FULL PAPER

DOI: 10.1002/ejic.200600894

The Synthesis, Crystal and Band Structures, and Properties of the Quaternary
Supramolecular Complexes [HgeZ4|(MX6)Hg, (Z = As, Sb; M = Hg, Cd; X =

CL,Br,I;y=

0, 0.5, 0.6)

Jian-Ping Zou,*"! Yan Li,?l Ming-Lai Fu,'*! Guo-Cong Guo,*!*! Gang Xu,'#! Xue-Hui Liu,/?!
Wei-Wei Zhou,'* and Jin-Shun Huang!?!

Keywords: Density functional calculations / Host—guest systems / Pnictides / Semiconductors / Supramolecular chemistry

The series of supramolecular complexes (HggAs,)(CdClg)-
Hgo.s (1), (HgeAss)(HgCle)Hgo s (2), (HgsAss)(CdBre) (3), and
(HgeSby)(Cdlg)Hgos (4) has been prepared by a solid-state
reaction and their crystal structures determined by single-
crystal X-ray diffraction. All these compounds crystallize in
the space group Pa3 with four formula units in a cell: a =
12.172(2) (1), 12.189(1) (2), 12.3738(5) (3), and 13.234(2) A (4).
Their structures feature a 3D cationic host framework that
is built up of linearly coordinated mercury and tetrahedrally
coordinated pnicogen atoms to form distorted As,Hge or
Sb,Hge octahedra, and discrete guest anions. The distorted
octahedra corner-share with each other to form a perovskite-
like, 3D cationic framework that possess two types of closed
cavities with different sizes. The octahedral guest anions

(MXg)*~ are embedded in the larger cavities, whereas the
smaller cavities trap the excess mercury atoms or remain
empty. The optical properties were investigated by diffuse
reflectance and FT IR spectroscopy. The electronic band
structures and density of states (DOS) calculated by DFT
methods indicate that the present compounds are semi-
conductors and that the optical absorption mainly originates
from the charge transitions from the p orbital of the pnicogen
(As or Sb) and halogen (Cl, Br or I) atoms states to the Hgl
6s states for 1, 3, and 4, and to Hgl 6s and Hg3 6s
states for 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The field of inorganic supramolecular chemistry has at-
tracted more and more attention and has experienced enor-
mous growth because it covers a large diversity of com-
pounds that possess a huge variety of crystal and electronic
structures and physical and chemical properties.!'! For in-
stance, a broad family of supramolecular assemblies based
on mercury pnicogen cationic frameworks has been re-
ported since the 1990s.”) Among them, the three dimen-
sional host frameworks with positive charges are ordinarily
built up of linearly coordinated mercury and tetrahedrally
coordinated pnicogen atoms, whereas the guest anions are
usually composed of halometalate or monoatomic anions
with different shapes and sizes.l*) Two principal types of net-
works can be distinguished in these compounds according
to the dimensions of the voids. The first type are analogues
of the well-known Millon’s base salts,/¥ which are com-
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posed of cationic frameworks with the formula (Hg,Z)* (Z
= P, As) and adopt a tridymite-like topology filled with dif-
ferent tetrahedral anions such as Znl,> ¢34l or Cdl,> .0
The second one is the topology with the formula (HgeZ4)**
(Z = P, As, Sb),3! among which the frameworks possess
cavities of two different sizes in close proximity. These are
capable of trapping guests of two different types: octahedral
guests with the formula (MX¢)* or (M'Xe)* (M = divalent
metal atoms; M’ = trivalent metal atoms; X = Cl, Br,
1)2>2¢:31 in the bigger cavities and monoatomic guests in the
smaller ones. In most cases, the coordination centers of the
octahedral guests are trivalent metal atoms rather than di-
valent metal atoms. Until now, two divalent metals, namely
Hgl3®-6l and Fe,?"! acting as the coordination centers of the
octahedral guest anions have been reported, among which
only one quaternary supramolecular mercury pnictide ha-
lide, (Hg,Asq)(FeBrg)Hgy 4,1°! has been characterized.
Recently, we have begun a systematic investigation of
mercury pnictide-based mixed-framework compounds to
further explore new self-assembly supramolecular materials.
The idea is to exploit cationic host framework that have
various structures together with different cavities for trap-
ping different guest anions. Because the II-V group com-
pounds have good semiconducting and thermoelectric
properties,!”l we have chosen mercury and cadmium in com-
bination with pnicogens in order to obtain new semicon-
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ducting compounds with unique physical properties and
abundant structural features. Our ongoing research in this
field has resulted in some interesting compounds.?e-3¢l

In the present work, with the intention of preparing new
quaternary host-guest compounds based on the mercury-
pnicogen framework, we selected divalent cadmium cation
as the coordination center of the octahedral guest anions
and changed the halogen and pnicogen atoms from Cl to I,
and P to Sb, respectively. We succeeded in synthesizing a
new series of supramolecular complexes, (HgsAs,)(CdCly)-
Hgos (1), (HgeAss)(HgCle)Hgos (2), (HgeAss)(CdBry) (3),
and (HgeSb,)(CdIg)Hgy ¢ (4). Herein, we report the synthe-
ses, crystal and band structures, and properties of these new
supramolecular inorganic complexes. These band structure
and optical and thermal studies are the first to be reported
for supramolecular complexes based on mercury pnictide
halides, which are also the major interest for us.

Results and Discussion

The present compounds are all stable in air. Their crystal
structures were determined by means of single-crystal X-ray
diffraction. All these compounds have a similar structural
organization. Their crystal structures feature a 3D cationic
host framework and discrete different guest anions. The 3D
cationic network is built up of linearly coordinated mercury
and tetrahedrally coordinated pnicogen atoms to form dis-
torted As,Hgg or SboHgg octahedra. The distorted octahe-
dra corner-share with each other to form a perovskite-like
3D cationic framework that possess two types of closed
cavities with different sizes (Figure 1).

=a

Figure 1. The perovskite-like 3D cationic framework built from
corner-sharing distorted octahedra viewed along the ¢ axis.

The octahedral guest anions (CdClg)*, (HgClg)*, and
(CdIg)* are embedded in the larger cavities of the host
framework in 1, 2, and 4, respectively, whereas the smaller
cavities trap the excess mercury atoms with 50%, 50%, and
60% site occupancy for 1, 2, and 4, respectively (Figure 2).
Partial occupancy of the smaller cavities by mercury atoms
has been reported previously in the literature, particularly
for (HgeAs4)(HgClg)Hgy 4, which is nearly same as 2 except
for the different occupancy of the discrete mercury
atom.[?*-3%] Like the ternary compounds (HgeP,)(HgBr)i3"!
and (HgeSb,)(HgBr),4 in which the larger cavities of the
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host framework are filled with the octahedral guest anions
(HgXe)* with the smaller cavities remaining empty, com-
pound 3 is the first quaternary compound with this struc-
tural feature in metal pnictide halides (see Figure S1 in the
Supporting Information).

Figure 2. View of the structure of 1, 2, and 4 along the b axis. The
(CdClg)*, (HgClg)*, and (Cdlg)* octahedra are drawn in grey.

The Hgl-As, Hgl-Sb, and As—As bond lengths in the
cationic moieties in the present compounds range from
2.496(2) to 2.531(2), 2.686(2) to 2.693(2), and 2.389(7) to
2.428(6) A, respectively, all of which lie in the normal ran-
ges for Hg-Z and As—As bond lengths in known mercury
pnictide halides.>%) The Sb-Sb bond length of 2.790(5) A
is also in good agreement with those found in various mer-
cury antimonide halides.*"%* The Hg3-Cl [2.70(1) A] and
Cd-X [Cd—CI 2.636(7), Cd—Br 2.806(3), Cd-1 3.006(2) A]
bond lengths in the guest anions are all close to the those
in mercury and cadmium pnictide halides.[>*->1]

The distances between the hosts and anionic guests in
the present compounds are significantly longer than the ex-
pected values for covalent bonding, thus suggesting the typ-
ical supramolecular interactions between them.!'®! The in-
teratomic distance between the chlorine atoms of the guest
anions and the mercury atoms in the host framework range
from 2.95 to 3.30, 2.93 to 3.30, 3.02 to 3.28, and 3.20 to
3.58 A for 1, 2, 3, and 4, respectively, all of which are much
longer than the Hg-X covalent bond lengths but shorter
than the sum of the van der Waals radii of Hg and X.
Therefore, host—-guest supramolecular interactions are pres-
ent in the crystal structures and these fix the octahedral
guest anions to their specific positions so that no positional
or rotational disorder is observed. This situation has also
been reported in the literature.2>-24-2h]

As for the monatomic guests, the discrete mercury atoms
have similar environments in 1, 2, and 4. In the first coordi-
nation sphere, each Hg atom displays a coordination
number of 14 [(6Hg + 2As + 6Cl)in 1 and 2 and (6Hg +
61 + 2Sb) in 4]. The distances between the hosts and mon-
atomic guests fall in the ranges 3.50-3.68 A for 1, 3.55-
3.70 A for 2, and 3.68-3.92 A for 4. With such coordina-
tion, the monatomic guests can be regarded as being clath-
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rated with an oxidation state of zero, similar to the case
found in (HgeAs,)(HgClg)Hgo 4" and (HggAs,)(FeBrg)-
Hg, ¢,1??! where the zero oxidation state of the guest mer-
cury was confirmed by means of solid-state '"Hg NMR
spectroscopy.

As shown in Figure 3, the diffuse reflectance spectra of
the present compounds reveal the presence of an optical
gap of 2.05, 2.01, 1.94, and 1.23 eV for 1-4, respectively,
which suggests that the compounds are semiconductors and
is consistent with their colors. The bandgaps are shifted to
lower energies in the order Cl > Br > I, which is similar to
other cases reported in the literature.[’! The bandgap of 4 is
close to those of CdTe (1.44 ¢V), GaAs (1.43 eV), and Cu-
InS, (1.55 eV), all of which are highly efficient photovoltaic
materials.”! Thus, we suppose that this compound may find
a use for the efficient absorption of solar radiation in solar
cell applications. The IR spectra of the present compounds
show no obvious absorptions in the range of 4000-400 cm ™!
(see Figures S2-S5 in the Supporting Information) which,
in combination with their good thermal stability (see Figure
S6-S9 in the Supporting Information), may make them use-
ful as window materials for laser delivery media and infra-
red transmitters for optical fiber applications in telecommu-
nications.!!%
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Figure 3. Diffuse reflectance spectra of 1-4.

The calculated band structures of the present compounds
along the high symmetry points of the first Brillouin zone
are plotted in Figure 4a—d for 1-4, respectively. It can be
seen that the valence bands (VBs) and conduction bands
(CBs) are both disperse. All four compounds show semicon-
ductor character: the lowest k-point of the CBs and the
highest k-point of the VBs are both localized at the G point
and the direct bandgaps are about 1.86, 1.72, and 1.89 eV
for 1-3, respectively. For 4, the lowest k-point of the CBs
and the highest k-point of the VBs are not localized at the
same point, which indicates that compound 4 has indirect
semiconductor character, with a bandgap of 1.33eV. The
calculated energy gaps for the present compounds are sim-
ilar to their experimental values. The bands can be assigned
according to total and partial densities of states (DOS), as
plotted in parts a—d of Figure 5 for 1-4, respectively. In 1
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Figure 4. The band structures of 1 (a), 2 (b), 3 (c), and 4 (d). The
Fermi level is set at 0 eV.
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Figure 5. Total and partial density of states for 1 (a), 2 (b), 3 (c), and 4 (d). The Fermi level (vertical dotted line) is set at 0 eV.

and 2, the VBs between —15.0 and -5.0 eV are mostly
formed by the Hg 5d and Cd 4d states mixing with small
Cl 3s and As 4s states, and the VBs lying about between
-5.0eV and the Fermi level (0.0 eV) are the main contri-
butions from the Cl 3p and As 4p states mixing with a small
amount of Hg 5d state, while the CBs between 1.7 and
5.0 eV are due to the Hg 6s, As 4s, and As 4p states. In
addition, comparing the partial DOS of the different types
of mercury atoms in 1 and 2 (parts a,b in Figure 6), the
DOS of Hgl 6s state is seen to be much higher than that
of the Hg2 6s state at the bottom of the CBs in 1, and the
DOS of the Hgl 6s and Hg3 6s states are much higher than
that of the Hg2 6s state at the bottom of the CBs in 2.
This shows that electron transitions mostly come from the
s orbital of the mercury atoms in the host framework or
the octahedral guest anions rather than from the s orbital
of the monoatomic mercury to CI 3p and As 4p states.
Therefore, the optical absorption is mainly ascribed to the
charge transitions from Cl 3p and As 4p to Hgl 6s states
for 1, and CI 3p and As 4p to Hgl 6s and Hg3 6s states for
2.

Similarly, the VBs between —15.0 and —5.0 eV are mostly
formed by the Hg 5d and Cd 4d states mixing with small
Br 4s, As 4s, and Hg 6s, and I 5s and Sb-5s states for 3 and
4, respectively. The VBs between —5.0 eV and the Fermi
980
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level (0.0 eV) are mostly formed by Br 4p and As 4p states
for 3, and I 5p and Sb 5p states for 4, hybridized with a
small amount of the s orbital of the transition metals,
whereas the CBs between 1.3 and 5.0 eV are made from the
Hg 6s state mixed with the s and p orbitals of the pnicogen
atoms. Thus, it can be concluded that the optical absorption
can be mainly assigned to the charge transitions from Br
4p and As 4p to Hg 6s states for 3. As shown in Figure 6
(c), the partial DOS of the different type of mercury atoms
in 4 shows that the DOS of the Hgl 6s state is much higher
than that of the Hg2 6s state at the bottom of the CBs,
which indicates that the electron transitions arise mostly
from the Hgl 6s rather than Hg2 6s to I 5p and Sb 5p
states. Therefore, the optical absorption is mainly ascribed
to the charge transitions from I 5p and Sb 5p to Hgl 6s.
In addition, we calculated the atomic site and angular
momentum projected DOS of the present compounds to
elucidate the nature of the electronic band structures and
chemical bonds. As shown in Figure 5, we observed that the
density and shape of the p orbital of the pnicogen atoms
states are similar to that of the Hg 6s state between —5.0
and 2.5 eV, while the DOS of the p orbital of the halogen
atoms states are higher than that of the Cd 5s state (Hg 6s
state for 2) for each compound. Accordingly, we can con-
clude that there are strongly covalent Hgl-As and Hgl-Sb

Eur. J. Inorg. Chem. 2007, 977-984
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Figure 6. Partial density of states of the Hg atoms in 1 (a), 2 (b), and 4 (c). The Fermi level (vertical dotted line) is set at 0 eV. The insets

show an expansion of the low-energy region for Hgl and Hg3 in (b) and Hgl and Hg2 in (c).
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interactions in the host cations and weakly covalent Cd—Cl,
Hg3-Cl, Cd-Br, and Cd-I interactions in the guest anions
for 1-4, respectively.

Semi-empirical population analyses allow for a more
quantitative bond analyses. The calculated bond orders of
1-4 within a unit cell are listed in Table 1; the bond order
of a purely covalent single bond is generally 1.0 e. As can
be seen, except for the Z-Z bond in 4, the covalent interac-
tions of the bonds are in the order Hgl-X < M-X < Z-Z
< Hgl-Z (M = Hg3 for 2 and Cd for 1, 3, 4) for each
compound. This indicates that the covalent interactions of
the Hg—Z bonds are stronger than those of the M—X bonds,
which is in agreement with the results from the DOS analy-
ses. The Hgl-X bond is the weakest of all four types of
bonds, which is consistent with the existence of supramolec-
ular interactions between the host framework and guest
anions.

Table 1. Calculated bond orders (e) of 1-4 within the unit cell.

Hgl Z 77z M-X@  Hgl-X
1 0.48 to 0.49 0.36 0.29 0.04 t0 0.16
2 0.47 to 0.48 0.34 0.26 0.04 t0 0.16
3 0.54 to 0.62 0.45 0.26 ~0.18 to —0.02
4 0.59 to 0.75 0.77 0.12 ~0.42 to -0.22

[a] M = Hg3 for 2 and Cd for 1, 3, and 4.

Conclusions

In summary, a series of quaternary supramolecular
[HgeZ4](MXs)Hg, complexes has been synthesized and
structurally characterized. Their main structural feature is
that they all consist of discrete guest anions and a perov-
skite-like 3D cationic framework composed of corner-sharing
distorted As,Hgg or Sb,Hgg octahedra that possesses two
types of closed cavities with different sizes. The octahedral
guest anions (MX¢)* are embedded in the larger cavities,
while the smaller cavities trap the excess mercury atoms or
remain empty. The present compounds, which have a
bandgap range of 1.2-2.1 eV and are transparent over a
broad range of IR frequencies, may have applications as
efficient photovoltaic materials and IR window materials.
The calculations of the electronic band structures and den-
sity of states (DOS) indicate that their optical absorption
mainly originates from the charge transitions from the p
orbital of the pnicogen and halogen atoms to the Hgl 6s
states for 1, 3, and 4, and to Hgl 6s and Hg3 6s for 2.

Experimental Section

Materials and Measurement: All chemicals were analytically pure
(>99.99%) and used without further purification. The powder X-
ray diffraction patterns were collected with a Rigaku DMAX2500
diffractometer at 40 kV and 100 mA for Cu-K, radiation (4 =
1.5406 A) with a scan speed of 5° per minute at room temperature.
The simulated patterns were produced using the Mercury program
and single-crystal reflection data. Thermogravimetric analysis
(TGA) and differential scanning calorimetry were performed on a
Netzsch Sta449C thermoanalyzer under a N, atmosphere in the
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range 30-800 °C at a heating rate of 10 °Cmin'. IR spectra were
recorded with a Magna 750 FT-IR spectrometer as KBr pellets in
the range 4000-400 cm'. Optical diffuse reflectance spectra were
measured with a PE Lambda 35 UV/Vis spectrophotometer for 1
and 2, and a 900 UV/Vis spectrophotometer for 3 and 4 equipped
with an integrating sphere at 293 K, and the BaSO, plate was used
as the reference. The absorption spectra were calculated from re-
flection spectra by the Kubelka—Munk function:!''l a/S = (1 — R)%/
2R, where « is the absorption coefficient, S is the scattering coeffi-
cient, which is practically wavelength independent when the particle
size is larger than 5 pum, 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 a/S vs. E (eV) plot. Micro-
probe elemental analysis on Hg, Cd, Sb, As, Cl, Br, and I for the
present compounds were performed with a field-emission scanning
electron microscope (FESEM, JSM6700F) equipped with an en-
ergy dispersive X-ray spectroscope (EDS, Oxford INCA).

Synthesis of (HgsAsy)(CdClg)Hgys (1): Yellow crystals of 1 were
initially prepared by the solid-state reaction of a mixture of HgCl,
(1.5 mmol, 407 mg), Cd (0.5 mmol, 56 mg), CdCl, (0.5 mmol,
91 mg), and As (1.0 mmol, 75 mg) at 450 °C for 120 h. Microscope
element analysis on several single crystals of 1 confirmed the pres-
ence of Hg, Cd, As, and Cl in the approximate molar ratio
6.5:1.0:3.9:6.1, which is in good agreement with that obtained from
structural analysis. After structural analysis, a yellow crystalline
sample of 1 was obtained quantitatively by the reaction of a mix-
ture of Hg,Cl,, Hg, Cd, and As in a 6:1:2:8 molar ratio at 450 °C
for 120 h. The TGA curve of 1 shows no weight change up to
310 °C (see Figure S6 in the Supporting Information). The purity
of the yellow crystalline sample was confirmed by XRD powder
diffraction (see Figure S10 in the Supporting Information). The
powder diagram of 1 shows some splitting of the reflections, which
indicates there is a lower symmetry in 1.

Synthesis of (HgeAs )(HgClg)Hg, 5 (2): Yellow crystals of 2 were
initially prepared by the reaction of a mixture of Hg,Cl, (1.0 mmol,
472 mg), Cd (0.5 mmol, 56 mg), and As (1.0 mmol, 75 mg) at
320°C for 120h in an attempt to obtain the new phase
(HggAs4)(CdClg). The results of the single-crystal X-ray diffraction
analysis indicated the absence of Cd. Microscope element analysis
on several single crystals of 2 confirmed the presence of Hg, As,
and Cl in the approximate molar ratio 7.4:4.0:5.9, which is in good
agreement with that obtained from structural analysis. After struc-
tural analysis, a yellow crystalline sample of 2 was then obtained
quantitatively by the reaction of a mixture of Hg,Cl,, Hg, and As
in a 6:3:8 molar ratio at 320 °C for 120 h. The TGA curve of 2
shows no weight change up to 320 °C (see Figure S7 in the Sup-
porting Information). The purity of the yellow crystalline sample
was confirmed by XRD powder diffraction (see Figure S11 in the
Supporting Information). The powder diagram of 2 shows some
splitting of the reflections, which indicates there is a lower sym-
metry in 2.

Synthesis of (HgsAs4)(CdBre) (3): Red crystals of 3 were prepared
by the reaction of a mixture of HgBr, (1.0 mmol, 361 mg), Cd
(0.5 mmol, 56 mg), and As (1.0 mmol, 75 mg) at 350 °C for 120 h.
Microscope element analysis on several single crystals of 3 con-
firmed the presence of Hg, Cd, As, and Br in the approximate mo-
lar ratio 5.9:1.0:3.9:5.8, which is in good agreement with that ob-
tained from structural analysis. After structural analysis, a red crys-
talline sample of 3 was then obtained quantitatively by the reaction
of a mixture of Hg,Br,, Cd, and As in a 3:1:4 molar ratio at 350 °C
for 120 h. The TGA curve of 3 shows no weight change up to

Eur. J. Inorg. Chem. 2007, 977-984
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Table 2. Crystal data and structure refinement parameters for 1, 2, 3, and 4.
2 3 4

Empirical formula [HgeAsJ(CdCle)Hgo s [HgeAs,)(HgClg)Hg 5 [HgeAsq](CdBry) [HgeSba](Cdls)Hgo
Formula mass [gmol '] 1928.61 2016.80 2095.08 2684.69
Crystal color yellow yellow red black
Crystal habit plate plate chip block
Crystal system cubic cubic cubic cubic
Space group Pa3 Pa3 Pa3
a [A] . 12.172(2) 12.189(1) 12.3738(5) 13.234(2)
Volume [A3] 1803.2(5) 1810.7(3) 1894.6(1) 2317.7(7)
Z . 4 4 4 4
A (Mo-K,) [A] 0.71073 0.71073 0.71073 0.71073
D yiea. [{;cm’3] 7.104 7.398 7.345 7.694

[mm ] 64.427 71.452 69.095 56.981
F(000) 3208 3336 3480 4392
0 range [°] 2.90-25.03 2.89-25.06 3.68-25.09 2.67-25.02
Reflections collected 628 11390 2174
Observed reflections 380 421 445
Inde})endent reflections 546 554 683
R, w R, 0.0499, 0.1052 0.0666, 0.1570 0.0565, 0.0963 0.0646, 0.1104
Goodness-of-fit 0.998 0.999 0.990 0.994
Apmax and Api [e/A3] 2.457, -2.905 3.959, 4.863 3.200, -2.611 3.295, -2.702
[a] R = Z”Fo' - |Fc”/2|Fo| [b] Rw = {Z[W(FO2 - Fcz)z]/z[W(Foz)z]}”2~
Table 3. Selected bond lengths [A] and angles [°] for 1-4.12]

Compound 1

Hg(1)-As(1) 2.496(2) Cd(1)-CI(1) X 6 2.636(7)
Hg(1)-As(2) 2.498(2) As(1)-As(2) X2 2.392(6)
Hg(1)-CI(1) 2.947(6)
As(1)-Hg(1)-As(2) 164.3(1) As(2)#3-As(1)-Hg(1) 106.5(1)
As(1)-Hg(1)-ClI(1) 106.3(2) Hg(1)-As(1)-Hg(1)#4 112.24(9)
As(2)-Hg(1)-ClI(1) 87.2(2) As(1)#5-As(2)-Hg(1) 110.47(9)
CI(D)#1-Cd(1)-CI(1)#2 93.1(2) Hg(1)-As(2)-Hg(1)#6 108.5(1)
CI(D)#1-Cd(1)-CI(1) 86.9(2) Cd(1)-ClI(1)-Hg(1) 100.2(2)
CI(1)#2-Cd(1)-CI(1) 180.0(3)
Compound 2
Hg(1)-As(1) 2.496(2) Hg(3)-Cl(1) X 6 2.701(1)
Hg(1)-As(2) 2.502(2) As(1)-As(2) X2 2.389(7)
Hg(1)-CI(1) 2.933(9)
As(1)-Hg(1)-As(2) 164.4(1) CI(1)#1-Hg(3)-Cl(1)#4 180.0
As(1)-Hg(1)-Cl(1) 106.3(2) As(2)#5-As(1)-Hg(1) 106.8(1)
As(2)-Hg(1)-ClI(1) 87.1(2) Hg(1)#6-As(1)-Hg(1) 111.98(11)
Cl(1)#1-Hg(3)-Cl(1)#2 86.6(2) As(1)#7-As(2)-Hg(1) 110.3(1)
Cl(1)#2-Hg(3)-CI(1) 93.4(2) Hg(1)-As(2)-Hg(1)#8 108.6(1)
CI(1)-Hg(3)-CI(1)#3 180.0(4) Hg(3)-ClI(1)-Hg(1) 99.6(3)
Compound 3
Hg(1)-As(2) 2.529(2) Cd(1)-Br(1) X 6 2.806(3)
Hg(1)-As(1) 2.531(2) As(1)-As(2) X2 2.428(6)
Hg(1)-Br(1) 3.022(3)
As(2)-Hg(1)-As(1) 165.5(1) Br(1)#1-Cd(1)-Br(1) 180.0(1)
As(2)-Hg(1)-Br(1) 87.31(8) Cd(1)-Br(1)-Hg(1) 98.34(9)
As(1)-Hg(1)-Br(1) 105.2(1) As(2)#4-As(1)-Hg(1)#5 107.3(1)
Br(1)#1-Cd(1)-Br(1)#2 86.67(8) Hg(1)#5-As(1)-Hg(1)#6 111.6(1)
Br(1)#1-Cd(1)-Br(1)#3 93.33(7) As(1)#7-As(2)-Hg(1) 110.5(1)
Br(1)#2-Cd(1)-Br(1)#3 86.67(7) Hg(1)#8-As(2)-Hg(1) 108.5(1)
Compound 4
Hg(1)-Sb(2) 2.686(2) Cd(1)-I(1)*x 6 3.006(2)
Hg(1)-Sb(1) 2.693(2) Sb(1)-Sb(2) X 2 2.790(5)
Hg(1)-1(1) 3.204(3)
Sb(2)-Hg(1)-Sb(1) 161.92(9) I(1)-Cd(1)-I(1)#2 180.0
Sb(2)-Hg(1)-1(1) 85.22(7) Hg(1)#3-Sb(1)-Hg(1) 112.75(7)
Sb(1)-Hg(1)-1(1) 108.54(8) Hg(1)#3-Sb(1)-Sb(2)#4 105.95(8)
I(H#1-Cd(1)-1(1) 87.33(5) Hg(1)-Sb(2)-Hg(1)#5 110.79(7)
I(H#1-CA(1)-1(1)#2 92.67(5) Hg(1)-Sb(2)-Sb(1)#6 108.11(7)

[a] Symmetry transformations used to generate equivalent atoms. 1: #1 —y + 1/2, z + 1/2, x; #2 —x, —y + |, —z; #3 —x + 1/2, y + 1/2, z;
#H4 —y+ 1L, z+ 12, x+ 1U2; #5 x+ 12,y - 112, z; #6 z, x, p. 22 #l vy + |, —z, x + ; #2z+ L, x - 1, y; #3 —x + 2, -y, —z; #4 y +
Lz, x—1,#5x+32,y- 12, z;#6 2+ 1/2, x + 102, y; #7T —x + 32, y + 1/2, z; #8 = + 1, x - 1/2, -y + 1/2. 3: #1 —x, -y + 1, = +
L#2—p+ 112, z+ Lx+ U2 #3 =z + 12, x+ 12, y; #4 x - 1/2, y, =z + V2; #5 —z, x + 112, -y + 1/2; #6 y — 1/2, —z + 1/2, —x; #7 x
+ 12,y =2+ 12, #8 y,z,x. & #Hl v+ 1, z+ 1, x+ L # x+1, v+ 1, z+ L#3 vy + 112, z+ 1, x+ 1/2; #4 x + 1/12, y - 112,

Z#S 2+ 1, x+ 1/2, —y + 3/2; #6 —x + 1/2, y + 1/2, z.
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280 °C (see Figure S8 in the Supporting Information). The purity
of the red crystalline sample was confirmed by XRD powder dif-
fraction (see Figure S12 in the Supporting Information).

Synthesis of (HgeSb4)(Cdlg)Hg, ¢ (4): Black crystals of 4 were pre-
pared by the reaction of a mixture of Hg,I, (0.6 mmol, 393 mg),
Cd (0.3 mmol, 34 mg), and Sb (0.9 mmol, 110 mg) at 350 °C for
120 h. Microscope element analysis on several single crystals of 4
confirmed the presence of Hg, Cd, Sb, and I in the approximate
molar ratio 6.5:1.0:4.2:6.1, which is in good agreement with that
obtained from structural analysis. After structural analysis, a mix-
ture of liquid mercury and a black crystalline sample of 4 was then
obtained quantitatively by the reaction of a mixture of Hg,I,, Hg,
Cd, and Sb in a 3:1:1:4 molar ratio at 350 °C for 120 h. The TGA
curve of 4 shows no weight change up tol 260 °C (see Figure S9 in
the Supporting Information). The purity of the black crystalline
sample was confirmed by XRD powder diffraction (see Figure S13
in the Supporting Information).

X-ray Crystallographic Studies: Single crystals of 1-4 suitable for
X-ray analysis were mounted at the apex of a glass fiber for data
collection. Data sets for 1, 2, and 4 were collected with a Rigaku
AFC7R diffractometer, and that for 3 was collected with Rigaku
Mercury CCD, both of which were equipped with a graphite-mo-
nochromated Mo-K,, radiation source (4 = 0.71073 A) from a rotat-
ing anode generator at 293 K. The intensity data were collected
with the w-scan technique and corrected for Lorentz polarization
factors. All the structures were solved by direct methods and differ-
ence Fourier synthesis and refined by full-matrix least-squares tech-
niques using the Siemens SHELXTL™ version 5 crystallographic
software package.['?l All atoms were refined anisotropically. Crys-
tallographic data for 1-4 are listed in Table 2 and selected bond
lengths and angles are given in Table 3. Further details of the crys-
tal structure investigation can be obtained from the Fachinforma-
tionzentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many, on quoting the depository number CSD-417040, -417038,
-417039, and -417037 for 1-4, respectively.

Computational Details: The X-ray crystallographic data of the pres-
ent compounds were used to calculate their electronic band struc-
tures. The calculations of electronic band structures along with
density of states (DOS) were carried out using density functional
theory (DFT) with one of the three nonlocal gradient-corrected
exchange-correlation functionals (GGA-PBE) and performed with
the CASTEP code,'* which uses a plane wave basis set for the
valence electrons and norm-conserving pseudopotentiall!¥l for the
core electrons. The number of plane waves included in the basis
was determined by a cutoff energy, E., of 450 eV for 1, 3, and 4,
and 400 eV for 2. Pseudo-atomic calculations were performed for
Cl 3s23p°, Br 4s%4p>, 1 5s%5p°, As 4s%4p3, Sb 5s?5p3, Cd 4d'05s?,
and Hg 5d'%6s?. The parameters used in the calculations and con-
vergence criteria were set by the default values of the CASTEP
code.['3

Supporting Information: (see also the footnote on the first page of
this article): Experimental and simulated powder X-ray diffraction
patterns, TG and DTA curves, and IR spectra of compounds 1-4.
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