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The mercury-substituted type-I clathrates AgHg,Sns,,with A
=K, Rb or Cs, were obtained by fusion of the pure elements
at high temperatures. The crystal structures of the com-
pounds were refined from single-crystal X-ray diffraction
data. They crystallize in the space group Pm3n (No. 223), Z
=1 with a = 12.1255(4) A for KgHg,Sn4, (1), a = 12.1838(4) A
for RbgHg,Sn,, (2) and a = 12.2130(4) A for CsgHg,Sny, (3).
The 3D framework of four-bonded atoms defines two types
of polyhedral cages of different size that are fully occupied
by the alkali-metal atoms. All three compounds are consid-

ered as formally charge-balanced Zintl phases without any
homogeneity range. Differential thermal analysis (DTA) indi-
cates that the stability of the clathrates significantly depends
on the size of the encaged cations. The thermal stability of
the title compounds and the binary phases AgSny, (A = K,
Rb, Cs) is discussed. Temperature-dependent magnetic mea-
surements for compound 3 show also the expected diamag-
netic behaviour.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Group-14 clathrates are a distinctive class of high-sym-
metry inclusion compounds that appear promising for ap-
plications such as thermoelectric materials.['l Their theoreti-
cal potential for high thermoelectric efficiency!? originates
from the PGEC (phonon-glass and electron-crystal) con-
cept,l according to which a compound can exhibit low lat-
tice thermal conductivity (7c;) due to the rattling of the en-
caged metal cations in the rigid four-bonded framework as
well as high electrical conductivity due to the delocalised
excess electrons in the conduction band. Over the last dec-
ade, many reports on the physical properties of clathrates
came to forefront, and in contrast to the binary clathrates,
some of their ternary analogues, for example,
SrgGa,Ges™ and BagGa;4Gesp,”) can reach relatively
high figures of merit (Z7) under ambient conditions. It is
now well established that even subtle alternations in the
structure or composition of the framework may signifi-
cantly affect the phonon scattering and ultimately the xy of
the compounds.[*-6]

These findings raised interest in the search for reliable
ways to synthesise new doped clathrates in high purity and
to study their physical properties. In this paper, we report
the synthesis, crystal structures, thermal analysis and mag-
netic properties of the type-1 clathrates KgHg,Sny, (1),
RbgHgsSny, (2) and CsgHgySny, (3), which are substituted
by the heavy transition metal Hg.

[a] Technische Universitdt Miinchen, Department Chemie
LichtenbergstraBBe 4, 85747 Garching, Germany
Fax: +49-8928913186
E-mail: Thomas.Faessler@lrz.tum.de
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Results and Discussion

The title compounds were obtained in high crystallinity
and almost as pure phases by high-temperature reactions of
stoichiometric mixtures of the elements in niobium am-
poules. Some small amounts of the Hg;Sny alloy!”! were
also detected by X-ray powder diffraction. Compounds 1
to 3 adopt the clathrate-I structure (Figure 1) with a primi-
tive cubic cell (space group Pm3n, Z = 1), and the frame-
work of the Sn atoms is partially substituted by Hg atoms
and with alkali metals as guest atoms. The crystallographic
sites of the tetrahedrally bonded framework atoms are 6c,
16i and 24k, and those of the (endohedral) guest atoms are
2a and 6d (Table 1). The Hg atoms have a strict preference
for the 6¢ site, which is mixed occupied with Snl. The total
occupancy of these sites is constrained during the structure
refinement cycles to unity.

The arrangement of the 46 clathrand atoms in the unit
cell defines two types of polyhedra with different sizes: a
20-atom pentagonal dodecahedron [5'?], and a 24-atom tet-
rakaidecahedron [5'262] (the symbol [5'26%] denotes a poly-
hedron with 12 pentagonal and 2 hexagonal faces). There
are eight cages per formula unit, two small and six large
ones, which are occupied by alkali-metal atoms. The tetra-
kaidecahedra share common hexagonal faces and form
nonintersecting “channels” parallel to the three cell axes.
The 6¢ sites of such hexagonal faces are distributed along
a 4, screw axis that runs through the centres of the hexago-
nal faces and the centres of the polyhedra. As a result, the
structure contains no Hg-Hg framework contacts. Possible
superstructure reflections indicating lowering of the sym-
metry due to the ordering of Hg in substituted positions
(site 6¢) were observed neither in powder nor in single-crys-
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Figure 1. Partial view of the clathrate crystal structures with atom
labelling. The alkali-metal, mixed Hg/Sn and Sn positions are
drawn as filled grey, filled light grey and white ellipsoids, respec-
tively. All thermal ellipsoids are presented at 90% probability: (a)
KgHg4Sny,, (b) RbgHgySny, and (c) CsgHgySny,. The extent of rat-
tling for the encaged alkali metals in the tetrakaidecahedra follows
the order K > Rb > Cs.

tal diffraction patterns, even when measured at —140 °C.
Note that a corresponding superstructure was recently re-
ported for the binary phases RbgSnyy[d, and CsgSngyll,
with partially ordered vacancies ((J) at 20 °C (space group
Ia3d). At higher temperatures, a higher degree of disorder
(space group Pm3n) by means of an enantiotropic phase
transition was observed.[®

As shown in Table 2, the Sn—Sn bond lengths range from
2.8201(5) to 2.8514(7) A, from 2.8240(5) to 2.8695(7) A,
and from 2.8198(5) to 2.8850(9) A in 1, 2, and 3, respec-
tively. The longest distance in all cases is found for the Sn3—
Sn3 contact (site 24k). Similar Sn—Sn distances were also

Table 2. Interatomic distances for 1, 2 and 3.
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Table 1. Atomic coordinates and equivalent isotropic displacement
parameters for 1, 2 and 3.

Atom Site x y z  sof U, 1A2
KgHgsSny, (1)

K1 2a 0 0 0 1 0.027(2)
K2 6d 1/4 12 0 1 0.118(4)
Hg/Snl 6¢ 12 1/4 0 0.667/0.333 0.0200(3)
Sn2 16/ 0.18286(3) x x 1 0.0123(3)
Sn3 24k 0.31161(4) 0.11758(4) 0 1 0.0136(3)
RbsHg,Sny, (2)

Rbl 2a 0 0 0 1 0.0222(7)
Rb2 6d 1/4 12 0 1 0.0730(9)
Hg/Snl 6¢c 112 1/4 0 0.667/0.333 0.0215(3)
Sn2 16/ 0.18309(3) x x 1 0.0148(2)
Sn3 24k 0.31132(4) 0.11777(4) 0 1 0.0154(2)
CsgHgsSnys (3)

Csl 2a 0 0 0 1 0.0173(4)
Cs2 6d 1/4 172 0 1 0.0463(4)
Hg/Snl 6¢c 172 1/4 0 0.667/0.333 0.0227(3)
Sn2 16 0.18335(3) x x 1 0.0147(2)
Sn3 24k 0.31108(5) 0.11811(5) 0 1 0.0155(2)

[a] Ueq is defined as one third of the trace of the orthogonalized
UY tensor.

observed in CsgZn,Snu, [2.810(4)-2.880(4) A1) In the title
compounds, the shortest bond length is observed for Hg/
Sn1-Sn3 with 2.7922(3), 2.8072(6), and 2.8139(4) A for A
= K, Rb and Cs, respectively. As a result of the larger
atomic size of Hg, a distance increase with respect to homo-
atomic Sn—Sn contacts is expected. In fact, these distances
are found here to be even shorter than the sum of the cova-
lent radii of Sn and Hg (1.40 + 1.50 = 2.90 A). However,
shorter Hg—Sn contacts with respect to normal Sn—Sn con-
tacts are also observed in other intermetallic systems such
as BaHgSn!'"! [d(Hg-Sn) = 2.8068 and 2.8072(3) A] and
also in the molecule {MeSi[SiMe,N(p-Tol)]sSn},M with M
= Zn, Cd, and Hg. In the latter case, the M-Sn bond
lengths are crystallographically determined as 2.5782(4),
2.6758(1), and 2.6495(2) A for Zn, Cd, and Hg, respectively,
and the very slight decrease from Cd to Hg is attributed to
the relativistic contraction of the 6s valence shell.['!]

More generally, it is expected that the Sn—Sn distances in
the framework will increase with the increasing size of the
guest metal atoms. All bond lengths but one follow this

KgHgySny, (1) RbgHg,Sny, (2)

CsgHg,Sny, (3)

Atomic pairs d/A Atomic pairs d/A Atomic pairs d/A

Hg/Snl -Sn3 2.7922(3) 4 X Hg/Snl -Sn3 2.8072(6) 4 X Hg/Snl -Sn3 2.8139(4) 4 X

Sn2 -Sn2 2.8201(5) Sn2 -Sn2 2.8240(5) Sn2 -Sn2 2.8198(5)
-Sn3 2.8249(6) 3 X —-Sn3 2.8373(5) 3% -Sn3 2.8430(7) 3%

Sn3 -Sn3 2.8514(7) Sn3 —-Sn3 2.8695(7) Sn3 -Sn3 2.8850(9)

K1 -Sn2 3.8404(4) 8 X Rb1 —-Sn2 3.8637(4) 8 X Csl -Sn2 3.8785(4) 8 X
-Sn3 4.0385(5) 12 % —Sn3 4.0554(6) 12 % -Sn3 4.0638(6) 12 X

K2 -Sn3 4.0546(4) 8 X Rb2 -Sn3 4.0769(5) 8 X Cs2 -Sn3 4.0898(5) 8 X
~Hg/Snl 4.2870(1) 4 X ~Hg/Snl 4.3076(1) 4 X ~Hg/Snl 4.3179(1) 4 X
-Sn2 4.5130(4) 8 X -Sn2 4.5331(4) 8 X -Sn2 4.5423(4) 8 X
-Sn3 4.6968(2) 4 X -Sn3 4.7166(2) 4 X -Sn3 4.7233(2) 4 X
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trend; the Sn2-Sn2 length slightly decreases from
2.8240(5) A in 2 to 2.8198(5) A in 3. In all cases, the alkali-
metal atoms in the cages are quite distant from the frame-
work atoms and the interaction distances increase with in-
creasing atomic size of the alkali metal. Furthermore, the
atomic displacement parameters for the guest alkali metals
show almost isotropic behaviour for Al (2a Wyckoft site)
in the smaller cavity and anisotropic characteristics for A2
(6d Wyckoff site) with U;; roughly half the value of U,, =
Uiz (Table 3). The ratio U,»(A2)/U,(Al) is roughly 5 for
the case A = K phase, close to 4 for A = Rb and approxi-
mately 3 for A = Cs.

Table 3. Anisotropic displacement parameters for 1, 2 and 3.

Atom U11 Uzz U33 U|2 U13 U23
KgHgsSny, (1)

Kl 0.027) Uy Uy, _ _
K2 0.063(5)  0.145(6)  Us - - -
Hg/Snl  0.0158(3)  0.0285(5) Ui, - - -
Sn2 0.01233) Uy, U, ~0.0009(1) Uy, Up
Sn3 0.01584)  0.01203) 0.0131(3) 0.00112) - -
RbgHg,Sny, (2)

Rbl 0.0222(7) Uy, Un - - -
Rb2 0.040(1) 0.089(1) U,y - - -
Hg/Snl 0.0198(4)  0.0298(5) Uy, - -
Sn2 0.01482) Uy, U, 20.0009(1) U, Up
Sn3 0.01703)  0.0143(3) 0.0150(3) 0.0006(2) - -
CsgHg,Snys (3)

Csl 00173(4) U]] U“ - - —
Cs2 0.0281(8)  0.0554(6) Us» . -
Hg/Snl  0.0198(3)  0.0285(5 Uy, - -
Sn2 0.0147Q2) Uy, Uy, ~0.0009(1) U, Up
Sn3 0.0168(3)  0.01523) 0.0146(3) 0.00072) —  —

Interestingly, the size of the cation does not only drasti-
cally affect the rattling effects but also correlates with the
thermal stability of the clathrates. According to differential
thermal analysis (DTA) each compound shows upon heat-
ing one major endothermic transition with large thermal
hysteresis, which is assigned to incongruent melting. In or-
der to compare the thermal stabilities of the binary'?l and
Hg-substituted clathrates, we also synthesized the binary
compounds AgSnyy[J, for A = K, RbB and Cs.[®! For
both series, melting points increase with increasing atomic
number of the alkali metals, and in all cases, the Hg-substi-
tuted clathrates appear to be thermally more stable than the
corresponding defect clathrates (Table 4). Finally, the DTA
diagrams of the Hg-substituted clathrates show a weak re-
versible transition at about 195 °C, which confirms the exis-
tence of a Hg,Sn;,_, phasel’3! (x = 1); B-Sn, which melts at
232 °C, was not observed.

The X-ray powder diagrams of the reaction products
confirm that compounds 1-3 contain small amounts of the
binary phase Hg;Sny as an impurity. Rietveld analysis of 3
shows a content of Hg;Sng admixture [space group P6/
mmm, a = 3.20863(8) A and ¢ = 2.98648(8) A] of 5.2(1)%
(Figure 2). A SQUID measurement was carried out for 3
showing temperature-independent diamagnetic behavior (y
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Table 4. Onsets of the melting for the AgSngy[l, and AgHgsSny,
clathrate compounds.

Compound Temperature / °C
Kgsn44D2 395
KgHg4Sn42 446
Rngn44|:’2 511
RbgHg4Sn42 548
CSgSn44D2 577
CSgHg4Sn42 627

= 5.5 10* emumol™), as expected for an electron-precise
Zintl phase. The increase in the magnetic susceptibility at
very low temperatures is assigned to paramagnetic Hg;Sno.
Most probably, this is also the cause of the superconducting
magnetic transition at about 4 K (7. = 3.7 K for B-Sn and
T. = 4.1 K for Hg), when the magnetization was measured
at low field (0.01 Tesla).

Intensity

ot

LR L RN N 10 TR R H_“
| | [ [

L L 1 1

10 18 26 34 42 50 58 66 74 82 90
20range / °

Figure 2. X-ray powder diagram (O) and theoretical pattern (solid
line) for the CsgHgySny, sample. The top and bottom rows of verti-
cal lines represent the Bragg reflections of CsgHg,Sny, and Hg;Sno,
respectively. Also shown below is the difference between the ob-
served and the theoretical pattern.

Once again, the question regarding the exact composi-
tion of the clathrates arises. Initially, the occupation factors
for the Hg/Sn1 positions were set free in the single-crystal
refinements. This led to the corresponding values 0.66/
0.34(1), 0.607/0.393(9), and 0.61/0.39(1) for 1, 2 and 3,
respectively, which resulted in the compositions KsHgs 94¢6)-
Snuz.066» RbsHE3 64650423606, and CsgHgs 67(6)SN42.33¢6)-
Thus, within standard deviation (3¢ range) the same com-
position results, and by considering correlation effects be-
tween ADPs and the site occupation parameters even larger
standard deviations must be assumed. Our EDX analyses
confirm the presence of A, Sn and Hg in the expected ratio;
however, the accuracy is lower than the crystallographically
determined one. Several X-ray data refinements of different
crystals of the same compound obtained from other stoi-
chiometries used for the syntheses (A/Hg/Sn = 8:6:40) al-
ways resulted in the same composition of the main product
with deviations in the occupancy parameters of less than
0.03(3).

As a result of the diamagnetic behaviour of 3 and the
absence of a phase width, the Hg/Sn1 ratio was constrained
to 0.667:0.333 or the composition AgHg,Sny,. A neutral
framework of 46 tin atoms per unit cell with exclusive cova-
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lently four-bonded Sn atoms requires 46 X4 = 184 valence
electrons. In AgHg,Sny,, 42 Sn atoms provide 168 electrons
and 4 Hg atoms 4 X 2 = § electrons. By applying the Zintl—
Klemm concept, an additional 8 electrons are contributed
to framework bonding by the 8 alkali-metal atoms, which
overall results in 184 valence electrons. Therefore, the title
compounds are electron-precise Zintl phases. In contrast,
our current results on isostructural A-Hg-Ge clathrates
show significantly lower Hg content and metallic charac-
ter.l'4]

Conclusions

In these first examples of Hg-substituted clathrates, mer-
cury follows the trends of its lighter homologues, namely,
M = Zn, Cd in CsgM4Sny,.[>!3) Despite the rather unusual
tetrahedral coordination, it forms stable bonds with the Sn
atoms, as indicated by comparing the thermal stability of
AgSnyyd, and AgHgySny,, where A = K, Rb or Cs. The
encapsulation of larger alkali metals avoids strong rattling
in the cavities and enhances the overall stability. This ra-
tionalises the fact that no type-I Sn clathrates with encaged
small cations such as Na*, Cu* and Ag" have been synthe-
sized so far. Finally, the title compounds are the heaviest
members of the rapidly increasing family of semiconducting
clathrates doped with group 11-13 elements.['®) Therefore,
they also appear particularly interesting for minimizing the
lattice thermal conductivity.

Experimental Section

Synthesis: The starting materials used for the synthesis were stored
in an Ar-filled glove box: K (Merck, 99%), Rb (Riedel de Haén,
99.9%), Cs (Riedel de Haén, 98%+), Hg (Aldrich, 99.99%+) and
Sn (Chempur, granules, 99.999%). Stoichiometric mixtures of the
reagents (1.0-1.5 g) were loaded in niobium ampoules. The am-
poules were then sealed by welding and enclosed in quartz tubes.
The samples were heated at a rate of 2 °Cmin ! to 650 °C and held
at the temperature for 24 h, annealed at 400 °C (for 1) or 450 °C

European Journal
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(for 2 and 3) for 10 d and subsequently cooled down to room tem-
perature at a rate of -3 °Cmin~!. Air-stable, metal-like crystals of
the corresponding clathrates were extracted from the reaction mix-
tures.

X-ray Powder Diffraction: The phase analysis of the products was
carried out by X-ray powder diffraction with a STOE STADI P2
diffractometer [Ge(111) monochromator for Cu-K, radiation: 4 =
1.54056 A] equipped with a linear position sensitive detector (20
ca. 40°). The crystals were finely ground in an agate mortar to a
homogeneous powder and were measured in transmission mode.
The patterns were refined with the Rietveld method.['”]

Single-Crystal X-ray Diffraction: Good-quality single crystals of
compounds 1, 2 and 3 were mounted on an Oxford Xcalibur3 dif-
fractometer for full data collection at room temperature (CCD de-
tector, graphite monochromator for Mo-K, radiation: 1 =
0.71073 A). Three series of 138 frames were recorded with exposure
times of 30 s and a crystal-detector distance of 50 mm. The reflec-
tions were collected over the range 260,,,. = 50.5° and corrected for
absorption (multi scan) by using the program CrysAlis RED (Ox-
ford Diffraction Ltd). Systematic absence conditions were consis-
tent with the space group Pm3n (Nr. 223). The data were processed
by using the SHELXTL package.['8! The structures were success-
fully solved by direct methods and yielded satisfactory residuals.
Relevant crystallographic and refinement data are listed in Table 5.
Further details of the crystal-structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository num-
bers CSD-417501 (for 1), -418008 (for 2) and -418007 (for 3).

Thermal Analysis: The thermal stability of the products was investi-
gated by differential thermal analysis (NETZSCH 404C). The sam-
ples (about 300 mg each) were loaded and weld shut in Nb cruci-
bles and then heated under a continuous argon flow from room
temperature at the rate of 5°Cmin ! to 1000 °C and cooled down
at the same rate. Two successive loops were run for each sample.

Magnetic Measurements: The measurements for 3 were performed
with a SQUID magnetometer (Quantum Design MPMS XL-5).
The polycrystalline sample (34.4 mg) was first zero-field cooled to
2 K and checked for superconductivity at a field of 0.01 Tesla. The
temperature-independent susceptibility of —5.5 10# emumol ! was
obtained by measuring the powdered sample in the temperature
range 2-400 K at a field of 2 Tesla. Small contributions to the

Table 5. Crystallographic data and refinement parameters for Hg-substituted clathrates 1, 2 and 3.

Empirical formula KgHg4Sny,
Formula weight 6100.14
Space group Pm3n

zZ 1

Unit cell parameter, a /A 12.1255(4)
Unit cell volume, ¥ /A3 1782.8(1)
Pealed. /gem™3 5.682
Absorption coeff., z /mm! 23.436

F (000) 2572

0 range /° 3.36-25.39
No. of integrated reflections 10422

No. of independent reflections 323 (Rjy = 0.064)

No. of parameters 16

Goodness-of-fit on F? 1.337

Final R indices! R, =0.019, wR, = 0.051
Final R indices (all data) R; = 0.020, wR, = 0.051
Residual map /e A3 0.76/-0.83

RbgHg,Sny, CsgHg,Sny,
6471.10 6850.62
Pm3n Pm3n

1 1
12.1838(4) 12.2130(4)
1808.6(1) 1821.7(1)
5.941 6.245
27.989 26.419
2716 2860
3.34-25.26 3.34-25.19
10588 10592

323 (Ryy = 0.032) 323 (Riy = 0.031)
16 16

1.178 1.339

R, = 0.017, wR, = 0.043 R, = 0.017, wR, = 0.038
R, = 0.018, wR, = 0.044 R, = 0.018, wR, = 0.039

0.63/-1.32 0.64/-0.94

[a] Final weighting scheme = 1/[¢*(F,>)+(0.0217P)> + 12.63P] for 1,

+ 19.04P] for 3, where P = (F,> + 2F.)/3.
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susceptibility from the Hg,Sny . (x = 1) impurity were extrapo-
lated from comparable amounts of f-Sn and found to be negligible.

EDX Analyses: These were carried out for single crystals with a
JEOL 5900LV scanning electron microscope system operating at
20 kV and equipped with a LINK AN 10000 detector system.
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