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Abstract: Pd,Br,Te; was prepared from
Pd, Te, and PdBr, at 700 K. Its struc-
ture was determined by single-crystal
X-ray diffraction to be triclinic, PI,
Pearson symbol aP22; a=842.5(2), b=
845.0(3), ¢=864.8(3) pm; a==82.55(3),
p=73.36(2), y=88.80(2)°; Z=2. The
Br and Te atoms are arranged accord-
ing to the motif of cubic closest-packed

units, the Pd atoms are positioned near
the centers of the square faces of the
Br¢Tes cuboctahedra; the cuboctahedra
and double-octahedral Pd,Br,Te, units
are connected to strands by sharing tri-
angular Te; faces. The strands are con-
densed by common Br atoms into lay-
ered assemblies. Conspicuously close
Te—Te contacts in the Te; triangles indi-

cate attractive Te—Te interactions. The
valence puzzle is resolved by the for-
mula Pd(+II),Br(—1),Te(—4/3);. Posi-
tive Te—Te Mulliken orbital popula-
tions and the Pd—K, Br—K, and Te—Ly;
XANES spectra of Pd,Br,Te; refer-
enced to the spectra of PdBr,,
K,PdBr,, PdTe, and PdTe, are in
accord with attractive Te—Te interac-

spheres in which every 15th position is
vacant; the Pd atoms occupy 8/15 of
the octahedral voids. The symmetry re-
lations with the packing of spheres are
derived. Prominent structural units are
hollow  cuboctahedral [(PdBrTe)]

Introduction

Low-temperature solvothermal synthesis has proven to be a
fruitful preparative method for gaining access to ternary
chalcogen halogen compounds of the platinum group metals
with unforeseen structural features and intricate bonding in-
teractions and physical properties.'') Halogen-rich com-
pounds, as for instance [PdBry(TeBr,),]! or [PtCl,-
(SeCl,),],”! exhibit neutral chalcogen di- or tetrahalide spe-
cies coordinating to the metal atoms, whereas phases that
contain less halogen, for example, [PdgClg(S,).],”!
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tions. The measured semiconducting
and diamagnetic properties are com-
patible with the derived picture of
chemical bonding in Pd,Br,Te;.

structure

tellurium -

[PdsClg(S,)s]* or [Pd,ISe,]"! usually contain dichalcogenide
dumbbells. If the phases are rich in chalcogen, like
[PACLSe] ' [PdBr,Seq],*™ or [PACL,Seq], neutral chalco-
gen moieties are coordinating to the metal atoms. “Ordina-
ry” chalcogenide halides like PdITe>”! have been found to
be electronic conductors. In spite of its diamagnetic proper-
ties, PdITe reputedly contains Pd in oxidation state (+III),
which is unknown for the binary platinum group metal chal-
cogenides or halides: PtX; (X=Cl, Br, I) are mixed-valent
(+1I/41V) halides." ! Some related noble metal chalcoge-
nide halides exhibit mixed electron- and ion-conducting
properties.'®! Most of the phases identified so far were pre-
pared by solvothermal routes using halogen,'” chalcogen
halide® or a concentrated aqueous hydrohalic acid® as
liquid phase.

We became aware of noble metal chalcogenide halides in
the course of our search for a suitable transport agent to
promote the growth of Pd-rich telluride crystals by a chemi-
cal vapor transport reaction. PdBr,7"! and PdCL["*)
proved to be suitable agents to enable controlled access to
crystals of the various phases accommodated in the Pd-rich
region of the Pd—Te system.? In spite of a critical com-
ment concerning unsuccessful attempts to synthesize plati-
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num group metal chalcogenide halides from elements or bi-
naries,®! we investigated the Pd/Te/PdBr, system at en-
hanced PdBr, amounts and reduced temperatures compared
with the vapor-transport conditions for the crystal growth of
Pd-rich tellurides. We report now, the structural and physical
properties of Pd,Br,Te;. To our knowledge, Pd,Br,Te; is the
first example of a palladium chalcogenide halide produced
by conventional solid-state synthesis. Furthermore, we pro-
vide experimental evidence that the valence puzzle inherent
to the composition of Pd,Br,Te; originates from weak homo-
nuclear Te—Te interactions associated with partly unoccu-
pied Te p states.?”

Synthesis, phase analysis, and chemical properties of
Pd,Br,Te;: Pd,Br,Te; forms readily from mixtures of appro-
priate amounts of Pd, Te, and PdBr, in previously out-
gassed, sealed quartz glass ampoules at 700 K within three
days in the form of black polyhedral crystals that exhibit a
silvery luster, see Figure 1. Up

: | to 2 mm?® sized crystals could be
oo um ! grown that way. A temperature
gradient of 30 K along the reac-
tion tube in the 600-700 K
range was found to be ineffec-
tive with regard to increased
size or improved quality of the
crystals. Pd,Br,Te; is also acces-
sible at otherwise similar condi-
tions from a mixture of PdTe,
PdTe,, and PdBr, blended in
the amount-of-substance ratio

#;

Figure 1. Scanning electron mi-
croscope image of a crystal of
Pd,Br,Te;.

Abstract in German: Pd,Br,Te; wurde aus Pd, Te und PdBr,
bei 700 K hergestellt. Nach der Strukturanalyse mittels Eink-
ristall-Rontgenbeugung kristallisiert es triklin, PI, Pearson-
Symbol aP22; a=842,5(2), b=3845,0(3), c=864,8(3) pm; a.=
82,55(3), p=73,36(2), v=88,80(2)°; Z=2. Die Br- und Te-
Atome sind nach dem Muster einer kubisch-dichtesten Kugel-
packung angeordnet, in der jede 15-te Position unbesetzt ist;
die Pd-Atome besetzen 8/15 der Oktaderliicken. Die Symme-
triebeziehungen zur Kugelpackung werden hergeleitet. Im
Zentrum unbesetzte, kuboktaedrische [(PdBrTe)s]-Baugrup-
pen sind mit Pd,Br,Tes-Doppeloktaedern iiber gemeinsame
dreieckige Tes-Flichen zu Stringen verkniipft, die ihrerseits
tiber gemeinsame Br-Atome zu Schichten angeordnet sind.
Auffillig kurze Te—Te-Kontakte in den Tes-Dreiecken deuten
auf attraktive Te—Te-Wechselwirkungen hin. Die zundchst
ritselhafte Valenzsituation wird durch die Formulierung Pd-
(+11),Br(—1),Te(—4/3); gedeutet. Positive Te—Te-Mulliken-
Orbital-Populationen und die Pd—K-, Br—K- und Te—L;-
XANES-Spektren von Pd,Br,Te; im Vergleich zu den Spek-
tren von PdBr, K,PdBry PdTe und PdTe, bestiitigen die at-
traktiven Te—Te-Wechselwirkungen. Die gemessenen halblei-
tenden und diamagnetischen FEigenschaften von Pd,Br,Te;
passen zu dem abgeleiteten Bindungsmodell.
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1:1:2. Deviations from this ratio yield phase mixtures. The
same heat treatment of 1:1:1 and 1:1:4 mixtures also yields
Pd,Br,Te;, however, with admixtures of tellurides and
PdBr,, respectively. Excess PdBr, can be removed with an
aqueous solution of KBr; Pd,Br,Te; is not attacked. A series
of analyses by energy dispersive X-ray spectroscopy
(EDXS) resulted in relative amounts of substance of
36(2) % Pd, 35(3)% Br, and 28(2) % Te. The values are in
fair agreement with Pd,Br,Te; corresponding to 36.36 % Pd,
36.36% Br, and 27.27 % Te. Within the limits of the accura-
cy of the method no other elements with atomic numbers
Z>Z(Na) were detected in the sample. Small deviations
from the element 4:4:3 ratio during synthesis lead to the for-
mation of by-products. Thus, we conclude that the phase
does not tolerate substantial deviations from the composi-
tion Pd,Br,Te; (see Table 3 in the Experimental Section).
Upon heating above 800 K, Pd,Br,Te; decomposes into a
reddish brown amorphous solid which can be quenched to
ambient temperature. Analysis by using EDXS shows that
the transformation occurs without perceptible change of
composition. All prepared samples were investigated by X-
ray powder diffractometry. A pseudo-Voigt profile fit to a
diffraction pattern of single phase Pd,Br,Te; is shown in
Figure 2.

1000+

counts

10 20 30 40 50 60 70 80
20/°

Figure 2. Rietveld fit to an X-ray powder diffraction pattern (Cu,,) of
Pd,Br,Te;.

Physical properties: According to four-point d.c. measure-
ments Pd,Br,Te; is a semiconductor. As seen from Figure 3,
the resistivity of a compressed powdered sample was found
to vary between 30 and 40 Qm in the temperature range
300-50 K. The small change and non-exponential decay of
the resistivity with increasing temperature indicates that the
electron transport in the mentioned temperature range is
not controlled by the thermally activated processes that usu-
ally apply to semiconductors.

Magnetization measurements in the temperature range 2—
300 K and a magnetic field of 3 T (Figure 4) reveal that the
core diamagnetism of the constituents of Pd,Br,Te; (—4.4 x
10~ m*mol ) dominates the magnetic properties in the
measured temperature range 2-300 K. Accordingly, Pd has
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Figure 3. Resistivity as a function of temperature for Pd,Br,Tes.
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Figure 4. Magnetic susceptibility y (left scale) and x7 (right scale) as a
function of temperature for Pd,Br,Te;.

an even number of d electrons in a low spin configuration,
excluding the presence of trivalent palladium. At low tem-
peratures a moderate hyperbolic increase of the susceptibili-
ty with decreasing temperatures indicates a small tempera-
ture dependent paramagnetic contribution. Figure 4 shows
numerical fits of y versus T'and Ty versus T including a tem-
perature independent diamagnetic and a temperature de-
pendent Curie-Weiss term. According to the latter fit, the
diamagnetic  contribution amounts to  —3.128(3)x
10~ m*mol™'. From the Curie constant of the fit y vs. T we
obtain an effective moment of 0.145(1) pg per formula unit
and —8.1(2) K for the Weiss constant.

Crystal structure: Pd,Br,Te; crystallizes in the triclinic space
group P1 with 11 crystallographic distinct atoms and 22
atoms per unit cell. As shown in the left part of Figure 5,
every one of the atoms Pd1, Pd2, and Pd3 is coordinated by
two Br and two Te atoms in a slightly distorted cis-square-
planar configuration. Pseudo-square-planar PdBr,Te, units
are condensed to [(PdBr,,Te,;)s] units. In these units, the Br
and Te atoms occupy the vertices of a pseudo-cuboctahe-
dron and the Pd atoms are located close to the centers of its
square faces. Similar pseudo-cuboctahedral units have been
found in other cluster compounds like [(PtClL,)s] in -
PtCL,* the 12 e cluster compound of the high temperature
polymorph y-ZrL,”" and in ternary reduced niobium and
tantalum oxides like K,Ta,s05,.P" Pd,Br,Te; differs from the
mentioned halides in that the pseudo-cuboctahedral unit
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Figure 5. Structural characteristics of Pd,Br,Te;. Left: Section of a strand
of face-sharing pseudo-cuboctahedral and double-octahedral units depict-
ing covalent bonds and ellipsoids of thermal motion (67 % probability at
20°C); small circles mark inversion centers. Right: Three linked strands
forming a layer parallel to (101) shown from the same direction of view.

shares its two opposite Te; faces with distorted octahedral
PdBr;Te; units around Pd4. The resulting larger units are
condensed into strands by common octahedron edges made
up from the Br4 atoms. In the strand, pseudo-cuboctahedral
and double-octahedral units alternate. The strands are con-
densed into layers by common Br3 atoms coordinating Pd
atoms of both, the cuboctahedral (255.8 and 257.5 pm) and
the double-octahedral units (280.6 pm) (cf. Figure 5 right).
Between the layers, which are oriented parallel to (101), the
cohesion appears to be weak: no interatomic distance be-
tween layers is shorter than d(Pd2—Br2)=329.1 pm.

The arrangement of the Br and Te atoms corresponds to
the motif of a cubic closest-packing of spheres, albeit with
every 15th sphere site vacant. The vacancies are located at
the inversion centers at 1/2,1/2,0 in the centers of the
pseudo-cuboctahedral [(PdBr,,Te,,)s] units. Each unoccu-
pied site is encapsulated by a hexagon of six bromine atoms
and two adjacent Te; triangles. The Pd atoms occupy 8 out
of 15 octahedral voids of the packing of spheres. The formu-
la of the compound can thus be stated as Pdgo;BriTesm, O
referring to the octahedral voids and = to the vacant sphere
positions. The vacant sphere position is one of the “vertices”
of the coordination “octahedra” around Pd1, Pd2, and Pd3;
these Pd atoms attain a 4+1 coordination (2Te ligands at
253 pm, 2Br at 250-257 pm, 1Br or Te at 329-333 pm). The
Pd4 atoms have a 5+1 coordination (Table 1).

The “hexagonal” sheets of spheres that are parallel to
(111), of the face-centered cubic cell correspond to sheets
parallel to (121), of the triclinic cell. Within these sheets the
Br and Te atoms are segregated in ribbons that run in the
direction [111],, that is, from right to left in Figure 6. This
enables specific distortions of the structure. We shall have a
closer look at this feature and the coordination of the vari-
ous Pd atoms when we analyze the valence problem inher-
ent to the composition Pd,Br,Te;.

The translational symmetry of the compound is defined
by the distribution of the defects. In the chosen setting they
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Table 1. Interatomic distances in pm and integrated Mulliken overlap
populations for Pd,Br,Tes.

Atoml Atom?2 distance COOP
Pdl Brl 250.4(1) 0.32732
Te2 253.1(1) 0.40708
Tel 253.3(1) 0.40440
Br3 255.8(1) 0.30287
Tel 333.8(1) 0.02783
Pd2 Te2 252.0(1) 0.39471
Br2 252.7(1) 0.31888
Te3 253.1(1) 0.39629
Br3 257.5(1) 0.27627
Br2 329.1(2) 0.01679
Pd3 Brl 251.2(1) 0.32890
Te3 251.9(1) 0.40979
Br2 252.3(1) 0.31875
Tel 252.7(1) 0.38570
Brl 331.6(1) 0.00562
Pd4 Br4 257.0(1) 0.30127
Tel 259.5(1) 0.33585
Te2 260.0(1) 0.32060
Br4 260.2(1) 0.28796
Te3 261.7(1) 0.30166
Br3 280.7(1) 0.15715
Tel Te3 325.9(1) 0.03582
Te2 331.7(1) 0.00919
Te2 Te3 321.9(1) 0.05846

Figure 6. Ordering of the Te and Br atoms and vacancies in ribbons
within a “hexagonal” sheet parallel to (111), of a face-centered cubic
packing of spheres. Plan view of a sheet parallel to (121), of the triclinic
cell of Pd,Br,Te;. Small circles mark atomic positions of the next sheet.

are located on the inversion centers at 1/2,1/2,0. Figure 7
highlights the orientation relation between the triclinic cell
and the associated hypothetic cubic lattice. The basis vectors
of the triclinic cell result from those of the face-centered
cubic cell by the following transformation matrix P in Equa-
tion (1):

32 112 112
-1/2 312 0 @
0 0 32

(a, b, c)=M@a. b, c)P; P=

The space group of Pd,Br,Te; must be a subgroup of
Fm3m, the space group of the packing of spheres, which we
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Figure 7. Relation between the orientations of a devised cubic and the
real triclinic unit cell. The Schottky symbol 0 represents an unoccupied
octahedral site, ® a vacancy in the packing of spheres.

take to be the aristotype. The translational part of the
group-subgroup index corresponds to the determinant |P|=
3.75 of the matrix P. The transformation includes a change
from a face-centered to a primitive lattice, therefore, the
value of |P| has to be quadrupled to 4 x|P|=15. Further-
more, the transformation is associated with a complete loss
of non-trivial rotational symmetry totaling a gain of 24 addi-
tional degrees of freedom. Thus, the index of the symmetry
reduction from the cubic closest-packing of spheres amounts
to 15x24=360. The symmetry relations from Fm3m to the
space group P1 of Pd,Br,Te; are depicted as a Birnighausen
treel®* in Figure 8. The Figure also shows how the Wyckoff
positions of Pd,Br,Te; result from those of the cubic closest-
packing of spheres® Comparison with the parameters
listed in Table 5 in the Experimental Section, affords an esti-
mate of the degree of distortion of the real structure. In ad-
dition, there are metrical distortions of the crystal lattice.
Assuming a,=538.1 pm for the lattice parameter of the
cubic aristotype, one calculates a,=b;=c,=850.8 pm and
a,=84.3, 5,=72.5, and y,=90° for the undistorted triclinic
structure, as compared to the actual values of a=842.0, b=
845.7, and ¢=865.5pm, and a=82.52, #=73.38, and y=
88.80°. The derived symmetry relations refer to a structure-
type correlation and, of course, do not have any further
physical significance.

The valence problem of Pd,Br,Te; and its solution: The
composition of the title compound is incompatible with
common oxidation states for all constituents, i.e., Pd(+II),
Br(—1I), Te(—II). If we assume that the most electronegative
component Br holds oxidation state (—I), three solutions
are possible: either some Pd atoms adopt oxidation state
(41V), and/or Te is not completely reduced. Incomplete re-
duction without formation of Te(—II) dumbbells is found for
several transition metal ditellurides MTe, (M=Ni, Rh, Ir,
Pd, Pt)."* In the following, we analyze the valence problem
in three respects: Firstly, we compare relevant interatomic
distances with those in selected Pd compounds with well de-
fined valence states. Secondly, we perform extended Hiickel
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Figure 8. Group-subgroup relations between the space groups of a cubic
closest-packing of spheres and Pd,Br,Te;. t3=translationengleiche sub-
group of index 3, i5=isomorphic subgroup of index 5. Boxes contain:
Wyckoff position, site symmetry and the ideal atomic coordinates for an
undistorted packing of spheres. The Schottky symbol O represents an un-
occupied octahedral site, @ a vacancy in the packing of spheres.

calculations and analyze the results with respect to specific
Te—Te interactions and thirdly, we provide evidence for the
localization of unusual valence states in the Te substructure
as a result of a comparative XANES study.

Comparative analysis of interatomic distances: The distorted
square planar coordination of Pd1, Pd2, and Pd3 with a fifth
neighbor at remote ~330 pm is consistent with the valence
state (+1I) for these Pd atoms. These Pd—Br distances of
Pd,Br,Te; (250.4 to 257.5 pm) are even somewhat longer
than in PdBr, (2x242.2 and 2x242.8 pm)" or the corre-
sponding distances in mixed-valent PtBr; (4x ~244, 1x
290 pm).™™ The Pd—Te distances (251.9 to 253.3 pm) are
about the same as in PdBr,(TeBr,), (2x ~252 pm).'! Pd4
with its 541 coordination could be a candidate for Pd-
(+1IV). The distances (3xBr: 257.0, 260.0, 280.7 pm, 3 x Te:
259.5, 260.2, 261.7 pm), however, are considerably longer
than those of Pt(+IV)—Br in PtBr; (6 x253.7 to 256.3 pm) or
in K,PdBr, (6x245.9 pm).*l Therefore, the oxidation state
(+1V) is unlikely for Pd4. The diamagnetic properties of
Pd,Br,Te; rule out d’ configurated Pd(+I1I).

9886 ——
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The Te and Br atoms are not equally dispersed but segre-
gated in ribbons of defective close-packed atomic layers
(Figure 6). Nevertheless, the size of the van der Waals radii
of Br and Te (185 and 206 pm)®” match fairly well with the
mean distance of the atoms in the defective close packing
(380.4 pm). The shortest homoatomic separations, however,
differ drastically: d(Te2—Te3)=321.9 pm compared to d-
(Br1-Br3)=366.1 pm. The short Te—Te contacts occur in
Te; triangles. All three distances, 321.9, 325.9, and 331.7 pm,
are significantly closer to twice the covalent radius
(274 pm)P*¥ than twice the van der Waals radius (412 pm).
Moreover, the Te—Pd—Te angles are reduced from ideal 90°
to about 80°. Based on the ratio of the sizes of the covalent
atomic radii (r(Te)=137 pm, r(Br)=114 pm)*® and the van
der Waals radii we would expect a shrinkage of the Br—Pd—
Br instead of the Te—Pd—Te angles. Thus, we conclude the
presence of attractive Te—Te interactions associated with in-
complete reduction of Te. Similar Te—Te interactions are
also indicated for paramagnetic IrTe, with d° configurated
Ir(+I1T) and Te(—3/2), Te—Te (349.7 and 355.8 pm).*! An
oxidation state of —4/3 instead of (—II) for Te in Pd,Br,Te,
would be compatible with the short Te—Te distances and re-
solve the puzzle of the valences.

Extended Hiickel calculations: In order to critically check
the hypothesis of attractive Te—Te interactions we per-
formed extended Hiickel calculations. The lower part of
Figure 9 shows the total density of states (DOS) and its dis-

COOP

~——— Pd-Br
=014 ——PdTe
Te-Te
-0.2 T T T T T T
-225 -200 -175 -150 —-125E_-100
Energy / eV
3.0 -
_ Total

-175% =150 -125E.-10.0
Energy / eV

=225 -200

Figure 9. Crystal orbital overlap populations COOP (top), density of
states DOS and partial densities of states of Pd,Br,Tes.
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section into the partial densities (pDOS) of the three con-
tributors. The crystal orbital overlap populations (COOP)
Pd—Br, Pd—Te, and Te—Te (d <400 pm) are depicted in the
upper part of Figure 9. Mulliken overlap population values
calculated for d <340 pm are listed in Table 1. The DOS dia-
gram displays essentially four features in the energy range
—17.5 eV up to the Fermi energy Er at —11.3 eV. According
to the COOP, the DOS in this region reflects predominantly
constructive Pd—Te and Pd—Br interactions, the former ener-
getically more dispersed and located at lower energy than
the latter. Consequently, and as indicated by the Mulliken
overlap population values (Table 1), the Pd—Te interactions
are stronger than the Pd—Br interactions. Only small por-
tions of these COOPs close to Ey are negative. Moreover,
part of the Te p states are used for homonuclear Te—Te in-
teractions, attractive in the range between —17 to —15.5 ¢V,
repulsive and more strongly dispersed at higher energies.
More important, not all anti-bonding Te—Te states are occu-
pied: a small portion is located above the Fermi level. This
evidences incomplete reduction of Te in Pd,Br,Te;, a prereq-
uisite for overall attractive Te—Te interactions. They are nu-
merically reflected in small, but positive Mulliken overlap
population values varying between 0.009 and 0.058
(Table 1).

XANES spectroscopy: In order to gain further insight in the
electronic structure of Pd,Br,Te;, X-ray absorption near
edge structure (XANES) spectra at the Pd—K, Br—K, and
Te—Ly; edges were recorded for Pd,Br,Te;, PdTe,*”)
PdTe, " PdBr,," " and K,PdBr,.* The spectra of the last
four compounds were used as standards for Te(—II), Te(—I),
Pd(+1I), and Pd(+1V). The energy of a specific X-ray ab-
sorption edge for a given atom generally depends on the
electronic state, i.e., the specific chemical surrounding of the
respective atom. The energy of a given absorption edge of
an atom scales with its charge. In favorable cases the edge
energy correlates with the oxidation state of the studied spe-
cies. Usually, valence states are not determined on an abso-
lute but on a relative scale by comparing the XANES spec-
tra of a given absorption edge and atom in chemically vary-
ing environments. No detailed EXAFS analysis of the local
structures around the various metal atoms was attempted,
owing to the high number of distinct crystallographic sites of
the crystal structure of Pd,Br,Te;.

The XANES spectra at the Pd—K edge for the title com-
pound and four reference substances are shown in the upper
right part of Figure 10. The vertical lines cut the curves at
the inflection points determined as the root of the second
derivatives. The energy at the inflection point is chosen as
reference. As expected for Pd(+1V) the Pd—K edge of
K,PdBry is shifted by 2.5-4.1 eV to higher energy relative to
the Pd—K edges of the other phases. For exact values we
refer to Table 2. The inflection point of the Pd—K edge of
Pd,Br,Te; is positioned at the low energy side right next to
that of PdTe. Thus, a Pd oxidation state of > (+1I) can be
ruled out. Moreover, we note that the energies of the Pd K
edges of the various compounds with Pd(+II) vary over a

Chem. Eur. J. 2007, 13, 9882-9891
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Figure 10. XANES spectra of Pd,Br,Te;, PdTe, PdTe, PdBr, and
K,PdBry at the Pd—K, Te—Ly;, and Br—K edges.

Table 2. Energies in eV of the inflection points of the Pd—K, Br—K, and
Te—Ly; X-ray absorption edges.

Pd-K Br-K Te—Ly,
PdTe 243525 - 43427
PdTe, 24353.6 - 43433
PdBr, 24354.1 13475.6 -
K,PdBr 24356.6 13475.4 -
Pd,Br,Te, 24352.7 13476.4 4344.0

range of 1.5 eV. This energy difference is significantly larger
than the impreciseness of the measured photon energies,
which is estimated to amount to less than 0.2 eV. Thus, the
edge energies also reflect pieces of information concerning
distinctions in the polarity of a chemical bond between two
given constituents of the various Pd compounds on a rela-
tive scale.

The left part of Figure 10 shows the XANES spectra of
Pd,Br,Te;, K,PdBr,, and PdBr, at the Br—K edge. The pre-
edge peaks are attributed to a Br1ls to Br4p transition. This
transition is presumably caused by the strong overlap of
Br4p and Pd4d orbitals enabling ligand to metal charge
transfer stimulated by the excitation of the Br1s electrons.*!]
Similar pre-edge features were found in, for example, Ni
and Cu oxides (O 2p to metal 3d charge transfer)” and
rare earth (RE) fluorides (F 2p to RE 4f charge transfer).!
The post-edge peak can be assigned to electron transfer into
antibonding states. The root of the second derivative of the
Br—K spectra was determined by deconvoluting the spectra
with two Gaussians for the pre- and post-edge peaks and an
arc tangent function for the shape of the edge. The inflec-
tion points of the Br—K edges of the two bromides are
nearly at the same position whereas the corresponding edge
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of Pd,Br,Te; is about 1eV shifted towards higher energy.
Apparently, the electron density at the Br atoms is reduced
and thus, the bonding in the bromide telluride is less hetero-
polar. The latter conclusion is corroborated by small but
consistent shifts of the inflection points of the Pd—K and
Br—K edges of Pd,Br,Te; relative to the edge positions of
the reference compounds. In turn, the congruence of these
subtle features corroborates the consistency and reliability
of the data evaluation.

The XANES spectra of PdTe, PdTe,, and Pd,Br,Te; moni-
tored at the Ly; edge are shown in the lower right part of
Figure 10. As expected, the Te-L;; edge of PdTe is found at
the lowest energy. The edge of PdTe, containing Te in a less
reduced state Te(—I) is shifted by 0.6 eV towards higher
energy. The Te-L; edge energy is highest for Pd,Br,Te; and
relatively shifted to that in PdTe by 1.3 eV. Thus, the Te
atoms in the bromide telluride seem to carry the least nega-
tive charge. This shift corroborates the postulated attractive
Te—Te interactions indicated by the relatively short Te—Te
distances and the positive Mulliken overlap populations. At
first view, the pronounced shift even suggests an oxidation
state seemingly less negative than that of Te(—I) in PdTe,.
The pretended contradiction, however, can be resolved by
realizing that both the oxidation state and the degree of het-
eropolar bonding control the position of the edge energies.
Similar to the shift of the Te-Ly; edge, the differences in
height of the absorption edge at ~4348 eV (i.e. the “white
line”) corroborate the reduced oxidation state of Te in
Pd,Br,Te;. Since all measured edge energies of Pd,Br,Te;
consistently point to particularly low-charged atoms
(Table 2), we suggest that the chemical bonds in the bro-
mide telluride are less polar than in PdBr, and PdTe,.

Conclusions

1) Solid-state synthesis has been proven to be useful for the
preparation of new palladium chalcogenide halides.
Pd,Br,Te; is, to our knowledge, the first example of a
platinum group metal chalcogenide halide prepared in
the absence of a solvent.

2) The triclinic structure of Pd,Br,Te; is based on a motif of
densely packed Br and Te atoms with one out of 15 posi-
tions being unoccupied. The triclinic lattice is defined by
the ordered spatial distribution of vacancies in the Br/Te
sublattice. The vacancies are located on the centers of
the pseudo-cuboctahedral [(PdBr,,Te,)s] units at 1/2,
1/2,0. The remaining Pd atoms have a distorted octahe-
dral coordination (3 x Br, 3xTe). There is a strict group-
subgroup relation of index 360 between the space group
symmetry of a cubic closest-packing of spheres (Fm3m)
and that of Pd,Br,Te; (P1).

3) The puzzle with the valences inherent to the composition
Pd,Br,Te; could be resolved by means of a comparative
analysis of interatomic distances combined with extended
Hiickel calculations and a comparative XANES study.
The shift of the positions of the inflection points of the
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Pd—K, Br—K, and Te—L; absorption edges of Pd,Br,Te;
relative to the positions of the respective absorptions
edges of PdTe, PdTe,, PdBr,, and K,PdBr, used as stand-
ards provide clear evidence that the Te atoms are not
fully reduced in Pd,Br,Te;. Incomplete reduction of the
Te atoms enables weak attractive interactions which are
mirrored in positive Te—Te Mulliken overlap populations
and conspicuously short Te—Te distances (322-331 pm)
between 3 Te atoms arranged in a triangle. The assump-
tion of Te(—4/3); resolves the puzzle with the valences in
Pd,Br,Te;. Moreover, the XANES spectra reveal less
polar bonding in the ternary bromide telluride than in
the binaries PdTe, and PdBr,.

4) Pd,Br,Te; is a diamagnetic semiconductor. Although we
are not able yet to fully rationalize all details of the tem-
perature characteristics of the magnetization and resistiv-
ity of the investigated samples, the measured quantities
are essentially compatible with the picture of chemical
bonding in Pd,Br,Te; derived from structural data, band
structure calculation and XANES spectroscopy.

Experimental Section

Synthesis: The title compound Pd,Br,Te; was prepared on a 300-500 mg
scale from appropriate amounts of Pd (powder 99.9 %, Merck), Te (lump
99.999+ %, Fluka) and palladium dibromide (see below). The compo-
nents were sealed in a previously degassed evacuated silica tube under
reduced pressure of Ar (~5 Pa). The ampoules were heated to 700 K for
4 days in a tube furnace (Carbolite) with a programmable temperature
controller. Hereafter, the ampoules were either quenched in cold water
or brought to ambient temperature by cooling the furnace at a rate of 40
Kh™'. Both procedures yield silvery lustrous, coarse crystalline Pd,Br,Tes.
These crystals are stable against ambient conditions, but are slowly at-
tacked by diluted nitric acid. PdBr,!"”! was prepared by oxidizing 2 g of
Pd powder in a hot aqueous solution of ~30 mL HBr (Acros Organics
48% in H,O pure tech.) and ~4 mL Br, (Acros Organics 99+ % extra
pure) according to the protocol given in reference [18] Subsequently, the
liquid was evaporated. The residual dark claret powder was placed in a
corundum crucible and heated in air to 620 K. X-ray powder diffraction
proved the sample to be single phase (C2/c; mC12; a=1291.1(8), b=
395.6(2), ¢=658.7(3) pm; B=102.49(3)°). Pristine PdTe® (0.5g; P6y/
mmc; hP4; a=414.34(3), c=566.09(5) pm) was prepared from equimolar
amounts of Pd and Te at 900 K in a degassed, sealed silica ampoule. Sub-
sequently, the product was annealed at 700 K for 6d. Pristine PdTe,*"
(0.5 g; P3ml; hP3; a=403.18(3), ¢=513.70(4) pm) was prepared from
stoichiometric amounts of the elements according to the protocol given
for PdTe. K,PdBrs, (300 mg) was prepared by heating 51 mg of Pd
powder in ~15 mL of aqueous HBr containing ~3 mL of Br,, until all
Pd was dissolved. The solution was allowed to cool for a few minutes and
then an aqueous KBr solution containing 57 mg of KBr was added. The
precipitate was separated from the solution, washed with water and
dried. The X-ray powder diffraction pattern could be refined on the basis
of a K,PtClg-type structure:*!! Fm3m; cF36; a=10.226(2) pm.

Scanning electron microscopy (SEM) and energy dispersive analysis of
X-rays (EDXS): The morphology of the crystals was examined by em-
ploying a scanning electron microscope (CS 4DV, CamScan, 25kV).
EDXS was performed by using a spectrometer (EDXS, Si(Li) detector,
Noran Instruments) attached to the microscope. Several samples were
analysed by using the Pd—L, Te—L, and Br—K X-ray emission lines for
quantification.[*”
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Table 3. Technical data of Rietveld refinement of a powder Pd,Br,Tes.
Pattern see Figure 2.

scan-range 26 [°] 5-90
time per step/step size [°] 8/0.05
radiation Cug,
number of variables 18

zero point 0.189(3)
profile fit pseudo-Voigt
temperature [K] 293(2)
a [pm] 842.0(1)
b [pm] 845.7(1)
¢ [pm] 865.5(1)
a[°] 82.52(1)
BI°] 73.38(1)
v [°] 88.80(1)
U 0.17(3)
|4 -0.13(2)
w 0.036(3)
asymmetry parameter 1.2(1)
parameter 1 1
parameter 2 —0.018(3)
parameter 3 0.00025(5)
R (expected) 0.09378
R (profile) 0.11461
R (weighted profile) 0.15561
R (Bragg) 0.06826
lattice parameters obtained from other educt mixtures:
PdBr,/PdTe/PdTe, 2/1/1 4/1/1

a [pm] 842.12(8) 842.3(2)
b [pm] 844.73(9) 844.8(2)
¢ [pm] 864.99(9) 865.0(3)
a [°] 82.538(7) 82.53(2)
£ 1°] 73.332(9) 73.32(3)
y [°] 88.875(6) 88.86(2)

Magnetization and resistivity measurement: Magnetic data were recorded
by means of a SQUID magnetometer (MPMS R2, Quantum Design) at
temperatures ranging from 2-300 K at an applied magnetic field of 1-3 T.
Two differently prepared samples were measured (masses 280.89,
96.07 mg). The diamagnetic contribution of the sample holder made from
gelatine was subtracted. The corrected susceptibility data y versus 7 and
Ty versus T were fitted by taking into account both a temperature-inde-
pendent diamagnetic and paramagnetic and a temperature-dependent
Curie-Weiss term. The effective moment u.; (in pg) was calculated from
the Curie constant. For comparison, the core diamagnetic contributions
of the constituents were calculated on the basis of the Pascal constants of
PA(+IT), Br(—1I), and Te(—II).”® The data were evaluated for the largest
sample (280.89 mg), see Figure 4. The results conform essentially with
those obtained for the second sample. The electrical resistance of a com-
pressed rod (2x2x12 mm) was measured in the temperature range 20—
320 K by employing a four probe method in the d.c. mode.”! Four silver
wires (diameter: 0.050 mm) were at-
tached to the rod with use of a con-
ductive lacquer coat. The voltage was
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beamline X1 and E4. Detuning the beam intensity to 60% eliminated
higher harmonics. The energy of the Pd—K edge was calibrated by using
a Pd metal foil measured simultaneously (24350 V). The energies of
the Br—K and Te—Ly; edges are correspondingly calibrated to the posi-
tion of the Au—Ly edge (13734 eV)™! of an Au foil and the position of
the iodine—Lyy; edge (4557 eV)*) of a compressed KI pellet. Three ioni-

Table 4. Crystallographic and technical data of the single-crystal X-ray
analysis of Pd,Br,Te,.

Pearson symbol aP22

space group Pl

VA 2

a [pm] 842.5(2)

b [pm] 845.0(3)

¢ [pm] 864.8(3)

al’] 82.55(3)

B 73.36(2)

v ] 88.80(2)

V [pm’] 584(3)x 106

molar mass [gmol ] 1128.1

p X-ray [gem ™) 6.406

u [mm™] 27.0

data collection

crystal size [mm] 0.13x0.15x0.17

diffractometer STOE IPDS

radiation/monochromator Mok, /graphite

T [K] 293+5

O i/ Omax [°] 3.4/32.8

index range —12<h<12
—12<k<12
—13<i<13

number of reflections 7730

data reduction

absorption correction numerical/X-SHAPE®!

min/max transmission 0.0215/0.1031

unique reflections 3894

reflections F2>40( F2) 3143

Ry 0.0281

programs XCAD-4," XPREP?!! X-RED™
refinement

minimization function S(F2— F2)*(S%(F%)+0.027P)*

P=(max(F>0)+2/3F?)

number of variables 101

R, [F:>40(F2)] 0.0248

R, (all) 0.0348
WR, (all) 0.0580
goodness of fit 0.938
extinction coefficient 0.00275
APraxs AOmin [x 100 pm 7] 1.38, —0.97

program SHELXL-97"3

Table 5. Positional and thermal displacement parameters in pm? of Pd,Br,Te;.

measured at constant current

(100 mA) and temperature (£0.2 K) Atom  x 4 z Un Un Uss U Uss Y
between the inner two contacts. The Pdl  042155(5) 0.78322(4)  0.01129(5)  189(2) 209(2) 228(2) —34(1) -472)  -10(1)
increments of 1 K. The resistivity o Pd3  021043(5)  0.44711(4)  0.00250(5)  256(2)  170(2)  270(2) 6(1) —-84(2)  —10(1)
was calculated by multiplying the elec- Pd4  0.18306(5)  0.07501(4)  0.33808(4) 197(2) 150(1)  187(2) 13(1) =37(2)  -38(1)
trical resistance with the ratio of cross  Brl  0.12927(7)  0.73425(6) 001177(8) 2123) 196(2) 425(3) -33(2) -1173)  0(2)
sectional area and the distance be- Br2  0.28252(8)  0.45987(7)  0.69715(7) 268(3) 366(3) 216(2) —10(2) —-81(2) —47(2)
tween the two inner contacts. Br3  0.33972(8) 0.77876(6)  0.32040(7)  394(3) 180(2) 253(3) —27(2) —81(3) 43(2)
. Br4  0.11021(7) 0.02560(7)  0.65015(7)  242(3) 373(3) 201(2) =7(2) -51(2) -83(2)
:;f:yNE's’;":;’;‘t’;‘os'::;fﬁz 22222: Tel 027644(4) 0.15338(3) 0.02477(4) 209(2) 167(1) 198(1) —17(1)  —60(1) —24(1)
ments were performed in transmission Te2  0.47793(4) 0.19178(3)  0.29626(4)  203(2) 160(1) 231(2) —6(1) -75(1) -17(1)
Te3  0.14178(4) 0.38412(3) 0.30738(4) 213(2) 174(1) 210(2) —23(1) —48(1) 16(1)

mode at

HASYLAB (Hamburg),
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zation chambers detected the incident and transmitted flux of the sample
and the reference material. The given energies refer to the inflection
points of the absorption curves determined from the root of their second
derivatives. Each sample was prepared with 30 mg polyethylene and
pressed with a force of 10 MN to a pellet of 5Smm in diameter; the
sample amounts were 11-24 mg for Pd—K, 3-6 mg for Br—K and 2.5-
4 mg for Te—Ly;. The mass of sample for the various measurements was
chosen such a way that the edge jump reached an relative value of 1-1.5

X-ray diffraction: X-ray powder diffractometry (Philips, X'Pert MPD,
Bragg—Brentano, Cug,) was routinely used for phase analysis. The dif-
fraction intensities were usually recorded in the range 5°<6<90° in
steps of 0.05° at 8 s per step. The intensity profiles of selected diffracto-
grams were fitted applying the Rietveld method (Figure?2 and
Table 3).7* A starting parameter set was generated from the results of
a single-crystal structure refinement of Pd,Br,Te;. For the details of the
single-crystal structure determination (Table 4). The atomic parameters
are listed in Table 5; they were also deposited at the Fachinformations-
zentrum Karlsruhe, p-76344 Eggenstein-Leopoldshafen, Germany, depos-
itory Nr. CSD-418003 (Fax +49-7247-808666; e-mail crysdata@fiz.
karlsruhe.de).

Theoretical calculations: Extended Hiickel calculations were carried out
in the tight-binding approximation for 4913 k points equally spread over
half of the Brillouin zone using the program YAeHMOP. The crystal
orbital overlap populations (COOP) were calculated with a cut-off at
400 pm. The values for ionization potentials H; (eV), the exponents ,
and g, in the double expansion of the d orbitals, and the coefficients c,
and c, for Slater type orbitals were used as reported,* and are listed in
Table 6.

Table 6. Parameters for extended Hiickel calculations.

Orbital H, 3 ¢ 3 e
Br 4s —22.07 2.588 - _ _
Br4p ~13.10 2.131 - - -
Te 5s ~20.80 2.510 _ _ _
Te 5p ~14.80 2.160 - _ _
Pd Ss 732 2.190 - - _
Pd 5p —3.75 2152 - _ _
Pd 4d ~12.02 5.983 0.5264 2.613 0.6373
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