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Abstract: A new representative of a
very  rare clathrate III ~ family,
Sij3P4Te,;, has been synthesized from
the elements. It crystallizes in the tet-
ragonal space group P4,/mnm (no. 136)
with the unit cell parameters a=
19.2632(3) A, ¢=10.0706(2) A. Single

large polyhedra Te@(Si/P), never ob-
served before for cationic clathrates.
Despite the structural complexity, the
composition of the novel clathrate Is in
accordance with the Zintl rule, which
was confirmed by a combination of op-
tical metallography, scanning electron
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microscopy (SEM) and wavelength dis-
persive X-ray spectroscopy (WDXS),
as well as by diamagnetic and semicon-
ducting behavior of the synthesized
phase. Clathrate Sij; P, Te, exhibits
the highest reported thermal stability
for this class of materials, it decompos-

crystal X-ray diffraction and solid state
3'P NMR revealed a non-random distri-
bution of phosphorus atoms over the
framework positions. The crystal struc-
ture features a peculiar packing of

Introduction

The term “clathrate” refers to compounds comprising host
frameworks that embrace guest species in polyhedral
cages.!! The members of this class cover a wide range of
chemically different phases, as the four-coordinate species
that form the networks may be oxygen of the water mole-
cules, silicon of the building unit SiO,,, neutral atoms, or
charged ions."? Large cages with sizes up to 10 A are capa-
ble of accommodating guest atoms. Owing to non-directed
interactions between host and guest, clathrates may be re-
garded as supramolecular compounds."” The recent impet-
uous interest in tetrel-type clathrates in which the host
framework is based on Si, Ge, or Sn atoms is motivated in
particular by the search for a new generation of efficient
thermoelectric materials.”!

Clathrates—gas and liquid hydrates—crystallize in seven
structure types notated as I-VIL!'¥ Tetrels form clathrate
crystal structures of the types I and II plus the variants VIII
and IX not known for aqueous phases.”>* The chiral clathra-
te IX (structure type BagIn,Ge,*") is sometimes incorrectly
referred to as clathrate III, although the latter is originally
the tetragonal structure motif of a bromine hydrate
[(Br2)210] (H20),7,.1)

Clathrates can be classified by the charge distribution be-
tween the framework and guest. In anionic clathrates, cat-
ions of alkali- or alkaline-earth metals, or europium balance
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es at 1510 K. This opens new perspec-
tives for the creation of clathrate-based
materials for high-temperature applica-
tions.

clathrates -

the negatively charged framework.® The tin-based com-
pound AsNa 33,10)Sn17_ (A=Cs or Cs/Rb), featuring a
pronounced disorder with vacancies at tin sites and a
random distribution of sodium atoms within the framework,
represents the sole anionic clathrate IIl-like network con-
taining tetrels.’!

In the sparse group of so-called inverse or cationic cla-
thrates,'™? the negative charges of halogen or tellurium
guest anions are compensated by positive charges of the
framework based on Si, Ge, or Sn accompanied by pnico-
gen, tellurium, or even iodine. GeyPgly”! was synthesized by
von Schnering and Menke and was the first example of a
cationic clathrate. Since then a number of germanium- and
tin-based cationic clathrates have been prepared,? however,
only a few silicon-based cationic clathrates are known so
far; SiyPelss® Siy P, Te, SiggTey,, " and Siyslys." The
latter two require high pressure for synthesis, whereas phos-
phorus-containing clathrates can be prepared at ambient
pressure. All hitherto known cationic clathrates belong to
the clathrate I type.”) Here, we present the first cationic cla-
thrate III Si;3 P, Te,;, which has high thermal stability and a
peculiar crystal structure.

Results and Discussion

Synthesis, X-ray powder data and chemical composition: In-
itially, Si;;, ,P,Te, was obtained as a by-product in Si-rich
samples during the investigation of a homogeneity range of
the clathrate I Siy P, Te,”! A single crystal of the clathra-
te III phase was separated from a sample containing both
phases, clathrate I and clathrate III. The crystal structure of
the clathrate III was determined from X-ray single crystal
diffraction data. Subsequently, the clathrate III was synthe-
sized with a composition Sij;,P,Te,; in 100 % yield by using
optimized preparation conditions. X-ray powder diffraction
revealed no evidence for impurity phases in the synthesized
sample. Thorough metallographic, scanning electron micro-
scopy (SEM) and wavelength dispersive X-ray spectroscopy
(WDXS) investigations confirmed that the synthesized
sample of clathrate III is a single phase (Figure 1) with the
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Figure 1. Single-phase microstructure of Si,;,P,,Te,;; a) bright-field image,
b) back scattering electron image. Dark areas correspond to holes in the
sample.

composition  Siy300)Paoa)T€2100) normalized to the 172
framework Si and P atoms. Additionally, the composition
was corroborated by density measurements: Ocy=
3.352(9) gecm ™ that is 99 % Of Peuea=3.39(1) gem ™ calculat-
ed by using the composition determined by the WDXS anal-
ysis and the unit cell parameters taken from X-ray powder
data.

Analysis of the crystal structure showed that the clathrate
framework is vacancy-free, whereas one of the guest Te po-
sitions is only partially occupied. The investigation of the
homogeneity range of Sij;, P Te, (x=2y, 19<y<23) re-
vealed that single-phase samples of clathrate III can be ob-
tained only for 20 <y <22. In case of y=23 only clathrate I
Siy_ P, Teqsq) was formed.” Lowering y to 19 resulted in
the formation of clathrate III with a considerable admixture
of elemental silicon. More precise determination of the ho-
mogeneity range of clathrate III is a subject of further inves-
tigations.

Crystal structure determination: The crystal structure of
Si;30P,,Te,, was solved in the space group P4ymnm (no. 136)
by direct methods™™ that allowed the localization of all
atomic positions of the crystal structure. During the initial
steps of the refinement all framework atoms were treated as
Si while the guest atoms were set as Te by analogy with cla-
thrate I Si46,xPxTey.[9] The subsequent refinement showed
that atomic displacement parameters (ADPs) for the Te(1)
and Te(4) atoms were notably larger than those for the
other two Te atoms. Occupancies of these atoms were al-
lowed to vary. It turned out that the occupancy of the posi-
tion Te(4) was ~15 %, although the occupancy for Te(1) did
not deviate significantly from unity. Fixing the ADPs for the
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Te(4) atom to different values (to the same ADPs as for
other Te atoms or to a half of freely refined parameters) al-
lowed us to estimate the uncertainties in the occupancy de-
termination. Finally, the site occupancy factor (SOF) of
Te(4) was found to be 0.15(2).

At the next step, the occupancies of all framework atoms
set as Si (positions are marked by X(1) to X(17) in Table S1
in the Supporting Information) were refined simultaneously
to 100 % except for X(1) and X(2) in which they slightly ex-
ceeded unity. This allowed us to conclude that there are no
vacancies at the framework positions. Although the X-ray
data were available up to high diffraction angles (Table 1), it

Table 1. Data collection and structure refinement parameters for

SiyzPipTes -

composition
space group
M, [gmol ']
cell parameters [A]

VA7

T [K]

VA

radiation, A [A]
Peaic [gem ™

# [mm™]

6 range [°]

refl. collected
independent refl.
data/param.

Ry, wR, [I>20(1)]
goodness-of-fit on F?

SiyzoP i Tes10
P4,/mnm (no. 136)
7657.56
a=19.2573(6)
c=10.0525(7)1!
3727.9(3)

295(2)

1

Agy,, 0.56085
3411

2.926
2.36<60<27.86
52879

4867 [R;,,=0.095]
4867/137
0.045,"10.128'°
1.060

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Powder data. [b] R, =X%|F,|—|F.|/X|F,]|. [c] wR,=[EZw(F,>~F2)*Yw-
(FH"?, w=[c*(F)+(Ap)y+Bpl™"; p=(F>4+2F?)/3; A=0.1039; B=
0.2764.

was not possible to refine mixed Si/P occupancies at individ-
ual sites. The assignment of the phosphorus atoms in the
framework was thus based on the analysis of interatomic
distances (Table S1) revealing two relatively short distances
of 226 A (X(1)-X(13) and X(2)—X(13)), which can be as-
signed to P—Si distances”™ However, the distances of
2.33 A between symmetrically equivalent X(13) sites are rel-
atively long. Therefore X(13) is considered to be an Si site.
In accordance with the occupancy refinement and the dis-
tance analysis the positions X(1) and X(2) were assigned as
fully occupied by phosphorus atoms. Based on the distance
criteria the X(3), X(4) and X(5) positions were considered
to have mixed occupation by 45% P and 55% Si.’ The
amount of P in these positions was calculated based on the
assumption that the phosphorus content in the crystal struc-
ture corresponded to twice the tellurium content (vide
infra). Distances between the other 12 framework positions
were significantly larger (>2.31 A), and all these positions
were set as fully occupied by Si. All atoms in the crystal
structure were refined using anisotropic ADPs.

Special care was taken to uncover the reason for the rela-
tively high ADPs for Te(1). Actually, it is typical for clath-
rates that a guest atom in a larger cage has higher ADPs

Chem. Eur. J. 2008, 14, 5414 —5422
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than guest atoms residing in
smaller cages. For example, in
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters [Az] for Sij;yP,Te,,. Uy is de-
fined as one third of the trace of the orthogonalized Uj; tensor.

eq

the type I clathrate Siyg P, Te,, Atom Site xla yIb zle Uq
the ratio of U, for Te atoms in  Te(1) 4f 0.40148(3) x 0 0.0245(1)
the 20-vertex and 24-vertex Te(2) 8j 0.18157(1) x 0.24658(5) 0.0136(1)
. 1.5 9] Te(3) 8i 0.13029(2) 0.46638(2) 0 0.0140(1)
cages is 1:27% One may expect 8i 0.0666(1) 0.7472(1) 0 0.0104(8)
that in the larger 26-vertex p 8 0.31454(5) X 0.3164(1) 0.0063(3)
cage, the ADPs of the guest p(2) 16k 0.00226(6) 0.13448(6) 0.1848(1) 0.0062(1)
atoms can be even larger. The E@3)" 8i 0.07116(9) 0.15537(9) 0 0.0088(3)

. . b

Fourier difference maps around E(4)[b] 16k 0.04963(6) 0.31734(6) 0.1835(1) 0.0055(2)
this position (Figure S1 in the E(5)" 16k 0.13303(6) 0.36547(6) 0.3165(1) 0.0060(2)
pos! & , Si(6) 4g 0.40659(9) 0.59341(9) 0 0.0067(4)
Supporting Information) (7 4d 0 12 1/4 0.0059(4)
showed that the electron densi-  Si(8) 4g 0.23758(9) 0.76242(9) 0 0.0069(4)
ty exhibited only one pro- Si(9) 8i 0.10554(9) 0.27051(9) 0 0.0067(3)
, : $i(10) 8i 0.29046(9) 0.55877(9) 0 0.0062(3)
nounced maximm . the 4f Si(11) 8j 0.22129(9) 0.30684(9) 0 0.0062(3)
position (0.4015; x; .0)- Reﬁne' Si(12) 8j 0.04295(6) x 0.3137(1) 0.0073(3)
ment of the respective site oc-  sj(13) 8i 0.39378(6) x 0.3842(1) 0.0066(3)
cupancy did not reveal devia- Si(14) 16k 0.20613(9) 0.64601(9) 0 0.0060(3)
tions from unity. Refinement Si(15) 16k 0.26477(6) 0.49226(6) 0.1875(1) 0.0075(2)
‘b artificially reduced and S48 16k 0.23350(6) 0.37497(6) 0.1894(1) 0.0070(2)
wi y Si(17) 16k 0.02557(6) 0.59543(6) 0.1167(1) 0.0061(2)

fixed ADPs led to a slight de-
crease of the occupancy, howev-
er, at the cost of a significant
increase in R-values and ap-
pearance of high residual peaks in the difference map
around the Te(1) position. Thus, it was concluded that this
position is fully occupied.

A model with a Te(1) split position was also refined: a tel-
lurium atom was shifted from an ideal 4f position into a po-
sition 8 with 50% occupancy (0.4015; x; —0.0112). This
model led to a similar description of the electron density
with a smaller Te(1) ADP along [001], as expected. No crys-
tal-chemical reasons for such a splitting were found, e.g.,
significant shortening of guest-framework distances; the
shortest Te(1)—Si distance exceeded 3.4 A. The next model
considered the Te(1) atom in the ideal 4f position, but with
anharmonic atomic displacement parameters." All models
converged to a composition with one tellurium atom per 26-
vertex cage. Thus, the simplest model with Te(1) occupying
the ideal 4f position and anisotropic ADPs was chosen for
further evaluation.

The final refinement using anisotropic displacement pa-
rameters for all atoms led to the composition Sij;Py,Tey o)
with Rp=0.045. The details of refinement, final atomic pa-
rameters, and selected interatomic distances are presented
in Tables 1-3, respectively.

Description of the crystal structure: The atomic arrange-
ment of Si;,,_,P,Te, corresponds to that of clathrate III and
is generally analogous to the bromine hydrate [(Br,)y[]o]-
(H,0),,,.'*> 172 four-coordinate Si and P atoms build the
host framework with the cages filled by Te atoms. Three
types of polyhedral cages can be distinguished (Figures?2
and 3). All have twelve pentagonal faces, but they differ in
the number of hexagonal faces, and therefore in size: a 20-
vertex cage [5"], a 24-vertex cage [5'%6%], and a 26-vertex
cage [5'%6°].1"] The cages occur in the ratio 10:16:4 resulting

Chem. Eur. J. 2008, 14, 5414 -5422

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] SOF=0.15(2). [b] Mixed Si/P positions (0.55/0.45) are denoted as E.

Table 3. Selected interatomic distances [A] for Si 3 P,Te,, .

Atoms Distance Atoms Distance
P(1)-Si(8) 2.328(2) E(5)-Si(16) 2.326(1)
P(1)-Si(13) 2.263(2) E(5)-Si(17) 2.319(1)
P(1)-Si(16) 2.328(1) Si(6)—Si(10) 2.334(2)
P(2)-E(3) 2.318(1) Si(6)—Si(12) 2.323(2)
P(2)-Si(12) 2.324(1) Si(7)-Si(17) 2.327(1)
P(2)-Si(13) 2.268(1) Si(8)—Si(14) 2.322(2)
P(2)-Si(15) 2.335(1) Si(9)-Si(11) 2.336(2)
EQB)-E®3) 2.293(3) Si(10)—Si(14) 2.337(2)
E(3)-Si(9) 2.314(2) Si(10)—Si(15) 2.332(1)
E(4)-E(5) 2.286(1) Si(11)-Si(11) 2.324(3)
E(4)-Si(9) 2.319(1) Si(11)-Si(16) 2.324(1)
E(4)-Si(15) 2.324(1) Si(12)-Si(12) 2.339(3)
E(4)-Si(17) 2.318(1) Si(13)-Si(13) 2.327(4)
E(5)-Si(14) 2.317(1) Si(15)-Si(16) 2.338(1)

Si(17)-Si(17) 2.327(1)

in 30 cavities per unit cell available for the guest Te atoms
(Figure 2g and Figure 3b). Cages [5'%6%] form two types of
columns along [001], single or four-condensed. The first
type of the column is formed by sharing the hexagonal
faces, similar to clathrate I (Figure 2a). In the (001) plane,
the columns are inter-connected by single Si—Si bonds (Fig-
ure 2b). Further, the large square-shaped channels are filled
by another type of 24-vertex cage column (Figure 2d) com-
posed of coupled cages joined in such a way that every
other pair is rotated by 90°, forming the column running
along [001] (Figure 2c¢). The remaining space is filled by iso-
lated pairs of large [5%6°] and small [5"] cages (Figure 2e,f)
resulting in formation of the dense packed arrangement
(Figure 2g).

Analogous to the aristotype - bromine hydrate - only the
large 24- and 26-vertex cages are fully occupied in
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a)

[001]

c)

[001]

L. [110]

Figure 2. Polyhedral packing in the clathrate III-type structure. a-d) Ar-
rangements of 24-vertex cages, e—f)coupled 26-vertex and 20-vertex
cages and g) total polyhedral representation of the structure.

[010]

Siy7_,P,Te,, while eight of the ten 20-vertex cages are parti-
ally filled (=15%) and two others are empty. A similar
trend was observed for the clathrate I phase Si46,xPxTey[9]
(Figure 3c,d) in which Te atoms fully occupy a 24-vertex
cage, and only partially fill a 20-vertex cage, which is similar
to other silicon clathrates I, K;¢01)Sisg and Rbgisp)Sis!® in
which the size of the guest atoms defines the population of
the small cage by guest atoms. Apparently, an occupation of
the smaller (Si/P),, dodecahedral [5'] cage is disadvanta-
geous for the large Te guest anions, especially in case of
high phosphorus concentrations. Furthermore, the Te atoms
in the 26-vertex cages have an ADP value two times larger
than those of the Te atoms located in the 20- and 24-vertex
cages. Typically, for clathrates, the large ADP values for the
guest atoms are generally found to be consistent with abnor-

5418 —— www.chemeurj.org
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Figure 3. Comparison of the crystal structures of cationic Si—P—Te clath-
rates: a,b) clathrate II Si,;, P, Te,, c,d) clathrate I Siy_P,Te, ™™ The 20-
vertex cages [5'] the 24-vertex cages [5'26°] and the 26-vertex cages
[5'?6°] are shown as yellow, blue and pink polyhedra, respectively. Phos-
phorus, violet; silicon, cyan; E (mixed Si/P), orange. Thermal ellipsoids
in a) and c) are shown with 90 % probability.

mally low thermal conductivity, which originate from the
scattering of phonons at rattling (vibrating) guest atoms and
are responsible for their high thermoelectric efficiency.”!

In the crystal structures of clathrate I and clathrate II1
(Figure 3), similar columns of the 24-vertex cages [5'%67] are

Chem. Eur. J. 2008, 14, 54145422
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formed by sharing the hexagonal faces. However, in case of
clathrate I, small pentagonal dodecahedra [5'] are isolated
and surrounded only by large cavities [5'%6%], whereas in cla-
thrate III, all cages are condensed (Figure 2 and 3a,b). Anal-
ysis of the Si/P distribution within the frameworks of both
clathrate I Si46,XPxTey[9] and clathrate III Siy;,_,P,Te, reveals
that phosphorus atoms mainly form small 20-vertex [5'%]
cages and tend to avoid common hexagonal faces of the
large polyhedra [5'%6?] and/or [5'%6°] (Figure 3a,c). The hex-
agonal rings are formed by the most “stressed” atoms be-
cause their bond angles deviate considerably from the regu-
lar tetrahedral values. Implementation of the small phospho-
rus atoms (7, (P) <r.,(Si)) to these rings appears to be en-
ergetically unfavorable. A similar behavior was observed for
boron in the anionic clathrate I K,B;Sis. "

The crystal structure of the earlier reported anionic cla-
thrate IIT AsNa 35, 10)Sna7 v (A=Cs, Cs/Rb) differs dis-
tinctly from Si;, P, Te,. Here, the cages are completely filled
by the A% cations, although, vacancies are formed in the
host framework and additional Na atoms stabilize the whole
structure, filling up the space of the missing Sn, pairs. The
stabilization of the clathrate III-type structure was mainly
attributed to this sodium “substitution” in the framework.!
A completely different type of stabilization is observed in
the crystal structure of Si;, P, Te, The host framework
does not contain vacancies, but some of the silicon atoms
are substituted by phosphorus atoms in order to attain
charge balance. According to the Zintl concept,!'” four-coor-
dinate silicon atoms are neutral, whereas four-coordinate
phosphorus complies with P*, analogous to GePIs.[" In
turn, the tellurium guest atoms, forming no covalent bonds
with framework, can be written as Te?~. Thus, the electron-
balanced composition of clathrate III may be written as
(Si)172_(P") (Te*"), (x=2y). Moreover, the cationic clathra-
te [IT features a homogeneity range owing to slight varia-
tions in the occupation of the 20-vertex cages by tellurium,
although the overall composition is expected to follow the
Zintl count. The increase in the Te occupation of the cages
leads to a higher P content within the framework, and to its
corresponding compression, similar to the findings for the
cationic clathrate 1.

3P NMR spectroscopy: Additional evidence for structurally
different phosphorus atoms in Si;5,_,P,Te, (x=42; y=21) is
obtained by the solid state NMR. The observed *'P NMR
signal is in the range 0 =—300-200 ppm, similar to other cat-
ionic clathrates.'® The small and mainly negative shift of
the signal indicates orbital contributions, regarding chemical
shielding as an origin of the signal shift. A typical range 6 =
—400-600 ppm is observed in non-conducting diamagnetic
compounds."®! The static *'P NMR wide-line signal shows a
featureless line shape (Figure 4, top). The width of the indi-
vidual contributions used to describe the signal is relatively
large compared to well ordered compounds such as M,Si,
with M=Na, K, Rb, Cs."”! This is an additional evidence of
the intrinsic disorder of the compound resulting in similar,
but slightly different shifted signals, as described by continu-
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E(3)+E(4)+E(5)
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Figure 4. *'P NMR signals of Si;;P,,Te,, (top) measured at ambient tem-
perature and B,=11.74 T. The static wide line spectrum (swl) and the
MAS spectrum with a rotation frequency of 35 kHz are normalized and
separated by an arbitrary offset (red lines). The individual contributions
obtained by least-squares fitting of the MAS signal and the difference of
the observed and simulated total signal are indicated in blue and green,
respectively. Spin—spin relaxation time (bottom) 7, obtained from fre-
quency dependent selective excitation experiments. The black line is a
guide to the eye.

ous distributions of shifts for fitting of the signal. Magic
angle spinning (MAS) results only in a small reduction of
the line width and two separated intensity maxima and a
shoulder at high frequencies become visible (Figure 4, top).
This indicates that the signal is composed by at least three
main contributions. Using the intensity ratio 18:16:8 taken
from the X-ray diffraction data, the line shape of the MAS
signal can be described quite satisfactorily (Figure 4, top).
More narrow contributions indicating a minor influence of
disorder are assigned to P(1) and P(2), whereas a broad
signal contribution is assigned to the sites E(3), E(4), and
E(5) with the mixed occupation of P and Si.

The model used to describe the line shape of the NMR
signal is supported by spin-spin relaxation experiments.
These are sensitive to the local environment of the nuclei
since the homonuclear dipole-dipole coupling can be re-
duced to individual signal contributions by the application
of the selective excitation. The spin—spin relaxation time 7,
increases by a factor of at least three upon the application
of selective excitation compared to non-selective excitation.
Characteristic frequency dependence (Figure 4, bottom) is
observed in the selective excitation experiments. Low values
of 7, indicate small average distances of the interacting
spins as observed at low frequency. The high values of ob-
served T, at large frequencies denote a larger average dis-
tance of the interacting nuclei. The change from low to high
values of 7, is a result of the varying intensity of the differ-
ent signal contributions. The constant high value at high fre-
quencies is in agreement with the large average distance of
the nuclei at the mixed sites, E(3), E(4), and E(5).

Physical properties: A sample with the composition
Sij3PspTe, reveals the diamagnetic behavior (y,=-—2.4x

www.chemeurj.org — 5419
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10~* emumol )" and exhibits the activated behavior of the
conductivity of a semiconductor with a room temperature
value of 5x107* Q-m (Figure 5) confirming that the phos-
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Figure 5. Temperature dependence of the a) electrical resistivity and
b) the magnetic susceptibility for Sij;P,Te, (7T, —; 3.5 T, —).

phorus content corresponds essentially to twice the Te con-
tent. We consider these experimental findings as a sufficient
evidence to assign Si;;,_,P,Te, (x=2y) to the group of Zintl
phases fulfilling the 8—N rule.

Thermal behavior: Si,;,P,,Te,, decomposes in vacuum incon-
gruently at the unusually high temperature of 1510 K form-
ing clathrate I and silicon (Figure 6) according to Equa-
tion (1). The Te content of the resulting clathrate I was de-
termined by Rietveld refinement of the X-ray powder dif-
fraction data.'” Because the refinement did not enable us to
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Figure 6. Thermal behavior of Si;3P,,Te, in vacuum.
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distinguish P and Si, the clathrate I was specified as a Zintl
phase, namely, that the P content is equal to twice the Te
content.

Sij30PypTe, — 21.1 81+ 3.28 Siss ,PrpsTegy (1)

Moreover, Si;;,_,P,Te, is stable in air up to 1500 K, with-
out decomposition or oxidation as revealed by X-ray
powder diffraction. Its thermal stability exceeds that of
other clathrates (Figure 7, Table S2 in the Supporting Infor-

Siy. P Te
1500 -+ 172=x" x ™™
Ba Sr
1250+ .
g Ba
L)
_§ 1000 | Eu g
&~ Y : K
750 - Na gy
"Cs
500 1 1 1 1 1 L

05 00 05 10 1.5 20 25 3.0

host — Xgucsl
Figure 7. Decomposition temperatures of anionic and cationic clathrates
vs. difference between the average electronegativities?®! of the guest and

the framework atoms. AgSny, m; AgGa(Ges, ®; AgAl,Sis, A; Ag  Siy,
v; Sny,_E Asylg, 5 Si—P—Te, «. The lines are guides for the eyes only.

mation). The decomposition temperatures within chemically
related groups of clathrates increase with the absolute value
of the electronegativity difference between the framework
and the guest atoms (| Ynou—Xguest |)->" These findings confirm
the importance of the charge transfer for the stabilization of
clathrate structures.

Conclusion

The new cationic clathrate III Sij3P,,Te,; was synthesized
from the elements at 1425 K as a single phase. It features a
complex crystal structure comprising large polyhedral (Si/P)
cages trapping Te anions. Single crystal X-ray diffraction
and solid state *'P NMR revealed a non-random distribution
of phosphorus atoms over the framework positions.
Sij3PyTe,; is a diamagnetic semiconductor, and therefore a
Zintl phase. The obtained clathrate III shows the highest de-
composition temperature in vacuum among all reported
clathrates: 1510 K. Moreover, the title phase is stable
against oxidation in air up to 1500 K. A combination of Si—
P framework and Te guest atoms shows a high potential in
clathrate chemistry and may serve as a basis for the creation
of new clathrate-based materials. The Si—P framework is
quite flexible and a significant compression can be achieved
by changing the chemical composition. The high thermal
stability of the reported phase opens perspectives for high-
temperature applications of Si—P frameworks in general and
of Si—P—Te clathrates in particular.
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Experimental Section

Synthesis and characterization: The stoichiometric mixture of elemental
silicon, red phosphorus, and tellurium (the total mass ~1 g) was heat-
treated in a vacuum-sealed quartz ampoule at 1425 K for 18 days, and
then cooled quickly by removing the ampoule from the hot furnace. Cla-
thrate III appears as a shiny gray, metal-like dense sinter. According to
X-ray powder diffraction (Huber G670 Image Plate Camera, Cug,, A=
1.540598 A, LaB,, a=4.15692 A as an internal standard) the sample
Sii3002)PaoyTe100) contains single phase clathrate IIT with the refined
unit cell parameters a=19.2632(3) A, c=10.0706(2) A (least-squares fits,
WinCSD software!??).

Metallographic, SEM and WDXS investigations: Samples for metallo-
graphic investigations were prepared by grinding and polishing under
inert conditions in an argon glove box.”! Homogeneity of the microstruc-
tures and phase distribution were examined by optical microscopy (Zeiss
Axioplan2) in bright field and polarized light contrast and by material
contrast images recorded by the back-scattered electron detector at the
electron microprobe. Quantitative analysis was performed on a micro-
probe by the WDXS method (Cameca SX100). GeTe was used to cali-
brate the tellurium content. For determination of phosphorus and silicon,
the binary phase SiP, was used as a reference. The individual contribu-
tions resulted in a mass concentration residue smaller than 0.5 wt% in
the average of ten measurements and leads to the composition
Siiz002)Pa2.001)T€21.002) NOrmalized to 172 framework atoms Si4-P.

Crystal structure determination: RIGAKU Spider diffractometer with a
rotating anode and Varimax optics, Agg, radiation, 1=0.56085 A, w
scans, 26,,,,=>55.7°, 52879 measured, 4867 independent reflections. Ab-
sorption correction was performed by a multiscan procedure. Crystal
structure refinement was made against F> with the program package
SHELX-97.'% Further details of the crystal structure determination may
be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen (Fax: (+49) 7247-808-666, E-mail@fiz-karlsruhe.
de), reference number CSD-418901.

NMR spectroscopy: *'P MAS and static wide line (swl) NMR experi-
ments were done using a Bruker AVANCE spectrometer with By=
11.74 T equipped with standard Bruker MAS probes. The sample was
mounted in 4 and 2.5 mm zirconium dioxide rotors for spinning frequen-
cies below and above 15 kHz, respectively. A Hahn echo sequence was
used in all experiments with an inter pulse delay of 60 ps in swl- and
synchronized with rotor frequency in MAS experiments. t pulses of 3
and 200 ps were used in non-selective and selective excitation experi-
ments, respectively. Repetition time of 5 s was sufficient to ensure full re-
covery of the longitudinal magnetization. The signal shift is referred to
H,PO,.

Magnetization and electrical resistivity: Magnetization was measured at
various external fields between 10 mT and 7 T (1.8-400 K) in a SQUID
magnetometer (MPMS XL-7, Quantum Design) on a polycrystalline
sample (m =171 mg). The contribution of the sample holder was sub-
tracted. The magnetic susceptibility y(7,H) is weakly temperature-depen-
dent and negligibly field-dependent. The upturn of y(7) towards low T is
owed to traces of paramagnetic impurities or defects (<0.2% of S='/4
species). y, was calculated from the fit of the curve y(7) according to a
modified Curie-Weiss law, and found to be —2.4-10~* emumol .

The electrical resistivity measurements were performed on a cuboid-
shaped sintered sample (1 mmx1.05mmx0.95mm) with density of
3.287(9) gem* that is 97 % from the theoretical density. Conventional dc
four-point method, 4-320 K; inaccuracy of absolute values is estimated to
be £20% owing to the irregular shapes of the investigated samples and
resulting problems in determination of the contact geometry.

Thermal behavior: Differential scanning calorimetry (DSC) investigation
of the sample Si;3P,,Te, was performed with the Netzsch DSC 409C
equipment in a quartz glass crucible sealed under vacuum or in the open
quartz crucible (static air) in the temperature range 300-1520 K with a
heating rate of 5 Kmin~'. After cooling with the same rate, the sample
was examined by X-ray powder diffraction.

Chem. Eur. J. 2008, 14, 5414 -5422

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Density measurements: The density of Si;3;P,Te,; was determined by an-

alyzing the volume of crude powder of a single-phase sample (mass m=

0.1578(1) g) with a helium gas pycnometer (AccuPyc 1330, Micromerit-

ics). Both pycnometer and balance were situated in a glove box filled

with argon. The measured volume of V=0.0471(1) cm™ corresponds to

the density pexpﬂ:3.352(9)gcm’3 that is in agreement with the density
3

Peatea=3-39(1) gem ™,
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