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A new framework compound, [Hg4As;|(InBr3 5Asos) (1), has been prepared by the solid-state reaction of
Hg,Br, with elemental In and As at 450 °C. Compound 1 crystallizes in the space group Pgs3/mmc of the
Hexagonal system with two formula unitsina cell: a=b=7.7408(6) A, c=12.5350(19) A, V=650.47(12) A3.
The crystal structure of 1 features a novel 3D framework, [Hg4As; |** with tridymite topology. The opti-
cal properties were investigated in terms of the diffuse reflectance and infrared spectra. The electronic
band structure along with density of states (DOS) calculated by DFT method indicates that the present
compound is semiconductor, and the optical absorption is mainly originated from the charge transitions
from Br-4p and As-4p states to Hg-6s and In-5p states.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Microporous and open-framework inorganic solids have been
extensively studied due to their industrial applications in catalysis,
separation, and ion-exchange processes [1-5]. In the past decades,
natural geological examples have been followed by transform-
ing common silicate, aluminate, and phosphate building blocks
into zeolite-type materials with microporous frameworks [6-10].
However, the known classes of microporous materials are over-
whelmingly dominated by oxide, mixed oxide/fluoride matrices,
sulfides, or halides [11-17]. Recently, mercury pnictides are well
attractive because of their abundant structural features and distinc-
tive electronic properties [18-23]. For instance, the propensity of
mercury to linear two-coordination or to tetrahedral coordination
can be exploited in the design of open-framework inorganic solids.
Till now, two principal types of frameworks can be distinguished.
The first type is the topology with the formula of (HggZ4)** (Z=P,
As, Sb) [24-28] possessing cavities of two different sizes in close
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proximity that are capable of trapping two different types of guests.
The second type is the analogues of the well-known Millon’s base
salts [29-31], composed of cationic frameworks with the formula
[HgsZ,]%* (Z=P, As), which adopt a tridymite-like topology filled
with different tetrahedral anions. Unlike the first type of topology,
where there are more than 20 framework compounds have been
synthesized, only four examples with the second type of topology,
including (Hg,P)2(HgBry) [32], (HgaP)2(Znly) [33], (HgaAs)2(Znly)
[34], and (Hg,As),(Cdly) [35], have been reported in the literature.
Further studies on inorganic framework compounds constructed
from mercury pnictides are of fundamental importance.

Recently, we have begun a systematic investigation of mercury
pnictide-based cationic frameworks to further explore new open-
framework inorganic solids. Fortunately, our ongoing research in
this field has resulted in some interesting framework compounds
[21,27,28,35]. As a continuation of the previous work, in order to
obtain new framework compounds based on the mercury pnic-
tides, we selected indium atom as coordination center for the
tetrahedral guests and changed the halogen atoms from Cl to I in
the present work. Then we only succeeded in synthesizing a new
quaternary phase, [Hg4As, [(InBr3sAsgs) (1), which is a new type
of open-framework compounds with tridymite topology for mer-
cury pnictides. Herein, we report the synthesis, crystal and band
structures, as well as optical properties of the new framework com-
pounds.
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2. Experimental and computational procedures
2.1. Materials and measurement

All of the chemicals were analytically pure (>99.99%) and used without fur-
ther purification. The UV-vis spectrum of 1 was recorded at the room temperature
on a computer-controlled PE Lambda 900 UV-vis spectrometer equipped with an
integrating sphere in the wavelength range 200-2000 nm. A BaSO4 plate was used
as a reference, on which the finely ground powder of the sample was coated. The
absorption spectrum was calculated from reflection spectrum by the Kubelka-Munk
function [36,37]: «/S=(1— R)?/2R, where « is the absorption coefficient, S is the scat-
tering coefficient that is practically wavelength independent when the particle size
is larger than 5 wm, and R is the reflectance. The energy gap was determined as
the intersection point between the energy axis at the absorption offset and the line
extrapolated from the linear portion of the absorption edge in the «/S versus E (eV)
plot. The IR spectrum was recorded by using a Nicolet Magana 750 FT-IR spectropho-
tometer in the range of 4000-400 cm~'. A Powdery sample was pressed into pellets
with KBr. The IR spectrum is given in Fig. S1.

2.2. Synthesis of [Hg4As](InBr3sAsos) (1)

Single Crystals of 1 were prepared by the solid-state reaction of a mixture of
Hg,Br; (1 mmol, 561 mg), In (0.3 mmol, 35 mg), and As (0.5 mmol, 38 mg) at 320°C.
The starting materials were ground into fine powders in an agate mortar and pressed
into a pellet, followed by being loaded into a Pyrex tube, evacuated to 1 x 104 Torr,
and flame-sealed. The tube was placed into a computer-controlled furnace, heated
from room temperature to 250 °C at a rate of 50 °C/h, kept at 250 °C for 4 h. The tube
was then heated to 400 °C at 25 °C/h, kept at 400 °C for 120 h, and then slowly cooled
down to 100°C at a rate of 2 °C/h. Finally, it was cooled down to the room temper-
ature over 10 h. A crop of dark red crystals of 1 that are stable in air were obtained.
Semiquantitative microscope element analysis on several single crystals of 1 was
performed on a field-emission scanning electron microscope (FESEM, JSM6700F)
equipped with an energy dispersive X-ray spectroscope (EDS, Oxford INCA). The
result confirms the presence of Hg, In, As and Br in the approximate molar ratio
7.9:2.1:5.1:6.9 and no other elements detected, which is in agreement with that by
the X-ray diffraction analysis below.

2.3. X-ray crystallographic studies

A dark red single crystal of 1 was mounted on a glass fiber for the X-ray
diffraction analysis. Data was collected on a Rigaku AFC7R diffractometer equipped
with a graphite-monochromated Mo Ka radiation (1 =0.71073 A) at 293 K. Inten-
sities were corrected for LP factors, and for empirical absorption using { scan
technique. The structure was solved by direct methods and refined on F* with
full-matrix least-squares techniques using Siemens SHELXTL version 5 package
of crystallographic software [38]. The final refinements included anisotropic dis-
placement parameters for all atoms and a secondary extinction correction. As for
the disordered Br1 and As2 atoms, the occupancies of Br1 and As2 were firstly
refined by setting the same coordinate and Ueq for them with the sum of site
occupation at 1 (EXYZ Br1 As2; EADP Br1 As2; sump 1.0 0.01 1.0 2 1.0 3). Then
the refined results show that the occupancies of Br1 and As2 are both approxi-
mate to 1/2. So the structure was lastly refined by fixing the occupancy of Brl
and As2 at 1/2 with setting the same coordinate and Ueq for them. As a result,
the Ueq of Brl and As2 atoms is comparable with those of Hg, In and other Br
and As atoms. Therefore, the occupancies of 1/2 for both Br1 and As2 are reason-
able. And they satisfy the requirement of balance of charge for the compound. As
for the rather poor single crystal data (Rj,; =0.1020 and R; =0.0624), this maybe
caused by the imperfect crystals or the diorder of guest anions. The crystallographic
data of 1 is listed in Table 1. Selected bond lengths and bond angels are given in
Table 2.

2.4. Computational descriptions

The crystallographic data of the present compound determined by X-ray single-
crystal diffraction was used to calculate its electronic band structure. The calculation
of electronic band structure along with the density of states (DOS) was performed
with the CASTEP code [39] based on the density functional theory (DFT) using
a plane-wave expansion of the wave functions and norm-conserving pseudopo-
tential [40] in which the orbital electrons of Br-4s24p°, As-4s24p3, In-5s25p!, and
Hg-5d'°6s? were treated as valence electrons. We used the generalized gradient
approximation (GGA) in the scheme of Perdew-Burke-Eruzerhof (PBE) to describe
the exchange and correlation potential, since the GGA was more widely used
to calculate and analyze band structures of the inorganic compounds than the
local-density approximation (LDA) [41-43]. To confirm the convergence of our cal-
culations, we carefully investigated the dependences of the total energy on the cutoff
energy and the k-point set mesh according to the Monkhorst-Pack grid. As shown
in Fig. S2, when the k-point set mesh is fixed in 3 x 3 x 2, the change in total energy
is less than 0.05 eV when the cutoff energy is higher than 450 eV; on the other hand,
when the cutoff energy is fixed in 450 eV, the convergence in total energy is very well
when the k-point set mesh is beyond 3 x 3 x 2. In consideration of computational

Table 1
Crystal data and structure refinement parameters for 1.

Empirical formula [Hg4As;](InBr3 5As05)

Formula mass [g/mol] 1384.17
Crystal color Dark red
Crystal habit Prism
Crystal system Hexagonal
Space group Pg3/mmc
alA] 7.7408(6)
c[A] 12.5350(19)
Volume [A3] 650.47(12)
Z 2

A (Mo Ka) [A] 0.71073
Dcaled. [g/cm3] 7.067

i [mm—1] 65.793
F(000) 1148

6 Range [°] 3.25-25.22
Reflections collected 868
Observed reflections 162
Independent reflections 257

Rint 0.1020

Ry,2 WR,? 0.0624, 0.1705
GOF 1.166

ApPmax and A ppin [e/A3] 2.582, -2.391

T R=IIFol = IFell/ Y IFol.

b Ry = (Y Iwr2 - E2Y) S twir )y .

Table 2

Selected bond distances (A) and bond angles (°) for 1.2
Hg(1)-As(1) x 2 2.367(4) In(1)-Br(2) x 3 2.470(4)
Hg(2)-As(1) x 2 2.353(12)  In(1)-Br(1) 2.479(7)
As(1)#1-Hg(1)-As(1) 180.0(5) Hg(1)-As(1)-Hg(1)#5 x3 109.7(3)
As(1)-Hg(2)-As(1)#2 180.000(1) Hg(2)-As(1)-Hg(1) x 3 109.3(3)

Br(2)#3-In(1)-Br(2) x 3 113.25(13)
Br(2)-In(1)-Br(1)x3  105.36(16)

In(1)#4-Br(1)-In(1) 180.0

2 Symmetry transformations used to generate equivalent atoms: #1 —x+1, —y,
-z, #2X,y, —z+1[2; #3 —y,x -y, z; #4 —x, -y, —z; #5 -y +1,x -y, z

cost, we choose the cutoff energy to be in 450 eV, and the Brillouin-zone sampling
mesh parameters for the k-point set are 3 x 3 x 2.

3. Results and discussion
As shown Fig. 1, the crystal structure of 1 possesses a novel 3D

cationic framework of AsHg, tetrahedra with tridymite topology.
Among the framework, the mercury atoms have linear coordina-

b

L.

Fig.1. The 3D open-framework with tridymite topology in 1 viewed along the c axis.
Black tetrahedra represent AsHg, tetrahedra. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Diffuse reflectance spectrum of 1.

tion with the As-Hg-As bond angle of 180°, while the arsenic atoms
possess an almost regular tetrahedral coordination by four mercury
atoms with the Hg—-As-Hg bond angle of 109.5° (Fig. S3 and Table 2).
And these tetrahedra share corners each other through mercury
atoms to form the 3D network with channels along the c direction
(Fig. 1). Interestingly, unlike the present compound possing regular
tetrahedra composed of mercury pnictides, distorted tetrahedra are
formed by mercury pnictides among the reported compounds, such
as (HgaP)2(HgBry) [32], (Hg2P)2(Znly) [33], (Hg2As)2(Znly) [34], as
well as (HgAs),(Cdly) [35]. And this results in forming less ordered
open-frameworks with lower symmetry among the four reported
compounds (space group Pg3/mmc for 1 but P2; for them). There-
fore, unlike the above two kinds of open-frameworks composed
of mercury pnictides reported in the literature [24-28,32-35], the
open-framework composed of AsHg, tetrahedra in 1 is a new type

Energy (eV)

Fig. 3. The band structure of 1 (the Femi level is set at 0 eV, and the bands are shown
only between —7 and 6 eV for clarity).

of one with a novel tridymite topology. As for the guest anions,
it can be regarded as a 1D corner-sharing Brs trigonal bipyramidal
anionic network with 1/2 Brs polyhedra being occupied by In atoms
(Fig. S4), which is embedded in the channels with the shortest
Hg-Br bond distance being 3.81 A.

There are two crystallographically independent mercury atoms
in the structure of 1. Analogues to the compound (Hg,As),(Cdly)
[35], the mercury atoms are all almost linearly coordinated by two
arsenic atoms in 1. The Hg-As bond distances range from 2.353(12)
to 2.367(4) A, which lie in the normal range of the Hg-As separa-
tions in mercury arsenidehalides [44,45] The In-Br bond distances
range from 2.470(4) to 2.479(7)A, which are shorter than those
found in indium bromides [46-48]

In 1, the distances between the bromine atoms of the guest
anions and the mercury atoms in the host open-framework range
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Fig. 4. The total and partial density of states for 1 (the Femi level is set at 0 eV).
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from 3.81 to 3.87 A, which are much longer than the normal Hg-Br
covalent bond distance (2.64 A) and shorter than the sum of van de
Waals radii of Hg and Br atoms. Thus, the host-guest supramolec-
ular interactions fix the guest anions to their specific position so
that no position or rotational disorder is observed for them, which
is also found in the literatures [24-28,32-35].

The diffuse reflectance spectrum of 1 reveals the presence of
an optical gap of 1.71 eV (Fig. 2), which suggests that the present
compound is semiconductor and consistent with its color. The
IR spectrum of 1 shows no obvious absorption in the range of
4000-400cm~! (Fig. S1), which supports the idea that the com-
pound may be potentially used as window materials for laser
delivery media and infrared transmitting for optical fiber applica-
tions in telecommunication [49,50].

The calculated band structure of 1 along high symmetry points of
the first Brillouin zone is plotted in Fig. 3, where the labeled k-points
are present as G (0.0, 0.0, 0.0), A (0.0, 0.0, 0.5), H (-0.333, 0.667,
0.5), K(-0.333, 0.667, 0.0), M (0.0, 0.5, 0.0), and L (0.0, 0.5, 0.5). It
is found that the top of valence bands (VBs) has small dispersion,
whereas the bottom of conduction bands (CBs) has big dispersion.
The lowest energy (1.58 eV) of CBs is localized at G point, while the
highest energy (0.00 eV) of VBs is localized at K point. According to
our calculations, the solid-state compound 1 thus shows a semi-
conducting character with an indirect band gap of 1.58 eV, which
is comparable with the experimental value (1.71eV). The bands
can be assigned according to total and partial densities of states
(DOS), as plotted in Fig. 4. The Hg-5d, Br-4 s and As-4s states, mixing
with small Hg-6s and In-5s states, create the VBs localized between
—17.5 and —5.0eV. The VBs between —5.0eV and the Fermi level
(0.0eV) are mostly formed by Br-4p and As-4p states mixing with a
small amount of the Hg-6s and In-5s states, while the CBs between
1.5 and 8.0 eV are almost contribution from Hg-6s and In-5p states
hybridized with a small amount of In-5s, Br-4s, Br-4p and As-4s
states. Accordingly, it can be considered that the optical absorption
of 1 is mainly ascribed to the charge transitions from Br-4p and
As-4p states to Hg-6s and In-5p states.

Semiempirical population analysis allows for a more quantita-
tive bond analysis. The calculated bond orders of the In-Br, Hg-As
and Hg-Br are from —0.09 to 0.05,0.56 t0 0.81,and —0.39to —0.16 e
in a unit cell of 1 (pure covalent single bond order is generally 1.0 e),
respectively. Accordingly, itindicates that the Hg—As bond is mainly
covalent character, while the In-Br bond is mainly ionic character.
And there are only weak interactions between Hg and Br, which are
in good agreement with the crystal structure of 1.

4. Conclusion

In the present work, a new quaternary supramolecular
compound [Hg4As, |(InBr; 5Asg 5) has been synthesized and char-
acterized, which exhibits a new type of open-framework with
tridymite topology. And the anionic chains are embedded in the
channels of the host open-framework. The diffuse reflectance spec-
trum of 1 reveals the presence of an optical gap of 1.71eV, and
the IR spectrum of 1 shows no obvious absorption in the range of
4000-400 cm~!. The calculations of the electronic band structure
along with density of states (DOS) indicate that the present com-
pound is a semiconductor with an indirect band gap, and that the
optical absorption is mainly originated from the charge transitions
from Br-4p and As-4p states to Hg-6s and In-5p states.

Acknowledgements

We gratefully acknowledge the financial support of the NSF of
China (20801026), the NSF of Jiangxi Province (2008GQC0036), the
Aviation Science Foundation of China (2008ZF56012), Foundation

of State Key Laboratory of Structural Chemistry (20100015), and
Open Fund of the Key Laboratory of Nondestructive Testing, Min-
istry of Education, Nanchang Hangkong University (ZD200929007).

Appendix A. Supplementary data

The molecular structure of 1 and IR spectral figure are avail-
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