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The chemisorption of CO on a series of silica-supported Pt-Pd bimetallic samples has been 
studied. Using simple mathematical arguments to relate the absorbances of CO adsorbed on Pt and 
on Pd to metal compositions, we find no evidence of surface enrichment of either metal. 
Measurements of the HZ/CO uptake ratio suggest that bimetallic-cluster formation inhibits HZ 
absorption. Exposure to oxygen followed by rereduction in hydrogen results in the formation of Pd- 
rich particles, as evidenced by an increase in hydrogen adsorption. Using a theory originally 
developed by Sachtler, we find that the decrease in intensity of the bridged Pd-CO bands relative to 
the linear Pd-CO bands may be due not only to geometric effects (including short-range ordering), 
but also to a ligand effect. Most bands in the bimetallic systems are also shifted to lower 
frequencies. This is another ligand effect and may be explained by the coherent potential theory of 
alloy formation. 

INTRODUCTION 

The possible preferential surface enrich- 
ment by one of the metallic components in 
either an alloy or a supported bimetallic 
cluster has attracted a great deal of atten- 
tion over the last few years. With the 
development of modem sophisticated in- 
strumentation, progress in this area has 
been very impressive. Techniques such as 
ESCA, SIMS, ISS, EXAFS, and AES have 
enabled investigators to obtain reasonably 
good estimates of surface compositions (I). 
All of these instrumental techniques are 
subject to the following limitations: (1) they 
require the use of high vacuums, or moder- 
ately high vacuums in the case of ESCA, 
and cannot be used under reaction condi- 
tions where significant surface reconstruc- 
tion may occur; (2) they are expensive and 
not accessible to the average surface chem- 
istry laboratory; and, (3) with the possible 
exception of ISS, they do not sample the 
uppermost layer. If one considers that 
finely dispersed metal particles can be in 
the neighborhood of 10-20 A, it is evident 

1 To whom correspondence should be addressed. 

that analysis by either AES or ESCA yields 
an analysis of the bulk composition since 
one is essentially studying the entire 
sample. 

If these electron spectroscopic tech- 
niques are excluded, one is inevitably left 
with infrared spectroscopy and selective 
chemisorption. Infrared spectroscopy has 
several distinct advantages over electron 
spectroscopic techniques but also presents 
certain limitations. The most obvious ad- 
vantages of infrared spectroscopy are: (1) 
surface compositions may be studied under 
reaction conditions; (2) only the uppermost 
layer is sampled; (3) considerably more 
chemical information regarding the disposi- 
tion of atoms within the surface layer is 
obtained; and (4) the method is inexpensive 
and simple to use. Disadvantages include: 
(1) the necessity for extensive preliminary 
experiments on each bimetallic cluster sys- 
tem; and (2) a reduction in the degree of 
accuracy. 

Recently in this laboratory (2), the sur- 
face characterization of a series of silica 
supported Pt-Ru samples was successfully 
accomplished using a combination of selec- 
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tive chemisorption and infrared spectros- 
copy. When a mixture of CO and NO was 
contacted with a silica-supported Pt-Ru 
bimetallic sample, NO was selectively 
chemisorbed on Ru surface sites, while CO 
was selectively adsorbed on the Pt surface 
sites. The chemisorbed layer formed in this 
manner was stable provided that excess 
NO(g) was evacuated from the system as a 
slow reaction between NO(g) and CO(ads) 
was observed. Upon measuring the relative 
adsorbances of CO(ads) and NO(ads), and 
by applying a simple mathematical argu- 
ment, surface enrichment in either metallic 
component was not detected. 

In an effort to extend this technique to 
other bimetallic systems, we performed a 
preliminary investigation on the silica-sup- 
ported Pt-Pd system (3). In this study, we 
found that neither CO nor NO was selec- 
tively chemisorbed on Pd in the presence of 
the other. In both cases a chemical reaction 
between CO and NO occurred rather than a 
simple displacement of one adsorbed spe- 
cies by the other. These conclusions were 
based on analysis of the gas phase which 
showed that large amounts of N,O and CO, 
were present. 

Although neither CO nor NO was selec- 
tively chemisorbed on Pd, it still seemed 
possible to use selective chemisorption to 
characterize the surface composition of sil- 
ica-supported Pt-Pd bimetallic clusters. 
Since CO was selectively chemisorbed on 
Pt in the presence of adsorbed NO (there is 
a slow reaction between NO(g) and 
CO(ads)), the following experiment seemed 
reasonable: Adsorb CO onto the Pt-Pd 
sample, saturating both Pt and Pd surface 
sites with CO. The addition of NO(g) to the 
system should then result in the replace- 
ment of CO by NO on Pd surface sites but 
not on the Pt surface sites, where it is more 
strongly adsorbed. A characterization 
study similar to that reported by Rama- 
moorthy and Gonzalez (2) should then be 
possible. 

The results of this experiment have been 
reported in another study (4). This proce- 

dure was untenable for two reasons. First, 
when NO was added to a silica-supported 
Pt-Pd sample (atomic ratio, 1: 1.1) the CO 
was not only displaced from the Pd, but 
much of the CO adsorbed on the Pt reacted 
with NO(g). When CO(g) was back added 
to resaturate the Pt surface sites, there was 
a reaction between CO(g) and the NO ad- 
sorbed on the Pd surface sites. Second, 
evidence was found that this procedure 
induced segregation of the bimetallic clus- 
ters in Pt- and Pd-rich particles. A similar 
segregation effect was also observed when 
the Pd-Pt bimetallic clusters were alterna- 
tively exposed to oxidation-reduction cy- 
cles. Such a gross reconstruction of the 
surface would, of course, invalidate any 
results obtained. 

In view of the particle segregation effects 
observed in an oxidizing atmosphere, we 
decided to pursue these surface characteri- 
zation studies from a different perspective. 
CO linearly adsorbed on Pt is much more 
strongly held than CO linearly adsorbed on 
Pd (3, 5, 7). Although the absorption fre- 
quencies of these two species are close to 
one another, it is still possible to determine 
the intensity of each band. The absorbance 
of CO linearly adsorbed on Pd may be 
found by measuring the absorbance at the 
characteristic frequency at full surface cov- 
erage, and again, following evacuation. The 
difference between the two spectra is calcu- 
lated. The absorbance of CO linearly ad- 
sorbed on Pt is measured at the lower 
pressure. Since bridge-bonded CO does not 
occur on silica-supported Pt (7, 8), the 
bands below 2000 cm-’ are due solely to 
CO bridge-bonded to Pd. 

When Pd and Pt are alloyed, it is found 
that the intensity of the bridged Pd-CO 
bands relative to the linear Pd-CO bands is 
decreased. The geometric effect of diluting 
the number of adsorption sites which con- 
tain adjacent Pd atoms is a major reason for 
this observation. A similar result was re- 
ported by Soma-Noto and Sachtler (9) on a 
series of supported Pd-Ag samples. Using 
arguments similar to those employed by 
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Sachtler ( 1U), we also found a &and effect 
favoring the linear Pd-CO species. 

In order to obtain approximate disper- 
sions and to verify whether a true Pt-Pd 
bimetallic cluster was formed, chemisorp- 
tion measurements were carried out. Since 
Pd particles tend to absorb as well as ad- 
sorb hydrogen, a high HZ/CO ratio should 
be indicative of the formation of separate 
Pt- and Pd-rich particles. 

EXPERIMENTAL 

All bimetallic samples had a total loading 
on silica of about 6% and were prepared 
as follows: PdCl, (Ventron Alfa Products, 
Beverly, Mass.) was dissolved by adding 
concentrated HCl to a suspension of PdCl, 
in H,O which was maintained at 60°C. 
Under these conditions, soluble PdCb2- 
was formed. The solution prepared in this 
way was mixed with another solution which 
contained a measured amount of H2 
PtCl, * 6H,O (Strem Chemical, Boston, 
Mass .). A slurry was then formed by adding 
the above solution to Cab-0-Sil, Grade M-5 
(Cabot Corp., Boston, Mass.). The slurry 
was air dried at room temperature for about 
1 week, stirring regularly to retain unifor- 
mity. The dried catalyst was ground into a 
fine powder, less than 45 pm, and pressed 
into self-supporting disks 25 mm in diame- 
ter and having a thickness of 16 mg/cm2. 
One of the disks was placed in a stainless 
steel sample holder and suspended by a 
stainless steel wire in the infrared cell. The 
cell was similar in design to that of Brown 
and Gonzalez (11) and later refined by 
Ramamoorthy, et al. (12). 

The gases used in this study were purified 
as follows: CO (Matheson research grade) 
was passed through a liquid Nz trap. Com- 
mercial HZ (Cranston Welding Supplies), 
used in the reduction of the samples, was 
first passed through a Deoxo unit to convert 
0, impurities to H,O. The Hz0 was then 
removed by a molecular sieve backed by a 
liquid NZ trap. The purity of all gases was 
checked periodically on a DuPont Model- 
104 mass spectrometer. 

The sample disks were reduced accord- 
ing to the following procedure: evacuated 
for 1 hr at 35o”C, reduced in flowing HZ at 
350°C for 6 hr, and evacuated for 2 hr at 
350°C. The sample was then cooled to room 
temperature and the evacuation continued 
until the final pressure was about 10e6 Torr 
(1 Ton- = 133.3 Nm+). 

The cell was then transferred to the infra- 
red spectrometer and connected to a Pyrex 
vacuum system. From this system, gases 
could be added or evacuated from the cell. 
All spectra, with the exception of those 
shown in Fig. 1 were recorded on a Perkin- 
Elmer Model 281 infrared spectrometer. 
The spectra shown in Fig. 1 were obtained 
on a Perkin-Elmer Model 521 infrared 
spectrometer. The double-beam method 
was used in all cases. In this method, disks 
are placed in both the sample and reference 
beams. The absorption bands due to silica 
are thus canceled and a relatively flat base- 
line is obtained. 

Chemisorption measurements were per- 
formed in a standard volumetric system 
equipped with a gas burette. Hz uptake 
including both adsorption and absorption (p 
phase hydride formation) was obtained by 
measuring the total uptake at a H, pressure 

FIG. 1. Stepwise adsorption of CO on 5% silica- 
supported Pd. (a) Background. (b) First addition of 
CO. (c) Second addition of CO. (d) Final addition of 
CO. Pressure = 10 Torr. (e) 15-min evacuation. Pres- 
sure = lo-* Torr. 
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of 100 Torr. No attempt was made to distin- 
guish between adsorption and absorption in 
this study, as standard techniques used by 
other investigators on Pd (13, 14) fail when 
applied to HZ uptake on bimetallic clusters. 
CO adsorption isotherms were relatively 
flat so that CO adsorption was taken as the 
total uptake at a CO pressure of 50 Ton-. 
Pretreatment of the samples prior to the 
adsorption measurements was identical to 
that followed in the infrared studies. 

RESULTS AND DISCUSSION 

Adsorptiorz Measurements 

The adsorption of CO and Hz on a series 
of silica-supported Pt-Pd bimetallic clus- 
ters was studied in order to: (1) explore the 
effect of clustering on the absorption of HZ 
on Pd, and (2) to estimate the effect of 
clustering on dispersion. The results are 
shown in Table 1. It is clear from the data 
that as the concentration of Pd is increased, 
the adsorption of HZ is also increased as 
evidenced by an increase in the ratio of 
total hydrogen uptake to CO adsorption. 
The limiting ratio of 3.33 obtained for silica- 
supported Pd is not approached until the 
composition of the supported bimetallic 
clusters has a relatively high concentration 
of Pd. In fact, the HZ/CO ratio remains 
constant over a fairly large concentration 
range. This suggests that the absorption of 
HZ is inhibited in the case of Pt-Pd bimetal- 

TABLE 1 

The Effect of Surface Composition On the 
Adsorption of Hz and CO On Silica-Supported Pt-Pd 

Bimetallic Clusters” 

Pt/Pd CO % CO/M HJCO Refer- 
adsorbed adsorbed ence 

(pmoledg) bmoledg) 

4" 

- - 
49.42 39.85 - 

0.5 cm 
0.15 0.81 

2 35.7 43.7 0.10 1.22 
1 68.6 82.1 0.16 1.21 
0.5 20.0 66.6 0.04 3.33 
0 53.74 178.6 0.12 3.33* 

a Total metal loading = 6%. 
*Metal loading = 4.8%. 

lit clusters. It should be pointed out that 
the CO adsorption stoichiometry is also a 
function of surface composition. The con- 
centration of bridging CO increases as the 
concentration of surface Pd atoms in- 
creases. The latter effect is small, however, 
and is expected to be well below the factor 
of 3 experimentally observed. 

It is diEcult to determine dispersions 
purely from CO and HZ adsorption mea- 
surements in view of the complicating fea- 
tures associated with H, absorption and CO 
adsorption stoichiometry. The CO/M ratio 
may be taken as a rough measure of the 
relative dispersions of the bimetallic-cluster 
samples studied. It is interesting to observe 
that dispersions appear to be maximized 
when the concentrations of both metals are 
approximately equal. 

In a previous study (4), it was observed 
that the exposure of a silica-supported Pt- 
Pd bimetallic cluster to an oxidizing atmo- 
sphere, followed by rereduction in hydro- 
gen, induced the formation of Pd- and Pt- 
rich particles. We felt that it would be 
instructive to pursue this effect further by 
measuring the HZ/CO ratio as a function of 
repeated oxidation-reduction cycles. If Pd- 
rich particles are formed following each 
oxidation-reduction cycle, this ratio should 
increase due to enhanced H, absorption 
occurring over the Pd-rich particles. The 
results which are shown in Table 2 clearly 
shows this to be the case for a Pt-Pd (1: 1) 
sample. Following three oxidation-reduc- 
tion cycles, the HZ/CO ratio increased from 
1.21 to 1.51 and the total H, uptake also 
increased significantly. The CO/M ratio 
decreased slightly, as expected, due to an 
increase in the adsorption of bridging CO 
over Pd-rich particles. The extent to which 
phase segregation has occurred following 
the three oxidation-reduction cycles is 
hard to determine in view of the sharp 
increase in the HZ/CO ratio which takes 
place between a Pt/Pd ratio of 1 and 0. A 
very rough extrapolation of the data, sug- 
gests that the surface composition has 
changed from an initial Pt/Pd ratio of 1 to 
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TABLE 2 

The Effect of Successive Oxidation-Reduction Treatments on the Chemisorption of Hz and CO on 
Silica-Supported Pt-Pd Bimetallic Clusters” 

No. Oxidation-Reduction 
cycles 

CO adsorbed 
(wnoles/id 

H, adsorbed 
(wnoles/g) 

CO/M &/CO 

0 70.9 84.0 0.17 1.18 
1 75.7 - 0.17 - 
2 64.3 90.9 0.15 1.41 
3 64.3 97.4 0.15 1.51 

a Total metal loading = 6%) Pt/Pd = 1. 

about 0.75 (Table 1). These experiments 
confirm the instability of silica-supported 
Pt/Pd bimetallic clusters in oxidizing envi- 
ronments and suggest the need to exclude 
oxygen if meaningful catalytic results are to 
be obtained on supported Pt-Pd bimetallic 
clusters. 

Infrared Measurements 

The chemisorption of CO on silica-sup 
ported Pt and Pd has been extensively 
studied by infrared spectroscopy. On silica- 
supported Pt, CO adsorbs only as a linear 
species to give a single intense infrared 
band centered at 2070 cm-’ (5-8). As 
shown in Fig. 1, CO adsorbed on Pd gives 
rise to two sets of infrared bands. The 
bands above 2000 cm-l have been assigned 
to linearly bound CO and those below 2000 
cm-l have been assigned to bridge-bonded 
CO (7, 15). Blyholder (16) has challenged 
the latter assignment, pointing out that 
bands below 2000 cm-’ could be due to 
strongly backbonded, linearly bound CO 
occurring at Pd sites of low surface coordi- 
nation. There is strong evidence, however, 
favoring the bridgebonded model. When 
CO is adsorbed on PdO, the bands below 
2000 cm-l are no longer evident (15). This 
was explained by the 10% increase in the 
Pd-Pd distance in PdO, thus making bridg- 
ing impossible. In a series of silica-sup- 
ported Pd-Ag samples (9) and a series of 
silica-supported Pd-Au samples ( 17)) it 
was found that as the mole fraction of the 
Group 1B metal was increased, the inten- 

sity of the lower-frequency bands relative 
to the higher-frequency bands decreased. A 
major reason for this was the decrease in 
the number of adjacent Pd atoms in the 
bimetallic samples. 

As shown in Fig. 1, at full surface cover- 
age bridged CO gives rise to a very intense 
band at 1980 cm-l and a shoulder at 1900 
cm-‘. Palazov et al. (15) have assigned the 
lower frequency shoulder to a purely 
bridge-bonded species (structure I) and the 
higher frequency band to a bridged species 
perturbed by a geminal, linearly adsorbed 
CO (structure II): 

Pd/c\Pd C 
fl P\ 
Pd Pd 

I II 

Their reasoning for the latter assignment is 
as follows: the linear and bridged species 
compete for electrons on Pd in order to fill 
their r* orbitals. This results in less m* 
electron density for the bridged species, 
causing an increase in the C-O bond order 
and a shift to a higher infrared frequency. 
In the light of more recent evidence, how- 
ever, this assignment appears to be in error. 
Soma-Noto and Sachtler (18) have shown 
that the extinction coefficient for the linear 
CO species is 2 to 3 times greater than that 
of the bridged species. Thus, if structure II 
were correct, the intensity of the linear 
band should be at least 2 to 3 times greater 
than the intensity of the band at 1980 cm-‘. 
Clearly, from Fig. 1 and from previously 
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published spectra (5-7, 9, 15), this is not 
the case. 

There is another, more fundamental rea- 
son to question the above assignment. 
From the infrared frequency of the linearly 
adsorbed CO species, 2090 cm-‘, we see 
that this species experiences very little 
back bonding. In fact, the major electronic 
interaction between the linearly bound CO 
and the geminally shared Pd, is dative do- 
nation of an electron pair from CO to the 
surface Pd atom. The resulting increase in 
electron density on the Pd atom should 
therefore increase back bonding in the 
bridged species and cause a decrease in the 
infrared frequency. 

Palazov et a/. (15), and more recently, 
Kugler and Boudart (17) have presented 
convincing evidence that the observed 
shifts of frequency with coverage of the 
bridged bands are due to adsorbate-adsor- 
bate interactions. The latter authors have 
also shown that an intense CO band cen- 
tered at 1980 cm-’ seems to occur only on 
relatively large Pd particles. On very small 
particles this band is much smaller. Also, 
on a series of Pd-Ag samples (9), the 
intensity of the 1980 cm-’ band decreased 
relative to the 1900 cm-’ band as the per- 
centage of Ag in the samples was increased. 
From a strictly geometric point of view, the 
formation of structure II should not be 
inhibited on small Pd particles or on Pd-Ag 
clusters. The relative intensities of the 1980 
and 1900 cm-l bands should, therefore, 
remain roughly constant on these systems. 
The fact that this is not the case argues 
against this assignment. 

From the above considerations, a more 
reasonable adsorbate-adsorbate interac- 
tion might be that shown in structure III: 

? 

A 
Pd Pd 

0 

: 
/\ 

Pd Pd 

III 

At low surface coverages, only the iso- 
lated bridge-bonded species (structure I) 
would be present. As the surface coverage 

is increased, the vicinal arrangement (struc- 
ture III) would occur. This would result in a 
lower electron density on neighboring Pd 
atoms. Thus, less back bonding of the 
bridged CO would occur and the infrared 
frequency would increase. Structure III 
would also be less likely to occur on very 
small Pd particles and on Pd-Ag clusters. 
This should result in a lower intensity of the 
band at 1980 cm-’ relative to the 1900 cm-’ 
band. Subsequently, we shall refer to struc- 
ture I as surface complex M2 and structure 
III as surface complex M 1). 

The stepwise adsorption and desorption 
of CO on a series of silica-supported Pt-Pd 
bimetallic-cluster samples of differing me- 
tallic composition are shown in Figs. 2-5. 
The bands above 2000 cm-l are due to CO 
linearly adsorbed on Pt and Pd and those 
below 2000 cm-’ are due to CO bridge- 
bonded to Pd. The most striking feature of 
these spectra is that as the mole fraction of 
Pt is increased, the intensities of the 
bridged bands relative to the linear bands 
are decreased. The important intensities 
which must be considered, however, are 
those of the Pd-CO bridged bands relative 
to those of the Pd-CO linear bands. Intensi- 
ties for the linear CO species on Pd are not 
easily obtained because these bands over- 
lap the linear CO bands on Pt. Advantage 

FIG. 2. Stepwise adsorption and desorption of CO 
on silica-supported pt-Pd, total metal loading = 6%, 
20 at.% Pt. (a) Background. (b) 1.4 x lo-* Torr CO. (c) 
0.22 Torr CO. (d) 15 Torr CO. (e) 2-min evacuation. 
P = 3. I x I OF Torr. (f) 7-min evacuation. P = 9. I x 
1W3 Torr. (g) I-hr evacuation. P = 8.6 x IO-* Torr. 
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FIG. 3. Stepwise adsorption and desorption of CO 
on silica-supported Pt-Pd, total metal loading = 6%, 
33 at.% Pt. (a) Background. (b) 7.7 x low3 Torr CO. (c) 
4.8 x lo+ Torr CO. (d) 0.73 Tot-r CO. (e) 19 Torr CO. 
(D I-min evacuation. P = 0.22 Torr. (g) 15min evacua- 
tion. P = 7.7 X 10m3 Torr. (h) 1.5hr evacuation. P = 
2.5 x 1O-4 Torr. 

may be taken of the fact that linearly ad- 
sorbed CO on Pd is much more easily 
removed by evacuation than linearly ad- 
sorbed CO on Pt. It was determined that 
when the CO pressure was reduced to the 
10V3-Torr range, the residual linearly ad- 
sorbed CO on Pd could be neglected. 
Therefore, if the absorbance at the charac- 
teristic frequency is measured at full sur- 
face coverage and again after evacuation, 
the difference will give an accurate measure 
of the absorbance of linearly adsorbed CO 
on Pd at full surface coverage. The follow- 

I. * : . . : .I. , : : ,J 
mcc 1703 xc0 r7cQ 

t FREQUENCY, CM-’ 

FIG. 4. Stepwise adsorption and &sorption of CO 
on silica-supported Pt-Pd, total metal loading = 6%, 
48 at.% Pt. (a) Background. ib) 5.4 x loss Torr CO. (c) 
8.6 x lo-* Torr CO. (d) 0.54 Torr CO. (e) 3.3 Torr CO. 
(f) 13 Torr CO. (9) 1-min evacuation. P = 0.22 Torr. (h) 
3-min evacuation. P = 2.6 x 10e2 TOIT. (i) &min 
evacuation. P = 3.4 X 10-3Torr. (i) 3.5-hr evacuation. 
P< I X IO-5 Torr. 

FIG. 5. Stepwise adsorption and desorption of CO 
on silica-supported Pt-Pd, total metal loading = 6%, 
68 at.% Pt. (a) Background. (b) 2.6 x 10e2 Tot-r CO. (c) 
0.95 Torr CO. (d) 12 Torr CO. (e) 23 Torr CO. (f) I-min 
evacuation. P = 0.30 Torr. (g) 7-min evacuation. P = 
3.4 X ItId Torr. (h) 3.5~hr evacuation. P = 2.5 x 1CF 
Torr. 

ing procedure was used in computing the 
absorbance of CO linearly adsorbed on 
surface Pd atoms: the difference in absorb- 
ance at full surface coverage (P = 13-19 
Tort-), and after evacuation (P = 3.9 x 10e3 
Tot-r), was determined at five wave number 
intervals over the range 2100 to 2070 cm-‘. 
The maximum difference was then taken to 
be the absorbance of CO linearly adsorbed 
on Pd and the frequency corresponding to 
the maximum was taken to be the fre- 
quency of the Pd-CO adsorption band. 
Using this technique, an average uncer- 
tainty in the frequency of about 2.5 cm-’ 
was expected. The value of the absorbance 
obtained in this way was considered ade- 
quate. The absorbance of linearly adsorbed 
CO on Pt was taken as the maximum of the 
band remaining in the linear region of the 
spectrum following evacuation. 

The absorbance of the higher frequency 
band in the bridged region of the spectrum 
was also determined by the difference in 
absorbance at full surface coverage (P = 13 
to 19 Tot-r) and after evacuation (10m4 to 
10e5 Tot-r). The absorbance of the lower 
frequency band in the bridged region of the 
spectrum was detemined at full surface 
coverage. There are two reasons for this: 
(1) Fig. 1 shows that on pure Pd, the higher- 
frequency band is sharp and probably does 
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not contribute very much to the absorbance 
of the lower-frequency band, and (2) upon 
evacuation, structure III is converted into 
structure I; that is, the intensity of the 
lower band increases following evacuation. 
These results are summarized in Table 3. 

Considering structures I and III, it is 
evident that each bridged CO species 
“counts” two surface Pd atoms; similarly, 
each linear Pd-CO species “counts” one 
surface Pd atom. The total concentration of 
Pd atoms at the surface may then be ex- 
pressed by Eq. (l), as follows: 

W-0, = WOh,, + (CO),, (1) 

where (Pd), represents the total concentra- 
tion of Pd surface atoms, (CO), is the 
concentration of bridge-bonded CO, and 
(CO), is the concentration of linearly ad- 
sorbed CO on Pd. In terms of absorbances 
and extinction coefficients Eq. (1) becomes: 

(Pd), = 2 + A? 
1 

where A,, and A,,,2 are the absorbances of 
complexes ml and m2, respectively, and 
A pd,l is the absorbance of linearly bound CO 
on Pd. The extinction coefficients for 
bridged and linear CO are given by k, and 
k,. The assumption is made that at the 
absorption maxima, k,, = k, = k,. Also, 
Soma-Noto and Sachtler have shown that 
the extinction coefficient of the linear ad- 
sorption complex is 2 to 3 times greater 

than that of the bridged (10, 18). Setting k, 
= 2Sk,, Eq. (2) becomes, 

(Pd), = %%n, + Am2) + Am 

2.5k, (3) 

Since CO adsorbed on Pt exists only as a 
linear species, each linear CO on Pt 
“counts” one Pt surface atom: 

VW, = (CO),, = Adkw (4) 

where (Pt), represents the concentration of 
surface Pt atoms, (CO),, is the concentra- 
tion of linearly absorbed CO on Pt, and APt 
and k,, are the absorbance and extinction 
coefficient of this surface complex, respec- 
tively. Taking the ratio of surface Pt atoms 
to surface Pd atoms, Eq. (5) is obtained: 

(pt),+K 
(Pd), A,,,, + 521, + A,J ’ (5) I 

where K = 2.5k,/k,,. Thus, a plot of 
KPtMWsl us A~t/[&ci,, + 5(Am, + Am,)1 
should be linear and pass through the ori- 
gin. We do not know (Pt), and (Pd), since 
the surface composition can be different 
form that of the bulk. However, if no 
surface enrichment occurs, a plot of the 
above function u, the ratio of the bulk 
concentrations, (Pt)/(Pd), should also be 
linear. This Plot is shown in Fig. 6. The fact 
that this plot is linear is good evidence that 
the surface is not enriched in either metal. 

It is apparent that the intensities of the 
bridged CO bands are depressed relative to 
the linear Pd-CO bands as the percentage 
of Pt is increased indicating the presence of 

XP, 

0 0 - 0.13 2090 0.26 1980 0.12 l!xm 0 0.2s 
0.20 0.25 0.09 2050 0.15 2c%5 0.14 1970 0.12 1900 0.062 0.37 
0.33 0.50 0.15 2050 0.26 2085 0.10 1%5 0.10 1980 0. I2 0.57 
0.33 0.50 0.13 2050 0.25 2085 0.13 I%0 0.11 19GQ 0.090 0.51 
0.48 0.93 0.25 2060 0.23 2095 0.06 1960 0.09 1890 0.26 0.61 
0.48 0.93 0.19 2060 0.23 2090 0.04 l%O 0.09 1890 0.22 0.64 
0.68 2.1 0.19 2045 0.12 2075 0.00 1960 0.06 1880 0.45 0.67 

TABLE 3 

Summary of Data for the Adsorption of CO over Supported Pt-Pd Bimetallic Clusters 

ifil Am 
im 

Freq . A,., Freq. &I Freqeq. 4ll, Fe-q. ---_A! A,,, 
(cm-‘) (cm-‘) (cm-‘) (cm-‘) Avc,., + Wm, + .h,,,) .+Lw., + Am, + A,1 
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FIG. 6. Plot of A,,/(Apd,, + (A,, + A,)) vs (Pt]/pd]. 

a geometric effect: multiple Pd atom sites 
are decreased in number, thereby reducing 
the amount of bridging which can occur. 
We must next consider whether geometric 
considerations are sufficient to account for 
the very large increase in the linear band 
intensities relative to the bridging CO bands 
or whether there is also a ligand effect 
involved. 

In searching for an answer to this ques- 
tion, it is instructive to consider a theory 
developed by Sachtler (IO). This theory is 
based on two primary assumptions: (1) the 
Pt atoms and Pd atoms are independently 
distributed on the surface; i.e., there is no 
short-range order, and (2) there are no 
electronic effects which favor the linear 
Pd-CO species over the bridged Pd-CO. 
Using these assumptions, an equation is 
derived in which (X&, the mole fraction of 
Pt atoms on the surface, is plotted versus 
the function APdJ IEAP~I., + &I + And A 
plot using experimentally determined 
values may also be made. If the two plots 
agree, the above assumptions are justified. 
If the plots differ substantially, one or both 
of the assumptions must be incorrect. 

The relationship derived by Sachtler 
(IO), is shown in Eq. (6): 

A 
Y= Pd.1 

A P~LI + An, + Anit 
xp," + X/P 

= xp,y 1 -A) + X(P + 1)/P’ (@ 

where A = E,&,,/E,~, (E, and l l are the 
extinction coefficients for bridged and lin- 
ear Pd-CO, and 8, and 8, are the fractional 
coverages of bridged and linear Pd-CO, 
respectively), P = (A,, + Ati/APd,,) XPt=,,, 
and Xp, is the mole fraction of Pt in the 
bulk. Actually, (X,,), should be used. How- 
ever, since we have shown that there is no 
surface enrichment, it is justifiable to set 
(XPJ, = XPt. 

In the present study, we have measured 
the absorbances of linear and bridged Pd- 
CO at full surface coverage; i.e., 19, = 8, = 
1. Furthermore, we have assumed that el = 
2.56,. Therefore, A = l/2.5 = 0.40. Also, 
from Table 1, P = (0.26 + 0.12)/0.13 = 
2.92. Using these parameters and various 
values of 12, a family of theoretical curves is 
shown in Fig. 7. Note that the initial slopes 
of these curves are all equal to zero, as 
required by differentiating (6): 

( 1 
dy 
dXP, Xpt=o = O. 

(7) 

The experimental plot is also shown in 
Fig. 7. Clearly, the experimental results 
differ substantially from theoretical pre- 
dictions. Particularly significant is the fact 
that the experimental plot has a positive 
slope. It must be concluded, therefore, 
that either assumption ( 1), assumption 
(2), or both, are in error. 

Our experimental curves in Fig. 7 are 
similar to those found by other workers on 
the Pd-Ag system (10, 18, 19). Sachtler 
(10) has shown that the disagreement of 
these curves from the calculated curves 
may be explained by a ligand effect which 

FIG. 7. Plots of Am,,i(Aw,, + A,,,, + A,). (a) 
Calculated curve assuming A = 0.40 and n = 6. (b) 
Calculated curve, h = 0.40, n = 4. (c) Calculated 
curve, X = 0.40, n = 3. (d) Experimental curve. 
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favors the linear over the bridged Pd-CO 
species. In other words, by eliminating 
assumption (2), the calculated curves may 
be brought into agreement with the experi- 
mental curves. We shall now attempt to 
determine whether the experimental and 
calculated curves can be brought into 
agreement by eliminating assumption (1). 
In the following discussion, we assume that 
there is no ligand effect but we allow for the 
possibility of short-range ordering. 

It was assumed in Ref. (10) that the 
conditional probability of having a Pd atom 
surrounded by n Pt atoms is given by X,,“. 
This assumes that the probability of occu- 
pancy of sites by Pt atoms is independent of 
whether the initial site is occupied by Pd or 
Pt. However, this is true only if the ener- 
gies of Pt-Pd and Pd-Pd are equal; that is, 
it is true provided that there is no short- 
range ordering. This will occur only at 
temperatures well above an order-disorder 
transition or above a miscibility gap. We, 
therefore, replace the above conditional 
probability with: 

P (P&o) W = Xrtn + Nxd, (8) 

where P (Pdis, 1 Pd) is the conditional proba- 
bility of an isolated Pd atom. Since P (Pdi,,) 
must approach zero as X,, approaches zero: 

A(0) = 0. (9) 

For other XPt, A(X,,) will be positive if Pt 
next to Pd is favored (monophasic, ordered 
alloy) and negative if Pd next to Pd is 
favored (biphasic alloy) beyond what we 
would expect, assuming no correlation. 

Substituting Eq. (8) in our expression for 
y, Eq. (6), we obtain, 

for the initial slope of y vs X,,. From Eq. 
(lo), it is observed that a positive initial 
slope may be explained by a positive 
(aA/aX,,),,,=,. This would imply a ten- 

dency for Pd atoms to prefer Pt neighbors, 
as in the case of systems which tend to form 
monophasic alloys. We conclude that a 
positive initial slope may be due to short- 
range ordering. Since Sachtler (IO) has 
shown that a nonzero initial slope could 
also be due to a ligand effect, we cannot be 
sure whether our results are explained by 
an enhanced geometric effect due to short- 
range ordering, or whether they may be 
explained by a ligand effect. Indeed, they 
may be due to a combination of both. From 
a purely geometric point of view, y must 
always be greater than or equal to yo. 
Therefore, an initial negative slope will 
always be indicative of a ligand effect. 

Finally, from Table 3, we observe that 
the frequencies of most bands are de- 
creased by IO-20 cm-’ on the bimetallic 
samples as compared to their monometallic 
counterparts (the frequency of CO linearly 
adsorbed on silica-supported Pt is 2070 
cm-‘). This drop in frequency provides 
further evidence of the formation of bime- 
tallic clusters. The drop in absorption fre- 
quency can be explained in terms of the 
coherent potential theory of alloy formation 
( IO). According to this theory, the d bands of 
each metal in an alloy may remain sepa- 
rated, resulting in a decrease in the width of 
the d band with a corresponding increase in 
the density of electronic states. This would 
have the effect of increasing the availability 
of electrons for back bonding which, in 
turn, would weaken the strength of the CO 
bond. It would also discourage dative dona- 
tion of electrons from CO to the metals. 

CONCLUSIONS 

Using simple mathematical arguments 
and infrared spectroscopy, we have de- 
tected no surface enrichment in either 
metal for a series of silica-supported Pt-Pd 
bimetallic clusters. 

As the amount of Pt is increased, the 
intensities of the bands below 2000 cm-l 
decrease relative to the linear CO band on 
Pd. This may be explained in part by a 
geometric effect whereby multiple Pd sur- 
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face sites are decreased in number, thus 
providing fewer sites for bridging. Using 
arguments simlar to those used by Sachtler, 
we have concluded that a ligand effect 
which promotes the linearly adsorbed spe- 
cies over the bridge-bonded species on Pd 
may be operative. However, short-range 
ordering is also possible. 
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