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On the Electronic Competition Effect upon CO Adsorption on Metals 
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IR spectra of CO adsorbed on Pd/Si02 have been monitored as a function of @CO) and isotopic 
composition x, where x = uCO/(‘2C0 + ‘)CO). The results show that on rough curved surfaces of 
small particles of Pd there is no tendency to clustering of CO. Results do not support the idea of 
chemical (competition) effects. An alternative explanation of the large shifts (AY,~ observed on 
flat single crystal planes is suggested: with increasing e(CO), CO molecules change their adsorption 
sites. The latter process is absent on smah particles of Pd. Q 1988 Academic press, Inc. 

INTRODUCTION 

The first papers on the IR spectra of CO 
adsorbed on metals reported that the posi- 
tion of the absorption maximum (v,,(CO)) 
shifted to higher wavenumbers when the 
surface coverage of CO increased (1). An 
explanation of this shift was also suggested: 
a resonance-like, repulsive interaction of 
CO dipoles was considered to lead to the 
increase of the frequency. (Only the sym- 
metrical vibration of the dipole layer is 
observable; the anti-symmetrical vibration 
is IR-inactive). Several authors tested this 
hypothesis by using isotopic mixtures of 
12C0 and 13C0 (Z-4). They confirmed that a 
substantial part, if not all, of the total shift 
m vmax is caused by variation of the cover- 
age (0) and that it can be explained in the 
manner just described. 

Some problems remained to be solved. 
First of all, it was surprising that AZ+,,,,(B) 
[hna,(~) = vmax(e = 1) - vmax(O = O)] was 
often found to be lower with powders than 
with single crystal planes. However, this 
was later identified as an artifact caused by 
clustering of CO on powders, an effect that 
also occurs on rough planes of single crys- 
tals (5-7). When care is taken to spread CO 
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well over the powder, for example, by 
increasing the temperature of the 
adsorbent, values of Av,,(@ can be 
obtained free of this artifact. Necessary 
measures in this respect were also taken 
when the data described below were 
obtained. Blyholder @a) suggested, and 
many others followed him in his line of 
thinking, that Q&CO) can also increase 
with increasing 0, because of a “chemical 
effect” that causes an excessive (some 
people even thought the entire observable) 
increase of v,,(e). Naturally, attempts 
have been made to identify such a chemical 
effect (“chemical shift” in v,,,(e)). 

It has been suggested (9-12) that to this 
end the v,,,(e) should be determined and 
compared with the maximum possible 
effect of the dipole-dipole interaction as 
determined from the ‘2CO/‘3C0 isotopic 
dilution experiments. The latter has been 
estimated to be always in the range of Av,,, 
(‘2CO/‘3CO) = 30 to 40 cm-’ and to depend 
mainly on CO-CO distances. Everything in 
excess of this value, Au,,,,,, [Au,,,,,, = 
Au,,(e) = Au,,(e) - Au,,, (‘2CO/‘3CO)1 
should, according to these authors (9-1Z), 
be ascribed to the chemical (competition) 
effect. Values illustrating this point are 
shown in Table 1. 

There are several speculative expla- 
nations for Avexcess in the literature. Bly- 
holder (8~) suggested a “through-the- 
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TABLE 1 

IR Absorption of CO Adsorbed on Metals: Shift in 
the Absorption Maximum with Coverage [Au,,@)] 

Compared with the Shift Expected for Dipole- 
Dipole Interaction [Av,,(‘~CO/‘~CO)] Determined 

from Isotopic Replacement 

Metal 

Pd (100) 
90 K double word. 

200 K double coord. 
200 K on top 

Pd (III) 
200 K double coord. 
200 K triple word. 

90 K on top 
Pt(lll) 
On top 
R on SiOz 
On top 
lr film 
On top 
Ir on SiO: 
On top 

h,,(e) A”,,(‘~co/‘“co) Ref. 
(cm-‘) (cmm’) 

69 36 I3 
58 1.3 

7 I3 

65 13 
50 13 
-5 /3 

38 38 4, 6. 17 

32 40 IR. 19 

80 50 IS 

>?7 52 16.20 

metal” effect: CO molecules have to com- 
pete for the metal d electrons and with an 
increasing 0(CO) the back-donation of the d 
electrons into the antibonding 2x(CO) or- 
bitals becomes lower. Other authors (8b) 
suggested a “through-the-vacuum” effect: 
the 27~ orbitals form a two-dimensional 
band, and speculated that the back- 
donation into a band, the centroid of which 
lies under the Fermie energy, is lower than 
that into the isolated 27r orbitals (the latter 
point is, or course, debatable). 

We have decided to check the assump- 
tion that the Au,,,,,, reflects the chemical 
competition effects (8a) experimentally, 
and the results are described below. It 
seems reasonable to expect that with small 
metal particles the chemical competition 
effect (or another similar one) should be 
more pronounced than with large particles 
or macroscopic monocrystals. This means 
that the Av,,,~~~ value should be largest with 
small particles if the authors of Refs. 
(&z, 9-11) were right. In the extreme case, 
Avexcess of small particles would be of the 
same magnitude as for monocrystals. It 

would be so if the competition effect were 
size independent, which is not very 
probable. 

Another point worthy of mention is that 
the theory of the chemical competition 
effect does not discriminate strongly 
between the “on top” and the “multiply 
bound” CO; both species should exhibit 
approximately the same effect. One might 
only expect Avexcess to be a little larger for 
the multiply bound CO than for the on-top 
CO because the former receives more elec- 
trons back-donated in its antibonding orbit- 
als than the latter. 

EXPERIMENTAL 

Palladium catalysts, one with small and 
one with large particle size, have been 
prepared on a silica support (Aerosil 150). 
The preparation consisted of the following 
steps. First, the silica was suspended in 
water, the temperature was fixed at 350 K 
and the pH was fixed at about 8 to 9. Then 
an aqueous solution of Pd(NH&(N03)2 was 
slowly added under continuous stirring. 
The concentration of Pd nitrate was such 
that at a complete adsorption (almost 
achieved) of Pd on silica the loading was 
10% wt. Pd. The suspension was then fil- 
tered and dried overnight in air at 370 K. 
Under all circumstances the catalyst was 
kept free from chlorine. The reduction took 
place in a 25% hydrogen-75% nitrogen 
atmosphere at temperatures up to 600 K. 
For the large-particle catalyst the slow 
adsorption step was replaced by fast 
evaporation at 370 K. By electron micro- 
scopy the average particle sizes were 
determined to be 1.4 and 16.5 nm, respec- 
tively. The spectra of the adsorbed CO 
molecules were recorded in the transmis- 
sion mode, using self-supporting pressed 
pellets. The pellets could be heated and 
cooled while in the beam; the reduction was 
also performed in situ. The spectro- 
photometer was a Perkin-Elmer 580B 
instrument connected to an Apple II+ 
microcomputer for data collection, storage, 
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TABLE 2 

Av-(e) and Av,,(‘~COI”CO) for Samples of Pd/SiOZ 
with Small (1.4 nm) and Large (16.5 nm) 

Metal Particle Sizes 

Pd particle size: Ajax@) Au,,(‘~COI’~CO) 
CO coordination type (cm-‘) (cm-‘) 

1.4 nm 
On top 21 21 
Double coord. 27 

16.5 m 
On top 24 24 
Double coord. 27 28 

and evaluation. All spectra were converted 
to “change in extinction” versus frequency 
plots before being interpreted. The fre- 
quency versus coverage plots were calcu- 
lated by integrating the CO peak at 
maximum coverage and assuming a linear 
relation between the coverage and the CO 
peak area. Among others, Ortega et al. 
(9, 13) have shown that this relation holds 
well in most cases. 

RESULTS 

The most essential data obtained are 
summarized in Table 2 and in Figs. 1 and 2. 

As one can see in Table 2, the values 
obtained are considerably lower than those 
reported in Table 1. Figure 1 shows a 
comparison of the vmax(0) and v,-,,,(‘~CO/ 
13CO) plots. This comparison demon- 
strates, among other matters, that the data 
are free of troubles caused by clustering of 
co. 

It can be seen that there is no essential 
difference between the Ayrnax to the left and 
right in Fig. 1. 

DISCUSSION 

The conclusions to be drawn from these 
results are clear. First, the experimental 
procedure applied does not lead to artifacts 
caused by clustering. Both functions, 
v,,,(f3) and Y,,(‘~CO/‘~CO), are almost 
identical; an adsorption site covered by 
13C0 is with respect to the adsorbed 12C0 
molecules a “free” site, as far as the 
mutual interaction is concerned. This is 
true for both the CO molecules adsorbed 
with low coordination (on top) on a Pd atom 
and those that are multi-coordinated. The 
second conclusion concerns Avmax. The 
Av,,,(@ for the “on top” CO is estimated 
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FIG. 1. CO adsorption on Pd/Si02 catalysts. (A) Frequency maximum of CO IR absorption (cm-‘) 
versus surface coverage; (B) frequency maximum (cm-‘) versus x(‘?O); x(‘*CO) = p(‘ZCO)l[p(‘ZCO) 
+ p(“CO)]. The solid lines refer to the 16.5-nm catalyst, the dashed lines to the 1.4-nm catalyst. The 
maximum CO pressure used was 1 Torr. 
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FIG. 2. Frequency maximum (cm-‘) versus surface coverage for CO adsorption on Pd. (A) Triple 
and quadruple coordinated CO; (B) double coordinated CO; (C) Single coordinated, on top, CO. For 
other symbols, see text. 
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to be 21 to 24 cm-‘, and Av,,,(‘~CO/‘~CO) 
about 22 to 25 cm-‘. For the double coordi- 
nated CO values are found of approxi- 
mately 28 cm-‘, for the “triple” 
coordinated CO 33 cm-’ is found. Both 
these last values were obtained by moni- 
toring either the ~(0) or the v(‘*CO/‘~CO). 
The changes in frequency are obviously 
very similar with the 16.5 and 1.4-nm cata- 
lysts. The values leave no room for specu- 
lation on a possible competition effect 
leading to an appreciable Av,,,~~~. The 
results therefore support the objections 
previously raised against Blyholder’s (and 
other similar) ideas (4, 21). Nevertheless, 
the situation deserves some comment. 
First, it should be noticed that our results 
do not differ essentially from those of other 
authors who worked with Pd powders. 
Eischens et al. (1) reported spectra that 
lead to a Aumax(B) of about 34 cm-‘. The 
Au,,,(‘~CO/‘~CO) amounts to 33 cm-‘, as 
measured here. The latter is a typical value 
for Pd, monocrystals as well as powders, 
and a similar value has also been found by 
other authors, e.g., by Ortega et al. (37 
cm-‘) for double-bonded CO on Pd(lOO) (9). 
On other metals similar values were found 
(29 cm-’ for CO “on top” of Pt (12); 45 
cm-’ for CO on Ir and 35 cm-’ for Ni (14). 

However, the AZ+,,,,(~) is usually found to 
be considerably larger than here, when 
adsorption of multicoordinated CO is fol- 
lowed on flat surfaces. This can be derived 
from the schematic reproduction of various 
literature data summarized in Fig. 2. 

The lines in Fig. 2 with the crystallo- 
graphic orientation of the surface indicated 
have been obtained by various other 
authors (9, II, 13) on different crystal 
planes. The three lines without any indi- 
cation have been obtained from the present 
work. The numbers at the arrows indicate 
the number of ordered LEED patterns 
observed in that specific interval of 8. For 
example, CO on Pd( 111) between 0 = 0.35 
and 8 = 0.70 exhibits four different sharp 
LEED patterns (13). As stated before, it 
seems very unlikely that the “competition” 
effects are less pronounced on the small 
particles than on the bulk (monocrystalline) 
metals. In contrast, however, it is reason- 
able to expect that the free movement and 
compression of the adsorbed CO layer as a 
whole on the flat surfaces, which can lead 
to changes in the LEED patterns, is resttic- 
ted on (small) particles with many rough 
microplanes. A lateral movement of a CO 
layer on a metal substrate with varying 0 
has been observed by Ortega et al. (9, 13) 
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for Pd(lOO) and by Hoffmann and Ortega 
for Pd(ll1) (I, 3, II). For example, at a 
relative low coverage an ordered structure 
is formed on the Pd(lll); with the double- 
bonded CO there is a c(4 x 2) structure 
near 8 = 0.5 and then, as the coverage 0 
increases, each newly adsorbing CO mole- 
cule makes the whole layer more com- 
pressed and rotated a little further. It is 
reasonable to expect that upon this process 
the distance between a CO molecule and 
the adsorption site (and/or metal surface) 
changes a little. This change can bring 
about a change in the overlap of the anti- 
bonding CO orbitals and the metal orbitals, 
resulting in a decrease in the back-donation 
and thus leading to a higher IR absorption 
frequency. As can be seen in Fig. 2, the 
compression stage, between 6 = 0.5 and 0 
= 0.6, coincides with the steepest fre- 
quency change with the coverage 8. There- 
fore, we suggest that the large Avexcess 
(observed with single crystal planes) is due 
to the changes in the CO adsorption ge- 
ometry (i.e., the changing overlap of CO 
and metal orbitals) and a varying direct 
donation and back-donation, not to the 
“competition for back-donating elec- 
trons.” 

We see another support for our idea in 
the study by Campuzano and Greenler (14) 
of CO on Ni( 111). Figure 4 of their paper is 
a frequency versus coverage plot in which 
several distinct areas can be found. In the 
intervals from 8 = 0.1 to 8 = 0.2 and from B 
= 0.25 to 0.6, the frequency shift can be 
explained fully by the CO-CO interactions. 
In the interval from 19 = 0.2 to 0 = 0.25 a 
sharp change in vmax(CO) occurs. This is 
because the mode in which CO is adsorbed 
changes. In contrast to what is observed on 
Pd, on Ni the CO molecule in threefold or 
twofold coordinations is not slowly pushed 
through a range of slightly different confi- 
gurations, but once the surface is covered 
to about 20%, the adsorption mode flips 
over abruptly from a triple to a double 
coordination. Similar effects have been 
described by other authors (10, 22). 

It is sometimes far from easy to distin- 
guish between CO slowly being pushed 
through different adsorption positions and 
CO going more abruptly from one coordi- 
nation site to another. This can be observed 
if one inspects more closely the results for 
CO adsorbed on Pd(lI1) at 8 < 0.33. 
Between 0 = 0 and 8 = 0.1, the frequency 
changes only marginally. Between 8 = 0.1 
and 8 = 0.2 it changes by about 30 cm-‘. 
Finally, between 0 = 0.2 and 8 = 0.33 it no 
longer changes much. The whole frequency 
change is about 41 cm-‘. Although such a 
change, in theory, can be still explained in 
terms of CO-CO interactions, it is very 
hard to imagine that in this particular case 
this is the right explanation because at low 
coverages the CO molecules are too far 
from each other to interact so strongly by 
dipole-dipole interactions or by (see Ref. 
(22)) interaction between the 277 orbitals of 
CO. Presumably, in this region of 8, about 
10 to 15 cm-’ at maximum can be ascribed 
to the CO-CO (dipolar) interactions. That 
leaves the additional 25 to 30 cm-’ to be 
explained. Two possible explanations are 
conceivable: 

(1) CO is adsorbed at random on the sur- 
face, up to 0 = 0.1. Then, as the coverage 
increases, the adsorbate transforms from 
the random distribution into (V’? x V?)- 
R30” structure, which transformation 
causes the frequency change of 25 to 30 
cm-’ by changes in the metal-CO bond. 
(2) CO is adsorbed initially (for whatever 
reason) on the tetrahedral coordination 
sites (up to 8 = 0.1) and then, at 8 = 0.1, 
CO begins to be adsorbed at the octahedral 
sites. This change from tetrahedral to 
octahedral sites then causes the 25 to 30 
cm-’ jump. 

From the IR and LEED data alone it is 
difficult to determine which explanation is 
correct. However, bearing in mind that the 
difference between the tetrahedral and the 
octahedral adsorption site might be well 
about 25 cm-’ (23) and the fact that the IR 
absorption bands at 8 = 0.15 and 8 = 0.23 
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(10) show a shoulder on the low-frequency 
side, this makes us believe that the second 
explanation might be preferred. 

The reader will have noticed that our 
suggestion is to relate the Avexcess to the 
changes in the metal-CO bonding caused 
by changes in the CO positions. However, 
according to some authors (86), we should 
have looked for changes in the metal-CO 
bonding caused by the formation of a two- 
dimensional 24CO) band and by the 
changes therein upon increasing e(CO) 
coverage. We have not done this, for 
several reasons. First, we are not con- 
vinced that the variations in the surface 
27r(CO) band are of the size which would 
explain the data. Second, more impor- 
tantly, even if the model (8b) worked well 
for Cu (with 274CO) band filled to less than 
one half) it is not transferable to Pd: it 
would require a 2~r(C0) band filled to more 
than one-half (i.e., without additional 
assumptions, more than two electrons in 
the 27r (antibonding) orbital of CO). Third, 
the results in Fig. 1 and similar results 
concerning other metals (see e.g. Ref. 20) 
show that the rather long-range dipole- 
dipole interactions are approximately the 
same (i.e., v varies with 8 in a similar way) 
for flat and curved surfaces. Why would 
then the relatively short-range interactions 
upon the formation of a 24CO) band be so 
different on the two surfaces just men- 
tioned, causing a much higher AZ+,,,,, on 
the flat surfaces? Finally, the largest 
changes of v with 0 on flat ideal surfaces are 
found at the very low coverages, where the 
formation of a band can hardly be of impor- 
tance . 

CONCLUSIONS 

We do not find any support for the idea of 
chemical (competition) effects. However, 
data in the literature offer an alternative 
explanation in terms of changes in the 
adsorption sites occurring with increasing 
0(CO) on flat metal surfaces, but this effect 
is absent on curved rough surfaces of small 
metal particles. 
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