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The adsorption of CO and H; on a SiO-supported AugPt cluster [(AuPPhs)sPt(PPh3)](NOs). (1) has been studied
by means of FTIR, TPD, and EXAFS. CO adsorbed on 1/SiO; to form a CO-adduct complex, which exhibited an IR band
at ca. 1972 cm™!. The adsorbed CO was desorbed below 403 K, showing a peak maximum at 363 K in TPD. There
was little change in the coordination number of Pt—Au in Pt L3-edge EXAFS upon CO adsorption, but the coordination
number of Au—Au in Au L3-edge EXAFS slightly increased and the peak ascribed to Pt—(Au)-P in the Pt L.3-edge EXAFS
Fourier transform remarkably increased. The increase in the intensity of the Pt—(Au)-P peak was interpreted by the
multiple scattering effect owing to the change of Pt—Au—P bond angle. The original EXAFS oscillations at both Pt and Au
Ls-edges were regenerated after evacuation of the CO-adsorbed sample for 2 h at 353 K, indicating the recovery of the
original cluster structure. This is entirely different from the case of the cluster 1 in solution, where the cluster framework
is fragmented by the CO adsorption-desorption process. The adsorption of H, on 1/SiO; was totally reversible at room
temperature; it provided no contribution to the EXAFS oscillation.

Supported gold and gold—noble metal catalysts have at-
tracted considerable attention from chemical interests as
well as from the viewpoint of industrial applications.'— It
has been reported that the addition of gold to Pt catalysts
increases catalytic activity and selectivity and suppresses
deactivation in hydrocarbon conversions.*~!! Recently, a
Si0;-supported cluster [(AuPPhs)¢Pt(PPh3)](NO3), (1) with
a unique structure of a Pt atom embedded in a six Au-
atoms ensemble was found to show significant catalysis for
H,-D, equilibration at 303 K, whereas a supported mono-
nuclear Pt complex Pt(PPhs),/SiO; and a supported Au clus-
ter [Aug]**/SiO, showed almost no activity for the Hy-D,
exchange reaction.””~" This observation may be of interest
because multi-sites composed of several Pt atoms are be-
lieved to be active sites for dihydrogen activation and H,—D;
equilibration on Pt particle catalysts.

It has also been reported that H, coordination on both
1 and [(AuPPh;)sPt(PPh3)]J(NO3), (2) rapidly and re-
versibly occurs:'!7 {(Au),Pt} + H,={(Au),Pt(Hy)}. Al
though {(Au),Pt(H,)} is likely to be an intermediate in the
catalytic Hy~D, equilibration, no structural information for
this complex has been reported. Detailed NMR studies
have been carried out with {(Au),Pt} (n = 6,7,8) clusters
in solution.” In the case of 2, the triple Pt—H coupling pat-
tern was observed in the *'P decoupled Pt NMR spec-
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trum, indicating the presence of two hydride ligands."” Since
no terminal Pt—H stretching vibrations were detected by IR,
the hydride ligands were assigned as bridge-bonding type.'®
In the case of 1 in CD,Cl, solution, however, no changes
in the NMR spectra have been observed.'” In a basic so-
lution like pyridine, deprotonation from {(Au),—Pt(H;)} to
monohydrido cluster {(Au),~Pt(H)} was directly observed
by 3'P{'H} NMR and '"HNMR, which demonstrates that H,
is activated to dissociate to H atoms on 1.'6%20

The catalytic Hy~D» equilibration on 1/S10, is completely
suppressed by CO adsorption on the Pt atom of 1/Si0,. The
adsorbed CO creates a site blocking effect as well as an
electronic effect on the catalysis of 1/Si0,. However, there
is no information on any structural change of the supported
cluster framework upon CO adsorption.

The adsorption and reactivity of metal organic and inor-
ganic compounds on oxide surfaces have been extensively
studied to gain a better understanding of the fundamental
principles of surface catalysis and the relations among bond-
ing, structure and reaction.>’—>* This class of catalysts pre-
pared by well-defined precursors has a great advantage in
accepting the characterization of catalytically active struc-
tures and compositions by physical techniques. Among the
characterization techniques, extended X-ray absorption fine
structure (EXAFS) spectroscopy is of great importance for
the structural study of dispersed metal sites on oxide surfaces
in the static state and during the course of catalysis.>* In-
situ EXAFS analysis provided information on the bonding
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feature of Pt—Au(Pt) and Pt(Au)-ligands (such as phosphine
and CO) in 1/5i0,."*'>?" We found a reversible change of the
cluster structure induced by CO adsorption, which is differ-
ent from the cluster fragmentation in solution.”’ In this paper,
we report the further investigation on the structural change
of 1/8i0; upon adsorption and desorption of CO and H, by
means of in-situ EXAFS, TPD (temperature programmed
desorption), and FTIR.

Experimental

Preparation of the SiO,-supported [(AuPPh;3)sPt(PPh3)J(NO3)2
(1) catalyst has been reported elsewhere.'>'> The loading of 1 on
SiO2 was controlled to be 0.5—1.0 wt% based on Pt. All the
procedures for sample preparation were conducted in Ar atmosphere
(purity: 99.999%) to avoid contacting air. Adsorptions of CO and
H, were measured in a closed circulating system at 298 K. The
uptake was monitored at an interval of every 15 min until the
pressure did not change, typically for about 40 min. The uptake of
H> on 1/Si0, was somewhat difficult to measure due to the weak
interaction between H, and 1/SiO; at 298 K. The data for H,
adsorption have larger errors than those for CO adsorption. The H
adsorption was reversible.

Temperature-programmed desorption (TPD) spectra were mea-
sured in a fixed-bed reactor system equipped with a gas chromato-
graph. A dry-ice/acetone trap was used to eliminate the influ-
ence of water and hydrocarbons. The samples were first treated at
room temperature for 120 min under Ar and then switched to CO
(99.999%) for 10 min in a flow of 30 mlmin~!. After the sample
was purged by Ar at a flow rate of 30 mlmin~" for 60 min, CO-
TPD spectra were obtained with the carrier gas of Ar at a heating
rate of 10 Kmin ™.

IR spectra were measured on a JEOL JIR 7000 spectrometer with
a resolution of 4 cm™'. A pressed SiO, disk was placed in an IR
cell with two NaCl windows, combined with a closed circulating
system. The disk was pretreated at 673 K for 1 h in the cell and
a dried ethanol solution of 1 was carefully added dropwise onto
the disk in a flow of high-purity Ar. The supported sample was
evacuated at 298 K for 4 h in-situ before CO adsorption. The
spectra were recorded as difference spectra between before and
after CO adsorption.

EXAFS measurements were carried out at BL-10B (for CO ad-
sorption) and at BL-7C (for H, adsorption) of the Photon Factory
in the Institute for Material Structure Science (PF-IMSS) (Proposal
No. 95G200) operated at 2.5 GeV with a ring current 250—350
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mA. The incident and transmitted X-rays were monitored by ion-
ization chambers filled with N, and Ar (15%)-N, (85%) gases,
respectively. EXAFS data were measured at room temperature in
a transmission mode. The samples was transferred to an in-situ
EXAFS glass cell by a Schlenk technique and evacuated at room
temperature for 4 h. After recording the EXAFS spectrum of the
sample, CO of 300 Torr (1 Torr = 133.322 Pa) was admitted into
the EXAFS cell to measure the EXAFS spectrum for CO-adsorp-
tion sample. Then, the cell was evacuated at 353 K for 0.5 h and
EXAFS was measured again. Similarly, the EXAFS measurement
of H, adsorbed sample was carried out, but the measurement was
conducted under 0.3 MPa of H,.

The analysis of EXAFS was performed by removal of back-
ground using cubic smoothing and normalization with the edge
height, whose energy dependency was taken into account using
the McMaster equation.?® The inverse Fourier-transformed EXAFS
data were analyzed by a curve fitting method using phase-shifts and
amplitudes calculated by the FEFF 6.01 software.” The parameters
used for the FEFF calculations are listed in Table 1. The cluster
1, Pt foil, Au foil, Pt(PH3)4 and Au(PH3)s were used to determine
the amplitude reduction factor S and to check the validity of these
theoretically derived parameters. In the present analysis we took
into account the error estimations recommended by the international
XAFS workshop on standards and criteria.

Results

FT IR Spectra.  When CO was admitted into 1/SiO,
in an in-situ IR cell, a single CO band at ca. 1972 cm™'
was observed, as shown in Fig. 1A. This is assigned to
linear CO adsorbed on Pt. This is similar to the IR band at
ca. 1967 cm™! for [(AuPPh;)¢Pt(CO)(PPh;)]** in solution.*
Evacuation of the system caused a gradual decrease in the
peak intensity, but the peak was still observable after evacu-
ation for 4 h (Fig. 1A). The adsorbed CO can be completely
removed by evacuation at 353 K (Fig. 1A-g).

When the 1/Si0, sample was treated at 473 K in vac-
uum, the peak of adsorbed CO was observed at 1975 cm™!
(Fig. 1B). The previous EXAFS study indicated a small
change in the cluster framework by the treatment at 473
K. The IR peak frequency is slightly higher than that for
the untreated sample; this may be related to a small structural
change of the cluster 1 on SiO,.

Adsorption of CO and H,. Figure 2A shows irre-

Table 1. Crystallographic Data for the FEFF Calculation and Fourier Transform Ranges Used in the EXAFS Analysis

FEFF Calculation Fourier transformation range

Bond N r/nm Ak/nm™! Ar/nm

Pt—P for Pt(PPhs) 1.0 0.228 30—90 0.14—0.23
Pt—Au for Pt(Au) 1.0 0.267 30—90 0.24—0.32
Pt-Pt for Pt foil 1.0 0.278 30—90 0.24—0.32
Pt—C for Pt(CO) 1.0 0.198 30—90 0.14—0.20
Pt—(C)-O for Pt(CO) 1.0 0.304 30—90 0.14—0.32
Pt—(Au)-P for Pt(Au-P) 1.0 0.497 30—90 0.39—0.50
Au-P for Au(PPhs) 1.0 0.230 30—130 0.14—0.23
Au-Au for Au(Au) or Au(Pt) 1.0 0.287 30—130 0.24—0.32
Au—Au for Au foil 1.0 0.287 30—160 0.21—0.32

N: coordination number for absorber-backscatterer pair; r: interatomic distance; Ak: wavenumber range
for forward Fourier transformation; Ar: distance range for shell isolation.
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Fig. 2. The adsorption of CO (A) and H, (B) on 1/SiO, at 298 K.

versible CO adsorption on 1/Si0; at 298 K as a function
of CO pressure. The CO uptake seems to be explained by
the Langmuir adsorption isotherm. The amount of the irre-
versible adsorption was calculated by subtracting the amount
of CO adsorbed in the second run from that in the first run.
The system was evacuated at 298 K for 20 min between the
first and second runs. The CO adsorption saturated at CO
pressure of ca. 250 Torr, in which the coverage was one CO
per Pt.

The result of H, adsorption on 1/Si0O, at 298 K is shown
in Fig. 2B. The amount of adsorbed H, was very low. The
adsorption isotherms show that hydrogen adsorption is com-
pletely reversible at 298 K.

CO-TPD on 1/5i0,.  CO-TPD spectra for 1/Si0, un-
treated and treated at 473, 573, and 773 K are shown in
Fig. 3. The TPD spectra for the intact 1/Si0O, and the 473
K-treated 1/Si0, were similar to each other, whereas that
for the 773 K-treated sample showed almost no peak in the
same temperature range. In fact the CO uptake on the 773 K-
treated sample was negligible. From the TPD data, we find
that the CO uptakes on the intact and 473 K-treated samples
were CO/Pt = 1.0 and 0.8, respectively.
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EXAFS Measurements for CO-Adsorbed 1/5i0,. We
measured the Pt L;-edge EXAFS spectra of 1/Si0, before
exposure to CO, after exposure to 300 Torr of CO and after
evacuation at 353 K. The EXAFS oscillations and associated
Fourier transforms are shown in Fig. 4. The peaks in the
Fourier transforms that appeared in the range 0.1—0.35 nm
are due to Pt—P and Pt—Au bondings. A small peak around
0.45 nm may be due to Pt—(Au)-P interaction. When 1/510;
was exposed to 300 Torr of CO at room temperature, the
intensity of the peak at 0.45 nm became more than twice
that for 1/Si0,, indicating that some change occurred with
the Pt—(Au)-P bonding. When the CO-exposed 1/Si0, was
subsequently evacuated at 353 K, no decomposition of the
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framework of the AugPt cluster was observed, but the peak
at 0.45 nm reduced significantly, as shown in Fig. 4C.

Since the Pt—P and Pt—Au peaks are well separated from
each other, they can be analyzed by a curve fitting method.
The curve fitting analysis by two shells (Pt~P and Pt-Au) in
the Fourier transform range 0.14-——0.35 nm reproduced the
experimental results for the intact 1/Si0, and the evacuated
1/Si0;,, as shown in Figs. 5A and 5C. The best-fit results are
listed in Table 2. However, the two-shell fitting analysis for
the CO-adsorbed sample never reproduced the experimental
data. Therefore, we performed 4-term curve fitting analysis
(Pt-C, Pt-P, Pt—Au, and Pt—(C)-0) adding a CO molecule
coordinated to Pt. This analysis requires 16 fitting parame-
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Y. Yuan et al.
6!—
4L A
2k A
=
- N
_2:_
~4:_
_6:lllllIll'lll]lllllllllllllll
3 4 5 6 7 8 9
Wavenumber k / 0.1 nm
6-
4F C
2F A
g L
<< OF
5 N
2F
_4:_
-6:"""“""""""“"‘“"
3 4 5 6 7 8 9
Wavenumber k /0.1 nm™'
Fig. 5.

Bull. Chem. Soc. Jpn., 72, No. 12 (1999) 2647

4E-B
s AN A

NS EEUUN SRR FRUEE ERENE FRENY

3 4 5 6 7 8 9

Wavenumber k /0.1 nm”’

The curve-fitting analysis for the Pt L3-edge EXAFS data of 1/SiO; based on two-shells (Pt—P and Pt-Au) model (A and C)

and four-shells (Pt—C, Pt—P, Pt—Au, and Pt—(C)—0) model (B): —, observed, ----, calculated.
(A) 1/8i0,; (B) after CO adsorption; (C) after desorption of the adsorbed CO at 353 K.

Table 2. Curve-Fitting Results for the Pt L3-edge EXAFS Data of 1/S5i0;

Pt-P Pt-Au
Sample
N r/nm N r/nm

1 1 0.228% 6Y 0.2689

3 12 0.234% 6Y 0.2699
1/5i0; 1.14+0.1  0228+£0.001 6.0+0.5  0.268-0.001
1/Si0; after adsorption of CO 12404  0.23140.004 58409  0.26940.003
1/Si0; after desorption of CO 1.1£0.1  0.22940.001 59405  0.269+0.001

The Ar range for the inverse Fourier transformation was 0.12—0.35 nm for both Pt and Au EXAFS.

The curve fitting range was 30—90 nm~! for Pt EXAFS.

a) The averaged values derived from

crystallographic data.®® b) The bond distances for Pt~C and Pt—(C)-O were 0.194 and 0.309 nm,

respectively.

ters more than the maximum number of degrees of freedom
(2ArAk/m =~ 10). To conduct the analysis we fixed AE and
o values. The best-fit result is shown in Fig. 5B. The curve-
fitting analysis data in Table 2 demonstrate the retention of
the Pt—P and Pt—Au bondings in all the samples.

Figure 6 shows the EXAFS data at Au Ls-edge. The curve-
fitting result is shown in Fig. 7A. Fig. 6B shows the EXAFS
oscillation and its Fourier transform for 1/Si0, exposed to
300 Torr of CO. No change in the intensity of the first
peak attributable to Au—P was observed. The curve-fitting
analysis revealed that Au—P and Au—Pt coordination numbers
remained unchanged at nearly unity (Table 3). The AugPt

cluster framework was maintained with a small deformation
after CO adsorption. Figure 6C shows the EXAFS oscillation
and its associated Fourier transform for 1/Si0, after CO
desorption by evacuation at 353 K. The coordination number
of Au—Au decreased to the same value as that for the intact
1/8i0, (Table 3). It is concluded that the original structure
of 1/Si0, was recovered after desorption of CO.

EXAFS Measurements for H,- Adsorbed 1/Si0O,.
Since the adsorption of H; on 1/Si0, was weak and small
at room temperature, the EXAFS spectra for 1/Si0; exposed
to H, were measured under 0.3 MPa of H,. Figures 8 and
9 (A, B, and C) show the oscillations and associated Fourier
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Table 3. Curve-Fitting Results for the Au Lz-edge EXAFS Data of 1/SiO»
Au-P Au—Pt Au-Au
Sample
N r/nm N r/nm ‘N r/nm
1 1 0.229% 1 0.268% 2.67% 0.285%
3 1@ 0.229% 12 0.269% 3% 0.289”
1/Si0, 1.0£0.1 0.228 £0.001 1.1£0.1 0.268 £0.001 2.64+0.3 0.2854-0.001
1/Si0; after adsorption of CO 1.0+0.1 0.228 +0.004 1.1+£0.1 0.269+0.001 3.04+0.3 0.29040.001
1/8i0; after desorption of CO 1.0£0.1 0.228 +0.001 1.1£0.1 0.2684+0.001 2.7+0.3 0.285+0.001

The Ar range for the inverse Fourier transformation was 0.12—0.35 nm for both Pt and Au EXAFS. The curve fitting range was 30—120 nm ™!

for Au EXAFS.

a) The averaged values derived from crystallographic data.®
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transforms for the EXAFS data at Pt L;-edge and Au L;-edge
for 1/Si0, before exposure to H,, under 0.3 MPa of H; and
after evacuation, respectively. It was found that the EXASF
spectra were quite similar to each other. There was little
difference in the cluster structures among the three samples.

Discussion

CO Adsorption on 1/Si0,. From comparison with
the crystal data and vgp peak of the cluster [(AuPPhs;)ePt-
(CO)(PPh3)]?* synthesized by reaction of 1 with CO in solu-
tion, the peak at 1972 cm™! observed with the CO-adsorbed
1/8i0, is assigned to linear CO adsorbed on Pt. When CO
was exposed to the 1/Si0, pretreated at 473 K, the v¢o peak
became slightly weaker in intensity and higher in wavenum-
berin Fig. 1B and the TPD-desorption amount of CO became
smaller in Fig. 2A. These results support the indication of
the previous EXFAS results that there is a small deforma-
tion in the cluster framework by heating the intact 1/SiO, at
473 K in vacuum, where the bond numbers of Au—Au(Pt)
and Pt—Au decreased to about 75 and 68% of the original
0nes.13‘15

Structure Transformation of 1/Si0, by CO Adsorption
and Desorption. We have observed a reversible structure
transformation of 1/SiO, by the adsorption and desorption
of CO without any fragmentation of the AugPt framework.
There are two features in this transformation found by EX-

calculated. (A) 1/5i0»; (B) 1/SiO; after adsorption of CO; (C) 1/SiO; after desorption of the adsorbed CO at 353 K.

AFS: (1) The Au—Au coordination number increases with
the CO adsorption; (2) The peak of Pt—(Au)-P in the Fourier
transform of Pt Ls;-edge increases, though no increase in the
coordination number of P around Au is observed. Thus the
change occurs only on the Au atoms surrounding Pt.

A CO-adduct cluster [(AuPPh3)¢Pt(CO)(PPh3)1(PFs), (3)
can be easily derived by reaction of 1 with CO in CH,Cl,
solution and thereafter by metathesis of NO3; ™~ salt from a
methanol solution of NH4PFg.* The compound 3 has a longer
Pt—P bond distance on average than the cluster 1, which is
compatible with the change found in the cluster 1 on SiO,
after CO adsorption, as shown in Table 2.

The increase in the Pt—(Au)-P Fourier transform peak in-
tensity can be explained by the bond angle of Pt—Au-P to be
180°, which causes a strong focusing effect in the multi scat-
tering of photoelectrons. The average angles of Pt~Au-P in
clusters 1 and 3 are 162.5° and 164.8°, respectively, based on
the crystallographic data. We have calculated the Pt—(Au)-P
EXAFS oscillation using the FEFF program on the assump-
tion that the cluster structures on SiO, before and after CO
adsorption are the same as the ones in compounds 1 and 3
given in the literature, respectively.®® The results are depicted
in Fig. 10. Because of the ambiguity in Debye—Waller fac-
tors, the relative height of the simulated Fourier transforms
has some meaning. The height around 0.45 nm in 1is 1.1
and it increases to 2.0 in 3. Therefore, the increase in the
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peak of 0.45 nm in the Pt L3-edge EXAFS Fourier transform
(Fig. 4) can be explained by the transformation of the sur-
face structure from 1 to 3 by the CO adsorption. Note that
the difference in average Pt-Au-P angle between 1 and 3 is
2.3°, though the peak height for 3 is almost twice that for
1. According to the FEFF calculation of the peak height of
Pt—(Au)-P in the Fourier transform for several angles, the
peak height sensitively varied with the angles at larger than
160°.

From the EXAFS results, we propose that the structure
transformation occurs during CO adsorption, as shown in
Fig. 11. It is to be noted that the adsorption of CO from Pt
atom has never been observed with the cluster 3 in a solution
system unless the framework structure is destroyed. Sup-

porting the cluster 1 on SiO, has made it possible to undergo
a reversible structural change without collapse of the cluster
framework like RugC(CO);6/MgO.3' Such a reversible struc-
tural change may provide a molecular actuator for molecular
mechanics and molecular devices.

Adsorption of H, and Mechanism Consideration of
H,—-D; Equilibration on 1/Si0,. It has been reported that
the cluster 1 showed a catalytic activity with TOFs of 0.6
s~ ! in solution and 2.0 s~ ! in gas-solid condition for H,-D,
equilibration at room temperature. It was also found that the
TOF increased to 29.8 s~' by supporting 1 on SiO,, mainly
due to high dispersion of the active clusters where the reac-
tion occurs on the Pt atom promoted by Au—Pt bonds.">—"*
When H, was exposed to the intact 1/SiO,, however, only
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very weak adsorption of H, on 1/Si0; occurred and almost no
contribution of H, adsorption to the EXAFS observation was
observed. It is not due to the weak scattering of hydrogen.
Kubota et al. reported that a shape change 8 eV above the
edge occurred when hydrogen was adsorbed on Pt.** They
attributed the shape change to a multiple scattering effect
caused by H-Pt bonds.*® Koningsberger ascribed the change
to an EXAFS structure based on their FEFF calculations.>*
Thus if hydrogen was chemisorbed on Pt, one should find a
change near the edge region. However, we could not find
any change in the edge region of 1/SiO; and no dissociative
chemisorption occurred, but very weak adsorption of H, on
1/S510, did occurr.

The structure transformation of 1/SiO;, by CO adsorption
and desorption encouraged us to examine the possibility that
H; adsorption or H,—D; equilibration on 1/Si0; may result in
core movements of the cluster framework through the angle
of Pt—Au—P and the bond length of Au—Pt(Au). Recently, a
B3LYP study was performed on the phosphine-ligated gold-
platinum model clusters such as [(AuPH;)¢Pt(PH3)]** and
[(AuPH3)¢Pt(H,)(PH3)]**.3 The theoretical calculation re-
vealed that there were two stable H, adducts (dihydrogen
complexes), which might be possible intermediates for the
H,-D, equilibration. The potential profile along the reaction
path was very flat. Pt was characterized as being the active
site, but Au atoms also played an important role in H, acti-
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Structural transformation of 1/SiO, by CO adsorp-
tion and desorption.

vation. The H, activation may include the electron transfer
from the metal core to the ™ anti-bonding orbital of H, and
movements of the metal core.® These findings support the
experimental fact that the reaction between 1/Si0, and H; is
a rapid reversible reaction.

Conclusion

The SiO;-supported cluster [(AuPPh;)sPt(PPh3)](NOs3),
(1) reacted with CO on the Pt atom to give a CO-adduct
1/8i0,, which showed v at 1972 cm™!. One CO molecule
adsorbed on a Pt atom in 1/SiO, when the CO pressure was
higher than 250 Torr. The cluster framework of 1 on SiO, was
deformed by the expansion in the bond angle of ZAu—Pt—P
when CO adsorbed on the Pt atom of 1/Si0O,. The deformed
structure was reconverted to the original structure without
fragmentation by evacuation of CO at 353 K, unlike the
case of the cluster in solution. The SiO, surface prevented
the bimetal cluster structure from fragmenting during the
adsorption—desorption process. The H, adsorption on 1/Si0O;
was weak and reversible at 298 K. The contribution of H, to
the EXAFS of 1/Si0, was negligible.
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