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The crystal structure of the ternary iodide CsTelg has been refined by Rietveld analysis of X-ray poder
diffraction data. The refinement procedure was stoped when the intensity residual B = 3.7 % had been
reached. CsTelg crystallizes in the cubic KPtClg structure type, space groupFm-3m (No. 225), with the
lattice parameter a = 11.6939(8) AZ = 4,D. = 4.797(1) g/cm The reliability of the structural model obtained
for Cs,Telg in the Rietveld refinement was confirmed by a boneralence analysis of the structure. For the
first time, the bond-valence parametersr, = 2.782 A andb = 0.37 A) have been determined for the T&1~ ion
pair, from a set of 14 well-determined coordinationshells [Tel]. These parameters show a reasonably high
performance and can be recommended for routine bonsgtalence analyses of structures containing Tée-I-
chemical bonds.

Ternary halides / Crystal structure / Bond-valencemodel

Introduction

This work is part of an ongoing systematic physico-
chemical investigation of quasibinary halide system
AX-BX, (where A = K, Rb, Cs, TI;B = Se, Te;
X Br, 1) [1-5]. Most of the aforementioned
quasibinary systems are characterized by the
formation of A,BX; intermediate phases, which melt
congruently and have interesting optical and eileatr
properties.

For the first time, the crystal structure of,Tslg
crystallizing in the cubic KPtCl structure type6]
was reported in 19567,8]. The structure of Gelg
was determined by using X-ray powder diffraction
techniques available in the mid 1950’s, and the
structural model obtained clearly suffers from some
deficiencies: the free positional parameter of the
iodine atom in the structure of J®ls was preset but
not refined, and the atomic displacement (“therial”
parameters were not determined at adl. the values
of these parameters were assumed to be zero). To ou
knowledge, there have been no further attempts to
investigate the crystal structure of ,Tsls, soO we
decided to refine this structure by using the Riktv
analysis, which was developed in 1969 and is a much
more powerful method for crystal structure refingine
from powder diffraction datgo].

108

Experimental procedures and results

The title compound and precursors were synthesized
in accordance with procedures developed and
described by us in earlier works,2]. The sample for
this investigation was prepared from Csl and,T€Hl

was synthesized by reacting,C&; with HI; after the
synthesis, Csl was homogenized in a resistance
furnace at 93015 K for 72 h. Tewas synthesized
from commercially available reagent-grade tellurium
and extra-pure-grade iodine, by direct iodinatidn o
tellurium powder in a two-compartment ampo(ié.

The resultant material was then homogenized
at 5505 K for 72 h. The melting points of the
obtained binary iodides agreed well with those
reported earlief2].

CsTels was synthesized by melting
stoichiometric mixture of Csl and Te(molar ratio
2:1) in a pretreated and outgassed silica ampoule
(12 mm I.D., 14 mm O.D., k120 mm) sealed under
a vacuum of 0.133 Pa or less. After the chemical
reaction, the sample was slowly cooled to, and
annealed for one month at 47545 K in the sealed
ampoule.

The experimental density of the compoundT@g
[4.81(3) g/lcni] was determined by pycnometry
measurements, using toluene as the working liquid.

a
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Table 1 Experimental details and crystallographic datadeiT els.

Crystal system; space group
Lattice parameter

Cell volume

Chemical formula weight
Formula units per cell

Calculated density

Measured density

Temperature of data collection
Radiation type; wavelength
Powder diffractometer; geometry

Cubic; Fm-3m(No. 225)
a=11.6939(8) A
V =1599.1(2) &
FW = 1154.82
Z=4
D. = 4.797(1) glcrh
Dm = 4.81(3) glcm
T=293(2) K
Cwki = 1.5419 A
DRON-3M; Bragg—Ramo

26 scan range; step 1000°; 0.05°
Scan speed 10 s/step

Refinement program DBWS-9807a
Peak shape function Pearson VII

Peak asymmetry function
Background model

Riello-Canton-Fagherazzi
"Border polynomial

Number of atom sites 3

Number of free structural parameters 5

Total number of free parameters 19

Profile R-factors R=6.4%;Rp,=7.8%
Bragg R-factor Rs=3.7%

Goodness of fit S=0.64

Table 2 Atomic coordinates and isotropic displacement paters for the crystal structure of,Csle.

Atom Position x/a y/b zlc B, (A9
Cs & Ya Ya Ya 3.5(3)
Te Vi) 0 0 0 0.7(4)
I 24e 0.2498(4) 0 0 2.0(2)
A polycrystalline ingot of G elg was ground to a intensity residual (so-called “Bragg R-factor”)

fine powder in an agate mortar and then investihate
by the X-ray powder diffraction technique (XRD).
X-ray powder diffraction data for GBels were
collected on a conventional Bragg-Brentano
diffractometer in the step-scan mode (DRON-3M,
Cu Ko radiation[10], 10< 20 < 100, step size 0.0%
counting time 10 s per step, room temperature).

The Rietveld refinementf9] procedures were
performed using the program DBWS-98(74], an
upgraded version of the classical program by Wiles
and Young[12,13] The Pearson VI[14] function
was used for the simulation of the peak shape.
Intensities within 32 times of the full-width-atiha
maximum (FWHM) were considered to contribute to
the reflection. The background was modeled using a
refinable fifth-order polynomial. Peaks below426)
were corrected for asymmetry effects by using the
Riello-Canton-Fagherazzi modgl5]. Application of
corrections for preferred orientation and surface
roughness did not improve the structural model of
CsTelg, so these corrections were not used in the final
Rietveld refinement.

The refinement converged with the profile
residuals B=6.4% and R,=7.8%, and with the

Rg = 3.7%. It should be noted that the low values of
the profile residuals can indicate a high backgdun
level rather than the actual profile agreeniési, but
the fairly low R; value (which is not affected by the
background level) obtained in the present work
indicates reasonable agreement between the
experimental data and the theoretical structuradleho
for the title compound.

Experimental details and crystallographic data for
the compound G3els are collected inTable 1
Positional and isotropic displacement (“thermal”)
parameters of the crystal structure of,T&ds are
given in Table 2 and selected interatomic distances
calculated by using the program PLATJN7] are
given in Table 3 Fig. 1 illustrates the final Rietveld
plot for the title compound.

Table 3 Selected interatomic distances (A) for
the crystal structure of gBels.

Te—| (x6) 2.921(5)
Cs—l x12) 4.1344(3)
I—I (x8) 4.138(5)

Chem. Met. Alloy8 (2010) 109



V.l. Sideyet al, X-ray Rietveld structure refinement and bond-vaéeanalysis of CFelg

1000
800
Cs2Tel6

z 600
c
>
o
S,
>

‘@ 400
[0}
E

200

[ ! [N} ! (2] [ rn LI L D L O U e L O L U U U
0.0 1'.1 N T Lk ) 4 A i

(. e W i -
20.0 40.0 60.0 80.0
2Theta [degrees]

Fig. 1 Experimental (crosses), theoretical (solid lire)d difference (solid line at the bottom) powderIXR
patterns for CH elg; reflection positions are marked by vertical bars.

The crystal structure of gBelg belongs to the The valence of a bond (measured in “valence units”,

well-known cubic KPtClk structure type[6]. The v.u.) is considered to be a unique function ofltbad
structure of KPtClk (Fig. 2 can be conveniently length, and the most commonly adopted empirical
derived from that of perovskitéABXg) by removing expression for the relationship between the bond
one half of theB-type cations so that every transition valencess,_x and the bond lengthg_x is equation (2),
metal-halogen octahedron in the structure gPtkk wherery andb are empirically determined parameters
is isolated from other octahedra of the same kind. (BV parameters) for a given ion (atom) pai,being
More detailed information about the cubicRCk the length of a conceptual bond of unit valence,
structure type can be found [i&] or in any textbook Sax= 1.

on inorganic crystal chemistry. Sax = exp[fo—rax/b] (2)

Bond-valence analysis of the crystal structure of
CsyTelg

In order to check the reliability of the structurabdel
obtained for the title compound in the present
work, we employed the bond-valence analysis
procedurg18,19]

The bond-valence model (BVM) in its modern
form is a powerful and convenient tool for valideti
of newly determined crystal structures and for
predicting bond lengths in structures of known
chemical composition and presupposed bond-network
topology[18,19] The bond valence (B\§ is defined
as the part of the “classical’ atomic valence sthare
with each bond. According to the bond-valence sum
(BVS) rule, the oxidation state (atomic valen®g)of
the central ion (atom) of théAK;] coordination shell m .”» .”’ w
can be calculated from the sum of the individuaido
valencess,_y, as given in equation (1). Fig. 2 Crystal structure of BPtCl: [PtCl]

Va =Y nSax (1) coordination octahedra and K atoms.
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Fig. 3 Distribution of the BVS values
calculated for the Té ions of [Tel]

coordination shells using the Brese-O’Keeffe
BV parametersro=2.76 A and b=0.37 A
[21].

The b parameter in equation (2) is commonly
taken to be a “universal constant” equal to 0.3k
the ro parameters have been determined for a large
number ([1L000) of ion pairs, assuming=0.37 A
[20,21] The BV parameters determined using the
above “universal constant” are usually referrecaso
conventional BV parameters.

In  well-determined stable ordered crystal
structures, the BVS values calculated for all the
crystallographically distinct atoms are typicallgry
close to the expected/, values; therefore, large
deviations between the BVS al values can be an
indication of the incorrectness of a structural elod

However, as one of us (V.I.S.)) has clearly
illustrated in his recent worki2-25], the efficiency
of the BVM in detecting errors in crystal structsire
and in predicting bond lengths is critically depend
on thequality of the BV parameters: high-quality BV
parameters are expected to give close approxingtion
of the real (observed)ss_x versusr,_x' curves within
the whole ranges of observed bond lengths. In most
cases, the commonly used monoparametric (with
b =0.37 A) “conventional” formula (3) can give céos
approximations of the realsy_x versusra_x' curves,
but for certain ion pairs (especially for those ingva
wide range of coordination numbers, CN’s) close
approximations of the real six versus ray’

Chem. Met. Alloy8 (2010)

correlations are possible only lsymultaneouditting
of bothry andb.

Sax = exp[fo —ra/0.37] 3)
The results of the BV analysis obtained from poorly
determined BV parameters can lead to serious
misinterpretations of the peculiarities of the cheah
bonding observed in certain crystal structures ésge
two different interpretations made by Krivovichev
[26] and by Krivovichev and Browrj27] for the
chemical bonding in [ORb coordination tetrahedra).
Hence, the BV analysis of any crystal structureutho
include preliminary checking of the quality of tB&
parameters, andb reported in the literature.

The BV analysis of G3elg involved (i) evaluating
the reliability of the BV parameters reported foet
Cs'/I” and T&"I™ ion pairs; (i) determining new BV
parameters for the 1~ ion pair; (iii) calculating the
bond-valence sums (BVS's) for all the
crystallographically different atoms in the crystal
structure of the title compound. The “global ingligb
index” G [18,19] was calculated by using the
following equation.

G =((BVS -Va))"® (4)

The G value |.e. the square root of the mean
square deviation of the bond valence sums from the
oxidation state averaged over all the atoms in the
formula unit] is a useful measure of the failuretlod
bond-valence sum rule. Correctly determined
structures are rarely found wi greater than 0.2 v.u.
[18,19] a larger value can usually be attributed to the
use of poorly determined BV parameters or to an
incorrect crystal structure determination.

The BV parameters reported for a given ion pair
were regarded as reliable if they closely approxgma
the real (observed) sy x versusra_y correlation
within the range of interest,e. if they are able to
reproduce typical interatomic distances in différen
coordination polyhedra formed by these ions. Irs thi
respect, the conventional BV parameters reported by
Brese and O’Keeffe[21] for the C3&/I~ ion pair
(ro=3.18 A andb = 0.37 A) were found to be fairly
reliable. Thus, the interatomic distances calcdlate
from these BV parameters for the [g}shnd [Cslj]
coordination polyhedra (~3.95A and ~4.10A,
respectively) reproduce the Cs-I distances obsearved
Csl (~3.96 A[28]; CN = 8 withs, x= 1/8 v.u.) and in
accurately determined perovskite-related structures
(~4.1A [29-31F CN=12 with sxx=1/12 v.u.)
reasonably well. However, the reliability of the BV
parameters reported by Brese and O’Keé#fe] for
Te—I bonds (with no oxidation state specified fa) T
was found to be insufficient. The BVS values
calculated from the Brese-O'Keeffe parameters
(ro= 2.76 A andb = 0.37 A) for the T& ions inside
the [Tel] coordination shells show systematic
“underbonding” (able 4. BV parameters for the
Te*/I” ion pair have never been reported in the
literature; taking this fact into account, we decldo
calculate thery andb parameters for this ion pair in
the present work.
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Table 4 Reliability of the BV parameters obtained for #ef*/I” ion pair.

Compound Coordination shéll Bond-valenc8 sum (v.u.) for T&
Brese and O’Keeffi21] This work
=276 A;b=0.37 A ro=2.782Ab=037A
5-Tel, [32] [Tels] 3.803 (-5%) 4.036 (+1%)
[Telg]' 3.663 (—8%) 3.887 (—3%)
[Telg]" 3.700 (-8%) 3.926 (—2%)
B-Tely [33] [Telg] 4.180 (+5%) 4.437 (+11%)
[Telg)' 3.739 (-7%) 3.968 (—1%)
[Telg" 3.486 (-13%) 3.699 (—8%)
y-Tely [33] [Telg] 3.690 (-8%) 3.916 (-2%)
[Telg)' 3.861 (-3%) 4.097 (+2%)
[Telg]" 3.720 (-7%) 3.948 (—1%)
[Telg" 3.763 (—6%) 3.993 (-0%)
e-Tely [33] [Telg] 3.772 (-6%) 4.003 (+0%)
Rb,Telg [34] [Telg] 3.786 (-5%) 4.018 (+0%)
(NH,),Tels [35] [Telg] 3.746 (-6%) 3.975 (-1%)
Tel;All 4 [36] [Telg] 3.907 (-2%) 4.147 (+4%)

Average BVS

3.77(15) (-6%)

4.00(16) (+0%)

the shortest distance from the central catiomtitser cation in a given crystal structure was aeslito be
the physical limit of the coordination sphere undensideration;
® the precision of the interatomic distances useddtculations of the BVS's wa).001 A.

Although the conventional BV parameters can
sometimes fail, the first step in determining the B
parameters for a given ion pair should always be 104
calculation and evaluation of thgvalue based on the
above “universal constanti = 0.37 A. It is necessary
to determine “non-conventional” BV parameters only
parameters show significant
systematic variations of the BVS values calculdted
different CN’s of a given ion paif25]. As shown in
Table 4and inFig. 4, the conventional BV parameters
determined in the present work for the*Tie ion pair
reasonably high performance and,
“non-conventional”

if the conventional

demonstrate
therefore,

stoichiometric

calculation of
parameters was senseless.
From the literature, we selected seven ordered
accurately
determined (with R< 0.1) in single-crystal studies at
ambient conditiong32-36]; these structures contain
14 symmetrically independent coordination shells
[Tel,] with no ligands other than.ITheb value was
set to 0.37 A, and thg, value was adjusted (with a
step of 0.001 A) to give BVS 4 v.u. for the above set

structures

y|

of selected coordination shells on the average. The

optimum conventional BV parameter, = 2.782 A
determined  in
(BVS) =4.00(16) v.u. for the above set, while the
parameterro = 2.76 A gives

Brese-O'Keeffe

present  work

considerably smaller valuVsS) = 3.77(15) v.u.
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Fig. 4 Distribution of the BVS values

calculated for

the T8 ions of [Tel]
coordination shells from the BV parameters

ro=2.782 A andb = 0.37 A determined in this

work.
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lon Coordination Bond-valence Galagovets, |.E. Barchii, M.Yu. Saboinorg.
shell sum (v.u.) Mater. 37 (2001) 849-852.
Cs [Cshyy] 0.911 (-9%) [2] E.Yu. Peresh, O.V. Zubaka, V.l. Sidei, ILE.
Te* [Telg] 4.121 (+3%) Barchii, S.V. Kun, A.V. Kun,Inorg. Mater. 38
I~ [ITeCs] 0.990 (—1%) (2002) 859-863.
Global instability indexG = 0.09 v.u. [3] V.l Sidey, O.V. Zubaka, A.M. Solomon, S.V.
Kun, E.Yu. Peresh]. Alloys Compd367 (2004)
115-120.
[4] E.Yu. Peresh, V.I. Sidei, O.V. Zubakiorg.
Fig. 3 and Fig.4 show, respectively, the Mater. 41 (2005) 298-302.
distributions of the BVS values calculated for the [5] E.Yu. Peresh, V.I. Sidei, O.V. ZubakRuss. J.
Te" ions of the [Te] coordination shells from the Inorg. Chem54 (2009) 315-318.
above Brese-O’Keeffe parameters and from the [6] R. Restori, D. Schwarzenbacdhcta Crystallogr.
conventional BV parameters determined h&wle 4 A 52 (1996) 369-378.
illustrates the performance of the BV parameters [7] L.M. Manojlovi¢, Bull. Inst. Nucl. Sci. “Boris
reported here for the T#~ ion pair. One can see that Kidrich” 6 (1956) 149-152.
the quality of the BV parameters determined in the [8] K.W. Bagnall, RW.M. D’Eye, J.H. Freemad,
present work is reasonably high, and, thereforeseth Chem. Soq1956) 3385-3389.
BV parameters can be recommended for routine BV [9] H.M. Rietveld,J. Appl. Crystallogr2 (1969) 65-
analyses of structures containing *Fé~ chemical 71.
bonds. [10] G. Holzer, M. Fritsch, M. Deutsch, J. Hartwig,
The BVS values calculated for the symmetrically Forster,Phys. Rev. A6 (1997) 4554-4568.
independent atoms of the crystal structure ofT€f [11] R.A. Young, A.C. Larson, C.O. Paiva-Santos,
from the Brese-O’Keeffe parameterg € 3.18 A and Program DBWS-9807a for Rietveld Analysis of
b=0.37 A) reported for the &% ion pair[21] and X-ray and Neutron Powder Diffraction Patterns
from the BV parameters determined here for the School of Physics, Georgia Institute of
Te™/I™ ion pair ¢,=2.782A andb=0.37 A) are Technology, Atlanta, GA, 1999.
given in Table 5 The G value calculated for the  [12] D.B. Wiles, R.A. Young,). Appl. Crystallogrl14
crystal structure refined in this work for gglg is (1981) 149-151.
also given inTable 5 [13] R.A. Young, A. Sakthivel, T.S. Moss, C.O.
One can see that the BVS values calculated for the Paiva-SantosJ. Appl. Crystallogr.28 (1995)
atoms of the crystal structure of fels are 366-367.

reasonably close to the expected values. As the [14] R.A. Young, D.B. Wiles)). Appl. Crystallogrl15
performances of the BV parameters used here for the (1982) 430-438.
BVS calculations have been found to be acceptable [15] P. Riello, P. Canton, G. FagherazEpwder

(see above), the fairly smal value calculated for the Diffr. 10 (1995) 204-206.

structure of Cgels indicates a reasonably high [16] E. Jansen, W. Schafer, G. Will). Appl.

reliability of the structural model obtained in the Crystallogr.27 (1994) 492-496.

present work. [17] A.L. Spek,J. Appl. Crystallogr36 (2003) 7-13.
Taking into account the reasonably low Ralue [18] I.D. Brown, The Chemical Bond in Inorganic

obtained in the Rietveld refinemenTable ), the Chemistry: The Bond Valence Modéxford

quite smooth difference plot=ig. 1) and the fairly University Press, Oxford, 2002, 278 p.

small G value calculated for the structure of,Talg [19] I.D. Brown,Chem. Rev109 (2009) 6858-6919.

(Table 9, one may conclude that the crystal structure [20] 1.D. Brown, D. AltermattActa Crystallogr. BA1

reported here for the title compound has been (1985) 244-247.

determined with no serious systematic errors. [21] N.E. Brese, M. O'KeeffeActa Crystallogr. B47

(1991) 192-197.
[22] V. Sidey,Acta Crystallogr. B62 (2006) 949-951.
Acknowledgements [23] V. Sidey,Acta Crystallogr. B64 (2008) 515-518.
[24] V. Sidey,Acta Crystallogr. B65 (2009) 99-101.
The authors thank Dr. R.Mariychuk and [25] V. Sidey,Acta Crystallogr. B65 (2009) 401-402.

Dr. P. Popovich for their assistance in the literat [26] S.V. Krivovichev, Z. Kristallogr. 214 (1999)
search. 371-372.

[27] S.V. Krivovichev, I.D. Brown,Z. Kristallogr.
216 (2001) 245-247.

[28] T.B. Rymer, P.G. Hamblingicta Crystallogr.4
(1951) 565.

Chem. Met. Alloy8 (2010) 113



V.l. Sideyet al, X-ray Rietveld structure refinement and bond-vaéeanalysis of G elg

[29] H.W. Zandbergen,J. Solid State Chem35
(1980) 367-375.

[30] H.W. Zandbergen,J. Solid State Chem37
(1981) 308-317.

[31] D. Sinram, C. Brendel, B. Kreb#org. Chim.

Acta64 (1982) L131-L132.
[32] B. Krebs, V. PaulatActa Crystallogr. B 32
(1976) 1470-1476.

[33] R. Kniep, H.J. Beister, D. Wald,. Naturforsch.
B 43 (1988) 966-980.

[34] W. Abriel, Mater. Res. Bull.17 (1982) 1341-
1346.

[35] W. Abriel, A. du Bois,Z. Naturforsch. B44
(1989) 1187-1194.

[36] J. Beck, A. FischerZ. Anorg. Allg. Chem621
(1995) 1042-1046.

Proceeding of the Xl International Conference opstal Chemistry of Intermetallic Compounds,

Lviv, May 30 - June 2, 2010.

114 Chem. Met. Alloy8 (2010)



