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Abstract

Two new quaternary strontium selenium(IV) and tellurium(I'V) oxychlorides, namely, Sr3(SeO;)(Se»Os)Cl, and Sry(Te;O0g5)Cly, have
been prepared by solid-state reaction. Sr3(SeOs3)(Se,Os)Cl, features a three-dimensional (3D) network structure constructed from
strontium(II) interconnected by CI~, SeO?™ as well as Se,O2~ anions. The structure of Sr4(Te305)Cly features a 3D network in which the
strontium tellurium oxide slabs are interconnected by bridging Cl™ anions. The diffuse reflectance spectrum measurements and results of
the electronic band structure calculations indicate that both compounds are wide band-gap semiconductors.
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1. Introduction

Metal selenites and tellurites can adopt a variety of
structures due to the presence of the lone-pair electrons
that could serve as an invisible structure-directing agent
[1,2]. These lone-pair electrons may also aid in the
formation of asymmetric coordination environments for
metal centers, resulting in the possible noncentrosymmetric
(NCS) structures with consequent interesting physical
properties, such as second harmonic generation (SHG),
piezoelectricity, pyroelectricity and ferroelectricity [3—15].
Furthermore, transition metal Se(IV) or Te(IV) oxyhalides
can be regarded as ‘“‘chemical scissors” and they can be
promising new low-dimensional magnets [16—19].

Comparing with transition metal selenites or tellurites
[16-27], the corresponding alkaline earth (AE) or alkali metal
compounds normally display larger band gaps, also a few of
them display excellent SHG properties, such as Na,TeW,0y
and BaTeM,0y (M =Mo, W) [4-6]. From recent report, it is
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interesting to note that a possible giant enhancement of the
second-order optical properties of the Sr-containing crystal-
lites occurred because of the nanocrystallites with sizes of
about 100-250 nm [28]. Although a few alkali metal or AE
selenites and tellurium(IV) oxides have been reported
[4,5,13,14,29,30], reports on AE selenites and tellurium(I'V)
oxides with additional halide anions are still rare [31-35].
Up to now, only six AE selentum(IV) or tellurium(IV)
oxyhalides, namely, Ba,CoCly(SeOs),, Bas(TeO;),Cl,
B212CU.4TC4011C14, Bacu2T6206C12, Sr2Cu2TeO6Br2 and Ca2
CuTe40,0Cl,, have been synthesized and structurally char-
acterized, most of them containing a transition metal [31-35].
Due to the large difference in the bond distances between
AE-O and AE-CI, the introduction of halide anion into the
AE selenium(IV) or tellurium(IV) oxide systems may enhance
the possibility to obtain compounds with acentric structures.
Our research efforts on new optical materials in the
unexplored Sr-Se'Y(Te')-O-Cl systems yielded two new
strontium  selenium(IV) and tellurium(IV) oxychlorides,
namely, Sr3(SeO3)(Se>O5)Cl, and Sry(Tez0g)Cly. Herein, we
report their syntheses, crystal and band structures and optical
properties.
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2. Experimental section
2.1. Materials and instrumentation

Analytically pure ZnO, SrCO; and SrCl,-2H,O were
purchased from the Shanghai Reagent Factory; SeO,
99+ %) and TeO, (99 + %) were bought from ACROS
ORGANICS. SrO was synthesized by heating SrCO; in air
at 1050 °C for 10 h. SrCl, - 2H,O was heated in air at 160 °C
overnight before used in order to dehydrate. Infrared (IR)
spectra were recorded on a Magna 750 Fourier-transform IR
(FT-IR) spectrometer photometer as a KBr pellet in the
4000-400 cm'. Microprobe elemental analyses on Sr, Te, Se
and Cl elements were performed on a field emission scanning
electron microscope (FESEM, JSM6700F) equipped with an
energy dispersive X-ray spectroscope (EDS, Oxford INCA).
X-ray powder diffraction (XRD) patterns (Cu Ko) were
collected on a XPERT-MPD 6-26 diffractometer. Optical
diffuse reflectance spectra were measured at room tempera-
ture with a PE Lambda 900 ultraviolet (UV)-vis spectro-
photometer. The instrument was equipped with an
integrating sphere and controlled by a personal computer.
The samples were ground into fine powder and pressed onto
a thin glass slide holder. BaSO, plate was used as a standard
(100% reflectance). The absorption spectra were calculated
from reflectance spectra using the Kubelka—Munk function:
#/S=(1—R)*/2R [36], where o is the absorption coefficient, S
is the scattering coefficient which is practically wavelength
independent when the particle size is larger than 5 um, and R
is the reflectance. Thermogravimetric analyses (TGA) were
carried out with a NETZSCH STA 449C unit, at a heating
rate of 10°C/min under a static air atmosphere.

2.2. Preparation of Sr3(SeOj3)(Se,0s)Cl,

Colorless needle-shaped single crystals of Sr3(SeOs)
(Se,05)Cl, were initially obtained in our attempt to prepare
a Sr—Zn—SeO;—Cl phase by solid-state reaction of 1.2 mmol
of SrCl, (0.190 g), 1.2 mmol of ZnO (0.098 g) and 1.2 mmol
SeO, (0.133 g) in an evacuated quartz tube at 660 °C for 6
days and then cooled to 300 °C at 3 °C/h before switching
off the furnace. Results of EDS microprobe elemental
analyses on single crystals of Sr3(SeOs;)(Se,Os5)Cl, gave
molar ratio of Sr:Se:Cl of 2.8:3.3:1.0, no Zn element was
detected. After proper structural determination, a pure
powder sample of Sr3(SeO3)(Se,O5)Cl, was prepared
quantitatively by solid-state reaction of a mixture com-
posed of SrO, SrCl, and SeO, in a molar ratio of 2:1:3 at
660 °C. Its purity was confirmed by XRD studies (see
Supporting Materials). IR data (KBrem™'): 874 (m), 851
(m), 821 (vs.), 776 (vs.), 718 (s), 670 (s), 636 (s), 559 (m),
463 (w) and 437 (m).

2.3. Preparation of Sry(Te3;0g)Cly

Single crystals of Sry(Te;Og)Cly were initially prepared
by the solid-state reaction of a mixture containing

0.4mmol of SrCl, (0.063g), 0.8 mmol of SrO (0.083g)
and 1.2 mmol of TeO, (0.192 g). The reaction mixture was
thoroughly ground and pressed into a pellet, which was
then put into quartz tube, evacuated and sealed. The quartz
tube was heated at 660 °C for 6 days and then cooled to
300°C at 4°C/h before switching off the furnace. The
measured molar ratio of Sr:Te:Cl by microprobe elemental
analysis is 4.0:2.8:4.3, which is in good agreement with the
one determined from single-crystal X-ray structural analy-
sis. After the structural analysis, a pure powder sample of
Sry(Te;05)Cly was prepared quantitatively by reacting a
mixture of SrO, SrCl, and TeO, in a molar ratio of 2:2:3 at
720 °C for 6 days. Its purity was confirmed by XRD studies
(see Supporting Materials). IR data (KBrem™"): 763(vs.),
698(vs.), 586(s), 447(w) and 411(m).

2.4. Single-crystal structure determination

Data collections for both compounds were performed on a
Rigaku mercury CCD diffractometer equipped with a
graphite-monochromated Mo—Ku radiation (4 = 0.71073 /0\)
at 293K. The data sets were corrected for Lorentz and
polarization factors as well as for absorption by multi-scan
method [37]. Both structures were solved by the direct
methods and refined by full-matrix least squares fitting on F*
by SHELX-97 [38]. All atoms were refined with anisotropic
thermal parameters. CI(5) in Sr4(Te30g)Cly is disordered over
two orientations ((0.5000, 0.5567, 0) and (0.5000, 0.4433, 0))
related by a mirror plane, which are close to the 2/m
symmetry site with an interatomic distance of 0.6522 A.
Hence, its occupancy factor is reduced by 50%. Data
collection and refinement parameters are summarized
in Table 1. Selected bond lengths and bond angles are listed
in Table 2. Further details of the crystal structure investiga-
tions can be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on
quoting the depository numbers CSD—418542 and 418557.

2.5. Computational details

Single-crystal structural data of the two compounds were
used for the theoretical calculations. As mentioned before,
the CI(5) atom in Sr4(Te30g)Cly was disordered over two
orientations close to the 2/m site, the ideal structural model
with CI(5) positioned at the 2/m site (0.5000, 0.5000, 0) was
used for the calculations. Band structure and optical
property calculations were performed with the total-energy
code CASTEP [39-41]. The total energy is calculated with
density functional theory (DFT) using Perdew—Burke—
Ernzerhof generalized gradient approximation [42]. The
interactions between the ionic cores and the electrons are
described by the norm-conserving pseudopotential [43,44].
The following orbital eclectrons are treated as valence
electrons: Sr-4s%4p°5s%, Te-5s25p?, Se-4s%4p?, Cl-3s5°3p° and
0-2s*2p*. Considering the balance of computational cost
and precision, a cutoff energy of 450eV and a 2x4x 1
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Table 1
Crystal data and structure refinements for Sr3(SeO;)(Se,Os5)Cl, and
Sr4(Te3Og)Cl4

Table 2
Selected bond lengths (A) and angles (°) for Sr3(SeO3)(Se,0s5)Cl, and
SI‘4(T€30g)C14

Formula Sr3Se;Cl,Og SryTe;Cl,O0g
Formula weight 698.64 1003.08

Space group Pnma (No. 62) C2/m (No.12)

a( A) 11.5538(17) 16.301(2)

b (A) 5.5333(9) 5.7469(5)

cA) 17.366(3) 17.109(2)

o (%) 90 90

s 90 109.648(4)

y (°) 90 90

V(A% 1110.2(3) 1509.5(3)

Z 4 4

Deaie(gcm?) 4.180 4.414
w(MoKo)(mm™") 24.697 20.471

Crystal size(mm) 0.35x%0.03 x0.02 0.20 x 0.05 x 0.03
F(000) 1256 1760

Reflections collected 8270 5866
Independent reflections 1413 (R = 0.0687) 1900 (Rine = 0.0410)
Observed data[l>20(1)] 1268 1501
Data/restraints/ parameters 1413/0/88 1900/0/109

GOF on F 1.274 1.105

Ry, WRy (I>20(D))"
Ry, WR, (all data)

0.0552, 0.0899
0.0656, 0.0931

0.0417, 0.0897
0.0560, 0.0970

"Ry = A[|F,|-|F.||/AIF,|, WRy = {AW[(Fo)*~(F) T/ Aw[(F, )T},

Monkhorst—Pack k-point sampling were used for Sr3(SeOs)
(Se»05)Cl,, and a cutoff energy of 450eV and a 4 x4 x 1
Monkhorst—Pack k-point sampling for Sry(Tes0g)Cly.
The 36 and 12 empty bands are used for the calculations
of optical properties for Sr3(SeO;)(Se,O5)Cl, and
Sr4(Te;0g)Cly, respectively. The other calculating para-
meters and convergent criteria are the default values of
CASTEP code.

The calculations of linear optical properties were also
made in this work. The imaginary part of the dielectric
function, &(w), is given by the following equation:

2e%n 2
(g — 04 hw) = —— Y| lar) W,
2 (g i, ) oy kMK llar) |
x 8(E; — Ej — E). (1)

where ¢ and v are band indexes, Q is the volume of the
system, and « is the vector defining the polarization of the
incident electric field. & (w) can be thought of as detailing
the real transitions between occupied and unoccupied
electronic states. Since the dielectric constant describes a
causal response, the real and imaginary parts are linked by
a Kramers—Kronig transform [45].

2 oo / /d /
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where P means the principal value of the integral. This
transform is used to obtain the real part of the dielectric
function, &;(w).

Sr3(SeO3)(Se;0s)Cl,

Sr(1)-O(1)#1 2.532(5) Sr(1)-O(1)#2 2.532(6)
Sr(1)-0(3) 2.534(6) Sr(1)-O(3)#3 2.534(6)
Sr(1)-0(4) 2.567(8) Sr(1)-CI(1)#4 2.994(3)
Sr(1)-CI(1)#5 3.081(1) Sr(1)-CI(1) 3.081(1)
Sr(2)-0(5) 2.555(5) Sr(2)-O(5)#6 2.555(6)
Sr(2)-0(3)#6 2.657(6) Sr(2)-0(3) 2.657(6)
Sr(2)-O(5)#7 2.685(6) Sr(2)-O(5)#8 2.685(6)
Sr(2)-0(4) 2.935(3) Sr(2)-O(4)#9 2.935(3)
Sr(2)-CI(1) 3.045(3) Sr(3)-0(2) 2.913(3)
Sr(3)-O(5)#10 2.580(5) Sr(3)-O(5)#8 2.580(5)
Sr(3)-0(1) 2.732(6) Sr(3)-O(1)#3 2.732(6)
Sr(3)-0O(3)#3 2.776(6) Sr(3)-0(3) 2.776(6)
Sr(3)-0(2)#5 2.913(3) Sr(3)-Cl(2) 3.102(3)
Sr(3)-CI(2)#11 3.276(4)

Se(1)-O(1) 1.651(6) Se(1)-O(1)#6 1.651(6)
Se(1)-0(2) 1.818(8) Se(2)-0(2) 1.818(9)
Se(2)-0(3) 1.665(5) Se(2)-O(3)#6 1.665(5)
Se(3)-0(4) 1.681(8) Se(3)-0(5) 1.695(6)
Se(3)-O(5)#3 1.695(6)

O(1)#6-Se(1)-O(1) 105.4(4) O(1)#6-Se(1)-0O(2) 93.5(3)
O(1)-Se(1)-0(2) 93.5(3) 0O(3)-Se(2)-O(3)#6 100.5(4)
0(3)-Se(2)-0(2) 93.7(3) O(3)#6-Se(2)-0(2) 93.7(3)
O(4)-Se(3)-0(5) 100.5(3) O(4)-Se(3)-0O(5)#3 100.5(3)
O(5)-Se(3)-O(5)#3 98.8(4)

Sry(Te;05)Cly

Sr(1)-O(1)#1 2.589(5) Sr(1)-O(1) 2.589(5)
Sr(1)-0(3) 2.633(5) Sr(1)-O(3)#1 2.633(5)
Sr(1)-O(2)#2 2.657(5) Sr(1)-O(2)#3 2.657(5)
Sr(1)-Cl(2) 2.984(4) Sr(1)-O(5)#4 3.045(3)
Sr(1)-0(5) 3.045(3) Sr(2)-O(1)#6 2.545(5)
Sr(2)-O(1)#7 2.545(5) Sr(2)-O(2)#8 2.634(5)
Sr(2)-O(2)#2 2.634(5) Sr(2)-O(1) 2.654(5)
Sr(2)-O(1)#9 2.654(5) Sr(2)-CI(3) 3.055(1)
Sr(2)-O(4)#2 3.068(3) Sr(2)-O(4)#5 3.068(3)
Sr(3)-0(2) 2.527(5) Sr(3)-0(2)#1 2.527(5)
Sr(3)-O(3)#10 2.726(6) Sr(3)-O(3)#11 2.726(6)
Sr(3)-CI(5)#12 2.942(2) Sr(3)-CI(5) 2.942(2)
Sr(3)-CI(1)#6 3.087(1) Sr(3)-CI(1)#13 3.087(1)
Sr(3)-Cl(2) 3.091(4) Sr(4)-O(3)#1 2.488(5)
Sr(4)-0(3) 2.488(5) Sr(4)-Cl(4) 2.900(6)
Sr(4)-CI(1)#14 2.940(3) Sr(4)-CI(1)#15 3.183(4)
Sr(4)-Cl(4)#16 3.284(3) Sr(4)-Cl(4)#17 3.284(3)
Sr(4)-CI(5)#2 3.342(7) Sr(4)-CI(5)#17 3.342(7)
Te(1)-O(1)#9 1.851(5) Te(1)-O(1) 1.851(5)
Te(1)-O(5) 2.114(8) Te(1)-O(4)#18 2.13009)
Te(2)-OQ2)#1 1.851(5) Te(2)-OQ2)#19 1.851(5)
Te(2)-0(4) 1.869(9) Te(3)-0O(3)#9 1.859(5)
Te(3)-0(3) 1.859(5) Te(3)-0(5) 1.896(8)
O(1)#9-Te(1)-O(1) 96.5(3) O()#9-Te(1)-0O(5) 85.9(2)
O(1)-Te(1)-O(5) 85.9(2) O(1)#9-Te(1)-O(4)#18 86.7(2)
O(1)-Te(1)-O(4)#18 86.7(2) O(5)-Te(1)-O(4)#18 168.9(4)
OQ2)#1-Te(2)-O(2)#19 95.4(3) OQ2)#1-Te(2)-0(4) 94.0(2)
O(2)#19-Te(2)-0O(4) 94.0(2) OB)#9-Te(3)-0(3) 93.9(3)
O3)#9-Te(3)-O(5) 93.1(2) O(3)-Te(3)-0O(5) 93.1(2)

Symmetry transformations used to generate equivalent atoms: for
Sr3(Se03)(Se,05)Cly: #1: x+1/2, y, —z+1/2; #2: x+1/2, —y+3/2,
—z+1/2; #3: x, —y+3/2, z; #4: —x+2, —y+1, —z+1; #5 x, y+1, z;
#6: x, —y+1/2, z; #T: —x+ 1, y—1/2, —z+1; #8: —x+1, —y+1, —z+1;
#9: x, y—1, z; #10: —x+ 1, y+1/2, —z+1; #11: x—1/2, y, —z+1/2.

For Sry(Te;O0g)Cly: #1: x, —y+1, z; #2: x—1/2, y—1/2, z; #3: x—1/2,
—y+3/2, z; #4: x, y+ 1, z; #5: x—1/2, y+1/2, z; #6: —x+1/2, —y+1/2,
—z+ 1 #7 —x+1/2, y—1/2, —z+ 1; #8: x—1/2, —y+1/2, z; #9: x, —y, z;
#10: x+1/2, y+1/2, z; #11: x+1/2, —y+1/2, z; #12: —x+1, —y+1, —z;
#13: —x+1/2, —y+3/2, —z+1; #14: x, y, z—1; #15: —x, —y+1, —z+1;
#16: —x+1/2, —y+1/2, —z; #17: —x+1/2, —y+3/2, —z; #18: —x+ 1, —y,
—z+1; #19: x,y—1,z.
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3. Results and discussion

Solid-state reactions of strontium oxide, strontium
chloride and SeO, or TeO, at high temperature led to
two new quaternary compounds, namely, Sr3(SeO;)
(Se»05)Cl, and Sry4(TesOg)Cly. They represent the first
examples of strontium selenium(IV) and tellurium(IV)
oxyhalides.

3.1. Crystal structure of Sr3(SeO3)(Se,0s)Cl,

The synthesis of Sr3(SeQ3)(Se>O5)Cl, can be expressed
by the following reaction at 660 °C:2SrO+ SrCl,+
3Se0, — Sr3(Se03)(Se,05)Cl,.  Its structure features a
three-dimensional (3D) network built by strontium(II)
cations being interconnected by CI~, SeO3~ as well as
Se,O2~ anions (Fig. 1). The asymmetric unit of Sr3(SeO3)
(Se;05)Cl, contains three unique strontium(II) cations,
three selenite anions and two chloride anions. Sr(1) is
8-coordinated by five selenite oxygens and three chloride
anions, and Sr(2) is 9-coordinated by eight selenite oxygens
and one chloride anion whereas Sr(3) is 10-coordinated by
eight selenite oxygen and two chloride anions. The Sr—Cl
distances (2.994(3)-3.276(4) A) are significantly longer than

Fig. 1. View of the structure of Sr3(SeO3)(Se,O5)Cl, down the b-axis. Sr,
Se, Cl and O atoms are represented by medium gray, hatched, crossed and
open circles, respectively.

those of the Sr—O bonds (2.532(5)72.935(3)1&) (Table 2),
the corresponding chemical bonds are determined by s-Sr-
3pCl (or 2p-0O) charge transfer with mainly ionic character
(see also theoretical study section). These Sr—O and Sr—Cl
distances are comparable to those reported in other
strontium compounds [46,47]. All selenium(IV) atoms are
3-coordinated by three oxygen atoms in a distorted y/-SeO;
trigonal pyramidal geometry with the pyramidal site
occupied by the lone pair of Se(IV). The Se-O distances
fall in the range of 1.651(6)-1.818(9) A and the O-Se-O
bond angles range from 93.5(3) to 105.4(4), which are
comparable to those reported in other metal selenites [1,2].
Results of bond valence calculations indicate that the
strontium and selenium atoms are in +2 and +4 oxidation
states, respectively [48,49]. The calculated total bond
valences are 2.30, 1.97, 1.85, 4.06, 3.95 and 4.16,
respectively, for Sr(1), Sr(2), Sr(3), Se(1), Se(2) and Se(3).

Se(1)O; and Se(2)O; groups are interconnected via
corner-sharing (O(2)) into a diselenite anion (Se,037). It
is dodecadentate, tridentately chelating with two Sr(3)
(O(1), O(2) and O(3)), bidentately chelating with a Sr(2)
(O(3)) and also bridging with four Sr(1) atoms. O(3) is
tridentate whereas O(1) and O(2) are bidentate. The
Se(3)O; group is nonadentate, chelating bidentately with
three Sr(2) atom and also bridging with one Sr(1) and two
Sr(3) atoms. All three selenite oxygens are tridentate metal
linkers (Scheme 1).

The Sr*™ ions are interconnected by SeO3~ and Se,O3~
anions via Se-O-Sr bridges into a 3D open-framework of
[Sr3Se;05]* " with 12 member-ring (MR) tunnels running
to b-axis (see Supporting Materials). The Cl™ anions are
located at the above 12-MR tunnels, which greatly reduced
the voids of the 3D structure (Fig. 1).

It is worthy to note that the strontium(II) ions are
bridged by CI(1) and CI(2) anions into two types of chains
(Fig. 2). CI(1) bridges one Sr(2) and three Sr(1) atoms into
a double chain whereas CI(2) bridges two Sr(3) atoms into
a wave-like strontium chloride chain.

The 3D network of Sr3(SeO5)(Se,Os5)Cl, can also be
viewed as formed by the interconnection of strontium(II)
ions by bridging CI", SeO3 ™ as well as Se,O3~ anions, lone-
pair electrons of the Se*" ions are orientated toward the

Scheme 1. The coordination modes of Se;02~ (a) and SeO3~ (b) anions in Sr3(Se05)(Se,05)Cl, and Te;0% (c) in Srg(Te;05)Cly.
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Fig. 2. (a) A 1D strontium chloride double chain along the b-axis (b) A
1D strontium chloride chain along the a-axis.

voids of the structure (Fig. 1). The effective volume of the
lone-pair electrons is approximately the same as the
volume of an O*~ anion according to Galy and Andersson
[50].

3.2. Crystal structure of Sry(Te3;03)Cly

The synthesis of Sr4(Te;05)Cly can be expressed by the
following reaction at 720°C: 2SrO +2SrCl,+ 3TeO,—
Sry(Te305)Cly. Its structure features a 3D network
constructed by one-dimensional (1D) strontium telluriu-
m(IV) oxide slabs interconnected by bridging chloride
anions (Fig. 3). The asymmetric unit of Sry(Te;O0g)Cly
contains four strontium(II) cations, four chloride
anions and a Te;O§~ anion. Both Sr(l) and Sr(2) are
9-coordinated by eight tellurite oxygens and one chloride
anion, Sr(3) is 8-coordinated by four tellurite oxygens and
four chloride anions whereas Sr(4) is 8-coordinated by two
tellurite oxygens and six chloride anions. The Sr—Cl
distances (2.900(6)-3.342(7) A) are significantly longer than
those of the Sr—O bonds (2.488(5)-3.068(3) A), these
distances are comparable to those in Sr3(SeO;)(Se,Os5)Cl,
and other strontium compounds [46,47]. Te(1) is coordi-
nated by four oxygen atoms in a distorted -TeOy
tetragonal pyramidal geometry with the fifth site occupied
by the lone-pair electrons of the Te(IV) whereas, Te(2) and
Te(3) are coordinated by three oxygen atoms in a distorted
W-TeO; trigonal pyramidal geometry with pyramidal site
occupied by the lone-pair electrons. The TeO4 and TeO;
groups are interconnected by two Te—O-Te bridges into a
linear trinuclear (Te;Og)*” anion. The O-Te-O bond
angles range from 85.9(2)° to 168.9(4)°, which are
comparable to those reported in other metal tellurites
[1,2]. Results of bond valence calculations indicate that all
strontium and tellurium atoms are in +2 and +4
oxidation states, respectively [48,49]. The calculated total
bond valences are 1.96, 1.98, 2.30, 2.02, 4.16, 4.15 and 4.00,
respectively, for Sr(1), Sr(2), Sr(3), Sr(4), Te(1), Te(2) and
Te(3).

Each Te;Of~ anion connects with 11 Sr** cations, it
forms four Sr—O-Te—O-Te—O six member chelation rings
and three Sr—O-Te-O four member chelation rings and
also bridges with four other Sr(II) ions. O(1), O(2) and

Fig. 3. View of the structure of Sry(Te;0g)Cly; down the b-axis. Sr, Te, Cl
and O atoms are represented by medium gray, hatched, crossed and open
circles, respectively.
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Fig. 4. A 1D strontium tellurium(IV) oxide slab along the b-axis (a) and a
2D strontium chloride layer parallel to the ab-plane in Sry(Te;0g)Cly (b).
Sr, Te, Cl and O atoms are represented by medium gray, hatched, crossed
and open circles, respectively.

O(3) are tridentate metal linkers whereas O(4) and O(5) are
only involved in the formation of the Te—O-Te bridges
(Scheme 1). Such kind of connectivity leads to a thick
strontium tellurium(IV) oxide slab with a width of about
14.8 A (Fig. 4(a)).
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It is interesting to note that Sr(3) and Sr(4) cations are
bridged by CI(1), Cl(4) and CI(5) anions into a 2D strontium
chloride layer parallel to the ab-plane (Fig. 4(b)). Such two-
dimensional (2D) layer can also be viewed as 1D chains of
Srg octahedra along the b-axis which are interconnected by
tridentate CI(4) atoms, the other chloride anions act as
bridging atoms of the Sr...Sr edges or as capping atoms on
the Srj triangles. The Sr...Sr separations range from 4.275(1)
to 5.747(1) A.

The above 1D strontium tellurium (I'V) oxide slabs are
bridged by Cl(2) and CI(3) atoms along g-axis into a thick
strontium tellurium(IV) oxychloride layer parallel to the
ab-plane. Along the (001 ) direction, the above 2D layers
are further interconnected by the 2D strontium chloride
sheets into a complicated 3D network of Sry(Te;05)Cly
(Fig. 3). The lone-pair electrons of the Te(IV) ions are
orientated toward the voids of the structure.

It is also worthy to mention the connectivity of the
selenium(IV) and tellurium(IV) oxides anions. The seleniu-
m(IV) atom is usually only coordinated by three oxygens,
and two SeO3~ anions can form a Se,O%~ anion through a
Se-O-Se bridge. It is uncommon for the SeO3~ and Se,O%~
anions to be present within a same compound. A CSD
search indicates that only eight compounds, namely, Ca,
(Se03)(Sex0s) [51], Aux(Se03)2(Sex0s) [52], MnH(SeO3)
(Se,05) [53], PrH3(Se03)5(Sex05) [54], M(SeO3H))(Se,05)
(M: Cr, Fe) [55,56], Ga(HSCO3)(Sezos)(H20)1_075 [57]
and Nd»(Se>Os);(H,Se03)(H>O), [58], contain both
Se,02~ and SeO3~ (or HSeO3 or H,SeOs;). The tell-
urium(IV) atom in combination with oxygen atoms can
form a number of isolated polynuclear anionic units and
polynuclear anions with extended structures due to the
polymerization of the TeO, (x = 3.4,5) groups [26,59-64].

3.3. Thermogravimetric analyses (TGA)

TGA curves indicate that Sr(SeOs)(Se,Os5)Cl, and
Sr4(Te;05)Cl, are stable up to about 475 and 540 °C (Fig. 5),
respectively. Sr3(SeO3)(Se,Os5)Cl, exhibits two main steps of
weight losses. The first one occurred in the temperature range
of 475-650 °C that corresponds to the release of one SeO,. The
observed weight loss of 16.0% is close to the calculated value
(15.9%). Then it exhibits a plateau in the approximate range of
650-770 °C. Above 770 °C, it is further decomposed. The total
weight loss at 1300 °C is 46.6% and the final residues were not
characterized. Sry(Te;Og)Cly only exhibits one main step of
weight loss and it decomposes continuously up to 1300 °C,
which probably corresponds to the release of TeO, and Cl.
The observed total weight loss is 23.2%. The final residuals are
not characterized due to its reaction with the TGA buckets
(made of Al,O3) under such high temperatures.

3.4. IR and optical spectrum studies
IR studies indicate that both Sr3(Se03)(Se>Os5)Cl,

and Sry(Te;O04)Cl; are transparent in the range of
4000-1000cm™~'. The absorption bands of Sry(SeO;)
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Fig. 5. TGA curves for Sr3(SeO3)(Se;O5)Cl, and Sry(Te;05)Cly.
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Fig. 6. Room temperature optical absorption spectra for Sr3(SeOs)
(56205)C12 and SI”4(TC303)C14.

(Se,O5)Cl, at 874, 851, 821, 776 and 718cm™~! can be
assigned to the v(Se—O) vibrations, and those at 463, 454,
436 and 403 cm ' can be attributed to the v(O-Se-O)
vibrations, whereas those at 670, 656, 559 cm™! originate
from the v(Se—O—M) vibrations. The absorption bands of
Sr4(Te;05)Cly at 763, 698 and 586 cm ' are characteristic of
the v(Te—O) vibrations, and bands at 411 and 447 cm™" are
due to the v(Te-O-M) vibrations. All of the assignments
are consistent with those reported in related compounds
[65,66]. Optical diffuse reflectance spectra of Sr3(SeOs)
(Se»O5)Cl, and Sry(Te;05)Cly reveal optical band gaps of
4.4 and 4.0eV, respectively (Fig. 6). Hence, both the
compounds are wide band gap semiconductors.

3.5. Theoretical studies

The calculated band structures of Sr3(SeO3)(Se>Os5)Cl,
and Sr4(Te;O0g)Cly along the high-symmetry points of the
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Fig. 7. Band structures of Sr3(SeO3)(Se;Os5)Cl, (a) and Sry(Te;0g)Cly
(b) (bands are shown only between —2 and 5eV for clarity, and the Fermi
level is set at 0eV).

first Brillouin zone are plotted in Fig. 7. It is found that
both the top of valence bands (VBs) and the bottom of
conduction bands (CBs) are very flat for both compounds.
The state energies (eV) of the lowest conduction band
(L-CB) and the highest valence band (H-VB) at some
k-points are listed in Table 3. For Sr3(SeO3)(Se,05)Cl,, the
lowest energy (3.47¢V) of CBs is located at the G point
whereas the highest energy (—0.02eV) of VBs is located at
the U point whereas, for Sry(Te;O0g)Cly, the lowest energy
(3.16eV) of CBs occurred at the V point whereas the
highest energy (0eV) of VBs is located at the L or Z point.
Therefore, both compounds are indirect wide band-gap
semiconductors. The calculated band gaps of 3.49 and
3.16eV are much smaller than the experimental values of
4.4 and 4.0¢V, respectively, for Se and Te compounds.
Such discrepancy is due to the limitation of DFT method
that sometimes underestimates the band gap in semicon-
ductors and insulators [64,67,68]. As a result, scissors
operators of 0.9 and 0.8eV were applied for the calcula-
tions of density-of-states (DOS) and optical properties,
respectively, for the Se and Te compounds.

The bands can be assigned according to the total and
partial DOS (TDOS and PDOS) as plotted in Fig. 8. The

Table 3

The state energies (eV) of the lowest conduction band (L-CB) and the
highest valence band (H-VB) at some k-points of the crystal Sr3(SeOs)
(S6205)C12 and Sl’4(Te3Og)Cl4

Compound k-Point L-CB H-VB

Sr3(Se03)(Se;05)Cl, G (0.0, 0.0, 0.0) 3.46938 —0.11810
Z (0.0, 0.0, 0.5) 3.47785 —0.13597
T (-0.5, 0.0, 0.5) 3.52152 —0.16479
Y (-0.5, 0.0, 0.0) 3.51696 —0.15859
S (—0.5, 0.5, 0.0) 3.68861 —0.01975
X (0.0, 0.5, 0.0) 3.63257 —0.01899
U (0.0, 0.5, 0.5) 3.63303 —0.01677
R (=0.5, 0.5, 0.5) 3.68996 —0.01936

Sry(Te30g)Cly L (-0.5, 0.0, 0.5) 3.18381 0
M (-0.5, —0.5, 0.5) 3.22094 —0.22637
A (=0.5, 0.0, 0.0) 3.19936 —0.00006
G (0.0, 0.0, 0.0) 3.20274 —0.05302
Z (0.0, —0.5, 0.5) 3.18381 0
V (0.0, 0.00, 0.5) 3.16304 —0.05366

TDOS and PDOS of both compounds exhibit some
similarities. For both compounds, the regions below the
Fermi level (the Fermi level is set at the top of the valence
band) can be divided into three regions. The VB lying near
—31.5eV are mainly contributions of Sr-4s, 5s states. The
VBs ranging from —21.5to —8.5e¢V (—19.5to —11.8¢V for
the Te compound) are formed by the states of Sr-4p, CI-3s,
0O-2s mixing with small amount of Se-4s, 4p (or Te-5s, 5p
for the Te compound) states. The main contributions of
VBs ranging from —7.2e¢V (—10.1eV for the Te com-
pound) to the Fermi level (0.0 eV) are O-2p, Cl-3p and
Se-4p (or Te-5p) states mixed with small amount of Se-4s
(or Te-5s) and O-2s states.

The bands above the Fermi level are derived from Se-4p
(or Te-5p) and O-2p sates in 3.8-6.4 and 3.5-6.5¢V,
respectively, for Sr3(SeO3)(Se>O5)Cl, and Sry(Te;05)Cly.
The VBs just below the Fermi level are mainly from O-2p,
Cl-3p states mixing with a small amount of the Se-4s, Se-4p
(or Te-5s and Te-5p). Therefore, their optical absorptions
can mainly be ascribed to the charge transitions from O-2p
and CI-3p to Se-4p (or Te-5p) states.

In addition, we also calculated the atomic site and
angular momentum projected DOS of Sr3(SeO3)(Se,05)Cl,
and Sr4(Te;05)Cly to elucidate the nature of the electronic
band structure and chemical bonds. As shown in Fig. 8§, it
is observed that the densities of O-2p states are larger than
those of Se-4s, 4p (or Te-5s, 5p) between —3.0 eV and the
Fermi level, indicating that the hybridization of Se-4s, 4p
(or Te-5s, 5p) with O-2p states and the weak covalent
bonding between Se or Te and O atoms. The peaks of the
total DOS around —31.5 and —14.8 ¢V are predominantly
originated from Sr-4s to Sr-4p states, indicative of the ionic
bonding between Sr and O or Cl atoms. The chemical
bonding properties are also evident from the population
analyses. For Sr;3(Se03)(Se,O5)Cl,, the Mulliken bond
orders for Se-O (1.651(6)—1.695(6) A) range from 0.34 to
0.47 e, Se—O bond with 1.818(9) A has a much smaller bond
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Fig. 8. Total and partial DOS of Sr3(SeO3)(Se;O5)Cl, (a) and Sry(Te305)Cly
(b). The energies less than —25.0eV are omitted for clarity, the Fermi level is
set at OeV.

order of 0.15 and 0.21 e. The bond orders for the Sr—O and
Sr—Cl interactions are in the range of 0.05-0.12 and 0.14e,
respectively. For Sry(TezOg)Cly, the Mulliken bond orders
of the short Te—O bonds (1.851(5)—1.896(8) A) fall in the
range of 0.30-0.48¢ whereas Te-O bonds with longer
distances of 2.114(8) and 2.130(9) A) have a much smaller
bond order of 0.11 and 0.13e, respectively. The bond orders
for the Sr—O and Sr—Cl interactions are in the range of
0.07-0.12 and 0.14-0.19¢, respectively. Accordingly, we
can conclude that the covalent character of the Se-O or
Te—O bond is larger than that of the Sr—O and Sr—ClI bonds
in both compounds.

To evaluate and assign the observed absorption spectra,
we also examined the linear optical response properties of
Sr3(SeO3)(Se,05)Cl, and Sry(Te;Og)Cly crystals. The cal-
culated imaginary part ¢(w) and the real part ¢;(w) of the
frequency-dependent dielectric functions are in Fig. 9. It is
found from the dispersion of the calculated &,(w) spectra
that the maximum absorption peaks are located at about
6.65¢V (187nm), 7.06eV (176 nm), and 6.43¢V (193 nm)
for Sr3(SeO3)(Se;05)Cl,, and about 5.63eV (220 nm),
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Fig. 9. Calculated real and imaginary parts of dielectric functions of
Sr3(Se0;3)(Se>05)Cl, (a) and Sry(Tez0g)Cly (b) in different polarization
directions.

5.48eV (226 nm), and 5.59eV (222 nm) for Sry(Te;05)Cly
in x, y, and z polarization directions, respectively. These are
comparable to the experimental ones at about 5.24 and
5.02¢eV, respectively, for the Se and Te compounds, both of
which are contribution from the charge transfers from
O-2p and CI-3p to Se-4p or Te-5p states according to the
above DOS analysis. It is noted that the absorption peaks
locate at a lower energy for the powder sample than for the
single crystal and the UV transparent widths are smaller for
the powder samples compared to these of the single crystals
[64,69]. The crystals show no absorption when the
wavelengths are larger than 303 and 365 nm or photon
energies less than 4.1 and 3.4 ¢V, respectively, for the Se and
Te compounds. The observed ultraviolet edge of cut-off is
at about 282 and 299 nm for polycrystalline power sample
of Se and Te compounds, respectively (see Supporting
Materials). Hence, our calculated value is reasonable.
Dielectric constant is an important optical property. It is
a measurement of how fast light travels in a medium. The
lower is the dielectric constant, the faster the speed of light.
The calculated dielectric constants of static case &(0) are
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about 2.2432, 2.5122 and 2.1921 for Sr3(Se03)(Se>05)Cl,,
and 1.9641, 2.1451, and 2.4933 for Sry(Te;05)Cly in x-, y-,
and z-directions, respectively. The dispersion curves of
refractive index are also calculated by the relation of
n(w)= &(w), and the refractive indices of n,, n,, and n. are
1.51, 1.60, and 1.49 for Sr3(SeOs)(Se,O0s5)Cl,, and 1.41,
1.48, and 1.60 for Sr4(Te;Og)Cly at a wavelength of
1064 nm, respectively. The refractive indices of Sr3(SeO3)
(Se»05)Cl, and Sry(Te;0g)Cly or other metal selenites or
tellurites crystals have not been measured and reported,
and therefore, our results can only be compared with
corresponding metal selenates and tellurite glasses re-
ported. It is reported that the observed refractive index of
triclinic rubidium hydrogen selenate (generally 1.5-1.6) is
comparable to our calculations [70]. While comparable to
metal tellurite glasses (generally 2.1 at 400-700 nm) [71,72],
our calculated results are underestimate about 20%.

4. Conclusion

In conclusion, the syntheses, crystal and band stru-
ctures, and optical properties of Sr3(SeO;)(Se,O5)Cl, and
Sry(Te;05)Cly; have been described. Sr3(SeOs)(Se,Os5)Cly
features a 3D structure in which the Sr** cations are bridged
by CI™, SeO3~, and Se,O2 anions, whereas, the structure of
Sry(Tes05)Cly is a 3D network composed of strontium
tellurium(I'V) oxide slabs and strontium chloride layers. It is
found that the tellurium(IV) compounds usually display
different structures from those of the corresponding seleniu-
m(IV) ones due to the different coordination geometries
around Se(IV) and Te(IV) atoms and the polymerization of
the TeO, (x =3, 4, 5) groups. Both compounds are wide
indirect band gap semiconductors based on experimental
measurements and electronic band structure calculations. It is
observed that the sharp absorption peaks are at about 237
and 247 nm, respectively, for Se and Te compounds, which
mainly originates from charge transfer from O-2p and CI-3p
to Se-4p or Te-5p states. We are currently exploring other AE
selentum(IV) or tellurium(IV) oxychlorides with novel
structures and interesting optical properties.
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