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Clathrate 1l of Group 14 Exists After All
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small amount of sodium available for clathrate Ill. Thus, small
excess of sodium leads to much better yields but with traces of
other phases such as;g3n; (isostructural with CsSi;7),2 NaSn,

and CgNaySmnps.f To avoid these we also used excess of tin which
resulted in “harmless” elemental tin in the product. The clathrate
Il compounds are very brittle, dark-gray to black in appearance,
diamagnetié, and air- and moisture-stable.

The interest in clathrate frameworks made of elements of group ~ The structure of the new clathrate phases was determined from
14 has not only reemerged recently, 35 years after their discévery, three single crystals selected from reactions loaded with different
but has skyrocketed because of their theoretical potential for high compositions:! The reason was to ascertain the exact formula of
thermoelectric efficiency.Prior to this work, only two of the the clathrate and to determine whether the ratio of alkali metal
clathrate prototypes initially identified for the hydrate inclusion to tin can vary. Like the structures of clathrates | and II, the
compounds, those of types | and Il, were known for compounds structure of clathrate 11l is a three-dimensional cage-like frame-
of group 14 elements. Of these two types, until very recently, work of four bonded tin atoms (Figure 1). There are three different
only clathrate | (ideal formula ft,s where A= alkali metal, Tt~ cages in this clathrate: of 20 atoms and 12 pentagonal fa&®s (5
= Tetrel is Si, Ge, Sn) was relatively well studied, while clathrate 0f 24 atoms and 12 pentagonal and 2 hexagonal fac&8’(5
Il (ideal formula ApTtiz) was somewhat ignored because of and of 26 atoms and 12 pentagonal and 3 hexagonal fate%)(5
inability to synthesize it as a pure phase with defined composi- These cages are in a ratio of 10:16:4, respectively, or a total of
tions, and in a rational and reproducible way. This problem was 30 per unit cell, and are all condensed by face-sharing. The
overcome by realizing that the voids in clathrate Il differ available 30 large alkali-metal cations of cesium or cesium and
significantly in size from each other, and therefore two very rubidium fill all of the cages. The ideal tin framework, that is,
different alkali metal cations such as Na and Cs or Na and Rb without vacancies, is built of 172 atoms per cell distributed over
are needed to “stabilize” the structir@his approach lead to 17 crystallographic sites and has lower density than clathrates |
the rational synthesis of the pure and stoichiometric clathrate 1l and 11> The ideal formula of the compound, therefore, would be
compounds (Cs or RE)las(Si or Ge)ss® Nevertheless, in addi-  AzSniz2. However, there are certain defects in the framework,
tion to types | and I, there are other clathrate types that are known predominantly pairs of missing tin atoms, which seem to be a
for the hydrate inclusion compounds but that are only theoretically necessary condition for the formation of this clathrate structure.

considered and debated for the elements of group 14.

We have now made the first clathrate Il of an element of group
14. Synthesized and structurally characterized aggNag sa 10y
Snu72x and Css saRbis 2aNau 33-10SN172- Wherex ~ 9.6(2)
with this structure. The two new compounds of ideal formula of
AzoTti72 are isostructural with inclusion compounds of the
clathrate Il type such as [(BsdJ1(H2O)172and [(CHOCH:)d 1)
(H20)172, for example’, whered denotes a vacancy.

Initially CsgoNag 3a—10SM172-x Was identified as a byproduct
from a reaction designed to explore the stoichiometry range of
another clathrate-related compound;NG5,Srps, the structure of
which is made of layers of clathrate Il that are intercalated with
sodium cations and tin tetrahedraater, after the structure and
compositions were determined from single-crystal X-ray diffrac-
tion studies, the compound was synthesized in high yields from
more appropriate stoichiometric mixture®lonetheless, traces
of CxSnu, with the clathrate | structure were often found in the
products. This is not surprising since the ratios of Cs to Sn in the
two compounds, 1:5.50 and 1:5.43 for clathrates | and Ill, res-
pectively, are virtually identical, and the only difference is the
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Furthermore, these defects lead to a composition that corresponds
to an electronically balanced, diamagnetic compouadZintl
phase. All atoms in an ideal, defect-free framework of a clathrate
of any type are four-bonded and therefore neutral. Thus, the
electrons brought by the alkali metals are “extra” and would
populate the conduction band of the framework and make the
compounds metallic. This is observed for clathrate 1l (Rb or
CsyNae(Si or Ge)se, where the framework is without defects,
and the 24 cations bring that many extra electrons and the
compounds are metallicSome of the clathrate | compounds such
as (K or Rby(Ge or Sn)[1,, on the other hand, have two vac-
ancies per formul& Each of these vacancies generates four three-
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(10) Clathrate Il remains stable after soaking in water for 48 h (according
to the powder X-ray diffraction patterns). All single-crystal work was done
on crystals washed with water and ethanol and then mounted on fibers.

(11) X-ray diffraction data were collected with graphite-monochromated
Mo Ka radiation on three crystals from three different reactions. The structures
were solved by direct methods Rd/mnmand were refined of? using the
SHELXTL 5.1 packageCsNa»sSnez ey A full sphere of data (@max
56°) was collected on a BRUKER APEX CCD diffractometer at 153(2) K
and corrected for absorption with SADABS. The crystal (0x12.08 x 0.06
mm) was selected from a reaction loaded agXl& Smpoo. Crystal data:a =
23.5389(9) A and = 12.1031(7) AZ = 1, u = 188.43 cm?, dac = 5.782
g-cm3, R1/WR2= 5.46/9.99% for 4213 observet £ 2¢,) reflections and
151 variablesCsoNap ¢Sniso 31, An octant of a sphere of dataf@.x = 70°,
rather than the conventionaf fimit of2.x = 50°) was collected on a CAD4
single-crystal diffractometer at 293(2) K and the data were corrected for
absorption with the average of{-scans. The crystal (0.1 0.10 x 0.08
mm) was selected from a reaction loaded agX&oSnoo Crystal data:a =
23.5566(9) A anct = 12.1040(9) A,Z = 1, u = 187.8 cnmi, deae = 5.765
g-cm 3, RI/WR2= 8.24/15.34% for 6298 observed reflectiohs(20;) and
151 variablesCs;3 g1Rbis21Nae.sShie2.41y An octant of a sphere of dataf{Rax
= 50°) was collected on a CAD4 diffractometer at 293(2) K and the data
were corrected for absorption with the average gf-dcans. The crystal (0.10
x 0.10 x 0.06 mm) was selected from a reaction loaded agEd:Nage-
Snyoo Crystal data:a = 23.490(1) A andt = 12.087(1) AZ=1,u = 196.87
cm ™, deae = 5.617 gecm™3, RI/WR2 = 5.42/8.61% for 2087 observed
reflections ( = 20;) and 152 variables.
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Figure 1. The cage-like framework of clathrate Ill viewed along the
axis of the tetragonal cell (the unit cell is outlined). The cages of 20, 24,
and 26 atoms are shown in light, medium, and dark gray, respectively.
The blank hexagons are parts of 24-atom cages as well.

Figure 2. Shown is the typical defect in the structure of clathrate I,
CssoNa 33-10SM172-%, Where a single sodium ator)(replaces a missing
pair of tin atoms ). The missing pair (shown iaas bonded with broken
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openings created by the missing pairs are of very suitable sizes
for the sodium atoms (Figure 2) since the distances to the
neighboring tin atoms, 3.368.40 A, are quite typical for Na

Sn. It should be mentioned here that quite often the clathrate 111
structure of the hydrates is similarly stabilized by tetraalkylam-
monium salts such as fluorides or benzoates, where the fluorine
or the oxygen of the benzoate replaces water molecules of the
framework while the cation R* occupies the cagés.

It is relevant to discuss the rationale in forming preferably
clathrate Il rather than clathrates | and Il for these particular
compositions. The stabilization of a clathrate framework is a sub-
ject of a delicate balance between the sizes of the guest and host
atoms, where the latter defines the radius of a cage made of a
particular number of atomsGuests, that is, cations in our case,
of equal or similar sizes would favor the formation of a clathrate
structure with cages made of similar numbers of atoms. This is
the case of clathrate | which is built of 20- and 24-atom cages,
and therefore can be and is stabilized by one type cations of suit-
able size. Thus, the clathrate | framework made of silicon can be
stabilized with Na or K but not with Rb or Cs. Analogously,
clathrate | made of germanium forms only with K, while the same
clathrate structure of tin forms predominantly with Rb or Cs.
Clathrates with very different cages, on the other hand, are sta-
bilized by two or more types of cations of very different but ap-
propriate for the cages radii. Such is the case of the clathrate Il
compounds (Rb or Cglay¢(Si or Ge)ss where the available 28-
and 20-atom cages are filled with Cs and Na or Rb and Na,
respectively’ However, this structure cannot be made of tin simply
because even the largest available cations, those of cesium, are
not big enough to fit in the 28 atom cages made of the larger tin.

lines) generates six three-bonded tin atoms (open circles), and thereforeln other words, the choice and availability of “templates” control
a negative charge of 6. The sodium distances to the six neighboring tin the type of clathrate framework to be formed. Yet a way to cir-

atoms (broken open bonds [x) are normal for NaSn.

bonded nearest neighbors, and therefore, four negative charge

negative charges, and the compounds are diamagnetic an
electronically balanced.
Missing in clathrate Il are predominantly pairs of neighboring

tin atoms, all edges of the 26-atom cages. Furthermore, for every

missing pair of framework atoms a single sodium cation takes
the position that is halfway between the two vacancies (Figure

2). There are two such places in the structure. One is a pair of
equivalent atoms that are at an impossibly short distance of 2.39
A from each other if both are present at the same time. The
corresponding position refines as occupied only 25%, and since
there are four such pairs in the unit cell, it means that on average

two of them are completely missing and only one position of the

other two is occupied. Two sodium atoms are refined at the places.

of the two missing pairs. The second place of missing pairs in
the structure is a little more complicated to explain. There are
eight equivalent pairs made of a four-fold position that is occupied

cumvent the lack of large enough cations is to increase their
numbers, that is, to further reduce the system and, therefore, to

The eight alkali metal atoms per formula counterbalance these":bre.‘"’lk bonds_and create more space that can be stuffed with
OIcatlons. This is exemplified in the structure of;N8,,Sn; where

clathrate layers made by “cutting” some of the bonds of the 28-
atom cages of clathrate Il are intercalated with sodium cations
and additional Sntetrahedr&.Clathrate Ill is stabilized similarly
since for each missing pair of tin atoms broken are six bonds,
and the “recovered” space is occupied by a cation. The three dif-
ferent cages of this clathrate can potentially accommodate different
cations as well, and combinations such agd&o, KioRbisCss,
Rb0+«CS0-x and, of course, the observedsgsan be suggested.
The product of the reaction with mixed Rb and Cs (and Na), the
compound (Cg gRbis )Nap sShiez 41! clearly showed Cs and Rb
preferentially occupying the 26- and 20-atom cages, respectively,
while the medium-sized 24-atom cages were occupied by a stat-
istical mixture of Rb and Cs refined as 52 and 48%, respectively.
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separate vacancies. These considerations along with the require-
ment for electronically balanced compound from the measured
diamagnetism provide the formula of the compound ag A
Nau 3a-10SN172-%- 2 The three independent structure refinements
yielded the following formulas: GgN& sSher61) CSoNapo
Srhaz_g(l) and (CSg_gRbls_Q)Nag_gsrhszA(l) that is,x in the general
formula is nearly identical for the three compour¥sThis
suggests that clathrate 1l is a “line compound”, that is, a
compound with a very narrow stoichiometry range and, for

implici i.e., (BN; + 6Np) + (Vi — 2Np) x 44+ (Vo — Np) x 4+ (Vs — Np) x 4= 30
g'mpgcngj can be fcf)rrrr:ulated as @Nﬁebsnl.ez- Aﬁ' expected .the + N; +1Nz. Thizs can tl)e simblified into ?B{l +2N2) =4V, i V, i V3) — 30,

n—Sn distances of the atoms neighboring the vacant sites aréyng \when the sum of the vacancies is labelte number of sodium atoms
shorter than the rest of the distances of the framework. Also, the inthe formulabecomes 4(3- 10andthe overallformulais Gdlau sa-10SN172-%)-

(13) Assuming the presence of a sodium atdingndN, are the numbers
of sodium atoms at the two pairs of defects described in the text) every time
a pair of tin atoms is missingV{ is the number of vacancies of the eight
pairs of symmetry-related atoms, aviglandV; are the numbers of vacancies
of the four-fold and eight-fold atoms, respectively, that form the second set
of eight pairs described in the text) we can derive the following negative
charges due to the vacanciesN(6t 6N,) is the charge due to missing pairs,
and V1 — 2N;) x 4, (V2 — Np) x 4, and {3 — N,) x 4 are the charges due
to missing single atoms of the three types. The sum of these must equal the
number of available cations which is 30 cesium aNd-+ N,) sodium atoms,



