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y-Al,03-supported catalysts were prepared from bimetal-
lic precursors, {Pt[W(CO)3(CsHs)]2(PhCN)2} and {Pt;W2(CO)s
(CsHs)2(PPh3)2}, as well as from a mixture of [PtCl,(PhCN),] and
[W(CO)], and characterized by extended X-ray absorption fine
structure (EXAFS) spectroscopy and chemisorption of Hy, CO, and
0O,; the samples were reduced with H, at 400°C for 2 h prior to
most characterizations. EXAFS data show that tungsten in either
of the bimetallic precursors helped to maintain the platinum in a
highly dispersed form during treatment in Hy, leading to supported
platinum clusters of only about 4 to 6 atoms each, on average.
EXAFS spectra measured at the Pt L, edge indicate substantial
Pt-W contributions in samples prepared from the bimetallic pre-
cursors, but not in samples prepared from the two monometallic
precursors; the Pt—=W coordination numbers in the former samples
were about 2 and 1, respectively, at an average Pt-W distance of
2.71 A. W L, edge EXAFS data indicate substantial W-Pt interac-
tions in the samples prepared from the bimetallic precursors, with
an average W-Pt coordination number of about 1.0 at a distance of
2.71 A. The results are consistent with the inference that W-Pt-W
(or Pt—(W)2—Pt) units in the precursor were largely retained follow-
ing removal of the ligands by H; treatment. EXAFS data also show
that the Pt-W interactions in samples prepared from the bimetallic
precursors were strong enough to be largely maintained even under
oxidation/reduction conditions at temperatures as high as 400°C.
In addition to the metal-metal contributions, the EXAFS data show
substantial interactions of both tungsten and platinum with oxygen
atoms of the y-Al,O3 support. The platinum clusters are inferred
to be stabilized in a highly dispersed state by their interactions with
tungsten cations (identified by oxygen uptake data), which are held
in place by interactions with surface oxygen atoms of y-Al,O3 (in-
dicated by EXAFS data). In contrast, the sample prepared from
the two monometallic precursors is characterized by a lack of Pt—
W interactions (as indicated by the EXAFS data) and by relatively
large platinum particles. The supported platinum clusters made
from bimetallic precursors are characterized by lower chemisorp-
tion of CO or of hydrogen and by low catalytic activities for toluene
hydrogenation at 1 atm and 60°C, relative to the values character-
izing the samples made from the monometallic precursors, which
incorporated larger platinum particles. On the other hand, the cata-
lysts containing tungsten were an order of magnitude more active
than Pt/y-Al,O3 for hydrogenation of crotonaldehyde to give crotyl
alcohol, although these catalysts were still nonselective for this re-
action. The data indicate that tungsten formed isolated microscopic

islands on y-Al,03, influencing the adsorption and catalysis by plat-
inum by its proximity to the latter. Literature dataindicate that other
combinations of oxophilic and noble metals on oxide supports be-
have similarly.

Key Words: clusters; bimetallic clusters; Pt-W/y -Al,03; toluene
hydrogenation; crotonaldehyde hydrogenation.
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INTRODUCTION

Supported bimetallic catalysts are used in large-scale ap-
plications, illustrated by naphtha reforming (1) and simul-
taneous removal of CO, hydrocarbons, and NO from au-
tomobile exhaust (2). Conventional preparation methods
give materials with relatively large metal particles and low
concentrations of bimetallic structures, which are difficult
to characterize structurally because of their nonuniformity.
Organometallic compounds with preformed metal-metal
bonds, in contrast, offer good opportunities for prepara-
tion of catalysts with maximized bimetallic interactions and
well-defined, highly dispersed structures.

We have reported the preparation and characteriza-
tion of highly dispersed MgO-supported bimetallic cata-
lysts derived from {Pt[W(CO)3(CsHs)]2(PhCN),}, a pre-
cursor in which Pt and W are bonded to each other (3).
Extended X-ray absorption fine structure (EXAFS) data
indicate that the samples incorporate isolated platinum
clusters linked to small tungsten oxide-like structures an-
chored to the oxide support, so that the oxophilic tung-
sten acts like an isolated, localized support for the plat-
inum clusters. The goal of the work described here was to
investigate how supports other than MgO stabilize such
highly dispersed bimetallic structures and how the nucle-
arity and composition of the bimetallic cluster precursor
influence the catalyst structure and properties, including
the Pt-W interactions. We report the preparation, charac-
terization, and catalytic properties of y-Al,Os-supported
samples prepared from {PtfW(CQO)3(CsHs)]2(PhCN),} and
from {Pt;W,(CO)g(CsHs)2(PPhs),}—these clusters differ
from each other in the structure, nuclearity, and number
of metal-metal bonds (two in the former and five in the
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latter). y-Al,O3 was chosen as the support because it sta-
bly adsorbs metal carbonyl precursors (4) and thus offers
the prospect of formation of intact Pt-W clusters by pre-
cursor decarbonylation. For comparison, data are reported
for samples prepared from a mixture of monometallic pre-
Cursors.

EXPERIMENTAL METHODS

Reagents and Materials

The syntheses of organometallic precursors and the
preparations and transfers of solid samples were performed
with air exclusion techniques under dry N, by use of
Schlenk and vacuum-line techniques. Gases (N, H,, and
CO (Matheson, UHP grade)) were purified by passage
through traps containing reduced Cu/Al,O3 and activated
zeolite to remove traces of O, and H,O, respectively. The
y-Al,O3 support, with a BET surface area of 100 m?/g (de-
termined by N, adsorption), was prepared as described
elsewhere (4) and evacuated at 400°C prior to use. Sol-
vents (n-pentane and tetrahydrofuran (99% purity, Fisher)
and reactants in catalysis experiments (toluene (99% pu-
rity, Fisher) and crotonaldehyde (99% purity, Aldrich))
were dehydrated, purified by refluxing, and deoxygenated
by sparging of N prior to use.

Synthesis of Organometallic Precursors

The trinuclear bimetallic precursor {Pt{[W(CO)3(CsHs)]2
(PhCN),} was prepared by a multistep synthesis, the main
step of which was a reaction between [PtCl,(PhCN);]
and Na[W(CO)3(CsHs)]- 2DME (DME is 1,2-dimeth-
oxyethane) in tetrahydrofuran solution at —40°C (5, 6).
The resultant {PtfW(CO)3(CsHs)]2(PhCN),} was purified
by recrystallization from dichloromethane and isolated
as an orange powder. The tetranuclear {Pt;W2(CO)g
(CsHs)2(PPh3),} was synthesized by subsequent reaction
of {PtfW(CO)3(CsHs)]2(PhCN),} with triphenylphosphine
(PPh3) in tetrahydrofuran at 67°C as described elsewhere
(5, 6). {Pt;W,(CO)s(CsHs)2(PPh3),} was purified by
recrystallization from toluene and isolated as a brown
powder. The bimetallic clusters were identified by infrared
spectroscopy in the vco region, with the spectra being in
good agreement with those reported (5, 6).

Sample Preparation

Samples denoted as PtW,/y-Al,O3, Pt;W,/y-Al,Os,
and (Pt+W)/y-Al,O; were prepared by slurrying
of {Pt{W(CO)3(CsHs)J2(PhCN)2},  {PtzW(CO)e(CsHs).
(PPhs),}, and the mixture of [PtCl,(PhCN),] and [W(CO)g¢],
respectively, in pentane with y-Al,O3 powder (aluminum
oxide C, Degussa) that had been partially dehydroxylated
under vacuum at 400°C. Preparation of Pt/y-Al,O3; from
[PtCI(PhCN)2] is described elsewhere (7). The amount
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of each precursor was chosen to give a sample containing
1 wt% Pt; in the sample made from [PtCIl,(PhCN),] and
[W(CO)g], the W/Pt atomic ratio was 2. The pentane was
removed by evacuation, ensuring complete uptake of the
precursor(s) by the support. Prior to characterization, each
sample was treated with H; at 400°C to remove organic
ligands. Infrared spectroscopy indicated that no residues
of organic ligands remained in the samples after such
treatment.

Chemisorption Measurements

An RXM-100 multifunctional catalyst testing and charac-
terization system (Advanced Scientific Designs, Inc.) with a
vacuum capability of 108 Torr was used for chemisorption
measurements. The amount of hydrogen, oxygen, or CO ir-
reversibly chemisorbed on the sample was measured as the
difference between the total adsorption and the physical ad-
sorption isotherms (two isotherms measured consecutively
with 30 min evacuation between measurements). Hydrogen
titration of adsorbed oxygen was also measured. The meth-
ods have been reported (3). Errors in the determination of
H/Pt, O/Pt, and CO/Pt values were +10%.

Catalytic Reaction Rate Measurements

Toluene hydrogenation was carried out at 60°C and atmo-
spheric pressure in a Pyrex flow reactor similar to that de-
scribed (3). The products were analyzed with an online gas
chromatograph equipped with a flame ionization detector.
Similarly, the hydrogenation of crotonaldehyde was carried
out in a tubular glass flow reactor at atmospheric pressure
and 60°C. Liquid crotonaldehyde was fed by an ISCO liquid
metering pump (Model 260D) to a vaporization chamber,
where it was mixed with H,. The crotonaldehyde and H,;
flow rates were adjusted to give a crotonaldehyde/H; gas
phase volume ratio of 1/10. The reactor effluent was ana-
lyzed with an online gas chromatograph equipped with a
30-m J&W DB-WAX capillary column and a flame ioniza-
tion detector.

In the absence of catalyst, there was no measurable con-
version of toluene or of crotonaldehyde. Reported reaction
rates correspond to 2 h on stream and conversion of toluene
and crotonaldehyde less than 1 and 10%, respectively, when
the nearly steady-state conditions were reached. Accuracy
in the determination of reaction rates, determined from dif-
ferential conversions, was about +10%.

EXAFS Spectroscopy

EXAFS experiments were performed on X-ray beam-
line X-11A at the National Synchrotron Light Source at
Brookhaven National Laboratory, Upton, NY. The ring en-
ergy was 2.5 GeV, the ring current was 80-220 mA.. (PtwW,)/
)/-A|203, (Ptsz)/y-A|203, and (Pt+W)/)/-A|203 were
characterized by EXAFS spectroscopy after treatment
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of each sample with H; at 400°C and after treatment with
O, at 200-400°C followed by treatment with H; at 400°C.
The sample mass was chosen to give an absorbance of about
2.5 at the Pt Lj; and at the W L, absorption edges. Spec-
tra were recorded with each sample in a cell that allowed
treatment in flowing gases prior to measurements (8). De-
tails of sample handling and treatment were essentially the
same as those reported earlier (3). The EXAFS data were
recorded in the transmission mode after the cell had been
cooled to nearly liquid nitrogen temperature. The datawere
collected with a Si(111) double crystal monochromator that
was detuned by 20% to minimize the effects of higher har-
monics in the X-ray beam. The samples were scanned at
energies near the Pt L, edge (13,272.6 eV) and the W L
edge (10,206.8 eV).

EXAFS DATA ANALYSIS

Because of the nearness of the Pt L edge (11,563.7 eV)
to the W Ly, edge (11,544 eV), the data analysis for the
bimetallic sample was done for the W L, (10, 206.8 eV)
and Pt L, (13,272.6 eV) edges. The method is limited be-
cause the Pt L, edge is close to the Pt L edge (13,879.9 eV),
and the difference of only 607.3 eV between the edges al-
lowed data analysis up to a value of k (the wave vector)
of about 12 A1, which is sufficient for analysis of the first
coordination shell only.

The EXAFS data were analyzed with experimentally and
theoretically determined reference files as described else-
where (3). The EXAFS data were extracted from the spec-
tra with the XDAP software (9); the steps used to extract
the EXAFS function are described elsewhere (3). The fol-
lowing specific procedures were applied.

The raw EXAFS data at the Pt L, edge obtained for
(Pt+W)/y-Al,03 were Fourier transformed with a k3
weighting over the range 2.68 < k < 12.02 A~*with no phase
correction. The Fourier-transformed data were then in-
verse transformed in the range 0.69 <r <4.30 A (r is the
distance from the absorber atom, in this case Pt) to iso-
late the major contributions from low-frequency noise. The
EXAFS data analysis was done with 12 free parameters
over the ranges 3.66 < k < 11.60 Aland 0.69 <r<4.30 A.
The statistically justified number of free parameters, n, was
about 19, as estimated from the Nyquist theorem (10, 11),
n=(2AkAr /) 4+ 1, where Ak and Ar, respectively, are the
k and r ranges used to fit the data.

The raw data characterizing (Pt+ W)/y-Al,O; at the
W L, edge were analyzed with 12 free parameters over
the ranges 3.74 <k < 15.0 A~1and 0.10 < r < 4.0 A. The sta-
tistically justified number of free parameters, estimated as
described above, was about 29.

The raw EXAFS data at the Pt L, edge obtained for
(PtW,)/y-Al,O3 were analyzed with 16 free parameters
over the ranges 3.66 < k <11.85 A~1and 0.13 <r < 3.50 A.
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The statistically justified number of free parameters, esti-
mated as described above, was about 19.

The raw data characterizing (PtW,)/y-Al,O3; at the
W Ly, edge were Fourier transformed over the range
35 <k <15.87 At with no weighting or phase correc-
tion. The Fourier-transformed data were then inverse trans-
formed in the range 0.10 <r < 3.42 A. The data analysis at
the W L,;, edge was done with 20 free parameters over the
ranges 3.74 <k <14.0 A=t and 0.10 <r <3.42 A. The sta-
tistically justified number of free parameters, estimated as
described above, was about 22.

The raw EXAFS data at the Pt L,; edge obtained for
(Pt,;Wo)/y-Al,O3 were analyzed with 16 free parameters
over the ranges 3.66 < k <11.80 A~'and 0.13 <r < 3.55 A.
The statistically justified number of free parameters, esti-
mated as described above, was about 19.

The raw data characterizing (Pt;W,)/y-Al,O3 at the
W L, edge were Fourier transformed over the range
3.5 <k < 16.07 A~* with no weighting or phase correction.
The Fourier-transformed data were inverse transformed
in the range 0.11 <r <3.42 A. The analysis at the W L
edge was done with 20 free parameters over the ranges
3.74 <k <14.0 A~ and 0.11 <r < 3.42 A. The statistically
justified number of free parameters, estimated as described
above, was about 22.

Data analysis was done with a difference file technique
(12, 13). The approach used to analyze the data at the Pt L,
edge and at the W L), edge was similar to that described
elsewhere (3). The reliable parameters for the high-Z (Pt,
W) and low-Z (Osypport) contributions were determined by
multiple-shell fitting in r space and in k space with appli-
cation of k* and k® weighting (14). Because data were ob-
tained at both the Pt L;; and W L, edges, it was possible to
determine some EXAFS parameters (the Pt-W distance,
coordination number, and Debye-Waller factor) from the
data at each edge; thus, there were opportunities to evalu-
ate the internal consistency of the fitting results. The issues
are addressed in the following section.

RESULTS

EXAFS Data

The results of the EXAFS data analysis are summarized
in Tables 1-6. The estimated error bounds in Tables 1-6 rep-
resent precisions determined from statistical analysis of the
data, not accuracies; estimated accuracies are also stated
in these tables. Comparisons exemplifying the goodness of
the fits are shown in Figs. 1 and 2 for PtW,/y-Al,O3, both in
k space and in r space. The residual spectra demonstrating
Pt-W (determined from Pt L, edge data) and W-Pt inter-
actions (determined from W L,;; edge data) are shown in
Figs. 1D and 2C, respectively.

The reliability of the data obtained at each edge and
characterizing Pt-W interactions and the validity of the fits
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TABLE 1

EXAFS Results at the Pt L, Edge Characterizing the y-Al,03-Supported Sample Prepared from [PtCl,(PhCN);] and [W(CO)g]
and Treated in O, at VVarious Temperatures Followed by Treatment in H, at 400°C for 2 h?

Pt-Pt contribution

Pt-O, contribution

Pt-O, contribution

Temperature
of treatment 103A0? 10%A0? 10%A0?
in 0, (°C) N R (A) (A» AEy(eV) N R (A) (A AEy(eV) N R (A) (A% AEq (eV)

No treatment 8.44+0.8 2.744+0.01 7.34+0.6 —1.44+09 0.7+0.2 2.27+0.03 10.0+4.7 —13.3+2.6 0.3+0.1 2.714+0.03

10.0+28 —-17.8+23

200 83+04 275+001 73+05 -1.3+0.3 0.74+0.1 2.26+0.01 10.0+24 —-169+13 02+0.1 2.794+0.02 —10.0+2.6 —20.0+2.0

300 84+02 274+£001 74+£02 —-1.1+02 0.7+£0.1 2.26+0.01 100+24 —130+14 05+£0.1 2.72+£0.02
400 84403 275+0.01 76+03 —14+03 0.7+01 2274+0.02 10.0+26 —12.7+19 05+0.1 2.744+0.02

—7.3+0.7
—58+15

—5.8+15
—6.0+1.6

@Notation: N, coordination number; R, distance between absorber and backscatterer atoms; Ac?, Debye-Waller factor; AE,, inner potential
correction; the subscripts s and | refer to short and long, respectively. The error bounds stated here were obtained from the statistical analysis of the
data; they indicate the precisions, not accuracies. Estimated accuracies: N, £20% (M—Osypport, £30%0); R, +1%; Ao?, £30%:; AE,, +10%.

were evaluated on the basis of the goodness of the fits and
the following constraints: (a) the bond distances (R) and
Debye-Waller factors (Ao?) must be the same for the Pt—
W and W-Pt contributions and (b) the relationship between
coordination numbers for Pt—-W (Npcw) and W-Pt (Nw._pt)
contributions determined from Pt and W edges and the to-
tal number of Pt (np¢) and W (ny) atoms in the sample must
satisfy the following equation (3, 15):

Nee-w _ Nw

Nw—pt  Npt o

The EXAFS data reported in Tables 3-6 show that
regardless of the bimetallic cluster precursor used, the
average Pt-W distance and Debye-Waller factor deter-
mined from the Pt L, edge data agree well within the
expected experimental uncertainties with the values char-

TABLE 2

EXAFS Results at the W L, Edge Characterizing the y-Al,03-
Supported Sample Prepared from [PtCl,(PhCN);] and [W(CO)]
and Treated in O at VVarious Temperatures Followed by Treatment
in Hy at 400°C for 2 h?

Temperature W=O contribution
of treatment
in0,(°C)  Shell N R(A) 10%Ac2(AY) AEq(eV)
No treatment First 15+01 1.70+0.01 3.7+0.3 —0.4+£0.6
200 First 16401 1.7040.01 4,04+0.7 0.3+09
300 First 1.6+0.1 1.704+0.01 4.0+0.7 0.3+09
400 First 16401 1.7040.01 40+07 0.3+09
No treatment Second 3.4+05 2274002 100407 -132+22
200 Second 3.6+0.6 2.24+0.02 10.0+2.8 —-8.8+4.2
300 Second 3.6+0.6 224+0.02 10.0+28 —-8.8+4.2
400 Second 3.6+0.6 224+0.02 10.0+2.8 —-8.8+4.2
No treatment Third 6.0+1.0 246+0.02 100+1.8 0.3+2.3
200 Third 6.0+1.2 243+0.02 10.0+2.9 46+43
300 Third 6.04+1.2 2434+0.02 10.0+29 46+4.3
400 Third 6.0+1.2 243+0.02 10.0+2.9 46+4.3

@ Notation as in Table 1.

acterizing the W-Pt contributions determined from the
W L, edge data. Moreover, the ratios of the coordi-
nation numbers observed for the Pt-W contribution at
the Pt edge and the W-Pt contribution at the W edge
(Npe—w/Nw—pt) were found to be equal to about 2 and 1 for
the samples prepared from {Pt[W(CO)3(CsHs)]2(PhCN),}
and {Pt;W,(CO)s(CsHs)2(PPh3),}, respectively; these val-
ues match the ratios of Pt to W atoms in PtW,/y-Al,Oz and
Pt,W,/y-Al,O3. Thus, EXAFS data at both the Pt L, and
the W L, edges are consistent with the above-mentioned
constraints.

Platinum Dispersions Determined from EXAFS Data

The EXAFS data were used to estimate platinum disper-
sions on the basis of the relationship of the Pt—Pt first-shell
coordination number of the average metal cluster or parti-
cle size and metal dispersion reported by Kip et al. (16); the
method was illustrated earlier for Pt/y-Al,O3 (7). The data,
summarized in Table 7, demonstrate how the choice of pre-
cursor as well as treatment conditions affects the average
platinum cluster size.

Chemisorption

The chemisorption data characterizing the catalysts of
different composition, which were reduced with H, at
400°C, are summarized in Table 8. The amount of hy-
drogen or CO chemisorbed on (Pt+ W)/y-Al,O3 was
less than might at first be expected on the basis of the
platinum dispersion alone, determined from the EXAFS
data (Table 7); even lower amounts of hydrogen and
CO chemisorption were observed for samples prepared
from the bimetallic cluster precursors. Taking into ac-
count that the platinum dispersion was nearly 100% in
samples prepared from {Pt[W(CO)3(CsHs)]2(PhCN),} and
from {Pt;W,(CO)s(CsHs)2(PPhs),} (Table 7), we infer that
the coverages of the platinum clusters by hydrogen and by
CO do not exceed roughly 20% (Table 8).
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TABLE 3

EXAFS Results at the Pt Lj; Edge Characterizing the y-Al,O3-Supported Sample Prepared from {Pt[W(CO)3(CsHs)]2(PhCN),}
and Treated in O; at Various Temperatures Followed by Treatment in H; at 400°C for 2 h?

Pt-Pt contribution

Pt-W contribution

Pt-O, and Pt-O, contributions

Temperature

of treatment 10%A0? 10%A0? 10%A0?
in O, (°C) N R (A) (A» AEy(eV) N R (A) (A)  AEp(eV) N R (A) (A% AEq (eV)
No treatment 3.0+£05 2.74+0.01 3.8+1.2 44412 20402 2714001 3.0+£07 —199+14 18401 2154001 11407 53406
20401 2644002 40+17 —09+10
200 36+02 2744001 02402 82404 20401 2.71+£0.01 31+05 —200405 1.7+01 2174001 —1.1+02 82402
24401 2644001 15405 —02+02
300 35402 2744001 03404 90409 20+02 2714001 37407 —195+15 2.6+01 2.15+0.01 —23+03 —1.9403
45+03 2.66+001 7.1+08 —26+05
400 48+08 2.74+001 1.7+08 6.0+03 2.0+01 2714001 33+£04 —199+06 1.3+£01 216+£001 49402 13.1+0.2
18401 2624001 04+05 12404

2Notation as in Table 1.

Treatment of (Pt + W)/y-Al,O3 with O, at temperatures
in the range of 200-400°C followed by reduction at 400°C
did not substantially change the platinum dispersion (as
evidenced by EXAFS data, Table 7) or the amounts of hy-
drogen or CO chemisorption on platinum (Table 8).

A similar pattern was observed for (PtW,)/y-Al;Os.
EXAFS (Table 7) and chemisorption (Table 8) data show
that the combination of oxidation and reduction treatments
did not significantly influence either the platinum disper-
sion or the chemisorption capacity.

In contrast, Pt;W,/y-Al,O3; was stable in oxidation—
reduction treatments only at temperatures lower than

300°C (Table 7). The oxidation treatment at 400°C resulted
in increased coverage of the platinum by hydrogen and CO
(Table 8), concomitant with a decreased platinum disper-
sion indicated by the EXAFS data (Table 7).

Oxidation States of Tungsten

The amounts of oxygen chemisorbed, in combination
with hydrogen titration data, provide information about
the average oxidation states of tungsten in the samples
(Table 9). Only trace amounts of oxygen were adsorbed by
the sample prepared from [W(CO);] that had been reduced
with H; at 400°C; nor was there a detectable adsorption of

TABLE 4

EXAFS Results at the W L,;; Edge Characterizing the y-Al,03-Supported Sample Prepared from {Pt[W(CO)3(CsHs)]2(PhCN)2}
and Treated in O, at Different Temperatures Followed by Treatment in H, at 400°C for 2 h?

Temperature W-Pt contribution W_Osupport contributions
of treatment
in O, (°C) Shell N R (A) 10%A02 (AY)  AEy (eV) N R (A) 10%A02 (A?) AEg (eV)

No treatment First 09+0.1 2.71+0.01 3.1+0.6 -03+14 1.3+0.1 1.714+0.01 3.3+£0.3 —25+£0.3
200 First 09+0.1 2.71+0.01 3.2+04 -1.0+0.3 20+0.1 1.7140.01 8.6+0.2 3.7+0.3
300 First 09+0.1 2.71+0.01 3.7+0.1 —-1.0£0.5 21+0.1 1.71+£0.01 7.7+£0.1 3.7+£0.1
400 First 09+0.1 2.71+0.01 35+04 —-10+0.8 22+0.1 1.714+0.01 75+0.2 3.3+0.2

No treatment Second — — — — 05+0.1 2.26 +0.01 0.8+0.8 -11+13
200 Second — — — — 0.6+0.1 2.224+0.01 —-1.3+£0.2 13.1+04
300 Second — — — — 06+0.1 2.21+0.01 —-0.5+0.1 16.34+0.3
400 Second — — — — 0.6+0.1 2.20+0.01 0.1+04 18.8+£0.7

No treatment Third — — — — 0.1+0.1 3.094+0.02 —-10.0+0.7 —-142+19
200 Third — — — — 0.6+0.1 3.04+0.01 —5.84+0.2 -114+1.0
300 Third — — — — 04+0.1 3.02+0.01 —6.6£0.1 44401
400 Third — — — — 02+0.1 3.024+0.01 —-7.6+0.3 48+0.7

No treatment Fourth — — — — — — — —
200 Fourth — — — — — — — —
300 Fourth — — — — 1.24+0.1 3.10+0.01 10.0+16 -1.74+0.7
400 Fourth — — — — 12+0.1 3.23+0.01 10.0£1.6 —-11.6+04

@ Notation as in Table 1.
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TABLE 5

EXAFS Results at the Pt Lj; Edge Characterizing the y-Al,03-Supported Sample Prepared from [Pt;W,(CO)s(CsHs)2(PPhs),]
and Treated in O, at Various Temperatures Followed by Treatment in H, at 400°C for 2 h?

Pt-Pt contribution

Pt-W contribution

Pt-O; and Pt-O, contributions

Temperature
of treatment 103A02 103A0? 103A02
in O, (°C) N R (A) (A»  AEp(eV) N R (A) (A)  AEy(eV) N R (A) (A? AEq (eV)
No treatment 3.54+0.2 2.744+0.01 43+04 33+07 09401 2.714+0.01 2.6+08 —19.8+1.2 3.040.1 2.15+0.01 —1.6+0.1 0.2+0.1
2.0+0.1 2644001 —1.1+03 0.6+0.3
200 38+04 2744001 15+06 84413 1.1+02 2714001 27+1.0 —187+32 2.7+0.1 2244001 10.0+09 —147+05
23401 2624002 84433 —99+1.0
300 43407 2.74+£001 24411 55+15 12403 2714£0.01 21411 —200+3.4 23401 2274001 95412 -18.040.9
22403 2624002 85+49 —97+12
400 72408 2.74+0.01 7.0£08 07+0.6 09+03 2.71+£0.01 26422 —200+£27 1.1+02 2284002 100+49 —200+13
0.3+0.1 2564002 —25+28 01+23

2 Notation as in Table 1.

hydrogen after this treatment. Thus, we conclude that the
average oxidation state of W in this sample after reduction
at 400°C was about +-6.

In contrast to the oxygen taken up in association with
tungsten, the oxygen chemisorbed by platinum could be
easily removed by hydrogen titration at room temperature
(Table 9). Thus, we were easily able to distinguish the oxy-
gen chemisorbed by platinum from the oxygen irreversibly
consumed during oxidation of tungsten. The amount of
oxygen adsorbed by tungsten was calculated as the dif-
ference between the total oxygen uptake by the sample

and the amount of oxygen adsorbed by platinum, deter-
mined from hydrogen titration data. The average oxidation
states of tungsten were thus found to be 5.6, 5.3, and 4.8
for (Pt+W)/y-A|203, Pth/)/-Aleg, and Ptng/]/-A'zOg
reduced at 400°C, respectively (Table 9).

Toluene Hydrogenation Catalysis

Data characterizing the performance of catalysts of
various compositions are summarized in Table 10. The
turnover frequency (TOF) was calculated on the basis of
the platinum dispersions estimated from EXAFS data. The

TABLE 6

EXAFS Results at the W L,;; Edge Characterizing the y-Al,O3-Supported Sample Prepared from [Pt,W2(CO)s(CsHs)2(PPhs),] and
Treated in O; at Various Temperatures Followed by Treatment in H; at 400°C for 2 h?

Temperature W-=Pt contribution W-Ogypport CONtributions
of treatment
in O, (°C) Shell N R (A) 10°A02 (AY)  AE (eV) N R (A) 10%A0? (A?) AEq (eV)
No treatment First 09+0.1 2.71+£0.01 26+0.1 57+1.7 0.8+0.1 1.71+0.01 56+0.2 43+05
200 First 0.9+0.1 2.714+0.01 27+0.1 5.0+0.9 1.8+0.1 1.71+0.01 8.4+0.1 484+0.1
300 First 09+0.1 2.71+0.01 244+0.1 5.34+0.7 23+0.1 1.71+0.01 10.0+0.2 45+04
400 First 0.9+0.1 2.71+£0.01 24404 47+3.0 2.8+0.3 1.724+0.01 10.0+0.8 0.6+0.5
No treatment Second — — — — 09+0.1 2.12+0.01 54403 -31+04
200 Second — — — — 0.8+0.1 2.09+0.01 48+0.2 —-3.2+0.3
300 Second — — — — 0.9+0.1 2.05+0.01 34402 3.9+05
400 Second — — — — 1.04+0.2 2.04+0.01 27+1.0 57+24
No treatment Third — — — — 04+0.1 2.58+0.01 -39+0.3 -55+0.8
200 Third — — — — 15+01 2.62+0.01 79+0.2 —-17.0+0.2
300 Third — — — — 15+01 2.63+0.01 8.7+0.4 —16.7+0.4
400 Third — — — — 15+01 2.68 +0.02 10.0+1.1 —20.0+1.0
No treatment Fourth — — — — 02+0.1 3.14+0.01 —6.8+0.3 0.8+0.3
200 Fourth — — — — 14401 3.07+£0.01 0.3+0.2 20.0£0.6
300 Fourth — — — — 1.3+0.1 3.08+0.01 0.1+0.2 19.84+0.8
400 Fourth — — — — 1.1+0.2 3.08£0.02 —29+0.6 20.0£1.3

@ Notation as in Table 1.



HIGH-DISPERSION y-Al,03-SUPPORTED Pt CATALYSTS

0.03

A

/\/A\/\/\v o

0.00

EXAFS function, g

-0.01 A

-0.02 A

-0.03 :

0.04

0.00

Fourier Transform

-0.04 4

-0.08 T T

R, A

FIG. 1.

163

0.008 -| B

0.004 -

0.000

Fourier Transform

-0.004

-0.008

0.04 -

0.02 4

0.00

Fourier Transform

-0.02

-0.04

R A

Results of EXAFS analysis near the Pt L, edge obtained with the best calculated coordination parameters characterizing the y-Al,O3-

supported sample PtW,/y-Al,O3 prepared from {Pt{W(CO)3(CsHs)].(PhCN),} following treatment in H;, at 400°C. (A) Experimental EXAFS (solid
line) and sum of the calculated Pt-Pt + Pt-O; + Pt-O, 4+ Pt-W contributions (dashed line). (B) Imaginary part and magnitude of uncorrected Fourier
transform (k® weighted) of experimental EXAFS (solid line) and sum of the calculated Pt-Pt 4 Pt-O; + Pt-O; + Pt-W contributions (dashed line). (C)
Imaginary part and magnitude of phase- and amplitude-corrected Fourier transform (k° weighted) of raw data minus the calculated Pt-Og + Pt-O, +
Pt-W contributions (solid line) and calculated Pt-Pt contribution (dashed line). (D) Residual spectrum illustrating the Pt-W contributions: imaginary
part and magnitude of phase- and amplitude-corrected Fourier transform (k° weighted) of raw data minus calculated Pt-Pt 4 Pt-O + Pt-O EXAFS

(solid line) and calculated Pt-W contribution (dashed line).

apparent activation energy, determined from the tempera-
ture dependence of TOF, was found to be about the same
(9-11 kcal/mol) for each catalyst, in good agreement with
reported values for this reaction catalyzed by supported
platinum (3, 17, 18).

The TOF observed for (Pt+ W)/y-Al,O3 that had been
reduced with H, at 400°C was about the same as that ob-
served for Pt/y-Al,O3 after similar treatment (Table 8).
Treatment with O, at 400°C followed by treatment with

H; at the same temperature did not substantially influence
the catalytic behavior of either Pt/y-Al,O3 or (Pt+ W)/
]/-A|203.

In contrast, after reduction with H, at 400°C, PtW,/
y-Al,O3 was more than an order of magnitude less active
than Pt/y -Al,Og3; Pt,W,/y -Al,O3was even less active (Table
10). After treatment with O, at 400°C followed by reduction
at 400°C, the activity of PtW,/y-Al,O3 and that of Pt,W,/
y-Al,O3 increased; the activities were about 8 times less



164

ALEXEEV ET AL.

0.04 0.02
A
0.03 4 5
0.02 0.01 4
=
< S
5 0.01 4 e}
) [}
§ 0.00 /\ 5
2 . \/ = 0.00
2 g )
-0.01 - 5
> 3
w (TR
-0.02 4 -0.01 4
-0.03
-0.04 1 : ; ‘ . . -0.02 : . : ,
4 6 8 10 12 14 0 1 5 3 4 5
K A RA
0.03
C
0.02
£ 0014
—_
2
1]
= =~ -
© — —
= 0.00 — 2
—_ =)
Ko}
—
3
S 001
-0.02
-0.03 : ; ;
0 1 3 4 5
R A

FIG. 2.

Results of EXAFS analysis near the W L,;; edge obtained with the best calculated coordination parameters characterizing the y-Al,O3-

supported sample PtW,/y-Al,O3 prepared from {Pt{W(CO)3(CsHs)].(PhCN),} following treatment in H;, at 400°C. (A) Experimental EXAFS (solid
line) and sum of the calculated W-Ogpport + W-Pt contributions (dashed line). (B) Imaginary part and magnitude of uncorrected Fourier transform
(k® weighted) of experimental EXAFS (solid line) and sum of the calculated W-Ogypport + W-Pt contributions (dashed line). (C) Residual spectrum
illustrating the W-Pt contributions: imaginary part and magnitude of phase- and amplitude-corrected Fourier transform (k° weighted) of raw data
minus calculated W=Ogpport EXAFS (solid line) and calculated W-Pt contribution (dashed line).

than that observed for Pt/y-Al,O3 after similar treatment
(Table 10).

Crotonaldehyde Hydrogenation Catalysis

Results characterizing catalysts of various compositions
that had been reduced in H, at 400°C are summarized in Ta-
ble 11. Butyraldehyde was the main product observed with
each catalyst containing platinum when the reaction was
performed at 60°C with conversions of about 10%. Besides
butyraldehyde, small amounts of n-butane and crotyl alco-
hol were detected when the catalyst was Pt/y-Al,O3. Tung-

sten increased the selectivity for formation of crotyl alco-
hol. The selectivity to crotyl alcohol was somewhat higher
for Pt;Wo/y-Al,O3 and PtW,/y-Al,O3 than for (Pt+ W)/
y-Al,O3, but it was generally low (Table 11). The rates of
butyraldehyde, butanol, or n-butane formation were ap-
proximately constant and not sensitive to catalyst com-
position (Table 11), but the catalysts incorporating tung-
sten were at least an order of magnitude more active for
crotyl alcohol formation than Pt/y -Al,O3 (Table 11). Pt,W,/
y-Al,0O3 and PtW,/y-Al,O3; were more active for crotyl al-
cohol formation than (Pt + W)/y-Al,O3 (Table 11).
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TABLE 7

Dispersions of Supported Platinum Catalysts Estimated on the Basis of EXAFS Data

Sample

Treatment

Approximate average

(Pt + W)/)/-A|203

(PtW)/y-Al,05

(PtaW2)/ly-Al,O3

H, at 400°C

O, at 200°C followed by H; at 400°C
O, at 300°C followed by H; at 400°C
O, at 400°C followed by H; at 400°C

H, at 400°C

O, at 200°C followed by H; at 400°C
O, at 300°C followed by H; at 400°C
O, at 400°C followed by H; at 400°C

H, at 400°C

O, at 200°C followed by H; at 400°C
O, at 300°C followed by H; at 400°C
O, at 400°C followed by H; at 400°C

diameter of platinum Platinum cluster or
clusters or particles particle diameter,

Npt—pt? (in metal atom diameters)® A Pty/Pt
8.4 6.7 19 0.63
8.3 6.5 18 0.64
8.4 6.7 19 0.63
8.4 6.7 19 0.63
3.0 2.1 5.8 1.0
3.6 2.6 6.9 1.0
35 25 6.8 1.0
48 33 9.0 1.0
35 25 6.8 1.0
3.8 2.7 7.3 1.0
43 3.0 8.3 1.0
7.2 4.8 13 0.76

2 First-shell Pt-Pt coordination number.
b Estimated on the basis of model reported by Kip et al. (16).
¢ Dispersion expressed as the ratio of the number of surface platinum atoms to total number of platinum atoms.

DISCUSSION

Evidence of Supported Pt-W Species Formed
from Bimetallic Precursors

The sample made from separate monometallic precur-
sors, (Pt + W)/y-Al,O3, and reduced with H, at 400°C, gave

a sample with EXAFS spectra at the Pt L, edge show-
ing Pt—Pt contributions but no detectable Pt-W contribu-
tions (Table 1). Consistent with this result, the W Ly, edge
data indicate W=O interactions but not W-Pt interactions
(Table 2). We conclude that the platinum and tungsten com-
ponents were largely segregated from each other in this
sample.

TABLE 8

Influence of Treatment Conditions on Chemisorption Properties of Catalysts Reduced at 400°C

Chemisorption at 25°C,

Temperature atomic ratio®
of treatment
Catalyst sample in Oy, °C? H/Pt CO/Pt Pt/Pt o Hcod Ref.
Pt/y-Al,O3 No treatment 0.58 0.57 0.57 1.00 1.00 7
(Pt+W)/y-Al,O4 No treatment 0.47 0.55 0.63 0.75 0.87 This work
200 0.46 0.53 0.64 0.72 0.83
300 0.44 0.52 0.63 0.70 0.83
400 0.42 0.53 0.63 0.67 0.84
(PtW,)/y-Al,04 No treatment 0.12 0.16 1.00 0.12 0.16 This work
200 0.12 0.17 1.00 0.12 0.17
300 0.13 0.18 1.00 0.13 0.18
400 0.12 0.20 1.00 0.12 0.20
(Pt;W)/y-AlLO3 No treatment 0.10 0.19 1.00 0.10 0.19 This work
200 0.11 0.34 1.00 0.11 0.34
300 0.15 0.35 1.00 0.15 0.35
400 0.23 0.37 0.76 0.30 0.49

2 Samples were treated in 20% O, in He.

b Determined with respect to total number of Pt atoms in the sample.

¢ Dispersion (fraction of the surface atoms exposed) was estimated from EXAFS data on the basis of first-shell
Pt-Pt coordination numbers using the model reported by Kip et al. (16).

4 Fraction of the surface atoms covered by hydrogen or CO.
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TABLE 9

Oxygen Chemisorption and Hydrogen Titration Data Characterizing y -Al,O3-Supported
Catalysts Reduced at 400°C

Hydrogen
Composition, titration at
Precursor(s) wt% H/Pt2  O/Pt° 25°C¢ o/PtY  OWe  Nyf Ref.
[W(CO)g] 2.0% W — — — — 005 59 Thiswork
[PtCI,(PhCN),] 1.0% Pt 058 0.73 1.70 0.57 — — 7
[PtCI2(PhCN).] + [W(CO)¢] 1.0% Pt 046 1.0 157 056 022 56 Thiswork
1.89% W
[PtW,(CO)s(CsHs)2(PhCN),] 1.0% Pt 012  1.34 1.39 064 035 53 Thiswork
1.89% W
[Pt;W,(CO)s(CsHs)2(PPhs),] 1.0% Pt 011  1.37 1.65 077 060 48 Thiswork
0.94% W

@ Determined after oxygen chemisorption followed by hydrogen titration and reduction of the sample at stated

temperature.
b Total oxygen uptake determined at 200°C.

¢ Amount of hydrogen required for titration of chemisorbed oxygen, H/Pt atomic ratio.

d Calculated from hydrogen titration data taking into account the hydrogen chemisorption.

¢ Amount of oxygen used for oxidation of tungsten in bimetallic samples determined as the difference between
the total amount of oxygen uptake and the amount of oxygen chemisorbed by platinum (determined from hydrogen

titration data).

f Average tungsten oxidation state Ny was determined with an accuracy of about +10% from the following

equation: Ny = 6—2(O/W).

In contrast, when either bimetallic precursor was used
in the preparation, both Pt-Pt and Pt-W contributions
were observed at the Pt L, edge after reduction with Hy,
and W-Pt contributions were observed at the W L, edge
(Tables 3-6). Thus, we infer that the bimetallic interactions
of the precursors were retained to some degree in the sup-
ported catalysts and were necessary to give catalysts with
substantial bimetallic interactions.

Pt-W Interactions Correspond to High
Platinum Dispersions

The samples characterized by significant Pt-W inter-
actions, PtW/y-Al,03 and Pt,W,/y-Al,O3 have high
platinum dispersions (with Pt-Pt first-shell coordination
numbers of 3.0-3.5, corresponding to platinum clusters
of only about 4-6 atoms each, on average (Tables 3
and 5). But (Pt+ W)/y-Al,O3, the sample prepared from

TABLE 10

Toluene Hydrogenation Catalyzed by y-Al,03-Supported Catalysts?

10? Rate per Pt atom Apparent
Metal content 10 TOF able to chemisorb activation energy

Catalyst (Wt%) Treatment conditions Pty/Pt° G hydrogen (s7%) (kcal/mol)
Pt/y-Al,O3 1.0% Pt H, at 400°C 0.57 16.3 16.3 10.3
O; at 400°C followed by H; at 400°C 0.58 16.6 16.6 105
(Pt+W)/ly-Al,03 1.0% Pt, 1.89% W  H, at 400°C 0.63 14.6 19.6 10.6
O, at 400°C followed by H; at 400°C 0.63 14.9 224 10.9
PtW,/y-Al,0O3 1.0% Pt,1.89% W  H, at 400°C 1.00 0.9 7.5 10.2
O, at 400°C followed by H; at 400°C 1.00 2.1 175 9.2
Pt,W,/y-Al,0O3 1.0% Pt, 0.94% W  H,at 400°C 1.00 0.003 0.03 10.2
O, at 400°C followed by H; at 400°C 0.76 2.6 8.6 9.0

@ Reaction at 60°C, Poiuene = 50 Torr and Phygrogen = 710 Torr.

b Dispersion (fraction of surface Pt atoms exposed) was estimated from first-shell Pt-Pt coordination numbers by using the model reported by Kip

et al. (16).
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TABLE 11

Crotonaldehyde Hydrogenation at 60°C Catalyzed by y-Al,O3-Supported Catalysts Reduced at 400°C

Selectivity, wt%

Activity, TOF (s

Catalyst butyraldehyde butanol crotyl alcohol butane butyraldehyde butanol crotyl alcohol butane
Pt/y-Al,Os 98.0 0.0 1.0 1.0 10.9 0.0 0.1 0.02
(Pt+W)/y-Al,O4 93.6 1.0 4.1 13 12.7 0.3 1.0 0.48
(PtWy)/y-Al,O4 91.8 1.0 6.2 1.0 145 0.3 1.6 0.30
(Pt;W,)/y-AlO4 88.1 1.6 8.7 1.6 16.0 0.4 1.6 0.40

[PtCI(PhCN),] and [W(CO)g], lacks such interactions and
is characterized by a much lower platinum dispersion,
with the Pt-Pt first-shell coordination number being 8.4
(Table 7). This latter value is about the same as that ob-
served for Pt/y-Al,O3 after similar treatment (7), corre-
sponding to an average platinum particle diameter of about
19 A, with the average particle consisting of about 90 atoms.

The first-shell Pt—-O contributions, associated with the
metal-support interface, provide complementary informa-
tion about the metal dispersions. (Pt + W)/y-Al,O3 is char-
acterized by an average Pt-O coordination number of only
0.7, but the average Pt—O coordination numbers character-
izing PtW,/y-Al,O3 and Pt,W,/y-Al,O3 were found to be
1.8 and 3.0, respectively. Because these EXAFS parame-
ters are averages representing all the metal atoms in the
sample, the contribution of the metal-support interface to
the overall EXAFS signal is expected to be minimized for
the largest metal particles and maximized for the small-
est. Thus, the Pt—O data are consistent with the Pt—Pt data
in demonstrating the presence of relatively large platinum
particles in (Pt+ W)/y-Al,O3 and small platinum clusters
in Pth/]/-A'gOg and Pthz/]/-A'gOg.

Previously it was shown that highly dispersed platinum
clusters were formed on MgO when ({Pt[W(CO);
(CsHs)]2(PhCN)2}  or  {Pt{Mo(CO)3(CsHs)]2(PhCN).}
clusters were used as precursors (3, 19); similarly, highly
dispersed palladium clusters were formed on MgO from
{Pd2M02(CO)e(CsHs)2(PPhs)2} (20). The extremely high
noble metal dispersions reported here for y-Al,Os-
supported Pt-W samples are in agreement with the
previous reports (3, 19, 20) and lead us to infer a general
conclusion: the noble metal dispersion can be maximized
when bimetallic clusters containing noble and oxophilic
metals bonded to each other are used as precursors in
oxide-supported catalysts.

State of Tungsten in Reduced Samples

The chemisorption data (Table 9) show that when the
sample was prepared from only [W(CO)s] (and reduced at
400°C) incorporated tungsten cations were in a high oxida-
tion state (4-6). The average oxidation state of tungsten in
the sample prepared from [PtCl,(PhCN),] and [W(CO)]

was found to be 5.6; evidently, some of the tungsten ions
were partially reduced as a result of the treatment in H; at
400°C. Even greater reduction of tungsten was observed in
samples made from the bimetallic precursors: the average
tungsten oxidation state was found to be 5.3 and 4.8 for
the samples prepared from {Pt[W(CO)3(CsHs)]2(PhCN),}
and {Pt;W,(CO)s(CsHs)2(PPhs),}, respectively, following
reduction at 400°C (Table 9). We conclude that the closer
the contact between the Pt and W atoms in the sample, the
deeper was the reduction of the tungsten.

A similar pattern was observed for MgO-supported tung-
sten and molybdenum ions in the presence of platinum
(3, 19). We infer that platinum activates the hydrogen for
reduction of the oxophilic metal.

Influence of Oxidation—Reduction Treatments
on Platinum Dispersion

The data show that the sintering of the platinum as a
result of oxidation-reduction treatments depends on the
Pt-W interactions. Specifics follow.

When (Pt + W)/y-Al,O3 (reduced with H, at 400°C) was
subjected to a combination of oxidation and reduction
treatments at 200-400°C, neither the Pt-Pt first-shell co-
ordination parameters nor those representing Pt—Ogyrface
contributions changed significantly; these results indicate a
high resistance of the relatively large supported platinum
particles to sintering (Tables 1 and 7). Similar results were
reported for Pt/y-Al,O3 (7), but the platinum dispersion in
(Pt+W)/y-Al,O3 was somewhat higher (0.63) than that
(0.57) observed for Pt/y-Al,O3 after similar treatments,
which suggests (although the difference in dispersion may
be within the uncertainty of the results) that the Pt-W in-
teractions in the former helped to stabilize the platinum
dispersion. However, the effect was small, consistent with
the absence of Pt-W interactions in (Pt+ W)/y-Al,O3 in-
dicated by the EXAFS data.

In contrast, the oxidation-reduction treatments of PtW,/
y-Al,O3 led to an increase in the Pt—Pt first-shell coordina-
tion number, but only from 3.0 to 4.8. Thus, this sample is
characterized by a substantial resistance to sintering of the
platinum, and the platinum dispersion was higher than that
of (Pt+W)/y-Al,Os. The data characterizing the metal-
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support interface agree with this conclusion; the Pt—Ogyrface
coordination number decreased from 1.8 to 1.3 as a result
of the oxidation-reduction treatments (Table 3), but the
change is so small that it falls within the range of experimen-
tal uncertainty. The changes in the metal-support interface
were small because the degree of the sintering was small.

Larger changes were observed for Pt;W,/y-Al,O3
than for PtW,/y-Al,Og3; the Pt-Pt first-shell coordination
number of the former increased from 3.5 to 4.3 as the tem-
perature of O, treatment reached 300°C. The platinum dis-
persion of Pt,W,/y-Al,O3 was more sensitive to the com-
bination of O,-H; treatments at high temperatures than
PtW,/y-Al,0O3. The Pt-Pt first-shell coordination number
of the former was found to be 7.2 after the treatment with
O, at 400°C, which indicates that platinum particles with
an average diameter of about 13 A (having about 75% of
the Pt atoms on the surface) were formed as a result of
the treatment (Table 7). These changes in the platinum dis-
persion were accompanied by substantial changes in the
metal-support interface (Table 5); with increasing temper-
ature of O, treatment, the average Pt—Ogyrface COOrdination
number decreased from 3.0 to 1.1 and the Pt—Ogyface dis-
tance increased from 2.15 to 2.28 A. Notwithstanding the
sintering, however, the average platinum particle size ob-
served in Pt,Wo/y-Al,O3 even after the treatments at 400°C
was smaller than that observed for (Pt + W)/y-Al,O3 after
reduction at 400°C.

In summary, the EXAFS parameters characterizing the
Pt—Pt and Pt—Ogyrace interactions confirm the high disper-
sion of y-Al,Os-supported platinum clusters in PtW,/y-
Al,O3 and in Pt;W,/y-Al,Os3. The data demonstrate not
only extremely high platinum dispersions but also the high
resistance of these clusters to sintering over a wide range of
temperatures in oxidation—-reduction treatments. We infer
that the interactions between the Pt and W atoms, which
were originally bonded to each other in bimetallic cluster
precursors, help to stabilize the platinum dispersion under
oxidation-reduction conditions.

The high resistance to sintering of the platinum clus-
ters formed after reduction of y-Al,Os-supported
{Pt{W(CO)3(CsHs)]2(PhCN)2} and {PtW2(CO)e(CsHs)2
(PPh3),} is consistent with earlier observations of high
thermal stability of platinum or palladium clusters on
MgO formed from platinum-tungsten and palladium-
molybdenum cluster precursors (3, 20). The data char-
acterizing the family of samples made from precursors
containing a noble metal bonded to an oxophilic metal on
different metal oxide supports generally indicate highly
dispersed bimetallic structures that are highly resistant
to sintering under high-temperature oxidation-reduction
conditions.

The EXAFS data demonstrate that treatment of PtW,/
)/-AlgOg and Ptsz/]/-A'zOg with O, at 200-400°C fol-
lowed by reduction at 400°C did not change the Pt-W in-
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teractions substantially. After such treatments the Pt-W
first-shell coordination numbers and Pt-W distances de-
termined from Pt L, edge data as well as the W-Pt first-
shell coordination numbers and W-Pt distances determined
from W L, edge data for both samples were essentially
the same as those observed after reduction of samples at
400°C when no oxygen treatment was used (Tables 3-6).
The stability in the presence of O, of bimetallic struc-
tures formed by treatment in H; of MgO-supported
{Pt[W(CO)3(CsHs)12(PhCN),} was observed earlier (3).
The EXAFS data presented here, together with those re-
ported (3), show that when {Pt{W(CO)3(CsHs)]2(PhCN),}
or {Pt;W,(CO)s(CsHs)2(PPhs),} was used as a precursor,
with either MgO or y-Al,O3 as the support, the platinum-
tungsten interactions were strong and largely maintained
even under oxidizing conditions. Thus, we attribute the re-
sistance to sintering of the bimetallic samples to the noble
metal-oxophilic metal interactions.

Chemisorption Properties

Simple, well-defined Pt/y-Al,O3 typically chemisorbs
about the same amounts of hydrogen, CO, or oxygen,
and the amounts of the chemisorbed species match plat-
inum dispersion measured by EXAFS spectroscopy (7).
The chemisorption data (Table 8) indicate that the amount
of hydrogen or CO chemisorbed on (Pt + W)/y-Al,O3 after
reduction at 400°C was somewhat less than might have been
expected on the basis of the platinum dispersion (Tables 7
and 8). Even lower values of hydrogen and CO chemisorp-
tion were observed for PtW,/y-Al,O3 after reduction at
400°C, the values of H/Pt and CO/Pt being 0.12 and 0.16,
respectively (Table 8). Similarly, Pt,W,/y-Al,QO3, after re-
duction at 400°C, showed substantially lower values of H/Pt
and CO/Ptthan Pt/y-Al,Os3, the values being assmall as 0.10
and 0.19, respectively (Table 8).

Thus, the data demonstrate that incorporation of W
cations decreases the amounts of hydrogen and CO chem-
isorption on platinum, with the reduction in chemisorp-
tion capacity being maximized for the samples in which
platinum and tungsten are in close contact with each other
(as evidenced by the EXAFS data). A similar decrease
in hydrogen and CO chemisorption was observed for
MgO-supported platinum catalysts incorporating tungsten
or molybdenum cations (3, 19).

Comparisons of the chemisorption capacities with the
platinum dispersion determined by EXAFS spectroscopy
for PtW,/y-Al,O3 and Pt,W,/y-Al,O3 show that the plat-
inum coverage was always less than 20 and 50%o, respec-
tively, regardless of the temperature and treatment con-
ditions (Table 8). Since the chemisorptive properties of
platinum were hardly affected by oxygen-hydrogen treat-
ments at different temperatures (Table 8), we conclude that
possible carbon-containing deposits that might have been
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left from the original CO and organic ligands had in all
likelihood been removed and could not be the cause of the
low capacities for chemisorption of hydrogen and CO. We
infer that the platinum-tungsten interactions underlie the
low platinum chemisorption capacities.

Role of Tungsten Cations in Stabilization
of Platinum Dispersion

An analysis of the W-O contributions, which we identify
with the metal-supportinterface, provides some insightinto
the role of tungsten cations in stabilization of the platinum
dispersion, as follows. When (Pt + W)/y-Al,O3 was reduced
with H; at 400°C, only multiple W-O interactions, at aver-
age distances of 1.70, 2.27, and 2.46 A, were indicated by the
EXAFS data at the W L, edge. The observation of multi-
ple W-O contributions within the interval of bond distances
from 1.7 to 2.3 A in the first coordination shell of tungsten
is typical for EXAFS spectra of tungsten oxide (WOs3) or
water-containing tungsten compounds (21). Assuming that
only W-O contributions observed at an average bond dis-
tance of 1.7 and 2.27 A represent a first coordination shell
of tungsten cations, we infer that each tungsten cation in-
teracts, on average, with 4 to 5 oxygen atoms. The fact that
oxidation-reduction treatments did not have a substantial
influence on the EXAFS data at the W edge (Table 2) indi-
cates that the first coordination shell around tungsten was
filled with oxygen atoms, in agreement with the chemisorp-
tion data indicating a high oxidation state of the W cations.
These results confirm the strongly oxophilic character of
tungsten and the appropriateness of its choice as a partner
for platinum in the bimetallic catalysts used in this research.

The W L, edge data characterizing PtW,/y -Al,O3 after
reduction at 400°C indicate the presence of multiple W-O
contributions at average distances of 1.71, 2.26, and 3.09 A.
Similarly, the W Ly, edge data characterizing Pt,;W,/y-
Al,O3 after reduction at 400°C also demonstrate the pres-
ence of multiple W-O contributions (Table 6). The observa-
tion of a variety of W-O contributions is consistent with the
suggestion that tungsten oxide-like structures were formed
on the y-Al,O3 surface of these samples.

Thus, the EXAFS data clearly show substantial interac-
tions of W cations with the support in all the samples incor-
porating tungsten. We infer that in samples prepared from
the bimetallic cluster precursors, the presence of oxophilic
W cations in the metal-support interface (which resulted
in the strong interaction of W cations with oxygen atoms of
the support, on the one hand, and the existence of strong
interactions between W cations and Pt atoms, on the other)
helps to hold the Pt atoms in place and hinders their migra-
tion during ligand removal or oxygen—hydrogen treatments,
thereby helping to maintain the platinum dispersion. This
role of y-Al,Oz-supported W cations in stabilization of the
platinum dispersion is the same as that reported earlier for
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MgO-supported W and Mo cations stabilizing the disper-
sion of platinum (3, 19) and palladium (20).

Structural Model of Oxide-Supported Noble
Metal-Oxophilic Metal Catalysts

The W edge EXAFS data clearly show that the inter-
action of W cations in PtW,/y-Al,O3 and Pt;W,/y-Al,O3
with oxygen atoms of the support was substantially less
than that observed for (Pt + W)/y-Al,O3. The surface struc-
tures in PtW,/y-Al,O3 and Pt;W,/y-Al,O3 were evidently
different from that of (Pt+ W)/y-Al,O3. On the basis of
similar data characterizing PdMo clusters on MgO, a sim-
plified model was postulated with oxophilic Mo cations lo-
cated preferentially at the interface between the support
and the Pd atoms and bonded to both oxygen of the MgO
and Pd atoms in the supported clusters (19). The EXAFS
data reported here support such a model and a general-
ization to supported clusters prepared from bimetallic pre-
cursors containing an oxophilic metal (e.g., Mo, W) and a
noble metal (e.g., Pd, Pt). As the data presented here illus-
trate differences between the supported clusters prepared
on y-Al;O3 from {Pt[W(CO);3(CsH5s)]2(PhCN),} and from
{Pt;W,(CO)g(CsHs)2(PPh3),}, we can refine the model.

In the sample prepared from {Pt;W,(CO)s(CsHs)2
(PPh3),;} and reduced with H, at 400°C, each Pt atom
was surrounded on average by 3 oxygen atoms (at a
distance of 2.15 A), and each W cation interacted with
about 0.8 oxygen atom of the support (at a distance of
1.71 A). On the other hand, in the sample prepared from
{Pt{W(CO)3(CsHs)]2(PhCN),}, after the equivalent treat-
ment, the number of oxygen atoms surrounding a Pt atom
was, on average, only 1.8 (also at a distance of 2.15 A), and
each W cation interacted on average with 1.3 oxygen atoms
of the support (also at a distance of 1.71 A). Thus, in the
latter sample the platinum was less strongly anchored to
the y-Al,O3 and the tungsten was more strongly anchored
to the y-Al,O3 than in the former sample. The O,—H; treat-
ments led to increased W-O contributions in both samples,
but in the case of PtW,/y-Al,Oj3, after oxidation at 200°C,
the average W-O coordination number (at a distance of
1.71 A) increased from 1.3 to 2.0 and was not substantially
changed after further treatments. In contrast, the average
W-O coordination number characterizing similar contribu-
tions in Pt,W,/y-Al,O3 gradually increased from 0.8 to 2.8
after O, treatments in the temperature range 200-400°C.
The EXAFS data are consistent with the postulate that
the bimetallic cluster frames of the bimetallic precursors
were largely maintained following ligand removal by H;
treatment. We infer that some of the metal centers became
coordinatively unsaturated during this treatment, so that
there was a free energy driving force for migration of Pt-W
structures and organization of the metal atoms into clusters
on the y-Al,O3 surface with Pt atoms and W cations inter-
acting substantially with the support. The platinum clusters



170

are suggested to be stabilized in a high dispersion by their
interaction with W cations, which are held in place by strong
bonding to the surface oxygen atoms of the y-Al,O3. The
relative lack of W-O contributions observed for Pt;Wo/y -
Al;O3 in comparison with PtW,/y-Al,O3 suggests that a
larger fraction of the surface Pt-W structures in the for-
mer sample—with less tungsten anchoring the platinum—
underwent migration on the surface, resulting in the forma-
tion of relatively large platinum aggregates after treatment
under the harsher conditions. Hence, increasing the amount
of the oxophilic metal initially bonded to the noble metal
increases the resistance of the supported noble metal to
migration and aggregation on the oxide support.

Catalysis of Toluene Hydrogenation

The data show that the turnover frequency characteristic
of the sample made from the mixture of platinum and tung-
sten monometallic precursors was only slightly less than
that characterizing the monometallic sample Pt/y-Al,O3
after reduction at 400°C. Oxidation and reduction cycles
did not substantially change the turnover frequencies rep-
resenting either Pt/y-Al,O3 or (Pt + W)/y-Al,O3.

The activity of PtW,/y-Al,O3 reduced at 400°C was about
15 times less than that of Pt/y-Al,O3 or (Pt +W)/y-Al,O3.
Pt,W,/y-Al,O3 showed negligible activity for toluene hy-
drogenation after reduction at 400°C. These data are in a
good agreement with earlier reports showing substantial re-
duction of the catalytic activity of MgO-supported platinum
in the presence of W or Mo cations (3, 19).

Thus, the catalytic, EXAFS, and chemisorption data re-
ported here for y-Al,O3-supported samples, together with
data reported elsewhere (3, 19) for MgO-supported Pt-W
and Pt-Mo samples, lead to the following generalization: re-
gardless of the oxide support used to prepare the bimetallic
catalysts, low rates of toluene hydrogenation were observed
for bimetallic samples with high platinum dispersions, rel-
atively high electron density on platinum (indicated by the
infrared spectra (3, 19, 22)), and relatively low capacities
for hydrogen and CO chemisorption. These effects are at-
tributed to the interaction of the oxophilic metal cations
with the noble metal in the bimetallic structures indicated
by the EXAFS spectra (3, 19). The EXAFS, catalytic, and
chemisorption data characterizing (Pt+ W)/y-Al,O3 sub-
stantiate this conclusion and show that when platinum and
tungsten were largely segregated from each other there
were at most small effects of tungsten on the electronic,
chemisorptive, and catalytic properties of supported plat-
inum for toluene hydrogenation.

Any of the above-mentioned effects could contribute to
the low toluene hydrogenation activities of PtW,/y-Al,O3
and Pt,W,/y-Al,O3. For example, the low concentration
of hydrogen on the platinum surface during catalysis (ex-
pected on the basis of the chemisorption data) could con-
tribute to a low rate of the rate-determining step, which is
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believed to be the addition of the first hydrogen atom to the
aromatic ring (23), causing the catalytic reaction rate to be
lower than that on the platinum particles free of bimetallic
interactions. Rates of the reaction per platinum atom that
is able to chemisorb hydrogen are also shown in Table 10;
it may be significant that these values are more nearly con-
stant for the series of catalysts than the turnover frequency
values shown in Table 10. Furthermore, increased electron
density on platinum resulting from bimetallic interactions
also would be expected to slow down the presumably fast
step of toluene chemisorption on platinum (23).

Oxidation at 400°C followed by reduction at 400°C led
to increased activity of PtW,/y-Al,O3 and Pt;W,/y-Al,Os.
However, even after such harsh oxidation treatments, the
activities of these bimetallic catalysts remained less (about
7-fold) than that of Pt/y-Al,O3 or (Pt+ W)/y-Al,O3. One
might suggest that the observed increase in catalytic ac-
tivity resulting from the treatments might be associated
with breakup of Pt-W structures and/or with removal of
residual carbon (from the precursor ligands) from the plat-
inum surface as a result of high-temperature O, treatment.
However, the results reported here do not support
these suggestions because the EXAFS data together
with chemisorption data show that oxidation at 200-
400°C did not substantially influence the Pt-W contri-
butions or the capacity of platinum for chemisorption.
Instead, we suggest that the increased catalytic activity
may be related, at least in part, to the increased nucle-
arity of the platinum clusters resulting from oxidation
at 400°C, as indicated by the EXAFS data. This sug-
gestion is consistent with earlier reports for MgO- and
y-Al,Os-supported iridium clusters (24, 25) showing a
strong dependence of catalytic activity for toluene hydro-
genation on the cluster (or particle) size, even though
toluene hydrogenation is regarded as a structure-insensitive
reaction (26, 27).

In summary, the relatively low activity for toluene
hydrogenation of samples made from {Pt{W(CO)3;
(CsHs)]2(PhCN)2} and from {Pt;W2(CO)s(CsHs)2(PPhz)2)
is related to the presence of strong interactions between
Pt atoms and W cations, which are stable even under oxi-
dizing conditions. Furthermore, the catalytic data reported
here are consistent with literature data (28) demonstrating
a trend of diminished activity of platinum for hydrocar-
bon conversions when the Pt atoms are in the proximity of
cations of oxophilic metals.

Catalysis of Crotonaldehyde Hydrogenation

The selective hydrogenation of C=O groups in com-
pounds incorporating C=C groups (to give unsaturated al-
cohols) is an important practical goal because of the im-
portance of unsaturated alcohols in the food, cosmetics,
and pharmaceutical industries. However, hydrogenations
giving such products selectively, e.g., crotyl alcohol from
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crotonaldehyde, are difficult. Thermodynamics favors the
hydrogenation of the C=C bond, with a Gibbs free energy
change of —16.9 kcal/mol vs only —7.3 kcal/mol for hydro-
genation of the C=0 bond (29). Selectivity in crotonalde-
hyde hydrogenation is influenced by the kinetics, which is
influenced by the structures of adsorbed reactant on the
catalyst.

The literature suggests that crotonaldehyde can be ad-
sorbed on a metal in a di-o cc coordination (with only the
C=C bond involved in chemisorption), in a di-o co mode
(with only the C=0 bond involved), and in an 4 coordina-
tion (with both bonds involved) (30, 31); the di-o co adsorp-
tion mode favors the formation of the unsaturated alcohol.
Typically, the di-o cc and n4 coordination of crotonaldehyde
are the most favored on platinum (30, 31), consistent with
the formation of butyraldehyde as the principal catalytic hy-
drogenation product; only butyraldehyde was observed in
the hydrogenation catalyzed by Pt/SiO, and by Pt/n-Al,O3,
independent of the platinum crystallite size (29, 32). The
catalytic data, summarized in Table 11, are consistent with
literature data (29, 32) and show that butyraldehyde was
the main product observed on Pt/y-Al,Oj3 after reduction
at 400°C.

The catalysts incorporating tungsten showed higher ac-
tivities for formation of crotyl alcohol than the samples
lacking tungsten (Table 11), but the selectivities for crotyl
alcohol formation were still generally low (<9%). Among
the bimetallic samples, those with the highest activities for
crotyl alcohol formation were PtW,/y-Al,O3 and Pt,W,/y -
Al;O3, but some influence of the tungsten in (Pt+ W)/y-
Al;O3 was evident in the catalytic data, even though the
EXAFS data gave no evidence of Pt-W interactions; this
observation indicates a substantial influence of the tung-
sten. We suggest that the tungsten cations closely associated
with platinum atoms could participate in the chemisorp-
tion of crotonaldehyde, perhaps providing the opportunity
for formation of chemisorbed species, such as those with
“tilted” adsorbate that would facilitate activation of the
C=0 bond as a consequence of a bifunctional interaction
with both Pt atoms and W cations (33).

Thus, we suggest a role of the tungsten that is similar
to the roles of other added metals modifying platinum for
hydrogenation of «,8-unsaturated aldehydes. For example,
tin (34, 35), iron (36), and nickel (37, 38) play such a role,
and the catalytic properties of Pt/TiO, result from high-
temperature H, treatment; modification of the catalytic
properties of Ru/SiO; resulting from addition of potassium
promoter were also reported (32, 39).

Thus, it seems plausible to suggest that a bifunctional co-
ordination of crotonaldehyde to both platinum and a sec-
ond metal may facilitate activation of the C=0O bond. Alter-
natively, however, there is evidence of structure sensitivity
illustrated by the effects of platinum, rhodium, and ruthe-
nium particle sizes on hydrogenation of «,S-unsaturated
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aldehydes (e.g., cinnamaldehyde and crotonaldehyde) (30,
40, 41). Thus, the effect of tungsten on crotonaldehyde hy-
drogenation may be comparable to its effect on toluene
hydrogenation and may be largely a cluster size effect that
reflects the extremely high platinum dispersions in the cat-
alysts made from the bimetallic precursors.

CONCLUSIONS

Highly dispersed Pt-W structures were formed on
y-Al,O3 from bimetallic cluster precursors with Pt-W
bonds. The bimetallic interactions were largely maintained
after removal of the organic ligands from the precursors
and even after treatment of the supported bimetallics un-
der oxidizing conditions at 400°C. The interactions of W
cations with oxygen atoms of the support, on the one hand,
and with platinum clusters, on the other (demonstrated by
EXAFS data), help to stabilize the dispersion of the plat-
inum in clusters as small as 4 to 6 atoms each, on average, as
shown by EXAFS data. Results characterizing a family of
oxide-supported bimetallic catalysts made from precursors
containing a noble metal bonded to an oxophilic metal gen-
erally indicate highly dispersed bimetallic structures that
are highly resistant to sintering under high-temperature
oxidation-reduction conditions. Increasing the amount of
the tungsten initially bonded to the platinum increased the
resistance of the supported platinum to migration and ag-
gregation on the support. The resistance to aggregation is
attributed to the oxophilic metal-noble metal interactions.
The interaction of W cations with platinum decreases both
the chemisorption capacity of the platinum clusters for hy-
drogen and CO and the catalytic activity for toluene hydro-
genation. As the tungsten helps to stabilize the platinum
in small clusters, the effects of tungsten on the chemisorp-
tion and catalytic properties are inferred to reflect, at least
in part, a cluster size effect; the results parallel those for
monometallic (iridium) clusters on metal oxide supports.
The presence of tungsten with platinum in the catalysts
leads to an increase in the rate of C=0 bond hydrogenation
in crotonaldehyde relative to that observed for Pt/y-Al;Os3,
but the selectivities for this reaction are still low. The effect
of tungsten on the catalytic properties of the bimetallics for
crotonaldehyde hydrogenation may be attributed at least
in part to the role of tungsten in maintaining the platinum
in a highly dispersed state.
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