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Abstract—The reaction of platinum acetate blue, empirically described as Pt(OOCMe), 5o, with palla-
dium(II) acetate Pd;(L-OOCMe)q gave the first heterometallic acetate-bridged platinum(II) and palla-
dium(II) complex Pd,Pt(u-OOCMe)q (I) as co-crystallizates 17Pd,Pt(u-OOCMe)g - 4Pd;(L-OOCMe) -
42C¢Hy (IIa) and 17Pd,Pt(u-OOCMe); - 4 Pd;(u-OOCMe), (IIb). Single crystal X-ray diffraction (CIF
files CCDC nos. 1568105 and 1852744), EXAFS, and quantum chemical studies (DFT and QTAIM) of com-
plex I revealed a slightly distorted triangular structure similar to the structure of palladium(II) acetate Pd;(u-
OOCMe)¢ and hypothetical platinum(II) complex Pt;(1-OOCMe)¢. The thermal decomposition of complex
IIa gives the bimetallic alloy PtPd,. A combined X-ray diffraction and EXAFS study demonstrated that the
obtained material consists of core (Pt)—shell (Pd) particles with an average size of ~28 nm and a minor
amount of smaller (~5 nm) PdO nanoparticles on the surface. The obtained results are useful for the under-
standing of the nature and structure of the supported phase of heterogeneous Pt—Pd catalysts.

Keywords: platinum, palladium, acetate complexes, synthesis, X-ray diffraction, crystal chemistry, quantum
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INTRODUCTION

The competition between platinum and palladium
is significant for modern catalysis. In many cases,
mixed-metal Pt—Pd catalysts have enhanced activity
and selectivity in comparison with single-metal cata-
lysts [1—5]. These catalysts are traditionally prepared
by separate deposition of salts or complexes of desired
metals (precursors) and subsequent redox treatment
of the deposited material. In this study, we made an
attempt to combine both metals in a heterometallic
carboxylate complex, convert it to a heterometallic
Pt—Pd nanomaterial via thermal decomposition, and
to study the structure of the new material. The synthe-
sis was carried out using the previously proposed pro-
cess for the preparation of mixed-metal palladium(II)
carboxylate complexes from the palladium acetate

T Deceased.

Pd3(u-OOCMe)6 and di- and trivalent metal carbox-
ylates [6—10]. Instead of using poorly accessible and
low-reactive crystalline platinum(II) acetate Pt4(u-
OOCMe)8 as the initial platinum component, we used
a noncrystalline material prepared in our previous
study and characterized in detail, so-called platinum
acetate blue (PAB) with the gross composition
Pt(OOCMe)2.50 [11]. The reaction of PAB with
Pd3(u-OOCMe)6 in glacial acetic acid gave the crys-
talline complexes 17Pd2Pt(u-OOCMe)6 - 4Pd3(u-
OOCMe)6 - 42C6H6 (11a) and 17Pd2Pt(u-OOCMe)6 -
4Pd3(u-OOCMe)6 (IIb), which were studied by
X-ray diffraction and EXAFS. The thermal decompo-
sition of complex Ila was studied by DTA—TG, while
the structure of platinum—palladium alloy nanoparti-
cles formed upon thermolysis of Ila was investigated
by DTA and EXAFS methods.
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Fig. 1. XAFS data for polycrystalline IIb sample: (a, b) PdK-edge and (c, d) PtL;-edge.

RESULTS AND DISCUSSION

The heterometallic acetate-bridged platinum(II)—
palladium(1I) co-crystallizate Ila formed in the reac-
tion of Pd;(u-OOCMe), with PAB in glacial acetic
acid loses benzene molecules of crystallization to give
complex IIb. The presence of both metals in the heter-
ometallic part of complex IIb was proved by the XAFS
method.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

The palladium K-edge and platinum L;-edge
XAFS data for polycrystalline IIb unambiguously
proved the presence of a platinum atom in the palla-
dium coordination environment in the heterometallic
part of the complex (Fig. 1, Table 1).

The palladium K-edge EXAFS spectrum was sim-
ulated by three coordination spheres. The
most intense peak corresponds to four Pd—O dis-
tances (2.00 A), while the next two peaks correspond
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Table 1. Simulation parameters of the EXAFS spectra of polycrystalline sample IIb*

Edge Scattering atom C.N. R A o2, A? R; %
PdK (0] 4.0%* 2.00 0.0009
Pd 1.0%* 3.09 0.0030** 4.1
Pt 1.0%* 3.42 0.0037%**
PtL, (0] 4.0%* 1.97 0.0024 3.3
Pd 2.0%* 3.42 0.0037%**

* R is the interatomic distance; o2 is the Debye factor; Ryis the R-factor (relative error of fitting of experimental data).

** The parameters were fixed in the XAFS simulation.

*** The parameters were set equal in the combined simulation of Pd and Pt XAFS data.

to Pd—Pd and Pd—Pt coordination spheres. According
to the simulation results, two palladium atoms are
spaced by 3.09 A. The low-intensity peak located at
~3.1 A distance (on the R-9 scale) belongs to the Pd—
Pt coordination sphere. The combined simulation of
the Pt and Pd edge spectra showed the presence of the
Pt atom at a 3.42 A distance.

The PtL; edge Fourier transform EXAFS spectrum
of molecule IIb was simulated by two coordination
spheres. Like for the Pd K-edge, the first peak corre-
sponds to four Pt—O distances at 1.97 A, whereas the
next, less intense peak is due to the Pt—Pd sphere with
C.N. 2. The slight increase in the Pt—Pd distances
compared with the model structure (3.31 A) can be
attributed to some disorder of the molecular structure
or to the error of determination of the distance for
more remote spheres.

Thus, PdK-edge and PtL;-edge XAFS data unam-
biguously indicate that the Pt and Pd atoms
are incorporated in the heterometallic core of mole-
cule IIb. This conclusion was confirmed by X-ray dif-
fraction, which provided more detailed structural
information.

According to X-ray diffraction data (Figs 2, 3,
Tables 2, 3), the crystals of IIa and IIb contain a het-
erometallic complex with the triangular metal core
Pd,Pt(u-OOCMe)g, similar to the metal core of the
known palladium(Il)—copper(Il) complex Pd,Cu(u-
wOOCMe); - 2C¢Hg [6] and a somewhat different pal-
ladium(II) acetate metal core Pd;(u-OOCMe), [12,
13]. The triangular groups Pd,Pt(u-OOCMe); in the
crystals of IIa and Ilb are perpendicular to the crystal-
lographic mirror plane passing through M, positions
(M = Pd, Pt) and are perpendicular to the positions of
acetate carbon atoms C(31) and C(41). In crystal Ila,
M1 and M2 sites are partially occupied by palladium
and platinum atoms with interatomic distance differ-
ing by less than 0.05 A and occupancy ratios of
0.742(3)/0.258(3) and 0.708(3)/0.292(3), respectively
(in crystal Ilb, the occupancy ratios of the M1 and M2
sites are 0.740(13)/0.260(13) and 0.722(14)/
0.278(14)). All metal atoms have a somewhat distorted
square coordination. The Pd and Pt positions are

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

somewhat shifted from the plane through four oxygen
atoms towards the center of the molecule (by
0.227(4)—0.242(2) A).

It is of interest that the metal core geometry in crys-
tals ITa and Ilb is determined by palladium rather than
platinum atoms, while platinum(Il) acetate has a
nearly square structure Pt,(u-OOCMe)g [14]. Mean-
while, the triangular core geometry of Ila
changes insignificantly upon removal of the benzene
molecules of crystallization and formation of IIb
(Tables 2, 3).

In the crystal of IIa, heterometallic molecules are
arranged in layers coinciding with the mirror planes
y=1/4 and y = 3/4. Thus, the interplanar spacing is
b/2 = 11.4876 A. The space between these layers is
filled by the benzene molecules of crystallization
linked by only weak T-shaped CH:--'m contacts. This
fact is apparently responsible for the instability of crys-
tal solvate Ila on storage in air. In the crystal of IIb, the
complex molecules are arranged layer-by-layer in the
same way as in Ila (Fig. 2), although the layers of ben-
zene molecules are absent in the former case. As
expected, these data attest to similar cell sizes a and ¢
for Ila and IlIb (Table 1).

The triangular geometry of the metal core in I is
untypical of platinum(II) carboxylate. The Pt—Pt dis-
tance in the platinum(lI) acetate molecule Pt,(u-
OOCMe); [14] and in some known acetate-bridged
platinum(IT) complexes with a triangular metal core is
2.5-2.6 A [15—18]. In contrast, the Pt—Pd distance
found in molecule I is 3.16—3.18 A (Table 1), as if it
was determined by palladium atoms (for comparison,
3.1—-3.2 A in Pd;(u-OOCMe), [12, 13]).

Therefore, we studied the electron density distribu-
tione topology for molecule I Pd,Pt(u-OOCMe)q, for
the complex Pd;(u-OOCMe),, and for the hypotheti-
cal platinum complex Pt;(u-OOCMe)q using the
QTAIM method [19]. The calculation showed that the
molecular graphs of all three triangular structures are
quite similar (Fig. 4, Table 4).

The electron density values p, = 0.1 a.u. and the
electron density Laplacian V2p, = 0.5 a.u. at the criti-
cal points of the metal—oxygen bond are typical of
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Fig. 2. (a) Molecular structure and (b) crystal packing of complex IIa, thermal ellipsoids are shown at 50% probability level. The

hydrogen atoms are omitted.

interactions in closed-shell systems (ionic interac-
tions), unlike the covalent interaction characterized by
p,> 0.2 a.u., while the V2pb value is negative [20]. The
delocalization index (M, O) (characterizing the bond
order between the metal and oxygen atoms) is higher
for the platinum—oxygen contact than for the palla-
dium—oxygen contact, despite the almost identical
interatomic distances. The metal-metal bond
paths form a triangle with the cyclic critical point

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

P, = 0.01 a.u. The determined values p, = 0.02 a.u. and
V2?p, = 0.05 a.u. for the metal-metal bond critical

points attest to weak interaction in the triangular
metallacycle.

Thermal transformations of complex IIa under
inert atmosphere (argon) include two stages (Fig. 5).
The first (endothermic) step is associated with
removal of benzene molecules of crystallization in the
50—90°C range. The second stage (sharp exotherm
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Fig. 3. (a) Molecular structure and (b) crystal packing of complex IIb, thermal ellipsoids are shown at 30% probability level. The

hydrogen atoms are omitted.

followed by complex endotherm), associated with the
removal of all acetate groups, is completed at ~220°C.
The benzene molecules of crystallization are removed
even during storage of the complex at room tempera-
ture; therefore, the first stage in the DTA—TG curves
is diffuse and the mass loss observed at this stage
(~7%) is much lower than the calculated value for the
loss of two C¢Hy molecules (~17%). Further heating
does not induce any DTA-TG effects up to 400°C, so
that the total mass loss (~50%) corresponds to com-
plete decomposition of complex Ila to give bimetallic
Pt—Pd alloy nanoparticles.

An X-ray diffraction study of the solid phase
formed upon thermal decomposition of Ila showed

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

the presence of two crystalline phases: Pd,Pt, _
nanoalloy with the FCC Ilattice and ~28 nm particle
size (coherent scattering region) and a minor amount
(~7%) of smaller PdO particles with ~5 nm size
(Fig. 6).

More detailed information on the structure of
these Pd—Pt nanoparticles was gained by
XANES/EXAFS studies (Figs. 7, 8).

The PdK-edge XANES data (Fig. 7) show an oscil-
lation contour typical of palladium metal. Neverthe-
less, the K-edge is somewhat shifted to higher energy,
which implies either the presence of Pd—Pt bond or
partial oxidation of palladium. Fitting of PdK-edge
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Table 2. Crystallographic data and structure refinement parameters of complexes Ila and I1b

Value
Parameter
IIa IIb

Empirical formula Cy4H30O01,Pd, 9Pt 54 C,H 301,Pd; 5Pty 50
M 901.30 744.23
Color, habit Orange prism Orange prism
Crystal size, mm 0.20 x 0.15 x 0.15 0.05 x 0.03 x 0.03
Temperature, K 150 100
System Orthorhombic Orthorhombic
Space group Pnma Pnma
Unit cell dimensions:
a, A 15.5134(5) 15.533(3)
b, A 22.9752(8) 15.007(3)
c, A 8.2481(3) 8.3693(17)
v, A3 2939.82(18) 1950.9(7)
Z(Z") 4(0.5) 4(0.5)
p(caled.), g/cm? 2.036 2.534
u, mm~! 5.217 12.632
F(000) 1735 1424
0 min—Omax deg 2.62—30.00 3.18—-31.37
Ranges of reflection indices —21<h<21,-32<k<32, —19<h<19,-19<k<18,

—11</<11 —10<7<10
Number of measured reflections 33832 28416
Number of unique reflections (R;,) 4387 (0.0287) 2231 (0.0490)
Number of reflections with 1> 26([/) 3933 1910
Reflections/restraints/parameters 4387/0/205 2231/24/152
R-factors for /> 26(1) R, =0.0178, wR, = 0.0331 R, =0.0495, wR, = 0.1281
R-factors for all reflections R, =10.0224, wR, =10.0343 R, =0.0574, wR, = 0.1356
GOOF 1.067 1.043
Extinction coefficient 0.0051(5)
Tnax/ Trin 0.508/0.422 0.703/0.571
Residual electron density (min/max), e A~3 —0.625/0.456 —0.932/1.420

XANES data by a linear combination of data for Pd
metal and the reference PdO spectrum made it possi-
ble to estimate the fraction of oxidized palladium as
7.1%. The major Fourier transform peak &%y (k) of the
PdK-edge spectrum has a somewhat higher intensity,
which may attest to the presence of the Pd—Pt bond.
The peak at R = 2 A typical of the metal—oxygen dis-
tances attests to the possible presence of palladium
oxide.

The PtlL;-edge XANES curve of the sample
(Fig. 8) nearly coincides with the curve for Pt metal
with a minor intensity difference. The Fourier trans-
form K%y (k) of the PtL;-edge spectrum has a lower
intensity of the peak corresponding to the first coordi-

nation sphere and markedly shortened Pt—Pt dis-
tance, indicating the formation of an alloy.

The combined simulation of Pd and Pt edge XAFS
data (the structural parameters found by simulation
are summarized in Table 5) showed the following.

(1) The total C.N.(Pt) (according to the PtL;-edge
data), i.e., the total number Np; + Np, of atoms located
near a Pt atom at a ~2.7 A distance is regularly overes-
timated and exceeds that for the Pt or Pd bulk metal
(N, = 12) or Pd,Pt,_, solid solutions within the deter-
mination error (£1). Therefore, for structural correct-
ness, in the final fitting of the k% (k) value, the total
C.N.(Pt) was taken to be 12. This assumption means
that almost all platinum atoms are located inside the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45 No.4 2019
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Table 3. Selected distances (A) and angles (deg) in molecules IIa and ITb

Distances and angles IIa IIb
Pd(1)---Pt(1)* 0.016(4) 0.291(13)
Pd(2)--Pt(2) 0.045(9) 0.275(11)

M(1)—M(1A4)**
M(1)-M(2)
M(1)-O

M(2)-0O
M(1)M@Q)M(1A4)***
MQ)M(1)M(1A4)
cis-OM(1)0O
trans-OM(1)O
cis-OM(2)O
trans-OM(2)O

3.163(3)=3.173(3)
3.161(3)—3.183(4)
1.982(3)—2.001(3)
1.977(4)—2.017(4)
59.80(6)—60.02(6)
59.82(6)—60.27(6)
85.5(1)—92.3(1)
163.7(1)—168.9(1)
83.5(2)—93.1(1)
166.2(2)—167.0(2)

3.140(13)—3.36(2)
3.108(13)—3.322(14)
1.929(10)—2.12(1)
1.951(13)—2.019(14)
59.6(3)—60.6(3)
57.3(2)—59.6(2)
86.1(5)—94.3(5)
163.7(6)—165.8(7)
83.8(8)— 91.8(4)
161.5(5)—174.0(8)

* Distances between Pd and Pt atoms occupying identical positions.
** M stands for Pd and Pt atoms in the same position.

%k Symmetry codes (4): x, 1.5 —y, z.

Table 4. Results of DFT and QTAIM calculations for the acetate-bridged complexes Pd;(OOCMe)g, Pd,Pt(OOCMe)q (1),
and Pt;(OOCMe)e. The average values are given with standard deviations (in parentheses)

Parameters Pd;(u-OOCMe)g Pd,Pt(u-OOCMe)¢ (I) Pt;(u-OOCMe),
M—M—M in the triangles

R,(M—M), A 3.241(25) Pd—Pd 3.177 3.144
R,(M—M), A Pd—Pt 3.143, 3.249 3.23009)
q(M) 0.965(1) Pd 0.967, Pt 0.932 0.948(4)

Pp» AU 0.017(1) Pd—Pd 0.018; Pd—Pt 0.023, 0.020 0.025(2)
V2p,, a.u. 0.039(2) Pd—Pd 0.044; Pd—Pt 0.052, 0.042 0.049(5)
gy* 0.096(9) Pd—Pd 0.112; Pd—Pt 0.072, 0.117 0.038, 0.069(5)
(M, M)** 0.128(7) Pd—Pd 0.132; Pd—Pt 0.197, 0.158 0.237, 0.198(5)

Oxygen atoms of the acetate bridging groups

R(M-0), A 2.007(5) 2.012(7) 2.014(5)
q(0) —1.132(7) —1.129(7) —1.125(4)
Pp, a.U. 0.099(2) 0.102(6) 0.108(2)
V2p,, a.u. 0.534(5) 0.534(13) 0.548(7)
€% 0.164(10) Pd 0.167(15), Pt 0.183(15) 0.190(14)
O(M,0)** 0.632(10) Pd 0.625(13), Pt 0.718(6) 0.709(7)

* Bond ellipticity characterizing the diffusiveness of electron density distribution in the plane perpendicular to the bond line.
** Delocalization index characterizing the bond order.

nanoparticle. Otherwise, that is, if a considerable part
of Pt atoms were located on the surface or in a different
phase with a different type of coordination, the coor-
dination number Npy + Np, would be systematically
underestimated, as is the case for the PdK-edge. The

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

total C.N. (Np, + Npy) at the palladium edge is 10,
which is considerably lower than that for the bulk
metal. This can be interpreted in terms of a core—shell
structure in which the platinum atoms tend to occur
inside and the palladium atoms tend to reside on the
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Fig. 4. Molecular graphs for (a) Pd;(OOCMe)g, (b) Pd,Pt(OOCMe)¢, and (c) Pt3(OOCMe)g. The nuclear, bond, and cyclic
critical points are shown. In the Pt;(OOCMe)q structure, one Pt—Pt bond path is depicted as a continuous line (the p, =
0.027 a.u. is somewhat higher than the threshold value 0.025 a.u.).

particle surface. Another possible explanation to the
underestimated total C.N. for palladium is oxidation
of some palladium atoms (PdO).

(2) The Pt—Pt and Pt—Pd coordination numbers
do not differ significantly. The Pd—Pt C.N. is several-
fold lower than the Pd—Pd C.N. The segregation
parameters [21] calculated from the C.N. are Jp, =
82% and Jpy = 46%, respectively. This means that
despite the decrease in the C.N. caused by partial oxi-
dation of Pd atoms, the system tends to form core—

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

shell structure. However, the platinum-enriched core
also contains some quantity of palladium atoms, and
the Pd and Pt atoms are distributed more or less
homogeneously inside the particle core, whereas the
shell consists mainly of Pd atoms, some of them being
partially oxidized. The fraction of oxidized Pd atoms
estimated from coordination numbers is ~7.0%, which
is consistent with XANES data.

(3) The Pd—Pt, Pt—Pd, and Pd—Pd distances vir-
tually coincide with the Pd—Pd distance in the first

No. 4 2019
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Fig. 5. DTA—TG data for Ila in an Ar flow at a heating rate
of 10 deg/min: (1) TG, (2) DTG, (3) DSC.

coordination sphere of bulk palladium. However, the
Pt—Pt distance is considerably shorter than not only
the Pt—Pt distance in bulk platinum, but also the Pd—
Pd distance in bulk palladium.

(4) High Debye factor for Pt—Pt (0.0072 A2) attests
to considerable disorder of the platinum-enriched
nanoparticle core.

Thus, the results obtained in this study confirmed the
applicability of platinum acetate blue (Pt(OOCMe), s,
PAB) as the starting reactant for the synthesis of
new platinum carboxylate complexes. Previously, using
PAB, we synthesized trinuclear platinum(IV) complex
with cobalt(Il) Pt™VCoY(u,n?-0O0CCMe;),(OOCC-
Me,),(OH),(HOOCCMes), [22], binuclear plati-
num(IIT) complexes Pt)'(u-OOCMe),(O5SMe), and
Pt)'(u-OOCMe),(O;SPhMe), [23], and also binuclear
platinum(IT) complex Pt"'(u-OOCMe),Co''(OH,) [11].
In this study, we employed this approach to prepare plat-
inum(II) and palladium(II) complex I with a triangular
metal core. The X-ray diffraction, EXAFS, and DFT—
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Fig. 6. X-ray diffraction pattern of a sample of bimetallic
Pt—Pd nanoparticles.

QTAIM quantum chemical data demonstrated that the
structure of complex I with a somewhat distorted trian-
gular metal core is similar to the structure of palladium
acetate Pd;(u-OOCMe), and the hypothetical complex
Pt;(u-OOCMe)q.

The thermal decomposition of complex Ila above
200°C under inert atmosphere gave a solid alloy with
the composition PtPd,. According to powder X-ray
diffraction and XANES data, the obtained PtPd, alloy
consisted of two nanosized crystalline phases, the
Pd,Pt, _ , solid solution as the major component
and the oxidized palladium PdO as the minor compo-
nent. According to these results, the relatively large
Pd,Pt, _ . nanoparticles with ~28 nm average size
(CSR) consist of the platinum-enriched inner core

and mainly palladium atoms in the outer region
(Fig. 9).

The small quantity of partially oxidized palladium
(PdO, ~5 nm average size) is apparently located on the
surface of Pd,Pt, _, nanoparticles. The lattice param-
eter (3.9032 A) and the shortest Pd—Pd and Pd—Pt
distances (2.74 A) are close to the values for bulk pal-
ladium. Thus, the solid solution is based on a palla-
dium matrix in which some Pd atoms have been
replaced by Pt.

Table 5. Local structural parameters of the coordination environment of the Pt and Pd atoms from the best fitting results
of the EXAFS Fourier transform for Pd—Pt alloy nanoparticles and two standards (bulk Pd and Pt metals)*

Sample Edge Scattering atom C.N. R A o2, A2 Ry, %
Pt—Pd nanoalloy | PtL; Pt 5.6 2.71 0.0072 0.5
Pd 6.4 2.74 0.0051
PdK Pd 7.8 2.74 0.0049 0.6
Pt 1.5 2.74 0.0012
(0] 0.7 2.00 0.0080
Pd foil PdK Pd 12.0 2.74 0.0047 1.0
Pt foil PtL, Pt 12.0 2.77 0.0048 0.1
* R is the interatomic distance; o2 is the Debye—Waller factor, Ryis the fitting factor.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.45 No.4 2019
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Fig. 7. PdK-edge (a) XANES and (b) EXAFS data for (/) Pd—Pt nanoparticles and (2) Pd foil standard.
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Fig. 8. PtL;-edge (a) XANES and (b) EXAFS data for (/) Pd—Pt nanoparticles and (2) Pt black standard.

The obtained results are consistent with the data of
previously published experimental (in particular,
EXAFS) [24] and theoretical [25] studies on bimetal-
lic Pt—Pd nanoparticles with different Pt to Pd
ratios. According to previous conclusions [24, 25],
the Pt—Pd core—shell nanoparticles are energetically
more favorable than structures with homogeneous
distribution of the metals. For relatively small (2—
3 nm) nanoparticles, it was shown previously that
platinum tends to be located in the inner part of
nanoparticles, with palladium atoms being displaced
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to the periphery [24, 25]. According to results of our
study, this conclusion holds for large nanoparticles of
~28 nm size.

The results we obtained shed some light on the
nature of the supported phase of bimetallic Pt—Pd cat-
alysts.

EXPERIMENTAL
The solvents used in this study (glacial acetic acid
and benzene (reagent grade, Reakhim, Russia) were
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purified by standard procedures [26]. Palladium(II)
acetate Pd;(OOCMe), (reagent grade, Reakhim, Rus-
sia) was purified by refluxing in glacial acetic acid with
freshly prepared palladium black and recrystallization
from acetic acid. The PAB Pt(OOCMe), 5, was pre-
pared from H,PtClI, (reagent grade, Reakhim, Russia)
by a reported procedure [11].

Elemental C,H,N-analysis was performed on a
EuroVector EA3000 automated C,H,N-analyzer
(Ttaly, 2008). FT IR spectra were measured on a Nico-
let Nexus 460 spectrometer. The optical spectra were
recorded on a Varian Cary 50 spectrophotometer.

Synthesis of 17Pd,Pt(u-OOCMe), - 4Pd;(n-O0C-
Me), - 42C,H, (IIa). Platinum acetate blue (PAB)
Pt(OOCMe), s (190.6 mg, 0.556 mmol) and palla-
dium acetate Pd;(OOCMe); (124.5 mg, 0.556 mmol)
in glacial acetic acid (100 mL) were magnetically
stirred at 80°C for 19 h until a dark brown solution
formed. The solution was filtered and evaporated to
dryness on a rotary evaporator. The dry residue was
extracted several times with 20-mL portions of ben-
zene until the solution was colorless. The combined
benzene extracts were slowly evaporated in air. The
yield of the dark orange crystals 17Pd,Pt(OOCMe)j -
4Pd;(OOCMe), - 42C4H¢ was 70.3 mg (33% based on
Pd).

For CgH,,0,Pd; 19Pty g

Anal. caled., % C, 26.35
Found, % C,26.11

H, 2.58
H, 2.21

Pt + Pd, 47.67
Pt + Pd, 48.46

IR (ATR; v, cm™'): 1600 vs, 1479 w, 1427 vs,
1350 m, 1042 w, 950 w, 696 m, 622 w, 552 w. UV-Vis
(AcOH; v, nm): 609, 400, 305.

Synthesis of 17Pd,Pt(u-OOCMe); - 4Pd;(n-O0CMe),
(IIb). Complex Ila readily loses benzene molecules of
crystallization on storage in air. After 3 days and after
drying in a vacuum dessicator above wax, no benzene
was found in the product. According to microanalysis
data, the content of organic matter has decreased in
accordance with the composition 17Pd,Pt(OOCMe),
- 4Pd;(O0OCMe)y.

For C;,H;50,Pd; 5Pty 59

Anal. calcd., % C, 19.06
Found, % C, 19.21

H, 2.08
H, 2.13

X-ray diffraction data confirmed the retention of
the acetate-bridged Pd,Pt structure of IIb after
removal of benzene molecules from Ila.

X-ray diffraction data for Ila were collected on a
Bruker SMART APEX II diffractometer in the ®-scan
mode at the Center for Collective Use of the Kurnakov
Institute of General and Inorganic Chemistry, Rus-
sian Academy of Sciences. The X-ray diffraction data
for complex IIb were obtained using the Protein X-ray
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Fig. 9. Schematic structure of a nanosized Pd—Pt alloy
particle: Pd is a gray circle, Pt is a white circle.

beam at the Kurchatov Synchrotron Radiation Center
of the National Research Center, Kurchatov Institute
(Moscow, Russian Federation) in the @-scan mode
with a Rayonix SX165 CCD detector at 150 and 100 K.
The primary indexing, refinement of parameters, and
integration of reflections were performed using the
iMOSFLM program of the CCP4 package [27] and
the Bruker SAINT software [28]. The absorption cor-
rections to the reflection intensity were applied using
the Scala [29] and SADABS [30] programs. The struc-
tures were solved by direct methods and refined by the
full-matrix least-squares method on F? with anisotro-
pic approximation for all nonhydrogen atoms. The
hydrogen atoms were placed into calculated positions
and refined in the riding model with U (H) =
1.5U,,(C) for methyl groups and 1.2U,(C) for benzene
molecules of crystallization. For the crystal of Ila, the
Pd and Pt partial coordinates, thermal parameters,
and occupancies were refined independently without
restraints. In the case of ITb, EADP instructions were
used for positions of both metals due to insufficient
crystallinity of the sample.

The calculations were carried out using the
SHELXTL program package [30]. Crystallographic
data for complexes IIa and IIb are deposited with the
Cambridge Crystallographic Data Centre (CCDC
no. 1568105 and no. 1852744, respectively).

The thermal decomposition of complex Ila was
studied by calorimetry (DSC) and thermogravimetry
(TG) in an argon flow (20 mL/min) in the 20—400°C
range. The TG curves were recorded on a TG 209 F1
instrument in alundum crucibles at a heating rate of
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10°C/min. DSC data were gained on a DSC 204 F1
instrument in aluminum crucibles at a heating rate of
10°C/min. Each experiment was performed at least in
triplicate. The results of measurements were processed
in accordance with ISO 11357-1, ISO 11357-2, ISO
11358, and ASTM E 1269-95 using the NETZSCH
Proteus Thermal Analysis program package.

XANES and EXAFS. PdK- and Ptl;-edge EXAFS
spectra were measured in the transmission mode. The
X-ray beam intensity before and after passage through
the sample was measured in air-filled and Ar-filled
ionization chambers. After the second chamber, one
more Ar-filled ionization chamber was located for
measuring the reference spectra of Pt and Pd metals
for calibration. The energy scanning was performed
using a Si (220) single crystal monochromator with
energy resolution AE/E =2 x 10~*. The primary pro-
cessing of the XAFS spectra employed the IFEFFIT
program package [31, 32]. The normalized EXAFS &3-
oscillations were analyzed in the 2.0—12.5 A~! range
for PdK- and Ptl;-edges. The Fourier transforms of
the EXAFS oscillations were fitted in the 1—3 A range.

Quantum chemical calculations. The equilibrium
geometry of the molecules was calculated by the DFT
method with the PBEO GGA hybrid functional [33] in
the spin-restricted version using the GAMESS-US
program package [34]. The relativistic effects for the
palladium and platinum atoms were included by
applying the third order Douglas—Kroll correction
and the Sapporo-DK-DZP basis set [35—38]. QTAIM
calculations were carried out using the AIMAII pro-
gram package [39].
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