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ABSTRACT: A new layered indium selenide, [C,H;,N]-
[InsSes] (1), has been prepared solvothermally using 3,5-
dimethylpyridine as a solvent and structure-directing agent.
This material, which was characterized by single-crystal and
powder X-ray diffraction, thermogravimetric analysis, UV—vis
diffuse-reflectance spectroscopy, IR spectroscopy, and ele-
mental analysis, crystallizes in the monoclinic space group P2,/
c[a=3.9990(4) A, b =16.7858(15) A, c =23.930(2) A, and S
= 94.728(4)°]. The crystal structure of 1 contains anionic
layers of stoichiometry [In;Ses]” in which indium atoms with
octahedral and tetrahedral coordination coexist. The [In;Ses]™
layers are interspaced by monoprotonated 3,5-dimethylpyr-
idinium cations. A closely related material, [ C,H;,N][In;Se;]

(2), was obtained when using 2,6-dimethylpyridine instead of 3,5-dimethylpyridine.

B INTRODUCTION

Solvothermally prepared metal chalcogenides are a focus of
research activity because of their range of potential applications,
which include catalysis," selective ion exchange,” and molecule-
discriminating sensors.> Structure-directed synthesis is widely
used to prepare such metal chalcogenides, and previous
research efforts have resulted in many structurally diverse
materials containing main-group elements from groups 13 (Ga
and In),* 14 (Ge and Sn),® and 15 (Sb and As).>® However,
most of the work to date has centered on sulfides, and by
comparison, only a relatively small number of selenides and
tellurides have been reported.

For solvothermally prepared group 13 chalcogenides, the
primary building block that has been most frequently observed
is the MQ, tetrahedron (M = Ga, In; Q = S, Se, Te). These
tetrahedral building units can be linked by their corners or
edges, and this leads to a variety of different secondary building
blocks and arrangements. While the structural chemistry of
group 13 sulfides is dominated by supertetrahedral clusters,*
which are formed by corner linkage of MQ,"” tetrahedra, only a
small number of selenides and tellurides containing such
clusters have been reported to date. For indium, this includes
the layered [In(en);][InsTey(en),]-0.5en, which is a polar,
chiral material with nonlinear optical behavior,” the super-
tetrahedra-based double-diamond lattice found in the
[In;oSe;s]® open framework,® and the single-diamond lattice
of the [In,Sez]*™ structure.” Indium selenides and tellurides
show a greater degree of structural complexity than the
analogous sulfides. For example, edge sharing of InQ,*~
tetrahedra (Q = S, Se, Te) can result in the formation of
one-dimensional [InQ,]~ chains,'® and for the heavier
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chalcogenides, replacement of Q> with polychalcogenide
Q.2 anions in the [InQ,]™ chains leads to the formation of
a family of one-dimensional chains, as exemplified by
[M(en);][In,Te,(Te,),] (M = Fe, Zn),"" [CeHeN,]-
[In,Se;(Se,)],"* and other related compounds.> Complex
cationic chains, in which four- and five-coordinate indium
atoms coexist, have been found in [{In(dien)},(InTe,)]-CL'*
Linkage of InSe,”” tetrahedra can also lead to three-
dimensional frameworks. This is exemplified by [C,H;,N]-
[IngSe,,], which contains edge- and corner-sharing InSe,*~
tetrahedra and possesses one-dimensional channels with a
diameter of ca. 6 A,'® and the structure of [Iny;Qss]*~ (Q =S,
Se, Te),'® which consists of cross-linked helical chains of
corner-sharing InQ, tetrahedra. Corner linking of InSe,*”
tetrahedra is also found in the microporous structure of
[NH,],[In;,Se,,], in which nonanuclear indium clusters serve
as secondary building units."”

Here, we report the synthesis, crystal structure, and optical
properties of a unique layered indium selenide, prepared
solvothermally using dimethylpyridine as a solvent and
structure-directing agent. In contrast with previously reported
structures,*”'>'57'7 which are based on InSe,’” tetrahedral
building blocks, the material described here contains indium
atoms coordinated by selenium with two distinct coordination
environments, octahedral and tetrahedral. To the best of our
knowledge, this is the first occurrence of an InSe,” octahedral
building block in a solvothermally prepared indium selenide.
The coexistence of tetrahedral and octahedral units in a
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solvothermally prepared indium sulfide was reported very
recently for the first time.'®

B EXPERIMENTAL SECTION

Synthesis. For the preparation of [C,H,(N][In;Se;] (1), indium
powder (Alfa Aesar, 99+%, 0.1676 g, 1.46 mmol), selenium powder
(Aldrich, 99.5%, 1.958 g, 2.48 mmol), and 3,5-dimethylpyridine
(Aldrich, 98+9%, 7.5 mL, 66 mmol) were loaded individually into a 23
mL Teflon-lined stainless steel autoclave, giving an approximate molar
composition In/Se/C;HgN of 1.46:2.5:66. After the reaction mixture
was stirred for approximately 10 min, the vessel was closed, heated at
185 °C for 10 days, and then cooled to room temperature at a cooling
rate of 0.2 °C min~". The solid product was filtered and washed with
methylated spirits and acetone before drying in air at room
temperature. Under these reaction conditions, the product consisted
of a large amount of yellow needles, together with a small amount of
brown powder and red needles. The yellow needles were later
identified by single-crystal X-ray diffraction as the title compound 1.
Analysis of powder X-ray diffraction data indicates that the brown
powder is In,Se;, while the red needles were identified by single-crystal
X-ray diffraction as the previously reported selenide [C,H;,N]-
[In9se14]-15

Using 2,6-dimethylpyridine (Aldrich, 98%), with the same molar
ratios but a reaction temperature of 200 °C for 10 days, a small
amount of yellow needles, together with a black powder, were
produced. These yellow needles were identified by single-crystal X-ray
diffraction as [C;H;(N][In;Ses] (2). This reaction only produces a
very small amount of 2, which prevented reliable analytical data for this
compound being obtained.

Characterization. Powder X-ray diffraction data were collected
using a Bruker D8 Advance powder diffractometer, operating with
germanium monochromated Cu Ka, radiation (4 = 1.5406 A) fitted
with a Bruker LynxEye linear detector. Data were collected, on a
ground portion of the reaction product, over the angular range 5 <
20/deg < 85 with a step size of 0.009°. Lattice parameters were
determined using TOPAS."® Elemental analysis on handpicked crystals
of 1 was carried out on an Exeter CE-440 elemental analyzer.
Thermogravimetric analysis was performed using a DuPont Instru-
ments 951 thermal analyzer. Approximately 10 mg of finely ground
crystals was heated under a flow of O, over the temperature range 30
< T/°C < 1000 using a heating rate of 2 °C min™". Diffuse-reflectance
measurements were performed using a Perkin-Elmer Lambda 35 UV—
vis spectrometer. BaSO, powder was used as a reference (100%
reflectance), and absorption data were calculated from the Kubelka—
Munk function.”® The IR spectrum of 1 was obtained using a 100 ATR
spectrophotometer, on a ground sample of handpicked crystals.

Single-crystal X-ray diffraction was carried out at 293 K using a
Bruker X8 APEX diffractometer (Mo Ka; A = 0.71073 A).?" Crystals
were mounted with a cyanoacrylate adhesive onto a glass fiber.
Intensity data were collected at 30 s intervals per rotation for 1 and at
40 s per rotation for 2. Structure 1 was solved by direct methods using
the program SIR92,** which located the indium and selenium atoms.
Structure 2 was solved using the program Superflip.”® Subsequent
Fourier calculations and least-squares refinements on F were carried
out using the CRYSTALS program.** The carbon and nitrogen atoms
of the amine were located in the difference Fourier maps. Hydrogen
atoms were placed geometrically after each cycle of refinement, but
their positions were not refined. For 1, after location of all of the
atoms, R, remained high (>0.27), and examination of the data
suggested that the crystal could be twinned. The program ROTAX>
was used to identify a possible twin law. Twinning could be defined by
the following matrix:

1 0
0 -1
-1 0

0
0
-1
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Twin fractions refined to 0.523(2) and 0.477(2), respectively, and gave
a significantly lower final residual, R,, of 0.0465. Selected crystallo-
graphic data for 1 and 2 are presented in Table 1.

Table 1. Selected Crystallographic Data for
[CH,(N][In;Ses]

M,

T

847.42
0.03 X 0.03 x 0.10

yellow needles

847.42
0.01 X 0.01 X 0.06

yellow needles

crystal size (mm)
crystal habit

crystal system monoclinic orthorhombic
space group P2,/c P22,2,
a (A) 3.9990(4) 4.0034(4)
b (A) 16.7858(15) 16.9343(14)
c (A) 23.930(2) 23.2483(19)
B (deg.) 94.728(4)
unit cell volume (A3) 1600.9(3) 1576.1(2)
V4 4 4
Pea (g cm™) 3.516 3.571
Ornax (deg.) 26.4 27.1
radiation Mo Ka Mo Ka
temperature (K) 293 293
Riperg 0.0619 0.084
unique data 3231 3395
obsd. data [I > 36(I)] 1659 2895
no. of param. refined 109 107
residual electron density max. 2.04 4.63

(e A7)
residual electron density min. -2.03 -2.73

(e A7)
R 0.0578 0.0723
R, 0.0465 0.0819

B RESULTS AND DISCUSSION

Powder X-ray diffraction data (Supporting Information) of the
bulk reaction product show that 1 is the main product under
the stated conditions. The lattice parameters determined for 1
using powder diffraction data [a = 3.994(5) A, b = 16.770(4) A,
¢=23.96(1) A, and f# = 95.27(1)°] are in reasonable agreement
with those determined by single-crystal X-ray diffraction (Table
1). 1 was initially identified as a minority phase in the product
of the reaction carried out at 200 °C, which contained mainly
In,Se; and the previously reported [C,H;,N] [IngSe,,]."> A
range of temperatures and molar ratios were explored to
produce a single-phase product. Upon reduction of the
temperature to 185 °C, a higher yield of the desired phase
was obtained, with only a very small amount of In,Se; and
[C,H,(N][InySe,,]. Compound 1 can be obtained within the
temperature range 170—200 °C. Small amounts of a closely
related compound, 2, were obtained using the 2,6-dimethylpyr-
idine isomer. Powder diffraction data for 2, which are shown in
the Supporting Information, indicate that the product of this
reaction consists mainly of 2 and an unidentified phase.
Attempts to optimize this reaction, to increase both the yield
and size of the crystals of 2, have been unsuccessful.

The local coordination diagram and atom labeling scheme
for 1 are shown in Figure 1. The crystal structure of this
material consists of anionic [IniSes]” layers, separated by
monoprotonated 3,5-dimethylpyridinium cations. There are
four crystallographically independent indium atoms, which
adopt two distinct coordination geometries. While In(1) and
In(4) are octahedrally coordinated by six selenium atoms, In(2)
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C(16)

Se(9)"’ Se(7y

b

Figure 1. Local coordination diagram of non-hydrogen atoms for 1
showing the atom labeling scheme and ellipsoids at 50% probability.

and In(3) are surrounded by four selenium atoms in a
tetrahedral geometry. Both the InSes octahedra and the InSe,
tetrahedra are slightly distorted (Table 2). For the two

Table 2. Selected Bond Lengths (A) for 17

bond length (&)
In(1)—Se(5) 2.892(2)
In(1)=Se(5)* 2.892(2)
In(1)—Se(6) 2.734(3)
In(1)—Se(6)* 2.734(3)
In(1)—Se(6)">* 2.787(3) x 2
In(2)—Se(5) 2.610(3)
In(2)—Se(5)? 2.593(3)
In(2)—Se(6) 2.594(3)
In(2)—Se(7) 2.512(3)
In(3)—Se(7) 2.510(3)
In(3)—Se(8) 2.599(2)
In(3)—Se(9) 2.606(3)
In(3)—Se(9)® 2.603(3)
In(4)—Se(8) 2.772(3)
In(4)—Se(8)"* 2.732(3) x 2
In(4)—Se(8)" 2.772(3)

In(4)—Se(9)"* 2.8767(19) x 2
“Symmetry transformations used to generate equivalent atoms: a, 1 —
%= 1l=—zbl+xyz¢—x—-y1l—zd-1+x7y2ze—x1—y,
l-zfl-x1-y1-z

octahedrally coordinated indium atoms, the axial distances,
which range between 2.892(2) and 2.8767(19) A, are slightly
longer than the equatorial distances [2.732(3)—2.787(3) AJ.
All of the In—Se distances are within the range previously
reported for octahedrally coordinated indium.”® For the InSe,
tetrahedra, the In—Se distances are shorter than those for
octahedrally coordinated indium and lie within the range
2.510(3)—2.610(3) A. This is consistent with previous findings
for other indium selenides containing tetrahedrally coordinated
indium.'>'* With the exception of Se(7), which is only
bicoordinated, the other four crystallographically independent
selenium atoms are coordinated to three indium atoms.

In the crystal structure of 1, each In(1)Se, octahedron shares
two opposite edges with two neighboring In(1)Se, octahedra,
forming a one-dimensional chain of stoichiometry [InSe,]>”
(Figure 2). Similarly, In(4)Ses octahedra are linked by sharing
edges into one-dimensional [InSe,]°” chains. Each InSe,
tetrahedron shares two corners with two neighboring InSe,

7406

Figure 2. One-dimensional [InSe,]*” chains, formed by edge-sharing
InSe,’~ octahedra. Key: indium, large solid circles; selenium, large
open circles.

tetrahedra (Figure 3), generating two crystallographically
distinct [InSe;]*” chains, which contain exclusively In(2) or

A

Figure 3. One-dimensional [InSe;]*” chains, created via corner
sharing of InSe,*” tetrahedra. Key: indium, large solid circles;
selenium, large open circles.

In(3) atoms. One-dimensional ribbons, of stoichiometry
[In;Ses]*”, are formed by linking one octahedral [InSe,]®”
chain with two tetrahedral [InSe;]*~ chains (Figure 4). In these

Figure 4. One-dimensional ribbon of stoichiometry [In;Se]*”, created
from the linkage of one octahedral [InSe,]*” chain with two
tetrahedral [InSe;]*~ chains. Key: indium, large solid circles; selenium,
large open circles.

ribbons, each tetrahedron shares two adjacent edges with two
neighboring octahedra. There are two crystallographically
distinct [In;Seq]*” ribbons, one of which contains In(1) and
In(2), while the second one contains In(3) and In(4). These
ribbons, which are directed along [100], are linked into zigzag
layers, of stoichiometry [In;Se]”, by sharing the remaining
vertex [Se(7)] of each tetrahedron with a neighboring ribbon
(Figure Sa). These [InSes]™ layers are also oriented parallel to
the [100] direction.

In the crystal structure of 1, the anionic [In;Se;]™ layers are
stacked along the [001] direction and are separated by ca. 8 A.
Monoprotonated 3,5-dimethylpyridinium cations are located in
the void space between layers (Figure Sa). The nitrogen atom
from each organic cation is oriented toward two selenium
atoms, Se(5) and Se(8), of an [In;Se;]” layer. The N—Se
distances are 3.65(2) and 3.49(2) A, respectively. These are of a
magnitude comparable to those of N—H:--Se interactions

dx.doi.org/10.1021/ic300861h | Inorg. Chem. 2012, 51, 7404—7409
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Sl

L/

Figure 5. View of (a) 1 and (b) 2 along the [100] direction, showing the [In;Ses]™ layers, created from the linkage of one-dimensional [In;Se,]*”
ribbons. The [In;Se;] ™ layers are separated by monoprotonated dimethylpyridinium cations, and lines show the short Se—N distances. Key: indium,
large solid circles; selenium, large open circles; carbon, small open circles; nitrogen, small solid circles.

described in the literature,'” suggesting the presence of
hydrogen-bonding interactions between the organic cations
and the anionic layers. The crystal structure of 2 contains the
same [In;Ses]” layers, which are stacked along the [001]
direction and separated by 2,6-dimethylpyridinium cations
(Figure Sb). The hydrogen-bonding interactions are, however,
different from those found in 1 because of the different
positions of the amine functional group. While the location of
the organic cations and the orientation of the methyl groups
hardly change, in 2 each nitrogen atom is oriented toward two
crystallographically equivalent Se(7) atoms, with N-—Se
distances of 3.35(2) and 3.37(2) A.

The Fourier transform infrared (FT-IR) spectrum (Support-
ing Information) of 1 is consistent with the presence of
aromatic and amine functional groups. A broad peak at ~3058
cm™' can be assigned to N—H stretching vibrations. Lower
intensity peaks at ~3000 cm™' can be attributed to C—H
stretching vibrations, while those within the region of 1600—
1400 cm™' are characteristic of aromatic compounds.”’
Elemental analysis (%) using handpicked crystals gave the
following: C, 9.77; H, 0.83; N, 1.13, which agrees well with the
values calculated from the crystallographically determined
formula [C,H;N][In;Ses] (C, 9.91; H, 1.19; N, 1.65).

7407

Thermogravimetric analysis indicates that, under an oxygen
atmosphere, 1 is stable to ca. 200 °C (Supporting Information).
The overall weight loss (46.6%) is in reasonable agreement
with the calculated weight loss (50.86%) for decomposition of
the title compound into In,O; The identity of the
decomposition product, which is a white powder, was
confirmed as In,O; by powder X-ray diffraction (Supporting
Information).

The optical absorption spectrum of 1 is shown in Figure 6.
The optical band gap, which was estimated from the absorption
edge, has a value of 2.48(4) eV at room temperature, consistent
with the yellow color of the crystals. When compared to
[C,H,(N][IngSe,,],"> which was prepared using the same
amine but at a higher temperature (200 °C) than the title
compound (185 °C), [C,H,,N][InsSe;,] has a smaller optical
band gap [1.91(6) eV] than 1. Analysis of a wide range of
antimony sulfides has led to identification of a correlation
between the optical band gap and the framework density of the
main-group metal centers.”® Generally, it was noted that
increasing the framework density leads to a decrease of the
band gap of the material. Similar behavior is observed here. The
layered 1 is less dense than the three-dimensional framework of
[C;H(N][IngSe|,] and consequently exhibits a larger band

dx.doi.org/10.1021/ic300861h | Inorg. Chem. 2012, 51, 7404—7409
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Kubelka-Munk Function/a.u.

ZTO 2{4
Energy/eV

1.6 2.8 3.2

Figure 6. Diffuse-reflectance data for 1. The straight line shows
extrapolation from the high-energy end of the absorption edge used to
determine the band gap.

gap. This may be related to the weakening of interactions
between the indium and selenjum atomic orbitals with
decreasing framework density, with the result that the tail on
the low-binding-energy side of the valence band is contracted.”®

Previous work on the solvothermal synthesis of indium
selenides has resulted in materials containing InSe,”~ primary
building blocks.*!*»%»13%15717 Thig contrasts markedly with
the structural chemistry of indium selenides prepared by high-
temperature methods, for which a far greater degree of
structural diversity has been reported. For instance, in In,Se;,
which crystallizes in three polymorphic forms, indium can be
found in tetrahedral, octahedral, and trigonal-bipyramidal
coordination,” while in the structure of other binary selenides,
such as InSe® or In,Se;,>" In—In bonds have been identified.
The results presented here demonstrate that a similar degree of
complexity may be achievable in indium selenides prepared by
solvothermal synthesis. Moreover, we can draw some parallels
between the secondary building blocks found in the title
compound and those previously reported for condensed phases
of ternary and quaternary indium selenides. In particular, the
linear [InSe,]*~ chain of edge-sharing octahedra (Figure 2) has
been previously observed in ternary metal chalcogenides of the
type LnyInQy (where Ln = Sm, Gd, Pr and Q = S, Se),*** ™
while coexistence of tetrahedrally and octahedrally coordinated
indium has been found in the related ternary condensed phase
LasInSs*> as well as in the family of quaternary selenides
Cay(Ln),In,Se,; (Ln = La, Nd, Sm, Gd).*** [In,Se4]*" ribbons,
similar to those reported for the title compound (Figure 4),
have been found in TlIngSeg.>® The latter material, however,
crystallizes in a different structural type, in which alternating
[In;Ses]*” and [In,Se,]*” ribbons are linked into layers. Long
In—Se bonds (>3 A) join these layers in a three-dimensional
structure, which contains TI" cations in channels parallel to the
b axis. Although there are known sulfides and selenides with a
3:5 molar ratio of indium to chalcogen found in the title
compound, these materials adopt entirely different structural
types. This includes the ternary sulfides MIn;S; (M = Rb,
Cs),** with a three-dimensional structure consisting of layers of
edge-sharing octahedra linked by chains of corner-sharing
tetrahedra, and Culn;Se;, which adopts a structure related to
that of chalcopyrite.”> To the best of our knowledge, the crystal
structure described here constitutes a new structural type.

In conclusion, the results presented here demonstrate that
selenides containing non tetrahedrally coordinated indium can
be obtained under solvothermal conditions, and this is expected

7408

to lead to a higher degree of structural diversity than was
previously envisaged. In addition, identification of the
[In;Ses]*~ ribbons in the layers of 1 and 2, as well as in the
previously reported TlIngSeg,> suggests that this ribbon may be
a relatively common building block in indium selenides.
Linkage of such [In;Ses]*” ribbons to other building units
may give access to a range of new two- or three-dimensional
structures.

B ASSOCIATED CONTENT

© Supporting Information

CIF files for the crystal structures and powder X-ray diffraction
data for 1 and 2, tables of atomic coordinates, bond angles, and
hydrogen bonds, and TGA and FT-IR data for 1. This material
is available free of charge via the Internet at http://pubs.acs.org.
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