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The clathrate compound a-CsgSnyy[], has been synthesized
from its elements under inert gas conditions and has been
characterized by single-crystal and powder X-ray diffraction.
At room temperature, it crystallizes with cubic symmetry [a
=24.256(3) A, space group Ia3d, Z = 8] and adopts a 2 X 2 X 2
superstructure of the type-I clathrate and a high ordering of
the vacancies ([J) in the Sn framework. Single crystals of o-
CsgSnyy[l, reversibly transform at 90 °C to the high-tempera-
ture B form with primitive symmetry [a = 12.135(1) A, space

group Pm3n, Z = 1] and a lower ordering of the defects.
Differential thermal analysis corroborates the reversible
character of the phase transition, which occurs with an en-
thalpy change of approximately 0.38Jg!. An atom-mi-
gration mechanism describing the order-disorder transition
involving spiro-connected six-membered rings only (scsr
mechanism) is proposed.

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

Introduction

The discovery of clathrates as a distinct class of materials
opened up a wide area of research involving specifically fur-
ther synthesis and studies of their properties. The binary
systems composed primarily of alkali or alkaline earth met-
als as guests and Group 14 elements (Si, Ge, Sn) as hosts
of the three-dimensional framework are known as semicon-
ducting clathrates and behave mostly like Zintl phases
rather than typical intermetallic compounds.'! The idea
that clathrate compounds fulfill the criteria for the Phonon
Glass Electron Crystal (PGEC) concept? and thus may
qualify as thermoelectric materials has led to the rapid de-
velopment of this compound family. Over the last decades,
five clathrate structure types denoted with the Latin num-
bers I, 11, III, VIII, IX have been established, with type I
as the most common (Figure 1). In clathrate I, the tetrava-
lent host atoms form interconnected polyhedra with shared
pentagonal and hexagonal faces. The structure is further
stabilized in the presence of the encaged metal cations. Even
though much data on the composition, crystal structures,
and physical properties are now available,[>! there is still a
lack of understanding of the physics involved in the PGEC
approach. A strong glass-like rattling of the guest atoms
inside the cages of the three-dimensional network of host
atoms is necessary for achieving high-quality thermoelectric
materials. Therefore, a fine grasp of the lattice defects and
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phase transitions in clathrate-I compounds must play a de-
cisive role in the understanding of the structure—property
relationships in stannide clathrates.

Figure 1. Structure of the type-I clathrate with pentagonal dodeca-
hedra (grey [5'%]) and tetrakaidecahedra (white [5'%6%]) in a 1:3 ra-
tio.

A limited number of such compounds undergo phase
transitions before melting. Interestingly, those temperature-
or pressure-induced structural transformations can also af-
fect certain physical properties. Recently, a magnetocaloric
effect was reported for the doped EugGa,sGe;o resulting
from the ferromagnetic transition from a type-I to a type-
VIII structure.[®! Moreover, type-IX BagGe,s!” tunes its
electrical properties through a two-step phase transition,
and phonon band structures of the non-defect type-I KgSiye
change drastically upon pressing.[®!
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Since the first report of the non-defect KgSnye,! the ex-
act composition and structure of the type-I tin clathrates
was brought into question several times.'%!!] The discrep-
ancies involve the presence of defects — a prerequisite for
fulfilling the Zintl-Klemm concept — and their ordering in
the crystal. A Mulliken population analysis!!?l on the basis
of topological charge stabilization for the stannides showed
that the vacancies in the three-dimensional host lattice of
Sn atoms are favored and that they are statistically distrib-
uted only at the framework sites that are part of six-mem-
bered rings and that do not belong to pentagonal dodecahe-
dra (6 out of 46 sites); those possess the lowest electron
density. These assumptions were indeed confirmed
experimentally as the AgSngy[J, compounds (A = K, Rb,
Cs)*5-131 were found to crystallize in the Pm3n space group
and the partially occupied positions were distributed along
a 4, screw axis. More recently, theoretical calculations for
CsgSngs'¥ and KgSnyu!'! indicated that one vacancy per
six-membered ring is favored over two such vacancies per
ring. A superstructure was experimentally established for
RbgSnu4[,, which was found to crystallize in the Ja3d space
group and the 2 X2 X2 unit cell with vacancies distributed
along a 4, axis instead of the 4, axis (see also Figure 2).[1°]
However, the conditions under which the two modifications
occur, or if they may co-exist, still remained unclear.

Figure 2. Partial view of the CsgSnyy[], structures composed of two
chains of tetrakaidecahedra and one pentagonal dodecahedron. a)
In the o form (space group la3d), the partially occupied 24c¢ sites
(dark grey Sn6 atoms, with an occupation factor of 0.339) are dis-
tributed along a 4, helical axis. b) In the B form (space group
Pm3n), the partially occupied 6¢ sites (dark grey Snl atoms, with
an occupation factor of 0.687) are distributed along a 4, axis. In
both cases, only the Sn atoms of the split positions with closer
contacts to the vacancy are shown.

Here we report on the discovery of a reversible phase
transition of isostructural CsgSnyy[J,. The transformation
sheds light on the structural trends of defect tin clathrates.
Since we expect that most stannide clathrate-I compounds
appear at low temperatures with a 2 X 2 X 2 superstructure,
the partial ordering of vacancies must be considered on the
basis of property measurements and this might lead to a
reinterpretation of several studies.l>!”)
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Results and Discussion

According to the room temperature powder X-ray analy-
sis, CsgSnyy[d, adopts the type-I clathrate structure with a
superstructure as observed for RbgSny,[1,.['% The cell pa-
rameters and the space group [a = 24.256(3) A, space group
Ia3d) are confirmed by single-crystal analysis at room tem-
perature. The single crystal of CsgSnyy[], was gradually
heated on the diffractometer with steps of 20 °C. No signifi-
cant changes in the reflection patterns occur until a tem-
perature of 80 °C was reached. At 100 °C, the superstruc-
ture reflections of the low temperature form (a-CsgSngyl,)
disappear (see Supporting Information) as the crystal trans-
forms into the primitive lattice with smaller cell parameters.
This has been observed previously for CsgSny, (B form).[']
A full data set was collected at this temperature. The crystal
was perfectly retained when cooled at a rate of 2 °Cmin™!
to room temperature where a second set of data was col-
lected, which confirmed the full reversibility of the phase
transformation.

At 20 °C, the CsgSngs[J, clathrate crystallizes in the Ja3d
centrosymmetric space group (Figure 2a). The partially oc-
cupied Sn6 sites of the polyanionic framework [Wyckoff po-
sition 24c¢, occupation factor 0.339(6)] are distributed
around a 4, screw axis through the Cs atoms that reside in
the tetrakaidecahedra. As a consequence, a split model for
the adjacent 964 site is adopted, which gives rise to Snda
atoms [occupation factor 0.339(6)] and Sn5b atoms [occu-
pation factor 0.661(6)] that correspond to occupied and
vacant Sno sites, respectively. Further, the Sn3 atom has a
relatively large U.q value [0.0263(3) A2, probably because
three out of its four neighbors are the split Sn4a/Sndb
atoms (Table 1). Nevertheless, no split model could be ap-
plied for this position. Further, two crystallographically
non-equivalent positions for the Cs atoms are observed: (1)
The Csl atom located in the dodecahedra and (ii) The Cs2
atom located in the tetrakaidecahedra. In both cases the
sites are fully occupied. The isotropic atomic displacement
parameters are 0.0193(3) A2 and 0.0378(2) A2 for Csl and
Cs2, respectively, proving the stronger “rattling” of the
guest in the larger cavities. It is also worth mentioning that
the Cs2 atoms do not reside exactly in the center of the
cavities, but tend to the opposite site of the vacancy, namely
closer to the Sn5 atom (24d Wyckoff position). Thus, a
slight deviation from linearity (178.88°) is observed for the

Table 1. Atomic coordinates and equivalent isotropic displacement
parameters for a-CsgSnyy[l,.

Atom Site x ¥ z Occu- Uy [A%]
pancy

Csl 16a 0.5000 0.5000 0.0000 1 0.0193(3)
Cs2  48¢ 0.6250  0.24827(3) 0.00173(3) 1 0.0378(2)
Snl 96k 0.50096(3) 0.34668(2) 0.05598(2) 1 0.0170(2)
Sn2 96k 0.59456(3) 0.40950(3) 0.08969(3) 1 0.0179(2)
Sn3  32¢ 0.59130(3) 0.40870(3) —0.09130(3) 1 0.0263(3)
Snda  96h 0.5029(2) 0.3487(2) —-0.0599(2) 0.339(6) 0.0167(7)
Sndb 96k 0.5011(1) 0.3275(1) —0.06679(9) 0.661(6) 0.0185(4)
Sn5 24d  0.5000 0.2500 0.1250 1 0.0145(3)
Sn6 24¢  0.5000 0.2500 -0.1250 0.339(6)  0.016(1)
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Cs2-Cs2-Cs2 chain parallel to the cubic axes, which is ex-
pressed in terms of displacement of 0.0593 A from the cen-
ter of the cage.

In the high temperature modification (space group
Pm3n), the 6¢ Wyckoff site corresponds to the Snl atom
with occupation factor 0.687(7) (Table 2). Within the stan-
dard deviation, this value is equivalent to the value of the
I-centered crystals at room temperature and to the value
of 2/3, anticipated for an electron precise Zintl phase. As
expected, the adjacent 24k site is better refined by means of
a Sn3a/Sn3b model with occupancies 0.687(7) and 0.313(7),
respectively. Once again, the Cs atoms that reside in the
large framework cavities exhibit much higher atomic dis-
placement parameters than those in the smaller cavities.
The B modification exhibits larger ADPs (ADP = aniso-
tropic displacement parameter) than the o modification and
the values obtained from the room temperature data refine-
ment in ref'3], as expected from the temperature depen-
dence in the Einstein’s oscillator model.’4 On the other
hand, the Sn—Sn-Sn angles have very comparable values:
94.84(7)°-126.52(9)° for the 1 lattice and 94.68(1)°-
125.2(1)° for the primitive lattice.

Table 2. Atomic coordinates and equivalent isotropic displacement
parameters for B-CsgSnyy[l5.

Atom  Site x ¥ z Occu- U.q [AY]
pancy
Csl 2a 0.0000 0.0000 0.0000 1 0.0223(5)
Cs2 6d 0.2500 0.5000 0.0000 1 0.0478(6)
Snl 6¢ 0.2500 0.0000 0.5000 0.687(7)  0.0197(9)
Sn2 160 0.18314(4) 0.18314(4) 0.18314(4) 1 0.0259(3)
Sn3a 24k 0.0000 0.3064(2) 0.1136(3) 0.687(7) 0.0233(5)
Sn3b 24k 0.0000 0.3447(6) 0.1344(6) 0.313(7) 0.025(1)

The structure of a-CsgSnyy was verified by Rietveld re-
finement of the powder diffraction pattern. In this case as
well, split models for the positions adjacent to the vacancies
are applied.

The vacancy order—disorder transformation is also de-
tectable by differential thermal analysis (DTA). At about
95 °C, a weak endothermic peak, which can be attributed
to the Ja3d— Pm3n transition is observed (Figure 3). The
reverse phenomenon takes place and is observed as an exo-
thermic peak during cooling. The hysteresis of the peaks
depends on the heating and cooling rate. From the average
of the experimental maxima, one can define the transition
temperature at 7; = 8§9-90 °C. Further heating to 1000 °C
at a rate of 10 °Cmin"! results in an endothermic peak at
580 °C (on set), which according to the phase diagram is
attributed to peritectical decomposition of CsgSny, into Sn
and CsSn,.'8! Finally, at 830 °C, a relatively weak and
broad endothermic peak of the liquidus line is observed.
On cooling, each peak has a corresponding exothermic phe-
nomenon at 810 °C, 510 °C, and 215 °C, which corresponds
to the solidification of Sn. Elemental Sn was initially not
observed in the room temperature X-ray powder diffractog-
ram. However, it has been shown by multitemperature dif-
4164
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fraction experiments with synchrotron X-rays that the re-
lated compound RbgSny, contains small amounts of impu-
rities. The impurities are formed as a decomposition prod-
uct already at 180 °C.l'%1 The X-ray powder diffraction
pattern of the DTA residue after heating to 1000 °C was
refined by the Rietveld method. It confirms the presence of
0-CsgSnyy with a lower degree of crystallinity and also the
formation of B-Sn, to approximately 6%.
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Figure 3. Section of the DTA diagram of CsgSnyy[], recorded in
the range 25°C-150 °C at a 1 °Cmin ! heating and cooling rate.
Shown is the section between 50 °C and 110 °C. Vertical arrows
show the endothermic and exothermic peaks.

The recent observation of a superstructure for clathrate-I
RbgSny,'% raises the question on the one hand if such an
ordering of vacancies occurs in other stannides with clath-
rate-1 structures and on the other hand why this superstruc-
ture has not been observed although many reports on those
structures have been published. The detailed thermal analy-
sis here shows that the phase transformation occurs at 89—
90 °C with almost perfect reversibility. On the basis of the
on set temperatures on heating and cooling the sample at
1 °Cmin!, the transition occurs with a hysteresis of ap-
proximately 2°. Even quenching of the reaction product
from 100 °C or 700 °C into liquid nitrogen did not give rise
to the high temperature  modification. During all transfor-
mations, no other impurity than small amounts of 3-Sn was
detected by X-ray powder diffraction, EDX, or DTA.

In general, superlattice formation can prevent under- or
mixed occupancy of specific atomic sites, but can achieve
vacancy formation and atom segregation. Four examples of
superstructures have been discussed for doped and/or defect
type-I clathrates: (a) Ig[Sny4In;oP5; 50 5] crystallizes in the
tetragonal space group P4,/m, exhibiting partial ordering
of the defects;? (b) the orthorhombic (Phcn) Bag[Cu,P30]
exhibits no disorder as P atoms exclusively occupy the 24k
and 6¢ sites and Cu atoms the 767 sites;?!! (c) more recently,
the cubic (Ja3d) RbgSnus[1, shows a partial ordering of the
vacancies;!'® (d) BagGe,;[5 is characterized as a fully or-
dered superstructure when quenched quickly from 800 °C
or as partially ordered when cooled slowly to ambient con-
ditions.?”l In the present case as in RbgSnu[d, and
BagGeys[ls, a “klassengleiche” symmetry reduction from
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Pm3n to Ia3d takes places. However, the absence of a dis-
tinct transition temperature and the higher thermodynamic
stability of the disordered modification for BagGeys[Js are
in contrast to our results here. For CsgSnyy[],, as expected,
the model with a lower degree of atom ordering represents
the high temperature modification.

The full ordering of the defects in BagGey;[]5 is also re-
flected in the larger deviation of the position of the guest
atom Ba from the ideal center of the tetrakaidecahedra. The
larger displacement of the Ba atoms (0.0844 A) originates
from the presence of a full vacancy and not from the statis-
tics of a partially filled position, as found in CsgSny,[1, with
a displacement of 0.0593 A for Cs.

According to DTA experiments, the phase transition
occurs well below the melting temperature and involves
an enthalpy change of about AH, = -0.38Jg!
(=2.390 kJmol™") and is thus lower in energy than the first-
order transition a-Sn— B-Sn at 13.2°C (AH, = -17.6 Jg!
or —2.089 kJmol).?3 Perfect preservation of the single
crystal during the phase transition suggests a second-order
transition. However, the enthalpy change at a distinct tran-
sition temperature shows that first-order contributions must
also be considered.

We rationalize the different thermodynamic stability of
the two modifications by studying the possible configura-
tions of the hexagons in [5'26%]. In a-CsgSna[1,, each hexa-
gon may either be defect-free or possess one defect. In the
latter case the neighboring atomic positions are shifted
towards the vacancy (Figure 4). In B-CsgSnyyl],, in addition
to the two configurations in Figure 4 with virtually identical
structures, a third configuration with two vacancies per
hexagon in the para positions may also occur (Figure 5).
Consequently, the bonds between the remaining four atoms
are even more elongated, i.e. 3.26(1) A, which is about 0.3 A
longer than typical distances between three-bonded Sn
atoms [see for example the tetrahedral Snys clusters in
Cs,4Sny in which Sn—Sn = 2.939(2) A].124

This next-nearest neighbor interaction of two vacancies
significantly affects the stability of the system. Local density
approximation studies on the hypothetical Cs@Sn,,[1, with
isolated 24-atom cages show that the situation with the va-
cancies on two different six-membered rings is favored over
that in which both vacancies are on the same ring.l'* These
theoretical results reflect the trend obtained here experi-
mentally, i.e. vacancy ordering is favored at room tempera-
ture. Despite the low enthalpy, no equilibrium is observed
between the two modifications, as is also indicated by the
first-order contribution to the phase transformation. On the
other hand, B-CsgSnyy[], possesses higher symmetry than
0-CsgSnyyl1,. For this reason and despite the thermo-
dynamic instability, the disordered modification is favored
at elevated temperatures by means of an entropy-driven
phase transition.

The mechanism of this low-energy enantiotropic solid-
state transformation can be rationalized as a continuous
path rather than a nucleation-and-growth process that be-
gins at the imperfections of the crystal.”’! Two ways of
achieving the migration of certain Sn atoms are proposed

Eur. J. Inorg. Chem. 2007, 4162-4167
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Figure 4. Perpendicular view of a hexagon in a-§s88n44D2: a) no
defects, b) one defect. All distances are given in A.

a)
2874(3) /2_374(3}
2.757(5) 2.757(5)
2.874(3) 2.874(3)

Figure 5. Perpendicular view of a hexagon in B-CsgSnyy[J,: a) no
defects, b) one defect, ¢) two defects. All distances are given in A.
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Figure 6. Two possible mechanisms of atom migration for the Pm3n to Ia3d phase transition. Fully and partially occupied Sn positions
are drawn in white and grey, respectively, with thermal ellipsoids at the 80% probability level and without split positions for atoms

adjacent to the vacancies.

(Figure 6): (a) A three-step mechanism including migration
via two split positions within a six-membered ring is indi-
cated as solid arrows. Migration occurs along spiro-con-
nected six-membered rings (scsr) only. Because of the cubic
symmetry, the spiro motive shown in Figure 6 appears in
chains along all three directions and allows the rearrange-
ment of the atoms in the three-dimensional framework. (b)
A four-step mechanism with migration through two split
and one non-split atomic positions, the latter being part of
five-membered rings only, is indicated as dashed arrows.
Large displacement vectors of the involved atoms favor the
scsr mechanism.

Conclusions

The present study establishes the temperature-dependent
phase transition of CsgSnyy and sheds light on the contro-
versial discussion of the properties of clathrate-I stannides.
Still a question remains: could a fully ordered structure
with the composition of an electron-precise Zintl phase
AgSnyyld, exist? The full ordering could occur in an en-
larged 6 X 6 X 6 unit cell with space group Ia3d or alterna-
tively in a 3 X 3 X 3 unit cell with Pm3n symmetry.>*) Never-
theless, no such superlattices were found by single-crystal
analysis above —130 °C.

Experimental Section

Synthesis: The CsgSnyy[J, clathrate was prepared from the pure
elements, which were handled in an Ar-filled glove box (O, and
H,O levels <0.1 ppm). Stoichiometric amounts of Cs (ampoule,
>98%, Riedel de Haén) and Sn (granules, 99.999%, Chempur)
were weighted into Nb ampoules and sealed under reduced Ar
pressure. The crucibles were subsequently closed in evacuated silica
tubes (pressure ca. 3X 102 mbar), heated to 750°C for 12h
(2°Cmin '), slowly cooled to 500 °C (0.1 °Cmin'), held at this
temperature for 10 d, and then air-quenched to ambient tempera-
ture. The title compound exhibits air and moisture stability and
remains unchanged upon standing for months. Variation of the re-
actions conditions, such as reaction temperature between 700 °C
and 950 °C, annealing steps, and cooling rates from 0.1 °Cmin ! to

4166
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air-quenching, did not significantly affect the composition of the
product; however, the quality of the crystals were affected and f-
Sn disappeared by increasing the annealing times.

X-ray Powder Diffraction: The air-stable and metal-like products
were identified on a STOE STADI powder diffractometer equipped
with a linear position sensitive detector, using Cu-K,, radiation (4 =
1.5406 A, 10°=20=90°, step width = 0.01°) in transmission mode.
Microcrystalline diamond was used as the internal standard. The
patterns were indexed by using the software package WinXPOW
(Stoe) and refined with the WinPLOTR program.?”

Single-Crystal X-ray Diffraction: Reflection data sets were collected
with a Stoe IPDS-IIT image plate diffractometer with graphite mo-
nochromated Mo-K, radiation (4 = 0.71073 A) and an open-flow
N, blower for the temperature range —180 °C to 100 °C (Oxford
Cryostream Cooler). The temperature at the crystal was addition-
ally checked at various heating steps by using an external thermo-
couple. Good quality single crystals were obtained by annealing
the samples at 400-500 °C for several days. One plate-like crystal
was transferred into a glass capillary (Hilgenberg, length = 80 mm,
diameter = 0.3 mm) that were in turn mounted on the dif-
fractometer. After checking the cell parameters and the space
group (a = 24.256 A, Ia3d), the crystal was subsequently heated to
100 °C. Data sets were collected at 100 °C with ¢ = 12.135 A and
the space group Pm3n and after cooling to 20 °C with a = 24.256 A
and the space group Ja3d (Table 3). For structure solutions and
refinements (direct methods, full-matrix least-squares on F2, aniso-
tropic atomic displacement parameters for all atoms, with numeri-
cal absorption corrections!?¥l), SHELXTL97 was used.*”) Note
also that the occupation factors for defects and split positions were
coupled through the PART command for disordered groups. Fur-
ther details of the crystal structure investigations can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany [Fax: (+49)7247-808-666; E-mail: crysda-
ta@fiz-karlsruhe.de] on quoting the depository numbers CSD-
417969 (o form) and 417970 (B form).

Differential Thermal Analysis: DTA was carried out on an annealed
sample (m = 370 mg) sealed in an Nb-crucible under an argon,
protective atmosphere in the temperature range 25-1000 °C. The
diagrams were obtained in two cycles using heating and cooling
rates from 0.1 to 5°Cmin!. The calibration was carried out by
using known latent heats for the melting points of naphthalene (77,
= 80.3°C, AH,, = -147Jg"), In (T, = 156.6°C, AH, =
-28.6Jgh), B-Sn (T, = 231.9°C, AH,, = -60.5Jg"), and Al (T},
=660.3°C, AH,, = 397 Jg ') at a rate of +2 Kmin'. The latent

Eur. J. Inorg. Chem. 2007, 4162-4167
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Table 3. Crystal and structure refinement data for f-CsgSngy[], (high temperature form) and a-CsgSngy[, (low temperature form).

Chemical formula
Space group (No.)

B'C§85n44.12(3)
Pm3n (223)

Formula weight 6299.88
Temperature, 7 [°C] 100

Radiation, 4 [A] Mo-K,, 0.71073
zZ 1

Pealcd. [g Cm73] 5.840

A[A] 12.135(1)
VA3 1787.1(4)
Absorption coeff., 4 [mm] 19.06

F (000) 2640

6 range for data collection [°] 4.11-25.24

Index ranges
Reflections collected 27209
Independent reflections 317 (Rjn = 0.108)
Parameters 23
Goodness-of-fit on F2 0.815M1

Final R indices [/>20()]
R indices (all data)

Largest diff. peak and hole [e A 0.678 and —1.308

0=h=8,0=k=10,2==14

R; =0.020, wR, = 0.042
R; =0.035, wR, = 0.043

0-CsgSnag 0201 >[a]

la3d (230)

6287.53

20

Mo-K,, 0.71073

8

5.851

24.256(3)

14272(3)

19.10

21120

2.06-25.25
0=h=16,0=k=20,2=1=29
85339

1083 (R;,c = 0.085)

53

1.065!¢

R, = 0.035, wR, = 0.054
R, = 0.054, wR, = 0.058
0.775 and —1.185

[a] Data collection after heating the single crystal to 100 °C. [b] Final weighting scheme = 1/[c*(F,?) + (0.0232P)?] where P = (F,> +
2F2)/3. [c] Final weighting scheme = 1/[c*(F,?) + (0.0244P)%] where P = (F,> + 2F.2)/3.

heat for the phase transition of CsgSnyy at 90 °C was determined
by linear interpolation of the DTA data of the melting point of
naphthalene and of indium.

EDX Analyses: These were performed with a JEOL 5900LV Scan-
ning Electron Microscope.

Supporting Information (see footnote on the first page of this arti-
cle): Selected image plate frames and Rietveld refinements are avail-
able.
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