 2.14
[M(en)slodGas]
angles M= Mn (2) M = Co (3) M = Ni (4)
S(1y-Ga(1)-S(2) 95.05(3) 95.12(4) 95.26(4)
S(1)-Ga(1)}-S(3) 114.62(2) 114.75(3) 114.72(3)
S(2)-Ga(1}-S(3) 118.70(2) 118.46(3) 118.28(3)
S(3P—Ga(1)>-S(1) 114.62(2) 114.75(3) 114.72(3)
S(3P—-Ga(1)-S(2) 118.70(2) 118.46(3) 118.28(3)
S(3P—-Ga(1)-S(3) 96.58(3) 96.71(4) 96.96(4)

aBond valences and their sums calculated using parameters from reggimetry transformations used to generate equivalent aterrs:-y, 1 — z.

C—x,y, 1/2—zd9xy, 1/2—z¢—x Yy, z

[C1N4H26l0MS;] (M = Ga, In)1® which contains one-
dimensional [Mg]~ chains. The edge sharing of the GaS
units results in short metametal distances along the [GHS
chain, of ca. 3.0 A, which are comparable to those found in
gallium metaP® The one-dimensional [GaB chains in the
structure of [M(englodGaS] run parallel to the crystal-
lographicc axis and are separated by [M(gA) complexes.
Bond valence sunikare consistent with the formal oxidation
states of Ga(lll) and divalent transition-metal cations. The
en ligands of the [M(en)?>" complexes are disordered, with
these complexes adopting eitheor A conformations. The
M—N bonds are within the expected range fot'\Mations
octahedrally coordinated by nitrogen atoffis’* Due to the
preference for the formation of transition-metal complexes
in the presence of strongly chelating amines, introduction
of transition-metal ions into solvothermal reactions often
results in the formation of an anionic main-group-element
framework together with a charge-balancing cationic transi-
tion-metal complex, as exemplified by [Mn(gfiEh,S,] (M
= Co, Ni)2[M(en):][ShsS7] (M = Fe, Ni)2and [M(en}].-
[GexSe] (M = Mn, Ni),* as well as in the materials reported
here, [M(en)]o5GaS] (M = Mn, Co, Ni).

When compared with oxides, sulfides exhibit a greater
tendency for the formation of low dimensional structures,

and therefore, sulfides containing one-dimensional chains. : ) ) '
¢ing vertex-linked or edge-linke& SbS*" trigonal pyramids,

have been previously observed. For example, two types o

(30) Wells, A. F.Structural Inorganic ChemistryClarendon: Oxford,
England, 1984.

(31) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991 B47, 192.

(32) Stephan, H.-O.; Kanatzidis, M. Gorg. Chem.1997 36, 6050.

(33) Jia, D.-X.; Dai, J.; Zhu, Q.-Y.; Cao, L.-H.; Lin, H.-H. Solid State
Chem.2005 178 874.

(34) Schur, M.; Bensch, WActa Crystallogr. C200Q 56, 1107.

4154  Inorganic Chemistry, Vol. 45, No. 10, 2006

Figure 5. View along the [001] direction of [Co(eglp {GaS)] (3) with

the unit cell outlined. Key: gallium, large black circles; sulfur, large open
circles; cobalt, large shaded circles carbon, small black circles; nitrogen,
small open circles. Hydrogen atoms have been omitted for clarity.

one-dimensional chains with stoichiometry [Sp$ involv-

have been reported. Repeated vertex-linking of tetrahedral
MS4*~ anions (M= Ge, Sn) results in the formation of one-
dimensional [Mg]?>~ chains, such as those observed in
NaGeS?® or T,SnS.3” One-dimensional chains involving

(35) Volk, K.; Bickert, P.; Kolmer, R.; ScHer, H. Z. Naturforsch., Teil B
1979 34, 380.
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Figure 6. Local coordination of the non-hydrogen atoms in Mn¢&@&S,
(5) showing the atom labeling scheme and ellipsoids at 50% probability.

Table 4. Selected Bond Lengths (&), Bond Valences (v.u.) and Angles
(deg) for Mn(en)GaS4 (5)

VC
Ga(1)>-S(2) 2.2811(7) 0.74
Ga(1)}-S(2) 2.2982(6) 0.71
Ga(1)}-S(3) 2.2792(6) 0.74
Ga(1)-S(2y 2.3007(6) 0.70
sum 2.89
Mn(1)—S(2) 2.7430(6) 0.23
Mn(1)—S(2y 2.7430(6) 0.23
Mn(1)—N(1) 2.247(2) 0.36
Mn(1)—N(2) 2.244(2) 0.36
Mn(1)—N(1) 2.247(2) 0.36
Mn(1)—N(2) 2.244(2) 0.36
sum 1.90

S(1)-Ga(1)-S(2) 118.694(18)
S(1-Ga(1)-S(3) 97.97(2)

S(2-Ga(1)-S(3) 113.770(18)
S(2p—Ga(1)-S(1) 117.082(17)
S(2p—Ga(1)-S(2) 96.173(19)
S(2r—-Ga(1)>-S(3) 114.322(17)
S(2)-Mn(1)—N(1) 89.13(5)

S(2)-Mn(1)—N(2) 83.78(5)
S(2P—Mn(1)—N(1) 90.87(5)
S(2P—Mn(1)—N(2) 96.22(5)

N(1)—Mn(1)—N(2) 79.04(7)
N(1)P—Mn(1)—-S(2p 89.13(5)
N(1)P—Mn(1)—S(2) 90.87(5)
N(1)P—Mn(1)—-N(2) 100.96(7)
N(2)P—Mn(1)—-N(1) 100.96(7)

N(2)P—Mn1—N(1)P 79.04(7)
N(2)P—Mn(1)—S(2) 96.22(5)
N(2)P—Mn(1)—S(2p 83.78(5)

a Symmetry transformations used to generate equivalent atomsx,1
-y,2—2b3/2—-x, —1/2—y, 2 — z ¢Bond valences and their sums
calculated using parameters from ref 31.

edge-linked tetrahedra, similar to those present in [M[eg)
[Gas), have been found in SjS8 in KFeS-type com-
poundsg® and very recently in [@N4H2¢]0MS;] (M = Ga,

(36) Olivier-Fourcade, J.; Philippot, E.; Ribes, M.; Maurin, Mcad Sci,
C. R.; Ser C1972 274, 1187.

(37) Klepp, K. O.Monatsh. Chem1984 115, 1133.

(38) Peters, J.; Krebs, Bicta Crystallogr. B1982 38, 1270.

(39) Bronger, W.; Kyas, A.; Muller, Rl. Solid State Chen1987, 70, 262.

Figure 7. View of 5 (a) along the [001] direction and (b) along the [110]
direction. The unit cell is outlined. Key: gallium, large black circles; sulfur,
large open circles; manganese, large shaded circles; carbon, small black
circles; nitrogen, small open circles. Hydrogen atoms have been omitted
for clarity.

In).*® A gallium selenide containing six-gallium-atom frag-
ments, [GaSea4]'%,*° of edge-linked tetrahedra chains has
also been reported and a solvothermally prepared gallium
selenide, [GH11N,][GaSe], which contains [GaSg™ chains
separated by monoprotonated piperazine cations has been
described’” While [C1oN4H2¢l0 {GaS] and [GH11N,][GaSe)
are examples of a gallium chalcogenides containing one-
dimensional [Gag)~ (Q = S, Se) chains separated by organic
cations, the compounds reported here constitute the first
example containing this type of one-dimensional chain with
metal complexes as counterions.

Structure of Mn(en),Ga,S, (5). The structure of
Mn(enxGaS, is closely related to that of [M(eg]y {GaS)]

(40) Deiseroth, H.-J.; Fu-Son, Angew. Chem., Int. Ed. Engl981, 20,
962.
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and contains one-dimensional [GfSchains linked into a  Although Figure 7b suggests that this structure contains
three-dimensional structure by [Mn(gl¥) complexes. It is narrow rectangular channels along [110] (and0f) 1when
worth noting that the reaction conditions employed for the the van der Waals’ radii of Ga and S are taken into account,
synthesis of2 and 5 are almost identical but differ in the there are no free apertures.

amount of en added to the reaction mixture. Although the  pye to the preference for the formation of transition-metal

synthesis of the analogous M(gBpSs with M = Co, Nit  complexes in the presence of strongly chelating amines,
was attempted, reactions always resulted in the formation so|yothermal reactions involving a transition metal generally
of [M(en)s]ogGaS], containing isolated chains. result in the formation of an anionic main-group-sulfide

Figure 6 shows the local coordination of the non-hydrogen framework together with a charge-balancing cationic transi-
atoms for5, while selected bond lengths and angles are tjon-metal complex, and there have been comparatively few
presented in Table 4. In the [GAS chains of5, the Ga-S reports in which transition metals have been partially or fully
distances lie in the range 2.2792¢®.3007(6) A. Asinthe  incorporated into a main-group anionic network. Most reports
case of [M(endlodGaS), the edge-sharing of the GaS  on partial incorporation concern antimony sulfides, such as
tetrahedra results in short metahetal distances (ca. 3.0 A) [MN(CeH1eNA)]MN:SiS12]% or Mn:ShSs-L (L = amine)?’:28
and in distortions of the GaSunits. Bond valence surfis although recently, two thioarsenates, [Mn@fiyin(en)AsS)-
are consistent with the presence of Ga(lll) and divalent [AssS and [Mn(dien)][Mn(dien)AsS]y4nH,0,%2 have
[Mn(en)]?" complexes and indicate that electrons are 5o been described. Nonchelating amines have been used
localized. The MA" ion is coordinated by two S(2) atoms 55 templating agents in the solvothermal synthesis of
of two different [Gag]™ chains, at a MRS distance of  ansition-metal indium sulfidel,and therefore, the transi-
2_.7430(6) A, and by four N _ator_ns of two en Ilg_andS, yielding  ion-metal cations have been fully incorporated into the main-
distorted octahedral coordination. The M8 distances are group framework. The structure reported here is the first
slightly longer than those observed in WS‘Z'M_A) or in example of incorporation of a transition-metal complex into
compounds containing Mh octahedrally coordinated by g thiggallate network, and also the first example of a three-
sulfur and amine molecules, such as [Mnge{In(en)AsS|- dimensional thiogallate formed by linkage of one-dimen-
[AS3S].2Mn—S dl_stances comparable to those reported heresional chains. One-dimensional chains linked by units
have been found in [Mn(g11gN4)][Mn.ShiSij]** and have ., haining transition metals resulting in structures with higher
been considered to indicate a Weakened—l\ﬁnntere}cnon. . dimensionality have also been observed in other main-group
However, bond valence sums (Table 4) are consistent with sulfides. For example, [Co(efliCoShiSs] contains [Sbs]~
the presence of significant bonding interactions between theChains linked by tetrahedrally coordinated Co(ll) atoms,
Mn and S atoms. The relatively large M bonds might resulting in the formation of [CoSBg?~ layers* Initial

be a consequence of steric interactions between the en Iigandalork on the Ga-S system suggests that the one-dimensional
and the [Gag" chains. The MarN distances of 2.244(2) [GaS)]~ chains are a common building unit, and cross linking

2'%4;(? A" are S|g1_|lart tg Lhoselfobser\éeqtfor erca;gg:s of these chains with other building units, such as [Mnggh)
octanedrally coordinated by suffur and nitrogen atoms. in 5, might give access to a range of new two- or three-

As |IIustrateq by F|gure 7, each unit cell &fcontains _ dimensional structures.
two [GaS]~ chains, which run parallel to the crystallographic

c axis and are related by a lattice translation of (1/2, 1/2, 0).  Acknowledgment. The author thanks the UK EPSRC for

These chains are joined by [Mn(effj complexes, withthe  an Advanced Research Fellowship.
two S(2) atoms from two different [GaJS chains in a trans

arrangement. These complexes connect the f[Ga$hains Supporting Information Available: CIFs; tables of atomic
in directions approximately parallel to [110] and P]lin coordinates; TGA curves fdr—5; and IR spectrum of. This ma-
an alternating fashion, forming a three-dimensional network. terial is available free of charge via the Internet at http://pubs.acs.org.
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