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A novel tin phosphide bromide, Sn2sP1932)Brs, and SnasP1g.32)Brls—x (X = 0—8) solid solution have been prepared
and structurally characterized. All compounds crystallize with the type-I clathrate structure in the cubic space group
Pm3n (No. 223). The clathrate framework of the title solid solution shows a remarkable chemical compressibility:
the unit cell parameter drops from 10.954(1) to 10.820(1) A on going from x = 0 to x = 8, a feature that has never
been observed for normally rigid clathrate frameworks. The chemical compressibility as well as non-Vegard
dependence of the unit cell parameter upon the bromine content is attributed to the nonuniform distribution of the
guest halogen atoms in the polyhedral cavities of the clathrate framework. The temperature-dependent structural
study performed on SnyPig932)Brs has shown that, in contrast to the chemical compressibility, the thermal
compressibility (linear contraction) of the phase is similar to that observed for the Group 14 anionic clathrates. The
tin phosphide bromide does not undergo phase transition down to 90 K, and the atomic displacement parameters
for all atoms decrease linearly upon lowering the temperature. These linear dependencies have been used to
assess such physical constants as Debye temperature, 220 K, and the lattice part of thermal conductivity, 0.7
Wi/(m K). Principal differences between the title compounds and the group 14 anionic clathrates are highlighted,
and the prospects of creating new thermoelectric materials based on cationic clathrates are briefly discussed.

Introduction Zintl phases,and the term semiconducting clathrates is now

A large family of inclusion compounds characterized by accepted in the literatureSemiconducting clathrates are
a complete sequestering of guest particles by a hosttypically anionic as their frameworks are composed of group
framework is known as the clathratehe term clathrate ~ 13—14 metals acquiring electrons from group2 metals
first used in 1948 by Powéltto identify organic inclusion  or europium, which serve as guests. That type of clathrate
compounds was expanded on gas hydrates by Pauling whds surveyed briefly in a microrevieThe semiconducting
solved the crystal structure of the chlorine hydfatée polar clathrates with the reversed hegfuest polarity are also
intermetallics having the structure of the chlorine hydrates, known?~1# the structure of a typical catioriftclathrate,
also known as the clathrate-I structure type, were discoveredSmn.4Pe 48,2 is shown in Figure 1.
shortly after*® The majority of these compounds exhibit
properties of narrow gap semiconductors and, in general, (4) Cros, C.; Pouchard, M.; Hagenmuller,®. R. Acad. Sci1965 260,

4764-4797.
*To whom correspondence should be addressed. E-mail: shev@ (5) Kasper, J. S.; Hagenmuller, P.; Pouchard, $¢ience 1965 150,
inorg.chem.msu.ru. Fax:-H7-095) 939 47 88. 1713-1714.

T Department of Materials Sciences, Moscow State University. (6) (a) Miller, G. J. InChemistry, Structure, and Bonding of Zintl Phases
*Inorganic Synthesis Laboratory, Department of Chemistry, Moscow and lons Kauzlarich, S. M., Ed.; VCH: New York, 1996; pp-B9.
State University. (b) Corbett, J. D. IrChemistry, Structure, and Bonding of Zintl Phases
§ University at Albany. and lons Kauzlarich, S. M., Ed.; VCH: New York, 1996; pp 139

(1) Wells, A. F. Structural Inorganic Chemistry5th Ed.; Clarendon 181.

Press: Oxford, 1986; Chapter 15. (7) Mtller, A.; Reuter, H.; Dillinger, SAngew. Chem., Int. Ed. Engl.
(2) Powell, H.J. Chem. Socl948 45, 61-73. 1995 34, 2328-2361.
(3) Pauling, L.; Marsh, R. EProc. Natl. Acad. Sci1952 36, 112-118. (8) Bobev, S.; Sevov, S. d. Solid State Chen200Q 153 92—105.
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guest atoms in the oversized clathrate cages of the type-I
structure, which is believed to reduce thermal conductivity,
thus improving thermoelectric properties. The analysis of
literature data shows that the rattling is sensitive to the-host
guest mismatch and cannot be effectively optimized since
the clathrate framework is very rigid.

In this work, we report the synthesis and X-ray diffraction
study of a novel clathrate SP19.32Brs, Which turned out
to be isostructural with the previously reportech i ds,'?
and a solid solution SuP1g 32PBr«ls—x. This system shows a
very high chemical compressibility of the clathrate frame-
work. The dependence of the unit cell dimensions upon the
composition and its influence on bonding, as well as the
distribution of the guest atoms in two different polyhedral
cages of the clathrate framework, are discussed. Temperature-
°l(1) ¢ I(2) oSn P dependent structural data are used for the first time to assess

Figure 1. A view of the crystal structure of SiPeds, a representative ~ some physical constants of a novel cationic clathrate.
cationic clathrate. Dodecahedra around the I(1) atoms are shown in blue;
tetrakaidecahedra around the 1(2) atoms are shown in yellow.

Experimental Section

Semiconducting clathrates with the type-I structure based Starting Materials. Metallic tin and crystalline iodine (Reakhim,
on the group 14 elements trigger growing interest due to 99.99%) were used as received. Red phosphorus (Reakhim, 97%)
expectations that thermoelectric materials of new generationwas purified by washing consecutively with 30% aqueous solution
will emerge following the guidelines of the “phonon glass, ©f KOH, water, ethanol, and diethyl ether (twice) and then vacuum-
electron crystal” concepf:l” The intensive studies of all dried. Tin(lV) iodide was synthesized by the reaction of excess tin

aspects of their chemistry and physics, including synthesis with iodine in CC} according to literature dafd.To synthesize
. ' o .'tin(ll) bromide, metallic tin was first treated with concentrated
crystal and electronic structure, phase transitions, magnetic o . .
._hydrobromic acid in the presence of metallic platinum as a catalyst.

behavior, and transport properties have been documented htter completion of the reaction, the solvent was evaporated to
a number of recent papeis.*1*2° One of the structural  yie|q yellow crystals that were dried oves® for 24 h. The dried
features under discussidit®232°2724s the "rattling” of the crystals, adduct of tin dibromide and hydrobromic acid of variable
composition, were then decomposed in Ar atmosphere, and the
residue was heated in a sealed silica tube with the addition of an

(9) von Schnering, H. G.; Menke, HAngew. Chem1972 84, 30—31.
(10) Menke, H.; von Schnering, H. &. Anorg. Allg. Chem1973 395

293-238. approximately equivoluminal quantity of metallic tin at 500 for
(11) Nesper, R.; Curda, J.; von Schnering, H.ABgew. Chem., Int. Ed. 72 h. The product appeared as solidified colorless melt and was
12) Eﬂg‘t-rﬁzsﬁﬂzf}l SSK%:/:rsnsrzK A Shevelkov. A V.- Presniakoy. | o, Mechanically separated from the residual tin. An X-ray powder
Popovkin, B. A.Inorg. Chem 1999 38, 3455- 3457. analysis confirmed it to be pure SnBr
(13) Shatruk, M. M.; Kovnir, K. A;; LindsjoM.; Presniakov, I. A.; Kloo, Physical Methods. Guinier type FR-552 chamber (Nonius)
w Iﬁe@ﬁe?gfgell_kom' -Az'e:illéijriasalIdvstgtﬁesgliﬁogl \l/éj-lkisﬁi_r 2;‘(2- L. operated with the Ge-monochromatized Cu kdiation was used
Lindsjo M.: Kloo. L. Z. Anbrgi. A-I’Ig. Chem2002 628 2145. for the phase analysis and unit cell parameter determination. The

(15) The term “cationic clathrates” reflects the total positive charge smeared purity of the samples was checked by the profile analysis of the
over the polyhedral framework to compensate for the charge of guests. diffractograms recorded with STADI-P (Stoe) X-ray powder

Other terms used in the literature instead of “cationic clathrates” are ; TR o
“polycationic clathrates” and “inverse clathratég4 diffractometer working on Cu  radiation in a transmission mode.

(16) Slack, G. A. INCRC Handbook of ThermoelectricRowe, D. M., Microprobe analysis was performed with JEOL JSN-840A scanning
Ed.; CRC Press: Boca Raton, FL, 1995. electron microscope equipped with the PGT IMIX analyzer.

(17) Nolas, G. S.; Slack, G. A.; Schjuman, S. B. Recent Trends in ; hili ;
Thermoslectric Materials Researchiritt. T. M., Ed.: Academic Magnetic susceptibility was measured using a standard Faraday

Press: San Diego, CA, 2001. balance. Resistivity measurements were performed on pressed
(18) Paschen, S.; Pacheco, V.; Bentien, A.; Sanchez, A.; Carrillo-Cabrera, pellets using a standard 4-probe device.
\2,\8638323%’91\/'4'3 Iversen, B. B.; Grin, Yu.; Steglich, Physica B Synthesis and X-ray Characterization. Samples with the
(19) Mudryk, Ya.; Rogl, P.; Paul, C.; Berger, S.; Bauer, E.; Hilscher, G.; OVerall SnaPioseBrds—x (x=0, 1,2, 3, 4,5, 6, 7, 8) composition
Godart, C.; N6k H.; Saccone, A.; Ferro, RPhysica B2003 328 were prepared by heating the respective stoichiometric mixtures
44-48. _ _ of tin, red phosphorus, tin(1V) iodide, and tin(ll) bromide in sealed
(20) Leoni, S.; Carrillo-Cabrera, W.; Grin, Yu. Alloys Compd2003
350, 113-122.
(21) Molinitz, L.; Blake, N. P.; Metiu, HJ. Chem. Phy2002 117, 1302 (26) Iversen, B. B.; Palmqyvist, A. E. C.; Cox, D. E.; Nolas, G. S.; Stucky,
1312. G. D.; Blake, N. P.; Metiu, HJ. Solid State Chen200Q 149, 455~
(22) Wilkinson, A. P.; Lind, C.; Young, R. A.; Shastri, S. D.; Lee, P. L.; 458.
Nolas, G. SChem. Mater2002 14, 1300-1305. (27) Chakoumakos, B. C.; Sales, B. C.; Mandrus, D. G.; Nolas, @G. S.
(23) Sales, B. C.; Chakoumakos, B. C.; Jin, R.; Thompson, J. R.; Mandrus, Alloys Compd200Q 296, 80—86.
D. Phys. Re. B 2001, 63, 245113/1-245113/8. (28) Ramachandran, G. K.; McMillan, P. F.; Dong, J.; Sankey, Ql.F.
(24) Paschen, S.; Carrilo-Cabrera, W.; Bentien, A.; Tran, V. H.; Baenitz, Solid State ChenR00Q 154, 626-634.
M.; Grin, Yu.; Steglich, FPhys. Re. B 2001, 64, 214404/1-214404/ (29) Nolas, G. S.; Chakoumakos, B. C.; Mahieu, B.; Long, G. J.; Weakley,
11. T. J. R.Chem. Mater200Q 12, 19471953.
(25) Chakoumakos, B. C.; Sales, B. C.; Mandrus, DJGAlloys Compd (30) Handbuch der Piparativen Anorganischen ChemiBrauer, G., Ed.;
2001 322 127-134. Ferdinand Enke Verlag: Stuttgart, 1975.

Inorganic Chemistry, Vol. 43, No. 10, 2004 3231



Kovnir et al.

Single-Crystal X-ray Diffraction Experiments. Suitable single

:g:i: 1750675 K crystgls ofI_—IV were mounted ona goniometer head of a _CAD-4
oL 109 (Nonius) diffractometer. The unit cell parameters were refined on
'qgj)m-so the basis of 24 well-centered reflections in the angular range 11
o 725/675 K < 0 < 14° and agreed well with those found from the powder
K 10881 data. The data were collected at room temperature and corrected
x 1086, for polarization and Lorenz effects. A semiempirical absorption
> 10844 correction was applied to the data on the basis of azimuthal scans
10.824 of reflections having theiy angles close to 90The X-ray intensity
10.80 P 3 T 3 z data for crystaV were measured at 13 temperatures ranging from
Br content 90 to 293 K (Bruker KRYO-FLEX) on a Bruker SMART APEX

Figure 2. Dependence of the cubic unit cell parameter GfBf sBrls CCD-based X-ray diffractometer system equipped with a Mo-target
on the bromine content for the samples annealed at different temperatures X-ray tube ¢ = 0.71073 A) operated at 1800 W power. A black
Solid lines are drawn to guide an eye. The esd’s are smaller than the symbolsblock-shaped crystal of approximate dimensions 0.09 mth07
used for the experimental data on this graph. mm x 0.05 mm was mounted on a goniometer head with silicon

silica tubes under vacuum at 725 K for 5 days. The samples were 3r€as€ (cyanoacrylate glue for the room temperature experiment).

then reground and heated again in evacuated silica tubes at 675 K! N detector was placed at a distance of 6.14 cm from the crystal.
for another 14 days, and then furnace-cooled to room temperature.B€fore every data collection, the crystal was allowed to stand at
After the second annealing, the samples appeared as black air-stabl€ NeW temperature for at least 5 h. For each experiment, a total

homogeneous polycrystalline powders. An X-ray analysis showed of 1850 frame_s were collected with a scan width of‘_’OrSw and .
that in all cases the diffraction patterns were isomorphous to that 2" €xposure time of 20 s/frame. The frames were integrated with

of the previously reportéd cubic clathrate-l phase S ds. the Brukgr SAINT softv.vare.package using a narrow-frame integra-
However, the systematic shift of the lines on the Guinier photos tion algorithm for a cubic unit cell to a maximund 2ngle of 56.56

was observed, and the traces of the binary tin phosphidg@:;Sn (0.75 A resolution). The final cell constants are based upon the
were also detected for the samples rich in bromine content. All refinement of the XYZ-centroids of about 9000 reflections above

lines, except those of SR, were indexed in a cubic system by 200(I)..Analysis of the data showed negligib!e decay durin.g data
collection. Data were corrected for absorption effects using the

analogy with SpyP194ds. The calculated unit cell parameters are . ) L .
plotted against the bromine content in Figure 2. The second seriesEMPirical method (SADABS). The ratio of minimum to maximum

of the samples witlx = 0, 2, 4, 6, and 8 was prepared under the apparent transmission was in the range 0-69G45 for different

same conditions, save for the first annealing temperature that waseXperiments. The data collection parameters are listed in Tables 1

set at 775 K; the results are shown in Figure 2. As the traces of the@n

impurity phase SiP; were observed, the reproducibility of the Crystal Structure Refinement. The crystal structures df-V

obtained results was checked. Each series of the experiments wa¥vere solved in the space groupmBn (No. 223) The atomic

reproduced twice. The resulting unit cell parameters were the samecoordinates taken from tin phosphidiodide;# ds ** were used

for a sample with the same starting composition, the difference as an initial model for crystal structure refinement with SHELXL-

being not greater than 0.002 A, which is only twice larger than the 97 program package.

esd. The refinement of the crystal structurelofevealed the split in
Single-Crystal Preparation. To investigate the features of the the Sn atomic position into two sites, Sn(1) and Sn(2), lying 0.58

crystal structures, the single crystals of the following composition A apart, just as in the structure of §Ryg 4. The distance between

were obtained: SPi921Br2.35(3)5.653) (1), SrbaPio 1(1Br3.14(4) 4.86(4) the Sn(2) and P(2) atomic positions appeared to be very short (2.02
(I1'), SrbaPro2(1Bra62(3)3.383) (Il ), SeaPro1aBre.1afroa) (IV), and A), while the P(2) atom had a large thermal displacement parameter.
SnaProsaPBrs (V). The crystals ofl, 1l , and IV were selected Two partially occupied tin atomic positions as well as the occupancy
from the nonequilibrium reaction products of the first annealing at factor for the P(2) atom were then introduced into the anisotropic
825 K for 2 days of the nominal compositions ;39 Brala, refinement, taking into account that there is no real SnEZR)

SrpaP1o Brsls, and SpyPye Brel,, respectively. The crystals bfand bonding of 2.02 A, and these atoms alternate instead. Hence, the
V were prepared by chemical transport reactions method. Smalloccupancy sum of Sn(2) and P(2) positions was fixed as unity,
amounts of the transport agent, tin(IV) iodide or mercury(ll) Wwhile the occupancy of Sn(1) was refined independently. It should
bromide, were added to the preliminary synthesized samples with be noted that after final refinement the occupancy sum of Sn(1)
the compositions SgP19 Brole and Sn4Pyo Brs, respectively. The and Sn(2) positions appeared equal to unity within the accuracy of
mixtures were evacuated in silica ampules (150 mm, length; 7 mm, the refinement, and this sum was restrained in the final refinement.
inner diameter) and sealed off. The ampules were placed in aRefinement of the occupancy factors of the P(1) atomic position
horizontal furnace with a temperature gradient of 100 K (825/725 did not reveal any deviation from unity. Refinement of the
K). Single crystals of andV suitable for structural investigation  occupancies of bromine and iodine atoms was performed indepen-
were found in the cold end of the ampules after about 5 days.  dently for two halogen positions, 2a and 6d. In each position, the
The compositions of the crystals-V were calculated from the ~ occupancy sum of bromine and iodine was fixed as unity.
refined occupancies of atoms in the course of the crystal structure  The refinement procedure for the crystal structuresl eflVv
refinement. In the case af, the iodine-to-bromine ratio was  was essentially the same. In the casé/ofthe refinement of the
confirmed by the microprobe analysis, which showed the I/Br ratio, occupancies of the halogen atomic position was apparently not
normalized to 8 halogen atoms in a formula unit, to be 2.3(1)/5.7- performed, because of the absence of iodine. The crystal structure
(1) which is in good agreement with X-ray crystal data, 2.35(3)/ refinement parameters are given in Tables 1 and 2. It should be
5.65(3). The same type of analysis confirmed the absence of

mercury inV, WhiCh_ could have Comaminat?d the crystal in the (31) sheldrik, G. MSHELXL-97, program for crystal structure refinenent
course of the chemical transport reaction (vide supra). University of Gdtingen: Gitingen, Germany, 1997.
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Table 1. Crystallographic Data fof—V

| Il 1 \Y \Y%
chemical formula SAP19.2(1Br2.35(3) 5.65(3) SrpaPro.1(1Br3.14(a) 4.86(4) SrpaP1o.2(1Br4.62(3)3.38(3) SrpaPro.11Bre.1(1)1.92) SrpsPro.6(1Br8
fw 4347.96 4307.74 4241.29 4174.09 4094.85
space group PmBn PnBn PnBn Pn8n Pn8n
a A 10.9200(10) 10.9140(10) 10.8860(10) 10.8440(10) 10.8142(7)
v, As 1302.2(2) 1299.0(2) 1290.0(2) 1275.2(2) 1264.69(14)
Z 1 1 1 1
T,°C 20 20 20 20 20
A A 0.71069 0.71069 0.71069 0.71069 0.71073
Decalca g CNT 3 5.545 5.507 5.459 5.436 5.377
u, et 17.024 17.201 17.584 18.043 18.557
R(Fo)? 0.0275 0.0211 0.0274 0.0386 0.0376
Ruy(Fod)P 0.0411 0.0372 0.0490 0.0629 0.0813

aR(Fo) = Y|IFol — IFc|l/Z|Foll- ® Ru(Fod) = [SW(Fo? — FA¥yW(F9)?3Y2 based on all data.

Table 2. Variable Temperature Crystallographic Data Yor

Dcalcd

T,°C a,A vV, A3 gemm3 u,cml R(Fo)2  Ry(Fo?d)P

+20 10.8142(7) 1264.68(14) 5.377 18557 0.0376 0.0813
—10 10.8123(5) 1264.02(9) 5.379 18.566 0.0368 0.0822
—20 10.8108(5) 1263.49(9) 5.382 18.574 0.0366 0.0821
—30 10.8098(4) 1263.14(8) 5.383 18.579 0.0374 0.0833
—45 10.8074(2) 1262.30(4) 5.387 18.591 0.0366 0.0839
—55 10.8067(2) 1262.06(4) 5.388 18595 0.0372 0.0840
—60 10.8060(2) 1261.81(4) 5.389 18.598 0.0384 0.0863
—80 10.8027(2) 1260.66(4) 5.394 18.615 0.0369 0.0835
—100 10.8004(2) 1259.85(4) 5.397 18.627 0.0386 0.0865
—120 10.7987(2) 1259.26(4) 5400 18.636 0.0374 0.0862
—140 10.7967(2) 1258.56(4) 5.403 18.646 0.0373 0.0862
~160 10.7945(2) 1257.79(4) 5.406 18.658 0.0372 0.0868
—183 10.7900(2) 1256.22(4) 5.413 18.681 0.0338 0.0788

aR(Fo) = YI|IFol — |FC||IZ|FoH-bRW(F02) = [ZW(FO2 - Fcz)zl
SW(F2)? 12, based on all data.

substituting potassium with cesium (difference of two periods
in periodic table), the cubic cell parameter changes by only
0.06 A (0.6%), and when substituting barium with strontium
(difference of one period, just as between bromine and
iodine), the parameter difference is just 0.04 A (0.4%). The
example of the greater shrinkage is provided by the type-ll
clathrates. On going from @Na;cSii3s to an almost guest-
free NaSiizs Clathrate, the unit cell parameter decreases by
0.13 A (0.9%) The comparison of these data with our results
illustrates the striking difference in the clathrate framework
compressibility. To explain the unusually high chemical
compressibility of the cationic clathrate framework, as well
as the nonlinear dependence of the unit cell parameter, we
performed the X-ray single crystal experiments.

The crystal data reveal that the clathrate framework of

noted that despite the fact that the amount of the phosphorus atoms>e4P19.32Brxls— is built up of tin and phosphorus atoms.

in the obtained structures slightly differs, the general formula of
all compounds obtained can be written as:Bpy 3Br«ls—x taking

In the idealized structure, tin atoms occupying theh 24
position of the space groupm3n together with the P(1)

into account the accuracy of occupancy determination for the P(2) atoms sitting in the li6position build pentagonal dodeca-

position.

Results and Discussion

The analysis of the X-ray powder diffraction data shows
that Sn4Pig3Brds—x (x = 0—8) is a solid solution within
the whole composition range. It is isostructural to the
previously reported tin phosphide iodide,,$9ds.? The
powder X-ray patterns of the samples with different com-
position feature a systematic shift of peak positions. The
dependence of the &#19.32Brls—x Solid solution cubic cell
parameter upon the bromine content is given in Figure 2.

hedra, while the P(2) atoms residing in thepsition link
these polyhedra, thus completing tetrakaidecaedra. In such
an arrangement (Figure 1), all atoms forming the polyhedral
framework have tetrahedral coordination. In the actual
structure, however, the occupancy of the P(2) atom position
is about 55%, meaning that not all of the tetrakaidecahedra
are complete. Besides, the position of tin atoms is split such
that there are two alternative tin atoms, Sn(1) and Sn(2),
partially occupying closely located Bgositions and, more
importantly, having different environment. The Sn(1) is
tetrahedrally coordinated by three phosphorus atoms and one

The diagram has two principal features: (i) the dependencetin atom, Sn(2). In turn, the Sn(2) exhibits the-3 3

is nonlinear; (ii) the decrease in the value of the cubic cell
parameter on going from uP194ds to SrpsPio Brsg is 0.14
A (1.3%). The effect of nonlinearity in the clathrate unit cell

environment of two phosphorus atoms and one tin atom, Sn-
(1), in the first coordination sphere plus three more distant
tin atoms, Sn(2), in the second coordination sphere, with the

parameter dependence was earlier observed by von Schnerin§n(2)-Sn(2) distance exceeding 3.15 A. The analysis of the

and Menké&® when they examined the cationic clathrates
GegPsBrils—x (X = 2, 4, and 6); however, no explanation

interatomic distances and valence angles in six crystals of
SrbaP1o 3B« Solid solution (crystalé—V and SaPieds )

was offered for the effect. The second feature points to an reveals that the Sn(£)Sn(2), Sn(2)-Sn(2), and Sn(t)P(1)

unusually high chemical compressibility of the cationic

distances decrease slightly on going fram 0 to x = 8,

clathrate framework. For comparison, two pairs of the anionic While all other bonding distances and valence angles do not

type-l clathrates GSn4 3 versus kS, and SgGas
Gey 34 versus BaGaisGeso,?® might be considered. When

(32) von Schnering, H. G.; Kreer, R.; Baitinger, M.; Peters, K.; Nesper,
R.; Grin, Yu.Z. Kristallogr—New Cryst. Struct200Q 215 205.
(33) Zhao, J.-T.; Corbett, J. Dnorg. Chem.1994 33, 5721-5726.

change within the accuracy of determination.
The halogen atoms are trapped in the cavities of the

clathrate framework. There are two types of the cavities, the

(34) Cohn, J. L.; Nolas, G. S.; Fessatidis, V.; Metcalf, T. H.; Slack, G. A.

Phys. Re. Lett. 1999 82, 779-782.
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Figure 3. Distribution of the bromine atoms in the cages 0§ 8w 32PBrxs—x
as a function of the bromine content. Dotted lines represent the ideal uniform Br content
distribution; solid lines are drawn to guide an eye. The esd’s are smaller
than the symbols used for the experimental data on this graph.

0 2 4 6 8

Figure 4. Dependence of the/r; ratio of effective radii for the bigger
and smaller cages on the bromine content ipS3 32Brxls—x.

pentagonal dodegahedral an_d the tetrakaidecahedral, Whid&ontent may vary slightly. Indeed, the crystal data (Table 1)
gccurdme;a 2:6_r_at|o in the un_|t ?e";nd arg cinteredh by tr:1e show that the refinement of the P(2) atom occupancy results

aan b p_OS|t|on§,_r<(aj§pectlve Y- |_gu_reb S;] ows that ':'he in slightly different numbers. The question arises as to what
guest bromine and lodine atoms mix in both cavities. The o ¢ 5,ch a difference could affect the unit cell parameters

obsertvszbehz:/lwgr |sM|n_ SATaép Clgrtrt?ft with the eg\rher of the solid state solution? Our recent rese#frehows that
reported EuBaMsSiss (M = Al, Ga). In these compounds, the size of the cationic clathrates, in contrast to the anionic

having considerably more rigid clathrate framework than our clathrates, is not sensitive to a small degree of the framework

solid solution, 'the europigm and barium atoms exhibit substitution and vacancy formation. For instance, the unit
complete ordering, occupying the smaller and bigger cages, parameter decreases by only 0.01 A on gaing from.Sn

respectively, of the clathrate-l framework. Figure 3 also Cu AS;l5 10 Sni7.Cls ASals and by 0.03 A on going from
shows that the actual distribution of the guest halogen atomsSnZ(')Zn4|3208|8 to ASI'l7lzn7P22|s compared to the 0.13 A
deviates slightly from the uniform distribution marked with increase 6n going from B&aGeyo to BaGay 316e.25 o
dotted lines on the grap_h. Itlis clear, taking into account the Shy 1537 where antimony atoms having greater radius intrude
?hccuracy tOf :he dei‘:‘rT'?ﬁ tlog of Fhe oct:cupar;‘cy factor.T,. Orftinto the framework with concurrent formation of vacancies.
€ guest atoms, that the bromin€ atoms have a SIght, yhe title compounds, the possible deviation from stoichi-
preference for a Sm"?‘”er 20-v§rtex cage. This trend IS mOStometry is about 0.1 phosphorus atoms. This amount is below
tC::Stt'rlﬁt nfeartthe meﬁllum b_rorlr;me con;emt( d4)é sugger?tlng h the accuracy of the microprobe analysis used in this work
at the fea uDres St own r:n |gl;res anth mayl tavfell' €and is comparable with the accuracy of the phase analysis
same origin. Lespite such a preterence, the compiete lifing 4o the stoichiometric synthesis, as well as with the accuracy
of the smaller cages by bromine atoms only does not OCCUr ¢ the position occupancy refinement. Such a small, com-

even in those casgs where the number of bromine atoms Irlpared to the above-mentioned examples, deviation from the
the strgcture considerably exceeds the number of these Cageétoichiometry cannot affect substantially the unit cell pa-
per unit cell. S rameter of the cationic clathrate. Therefore, we conclude that
The difference in the dimensions for the two types of the the type-I cationic clathrates differ strikingly from anionic
polyhedral cages, though it varies slightly with the bromine ¢jathrates in showing much greater compression in response
content, is noticeably small. The/r; ratio, wherer; andr, to a chemical pressure imposed by the guest substitution and
are the effective radii of the bigger and smaller cages, iy peing less sensitive to the framework substitutions.
respectively, for the six structures (crystals-V and We have demonstrated earlfeby the method of ab initio
SneaProds *9), is not far from unity, the highest ratio being guantum-mechanical calculations that in the tin pnictideio-
1.014 forll and the smallest, 1.003, fof. Such a small  jjeg the jodine atoms carry a high effective negative charge
difference explains why the two guest atoms; &nd I, (up to —0.95 for the iodine atom inside the 24-vertex cage

) e - :
that possess different ionic radii, 1.96 and 2.20%A, SnusPiods), SO that the iodines can be considered as the
respectively, occupy two types of cavities almost randomly. |- 4nions Therefore, the electric conductivity in the cationic

Figure 4 shows, however, that thgr, dependence UpON i ciathrates should occur through the framework, not
the bromine content has a "bell” shape. The small variation j.q1ing the guest atoms, and it would seem reasonable that
in the r/r; ratio seems to be responsible for the deviation g it tions in the guest sublattice should not influence the
from the uniform distribution of _the bromine and_ |0Q|ne conductivity properties. However, in the same work it was
atoms among the cages of two different types, which is the 515 shown that the states just below the Fermi level in
m'ost noticeable at thg mgdmm bromine content in agreementSnMplgdg are mainly composed of thet3-coordinated tin
with the data shown in Figure 4.

solution as SﬂP19_3(2)Brx|8,x indicates that the phosphorus Book of Abstracts3rd National Conference on Crystal Chemistry,
Chernogolovka, Moscow Region, May 2003; pp $352.

(37) Latturner, S. E.; Bryan, J. D.; Blake, N.; Metiu, H.; Stucky, G. D.

(35) Shannon, R. DActa Crystallogr.1976 A32 751-757. Inorg. Chem.2002 41, 3956-3961.
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Figure 5. Linear contraction o¥/. Filled circles ®), experimental data; Temperature / K

line (=), linear fit. Figure 6. Temperature dependence of the atomic displacement parameters

. ADPs) for crystallographically independent atoms in the structur€.of
atoms and that namely these atoms are responsible for thegr(l), black; Br(2), red; Sn(1), green; Sn(2), blue; P(1), cyan; P(2), magenta.

conductivity properties. We show in this work that the Corresponding linear fits are shown with the same color.
substitution of bromine for iodine in the &9 ds results

in shortening of the tintin distances in the clathrate
framework and, consequently, in changes in the local
environment of the 33-coordinated tin atom, Sn(2). The
Sn(2)-Sn(1) and Sn(2ySn(2) bond distances become
shorter by 0.05 and 0.08 A, respectively. It is not clear if
such shortening can affect the transport properties of the tin-
based cationic clathrates. However, we demonstrated éarlier
that Sn4Pig dg is already a narrow gap semiconductey ~

0.04 eV, and in this work we confirm that substitution of
iodine by bromine does not induce the insulator-to-metal
transition. In addition, it should be taken into account that

the phosphorus content differs within the experimental error function is expressed ag(47?Mop’ks), whereM is the

from one sample of the title solid solution to another. This : o .
. : ~_average atomic mass artPis the mean square atomic
seems to be a very important feature since the concentration

of vacancies strictly corresponds to the number of th&-3 Qisplacg mer}t. Using this expre;sion and the results of the

coordinated tin atoms in the clathrate framework. As it was lm.?_ﬁr flltstt(Flgure ?)bvxie catn eﬂsﬁm&ﬂa as|220 g vity i

found earlier for some anionic clathratéshe slight variation exprgsszdl(:s contribution o the thermal conductivity 15

in composition of the clathrate framework may lead to the

changes in their transport properties. It might as well affect k= C,ud Q)

the magnetic properties, though our preliminary measure-

ments performed on the samples witl 2, 3, and 6 indicate ~ WhereC, is the heat capacity per unit volume,is the mean

that the phases are diamagnetic. These observations requirBhonon velocity, and is the mean free path of the phondfs.

further investigation. The Debye model relates the mean phonon velocity and the
The subject under discussion in the literature is what causesP€bye temperature as = [(6pks2)/h)/[67%(N/V)] ¥, where

the glasslike thermal conductivity of the clathrates? It is N/V is the number of atoms per unit volurfeGiven the

generally believel that the “rattling” of the guest atoms in ~ Debye temperature, we calculated= 2170 m/s. Since the

the oversized cages scatter resonantly the heat-carrying?€Pye temperature is approximately 220 K, the heat capacity

acoustic phonons thus leading to glasslike heat conduction.can be estimated by the Dulon@etit law;® according to

However, recent repof&? suggest that the role of the Which C, = 24.9% J/(mol K), well above the Debye

“rattling” is overestimated. Alternatively, the guestl 6 temperature, whers is the number of atoms per formula.

position split into a set of nearby positions is prop33&t?” For the SpsP1o.éBrs this givesC, = 0.17 x 107 J/(n? K).

to reduce thermal conductivity due to the scattering from The estimation of the mean free path of the phonons is the

the guest atom tunneling between the split stétés.this most difficult. As there is no sign of thed6site split, we

work, we address two questions: (i) Is thé position split ~ assume that is the distance between the “rattlei%{the

in cationic clathrates, and (ii) are these clathrates prospectiveBr(2) atoms occupying thedsposition) that is equal to 5.4

thermoelectric materials due to a low thermal conductivity? * 107*°m. Using eq 1 we can now estimate the lattice part

To answer this, we performed the temperature-dependentof the thermal conductivity ag = 0.7 W/(m K).

investigation for the structure &f. No phase transition was i ] ] -

detected in the temperature range-293 K, and the linear (38) §$§Sbi'e%i§9“§ lﬁémsgg_sggé.c” Mandrus, D.; Sharp, J. Wolid

contraction (Figure 5) is comparable with those observed (39) White, M. A. Properties of Materials Oxford University Press:

for anionic clathrated’ It is also found that at either Oxford, 1999.

g ) . (40) Fistul, V. I. Physics and Chemistry of SolidMetallurgia Press:
temperature the structure ¥fis best solved with the single Moscow, 1995.

6d Br(2) site. All attempts to solve the structure with the
split-site model and the partially occupiedj224k, or 12h
positions led to the significant increaseRavalues as well

as to the substantial remaining electron density exactly at
the & site.

The temperature dependence of the atomic displacement
parameters (ADP) for all atoms in structweis shown in
Figure 6. It is clear from drawings that all dependencies are
linear and the ADP of the Br(2) is larger than those for the
other atoms. It is known from literatiifethat the linear
dependencies of ADPs can be used for estimation of the
Debye temperaturd]p, since the slope of tharlO= f(T)
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Here we performed a rough estimation of the lattice part good candidates for developing novel thermoelectric materi-
of the thermal conductivity; however, the similar procedure als based on the “phonon glass, electron crystal” concept.
was proved’®® to give a good agreement between the ) )
estimated and measured values for different compounds Acknowledgment. Authors wish to thank Dr. P. E. Kazin
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