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The infrared spectra of 12CO and of 12CO-'3CO mixtures adsorbed on poly(vinylpyrrolidone)-stabilized colloidal platinum in
liquid dispersion are reported. Comparison with the vibrational spectra reported for analogous supported Pt particles shows the
absence of detectable terrace sites on the colloidal particles. Spectral features resulting from vibrational coupling between the
adsorbed CO molecules are analysed in terms of the structure and sizes of the metal particles and the adsorption sites available

for CO.

Highly dispersed transition metals in the colloidal state are
interesting liquid phase analogues to supported metal cata-
lysts, and an understanding of the nature of the surfaces of
these metal particles is important in the context of their liquid
phase catalytic application. It is preferable that the surfaces of
colloidal metal catalysts be investigated in the liquid phase,
that is to say in the same environment in which their catalytic
properties are evaluated. Accordingly, we!~° and others!~1¢
have investigated the surface composition and structure of
colloidal metals and alloys in liquid dispersion by spectro-
scopic investigations of adsorbates, predominantly CO, on
colloidal metals, with a view to adding to our understanding
of this aspect of colloidal metal surface chemistry.

The high infrared extinction coefficient of adsorbed CO has
made this chromophore the most widely investigated adsorb-
ate in surface science, and the structural surface chemistry of
CO on elemental metal and alloy crystal surfaces is well-
developed. Detailed spectroscopic data accumulated for
adsorbed CO on single crystal faces have been relied upon in
the characterization of the surface chemistry of CO on small
metal particles, and have allowed the use of vibrational spec-
troscopy as a probe of the surface compositions and structures
of highly dispersed supported metal catalysts.

Metal particles in colloidal liquid dispersion are particularly
ammenable to this approach, since even at high particle con-
centrations the dispersions do not appreciably scatter infrared
radiation, and so relatively high extinction infrared absorp-
tions can be obtained in transmission mode. Another advan-
tage for the study of CO on colloidal metals is that the
absorption equilibrium is reached rapidly during addition of
the gaseous adsorbate to the liquid dispersion, due to the
absence of the diffusion barriers that may exist in solid
samples. For example, on exposure of colloidal metal samples
to CO we routinely observe saturation spectra after only a few
minutes, compared to CO adsorption equilibration times of
200 h reported for Pt-SiO, in the form of a pressed wafer.'”

The application of infrared spectroscopy to the analysis of
colloidal metal surfaces has been developed in several labor-
atories, and the spectra of CO adsorbed on hydrosols of plati-
num, palladium!?>*5 and rhodium,'® and on organosols of
nickel,® palladium,!3—% platinum,?-%1%-11:18 rythenium® and
palladium—copper alloys®~® have been reported. Initially the
analysis of spectra was limited to the assignment of fre-
quencies for the various bonding geometries for CO—triply
and doubly bridging and terminal (‘on top’) modes. The rela-
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tive extinctions for the absorption bands associated with the
various adsorbed states of CO were correlated with particle
size in the case of colloidal palladium,?* by analogy to similar
correlations on supported metal particles.!®-2° In general, the
results for colloidal metals are similar to those for supported
metal particles. For example, polymer-stabilized colloidal pal-
ladium adsorbs CO predominantly on bridging sites, with a
low abundance of linear CO at higher coverages, whereas the
analogous colloidal platinum adsorbs CO predominantly on
linear sites, with a low occupancy of bridged sites. This is also
the general observation for supported platinum and palladium
particles.2! While this in no way makes a case for the improb-
able idea that the colloidal metal particles are ‘clean’ in the
as-prepared state, it does suggest that CO can adsorb on the
colloidal metal surfaces in a manner that can be interpreted
by reference to the corresponding ‘clean’ system. We therefore
consider it useful to pursue the analysis of the surfaces of col-
loidal metal particles by experiments that parallel those on
single crystal and supported metal systems.

We have recently conducted further IR spectroscopic
studies of CO adsorbed on colloidal nickel and platinum,®-°
and we report here in detail an FTIR study of 2CO and
12CO-13CO mixtures adsorbed on colloidal platinum stabil-
ized with poly(vinylpyrrolidone) (PVP). In these experiments
we focus on both the infrared absorption frequencies of
adsorbed CO and on additional phenomena, which arise from
vibrational interactions between the CO molecules in the
adsorbed overlayer and which are characteristic of CO
adsorbed on single crystal metal surfaces and supported metal
crystallites. These phenomena manifest themselves as coverage
dependent frequency shifts and as non-linear intensity ratios
for 12CO-'3CO mixtures. Since the underlying interactions
between the adsorbate molecules that give rise to these effects
are dependent on the presence and extent of domains of
adsorbed CO, their observation can provide information on
the structure of the metal surface, which is difficult to obtain
for colloidal metal dispersions. Thus, if a colloidal metal prep-
aration contains particles with highly irregular surfaces with
many defect sites, the abundance of domains of CO would be
diminished and vibrational coupling would be impaired. Simi-
larly, the presence of the stabilizing polymers used to protect
the colloidal particles in liquid dispersion might also interfere
with the assembly of the adlayer of CO on the metal surface.

The colloidal platinum samples we will analyse in this study
are prepared from the reaction of a zerovalent organometallic
complex of the metal, Pty(dba);>2?? (dba = dibenzylidene-
acetone), with hydrogen or with carbon monoxide. These
preparations result in metal particles in the size range of 1-2
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nm; at these particle sizes it is often not clear from electron
microscopy whether or not the particles are well-formed with
facetted surfaces and additional techniques, such as those we
describe here, must be applied in order to describe the nature
of the particle surface.

An IR flow cell coupled to a remote detector was designed
with the goal of allowing continuous measurement of the IR
spectra of adsorbed CO at a range of coverages, and of the
exchange reaction of 12CO and '3CO on the colloidal metal
surfaces.

Experimental

The colloids which we have analysed might be expected to
exhibit some degree of air sensitivity and so we have adopted
the general precautions that are common practice in the syn-
thesis of moderately air sensitive compounds such as molecu-
lar carbonyl clusters. All manipulations were carried out using
standard Schlenk tube or Fischer—Porter bottle techniques
under an Ar atmosphere. Poly(vinylpyrrolidone) (MW 40000;
Aldrich) was previously dried under dynamic vacuum at 90 °C
for 3 h. Dichloromethane was distilled under an atmosphere
of argon from calcium hydride. Pt,(dba);?® was prepared
according to literature procedures.

Preparation of the colloids

Reaction of Pt,(dba); with carbon monoxide: 1.0 nm
Pt-PVP. Pt,(dba); (16 mg, 0.029 mg atom Pt, 5.6 mg Pt) and
PVP (184 mg, Pt/PVP = 3 wt%) were dissolved in 20 mL of
dichloromethane. A slow stream of CO, saturated with
dichloromethane, was passed through the solution for 5 min
during which time the colour of the solution turned from
purple to yellow-brown. The solvent was then removed under
reduced pressure and the solid stored under argon. The
resulting material contained platinum particles with an
approximate mean diameter of 1.0 nm, as shown by TEM
(transmission electron microscopy).

Reaction of Pt,(dba); with hydrogen: 1.5 nm Pt-PVP.
Pt,(dba); (16 mg, 0.029 mg atom Pt, 5.6 mg Pt) and 184 mg of
PVP (Pt/PVP = 3 wt%) were dissolved in 20 mL of dichloro-
methane in a Fisher—Porter bottle. The resulting purple solu-
tion was then stirred vigorously under hydrogen (2 bar). After
1 day the colour of the solution had turned from purple to
brown. After 2 days the solvent was evaporated under reduced
pressure and the solid stored under argon. The resulting
material contained platinum particles with a mean diameter of
1.5 nm, as shown by TEM.

Remote detection infrared flow system

A schematic of the infrared detection flow system is shown in
Fig. 1. The infrared beam for the remote experiment passes via
the beam splitter of a Nicolet Magna 550 FTIR spectrometer
to an external optical bench (Axion Analytical), coupled to the
Passport™ external optics port of the spectrometer. The IR
beam passes through a flow cell (CaF, windows, pathlength
variable from 0.05-2 mm) to a remote MCT detector
(Graseby). Spectra were obtained at 8 cm ™! resolution and
accumulated at 10 s~1. The colloidal metal suspensions were
made up using ca. 200 mg of solid Pt-PVP in 20 mL of dry
dichloromethane under argon in a 100 mL Schlenck tube. A
volume of 20 mL proved sufficient to fill the transfer lines,
pump and transmission IR cell, with ca. 5 mL as a gas absorp-
tion reservoir remaining in the Schlenck tube. The colloidal
suspension, which at these concentrations was a mobile non-
viscous liquid, was passed through the IR cell via 2 mm poly-
ethylene tubing using a circulating pump (Cole—Palmer model
7144-05) at a rate of 300 mL min~!. The inlet and outlet of
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Fig. 1 Schematic drawing of the FTIR flow experiment. For a
description see text

the circulation line were kept under the surface of the colloid
suspension to minimize bubble formation. Since the FTIR
experiment involved accumulation of many spectra, spectral
artifacts caused by occasional bubbles passing through the cell
were averaged out. The reservoir was not stirred, agitation
being accomplished only by the constant influx of liquid from
the return line. This allowed for a slow saturation of the solu-
tion with CO, which contributed to the good temporal
resolution of the experiment. Addition of CO in a slow stream
(i.e., one bubble per second) to the colloid suspension was
made via a saturator containing dichloromethane, so that
during the course of the experiment the concentration of the
colloid remained constant. This allowed the precise subtrac-
tion of the relatively intense solvent and polymer overtone
and combination bands in the 2200-1800 cm ! region of the
initial spectrum from all subsequent spectra during CO addi-
tion. The resulting spectra thus contained only absorptions
due to adsorbed CO on the colloidal metal particles and dis-
solved CO.

In a typical experiment the colloid suspension, under argon,
was circulated through the IR cell for one minute and then
data acquisition begun. After collecting the initial spectrum, to
be subtracted from all subsequent spectra, addition of CO was
begun and data collection continued for up to 1 h. After this
time the spectra were batched and averaged for time intervals
of 1.17 s, the starting spectrum subtracted, and the resulting
spectra of adsorbed CO displayed in a manner that depended
on the rate of change of the spectrum. Saturation was
achieved in all cases after several minutes. For 12CO/!3CO
exchange experiments the process was begun by initial addi-
tion of '3CO, until saturation of the colloidal metal surface
was acheived, as measured by a constant intensity in all the IR
bands associated with'3CO, and then the gas stream was
switched to '2CO. The experiment was then continued with
slow passage of 12CO until complete replacement of 3CO
with 12CO was achieved, which in all cases was in less than
one hour.

Results

The colloid prepared from Pt,(dba), by treatment with hydro-
gen or CO in dichloromethane in the presence of PVP, and
shown by TEM to contain particles with mean diameters of
1.5 nm (Pt-H,) and approximately 1.0 nm (Pt-CO), are desig-
nated as Pt-15 and Pt-10, respectively.

IR spectra at partial and full coverage of 12CO

The direct measurement of partial 12CO coverage spectra was
possible only for the Pt-15 sample since Pt-10 was prepared



under, and therefore saturated with, CO. Although thermal
desorption of CO could provide partial coverage spectra for
this colloid, the disruption of the adsorbed CO overlayer on
platinum nanoclusters is reported to lead to significant
restructuring of the particles.??

Spectra of Pt-15 recorded during slow addition of 12CO are
shown in Fig. 2. At maximum coverage the spectrum shows a
strong absorption at 2045 cm~! plus a weak band at 1875
cm ™1 There is also a weak band at 2090 cm ™, which is not
always present in the spectra of similar Pt-H, preparations,
and which we assign to CO on oxidized sites occasionally
present in low abundance on the particles. Intentional expo-
sure of the colloidal sample to air for 1 h resulted in an
increase in intensity of this band. Both the 2045 and 1875
cm~! bands show a significant shift to lower frequencies at
lower CO coverage. A coverage dependent shift of 25 cm ™! in
the higher frequency band is observed on going from the
lowest coverage in the first spectrum, measured after 5 s of
CO addition, to the maximum coverage, reached after approx-
imately 48 s. Spectra recorded during a further 15 min of CO
addition showed no increase in intensity of the band at 2045
cm~!, and no change in frequency. However, after the
adsorbed CO band has reached its maximum intensity a new
band at 2137 cm™! appears, due to free dissolved CO, and
grows to a maximum intensity between 1 and 15 min.

The full coverage spectrum for 12CO on Pt-15 is shown in
Fig. 3, and in Fig. 4 is shown the spectrum obtained for Pt-10
at full coverage of 12CO, obtained after complete exchange of
13CO by 2CO, as described in the following section.
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Fig. 2 FTIR spectra during addition of CO to 1.5 nm Pt-PVP

(Pt-15) for 15 min. The first spectrum corresponds to 5 s from the
start of CO addition, and maximum intensity is reached after 48 s
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Fig. 3 FTIR spectrum of CO at maximum coverage on Pt-15
(extracted from Fig. 2) showing the second derivative
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Fig. 4 FTIR spectrum of CO at maximum coverage on Pt-10
[extracted from Fig. 5(a)] showing the second derivative

IR spectra during 13CO/*2CO exchange

In the 1*CO/*2CO exchange experiment with Pt-10, the start-
ing dispersion was prepared by treatment of Pt,(dba); with
13CO, and with Pt-15 by prior formation of the colloid from
Pt,(dba); under hydrogen, and subsequent saturation with
13Co.

Infrared spectra obtained during replacement of *3CO, ini-
tially at maximum coverage, by 12CO, are shown in Figs. 5(a)
(Pt-10) and 5(b) (Pt-15). The corresponding superimposed
spectra for each sample are shown in Figs. 6(a) and 6(b).

For Pt-10 and Pt-15 the spectra corresponding to adsorp-
tion of 100% 3CO show bands at 1999 and 1998 cm™!,
respectively, with much lower intensity bands below 1900
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Fig. 5 FTIR spectra obtained during exchange of *3CO adsorbed

on (a) 1.0 nm Pt-PVP (Pt-10) or (b) 1.5 nm Pt-PVP (Pt-15) by 12CO

New J. Chem., 1998, Pages 1267-1273 1269



T T T T T T T
2200 2150 2100 2050 2000 1950 1900 1850

Absorbance

2200 2150 2100 2050 2000 1950 1900 1850
Wavenumber/cm™

Fig. 6 Overlayed spectra from (a) Fig. 5(a) and (b) Fig. 5(b)

cm ™. Spectra obtained during the addition of *2CO to the
13CO-covered platinum colloids show a steady replacement of
13CO by '2CO over a period of approximately 60 min. The
reaction is also matched by the replacement of a low intensity
band at 2090 cm ™, due to dissolved '3CO, with a band of
similar intensity at 2137 cm ™, due to *2CO. Spectra obtained
during the exchange process, corresponding to intermediate
isotopic compositions but at constant total coverage, show
steadily decreasing intensity in the low frequency components
of the spectra with concurrent increase in intensity in the high
frequency component. After complete exchange with *2CO,
the bands at 1999 and 1998 cm™*' for Pt-10 and Pt-15 are
replaced by an absorption at 2045 cm ™!,

The overlayed absorbance spectra recorded during the
13CO/*2CO exchange reaction exhibit an isosbestic point at
2020 cm ™! for the Pt-10 colloid [Fig. 6(a)] whereas the corre-
sponding spectra for the Pt-15 sample show no such isosbestic
point [Fig. 6(b)].

Discussion

In the following discussion we rely, in our interpretation of the
spectra obtained with colloidal metals, on published data for
the better understood supported metal and single crystal
systems. However, it must be stressed at the outset that these
experiments are not designed to demonstrate a preconceived
similarity between the surfaces of crystalline or supported
metals on the one hand, and colloidal metal particles in
liquids on the other. Rather they intend to use a method
established for the surface analysis of metals, in both single
crystal or supported form, to shed light on the surfaces of
small metal particles in the colloidal state. In fact, as will be
seen, we reach the conclusion that the surfaces of these small
metal particles, prepared under mild conditions, are signifi-
cantly different from those of supported metal particles of
similar size, due to the fact that the latter are prepared under
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conditions that allow annealing of the surfaces to stable
crystal faces.

The discussion will be divided into three parts, describing
full coverage '2CO spectra, partial coverage spectra, and
13C0O/*2CO exchange spectra.

Full coverage 1>2CO spectra

As shown in Figs. 3 and 4, the spectra at maximum coverage
on both Pt-15 (after direct saturation with '2CO) and Pt-10
(after exchange of **CO with 12CO), which are dominated by
a band at 2045 cm ™!, are assigned as usual to CO bound to
single platinum atoms. The much lower intensity and broader
band between 1850 and 1950 cm ™! is assigned to CO in two-
fold bridging sites. We will limit dicussion of the spectra to the
dominant >2000 cm ! band.

The spectra can be compared with those obtained for CO
adsorbed on supported Pt-SiO, samples in a range of sizes
from 1.1-10 nm, which show three bands of varying intensity
in the frequency ranges near 2080, 2070 and 2060 cm~1!.17-24
These bands were assigned to CO adsorbed on face, edge and
vertex sites on the particles, based on a comparison with
single crystal data obtained for CO on a Pt(111) surface,
which ideally contains only nine-coordinate platinum atoms
in terrace sites, a Pt(533) surface, containing terraces with
seven-coordinate platinum atoms at (100) steps, and a Pt(432)
surface, containing terraces with six-coordinate platinum
atoms at kinked steps. The highest frequency of the three
bands, usually at >2080 cm ™, was assigned to CO on terrace
sites. The Pt(111) faces, which since they contain metal atoms
in the maximum surface coordination number of 9 are ther-
modynamically the most stable, might be expected to be
found for most Pt particles. However, for the colloidal
samples, in the maximum coverage '2CO spectra for Pt-10
(Fig. 4) and Pt-15 (Fig. 3), no bands of similar frequency to
CO in terrace sites on Pt—SiO, are observed.

It is unlikely that the surface electronic environment of the
colloidal metal particles is so intrinsically different from that
of supported metal particles of similar size that the 2045 cm ™!
band could correspond to a terrace-bound CO. A shift might
be expected due to the fact that spectra for the colloidal
samples were obtained in liquid dispersions. Medium effects
are known to be significant in reducing the vibrational fre-
quencies of molecular metal carbonyl complexes in going from
the vapour to the solution state, but this could account for a
shift of only ca. 10 cm™~'.2% A more problematic issue is that
of the possible consequences of co-adsorption of the stabili-
zing polymer and byproducts from the colloid preparation,
which cannot be ruled out, and these potential effects are diffi-
cult to quantify. The presence of polymer and/or byproducts
might be expected to break up islands of CO, mitigate vibra-
tional coupling, and result in a lower full coverage frequency
than would otherwise be expected. However, this argument
would only apply to the smaller Pt-10 particles, since vibra-
tional coupling is in fact observed for the Pt-15 particles (see
below for a discussion of vibrational coupling effects.)
However, even allowing for shifts induced by solvent and
adventitious co-adsorbates, it is difficult to conclude, in the
absence of any bands >2050 cm ™!, that any two-dimensional
arrays of CO on terrace sites are present on the surfaces of
these colloidal platinum clusters.

For a preparation containing much larger colloidal plati-
num particles (a 3.5 nm Pt-PVP colloid prepared by
reduction of PtClg?~ in aqueous methanol?®-27), the highest
frequency absorption we observe at maximum coverage of
12CO is at 2065 cm™ 1,28 and based on the present assign-
ments even these larger particles, which we have previously
shown to be monocrystalline,?” present no detectable terraces
for CO adsorption. This seems surprising in view of the
regular structure of the particles, but a recent high resolution



TEM study on even larger platinum particles?® supports this
conclusion. In that work, exceptionally geometrically regular,
monocrystalline platinum particles3®3! were imaged, and
despite the fact that the bulk structures of the particles are
devoid of defects or twin planes, images of the surfaces reveal
a high incidence of defects in the form of one- or two-atom
steps and kinks. The surfaces of metal particles prepared
under the mild conditions used in colloidal metal preparations
have not been exposed to conditions that would cause anneal-
ing to the most stable surface structure, and in this they differ
from supported platinum particles in heterogeneous catalysts,
which are usually subjected to thermal annealing before use.
We thus conclude that, because of the mild conditions used
for the preparation of colloidal metals, highly defected surfaces
are the rule, and not the exception.

The two bands at lower frequencies reported by Brandt et
al!” for 12CO on Pt-SiO,, at ca. 2070 and 2060 cm !, were
assigned to CO adsorbed on vertex and edge sites of the plati-
num particles, respectively, and these are of relevance to the
colloidal system. The assignment of the lower frequency band
to the higher coordination number metal (edge) site was seen
as surprising, but the spectra we observe are consistent with
this assignment, if we allow a discrepancy of ca. 10 cm~?! shift
due to medium effects. For the smallest particles, even if they
were of regular geometry, it is expected that most surface
atoms are vertex or edge (low coordination number) atoms. A
re-examination of the surface statistics for regular polyhedral
arrays of atoms, taking the example of a cuboctahedral fcc
particle,®? shows that only at the lowest particle sizes, when
the polyhedral edge contains <3 atoms, is a significant pro-
portion of vertex atoms present. For larger particles with
regular cuboctahedral edges of 3—6 atoms, edge atoms pre-
dominate, but terrace sites also grow in number. For example,
for a cuboctahedron of 38 atoms (two atoms on each edge),
which is the model used by Brandt et al. for a 1.1 nm Pt
particle,!” 24 of the 32 surface atoms, 75%, are vertex atoms,
and 25% are terrace atoms. For the next largest regular
cuboctahedron with three atoms on an edge and comprising
201 atoms, 30% of the 122 surface atoms are edge sites, the
proportion of vertex atoms falls to 20%, but a further 45% are
also (111) terrace sites, as shown in Fig. 7(a). Our assertion
that essentially no terrace sites are available on the particles
we report here, which fall in the size range in which a signifi-
cant abundance of terrace sites would be expected for a
regular cuboctahedral particle, requires the addition of only
24 capping atoms to the terraces of the regular cuboctahedron
of this size, giving the ‘max-B;’ structure,3? shown in Fig. 7(b),
in which case the proportion of terrace sites falls to zero, even
for this regular morphology.

The preceding argument concerns close-packed regular
geometries, but there is no reason to assume a closed regular
geometry for any of the particles we discuss here. However,
the general argument holds for less regular morphologies,
which would have an even higher incidence of surface defect
sites. In either case we propose that Pt-10 approximates the
first of the two cases described, with a preponderance of edge

Fig. 7 (a) Regular cuboctahedron with three atoms on a side; (111)
terrace atoms are shaded. (b) Same as (a) but with 24 adatoms added,
three to each of the eight (111) terrace sites (max-B; structure)

and vertex sites, and that Pt-15 falls into the second category,
with more edge sites than vertex sites, but no terrace sites. The
spectra for CO on Pt-10 and Pt-15 can now be assigned on
this basis by comparison with the assignments of Brandt et
al.t’

In the full coverage 12CO Pt-10 spectrum, Fig. 4, extracted
from the final spectrum in the '2CO/*3CO exchange experi-
ment, we would expect a convolution of two bands corre-
sponding to vertex (higher frequency) and edge (lower
frequency) sites. The presence of a high frequency shoulder at
2062 cm ™!, discernable on the principal 2045 cm ™! band, is
confirmed by the minimum at this frequency in the second
derivative trace superimposed on the absorbance spectrum.
We assign this higher frequency band to vertex-bound CO,
and the 2045 cm~! band to edge-bound CO. The relative
amounts of the two CO binding sites will depend on the
detailed geometry of the particle. These observations are gen-
erally consistent with the IR absorption at 2050 cm™?!
reported?? for 1.3 nm platinum clusters prepared in the
absence of a stabilizing polymer by a similar reaction to that
used for the preparation of Pt-10.

The full coverage 1>CO spectrum for Pt-15, shown in Fig. 3,
shows only a single band, with no trace of a secondary
minimum in the second derivative trace. Thus the spectrum is
dominated by vibrations due to edge-bound CO, but given the
resolution of the experiment we cannot rule out the presence
of vertex-bound CO if the corresponding absorption is close
to that of the edge-bound CO.

Partial coverage and *2CO/*3CO exchange spectra

In addition to the structural information derived from the full
coverage 12CO spectra discussed above, a second approach to
providing structural insights for the colloidal clusters is pos-
sible from a series of vibrational spectra under conditions of
partial coverage of '2CO or full coverage of a constantly
changing set of 12CO-'3CO mixtures. The literature on vibra-
tional spectroscopy of CO on metal surfaces describes the
phenomena that can occur under such conditions®3-*# and
which can reveal in some detail the structure of the adsorbed
CO overlayer, and by extension the structure of the under-
lying metal surface. The phenomena will be briefly sum-
marized to provide a basis for discussion of the colloid
spectra.

Spectra often show a coverage dependent frequency shift in
the CO vibrational bands, and this provides an important
piece of evidence concerning the spatial distribution of the
adsorbed CO molecules and the nature of the underlying
metal surface. This effect was originally observed by Eischens
and Pliskin for CO at partial coverage on supported Pt,*> and
by Crossley and King in a study of 13CO-'2CO mixtures on
Pt(111).3¢ Extensive investigations of the vibrational spectra
of CO on other single crystal surfaces and on small crystallites
have been made,'”-24374% and in these and many other
studies coverage dependent frequency shifts have been
observed for adsorbed CO. In pairs of absorptions associated
with 13CO-'2CO mixtures adsorbed on metal surfaces the
high frequency band also exhibited a marked shift to higher
frequency as the !3CO is replaced by !2CO, but the lower
frequency band showed a much smaller shift with changing
isotopic composition. These effects arise from vibrational
interactions between the CO molecules in the adsorbed over-
layer, which occur in the presence of domains of adsorbed
CQ.35:36:41-43 The coupled CO oscillators act as an extended
domain, the structure of which reflects a balance between site-
specific interactions (maximizing M—-CO interactions) and
CO-CO repulsive interactions, favouring close packing of CO
in the adsorbed overlayer at high coverages.

An additional consequence of vibrational coupling is
observed in spectra for mixtures of 12CO and '3CO on metal
surfaces. Not only do the frequencies of each isotopomer vary
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in the manner expected with dilution (i.e., decreasing fre-
quency with decreasing coverage) but a transfer of intensity is
observed from the lower frequency to the higher frequency
absorption. Thus, over a range of isotopic compositions, mix-
tures of *2CO and 3CO will give rise to spectra in which the
relative intensities of the principal bands will not reflect the
relative abundance of the two isotopomers. In systems in
which coupling is significant, single isotope spectra will also
be distorted if two or more vibrationally distinguishable CO
adsorption sites are present, since the high frequency band
will acquire intensity at the expense of the low frequency com-
ponent, thus distorting the combined spectrum. In such cases
a greater apparent shift with increasing coverage than
expected will be observed, and the original reports of shifts of
up to 40 cm~! have been shown to be due to the superim-
position (with intensity transfer) of absorptions due to CO on
different sites with different (but not necessarily resolvable) fre-
quencies, each with its own coverage dependent shift.*?

The range over which this coupling occurs extends over
many surface atoms, and is greatest when the vibrating mol-
ecules are closest together. Hollins has concluded*? that only
at the smallest island sizes will the coupling differ significantly
from that observed for an infinite surface. Moskovits and
Hulse suggested that poorly ordered metal surfaces, with
many defect sites, will prevent the assembly of more highly
coupled, larger domains of CO and vibrational coupling
would, under these circumstances, be mitigated.*! On the
basis of these correlations we will use the presence or absence
of this phenomenon as an indicator of the surface structure of
the colloidal metal particles that are the subject of the current
investigation.

Partial coverage spectra. As shown in Fig. 2, the linear CO
stretching band for CO on Pt-15 is first observed at 2020
cm ™!, with an absorbance that is approximately 13% of that
reached at saturation. This band shifts to 2045 cm™! as
maximum coverage is reached after ca. 1 min. During this
time no measurable concentration of dissolved CO can be
detected. Subsequently, the free CO concentration increases to
a saturation value as shown by the growth of a band at 2137
cm ™! with no further increase in the adsorbed CO intensity.
The absence of dissolved CO during the period of growth of
the Pt—CO band makes it clear that the reaction of dissolved
CO with the platinum surface is rapid despite the fact that the
platinum particles are dispersed in a polymer solution. The
fact that an increase in dissolved CO concentration by at least
a factor of ten between 1 and 15 min results in no further
increase in intensity of adsorbed CO implies also that the
equilibrium between free (dissolved) CO and adsorbed CO
strongly favours the adsorbed state.

The measured coverage dependent frequency shift in the IR
absorption for linearly adsorbed CO on Pt-15 is 25 cm™ 1.
However, the lowest absorbance measured on the colloidal
particles is already 13% of that corresponding to maximum
coverage. We can therefore assume that the full frequency shift
in going from the lowest coverage to saturation will be greater
than the 25 cm ™! that we observe. As described above, shifts
of this magnitude are indicative of the presence of absorptions
corresponding to two (or more) coupled vibrational modes in
the spectrum, implying the presence of a hidden absorbance at
even lower frequency than 2040 cm™~!. The fact that there is
no sign of separate absorptions in the saturation '2CO spec-
trum of Pt-15 may be a reflection of the resolution of our
experiment, or of the fact that in vibrationally coupled
systems a low frequency component may be invisible even
when it comprises 90% of the adlayer, due to intensity transfer
to the higher frequency band.*%-44

Assuming that this shift has an origin similar to the shifts
observed on crystalline platinum surfaces, that is the vibra-
tional coupling between CO oscillators adsorbed in domains
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on the surface of the platinum particles, this means that at a
particle diameter of 1.5 nm, which corresponds to 5-6 atomic
diameters, the surface of the particle offers arrays of adsorp-
tion sites of sufficient extent and regularity to allow vibra-
tional coupling to be observed between CO molecules in the
adsorbed overlayer. In the absence of bands due to CO on
terrace sites, this must involve coupling between one-
dimensional arrays of CO on edges and on other defect sites.

12CO/*3CO exchange spectra. In isotopic exchange experi-
ments on Pt-10 and Pt-15, exchange was sufficiently rapid in
both cases to allow complete replacement of one isotopomer
by the other within approximately one hour, as shown in Fig.
S(a) and 5(b). We note that the intensities of the bands corre-
sponding to maximum !3CO coverage are, in all of the cases
reported here, less than the corresponding intensities for the
maximum '2CO coverage samples. This could imply that the
initial 13CO coverage might not have been maximal.
However, since initial saturation of the colloidal metal with
13CO was checked by passing 13CO through the colloidal sus-
pension until constant intensity was observed this seems
unlikely, and the origin of the discrepancy probably lies in the
dependence of the extinction coefficient on the relative
reduced masses of 2CO and '3CO (as pointed out by a
referee).

At 100% !3CO, IR absorbances for linear CO are observed
at 1999 and 1998 cm~! for Pt-10 and Pt-15, respectively.
During addition of '2CO these absorptions decrease as a
higher frequency band increases in intensity over the course of
the exchange reaction, and at 100% '2CO the corresponding
frequency in both cases is 2045 cm ~ L. There is an immediately
obvious difference between Pt-10 and Pt-15 spectra. In the
case of Pt-10 both absorptions remain at constant frequency
as '2CO replaces 13*CO, and an isosbestic point (a fixed fre-
quency of constant absorbance) is observed between the two.
However, in the case of Pt-15 the high frequency component
of the linear CO absorption increases in frequency as the con-
centration of *2CO on the surface increases, while the lower
frequency component shows little change, and no isosbestic
point results.

We propose that the presence or absence of the isosbestic
point is diagnostic of the absence or presence of vibrational
coupling between adsorbed CO molecules, based on the fol-
lowing considerations. In order for a point of constant
absorbance to be observed in the spectra of a system in which
two chromophores a and b are interconverting, certain criteria
must apply.*®> The spectra of a and b must, of course, intersect,
and the sum of the concentrations [a] + [b] must be constant.
These conditions are clearly met for an exchange of !3CO
with 12CO in a closed system of fixed surface area and so
apply to both the 1.0 and 1.5 nm Pt sols. However, these pre-
conditions also assume that the extinction coefficients €, and
g, of the two species at each wavelength remain the same
during the interconversion, which means that the band pro-
files must be independent of concentration. When these condi-
tions are met there will be one or more points in the
superimposed spectra of the interconverting species a and b at
which the condition g, [a] + g, [b] = constant, and this wave-
length defines an isosbestic point, a point of constant absorb-
ance. In the cases under discussion here, an isosbestic point
for the isotopically exchanging CO overlayer would be
expected only if adsorbed CO molecules vibrate independent-
ly, with no coupling, giving spectra corresponding to an ideal
interconverting system (assuming that the extinction coeffi-
cients for the bands were coverage independent).

In small particulate systems, it is to be expected that vibra-
tional coupling might be removed if the particle is too small to
posess faces of sufficient size to assemble the requisite domains
of CO. This might also arise for larger particles if their sur-
faces have a high incidence of defects. In such a system fre-



quency shifts and intensity transfer would be greatly reduced,
thus approximating the conditions for an isosbestic point. On
this basis, the conclusion we draw from the occurrence of the
isosbestic point in Fig. 6(a) is that the surface of the Pt-10 sol
does not permit the assembly of domains of vibrationally
coupled CO molecules, probably by virtue of the small size of
the particles. However, when the vibrational spectra of
adsorbed !3CO-'2CO mixtures on metal surfaces display
non-linear effects (coverage dependent frequency and intensity
transfer) due to vibrational coupling, one or more of the pre-
conditions for an isosbestic will be destroyed during 3CO-
12CO exchange. As described above and shown in Fig. 2, the
shift in frequency with coverage for 12CO on Pt-15 shows the
operation of vibrational coupling, and we may therefore
assume that intensity transfer is also occurring in the spectra
in Fig. 6(b). Thus, the conditions for an isosbestic point are
removed, with the result shown.

These exchange spectra simply confirm the presence of
coupling for CO on Pt-15 observed in the partial coverage
experiment. However, for Pt-10 it is possible to conclude the
absence of coupling from full (*:3CO + 12CO) coverage experi-
ments without the possibly disruptive consequences of decarb-
onylation of the as-prepared CO-covered sample by
maintaining a CO saturated surface of changing isotopic com-
position throughout the exchange experiment.

Conclusions

The experiments described demonstrate that the adsorption of
CO on colloidal metals in liquid dispersion can be quite easily
investigated by infrared spectroscopy. In addition to the
assignment of absorption bands at maximum coverage, partial
coverage spectra and isotopic exchange experiments, which
can be routinely performed, reveal details of the surface struc-
ture of the metal particles. The results obtained for two
Pt-PVP colloids indicate that the surfaces of such materials
contain a high incidence of defect sites and that smooth ter-
races are not detectable. In light of recent high resolution
microscopy on apparently regular monocrystalline Pt colloids,
we conclude that such surface irregularity is probably to be
found for colloidal metal particles in most, if not all, cases
where the preparation conditions do not lead to annealing of
the as-prepared surface.
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