2990 Inorg. Chem. 2010, 49, 2990-2995
DOI: 10.1021/ic902493r

Chemistry

: Article

[norganic

Lone Pairs as Chemical Scissors in New Antimony Oxychlorides,
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Two new metal antimony oxychlorides, Sb,ZnO3Cl, and Sb16CdgO,5Cly4, have been synthesized by solid-state
reactions using Sbo,O3 and ZnCl, (or CdCl,) as reagents. The structures of SboZnO3Cl, and Sb15CdgO25Cly4 have
been determined by single-crystal X-ray diffraction. Both of the reported materials contain Sb®" cations that are in an
asymmetric coordination environment attributable to their stereoactive lone pair. Sb,ZnO3Cl, has a novel two-
dimensional layered structure consisting of distorted ZnO,Cl, tetrahedra and ShO3 polyhedra. Sb15CdgO05Cl14
exhibits a one-dimensional structure consisting of Sb3+—Cd**—oxide rods, Cd>"—chloride double chains, and
isolated CI™ ions. Complete separation of the halophile and chalcophile moieties is observed from the reported
materials. Detailed structural analysis, IR spectra, thermogravimetric analysis, ion-exchange reactions, and dipole
moment calculations are presented. Crystal data: SboZnOsCly, orthorhombic, space group Pnma (No. 62), a =
17.124(4) A, b =5.5598(12) A, c = 6.4823(14) A, V =617.2(2) A% and Z = 4; Sb15Cdg025Cl14, monoclinic, space
group 2/m (No. 12), a=14.251(3) A, b=3.9895(8) A, c=21.145(4) A, 8 = 97.35(3)°, V= 1192.3(4) A% and Z=8.

Introduction

Materials containing lone-pair cations (i.e., Pb*", Sb>*,
Te*t, I°F, etc.) have drawn great attention, attributable to
their specific functional properties such as second-harmonic
generation, piezoelectricity, pyroelectricity, and ferroelectri-
city.'~* These technologically important material properties
are certainly related to crystallographic noncentrosymmetry,
which can be produced with ease from the inherent asym-
metric coordination environment of stereoactive nonbonded
electron pairs.’~’ The lone pairs are considered to be the
result of a second-order Jahn—Teller distortion,* > which
reduces the energy between the highest occupied (HOMO) s
orbital and the lowest unoccupied (LUMO) p orbital through
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s—p mixing."* ' Also, materials with lone-pair cations have
exhibited a rich structural chemistry in that they can adopt a
variable coordination environment.'”!'® A great deal of
interesting framework architecture is expected if the variable
geometry of the lone-pair cations is further combined with
polyhedra of transition-metal cations and halides. The com-
bination, however, often resulted in low-dimensional materi-
als with chains or layers. While the more chalcophilic lone-
pair cations tend to make bonds with oxygen, the late
transition metals are rather coordinated to halogen.'” !
This kind of complete separation of the halophile and
chalcophile substructures, in turn, forces the overall struc-
tures of the materials to form low dimensions such as chains
or layers. Thus, both of the lone-pair cations and the halogen
ions are often called “chemical scissors”.?***7%> We
have been very interested in investigating materials in the
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metal—Sb>"—oxychloride system. With respect to metal
antimony oxychlorides, several materials have been reported,
namely, CuSbTeO;Cly,*” CuSb,03CL,*" CusgSbss044Cls7,>
Hg;»SbOgBrCl,*® BaSbO,Cl,>” PbSbO,C1,%* and SbyTeO,CL.*
Although the materials exhibit low-dimensional structures as
expected, most reported materials show interesting structural
features and/or material properties. For example, Cu,oSbss-
0.4Cl57 consists of infinite chains of [Cu;Cl¢]°~ T3 super-
tetrahedra and isolated [SbysClsOu]'>" clusters. Magnetic
properties and conductivity have been measured on the
layered CuSbTeOsCl,. In this paper, we report the detailed
structural analysis, IR spectra, thermogravimetric ana-
lysis (TGA), ion-exchange reactions, and dipole moment
calculations of two new antimony oxychloride materials,
Sb,Zn0;Cl, and SbCdgO,5Cly4. To the best of our knowledge,
the materials are the first examples of Sb>*—Zn**—0—Cl
and Sb*"—Cd**—0—Cl combinations. We also present how
the lone pairs separate completely the halophile and chalco-
phile moieties for both materials.

Experimental Section

Syntheses. Sb,O3 (Alfa, 99.6%), ZnCl, (Aldrich, 98%), and
CdCl, (Aldrich, 98%) were used as received. Sb,ZnO5Cl, and
Sb;sCdg0,5Cly4 were synthesized by standard solid-state reac-
tion methods. For Sb,ZnO;Cl,, 0.875 g (3.00 x 107> mol) of
Sb,03 and 0.409 g (3.00 x 1072 mol) of ZnCl, were combined
under an atmosphere of dry argon. For Sb;4CdgO,5Cl;4,0.787 g
(2.70 x 1072 mol) of Sb,O; and 0.495 g (2.70 x 10~ mol) of
CdCl, were combined under an atmosphere of dry argon. The
respective mixtures were thoroughly mixed with an agate mortar
and pestle and subsequently introduced into fused silica tubes
and evacuated. Each tube sealed under vacuum was gradually
heated to 250 °C for 5 h and then to 350 °C for 24 h (or 600 °C for
48 h for Sb;cCdgO,5Cly4). The tubes were cooled to room
temperature at a rate of 1 °C min~'. The products contained
colorless rod crystals and light-gray powder. The powder X-ray
diffraction (XRD) patterns on the resultant phases indicated
that each material was single phase and was in good agreement
with the generated pattern from the single-crystal data (see the
Supporting Information).

Characterization. Powder XRD patterns were collected on a
SCINTAG XDS2000 diffractometer using Cu Ka radiation at
room temperature with 35 kV and 30 mA to check the phase
purity of the synthesized materials. Polycrystalline samples were
mounted on glass sample holders and scanned in the 26 range
5—70° with a step size of 0.02° and a step time of 1 s. TGA was
performed on a Setaram LABSYS TG-DTA/DSC thermogra-
vimetric analyzer. The polycrystalline samples were contained
within alumina crucibles and heated at a rate of 10 °C min~ "
from room temperature to 1000 °C under flowing argon. Scan-
ning electron microscopy (SEM)/energy-dispersive analysis of
X-rays (EDAX) were performed using a Hitachi S-3400N/
Horiba Energy EX-250 instruments. EDAX for Sb,Zn0;Cl,
and Sb;,Cdg0O,5Cl;4 reveals Sb:Zn:Cl and Sb:Cd:Cl ratios of
approximately 2:1:2. IR spectra were recorded on a Varian 1000
FT-IR spectrometer in the 400—4000 cm ™! range, with the
samples intimately pressed between two KBr pellets. IR for
Sb,Zn05Cl, (KBr, cm ™ 1): 871 (w), 834 (w), 793 (s), 712 (m), 643
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Table 1. Crystallographic Data for Sb,ZnO5Cl, and Sb4CdgO,5Cl4

formula Sb22n03C12 sb2Cd103,125C11_75
fw 427.77 467.94

space group Pnma (No. 62) 12/m (No. 12)
a(A) 17.124(4) 14.251(3)

b (A) 5.5598(12) 3.9895(8)
c(A) 6.4823(14) 21.145(4)

B (deg) 90 97.35(3)

|4 617.2(2) 1192.3(4)

Z 4 8

T (°C) 298.0(2) 298.0(2)

1 (A) 0.71073 0.70173

Peated (g cm™3) 4.604 5.214

u (mm™ b 13.321 13.224

R(F)* 0.0347 0.0470
Ry(Fo2)? 0.0886 0.1584

“R(F) = SIIFol = FI[SIFol. " Ru(Fo?) = [Sw(F’ = F2P/w-
(F1".

(s), 562 (s), 543 (w), 526 (w). IR for Sb;,CdgO,5Cl;4 (KBr,
em ) 761 (w), 688 (s), 606 (s), 530 (w), 472 (w), 415 (w). Ton-
exchange reactions were performed by stirring ca. 100 mg of a
SbCdg0,5Cl 4 samplein 3mL of a 1 M aqueous solution of the
following metal salts: NaF, KBr, and NaNOj;. The reactions
were performed at room temperature and 150 °C for 24 h. The
reaction products were recovered by filtration, washed with
excess H,O, and dried in air for 1 day.

Single-Crystal XRD. The structures of Sb,ZnO;Cl, and
Sb6Cdg0,5Cly4 were determined by standard crystallographic
methods. Colorless rod crystals of dimensions 0.04 x 0.08 x
0.25 mm”® for Sb,Zn0;Cl, and 0.04 x 0.06 x 0.30 mm® for
Sb;6CdgO,5Cly4 were used for single-crystal XRD. The data
were collected using a Bruker SMART APEX CCD X-ray
diffractometer at the Korea Basic Science Institute at room
temperature using graphite-monochromated Mo Ka radiation.
A hemisphere of data was collected using a narrow-frame
method with w scan widths of 0.30°, and an exposure time of
5s frame”'. The first 50 frames were remeasured at the end of
the data collection to monitor the instrument and crystal
stability. The maximum correction applied to the intensities
was < 1%. The data were integrated using the Bruker SAINT
program,®® with the intensities corrected for Lorentz, polariza-
tion, air absorption, and absorption attributable to the variation
in the path length through the detector faceplate. A semiempi-
rical absorption correction was made on the hemisphere of data
with the SADABS program.®!' The data were solved and refined
using SHELXS-97 and SHELXL-97, respectively.*** All of the
atoms were refined with anisotropic displacement parameters
and converged for 7 > 2(I). All calculations were performed
using the WinGX-98 crystallographic software package.** Crys-
tallographic data and selected bond distances for Sb,ZnO5Cl,
and SbyCdgO,5Cl;4 are given in Tables 1 and 2. During the
course of the refinement for Sb;¢CdgO,5Cly4, we determined
that fractional occupancy must occur in O(5) and O(6) in order
to maintain the charge balance. Also, much higher displacement
parameters were observed if O(5) and O(6) are assumed to be
fully occupied. For Sb(4), the bond distances to O(5) and O(6)
are 2.46(3) and 2.362(15) A, respectively. The distances are
substantially longer than what is observed normally for Sb**—0
bonds, indicating some partial occupancy in O(5) and O(6).
Similarly, for Cd(1), the Cd(1)—O(5) bond distance [2.51(3) A]is
longer than other Cd*" —O contacts, suggesting partial occupancy
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Table 2. Selected Bond Distances (A) for Sb,Zn05Cl, and Sb¢Cdg0,5Cl4

szZnO:;Clz

Sb(1)-0(1) 1.956(6) Sb(1)-0(2) x 2 1.997(3)
Sb(2)—0(1) 1.936(6) Sb(2)—0(2) x 2 2.017(3)
Zn(1)—0(2) x 2 2.069(3) Zn(1)—CI(1) 2.252(2)
Zn(1)—Cl(2) 2.244(2)

Sb16Cds05Cli4
Sb(1)—0(1) 2.042) Sb(1)—0(2) x 2 2.157(8)
Sb(1)—0(3) 1.98(2) Sb(2)—0(1) x 2 2.174(9)
Sb(2)—0(2) 2.06(2) Sb(2)—0(4) 1.983(19)
Sb(3)—0(4) 1.980(17) Sb(3)—0(5) x 2 2.172(12)
Sb(3)-0(6) 1.993) Sb(4)—0(3) x 2 2.499(11)
Sb(4)—0(5) 2.46(3) Sb(4)—0(6) x 2 2.362(15)
Sb(4)—0(7) 1.963(15) Cd(H—-0(3) 2.358(19)
Cd(1)-0) x 2 2.66(2) Cd(1)-0(5) 251(3)
Cd(1)-0(7) 2.266(16) Cd(1)—0(7) x 2 2.367(8)
Cd(2)—CI(1) 2.661(5) Cd(2)—CI(1) x 2 2.731(4)
Cd2)-Cl2) x 2 2.633(4) Cd(2)-CI(3) 2.495(6)

Figure 1. Ball-and-stick and polyhedral representation of Sb,ZnO;Cl,.
The distorted ZnO,Cl, tetrahedra link to the Sb>*0; layer on both sides,
above and below along the [100] direction, and complete a layered
structure of Sb,ZnO;Cl, (green, Sb; cyan, Zn; purple, Cl; red, O).

in O(5). In doing so, partial occupancies of 0.61(4) and 0.64(4)
were refined for O(5) and O(6), respectively.

Results and Discussion

Sb,ZnO5Cl,. Sb,ZnO5Cl, crystallizes in an orthor-
hombic space group Pnma (No. 62). The structure is
composed of distorted ZnO,Cl, tetrahedra and SbOj;
polyhedra that are connected through oxygen atoms
(see Figure 1). The unique Zn>" cation is connected to
two oxygen and two chlorine atoms. The Zn—O and
Zn—Cl bond distances are 2.069(3) and 2.244(2)—2.252-
(2) A, respectively. The O—Zn—0, O—Zn—Cl, and
Cl—Zn—Cl bond angles are 77.37(18)°, 106.73(11)—
111.51(11)°, and 130.35(10)°, respectively. Two unique
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Figure 2. Ball-and-stick models representing the formation of (a) SbO3
chains along the [010] direction and (b) a two-dimensional layer of SbO5
polyhedra in the bc plane. Note: six-membered rings are observed in the
layer (green, Sb; red, O).

Sb*" cations are connected to three oxygen atoms and
show a local asymmetric coordination environment in
SbOj; polyhedra attributable to the lone pairs. The Sb—O
bond lengths range from 1.936(6) to 2.017(3) A. The
three-coordinate asymmetric Sb(1)O5 and Sb(2)O3 poly-
hedra are sharing their corners through O(2) along the
[010] direction and are forming a unidimensional chain
(see Figure 2a). The SbOjs chains are further connected by
O(1) along the [100] direction, which result in a corru-
gated two-dimensional layered structure (see Figure 2).
Interestingly, six-membered rings composed of only SbO;
polyhedra are observed in the layer. A similar layer
topology has been observed for SbTeO;ClL;* however,
the [SbTeO;]" layer in SbTeO5Cl consists of both TeOs
and SbO3 polyhedra. The dimensions of the six-mem-
bered rings are apprommately 514 A >< 2 93 A, taking
into account the ionic radii of antimony.*> The ZnO,Cl,
tetrahedra link to the Sb>"O4 layer on both sides, above
and below along the [100] direction, and complete a
layered structure of Sb,ZnO;Cl,. In connectivity terms,
Sb,Zn05Cl, can be formulated as con51st1n of neutral
layers of {2 Sb 01/202/3] ZHOZ/3C12/1 0 Inter-
estingly, the lone-pair cation Sb*" contains an oxygen
ligand only, and all of the chlorine atoms are coordinated
to Zn>*. Bond-valence calculations®®* resulted in values
of 2.88—2.92 and 1.85 for Sb** and Zn*", respectively.
Sb16Cd8025C114. Sb]éCng25C1]4 crystallizes in a
monoclinic space group /2/m (No. 12). The structure of

(35) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
(36) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244.
(37) Brese, N. E.; O’Keeffe, M. Acta Crystallogr. 1991, B47, 192.
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Figure 3. Ball-and-stick representation of Sb;4CdgO,5Cly4 in the ac
plane (green, Sb; blue, Cd; purple, CI; red, O). Note: Sb**—Cd* —oxide
rods, Cd**—chloride double chains, and isolated Cl~ ions are observed
along the [010] direction.

Sb;¢Cdg0,5Cly, consists of Sb**—Cd*"—oxide rods,
Cd**—chloride double chains, and isolated Cl~ ions
along the [010] direction (Figure 3). Within the
Sb3*—Cd**—oxide rods, most Sb>* cations exhibit a
SbO, “see-saw” environment, with the Sb—O bond dis-
tances ranging from 1.980(17) to 2.174(9) A. The Sb(4)**
cation, however, reveals a SbOg group, with the Sb—O
bond lengths ranging from 1.963(15) to 2.499(11) A. In
fact, O(5) and O(6) are partially occupied [0.61(4) and
0.64(4), respectively]; thus, the actual environment
around the Sb(4)*" cation is the SbO, group. All of the
Sb>" cations are in a highly asymmetric coordination
environment attributable to their nonbonded electron
pair. The Sb>*—O bond distances are consistent with
those previously reported.®® Within the Sb> " —Cd** —ox-
ide rods, the CdO; polyhedra are also observed, with the
Cd—O0 bond lengths ranging from 2.266(16) to 2.66(2) A.
However, the connected oxygen atom O(5) is again
partially occupied, indicating that the Cd—oxide moiety
is, in fact, the CdOg¢ group. The CdOg polyhedra share
their edges through O(4) and O(7) and form a chain along
the [010] direction. Each CdOg chain is further connected
through O(7) along the [001] direction and forms a double
chain along the [010] direction (see Figure 4a). On the
other hand, the SbO, polyhedra share their oxygen
ligands and produce an unprecedented one-dimensional
tubular structure along the [010] direction (Figure 4b).
Interestingly, the antimony oxide tube is wrapping the
CdOg4 double chain through O(3), O(4), O(5), and O(7)
and completes a unidimensional Sb>"—Cd**—oxide rod
(Figure 4c). Thus, all of the lone pairs in the Sb*" cations

(38) Mayerova, Z.; Johnsson, M.; Lidin, S. Solid State Sci. 2006, 8, 849.
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are pointing outward around the rod. Infinite tubes
consisting of Sb>T05 and Sb**O,4 polyhedra were ob-
served from SbgO;,CL.*® However, in SbgO;,Cl,, the
lone pairs point both inward and outward from the tubes.
The Cd*>"—chloride double chains consist of CdCly octa-
hedra, with the Cd—Cl bond distances ranging from
2.495(6) to 2.731(4) A. Similar to that of the CdOg double
chain, each CdClg octahedron shares its edges through
CI(1) and CI(2) and forms a chain along the [010] direc-
tion. Each CdClg chain is further linked through CI(1) via
edge-sharing along the [001] direction and produces an
isolated double chain along the [010] direction (Figure 5).
Similar isolated double chains have been observed for
[C3H/NLS][CACL*? and [Cdy(Teq015)][Cd>Cle).*® The
lone pairs associated with Sb*" may be responsible for
the separation of the structure. Because the Sb**—oxides
with lone pairs wrap around the CdO¢ double chain, an
enormous nonbonding tube with all of the lone pairs
pointing outward was generated. On the other hand, the
more halophilic metal cadmium forms separate chains of
CdClg. This similar phenomenon has been observed in
CuSbTeO;Cl,,*" CuSb,03Br,”" and CuySby5044Cls7. >
Finally, the isolated CI™ anion is in an approximate cube
environment, surrounded by eight Sb>" cations at a
distance of 3.360(11)—3.375(6) A. The isolated Cl ™ anion
can be considered an “anionic template” in order to
complete a stable crystal structure. An anionic template
effect similar to that of CI™ anion has been observed from
the three-dimensional TesNb3O5-CL*" Bond-valence
calculations®®?” on Sb;¢Cdg0,5Cl,4 resulted in values of
2.93—3.10 and 1.82—1.99 for Sb*" and Cd*", respec-
tively.

IR Spectroscopy. The IR spectra of Sb,ZnO;Cl, and
SbCdgO,5Cl, 4 reveal characteristic Sb—O vibrations in
the region of about 606—871 cm™'. Characteristic IR
bands for Zn—O vibrations are observed around
520—562 cm ™. Stretches centered at 415 and 472 cm ™!
can be assigned to Cd—O vibrations. The assignments are
consistent with those previously reported.*

TGA. The thermal behaviors of Sb,ZnO3Cl, and
Sb16Cdg0,5Cly4 were investigated using TGA. TGA of
both materials under flowing argon indicates that
Sb,Zn0sCl, and Sb;(CdgO,5Cl, 4 are robust with decom-
position temperatures of 460 and 650 °C, respectively.
Above those temperatures, the materials started to de-
compose, which may be attributable to the loss of chlor-
ine atoms. Thermal decomposition products at 1000 °C in
air for Sb,ZnO;Cl, and Sb;cCdgO,sCly4 resulted in
ZnSb,0¢* and SbgO;5,* respectively, with some un-
known mixture as shown by powder XRD measurements.
The TGA data have been deposited in the Supporting
Information.

Ion-Exchange Reactions. The structural topology of
Sb16Cdg0,5Cly4 suggested that the material may be able
to undertake ion-exchange reactions in which the isolated

(39) Kubiak, M.; Glowiak, T.; Kozlowski, H. Acta Crystallogr. 1983,
C39, 1637.

(40) Jiang, H.-L.; Mao, J.-G. Inorg. Chem. 2006, 45, 717.

(41) Ok, K. M.; Halasyamani, P. S. Inorg. Chem. 2002, 41, 3805.

(42) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co-
ordination Compounds; Wiley: New York, 1997.

(43) Stahl, S. Ark. Kemi, Mineral. Geol. 1943, 17B, 1.

(44) Dehlinger, U.; Glocker, R. Z. Anorg. Allg. Chem. 1927, 165, 41.



2994 Inorganic Chemistry, Vol. 49, No. 6, 2010

Rotate 90°
—
(b)

_—
Wrapping
=4

Jo et al.

(c)
Q

Figure 4. Ball-and-stick models representing how the Sb**—Cd**—oxide rod is generated in Sb;sCdgO,5Cl 4 (green, Sb; blue, Cd; red, O). (a) Edge-
sharing CdOg chains are further connected through O(7) to form a double chain along the [010] direction. (b) SbO,4 polyhedra share their oxygen ligands and
produce an interesting one-dimensional tubular structure along the [010] direction. (¢) Antimony oxide tube wrapping the CdO4 double chain and

completing a unidimensional Sb>*—Cd>*

Figure 5. Ball-and-stick models representing a one-dimensional double
chain of CdClg in Sb;sCdgO,5Cly4 along the [010] direction (blue, Cd;
purple, CI).

CI™ anion is replaced by other anions. Initially, approxi-
mately 100 mg of Sb;cCdgO,5Cl 4 was stirred in 3 mL of
1 M solutions of NaF, KBr, and NaNOs for 1 day at room
temperature. The ion-exchange experiments indicated
that exchanging Cl1~ for other anions is difficult under
mild conditions. It is not difficult to understand why no
ion-exchange behavior is observed when we examine the
structure more closely. As can be seen in Figure 6, all of
the lone pairs point above and below the chloride so that
the chloride anions are effectively locked in place, which
prevents any mobility for the anion. Further attempts
have been made to exchange the CI™ anions at 150 °C for
24 h. The powder XRD analyses on the recovered pro-
ducts, however, revealed that the materials decomposed
to Sb,O5 and some unknown mixture.

Dipole Moment Calculations. Both Sb,Zn0OsCl, and
Sb;¢Cdg0,5Cl;4 contain a cation in an asymmetric coordi-
nation environment, i.e., Sb>". One of our motivations for
investigating materials containing asymmetric lone-pair
cations is to better understand these coordination environ-
ments, although they crystallize in centrosymmetric space
groups. The direction and magnitude of the distortions in

—oxide rod. Note: all of the lone pairs in the Sb>* cations are pointing outward around the rod.

Figure 6. Ball-and-stick diagram representing how the Sb*" lone pairs
(shown schematically) in Sb;sCdgO,5Cl;4 impede the movement of the
CI™ anion.

the SbO, (x = 3—5) polyhedra may be quantified by
determining their local dipole moments. This approach
has been described earlier, where a bond-valence calcula-
tion was used to calculate the direction and magnitude of
the local dipole moments.*>~*” With the polyhedra con-
taining lone pairs, the lone pair is given a charge of 2— and
the localized Sb**—lone pair distance is estimated to be
1.08 A based on the work of Galy and Meunier.*® Using
this methodology, the dipole moment for the SbO, poly-
hedra is in the opposite direction of the lone pair. We have
calculated the dipole moment of the SbO, polyhedra in
Sb,ZnO;Cl, and Sb;4CdgO,5Cly4. For comparison, we

(45) Maggard, P. A.; Nault, T. S.; Stern, C. L.; Poeppelmeier, K. R.
J. Solid State Chem. 2003, 175, 27.

(46) Izumi, H. K.; Kirsch, J. E.; Stern, C. L.; Poeppelmeier, K. R. Inorg.
Chem. 2005, 44, 884.

(47) Ok, K. M.; Halasyamani, P. S. Inorg. Chem. 2005, 44, 9353.

(48) Galy, J.; Meunier, G. J. Solid State Chem. 1975, 13, 142.
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Table 3. Summary of the Dipole Moments for SbO, (x = 3—5) Polyhedra (D =
Debye)

SbO., dipole moment (D)
SbO; (48 examples) range 4.35-9.64
average 7.55
SbO, (51 examples) range 3.79—11.29
average 8.35
SbOs (7 examples) range 6.22—9.80
average 7.68

have also calculated the dipole moment for similar poly-
hedra in other Sb>"—oxides as well as Sb>* —oxyhalides
(see Table 3). As is seen in Table 3, the magnitude of the
SbO, dipole moments shows only a small difference. In
fact, an examination of 48 examples of SbO; polyhedra
reveals that the dipole moments range from 4.35t0 9.64 D
and have an average value of 7.55 D. Similarly, 51 exam-
ples of SbO, exhibit dipole moments ranging from 3.79 to
11.29 D, with an average value of 8.35 D. Although not as
many examples have been reported, 7 examples of SbOs
polyhedra resulted in an average dipole moment of 7.68 D.
A complete discussion of the dipole moment calculations
on the SbO, polyhedra will be reported shortly.

Conclusions

We have successfully synthesized the first examples of
antimony/zinc oxychloride, Sb,Zn05Cl,, and antimony/
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cadmium oxychloride, Sb;(Cdg0,5Cl}4, through standard
solid-state reactions. The materials were characterized by
single-crystal and powder XRD as well as IR spectra,
TGA, ion-exchange reactions, and dipole moment calcula-
tions. Both materials contain asymmetric lone-pair cation
Sb*>* in the structures. Sb,ZnO;Cl, has a novel two-
dimensional layered structure consisting of distorted
Zn0,Cl, tetrahedra and SbO; polyhedra. SbyCdgO,5Cl4
exhibits a one-dimensional structure consisting of
Sb**—Cd**—oxide rods, Cd**—chloride double chains,
and anionic template Cl™ ions. We continue to explore
the synthesis of new Sb>"—oxychlorides as well as inves-
tigate the incorporation of other cations with stereoactive
lone pairs into new materials.
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