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Abstract—The state of a platinum carbony! cluster in an initial agueous acetone solution and its transforma-
tions on the surface of aluminum oxide in the course of catalyst preparation were studied by EXAFS spectros-
copy. It was found that water enters the polynuclear framework of the dissolved cluster (the Pt—O distance is
2.55 A, where O is the oxygen atom of water). Structural changesin the supported cluster in the course of cat-
alyst preparation exhibited a strong interaction of platinum with alumina (the Pt—O distance is 1.92-1.95 A),
beginning at the step of H,[Pt;(CO)4]5 adsorption. Thisinteraction was retained upon the subseguent high-tem-
perature treatments of the catalyst. The structures of samples prepared from platinum carbonyl and chloropla-
tinic acid were significantly different. In the former case, a surface prototype was formed from the initial clus-
ter; in the latter case, the sample consisted of platinum metal clusters of a considerable size.

INTRODUCTION

Transition metal clusters are considerably different
in nature from mononuclear complexes, which are fre-
guently used as the precursors of supported metal cata-
lysts. The use of cluster complexes, especially, carbon-
yls, is often responsible for the higher activity, selectiv-
ity, dispersity, and thermal stability of supported
catalysts. In addition, because of their structure pecu-
liarities, clusters are of considerable interest as model
catalyst precursors for solving fundamenta problems
in heterogeneous catalysis. The use of clustersdifferent
in nuclearity, composition, and structure provides an
opportunity to create surface ensembles of active metal
atoms with certain structures and thus gain further
insight into the structure of active centers of real cata-
lysts. Thus, the studies of catalysts based on carbonyl
clustersare of both scientific and practical interest. This
is particularly true of the cluster analogs of practically
important catal ysts such as platinum—aluminacatalysts,
which are used in hydrocarbon conversion (reforming),
automobile-exhaust emission control, and so on.

Du et al. [1] found that the Pt/Al,O; catalyst pre-
pared from the platinum carbonyl cluster
[N(C,H;),1,[Pt;(CO)¢]s was more stable in the process
of n-heptane conversion (773 K) as compared with the
traditional catalyst from H,PtCl,. In this case, sup-
ported platinum was stable in a highly disperse state.
Handy et al. [2] noted a higher selectivity of a catalyst
prepared from [MePPh;],[Pt;(CO)¢]s in neopentane
hydrogenolysis as compared with a traditional analog.
The transformations of supported clusters were also
studied in the cited publications using IR spectroscopy,
chemisorption, and el ectron spectroscopy. It was found
that the cluster adsorbed on Al,O; in freshly prepared

samples retained its structure in a vacuum or inert
atmosphere at low temperature. On heating up to 370 K
in a vacuum, the initial cluster underwent an irrevers-
ible structural rearrangement accompanied by the
removal of bridging CO groups. It was found by trans-
mission electron microscopy (TEM) that in this case
clusters were formed whose size (~1 nm) was close to
the size of theinitial Pt;5 cluster.

In the publications cited above, the transformations
of the supported cluster and its decarbonylation prod-
ucts were considered without taking into account its
interaction with the support, which strongly affects the
catalytic properties of the supported catalyst. Kolosov
et al. [3] attempted to evaluate the interaction of plati-
num with the support in a 2%Pt/y-Al,O; catalyst pre-
pared from H,[Pt;(CO)4]5 by constructing radial distri-
bution functions. They concluded that a platinum phase
with an fcc lattice (Pt,,«) Was absent from the surface,
whereas a stable surface compound of platinum with
alumina was formed. Its structure was constructed
assuming the complete decomposition of the cluster
and amost monoatomic distribution of platinum over
the surface of the support.

In thiswork, the structure of the Pt/y-Al,O; catalyst
in the course of its preparation from a platinum carbo-
nyl cluster, beginning with a solution and ending with
high-temperature treatments of the solid-phase sample
in various atmospheres, was studied by EXAFS spec-
troscopy. The 15-atomic anionic carbonyl cluster

[Pt3(CO)6]§_, one of the series of the Chini carbonyl
anions Pt;(CO,)]>~ (n = 2-5), which were precipitated

with heavy organic anions [4], was used as a parent
compound for preparing catalysts. In our case, the neg-
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ative charge of the cluster was compensated by protons.
The proton form [Pt;(CO)¢]sH, of the cluster can be
prepared from the polymeric platinum dicarbonyl
[Pt(CO),],» Which was historically the first carbonyl
cluster of Pt° [5, 6]. Based on published data[4], itsfor-
mula can be written asH,[Pt;(CO),].,0; that is, the plat-
inum dicarbonyl is a higher nuclearity analog of Chini
cluster ions and its negative charge is compensated by
protons.

Note that, in contrast to analogs precipitated with
organic cations, the use of the proton form of the carbo-
nyl cluster makes it possible to prepare high-purity
model platinum catalysts by the low-temperature
decarbonylation of the supported cluster.

EXPERIMENTAL

Initial H,[Pt3(CO)gl.io cluster. The initia
H,[Pt;(CO)l.,o cluster (Pt;,) was prepared by the
reduction of an agueous solution of chloroplatinic acid
([Pt] 02 mg/ml) with carbon monoxide at room tem-
perature and atmospheric pressure for T = 2 h in accor-
dance with the reaction

30H,PtCl, + 121CO + 61H,0
= H,[Pt;(CO)].;0 + 61CO, + 180HCI.

In this case, platinum was quantitatively precipi-
tated from the solution as a dark cherry precipitate of
Pt;,. The completeness of the reaction was monitored
by measuring the amounts of absorbed CO, released
CO,, and formed HCI, which were practically consis-
tent with the reaction stoichiometry.

H,[Pt3(CO)¢ls(Pt;s) carbonyl  cluster. The
H,[Pt;(CO)¢]5(Pt;s) carbonyl cluster (Pt;s) was pre-
pared from the Pt;, cluster. For this purpose, the dark
cherry precipitate of Pt;, was rapidly filtered off,
washed with water to remove Cl- ions, and transferred
into a flask with acetone (reagent grade), which was
filled with carbon monoxide. Water (3 vol %) was
added to the resulting suspension of Pt,, in acetone, and
the contents were allowed to stand until the complete
dissolution of the initial cluster and the formation of
Pt,s, which was identified by the IR spectrum: v(Pt—
CO) = 2050 cm! (the stretching vibration frequency of
terminal CO groups) and v(u,-CO) = 1870 cm! (bridg-
ing CO groups) [4]. The concentration of platinum in
the working solution was 6 mg/ml.

Note that the solutions thus prepared are character-
ized by a high stability in a carbon monoxide atmo-
sphere, where they can be stored for along timein a
hermetically sealed apparatus.

Supported Pt/y-Al,O; catalysts. The supported
y-Al,O; catalysts were prepared by the adsorption of
the Pt cluster on y-Al,O; (S, = 195 m?/g), which was
calcined at 773 K, from an aqueous acetone solution in
a CO atmosphere at room temperature. Acetone con-
taining 3 vol % water was poured over the support frac-
tion with a particle size of 0.2-0.5 mm. The resulting
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suspension was evacuated to completely remove air
from the pores of the support, and a cluster solution
containing platinum in an amount required for prepar-
ing 2 wt % PYAl,O; was introduced with intense stir-
ring. After adsorption, the samples were subjected to
various thermal treatments.

EXAFS spectroscopy. The platinum Ls-edge
EXAFS spectra were measured at the EXAFS Station
of the Siberian Synchrotron Radiation Center (Novosi-
birsk) [7]. The initia clusters in solution and the sup-
ported 2% Pt/y-Al,O; catalysts were examined. The
spectra of clusters were measured in a CO atmosphere.
The reduced catalysts were placed in hermetically
sealed cellswith beryllium windows out of contact with
air. The catalysts that were dried and calcined in air
were examined in air. Platinum metal was used as a
model compound with the known structure. All spectra
were measured at room temperature. The oscillating
part of x(k) was separated using standard techniques
[8]. The datawere analyzed by simulation according to
a standard procedure with the use of the EXCURV-92
program [9]. The EXAFS spectra were ssimulated in a
wavenumber range of 3.5-12.0 A-L. The table summa-
rizes the structural datafor all compounds.

In addition to EXAFS spectra, XANES data were
also used. The XANES region involves transitions to
unoccupied ds;, symmetry upper levels and to ionized
states with energies up to 100 eV above the ionization
potential. This spectrum region provides information
on the charge state of the element and on the symmetry
of its environment. In this work, we used the so-called
white line for determining the effective charge state of
platinum. A maximum that appears because of transi-
tions to vacant states near the Fermi level is designated
the white ling; it manifests itself in the spectrum as a
peak at the absorption edge. The height of this peak
with reference to the absorption edge correlates with
the effective positive charge at the platinum atom.

RESULTS AND DISCUSSION

H,/Pt;(CO)4/s Cluster in an Aqueous Acetone Solution

The platinum carbony! cluster H,[Pt;(CO),]s in an
aqueous acetone solution was prepared by the interac-
tion of the higher nuclearity species H,[Pt;(CO)]. ;o
with the solvent. The solubility of the latter cluster in
dry acetoneislow, and the major portion of it occurred
as a suspension. The cluster can be completely dis-
solved only by the addition of water. In this case, the
color of the solution changed from initial brown to
intense grass green. The IR spectrum of the resulting
solution exhibited lineswith v(Pt—-CO) = 2050 cmr! and
V(H,-CO) = 1870 cm!, which are characteristic of the

[Pt3(CO)6]§_ cluster. This 15-atomic carbony! cluster
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EXAFS datafor theinitial cluster and its decarbonylation products on the surface of y-Al,O5 in the course of catalyst prepa-

ration
s sampe Disce, A | CoMUTON | Deye, | DISENe | e
1 H,[Pty(CO)gls 1.85 16 137 Pt-C 5.2
Aqueous acetone solution 2.68 17 41 Pt—Pt
255 43 137 Pt—-OH,
2% Pt/y-Al,04 192 0.8 14 Pt-O 9.9
Drying in an Ar atmosphere 2.07 0.8 14 Pt-O
at room temperature 279 34 o5 PPt
3* | Pty-AlLLO; 1.95 1.3 14 Pt-O 7.0
Drying in air at room temperature 210 11 14 Pt-O
2.75 2.8 91 PPt
4* Pt/y-Al,04 192 26 76 Pt-O -
Dryinginair at 120°C 2.71 5.7 119 Pt—Pt
5* Pt/y-Al,04 1.93 2.2 87 Pt—-O -
Reduction with H, at 500°C 277 44 81 Pt—Pt
6* Pt/y-Al,05 1.94 29 30 Pt-O -
Calcinationin air at 500°C 3.04 2.2 19 Pt-Al
3.96 0.9 11 Pt-Al
7 Pt/y-Al,O5 from H,PtClg 2.77 7.7 76 Pt—Pt -
Reduction with H, at 500°C 3.92 2.9 96 Pt—Pt
4.68 3.8 90 Pt—Pt

* Samples 2—6 were prepared from Hy[Pt3(CO)gls.

isone of the series of the dianionic carbonyl Chini clus-
ters [Pt;(COg)]15 (n = 2-5) [4].

The formation of  H,[Pty(CO)]s; from
H,[Pt;(CO)¢]..,, takes place by theinteraction of the lat-
ter with water present in the reaction solution in an
amount of ~3%. At [Pt] = 6 mg/l, the molar ratio
[H,0O] : [Pt] O50. It iswell known [4] that water acts as
a reducing agent with respect to the high-nuclearity

cluster [Pt3(CO)6]fI0 to convert it into the lower nucle-
arity species [Pt,(CO)¢]2 asfollows:
H,[Pt;(CO)].-10 + H,0 = 2H,[Pt;(CO)]s + 0.50,.

According to Calabrese et al. [10], the structural

unit of the [Pt3(CO)6]§_ cluster precipitated with a
heavy organic cation [E(R,)],[Pt;(CO)4]s (E= N, H, or
As, R = akyl or aryl) is a triangle of platinum atoms
with three terminal and three bridging CO groups. The
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platinum triangles arranged in paralel planes one
above the other form atrigonal prismatic cluster frame-
work slightly distorted by a helical twisting. The struc-

ture of the [Pt;(CO),]2~ cluster is characterized by two

Pt—C distances from bridging (2.03 A; coordination
number of 2) and terminal (1.80 A; coordination num-
ber of 1) CO groups and by two Pt—Pt distances, intra-
triangular (2.66 A; coordination number of 2) and inter-
triangular (3.08 A; coordination number of 1.6).

The results of this study obtained by EXAFS spec-
troscopy for the cluster in solution (table, Fig. 1) are
significantly different from the above data for the clus-
terinasolid state. Theradial atomic distribution (RAD)
curvefor the dissolved cluster (Fig. 1, curve ) exhibits
all peaks corresponding to distances in an individua
triangle of platinum atoms: a Pt—Pt distance of 2.68 A,
which isin complete agreement with X-ray diffraction
data [10], although with a somewhat underestimated
coordination number (1.7 in place of 2), and platinum—
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Fig. 1. Fourier transform amplitudes of the Pt Ls-edge
EXAFS spectra of samples 1-7 (see the table).

ligand distances. Because EXAFS spectroscopy cannot
resolve closely spaced peaks, one platinum—carbon dis-
tance was taken in the simulation. Because the coordi-
nation number for bridging CO groups is greater than
that for terminal groups, the distance was found closer
to 1.80 A. Because of this, the coordination number for
the Pt-igand distance was also underestimated.

Thus, the structure of the [Pty;(CO);(,-CO);]12
fragment of the dissolved cluster determined by
EXAFS spectroscopy is in complete agreement with
the structure found for the solid cluster
[AS(CeH5)41,[P(CO)5(H,-CO);]5, which was precipi-
tated with a heavy organic cation [10].

However, the RAD curves for the solution did not
exhibit a peak due to a Pt—Pt distance of ~3.08 A,
which corresponds to the interplanar spacing between
Pt, triangles in a solid state. The absence of the Pt—Pt
distance between Pt; fragments can result from ahigher
mobility of the cluster in solution and from its interac-
tions with the solvent, especially with water molecules.
Inturn, thisresultsin both the separation of Pt triangles
and a disorder when individual Pt; fragments can be
turned through different angles with respect to one
another. The results of studying of the > Pt NMR spec-

traof the dianionic Chini clusters [Pt;(COy)] ﬁ_ (n=2-5)

in acetone and tetrahydrofuran solutions also suggested
the high mobility of the cluster [11]. It was found that
inthe presence of ninternal trianglesin acluster (n= 3)
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the following phenomenatake place: (1) therapid rota-
tion of Pt, triangles about the threefold axis of the clus-
ter framework and (2) the rapid intermolecular
exchange of Pt; fragments. In this case, an enhanced

mobility of [Pt3(CO)6]§_ toward externa Pt; exchange
was noted.

The EXAFS results are indicative of another differ-
ence between the structures of the dissolved cluster and
its solid analog. The spectrum of the dissolved cluster
exhibited along Pt—O distance (2.55 A) with a coordi-
nation number higher than 4 (table), whichis consistent
with a distance between the Pt atom and the solvation
molecules of water, which was absent from the previ-
ously studied Chini anions Pt;(CO,)]%™ (n = 2-5) syn-
thesized in dried solvents. The occurrence of this dis-
tance is consistent with gel formation at a high water
concentration in a solution of the cluster; this phenom-
enon will be described below. The results obtained
allowed us to assume that water enters the structure of

the dissolved [Pt;(CO),] E_ cluster. The number of water

mol ecules associated with the cluster was estimated at
~18. In addition to the coordination of water molecules
to platinum atoms (adistance of 2.55 A), the cluster can
also be hydrated by the formation of hydrogen bonds
with polar CO groups. In this context, an interesting

feature in the behavior of [Pt,(CO),]Z~ in an aqueous
acetone solution should be noted. It consistsin the for-
mation of a viscous intensely colored green gel as the
water content was increased up to ~25-50 vol %. That
is, although the cluster solution was diluted with water,
it was cross-linked by hydrogen bonds with the partici-
pation of solvation water molecules.

Supported Cluster

The structure of the cluster formed after the adsorp-
tion of [Pt3(CO)6]§_ on y-Al,O; followed by drying at
room temperature in an argon atmosphere (sample 2) or
air (sample 3) is considerably different from that of the
dissolved cluster. The RAD curves of the above sam-
ples (Fig. 1) did not exhibit the peak that was observed
for the cluster in solution and corresponded to the Pt—O
distance 2.55 A, where O is the oxygen atom of water
molecules coordinated to platinum. At the same time,
the RAD curve exhibited peaks corresponding to Pt—O
distances of 1.92 and 2.07 or 1.95 and 2.10 A for sam-
ples 2 and 3, respectively, and the coordination number
for the first coordination sphere of platinum (the Pt—O
bond) decreased.

To attribute the obtained distances to certain bonds
of the cluster, its chemical properties should be taken
into account. Under conditions of preparing both sam-
ples, the structure of the initial cluster was affected by
its interactions with the support and solvation water.
Along with this, in sample 3, the cluster underwent
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decarbonylation due to the oxidation of CO ligands
with atmospheric oxygen to CO,. Upon the drying of
samplesboth in an argon flow and in air, the color of the
supported cluster was changed. The intensely green
sample obtained after impregnation with a solution of

[Pt3(CO)6]§_ turned brown in the course of drying in

both carbon monoxide and argon atmospheres. Handy
et al. [2] noted that this cluster supported on adluminais
unstable in the presence of moisture not only in air but
also in an inert atmosphere, as supported by the disap-
pearance of bands dueto CO ligands at room tempera
ture. Thisislikely dueto the conversion of carbon mon-
oxide on awet sample. Consequently, sasmples 2 and 3
should be amost identical.

The Pt—O and Pt—C distances cannot be distin-
guished by EXAFS spectroscopy. Therefore, in the
interpretation of EXAFS data, the following versions
cannot be excluded: (1) the partia retention of CO
groups, that is, the presence of Pt—C and Pt—O distances
and (2) the presence of two Pt—O distances, one of
which is shorter and the other longer than 2.0 A. How-
ever, the chemical behavior of the carbonyl cluster indi-
cates that in a damp atmaosphere al CO groups were
removed after blowing with both argon and air. Thisis
particularly true of air-dried sample 3. Note that the
structural characteristics of samples 2 (Ar) and 3 (air)
are very similar. Only the coordination numbers for
Pt—Pt and Pt—O distances are different; this can be due
to experimental errors. Thisfact provides support to the
assignment of the distances 1.92 and 2.07 or 1.95 and
2.10 A to Pt—O bondsin samples 2 or 3, respectively.

Figure 2 demonstratesthe XANES spectrain the L;-

edge region for the [Pt3(CO)6]§‘ cluster in an agueous

acetone solution and for samples 2 and 3 prepared from
this solution. As mentioned above, the L;-edge is char-
acterized by the so-called white line, that is, transitions
to vacant ds, states. Theintensity of thisline, that is, its
height above the absorption edge, is indicative of the
charge state of platinum atoms. In the metal, platinum
exhibits the dy 43S, 35 configuration, and it is character-
ized by a much lower white-line intensity than that of
platinum ions. In the carbonyl clusters, although plati-
num formally occurs in a zero-vaent state, its elec-
tronic stateis much different from that of the metal; that
is, aredistribution of electrons between d- and s-states
takes place with adecrease in the number of delectrons.
As can be seen in Fig. 2, the effective charge of plati-
num in the cluster evaluated by ds, states remained
unaffected after supporting on a carrier, because the
white-line height remained unchanged. However, the
shape of the absorption region above the ionization
potential (XANES region) strongly changed, and it was
identical for the samplesdried in air and in an inert gas.
The constancy of the white line and identical changes
inthe XANES region for samples 2 and 3 allowed usto
suggest that the cluster underwent minimum structural
changes in the course of drying at room temperature.
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Fig. 2. Pt Ly-edge XANES spectra of samples 1-5 (see the
table).

Changesin the XANES spectra can be attributed to the
appearance of Pt—Pt bonds between Pt; triangles, as
evidenced by an increase in the coordination number
for thisdistance up to 3.4.

A conceivable model of the surface compound is an
almost decarbonylated Pt, 5 cluster, which interactswith
the support surface through alateral face of the frame-
work. This interaction provides a minimum energy of
the cluster—support system because of the maximum
interaction of Pt;5 with the support. It is likely that in
this case several shorter bonds of platinum atoms with
the surface oxygen of the support lattice were formed
(distances of 1.92 and 1.95 A) to provide a reasonable
stability of the cluster structure. This hypothesis was
additionally supported by the results from thermally
treated samples, which are considered below. The
longer Pt—O distances (2.07 and 2.10 A) can be ascribed
to the remaining molecules of chemisorbed water, the
distance to which was shortened because of a partial
degradation of the solvation sphere.

Dehydrated Sample

Sample 4 was dehydrated in air at 393 K. The RAD
curve exhibited only two peaks, one of them was
ascribed to the Pt-igand distance, and the other, to the
Pt—Pt distance. This thermal treatment would be
expected to result in the complete dehydration of the
sample and inthe complete removal of CO groups. That
is, only oxygen was present in the first coordination
sphere of platinum. The retention of the short distance
1.95 A and the complete disappearance of the distance
2.1 A dlowed us to assume (see above) that the dis-
tances 2.07 and 2.1 A in samples 2 and 3, respectively,
are ascribed to the Pt—O bond, where O isthe oxygen of
the remaining chemisorbed water. An increase in the
coordination number for the Pt—Pt distance is aso
indicative of a more highly ordered structure of the
cluster dueto the removal of ligands and of the appear-
ance of Pt—Pt interactions between adjacent triangles
with adistance approximately equal to that within atri-
angle. The structural data are consistent with the above
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model of the Pt, 5 cluster bound to the support through
alateral face.

Samples after High-Temperature Treatments

Two samples reduced at 773 K were studied; one of
them (5) was prepared from platinum carbonyl, and the
other (7), from chloroplatinic acid. The structures of
these samples were essentially different. Evidently,
sample 7 consisted of large platinum meta clusters.
This follows from the fact that a peak due to the plati-
num-igand distanceis absent from the RAD curve and
there are three peaks due to the Pt—Pt distance corre-
sponding to platinum metal with coordination numbers
typical of clusters 1620 A in diameter. The structure of
sample5isidentical to the structure of sample 4, which
was not subjected to high-temperature treatments. This
fact isindicative of the strong interaction of the plati-
num carbonyl cluster with the support in the latter sam-
ple. Severe reduction conditions (773 K) did not
degradeit. Thiswas also demonstrated by the retention
of the intense white line at the L-edge of sample 5,
athough its intensity is lower than that in the initial
clusters (Fig. 2).

Data on the structure of sample 6, which was cal-
cined in air at 773 K, provide indirect evidence for the
strong interaction of cluster platinum with the support.
It can be seen that calcination completely degraded the
cluster and platinum ionswere dissolved in the support;
itislikely that they weretrapped in so-called forbidden
octahedral positions. This follows from the presence of
the Pt—Al distance 3.96 A, which is absent from the
ordinary spingl structure.

Note that the strong interaction took place even at
the first stage of catalyst preparation, that is, starting
from the adsorption of the cluster on alumina. Thisfol-
lows from the constant Pt—O distance (1.92-1.95 A),
which was observed in all samples (2—6) not subjected
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to thermal treatment (2, 3) or subjected to moderate (4)
or high temperatures (5, 6). This manifests itself in an
important catalyst property such as high dispersity,
which is stable to high temperatures, that is, in the
amost complete absence of the sticking of platinum
supported from the carbony! cluster up to 773 K [12].

It follows from the results of this study that the
nature of the starting compound has a strong effect on
the formation of platinum supported on Al,O,. Com-
pounds that contain platinum in a low oxidation state,
asisthe casein the carbonyl clusters, should be used as
initial materialsfor preparing afinely dispersed catalyst
stable to sticking.
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