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MgO-supported Pt and Pt-W catalysts were prepared from
organometallic precursors and characterized to determine how the
nature of the precursors and the treatment conditions affected the
Pt-W interactions and the catalytic activity for toluene hydrogena-
tion. Samples were prepared from {Pt[W(COQO)3(CsHs)]2(PhCN),}
(Ph =phenyl) and from [PtCl,(PhCN),] 4+ [W(CO)e] and charac-
terized by infrared spectroscopy, extended X-ray absorption fine
structure (EXAFS) spectroscopy, transmission electron microscopy
(TEM), and chemisorption of Hp, CO, and O,. The samples were
treated in H, at 400°C prior to most of the characterizations. Incor-
poration of W reduced the chemisorption of CO and of Hy, with the
reduction in chemisorption being greater for the catalyst prepared
from {Pt[W(CO)3(CsHs)]2(PhCN),} than for the catalyst prepared
from the combination of monometallic precursors. EXAFS spec-
tra measured at both the Pt L, edge and the W L, edge showed
substantial Pt-W contributions for the former catalyst (but not the
latter), with a Pt-W coordination number of about 2 and an av-
erage Pt-W distance of 2.71 A. TEM and EXAFS results indicate
that interactions between Pt and W cations in the sample made
from {Pt[W(CO)3(CsHs)]2(PhCN)2} maintained the Pt in a highly
dispersed form, with supported Pt clusters being smaller than about
10 A. The catalyst prepared from the bimetallic cluster was more
than an order of magnitude less active for toluene hydrogenation at
1atm and 60°C than the catalyst prepared from the two monometal-
lic precursors; the comparison indicates that the W acted like an
isolated dispersed support, with its influence on the catalysis max-
imized by its proximity to the Pt.  © 1996 Academic Press, Inc.

INTRODUCTION

Supported bimetallic catalysts are used in large-scale ap-
plications, as illustrated by catalysts containing Pt and Re
for naphtha reforming (1) and catalysts containing Pt and
Rh for simultaneous removal of CO, hydrocarbons, and NO
from automobile exhaust (2-9). Some bimetallic structures
are alloy-like (10), but others incorporate segregated met-
als, sometimes with one of the metals in a cationic form,
perhaps as a metal oxide (11, 12). Most conventional prepa-
rations of supported bimetallic particles involve coprecip-
itation or coimpregnation followed by a high-temperature

reduction giving structurally nonuniform materials with rel-
atively large metal particles. It is difficult to characterize the
structure and nature of the bimetallic interactions in these
materials.

Organometallic chemistry has been used to prepare sup-
ported catalysts with well-defined and/or highly dispersed
bimetallic structures. For example, catalysts were prepared
by formation of highly dispersed particles of a noble metal
followed by addition of a complex of an oxophilic metal
(11, 13). Bimetallic precursors have been used to prepare
supported bimetallic catalysts with close proximity of the
two metals (14, 15), but when one metal is resistant to ox-
idation and the other is oxophilic, the two typically segre-
gate on the support following removal of the precursor lig-
ands (16). Bimetallic clusters were used to prepare Rh—-Mo
(17, 18), Fe-M (M =0s, Ru, Co) (19), Pd-Mo (20), and
Pt-Mo (21) catalysts, among others.

We envision catalysts made from bimetallic precursors
so that clusters of a noble metal are isolated in asso-
ciation with dispersed structures of an oxophilic metal
on the support (20, 21). The oxophilic metal would act
like a localized support. The goal of this work was to
prepare and characterize supported Pt catalysts starting
from {Pt{[W(CO)3(CsHs)]2(PhCN),}, a precursor in which
the Pt and W are initially bonded to each other; the
intent was to prepare supported samples in which iso-
lated clusters of Pt atoms are linked to small tungsten
oxide-like structures on the support. MgO was chosen
as the support because it stabilizes adsorbed metal car-
bonyl clusters (22) and was expected to allow adsorption
of {PtfW(CO)3(CsHs)]2(PhCN),} intact or nearly intact.
For comparison, samples were made by coadsorption of
[PtCI,(PhCN),] and [W(CO)s].

EXPERIMENTAL METHODS

Materials and sample preparation. {Pt[W(CO);-
(CsHg)]2(PhCN),} was used to prepare the sample de-
noted (Pth)/MgO. {Pt[W(CO)g(CsH5)]2(PhCN)2} was
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synthesized from [PtCl,(PhCN),;] and Na[W(CO)s;Cp]-
2DME (DME is 1,2-dimethoxyethane) in tetrahydrofuran
solution at —40°C under N,. After purification, the product
was isolated as a orange powder. The vco infrared spectrum
agrees with previous observations (23, 24). [PtCl,(PhCN);]
and [W(CO)¢] (Strem) were used without purification to
prepare the sample referred to as (Pt + W)/MgO.

The MgO support (MX-65-1 powder, MCB reagents),
with a BET surface area of 47 m?/g, was calcined in flowing
O, at 400°C for 2 h, followed by evacuation (102 Torr)
at 400°C for 14 h. n-Pentane solvent was distilled over
Na/benzophenone and deoxygenated by purging with N,.
(PtW,)/MgO, (Pt+ W)/MgO, and W/MgO were prepared
by slurrying of {Pt{W(CO)3(CsHs)].(PhCN),}, the mixture
of [PtCI(PhCN),] and [W(CO)¢], and [W(CO)¢] respec-
tively, with MgO powder in freshly distilled pentane under
N,. Each mixture was stirred for 12 h at room tempera-
ture followed by solvent removal and evacuation at 25°C
overnight. The synthesis and handling were carried out
with standard air exclusion techniques by use of a Schlenk
vacuum line and a Na-filled drybox. Samples contained
2 wt% W and 1 wt% Pt (if any). Before characterization,
each sample was reduced with H; at 1 atm and 400°C.

Transmission electron microscopy (TEM). Samples
were characterized with a Zeiss Electron Microscope,
EM-109. The statistical method used to determine the parti-
cle mean surface size was similar to that reported elsewhere
(25); the mean surface sizes were determined with an accu-
racy of about +15%.

Infrared spectroscopy. Infrared experiments were car-
ried out with a Bruker IFS-66v spectrometer. Spectra were
recorded at 25°C with a 4-cm~ resolution and averaging
of 64 scans. Details of the sample handling are reported
elsewhere (21).

Chemisorption. Chemisorption measurements were
performed with an RXM-100 multifunctional catalyst test-
ing and characterization instrument manufactured by Ad-
vanced Scientific Designs, Inc. (ASDI) with a vacuum ca-
pability of 10~ Torr. Each sample in the drybox was loaded
into a U-shaped quartz tube, which was closed to prevent
contamination of the sample as it was transferred to the
chemisorption apparatus. Before chemisorption measure-
ments, each sample was treated in flowing H; as the temper-
ature was ramped at 5°C/min and held at the final temper-
ature for 2 h. It was then evacuated (10~ Torr) and cooled
to room temperature. Adsorption isotherms were mea-
sured at 25°C and 10-200 Torr. The amount of hydrogen,
CO, or oxygen irreversibly chemisorbed on each sample
was measured as the difference between two consecutively
measured isotherms (the total adsorption and the physical
adsorption) with 30 minutes’ evacuation between measure-
ments. Accuracy in the determination of H/M, CO/M, and
O/M (where M is metal) values was about +1%.

Catalytic testing. Toluene hydrogenation was carried
out at atmospheric pressure in a Pyrex flow reactor at 60°C.
The H,was purified by flow through activated traps contain-
ing zeolite 4A and Cu. Prior to reaction, the samples were
reduced in H; as the temperature was ramped to 400°C at
5°C/min and then held at 400°C for 2 h. Toluene was fed
by an Isco syringe pump to a vaporization chamber, where
it was mixed with H,. The toluene and H, flow rates were
adjusted to give partial pressures of 50 and 710 Torr, re-
spectively. The products were analyzed with an on-line gas
chromatograph equipped with a flame ionization detector.
In the absence of catalyst, there was no measurable conver-
sion of toluene. Accuracy in the determination of reaction
rates was about +£10%.

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy. EXAFS experiments were performed on X-ray
beamline X-11A at the National Synchrotron Light Source
at Brookhaven National Laboratory, Upton, New York.
The ring energy was 2.5 GeV; the ring current was
80-220 mA. Spectra were recorded with the sample in a
cell that allowed treatment in flowing gases prior to the
measurements.

Both (PtW;)/MgO and (Pt+ W)/MgO were character-
ized by EXAFS spectroscopy. The EXAFS spectra were
acquired after treatment of each sample in H, at 400°C, O,
at 200 or 400°C, and then H; at 400°C. Each powder sam-
ple was pressed into a wafer with a C-clamp in a glovebox.
The mass of sample was chosen to give an absorbance of
about 2.5 at the Pt L, and W L, absorption edges. After
the sample had been pressed, it was loaded into an EXAFS
cell, sealed under positive N, pressure, and removed from
the drybox. The sample was treated in flowing purified H;
at 400°C for 2 h, cooled to room temperature in flowing H,
evacuated to 107° Torr, and aligned in the X-ray beam.

The EXAFS data were recorded in the transmission
mode after the cell had been cooled to nearly liquid ni-
trogen temperature. The data were collected with a Si(111)
double crystal monochromator that was detuned by 20%
to minimize the effects of higher harmonics in the X-ray
beam. The samples were scanned at energies near the
Pt L, edge (13272.6 eV) and the W L, edge (10206.8 eV).

EXAFS reference data. The EXAFS data were ana-
lyzed with experimentally and theoretically determined ref-
erence files, the former obtained from EXAFS data for ma-
terials of known structure. The Pt-Pt, Pt-Ogypport, W-W, and
W=Ogypport interactions were analyzed with phase shifts and
backscattering amplitudes obtained from EXAFS data for
Pt foil, Na,Pt(OH)g, W foil, and Ko;WO,, respectively. The
Pt-W and W-Pt interactions were calculated by using the
FEFF software (26). The parameters used to extract these
results from the EXAFS data are summarized in Table 1.

EXAFS data analysis. Because of the overlap of the
Pt L, edge (11563.7 eV) with the W L, edge (11544 eV),
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TABLE 1

Crystallographic Data Characterizing the Reference Compounds and Fourier Transform Ranges
Used in the EXAFS Data Analysis?

Crystallographic data

Fourier transform

FEFF
Sample calculation Shell N R (A) Ak (AD Ar (A) n
Pt foil Pt-Pt 12 2.77 3.65-11.99 1.74-3.49 3
Na,Pt(OH)g Pt-O 6 2.05 2.38-11.90 0.43-2.99 3
W foil W-W 8 2.73 4.00-17.61 0.86-7.97 3
KoWO, W-O 4 1.76 3.73-15.60 0.45-2.18 1
— PtW Pt-W 12 2.72 3.53-19.55 1.85-3.07 3
— WPt W-Pt 12 2.72 2.84-19.55 1.85-3.07 3

@ Notation: N, coordination number for absorber-backscatterer pair; R, distance; Ak, limits used for
forward Fourier transformation (k is the wave vector); Ar, limits used for shell isolation (r is distance); n,

power of k used for Fourier transformation.

the data analysis for the bimetallic sample was done for
the W L), (10206.8 eV) and Pt L, (13272.6 eV) edges. The
method is limited because the Pt L, edge is close to the
Pt L, (13879.9 eV) edge; the difference of only 607.3 eV
between the edges allowed data analysis only up to a value
of k, the wave vector, of about 12 A~%, which is sufficient
only for analysis of the first coordination shell.

The EXAFS data were extracted from the spectra with
the XDAP software (27, 28). The EXAFS function for each
sample was obtained from the X-ray absorption spectrum
by a cubic spline background subtraction and normalized
by dividing the absorption intensity by the height of the
absorption edge. The final normalized EXAFS function for
each sample was obtained from the average of six scans. The
main contributions to the spectra were isolated by inverse
Fourier transformation of the final EXAFS function. The
following procedures were applied to the raw EXAFS data.

The raw EXAFS data at the Pt L,, edge obtained for
(Pt+ W)/MgO were Fourier transformed with a k® weight-
ing over the range 2.68 < k < 12.23 A~! with no phase cor-
rection. The Fourier-transformed data were then inverse
transformed in the range 0.28 < r < 3.26 A (r is the dis-
tance from the absorber atom) to isolate the major contri-
butions from low-frequency noise. The EXAFS data analy-
sis was done with 12 free parameters over the range 3.66 <
k <11.7A'and 0.28 < r < 3.26 A. The statistically justified
number of free parameters, n, was about 16, as estimated
from the Nyquist theorem (29), n = (2AkAr /) 4+ 1, where
Ak and Ar, respectively, are the k and r ranges used to fit
the data.

The raw EXAFS data at the Pt L, edge obtained for
(PtW,)/MgO were Fourier transformed with a k® weighting
over the range 2.65 < k < 12.16 A~ with no phase correc-
tion. The Fourier-transformed data were then inverse trans-
formed in the range 0.12 < r < 3.48 A to isolate the major
contributions from low-frequency noise. The data analysis
was done with 16 free parameters over the range 3.66 < k
<11.7A'and 0.12 < r < 3.48 A. The statistically justified

number of free parameters, estimated as described above,
was about 18.

A similar procedure was used at the W L,;, edge with
the data characterizing (PtW,)/MgO. The raw data were
Fourier transformed with a k® weighting over the range
3.5 < k < 15.42 A~ with no phase correction. The Fourier-
transformed data were then inverse transformed in the
range 0.10 < r < 3.42 A. The data analysis at the W L,
edge was done with 16 free parameters over the range
4.05 < k < 14.0 A~*and 0.10 < r < 3.42 A. The statistically
justified number of free parameters, estimated as described
above, was about 22.

With the difference file technique (27, 28), the Pt-Pt con-
tributions in each sample, the largest in the EXAFS spec-
tra, were estimated first and subtracted from the raw data.
The difference file was expected to represent Pt—Ogypport
as well as Pt-W interactions. After optimizing the param-
eters for the Pt—Ogypport CONtributions, the first guess Pt-Pt
and Pt-Ogypport cONtributions were than added and com-
pared with the raw data. The reliable parameters for the
high-Z (Pt) and low-Z (Osupport) contributions were deter-
mined by multiple-shell fitting in r space and in k space
with application of k* and k® weighting (29, 30). The op-
timized Pt-Pt and Pt-Ogypport CONtributions characteristic
of (Pt + W)/MgO were subtracted from the raw data. Only
noise was present in the difference file, without any evi-
dence of additional high- or low-Z contributions. In con-
trast, the similarly obtained fit of the Pt L, edge data char-
acterizing (PtW,)/MgO that included only the sum of the
Pt—Pt and Pt-Osypport cONtributions was not satisfactory; an-
other contribution, Pt-W, had to be accounted for. A simi-
lar analysis was done for the W edge data characterizing
(PtW,)/MgO. These data also indicated a W-Pt interac-
tion; a good fit was obtained only when W-W, W-Pt, and
W-=-Osypport cONtributions were included. Because data were
obtained at both the Pt L, edge and the W Ly, edge, it
was possible to determine some EXAFS parameters (e.g.,
the Pt-W distance) from the data at each edge; thus, there
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(A) Infrared spectra in the von and vcy regions. (1) MgO, recorded after evacuation at 400°C for 14 h; (2) sample formed by contacting

of MgO with {Pt[W(CO)3(CsHs)]2(PhCN),} in pentane. (B) Infrared spectra in the vco region: (1) {Pt{W(CQO)3(CsHs)]2(PhCN),} mixed with KBr

powder; (2) {Pt[W(CO)3(CsHs)]2(PhCN),} adsorbed on MgO.

were opportunities to evaluate the internal consistency of
the fitting results; the issues are addressed in the Discussion
section.

RESULTS

Interaction of {Pt[W(CO)3(CsHs)]2(PhCN),} with MgO:
Evidence from infrared spectroscopy. The voy spectrum
of MgO is characterized by a strong band at 3748 cm™,
assigned to surface hydroxyl groups (31, 32) (Fig. 1A, spec-
trum 1). The weak band at 3640 cm™! indicates traces of
hydrogen-bonded hydroxyl groups (31, 32). After slurrying
of {PtfW(CO)3(CsHs)]2(PhCN),} with MgO in n-pentane
followed by evacuation at 25°C, a strong, broad absorp-
tion band appeared at 3640 cm™!, associated with the for-
mation of hydrogen-bonded OH groups (31, 32), together
with bands at 3115, 3067, and 2958 cm ™1, attributed to vcy
in the CsHs and PhCN ligands (33, 34) (Fig. 1A, spectrum
2). n-Pentane residues may also have contributed to the vcy
bands in the 2800-3000 cm~? region.

Figure 1B shows vco spectra of {PtfW(CO)3(CsHs)]2 -
(PhCN),} before and after interaction with MgO. The spec-
trum of {Pt[W(CO)3(CsHs)]2(PhCN),} mixed with KBr
powder (Fig. 1B, spectrum 1) is characterized by princi-
pal absorption bands at 2052, 1980, 1943, 1902, 1857, and
1831 cm™!, attributed to vco (23, 24). After interaction
of {PtfW(CO)3(CsH5s)]2(PhCN),} with MgO (Fig 1B, spec-
trum 2), no changes were observed in the carbonyl band
positions.

The appearance in the infrared spectrum of intense,
overlapping bands at about 1700-1200 cm~* (spectrum not
shown) indicates the formation of surface carbonates, car-
boxylates, or related species on MgO (32). However, the
bands observed at 1448 and 1160 cm™! might indicate vcc

and §cy vibrations, respectively, in the CsHs and PhCN lig-
ands of {Pt{[W(CO)3(CsH5s)].(PhCN),} (33, 34).

Treatment of the MgO-supported {PtfW(CO)3(CsH5)]2 -
(PhCN),} with H; at 400°C led to the disappearance of the
carbonyl and organic ligands of the precursor.

Chemisorption and metal dispersion. The chemisorp-
tion data characterizing (PtW,)/MgO and (Pt + W)/MgO
after reduction at 400°C are compared in Tables 2—4
with those characterizing Pt/MgO (21). The amount of
chemisorption of hydrogen or of CO on the sample pre-
pared from {Pt[W(CO)3(CsHs)]2(PhCN),} was less than
that observed for Pt/MgO (Table 2). The electron micro-
graphs characterizing the (PtW,)/MgO treated in H, at
400°C are similar to those of MgO itself. This result in-
dicates the absence of observable Pt clusters or particles
(roughly 10 A in diameter or larger). Thus we conclude
that the Pt dispersion was nearly 100%; from the hydrogen
and CO chemisorption data we infer that the coverage of
the Pt did not exceed 20% (Table 2).

Treatment of (PtW;)/MgO with O, at 200°C, followed
by reduction with H, at 400°C, did not change the Pt dis-
persion. Nor was the uptake of hydrogen or CO sensitive
to the O, treatment at this temperature (Table 3). These
results again indicate a resistance of the metal in this sam-
ple to sintering in H, and O, atmospheres at temperatures
up to 200°C. Only treatment with O, at 400°C, followed by
reduction with H, at 400°C, led to increasing Pt surface cov-
erage by H; or CO as a result of decreasing Pt dispersion
(Table 3).

A different pattern was observed for (Pt + W)/MgO. The
images recorded after treatment in H; at 400°C show 10-
50 A Pt particles with a surface-averaged size (dpt) of 24 A.
Treatment of this sample with O, at 200°C, followed by
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TABLE 2

Chemisorption Properties of the MgO-Supported Pt Catalysts Reduced with H, at 400°C

Adsorption at 25°C,
atomic ratio®

Precursor(s) H/Pt CO/Pt Pty /Pt QH° Qcot Reference
[PtCI,(PhCN),] 0.50 0.54 0.54 0.93 1.00 (1)
[PtCI2(PhCN);] + [W(CO)e] 0.19 0.28 0.47 0.40 0.60 This work
[PtIW(CO)3(CsHs)]2(PhCN);] 0.13 0.20 1.00 0.13 0.20 This work

2 Determined with respect to total number of Pt atoms in the sample.
b Dispersion expressed as the ratio of the number of surface atoms to total number of metal atoms in the sample.
¢ Fraction of the surface atoms covered by hydrogen or CO.

treatmentin H, at 400°C, led to coalescence of the particles,
with dp¢increasing to 32 A.The dispersions are summarized
in Tables 2 and 3. Using the Pt dispersions determined by
TEM, we estimate from the chemisorption data a hydrogen
or CO coverage of 40-60% for the Pt surface after reduction
at 400°C and a coverage of about 100% after treatment by
O, at 200°C followed by reduction at 400°C.

The O, chemisorption and hydrogen titration data pro-
vide information about the oxidation state of W (Table 4).
The O/W atomic ratio for the sample prepared from
[W(CO)g] and treated in H; at 400°C was found to be 0.47.
Oxygen chemisorbed on W/MgO was not removed during
hydrogen titration, even at 200°C. Taking into account that
the maximum oxidation state of W is +6, we deduce that
the average oxidation state after reduction at 400°C was
+5.1.

The oxygen uptakes by the samples prepared from
{Pt[W(CO)3(CsHs)]2(PhCN),} and from[PtCl,(PhCN),]+
[W(CO)g] and treated in H, at 400°C, represented as
the O/Pt atomic ratio, were 1.14 and 1.08, respectively.

These values exceed the stoichiometric oxygen adsorption
reported for Pt/MgO (21). Since the W/MgO itself irre-
versibly adsorbs oxygen after reduction at this temperature,
we suggest that the excess oxygen oxidized W cations. The
amount of oxygen adsorbed by W cations was calculated
as the difference between the total oxygen uptake by the
sample and the amount adsorbed by Pt, determined from
hydrogen titration data. The average oxidation states of W
in the (PtW,)/MgO and (Pt+ W)/MgO samples, after re-
duction at 400°C, were found to be 5.1 and 5.3, respectively
(Table 4).

Infrared spectra of CO adsorbed on MgO-supported sam-
ples. When (PtW;)/MgO prereduced by H; at 400°C was
exposed to CO at room temperature, vco bands assigned
to linear and bridging CO (35-43) appeared at 2069 and
1827 cm™, respectively (Fig. 2). Raising the temperature in
flowing He to 140°C shifted the linear CO band to 2053 cm™?
without a substantial intensity change; the bridging CO
band decreased in intensity and shifted to 1777 cm~%. When

TABLE 3

Influence of Oxygen Treatment on Chemisorption Properties of the Pt Samples Reduced at 400°C

Chemisorption at

Temperature 25°C, atomic ratio
of treatment -
Precursor(s) in O, (°C)? H/Pt CO/Pt Pts/ Pt QK° Qco®
[PtCI(PhCN)2] + [W(CO)e] no treatment 0.19 0.28 0.47 0.40 0.60
200 0.35 0.33 0.35 1.00 0.94
300 0.38 0.35 — — —
400 0.37 0.39 — — —
[Pt[W(CO)3(CsHs)]2(PhCN);] no treatment 0.13 0.20 1.00 0.13 0.20
200 0.16 0.21 1.00 0.16 0.21
300 0.19 0.24 — — —
400 0.25 0.26 0.35¢ 0.71 0.74

@ Samples were treated in 10% O, in He.

b Dispersion expressed as the ratio of the number of surface atoms to total number of metal atoms in the

sample was calculated on the basis of the TEM.

¢ Fraction of the surface atoms covered by hydrogen or CO.

d Estimated from EXAFS data.
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TABLE 4

Oxygen Chemisorption and Hydrogen Titration Data for MgO-supported Pt Catalysts

Reduction
Composition  temperature Hydrogen
Precursor(s) (Wt%) °C) H/P  O/Pt®  titration® O/PtY O/ME Nw' Reference
[W(CO)e] 2.0% W 400 — — 0.0 — 047 51  Thiswork
[PtCI,(PhCN),] 1.0% Pt 400 050 097 1.62 0.54 — — 1)
[PtCI,(PhCN),] + [W(CO)e] 1.0% Pt
2.0% W 400 0.35 1.08 1.04 0.35 0.34 53  This work
[PtIW(CO)3(CsHs)]2(PhCN);] 1.0% Pt
1.89% W 400 0.16 1.14 0.62 0.23 0.45 5.1 This work

@ H/Pt values were determined after oxygen chemisorption followed by hydrogen titration and reduction of the catalyst at stated

temperature.
b Total oxygen uptake, O/Pt atomic ratio, determined at 200°C.

¢ Amount of hydrogen required for titration of chemisorbed oxygen was determined at 200°C for the first sample and at 25°C for all

of the other samples, H/Pt atomic ratio.

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

¢ Amount of oxygen used for W oxidation in bimetallic samples, determined as the difference between the amount of oxygen
chemisorbed by the sample and the amount of oxygen chemisorbed by Pt (determined from hydrogen titration data).

f Average W oxidation state determined from the equation Ny = 6—2(O/W).

the temperature was ramped to 200°C, the intensity of each
CO band decreased without further changes in position. No
vco bands remained at 200°C.

Similarly, when CO was adsorbed on (Pt + W)/MgO pre-
reduced by H; at 400°C, the vco bands assigned to linear
and bridging CO were observed at 2072 and 1826 cm™,
respectively (Fig. 3). When the temperature was ramped
from 25 to 100°C with the sample in flowing He, the bridging
CO band shifted to 1783 cm~! and decreased in intensity. It
disappeared at 110°C. Simultaneously, the linear CO band
shifted to 2061 cm~! and decreased in intensity without a

2069
! 2053
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2300 2200 2100 2000 1900 1800
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FIG. 2. Infrared spectra of CO adsorbed on sample prepared from
{Pt[W(CO)3(CsHs)]2(PhCN)2} on MgO and reduced with H;, at 400°C,
following treatment in He under the following conditions: (1) 25°C;
(2) 60°C; (3) 80°C; (4) 100°C; (5) 120°C; (6) 140°C; (7) 160°C; (8) 180°C;
(9) 200°C.

further change in frequency. No vco bands remained at
130°C (Fig. 3).

Toluene hydrogenation catalysis. The results for this re-
action in the presence of MgO-supported Pt-containing
catalysts prepared from various organometallic precur-
sors (including organomolybdenum precursors) and pre-
reduced by H, at 400°C are summarized in Table 5.
Data are included in Table 5 for samples (21) prepared
from [PtCIly(PhCN);], the mixture of [PtCl,(PhCN),]+
[Mo(CO)s], and {Pt[Mo(CO)3(CsHs)]2(PhCN),}. All the
supported catalysts are characterized by approximately
the same activation energies for toluene hydrogenation,

2072
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I I 1 T
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FIG. 3. Infrared spectra of CO adsorbed on sample (Pt+ W)/MgO
prepared from [PtCl,(PhCN),] 4+ [W(CO)¢] on MgO and reduced with
H, at 400°C, following treatment in He under the following conditions:
(1) 25°C; (2) 60°C; (3) 80°C; (4) 100°C; (5) 110°C; (6) 120°C; (7) 130°C.
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TABLE 5

Toluene Hydrogenation Catalyzed by MgO-Supported Catalysts
Containing Pt

Temperature Apparent
of treatment  Activity, activation
withH,  TOF x 10°  energy

Precursor(s) (°C) shH? (kcal/mol)
[PtCI,(PhCN);] 400 51.1 13.3
[PtCI2(PhCN)2] + [Mo(CO)g] 400 54.2 11.2
[PtCI,(PhCN),] + [W(CO)g] 400 36.6 13.0
[Pt[M0(CO)3(C5H5)]2(PhCN)2] 400 4.0 115
[Pt{W(CO)3(CsHs)]2(PhCN);] 400 31 12.6

? Reaction at 60°C, Pyoiuene = 50 Torr and Phygrogen = 710 Torr.

11-13 kcal/mol, agreeing with that reported for toluene hy-
drogenation catalyzed by supported Pt (44, 45). Turnover
numbers were calculated on the basis of dispersion, deter-
mined by TEM.

The turnover frequency observed for (Pt + W)/MgO was
found to be about the same as that observed for the sam-
ple prepared from [PtCl,(PhCN);] without Mo or W, in
contrast, the turnover frequency observed for the sam-
ple prepared from {Pt{Mo(CO)3(CsH5s)]2(PhCN),} was an
order of magnitude less. The same trend was observed
for the W-containing samples. The turnover frequency
observed the sample prepared from [PtCl,(PhCN),] +
[W(CO)g] was about 28% less than that for Pt/MgO,
whereas that observed for the sample prepared from
{Pt[W(CO)3(CsH5)]2(PhCN)2} was more than an order of
magnitude less than that for Pt/MgO.

EXAFSdata. The parameters determined by fitting are
summarized in Tables 6-13, and the comparisons of the data
and the fits, both in k space and in r space, are shown in
Figs. 4-6. The residual spectra determined by subtracting
the Pt—Pt + Pt-Oygypport cONtributions from the raw EXAFS
data for the Pt L, edge and by subtracting the W-W +
W-Ogypport cONtributions from the raw EXAFS data for the
W L, edge (which gives evidence of the Pt-W and W-Pt

TABLE 6

EXAFS Results at the Pt L;; Edge Characterizing the MgO- Sup-
ported Sample (Pt+W)/MgO Prepared from [PtCl,(PhCN),] +
[W(CO)¢] after Treatment in H; at 400°C for 2 h?

R 10% x Ac? AEy EXAFS
Shell N A) (A» (eV) reference
Pt-Pt 7.04+04 2.724+0.01 1.1+04 57405  Pt-Pt
Pt_osupport
Pt-O; 09401 218+001 -26+07 —-121+07 Pt-O
Pt-O; 11402 2674002 100+39 — 79418 Pt-O

@ Notation: N, coordination number; R, distance between absorber
and backscatterer atom; Ao?, Debye-Waller factor; AE,, inner potential
correction.

TABLE 7

EXAFS Results at the Pt L;; Edge Characterizing the MgO- Sup-
ported Sample (Pt+W)/MgO Prepared from [PtCl,(PhCN),] +
[W(CO)s] Following Treatment in O, at 200°C for 1 h and Then
in H, at 400°C for 2 h?

R 10° x Ao? AE, EXAFS
Shell N A) (AY (eV) reference
Pt-Pt 8.0+03 2.724+0.01 0.3+0.2 5.9+0.3 Pt-Pt
Pt—Osupport
Pt-Og 0.7+0.1 2204+0.01 -7.81+03 -102+0.7 Pt-O
Pt-O, 1.1+0.2 2.67+0.02 10030 72419 Pt-O

2 Notation as in Table 6.

interactions, respectively) are shown in Figs. 5D and 6D,
respectively. The XDAP software was used to obtain rough
estimates of the error bounds in the EXAFS parameters, as
shown in Tables 6-13. These error bounds represent preci-
sions determined from statistical analysis of the data, not
accuracies.

DISCUSSION

Interaction of {PtfW(CO)3(CsH5s)]2(PhCN),} with MgO.
Althoughthe preparation of MgO-supported catalysts from
organometallic precursors has been reported by a num-
ber of authors (46-50), the chemistry of interactions of
organometallic compounds with the basic MgO is still not as
well developed as that with neutral or acidic supports (11).
However, the interactions of metal carbonyls with MgO
are relatively well understood. Often metal carbonyl clus-
ters react with OH groups of MgO to form supported metal
carbonyl cluster anions (46, 47); anion formation manifests
itself vco band shifts. Alternatively, metal carbonyls inter-
act with coordinatively unsaturated Mg?* ions through CO
ligands bridging metal atoms of the cluster and Mg?* of the
support, leading to the appearance of broad vco bands in
the region 1800-1600 cm~! (48).

Little is known about the interactions of organometal-
lic compounds incorporating hydrocarbon ligands with
MgO. Some such organometallics are adsorbed intact, but

TABLE 8

EXAFS Results at the Pt Ly Edge Characterizing the MgO-
Supported Sample (PtW,)/MgO Prepared from {Pt[W(CO);-
(CsHs)]2(PhCN),} after Treatment in H; at 400°C for 2 h@

R 10% x Ao? AE, EXAFS
Shell N (A 0:%) (eVv) reference
Pt-Pt 3.0+£02 272+0.01 0.0+05 74+0.3 Pt-Pt
Pt-W 21+02 271+001 25405 -195+09 Pt-W
Pt_osupport
Pt-Oq 19401 2174001 9.1+06 —75+0.3 Pt-O
Pt-O, 38+01 271+0.01 98+1.0 —9.6+£0.7 Pt-O

@ Notation as in Table 6.
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TABLE 9

EXAFS Results at the W L, Edge Characterizing the MgO-
Supported Sample (PtW,)/MgO Prepared from {Pt[W(CO);-
(CsHs)]2(PhCN),} after Treatment in Hy at 400°C for 2 h?

R 10° x Ac? AE EXAFS
Shell N A) (A» (eV) reference
W-W 23403 3.024+002 96+11 -100+11 W-W
W-Pt 11+02 2714001 27+05 —19+09 W-Pt
W_Osupport
W-O; 08+01 193+001 05+04 139+07 W-O
W-O, 23403 270+0.02 100+1.1 134+15 W-O

2 Notation as in Table 6.

structural changes often result from adsorption (49, 50). For
example, [Rh(C3H5s)3] decomposed on MgO, giving Rh par-
ticles (49), whereas [Pt(CsHs),] was supported intact on
MgO (although treatment in H; readily converted this pre-
cursor into Pt particles) (50).

The results presented here show that adsorption of
{Pt[W(CO)3(CsH5)]2(PhCN)2} on MgO caused the color
of the solid to change from white to brown, with the ap-
pearance of new bands in the infrared spectrum at 3115,
3067, and 2958 cm™! (attributed to vcy) and at 1448 and
1160 cm™! (attributed, respectively, to vce and Scy of CsHs
and PhCN ligands) (33, 34). Bands observed at 2052, 1980,
1943, 1857, and 1831 cm™! are attributed (23, 24) to car-
bonyl ligands (Figs. 1A and 1B). The observation of nearly
the same band positions of the carbonyl ligands, before
and after adsorption of {Pt[W(CO)3(CsHs)].(PhCN),} with
MgO, indicates that decomposition of this precursor did not
take place and that anionic clusters were not formed. The
appearance of a broad absorption band centered at about
3640 cm~! (Fig. 1A) indicates the formation of hydrogen-
bonded species on the MgO surface. The shift of the OH
absorption bands was about 100 cm™!, which is within
the range expected for alkenes interacting with surface
OH groups (32). We infer that (unidentified) hydrogen-
bonded species formed by the interaction of organic lig-

TABLE 10

EXAFS Results at the Pt L;; Edge Characterizing the MgO-
Supported Sample (PtW,)/MgO Prepared from {Pt[W(CO);-
(CsHs)]2(PhCN)2} Following Treatment in Oy at 200°C for 1 h and
Then in H, at 400°C for 2 h®

TABLE 11

EXAFS Results at the W L, Edge Characterizing the MgO-
Supported Sample (PtW;)/MgO Prepared from {Pt[W(CO)3-
(CsHs)]2(PhCN)2} Following Treatment in O, at 200°C for 1 h and
Then in H, at 400°C for 2 h@

R 10% x Ac? AE, EXAFS
Shell N A) (A?» (eVv) reference
W-Pt 08401 271+001 34+02 —40+£07 W-Pt
W_Osupport
W-O; 16+01 1904001 33401 192+02 W-O
W-O; 07+01 2644002 18403 -56+04 W-O
WO, 31+01 2834002 97403 07403 W-O

@ Notation as in Table 6.

ands of {Pt{W(CO)3(CsHs)]2(PhCN),} with surface OH
groups. Similarly, hydrogen-bonded surface species were
formed from [Zr(;r-C3Hs)4] on SiO;, (51). The appearance
of bands at about 1700-1200 cm™?, attributed to surface
metal carbonates or metal carboxyl-like species (30), is
explained by the interactions of the carbonyl ligands of
{Pt[W(CO)3(CsHs)]2(PhCN),} with O?~ ions of {Mg>F 02~}
acid-base pairs, as had been suggested for [Fe(CO)s] on
MgO (52).

In summary, the anchoring of {Ptf[W(CO)3(CsHs)]»-
(PhCN),} to the MgO surface is attributed to weak inter-
actions of organic ligands of the cluster with surface OH
groups and interaction of terminal carbonyl ligands with
surface O%~ ions, with formation of hydrogen-bonded OH
groups and metal carbonate or metal carboxyl-like species.
Thus we infer that the metal frame of the precursor was
preserved on the support.

Dispersion and chemisorptive properties of MgO-
supported samples containing Pt. The TEM results show
that Pt particles about 24 A in average diameter were
formed in (Pt+ W)/MgO after treatment in H, at 400°C.
The Pt dispersion calculated from the TEM data was about
the same as that reported for Pt/MgO after treatment
under similar conditions (Table 2) (21). The Pt-Pt first-

TABLE 12

EXAFS Results at the Pt L;; Edge Characterizing the MgO-
Supported Sample (PtW,)/MgO Prepared from {Pt[W(CO);-
(CsHs)]2(PhCN),} Following Treatment in O at 400°C for 1 h and
Then in H, at 400°C for 2 h®

R 10° x Ao? AEy EXAFS R 10° x Ao? AE EXAFS
Shell N (A) 1:%) (eV) reference Shell N (A) (A% (eV) reference
Pt-Pt 54+02 272+001 19+03 10.8 £0.6 Pt-Pt Pt-Pt 77+01 274+001 -04+0.2 7.3+£0.1 Pt-Pt
Pt-W 20+02 271+001 3.0+£06 -—-19.7+1.2 Pt-W Pt-W 22+01 2714+0.01 50+03 —-1954+04 Pt-W
Pt—osupport Pt—osupport
Pt-Os 26+01 210+0.01 06+0.3 04 £0.2 Pt-O Pt-O, 1.8+01 220+0.01 79+05 —-76+0.2 Pt-O
Pt-O, 33+£01 267+001 6.6+0.8 —6.3 £0.6 Pt-O Pt-O, 35+02 2.66+0.01 100+£11 -6.8+03 Pt-O

@ Notation as in Table 6.

@ Notation as in Table 6.
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TABLE 13

EXAFS Results at the W Ly, Edge Characterizing the MgO-
Supported Sample (PtW,)/MgO Prepared from {Pt[W(CO);-
(CsHs)]12(PhCN)2} Following Treatment in O, at 400°C for 1 h and
Then in H, at 400°C for 2 h®

R 10° x Ao? AE EXAFS
Shell N A) (AY (eVv) reference
W-Pt 09+£02 271+£001 49+02 -224+07 W-Pt
W-Osypport
W-0O 1.6+01 190+0.01 33+04 19.2+0.2 W-0
W-0O, 08+01 266+0.02 0.11+03 -654+04 W-0O
W-0Oy, 31+01 283+0.02 93+0.3 0.7+0.3 W-0

@ Notation as in Table 6.

shell EXAFS coordination number characterizing the for-
mer sample after reduction at400°C wasabout 7.0 (Table 6),
consistent with TEM results and indicating that aggregation
of the Pt resulted from the treatment in H,. A comparison
of the Pt dispersion in this sample with the amounts of ad-
sorbed hydrogen (or CO) indicates that the coverage of
surface Pt atoms by these adsorbates was roughly 50% (Ta-
ble 2).

In contrast, the TEM data give evidence that much
smaller Pt clusters were formed in (PtW,)/MgO (Table 2).
The EXAFS data confirm this conclusion. The Pt-Pt first-
shell coordination number was about 3.0 after reduction at
400°C (Table 8), which indicates Pt clusters with an ave-
rage of only about 4 atoms each. There was markedly less
adsorption of hydrogen or of CO on the highly dispersed
(PtW2)/MgO than on Pt/MgO (Table 2). The surface cov-
erage by hydrogen or by CO was only about 20% in the
former sample. The data are consistent with a report (11)
of the effect of W on the chemisorptive properties of Pt,
attributed to W-Pt interactions.

There was relatively little chemisorption on either
(PtW2)/MgO or (Pt+ W)/MgO. The effect of W in reduc-
ing the chemisorption on Pt is greater for the former sample
than the latter (Table 2). Furthermore, the effect of W in
helping to maintain a high dispersion was greater for the
former sample than for the latter, as shown by the TEM
and EXAFS data. We infer that the interactions between
Pt atoms and W cations, which were originally bonded to
each other in the bimetallic precursor, helps to stabilize the
Pt dispersion in (PtW,)/MgO after treatment in H.

Treatment of (Pt+ W)/MgO with O, at 200°C and then
H, at 400°C lowered the Pt dispersion and increased the Pt
surface coverage by hydrogen or by CO to 100% (Table 3),
consistent with the formation of larger Pt particles. The
EXAFS data are consistent with this conclusion, showing
that the Pt-—Pt first-shell coordination number was about 8.0
after this treatment (Table 7).

In contrast, the TEM data show that similar treatment
of (PtW;)/MgO with O, did not change the Pt dispersion,

and changes in the coverage of Pt by hydrogen or by CO
were insignificant in comparison with those observed for
(Pt+W)/MgO (Table 3). However, the EXAFS data show
that the Pt-Pt first-shell coordination number was larger
(about 5.4) after the treatment with O, at 200°C than after
treatment with only H, (Table 10). The average Pt clus-
ter size in (PtW,)/MgO can be estimated roughly from the
EXAFS data (53). If it is assumed that the clusters are just
Pt and spherical with a fcc structure (which is an oversim-
plification), the Pt—Pt first-shell coordination number of 5.4
implies that the Pt clusters after treatment in O, at 200°C
and H; at 400°C contained about 20 atoms each, on average;
these are too small to observe by TEM, in agreement with
the observations. After the treatment of this sample with
O, at 400°C the Pt-Pt first-shell coordination number was
about 7.7 (Table 12), which is about the same as that deter-
mined for (Pt + W)/MgO after the treatment with only H,
at 400°C. These results suggest that Pt tends to sinter under
oxidizing conditions but much less than in (Pt + W)/MgO.

Thus the results demonstrate that the Pt-W interactions
in (Pt4+ W)/MgO were weaker than those in (PtW;)/MgO;
these interactions can evidently be weakened by O, treat-
ment, as shown by the increased coverage of Pt by hy-
drogen and by CO observed following this treatment. The
chemisorption data also show that the Pt-W interactions in
(PtW3)/MgO were strong enough to largely maintain the
structures of the supported bimetallic clusters even in an
oxidizing atmosphere.

State of W in reduced samples. Oxygen chemisorption
in combination with titration of preadsorbed oxygen with
H; (hydrogen titration) is often used (with an assumed sto-
ichiometry of hydrogen titration) to estimate the disper-
sion of supported Pt and Pd (54). However, when a noble
metal is combined with another metal on a support, the
chemisorptive properties of the noble metal may change,
so that hydrogen chemisorption no longer provides a good
measure of the dispersion (55). Hence, chemisorption is not
generally reliable for determination of metal cluster or par-
ticle sizes in bimetallic samples. Nevertheless, when combi-
nations of noble and oxophilic metals are examined, oxy-
gen chemisorption followed by hydrogen titration allows
at least a rough estimate of the oxidation state of the oxo-
philic metal. The determination is based on the tendency
of supported oxophilic metals such as Mo, W, Ti, Zr, after
treatment in Hy, to form coordinatively unsaturated cations
in lower oxidation states on the support surface, which irre-
versibly adsorb oxygen during oxidation. Both the degree
of cation reduction and the structure of the surface species
depend on the treatment temperature (11). The chemisorp-
tion data (Table 4) for the sample prepared from [W(CO)¢]
on MgO and reduced with H; at 400°C illustrate this point.
Assuming that oxidation leads to formation of W8 * cations,
we infer from the O, uptake that the average W oxidation
state reduction at 400°C was about +5. Similar data were
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FIG. 4. Results of EXAFS analysis near the Pt L; edge obtained with the best calculated coordination parameters characterizing the MgO-
supported sample (Pt + W)/MgO prepared from [PtCl,(PhCN),] 4+ [W(CO)g] precursors following treatment in H, at 400°C: (A) experimental EXAFS
(solid line) and sum of the calculated Pt-Pt+ Pt-Os 4 Pt-O, contributions (dotted 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-Os + Pt-O contributions (dotted line); (C) imaginary
part and magnitude of phase- and amplitude-corrected Fourier transform (k° weighted) of raw data minus the calculated Pt-Os + Pt-O; contributions

(solid line) and calculated Pt-Pt contribution (dotted line).

reported (21) for the sample prepared from [Mo(CO)s] and
treated under the same conditions. The results of hydro-
gen titration show that the chemisorbed oxygen atoms are
strongly bonded to the cations and do not react with H; at
temperatures up to 200°C. Thus, it is possible to distinguish
oxygen adsorbed on an oxophilic metal from that adsorbed
on a noble metal, which can be easily removed by hydrogen
titration.

The total oxygen uptakes (represented as the O/Pt atomic
ratio) characteristic of (Pt+W)/MgO and (PtW;)/MgO
were somewhat larger than the value for Pt/MgO. Because
the former samples incorporate W in addition to Pt, we
infer that some of the chemisorbed oxygen was bonded
to Pt, with the remainder oxidizing W cations (Table 4).
The average oxidation state of W, determined from the
O/W values, was about +5 for each sample. It has been

shown (21) that close proximity of Mo cations to Pt in
the sample prepared from {Pt[Mo(CO)3(CsHs)]2(PhCN),}
led to deeper reduction of Mo than in a sample pre-
pared from [PtCly(PhCN).] 4 [Mo(CO)g], in which Pt and
Mo were largely segregated. The data reported here for
W-containing samples, together with those reported else-
where (21), show that the higher the atomic number of the
oxophilic metal, the higher the temperature required to re-
duce the metal to a low oxidation state. Substantial reduc-
tion of W in W/SiO; was observed only at temperatures as
high as about 600°C (11).

CO chemisorption on Pt-containing samples: Evidence
from infrared spectroscopy. Evidence of CO chemisorp-
tion and the stability of the different forms of adsorbed
CO as a function of temperature are provided by the data
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Results of EXAFS analysis near the Pt L, edge obtained with the best calculated coordination parameters characterizing the MgO-

supported sample (PtW,)/MgO 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-Os + Pt-O, + Pt-W contributions (dotted 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, 4 Pt-W contributions (dotted 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 (dotted 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 + Pt-Og + Pt-O,

EXAFS (solid line) and calculated Pt-W contribution (dotted line).

of Figs. 2 and 3. After treatment of (Pt+ W)/MgO or of
(PtW;)/MgO (that had been reduced with H;, at 400°C)
with CO flowing at 25°C, both linear and bridging CO bands
were observed. The frequencies correspond to CO adsorp-
tion on completely reduced Pt sites, in agreement with the
literature (35-43). Consistent with earlier observations (36,
37,40), the bridging CO bands at about 1827 cm~tare weak,
constituting a small fraction of the CO band intensities;
these were clearly evident only at high surface coverages
and rapidly disappeared with increasing temperature for
both samples (Figs. 2 and 3). These data indicate that the
bridging CO s less stable than the terminal CO, which is
explained by differences in bonding energy between these
two forms of CO and Pt atoms (41).

The shift of the intense bands attributed to terminally
bonded CO to 2061 and 2053 cm ™1, respectively, in the spec-
tra of (Pt+ W)/MgO and (PtW;)/MgO as the temperature
increased was not accompanied by substantial decreases in
band intensities. Such shifts have already been observed
(38, 39) and may be explained by decreasing dipole-dipole
coupling between adsorbed CO molecules with decreasing
coverage. A comparison of vco values in the infrared spec-
tra recorded at high temperature (and low CO coverage)
for (Pt + W)/MgO and (PtW;)/MgO with those reported for
Pt/MgO (21) indicates that the frequency differences for the
terminal CO were about 10 and 18 cm™?, respectively.

The adsorption of CO on transition metals involves elec-
tron donation from CO 50 orbitals to vacant d-orbitals of
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Results of EXAFS analysis near the W L, edge obtained with the best calculated coordination parameters characterizing the MgO-

supported sample (PtW,)/MgO prepared from {Pt[W(CO)3(CsHs)]2(PhCN),} following treatment in H; at 400°C: (A) experimental EXAFS (solid
line) and sum of the calculated W-W + W-O, + W-0O, + W-Pt contributions (dotted line); (B) imaginary part and magnitude of uncorrected Fourier
transform (k® weighted) of experimental EXAFS (solid line) and sum of the calculated W-W + W-O; + W-O, + W-Pt contributions (dotted line);
(C) imaginary part and magnitude of phase- and amplitude-corrected Fourier transform (k° weighted) of raw data minus the calculated W-Os+
W-0O, + W-Pt contributions (solid line) and calculated W-W contribution (dotted line); (D) 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-W + W-O, + W-O,

EXAFS (solid line) and calculated W-Pt contribution (dotted line).

the metal and back donation from filled d-orbitals of the
metal to the CO 2x* antibonding orbitals (56). Because
of backbonding, changes in the electronic environment of
the metal influence the M-CO bond strength and thereby
the C-O stretching frequency. The infrared data indicate a
greater back donation from Pt to CO in (PtW,)/MgO than
in (Pt+ W)/MgO.

The infrared data show that higher temperatures were
required to remove CO from (PtW,)/MgO than from
(Pt+W)/MgO. This pattern is one of increasing stability
of adsorbed CO with increasing electron density on Pt and
with increasing interactions between Pt and W cations. The
pattern isexplained by strengthening of Pt—-CQO bonds by in-
creasing back donation of the metal electrons into CO 27*

orbitals with simultaneous weakening of the C=O bond as
a result of the presence of the second metal (57-59).

The infrared evidence of greater backbonding in (PtW,)/
MgO is in agreement with the results indicating greater
Pt-W interactions in this sample than in (Pt+ W)/MgO.
Specifically, the Pt-edge EXAFS data for (PtW,)/MgO
(Table 8) indicate a substantial Pt-W interaction. The Pt-W
first-shell coordination number was found to be about 2,
with an average distance of 2.71 A. The analysis of the W-
edge EXAFS data for this sample gave a W-Pt first-shell
coordination number of about 1.1 with an average distance
of 2.71 A (Table 9).

In contrast to the data characterizing (PtW,)/MgO, which
indicate strong Pt-W interactions, the Pt-edge EXAFS data
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obtained for (Pt+ W)/MgO (Table 6) give no evidence of
Pt-W contributions. Taking account of both the EXAFS
and infrared data, we infer that only a small fraction of the
W cations were near neighbors of Pt in the sample.

Similar data for MgO-supported Pt-Mo samples show
that proximity of Pt atoms and Mo cations leads to strong
CO adsorptionon Pt relative to that for asample lacking Mo
(21); the data are consistent with the Pt-W data reported
here.

Structures of supported bimetallic catalysts. The EX-
AFS data provide evidence of the structure of the bimetal-
lic clusters as well as a basis for comparing the bimetallic
interactions in (PtW;)/MgO and (Pt+ W)/MgO. The re-
sults characterizing the latter sample indicate an average
Pt—Pt coordination number of 7.0 after reduction at 400°C
(Table 6). In agreement with the TEM data, this result indi-
cates relatively large Pt particles, in which each Pt atom had
about 7 near Pt neighbors (the value for bulk Pt is 12). No
Pt-W contribution was indicated by the EXAFS data for
(Pt+W)/MgO; however, the chemisorption of hydrogen
(or CO) on Pt was less than on Pt/MgO, which indicates
a modification of the chemisorption properties of the Pt
caused by the W cations. Treatment of this sample with O,
led to a change in the Pt dispersion and chemisorptive pro-
perties; the Pt—Pt first-shell coordination number increased
to about 8.0 with an average Pt—Pt distance of about 2.72 A,
which indicates Pt aggregation. The TEM data confirm this
aggregation. The surface coverage of Pt by CO or by hy-
drogen was about 100% after O, treatment, and the results
are about the same as those observed for chemisorption of
these gases on Pt/MgO. Therefore, the data show that in-
teractions of Pt atoms and W cations in this sample were
weak and could easily be broken by O, treatment. Thus we
infer that only a small fraction of the Pt atoms in this sample
were near neighbors of W cations.

In contrast, the Pt-edge EXAFS results characterizing
(PtW,)/MgO (Table 8) indicate an average Pt-Pt coordi-
nation number of only 3.0. This result is consistent with
the TEM data and indicates the presence of Pt clusters of
only about 4 atoms each, on average. Moreover, substantial
Pt-W interactions are indicated by the EXAFS data, with
each Pt atom, on average, being surrounded by about two
near-neighbor W atoms at an average distance of 2.71 A
Additional information about the Pt-W structures is pro-
vided by the W-edge EXAFS data (Table 9), which indi-
cate substantial W-W interactions with an average W-W
coordination number of 2.3 at a distance of 3.02 A. The ob-
served W-W distance is larger than that typically observed
in metallic W (2.74 A) and indicates interactions between
W cations in W-O-W structures. The EXAFS data also
indicate W-Pt interactions with an average W-Pt coordina-
tion number of 1.1 at a distance of 2.71 A. The implication is
that each W cation in this sample interacts, on average, with
about two W cationsand about one Ptatom. Thus the results

indicate that the Pt-W interactions in (PtW;)/MgO were
strong.

EXAFS spectroscopy determines average coordina-
tion parameters. The average Pt-W coordination number
(Nprw) might be described by the equation

Npt—w = Opt—w/ NPty [1]

where Op is the total number of Pt-W near neighbors,
and npy,, is the total number of Pt atoms in the sample. An
equivalent statement can be made for the average W-Pt co-
ordination number (Nw_pt). Since the number of Pt-W near
neighbors (fprw) should be equal to the number of W-Pt
near neighbors (6w-_pt), the relationship between Np_\y and
Nw_pt may be expressed as

Npt—w/Nw-pt = Ny / NPty [2]

Npt_w/Nw_pt Was found to be equal to about 2, consis-
tent with the stoichiometry of the precursor {PtfW(CO)3-
(CsHs)12(PhCN)o}.

Moreover, the bond distances (R) and Debye—Waller fac-
tors (Ac?) should be the same for the Pt-W and W-Pt
EXAFS contributions. The result that these EXAFS pa-
rameters determined from the Pt edge data (Tables 8, 10,
12) and those determined from the W edge data (Tables 9,
11, 13) agree within the experimental errors shows the in-
ternal consistency of the data and justifies the validity of
the fit.

After treatment of (PtW;)/MgO with O, at 200°C fol-
lowed by reduction in H; at 400°C, the Pt-Pt first-shell
coordination number was about 5.4 with an average dis-
tance of 2.71 A. Further treatment of this sample with O,
at 400°C followed by H; at 400°C led to an increase in the
Pt—Pt first-shell coordination number to 7.7. In addition to
Pt—Pt interactions, Pt-W contributions were observed after
treatment of the sample with O,. Within the approximate
error bounds, the Pt-W first-shell coordination numbers
and Pt-W distances were about the same as those deter-
mined for the sample after reduction at 400°C. The oxygen
treatment led only to a systematic increase in the Debye—
Waller factors for the Pt-W contributions, which indicates
an increasing degree of disorder resulting from treatment
at increasing temperatures under oxidizing conditions. The
implication is that O, treatment led to some Pt sintering
in this sample, but sintering occurred without substantial
disruption of the Pt-W interactions; the degree of sintering
was less than that observed for (Pt + W)/MgO.

The W-edge EXAFS data confirm this conclusion. The
W-W contribution disappeared after O, treatment, con-
comitant with increasing W-O contributions. However, the
W-Pt first-shell coordination numbers and distances were
not sensitive to the treatment conditions, being virtually the
same as those determined for this sample after reduction at
400°C. O, treatment also led to increasing Debye-Waller
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factors for the W-Pt contributions, indicating an increas-
ing degree of disorder, as was observed for the Pt edge
data. These results, in agreement with the chemisorption
data, show that the Pt-W interactions in (PtW,)/MgO were
strong and largely maintained under oxidizing conditions.

In addition to the metal-metal contributions mentioned
above, the EXAFS data indicate metal-oxygen contribu-
tions, which we identify with metal-support interactions
(Tables 8 and 9). We doubt that the EXAFS data are suffi-
cient to justify amodel of the structure of the metal-support
interface, but they clearly show substantial interactions of
both W cations and Pt atoms with oxygen atoms of the
support.

Evidence of the role of W in stabilizing the dispersion
of Pt in MgO-supported samples is in accord with TEM,
chemisorption, and EXAFS evidence that Mo similarly sta-
bilizes the dispersion of Pd in MgO-supported samples (20).
A rough model of Pd-Mo clusters on the MgO surface was
postulated (20), whereby the oxophilic Mo cations bond to
support oxygen atoms and to Pd and thereby help to main-
tain the Pd dispersion. EXAFS data (20) showed that the
Mo was concentrated at the metal-support interface, but
there was also evidence of Pd-O interactions.

We suggest a similar structure for the Pt-W clusters
on MgO. Such a structure could form from adsorbed
{Pt[W(CO)3(CsH5s)]2(PhCN),}. The results are consistent
with the postulate that W-Pt-\W units in this precursor
were largely retained following removal of the ligands by
H, treatment. Upon ligand removal, some of the metal cen-
ters likely became coordinatively unsaturated, so that there
was a free energy driving force for formation of metal-
metal bonds and migration and organization of the metal
atoms into clusters on the surface, with the oxophilic W
cations being preferentially anchored to the surface oxy-
gen. Thus the Pt clusters are inferred to be stabilized in
a high dispersion by their interactions with W cations,
which are held in place by bonds to the surface oxygen
atoms.

Catalytic properties. Benzene and toluene hydrogena-
tion are structure-insensitive reactions, taking place with
roughly the same turnover frequencies on the surfaces of
metal particles of different sizes (60). However, the rate of
toluene hydrogenation becomes size dependent as iridium
clusters become as small as 4- or 6-atom clusters (61). The
data of Table 5 show that the turnover frequency character-
istic of the sample made from [PtCl2(PhCN)2] + [Mo(CO)g]
and reduced at 400°C was about the same as that of
Pt/MgO, and that characteristic of the sample made from
[PtCI,(PhCN),] 4+ [W(CO)¢], (Pt+W)/MgO, is somewhat
lower than that of Pt/MgO. The structural data for the
W- and Mo-containing samples, taken together, show that
coimpregnation of separate complexes of Pt and an ox-
ophilic metal leads to largely segregated metals. The cata-
lytic data confirm this conclusion and show that there were

at most small effects of Mo and W on the catalytic proper-
ties of supported Pt for toluene hydrogenation.

In contrast, the turnover frequencies characteristic of the
samples made from the bimetallic precursors are more than
an order of magnitude less than those characteristic of the
samples containing segregated Pt. The data are in a good
agreement with literature data (11) showing a decrease in
the activity of Pt for hydrocarbon conversion when the Pt
atoms are in proximity to cations of oxophilic metals. The
catalytic data (Table 5) show that the apparent activation
energy for toluene hydrogenation was 11-13 kcal/mol for all
the samples, independent of catalyst composition and the
nature of oxophilic metal. These values are about the same
as those reported for toluene hydrogenation catalyzed by
Pt (45) and close to the values for benzene hydrogenation
on Pt (44). Thus, we suggest that the mechanism of toluene
hydrogenation may be the same for the family of samples
reported here as for those reported by Lin and Vannice
(62), with the rate-determining step being the addition of
the first hydrogen atom to the aromatic ring (62). The data
summarized here show that strong Pt-W or Pt-Mo inter-
actions are associated with a low activity relative to those
observed for catalysts containing the same metals but lack-
ing the strong bimetallic interactions. The samples with the
relatively low activities are those characterized by the small
Pt clusters as well as by relatively low hydrogen chemisorp-
tion on Pt; these effects are attributed, at least in part, to the
Pt-W (or Pt—-Mo) interactions in the samples. In addition,
the low concentrations of hydrogen on the Pt surface during
catalysis (expected on the basis of the chemisorption data)
could also cause the catalytic reaction rate to be less than
on Pt lacking the bimetallic interactions.

It is not yet possible to resolve which of these effects
might be most important in decreasing the rates of toluene
hydrogenation on the samples prepared from bimetal-
lic clusters. Nonetheless, there is little doubt that Pt-W
(or Pt-Mo) interactions lead to changes in the electronic
and chemisorptive properties of Pt, and thereby its catalytic
properties. The role of the W (or Mo) is thus comparable to
that of a support, even though the W (or Mo) was present
in only a small amount, localized near the Pt.
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