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Highly dispersed (<10 A) platinum has been prepared in colloidal solution by condensing platinum
vapor into a solution of triisobutylaluminoxane in methylcyclohexane. Carbon monoxide, adsorbed
in a linear mode on the surface of the colloidal metal, has been characterized by infrared spectros-
copy and '*C NMR. The chemical shift of the adsorbed CO is 192 ppm, and the absence of a Knight
shift is interpreted in terms of a pseudomolecular description of the highly dispersed platinum
particles, which are not large enough to exhibit metallic properties. The CO covered colloid is
converted by hydrolysis into the molecular platinum carbonyl anion clusters [Pt;(CO)],>", n =

3,4. © 1991 Academic Press, Inc.

INTRODUCTION

A continuing theme in cluster chemistry
is the analogy drawn between clusters and
metal surfaces in the context of catalysis.
An extensive variety of cluster structures
and ligand conformations is known for or-
ganometallic clusters, and these have in
some instances provided good structural
models for surface-adsorbed species on
metals. Attempts have been made to extend
this analogy, both to link the reactivity of
organic ligands bound to multiple sites in
organometallic cluster molecules to the re-
activity of organic species on metal sur-
faces, and to attempt to use molecular clus-
ters in solution as homogeneous catalysts of
unique activity and selectivity. Neither has
met with uniform success. We have adopted
an alternative approach to the relationship
between. surface chemistry and molecular
catalysis in solution by starting from metals
in their catalytically active colloidal form,
and attempting to bring the techniques of
synthetic organometallic cluster chemistry
to the study of the colloidal metal particles.

To this end, and as we reported pre-
viously (7, 2), we are engaged in an investi-
gation of the chemical, catalytic, and spec-
troscopic properties of highly dispersed

colloidal metals in organic solutions. The
preparation of metal colloids and their use
in catalysis is almost as old as the study of
catalysis itself (3), and the efficiency of
these colloidal metals as catalysts is well
established. Indeed their high activity in a
number of catalytic processes has been a
constant complicating factor in the investi-
gation of homogeneously catalyzed reac-
tions, where the adventitious presence of
even a minute fraction of the catalytic metal
in colloidal form can provide sufficient ac-
tivity to outperform a respectable homoge-
neous catalyst (4).

Our goal is to describe the chemistry of
colloidal metals in terms of the concepts and
techniques of molecular cluster chemis-
try—the coordination of ligands to the sur-
face of the colloids and the spectroscopic
analysis of ligand reactions in the *‘coordi-
nation sphere” of the colloids—and to de-
velop a surface organometallic chemistry of
colloidal metals. To this end we have devel-
oped a route to the synthesis of transition
metal organosols in which the metal particle
size approaches that found in some of the
larger molecular clusters, and in this paper
we describe the synthesis and properties of
stable organic solutions of highly dispersed
platinum in which the metal particles are
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extremely small (<8 A). The colloidal clus-
ters are sufficiently small that they fall below
the size range usually associated with the
onset of metallic properties, and this enables
solution spectroscopic techniques, such as
liquid-phase high-resolution NMR, to be ap-
plied to the study of small molecules ad-
sorbed at surface sites on the colloid parti-
cles. We interpret the results in terms of
analogies between molecular organometal-
lic cluster chemistry and surface chemistry.

EXPERIMENTAL

The platinum colloid solutions were pre-
pared by the general method we previously
reported (/) for the preparation of stable
colloidal transition metals in non-polar or-
ganic solvents, by condensing vapors of the
metal into a solution of a poly(alkylalumi-
noxane), (RAIO),, at low temperature in a
modified rotary metal vapor synthesis reac-
tor (Torrovap Industries, Toronto, Canada)
(5). Poly(isobutylaluminoxane).(6) was pre-
pared by the careful addition of one equiva-
lent of water to 100 mmol triisobutylalumi-
num (I M toluene solution, Aldrich),
evaporation of the solvent, and dissolution
of the residual gummy solid into 500 ml
methylcyclohexane (previously dried over
molten sodium and distilled under nitrogen).
The aluminoxane solution was thoroughly
degassed and introduced into the 12-liter
flask of the rotary metal vapor synthesis re-
actor. After cooling to — 120°C the flask was
evacuated to ca. 2 x 1077 Torr, rotated at
ca. 200 rpm, and platinum vapor, generated
by electron beam evaporation of the molten
metal, was contacted with the solution. In a
typical preparation under these conditions
1-200 mg/h of platinum could be evaporated
into the liquid phase in our apparatus. After
an appropriate time the furnace was cooled
and the flask allowed to warm to room tem-
perature. The deep brown liquid was trans-
ferred under helium by cannula to a Schlenk
tube, and any bulk metal suspended in the
liquid product was removed by passage
through a 0.2-um Teflon filter. The colloidal
platinum solution was stored under helium.
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All subsequent manipulations were per-
formed by standard anaerobic handling
techniques under argon or helium atmo-
spheres. Analysis of the colloid solution was
performed by the Analytical Sciences Labo-
ratory of Exxon Research and Engineering
Company by inductively coupled plasma
spectroscopy, and revealed that 28% of the
total platinum evaporated had dissolved in
the polymer solution during evaporation of
the metal. Treatment of the platinum colloid
solution with a stream of nitrogen, which
had been saturated with water vapor, re-
sulted in rapid hydrolysis of the stabiliz-
ing aluminoxane polymer and the precipi-
tation of aluminum oxide hydroxide
Al(O)(OH)(H,0), containing elemental plat-
inum. Analysis of this precipitate gave a Pt/
Al ratio that was consistent with the results
obtained by ICP. Typically we prepare solu-
tions containing 0.5-1.0 g platinum in 500 ml
methylcyclohexane stabilized with 50-100
mmol poly(isobutylaluminoxane).

Transmission electron microscopic exam-
ination of the colloids was performed on
films cast by evaporation of the solvent from
a drop of the colloid solution placed on a 3-
mm microscope grid. The grid was trans-
ferred to the microscope (Phillips EM 420
ST) with exclusion of air. Microscopic ex-
amination was performed at 100 kV and low
beam current to minimize beam damage.
Examination of precipitated solid samples
was performed on sonicated samples dis-
persed in a hydrocarbon diluent, supported
on alacy Formvar coated 3-mm copper grid.

Reaction of the colloidal platinum with
12CO and "*CO (Isotec, 99.1 at.% "*C) was
performed by addition of the gas to a rapidly
stirred solution of the colloid at 1 atm. and
room temperature. Gas uptake was appar-
ently complete within less than a minute
as judged by infrared spectroscopy on the
solution.

Infrared spectra was recorded in methyl-
cyclohexane solution in standard 0.1-mm
pathlength CaF, window solution cells (fit-
ted with Teflon stopcocks to preserve the
solutions from ambient moisture) on a Per-
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kin—-Elmer 783 spectrometer. *C NMR
spectra were recorded at 75 MHz on liquid
samples containing ca. | wt% metal in stan-
dard 10-mm NMR tubes, sealed under argon
or PCO, using a standard Bruker 10-mm
high-resolution liquids probe on a commer-
cial Bruker MSL-300 spectrometer. '*Pt
spectra were recorded at 64.1 MHz on the
same instrument in a similar manner. Pt
chemical shifts were referenced to H,PtCl,
by defining the resonance frequency of a
saturated aqueous solution of H,PtCl, as
6300 ppm (7).

Catalytic hydrogenation of acenaphthy-
lene was performed at 25°C under a total
pressure of 1 atm on a gas uptake manifold.
The olefin was dissolved in the colloidal cat-
alyst solution in methylcyclohexane in a
Schlenk flask, the solution frozen, and the
flask evacuated. After the solution was
warmed to 25°C in a thermostatted bath,
hydrogen was added to a total pressure of 1
atm. Rapid stirring was continued through-
out gas uptake measurement.

RESULTS AND DISCUSSION

The Preparation and Characterization of
the Colloid

The use of metal vapors, co-condensed
with organic vapors, to prepare colloidal
metals in non-aqueous media was first re-
ported in 1927, some 50 years before the
recent wave of activity in metal vapor chem-
istry (8). More recently, variations of this
technique have been employed by Wada and
Ichikawa (9) and by Kimura and Bandow
(10) to prepare organosols of a number of
main group and transition metals. Andrews
and Ozin (11, 12) have recently reported a
spectroscopic and kinetic study of the clus-
tering of metal atoms after condensation
from the vapor phase into organic media.

The use of metal vapors in the preparation
of metal colloids has also been reported by
Klabunde and co-workers (13), who have
used organic polymers as stabilizing agents.
We have chosen the oligomeric aluminox-
anes as stabilizing agents with a view to
synthesizing colloids with a reactive organo-
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metallic polymer coating, to allow for subse-
quent chemical manipulation of the colloidal
metal in a manner compatible with applica-
tions in catalysis and the synthesis of novel
oxide-based materials. In the colloidal solu-
tions prepared here, the polymeric alumi-
noxane successfully fulfills the typical role
of a polymer stabilizer in colloid chemistry,
associating with the surface of the colloidal
particles and preventing aggregation. Poly-
(isobutylaluminoxane) (6) has proved to be
particularly suitable for our purposes in its
compatibility with the experimental condi-
tions imposed by our use of the metal vapor
technique (/4). In order to bring the agglom-
erating metal atoms into contact with the
stabilizing polymer the reaction medium
must remain fluid and the polymer must re-
main in solution during the preparation.
However, in order to generate the atomic
metal vapor at a useful rate, the metal must
be heated to a temperature at which its va-
por pressure is ca. 1-10 um. Of course the
liquid phase must be simultaneously cooled
to the point at which the vapor pressure of
the solvent is at or below this value, and the
dissolved polymer must remain in solution
at this temperature. Poly(isobutylaluminox-
ane) is highly soluble in the solvent we gen-
erally use for these preparations (methylcy-
clohexane) at the low temperatures
(- 120°C) needed to maintain an adequately
low vapor pressure for metal evaporation.
The aluminoxane-stabilized colloidal
platinum prepared by metal vapor deposi-
tion in this manner is extremely highly dis-
persed. Attempts to image directly the metal
particles by transmission electron miscros-
copy on a film cast from the colloid solution
onto a carbon-coated copper grid film failed
to reveal any detectable metal clusters until
sufficient beam damage had occurred to
cause the platinum clusters to grow to
greater than 8 A in diameter. Although this
is not a satisfactory determination of the
dispersion of the metal clusters as prepared,
it is interesting to note that the upper limit
of 8 A which it sets for the particle size
places these metal particles in a size range
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FiG. 1. Transmission electron micrograph of platinum particles in AI(O)OH)H,0, prepared by the
hydrolysis of the isobutylaluminoxane-stabilized platinum colloid.

comparable to the core sizes of some of the
larger molecular carbonyl clusters. The col-
loid is stable at room temperature indefi-
nitely, no bulk metal deposition being appar-
ent after 1 year in a sealed ampoule.

When a stream of nitrogen saturated with
water vapor was passed through the alumin-
oxane-stabilized platinum colloid the organ-
oaluminum oligomer is rapidly hydrolyzed
and precipitates as Al(O)(OH)H,O. The re-
sulting dark gray precipitate contains plati-
num particles of ca. 15-25 A in diameter, as
shown in Fig. 1, with some particles dis-
cernable down to the resolution limit of ca.
8 A.

The platinum particles have grown from
their original size of less than 8 A during the
hydrolysis of the aluminoxane, presumably

as a consequence of the loss of steric stabili-
zation afforded by the oligomer in solution.
However, it is evident from Fig. [ that al-
though the colloidal metal particles are no
longer stabilized at their original level of
dispersion during hydrolysis, bulk metal for-
mation has not occurred. The metal
particles entrained in the precipitated
Al(O)(OH)H,O0 are quite discrete, and there
is no agglomeration to microcrystalline
metal.

The aluminoxane associates with the
metal particles in a manner as yet undeter-
mined (it seems probable that the inorganic
—0-AI-0O skeleton would interact with the
metal) but it is not so firmly bound over the
entire cluster that the surface is rendered
inert. The colloidal clusters in solution are
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active catalysts in a probe reaction, the hy-
drogenation of acenaphthylene to acenaph-
thene. The hydrogenation experiments,
(which were carried out under less than ideal
conditions in which mass transport limita-
tions were rate determining), were per-
formed simply to demonstrate that some
fraction of the surface of the colloid particles
was available for catalysis, and no attempt
was made to measure specific rates. Thus
the polymer, while conferring stability on
the colloid particles with respect to agglom-
eration to bulk metal, does not do so with
the prohibitive consequences for catalytic
activity which usually accompany ligand
stabilization of molecular transition metal
clusters. The catalytic properties of colloi-
dal platinum and of other transition metal
colloids stabilized with poly(isobutylalum-
inoxane) are under investigation and will be
described separately.

The remarkably small size of the colloidal
platinum particles makes them excellent
candidates for an investigation of metallic
and molecular properties, both chemical
and physical, of small metal clusters. In this
light, and from the perspective of the organ-
ometallic cluster chemist, it is of interest
to investigate further the coordination (or
surface) chemistry of transition metal col-
loids with a view to making more detailed
comparisons with both heterogeneous sup-
ported metals and molecular organometallic
clusters.

Reaction with Carbon
Monoxide—Infrared Studies

Carbon monoxide was passed through the
solution for several minutes. The infrared
spectrum of the solution, shown in Fig. 2,
revealed that CO was absorbed quickly,
with no further change in intensity of the
carbonyl stretching band observed after the
initial spectrum was recorded 1 min after
exposure of the solution to CO.

The infrared band at 2035 ¢m~' corre-
sponds to the expected absorption for linear
(terminal) carbonyls, and falls in the lower
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F16. 2. Infrared absorbance of CO on isobutylalumin-
oxane-stabilized platinum colloid in methylcyclohex-
ane solution.

range of the frequencies reported for CO on
platinum in a number of systems (/5). The
profile of the band resembles that found for
CO on platinum surfaces and crystallites,
and contrasts with the relatively sharp
bands characteristic of molecular cluster
carbonyls. It is not possible to draw any
precise conclusions on the nature of the car-
bonylated colloidal platinum particles from
simple frequency considerations. It is
known that the stretching frequency for sur-
face-adsorbed CO is markedly affected by a
number of factors, the relative importance
of each being often a matter of debate. For
example, early work of Eischens and Pliskin
(16) showed a coverage dependency for the
frequency of the vibrational absorption of
CO on silica-supported platinum in which
the linear CO stretching mode frequency
varied from 2040 cm™! at low coverage to
2067 cm~' at high coverage, and Crossley
and King (17) reported a similar shift of 2063
cm™! to ca. 2100 cm™! for CO on a {111}
oriented polycrystalline film, a phenomenon
ascribed to vibrational coupling between ad-
sorbed CO molecules (/8).

Metal particle size and the structure of
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the adsorption site also have an effect on
stretching frequencies for adsorbed CO. In
the relatively loosely defined environment
present at the CO adsorption site on a dis-
solved colloidal metal particle it is difficuit
to correlate vibrational frequencies with a
specific factor. For example a report has
recently appeared on the infrared absorp-
tions of CO on agqueous platinum colloids
in which a broad absorption due to linear
adsorbed CO shifted from 2066 to 2045 cm ™!
over several hours (19). It is, however, in-
teresting to compare the infrared data for
CO on colloidal platinum with that available
for molecular platinum carbonyl clusters in
a similar size range. Ichikawa has reported
the infrared spectra of the anionic molecular
platinum carbonyl clusters [Pty(CO)]:™ (n
= 2,3,4,5), on silica and y-alumina (20b). In
that study, the CO stretching absorptions of
the adsorbed clusters were shifted slightly
to lower frequency from those observed for
the pure clusters in solution. For example
the terminal CO stretching frequencies for
the dissolved and supported (y-alumina)
clusters are 2055 (2040) cm ' (n = 5), 2040
(2025) cm ' (n = 4), 2030 (2005) cm ™! (n =

3), and 1995 (1970) cm ' (n = 2). However, .

both for the clusters in solution and those
adsorbed on alumina the CO stretches form
a clear progression to lower frequency as
the size of the cluster decreases, as shown
in Fig. 3. Since it is known that these CO
stretching frequencies are size dependent
for this entire family of clusters (n = 1-6)
(20a) it is tempting in our study to ascribe
an approximate size to the colloid particles
on the basis of the observed stretching fre-
quency of adsorbed CO. For example,
[Pt;,(CO),J*> on y-alumina has a terminal
CO stretching absorption at 2025 ¢cm !, and
in solution at 2040 cm ~'; the corresponding
values for [Pty(CO),s]?>~ are 2005 and 2030
cm~'. In the absence of other data on which
to assign a size range to the colloids, ang
bearing in mind the upper limit of ca. 8 A
set by TEM (see above) we suggest that the
infrared absorption for CO adsorbed on the
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FiG. 3. Particle size dependency of linear C=0
stretching mode for (a) supported [Pt (CO),,J*~ clusters
on y-alumina, (b) [Pt,(CO),,J"~ in solution (Ref. (21).

colloidal platinum is consistent with the
presence of clusters of less than 20 metal
atoms.

When the original colloidal platinum solu-
tion is hydrolyzed prior to addition of CO,
the gray precipitate produced contains parti-
cles of platinum (see Fig. 1), as described
above. Addition of CO to the precipitate
causes a perceptible change in color of the
solid to dark red-green, with infrared ab-
sorptions at 2040 and 1825 ¢cm ™! (Fig. 4(b)).
These absorptions fall in the range reported
(20) for the terminal and bridging CO
stretching modes in the platinum carbonyl
clusters [Pt;(CO)]> ", and in fact the molec-
ular cluster [Pty(CO)J*~ is isolated by ex-
traction of the solid with tetracthylammo-
nium bromide in methanol. The residual
solid precipitate retains a varying fraction
of the piatinum, between 60 and 80%. The
yields of the molecular cluster are enhanced
by reversing the procedure as follows. Car-
bon monoxide was passed through a solu-
tion of colloidal platinum, prepared as
above, containing ca. 1 wt% Pt. Infrared
spectroscopy of the carbonylated colloid so-
lution showed an absorption at 2035 ¢cm !,
as described above (Fig. 2). The aluminox-
ane in the carbonylated colloid solution was
hydrolyzed by passing through it a water-
saturated stream of nitrogen, yielding a dark
solid with a strong infrared band at 2039
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F1G. 4. Infrared spectra of (a) platinum colloid, after
(i) addition of CO (see Fig. 2) and (ii) precipitation by
hydrolysis of aluminoxane; (b) platinum colloid, after
(i) precipitation by hydrolysis and (ii) addition of CO.

c¢cm~! and a weaker broadband at ca. 1830
cm ™!, as shown in Fig. 4(a). After collection
by filtration and drying under reduced pres-
sure, the solid was dispersed in a solution of
tetracthylammonium bromide in methanol.
After stirring for several minutes the solu-
tion was dark red, with infrared absorptions
centered at 2040 and 1840 cm~! and, after
filtration from the pale gray solid residue
and reduction in volume of the filtrate under
reduced pressure, a black crystalline mate-
rial was isolated. This compound was char-
acterized as (ET,N),[Pty(CO),5] by compari-
son with an authentic sample, prepared by
literature methods (20), of its infrared spec-
trum (2028(s), 1854(sh), 1839(m), 1809(w)
cm ™! in tetrahydrofuran solution; reported
for [Pty(CO) 0%, 2030(s), 1855(sh),
1840(m), 1810(w) cm~',) and its '*Pt NMR
spectrum (27) (see Fig. 5). Comparison of
the platinum concentration in the precipitate
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obtained by hydrolysis of the as-prepared
colloidal platinum solution with that in the
residue after extraction of the carbonyl clus-
ter revealed that 50-60% of the platinum in
the original colloid had been converted to
the molecular cluster.

The isolation of the Pty cluster emphasizes
the high reactivity of clusters of metal atoms
in this highly dispersed state. The identity
of the cluster isolated is probably more a
reflection of the stability of the
[Pt3(CO)e)2~ family of clusters than a clue
to the precise particle size or structure of
the colloidal metal clusters. Indeed in other
ostensibly similar experiments on the hy-
drolysis of the carbonylated platinum col-
loid we have extracted [Pt;,(CO),,]*", an-
other cluster in this family, mixed with
[Pto(CO)5)* . Clusters in this family have
recently been reported in the reaction of
Pt’>* in basic zeolites with CO (22).

Reaction with Carbon Monoxide—NMR
Studies

In the solid state, magic-angle spinning
and other magnetic resonance techniques

b » Aeiredutit .l A
thL )m‘u
PPM PPM 1
2100 1900 1700 1500 1300
ppm

FiG. 5. 64.1 MHz '""Pt NMR spectrum of (a)
[Pto(CO) )2~ (b) [Pt;5(CO)yy >~ (36,000 acquisitions, 1-s
recycle delay) (see Ref. (22) for similar data on samples
prepared by literature methods).
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have made accessible chemically significant
NMR data from hitherto intractable sys-
tems, including the observation of surface
and bulk resonances for supported metals
(23) and chemical shift and relaxation time
data for adsorbed molecules on metal sur-
faces (23, 24).

In the case of the colloidal solutions stud-
ied here, the fact that the metal particles
are so small suggested that high-resolution
liquid phase NMR might successfully be ap-
plied to the study of adsorbed molecules. In
molecular systems, of course, the presence
of colloidal metal in an ostensibly homoge-
neous sample can utterly destroy any pros-
pect of obtaining the high-resolution spectra
characteristic of liquid samples. However,
if we restrict our expectations to the acquisi-
tion of data at higher resolution than that
easily available from solid samples, what
would otherwise be unacceptably broad res-
onances from a molecular spectroscopic
perspective would become acceptably sharp
for samples containing colloidal metals, and
we have reported separately (2) the success-
ful observation of '*C resonances with line-
widths of 20 ppm for carbon monoxide ad-
sorbed on colloidal palladium (~20-A
particles). In the case of the platinum col-
loids there is the added prospect that since
195pt (30% natural abundance) has a nuclear
spin of %, the metal colloid particle itself
is potentially amenable to study by NMR.
Molecular platinum clusters with metal core
sizes in the 5-to 10-A range give well-re-
solved '®Pt resonances (2/), as can be seen
from the Pt NMR spectra of molecular
platinum carbonyl clusters in the size range
we propose for the colloid particles and
which we have extracted from the colloid
solutions after treatment with CO and hy-
drolysis (see above), shown in Fig. 5. Pt
NMR has also been successfully applied by
Slichter and co-workers (23) and by Bucher
et al. (25) to the study of supported platinum
particles larger than those in our solutions.
However, we have been unsuccessful in at-
tempts to observe the Pt resonances due

200 160 120

ppm

280 240

FI1G. 6. 75 MHz '*C NMR spectrum of *CO adsorbed
on isobutylaluminoxane stabilized platinum colloid.
(36,000 acquisitions, 1.5-s recycle delay (T, measured
by inversion recovery = 0.44 s).

to colloidal platinum in the high-resolution
liquid mode. A possible explanation for this
failure can be found in the observation of
Bucher et al. (25) that the linewidth ob-
served for surface platinum atom reso-
nances in supported platinum catalysts is
dependent on dispersion, the smaller parti-
cles having the wider resonances. This is
attributed to the greater inhomogeneity of
the surface of the smaller particles which
have a higher concentration of discontinu-
ities (edges, vertices, etc.), whereas the
larger particles have a preponderance of
atoms in regular planes. In the colloidal so-
lutions under study here the particles are
extremely small, with the result that virtu-
ally all the platinum atoms are surface
atoms. The particles are of unknown but
presumably irregular structure, and thus
would represent an extreme case of inhomo-
geneity among the atomic sites. Pt chemi-
cal shifts over a wide range (7), and for a
system in which a range of environments
is present, such as the colloidal platinum
solution, an extremely broad resonance is
to be expected.

We applied high-resolution '*C NMR to
solutions containing ca. 1 wt% platinum
which had been saturated by exposure to
99% 3CO at 1 atm, as shown in Fig. 6. The
BC chemical shift of the CO resonance (ca.
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194 ppm) is shifted slightly downfield from
that of free CO dissolved in a solution of
isobutylaluminoxane in the same solvent
(184 ppm). The resonance has a half-width
of ca. 50 ppm at 298°C, significantly broader
than that observed for the analogous palla-
dium colloid (20 ppm), and shows no marked
asymmetry at 298°C. We are currently per-
forming variable temperature experiments
in order to reveal any kinetic effects, that
would cause motional averaging of CO mol-
ecules in bridging and terminal sites, as we
previously observed for the analogous palla-
dium system (2). The broad CO resonance
extends well into the chemical shift range
associated with bridging carbonyls in molec-
ular platinum carbonyl clusters, but we
doubt that any of the intensity of the reso-
nance in this region is due to bridging CO
since infrared spectroscopy shows an ab-
sence of CO in twofold bridging sites. The
broader resonance observed for CO on col-
loidal platinum (<8 A)in comparison to the
analogous palladium system (ca. 18 A) is
consistent with the suggestion that the
smaller platinum particles present a more
inhomogeneous surface to the adsorbed car-
bon monoxide than do the larger palladium
particles. That the broad resonance might
be caused by the failure of the system to
tumble rapidly enough to average the chemi-
cal shift to its isotropic value, or by "*C
dipolar interactions, can be ruled out by a
hole-burning experiment (2, 26) in which
saturation of the resonance in a narrow fre-
quency range results in a ‘‘hole’’ in the reso-
nance. If the linewidth of the adsorbed CO
resonance was due to restricted motion of
the colloid particle in solution, then as the
particle reoriented, the resonance of any in-
dividual carbon would sweep out the range
of chemical shifts corresponding to the ob-
served linewidth. This would result in a
broadening of the saturation ‘‘hole’” with
time and a time constant for recovery of the
saturated spins which reflected the correla-
tion time for reorientation of the system.
In the absence of such an effect the hole
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recovers without broadening and with a time
constant of T,, the spin-lattice relaxation
time, and this is what we observe in the
present case.

It is interesting to compare the chemical
shift of CO on colloidal platinum in our sys-
tem (194 ppm) with that found for coordi-
nated CO in molecular platinum carbonyl
clusters and with CO adsorbed on supported
platinum. The mean shift for bridging and
terminal carbonyls in [Pt;o(C),,]*~ is 198.7
ppm (27), a value quite characteristic for a
third-row metal cluster carbonyl. For CO on
Pt/y-AlL,O, (76% dispersion, ca. 16 A as a
sphere) a shift of 360 ppm has been observed
(28), and the downfield shift of more than
250 ppm with respect to CO is attributed to
a Knight shift mechanism involving cou-
pling to the conduction electrons in the plati-
num particle which is thus exhibiting metal-
lic properties. The chemical shift of 194 ppm
for CO on the sub-nanometer colloid is thus
consistent with the particles being below the
size at which metallic properties begin to
manifest themselves, and we may thus con-
sider them in this sense pseudomolecular.
It is, of course, of interest to monitor the
size dependency of the '3C chemical shift of
adsorbed CO in this system and in other
colloidal metal solutions. Details of these
experiments and of the NMR experiments
in general will be reported separately.

CONCLUSIONS

Colloidal platinum clusters less than 10 A
in diameter have been prepared in methylcy-
clohexane solution in the presence of isobu-
tylaluminoxane. Solutions of these sub-
nanometer platinum particles rapidly adsorb
carbon monoxide. Infrared and high-resolu-
tion liquid-phase NMR spectroscopic analy-
sis suggests an overlap with both the proper-
ties of adsorbed CO on metal surfaces and
the behavior of molecular carbonyl clusters.
The clusters are of a size below that required
for the onset of metallic properties, as re-
vealed by the absence of a Knight shift for
adsorbed carbon monoxide. Molecular car-
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bonyl clusters have been synthesized using
colloidal clusters in a similar size range. Col-
loidal metal particles in non-polar solvents
thus provide interesting models for investi-
gating the adsorbed state of small molecules
on catalyst surfaces, and our study suggests
that they may be especially appropriate as
a bridge between homogeneous and hetero-
geneous catalysts.

Note added in proof. After the submission of this
paper we became aware of a report of the successful
observation of a Pt resonance in the NMR of an
aqueous platinum colloid. No particle size was mea-
sured for the colloid, which was estimated at ca. 20
A from its method of preparation. Newmark, R. D.,
Fleischmann, M., Pons, B. S., J. Electroanal. Chem.
Interfacial Electrochem. 255, 325 (1988).
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