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The reaction of Pt,(dba); with CO leads rapidly to the formation of platinum nanoparticles. Stabilization of the
particles was achieved by octanethiol or various polymers. Spectroscopic studies demonstrate the coordination
of thiol at the surface of the particles. The size distribution is quasi monodisperse and centered near 1.6 + 0.15
nm as demonstrated by HREM. However, only the core of the particles is crystalline, the outer shell being
heavily disordered as demonstrated both by HREM and WAXS. This disorder is attributed to the influence of
strongly coordinating ligands. For comparison, HREM and WAXS data were recorded on platinum
nanoparticles prepared in various polymers: polyvinylpyrrolidone (PVP), nitrocellulose (NC) and cellulose
acetate (CA). In addition, a sample has been obtained from decomposition of Pt,(dba); by dihydrogen in PVP.
The particles are well-crystallized and display HREM sizes that vary as a function of the polymer: <1 nm
(PVP/CO), 1.30 &+ 0.15 nm (NC), 1.70 £ 0.15 nm (CA) and 1.50 + 0.15 nm (PVP/H,). Models elaborated from
WAXS data recorded on these different colloids are in agreement with the presence of, respectively, one-shell
clusters, a mixture of two- and three-shell clusters (85 : 15), a mixture of three- and four-shell clusters (80 : 20)
and three-shell clusters. There is little or no discrepancy between the HREM and WAXS data in these cases,
hence demonstrating the absence of strong interactions between the polymers and the surface. The best fit was
obtained for the colloid prepared under H, in PVP, which resembles a free platinum nanoparticle, whereas the

colloid stabilized by thiol(ate) ligands behaves as a ‘giant cluster’.

Nanoparticules de platine stabilisées par le monoxyde de carbone et des ligands octanethiol ou des polymeéres:
études IR-FT, RMN, MEHR et WAXS. La réaction du complexe Pt,(dba); avec CO conduit rapidement a des

nanoparticules de platine qui ont été stabilisées par I'utilisation d’octanethiol ou de polyméres variés. Les études
spectroscopiques démontrent la coordination du thiol a la surface des particules. En microscopie électronique a
haute résolution (MEHR), la distribution de tailles est quasi monodisperse et centrée a 1,60 + 0,15 nm. Les
études MEHR et WAXS montrent que seul le coeur est bien cristallisé, la couche externe étant trés désordonnée.
Ce désordre est attribué a 'influence des ligands thiol fortement coordinants. Pour comparaison, des études
MEHR et WAXS ont été réalisées sur des particules de platine préparées dans différents polymeres:
polyvinylpyrrolidone (PVP), nitrocellulose (NC) et acétate de cellulose (AC). Un autre composé a également été
synthétisé par décomposition du précurseur Pt,(dba); sous H, en présence de PVP. Les particules obtenues sont

bien cristallisées et présentent des tailles MEHR qui varient en fonction du polymeére [ <1 nm (PVP/CO),

1,30 + 0,15 nm (NC/CO), 1,70 + 0,15 nm (AC/CO) et 1,50 + 0,15 nm (PVP/H,)] et qui correspondent
respectivement a des modeles en WAXS contenant des clusters & une couche, un mélange de clusters a 2 et 3
couches (85 : 15), un mélange de clusters a 3 et 4 couches (80 : 20) et des clusters a 3 couches. Dans ces cas, il y a
peu ou pas de contradiction entre les données MEHR et WAXS, ce qui démontre I’absence d’interaction forte
entre les polyméres et la surface. Le meilleur accord a été obtenu pour le colloide prépare sous H, dans la PVP.
Ce colloide ressemble a4 une nanoparticule libre alors que le colloide stabilisé par les ligands thiol(ate)s se

comporte comme une cluster géante.

The physical and chemical properties of transition metal
nanoparticles or of oxides or sulfides with sizes at the frontier
between the molecular and the solid state are of great funda-
mental interest.! These materials can also be of practical use
in the fields of catalysis>"> or materials science * as semicon-
ductors, superparamagnets, gas sensors, etc. However, in
order to understand and adjust the properties of such
materials in the field of catalysis, the particles must have a
controlled size, a controlled surface composition and be stable
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under the reaction conditions. The first two conditions must
also be fulfilled for their use in materials science but in addi-
tion, the bulk structure of the material made from the nano-
particles must also be controlled, either by self-assembly
processes>~’ or by manipulation of the nanoclusters as ‘super-
atoms’.

During the past few years we have addressed the problem of
the synthesis of nanoparticles of controlled size and surface
composition through an organometallic approach.8-12 It has,
for example, been possible to synthesize platinum particles
displaying a very narrow size distribution centered around 1.2
nm.!® We have demonstrated on this occasion that the par-
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ticles adopt, in general, the bulk fcc structure, except if steri-
cally demanding phosphine ligands force the particle to adopt
an icosahedral structure.'® However, we have also shown that
using CO, THF, PPh; or THT ligands we could not suffi-
ciently stabilize the particles in solution for further use.':1!

In order to obtain stable particles, we considered using
thiolate ligands. Thiolates have been commonly used to stabil-
ize gold colloids®!3-1# prepared in general by the reduction of
metal salts. The colloidal solutions obtained with this pro-
cedure have proven to be stable and furthermore to self-
assemble on surfaces or even in solution. Bisthiolate ligands
have even been used to link together individual clusters.” Few
examples of the stabilization of platinum particles by thiolate
ligands'® are known and these concern particles of large size.

During the course of the present study, we observed a dis-
crepancy between the results of the particle characterization
by WAXS and HREM techniques. This discrepancy could be
the result of a strong interaction between surface ligands and
surface atoms leading to a distorsion of the structure of the
particle. In order to study this phenomenon we reinvestigated
the size and structure of platinum particles dispersed in
various polymers [polyvinylpyrrolidone (PVP), nitrocellulose
(NC), cellulose acetate (CA)].

We describe in this paper the synthesis of new platinum
nanoparticles stabilized by octanethiol ligands and their char-
acterization by WAXS (wide angle X-ray scattering) and
HREM (high resolution electron microscopy), as well as a
comparison of these results with those obtained for platinum
particles sterically protected in polymers.

Results

Synthesis and characterization of octanethiol-stabilized
platinum nanoparticles

Previous studies®!! in the group have demonstrated that

addition of CO on a solution of the precursor Pt,(dba);'¢ led
rapidly to the formation of platinum nanoparticles. However,
the nature of the colloidal solution prepared in this way is
highly dependent upon the solvent!® in which the reaction is
carried out. In toluene, a brown powder precipitated and it
was shown to contain fcc platinum particles displaying a
broad size distribution (Colloid 1). In contrast to this result, in
THF a homogeneous solution shown to contain nearly mono-
disperse platinum particles with a mean size of ca. 1.2 nm
(Colloid 2) was obtained. Conversion of Colleid 1 into Colloid
2 was rapid in THF. For the purpose of the present work, we
added thiols on both species.

Addition of 0.2 equiv. octanethiol per Pt to the precipitate
of platinum particles obtained in toluene (Colloid 1) leads to a
brown suspension. The mixture was subjected to ultrasound
in a bath for 1 hour and left stirring in solution for 3 days to
achieve dissolution, thus leading to a colloid hereafter named
Colloid 3. Infrared monitoring of the reaction mixture indi-
cated the presence of two absorption bands at 2051 and 1810
cm™! after sonication. These bands are those of Colloid 1,
which indicates that coordination of thiol has not yet
occurred. The terminal CO stretch shifts to 2047 cm ™! after 2
days, and to 2039 cm ! after 3 days, in agreement with cover-
age of the surface by the thiol ligands, whereas the bridging
CO becomes hardly visible (Fig. 1). It was not possible to
observe the S—H stretching bands due to their low intensity.
HREM analysis of the colloidal solution shows the presence
of particles displaying a relatively broad size distribution and
a mean size of 1.4 nm (Fig. 2).

Adding 0.2 equiv. octanethiol on a platinum colloid pre-
pared in THF (Colloid 2) produces rapidly a homogeneous
brown solution exhibiting two infrared bands at 2040 and
1799 cm ™! (Fig. 3), close to the values found for the Colloid
3. It is noteworthy that thiol addition leads to a decrease
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Fig. 1 Infrared monitoring of the reaction mixture obtained after
addition of octanethiol to Colloid 1: (curve a) after 2 h, (curve b)
after 2 days, showing the evolution to Colleid 3 (curve c) after 3 days

in the intensity of the CO stretching band and to a low fre-
quency shift, in agreement with CO substitution and the pres-
ence of a more electron-rich platinum surface. Evaporation to
dryness of the solution leads to the formation of a brown
powder, very soluble in common organic solvents such as
THF and pentane, hereafter named Colloid 4. A microanalysis
carried out on this powder demonstrates the presence of a
large amount of solvent and of dba residues in the colloid.
However, it was possible to determine a platinum : sulfur ratio
of 4.34:1. The same reaction carried out on a sample of colloid
prepared and purified in toluene and then redissolved in THF
before the addition of 0.2 equiv. octanethiol per Pt essentially
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Fig. 2 Histogram of the sizes of Colloid 3 determined from HREM
showing a broad size distribution and a mean size of 1.4 nm
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Fig. 3 Infrared spectra of Colloids 2 (curve a) and 4 (curve b)



led to the same result. Analysis by high resolution electron
microscopy of Colloid 4 solutions resulting from three differ-
ent preparations demonstrated the presence of disordered
platinum nanoparticles of a mean size centered near 1.6 nm.
The micrograph in Fig. 4(a) shows that the particles all have
roughly the same size and that there is no overlap or

(B)

Fig. 4 (a) HREM micrograph of Colloid 4 showing that the particles
have all roughly the same size and that they are regularly separated;
(b) nearby particles with no coalescence
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Fig. 5 Histogram of the sizes of Colloid 4 determined from HREM
showing a narrow size distribution and a mean size of 1.6 nm

coalescence of individual particles. The histogram (Fig. 5)
shows that the size distribution of Colloid 4 is extremely
narrow and, given the measurement errors,!’ can be con-
sidered as monodisperse. The origin of this monodispersity for
a size suggesting the presence of mostly three-shell clusters is
not clear but could result from a size adjustment, allowing the
most satisfactory coverage of the surface by the thiol groups.
Furthermore, Fig. 4(b) shows that nearby particles do not
coalesce but remain separated quite regularly by a distance of
ca. 0.7 nm. This arrangement of the particles is most probably
due to the presence of the protecting octanethiol ligands and
the separation distance indicates that their coordination
spheres are imbricated into one another through self-
assembly. Colloid 4 is very stable; it can be kept in solution
for several weeks without decomposition; it can also be iso-
lated and redissolved without any change in its properties.
This stability is clearly a result of the presence of the thiol
groups, however, we do not know whether the sulfur ligands
are coordinated as thiol or thiolate groups. Given the much
higher stability of Colloid 4 compared to the corresponding
colloid stabilized by THT, we favour the presence of thiolate
groups at the surface.

'H and !3C NMR spectra of this colloid were measured in
[*Hg]THF (400 MHz, 293 K). The **C{*H} NMR spectrum
shows broad peaks at 14.9, 24.0, 30.6 and 33.3 ppm, which can
be attributed by comparison to the spectrum of free octane-
thiol to the methyl group (C8) of the thiol chain, to the methy-
lene C7, to two overlapping methylene groups, namely C4 and
C5, and to the methylene group C6, respectively. The a, f and
v carbons (C1, C2 and C3) are not seen, probably as a result
of shielding by the platinum particle. A similar effect has been
recently observed by Reven and colleagues in alkanethiol-
capped gold colloids.'# Interestingly, these authors were also
unable to locate the resonances of the three o, B and y
carbons. At each position, it is possible to observe both a
broad resonance assigned to the coordinated octanethiol and
a minor sharp one assigned to the free ligand. These reso-
nances do not exchange, which suggests that there is no
exchange between free and coordinated octanethiol and more-
over, the amount of free ligand is very small compared to the
complexed one. The 'H NMR spectrum is less informative but
peaks at 0.85 and ca. 1.3 ppm corresponding to the methyl
group (C8) and some methylene groups of the octanethiol
ligand could be observed. It was not possible, using spectro-
scopic techniques, to determine whether the thiol molecules
are coordinated unchanged or are transformed into thiolate
groups.

In order to characterize the particles present in Colloid 4
fully, we carried out an analysis of the product by WAXS.
This technique allows one to determine the particle crystal
structure and a coherence length corresponding to the order-
ing within a given particle, hence leading to a model of cluster
size. For convenience, the models we use are closed-shell clus-
ters having a ‘magic’ number of atoms or a combination of
two such clusters. In reality, it is doubtless that there is a dis-
tribution in atom numbers. Measurements carried out both
on the brown precipitate and on a THF solution (after correc-
tion for solvent contributions) leads to a well-defined reduced
radial distribution function (RDF) consistent with a small
cuboctahedral model (Fig. 6). The structure is fcc and the
apparent size of the particles is consistent with a model
including a mixture of 13- and 55-atom cuboctahedral par-
ticles in a 95:5 ratio. The Pt—Pt distance (0.2775 nm) is
similar to that found for bulk platinum and a value of
7 x 107° nm~2 has been affected to the individual b; disper-
sion factors. However, a mixture of particles containing three-
and four-shell clusters was expected from HREM. The same
problem was encountered with THT-protected platinum
nanoparticles of 1.3 nm mean size but for which the best fit of
the WAXS data was obtained with a 13-atom model.!! This
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Fig. 6 RDF of particles of Colloid 4 (solid line: experimental data
obtained in solution in THF; thick broken line: cuboctahedral model;
thin broken line: experimental data obtained from powder)

problem was not encountered for Colloid 2 for which the RDF
was consistent with a fcc model containing mostly 55 atoms,
in agreement with the HREM analysis showing the presence
of very small crystalline fcc particles of mean size 1.2 nm.!°

The difference between the THT- or octanethiol-protected
platinum particles and the THF-protected ones is the pres-
ence, at the surface, of a very good donor ligand that can
modify the arrangement of the surface atoms. The WAXS
analysis would then emphasize the crystalline environment
located in the center of the particles.

Characterization by WAXS and HREM of platinum
nanoparticles stabilized by various polymers

The discrepancy described in the preceding chapter between
HREM and WAXS results led us to reconsider previous
work® on the stabilization of particles in polymers. It is
expected that polymers will only lead to a steric stabilization
of the particles and chemically interact very little with the par-
ticle surface. Experimental evidence for this lack of interaction
comes from our work with cobalt nanoparticles.!> We have
demonstrated that cobalt nanoparticles stabilized in PVP and
prepared by an organometallic approach display the same
magnetization enhancement and magnetic anisotropy, com-
pared to bulk cobalt, as cobalt clusters prepared in high
vacuum by time-of-flight experiments. However, the intro-
duction of potential ligands or reactants such as CO, O,, etc.
immediately quenches the magnetism. It is also known from
previous work by us and others that the decomposition of
Pt,(dba); leads to nanoparticles of various sizes, depending
upon the reactive gas (CO or H,) and the nature of the
polymer. An elegant study of CO adsorption on platinum col-
loids prepared from Pt,(dba); in PVP has recently been
reported by de Caro and Bradley.!® In our case, the particles
had been characterized by electron microscopy but not at
atomic resolution. We reanalyzed the different systems by
HREM and WAXS in order better to understand the system-
atic errors induced by the different techniques when handling
very small particles. We slightly modified the synthetic pro-
cedure by carrying out the reactions in a Fischer—Porter
bottle under a pressure of 1 bar CO, in the presence of a
given polymer, namely polyvinylpyrrolidone (PVP), nitrocellu-
lose (NC) and cellulose acetate (CA). The reaction is rapid
under CO and leads to a dark brown solution from which
brown precipitates are obtained upon addition to pentane:
Colloid 5 in PVP (3 wt% Pt); Colloid 6 in NC (2 wt% Pt) and
Colloid 7 in CA (2.5 wt% Pt).

The infrared spectrum of Colloid 5 was obtained in KBr
pellets and consists of two bands at 2043 and 1870 cm~!. No
particles were observed by TEM whereas WAXS analysis
demonstrates the presence of small crystalline particles having
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a fcc structure. The well-defined reduced RDF is consistent
with a very small cuboctahedral model and the apparent size
of the particles is consistent with a model containing 13
atoms, which generates all the distances observed in the
experimental RDF (Fig. 7). The Pt—Pt distance (0.2775 nm) is
similar to that found for bulk platinum and a value of
5 x 107° nm~2 has been affected to the individual b; disper-
sion factors. Such small particles definitely do not produce
sufficient contrast and therefore the negative TEM result
should not be considered to be in discrepancy with WAXS.

Colloid 6 shows two bands at 2054 and 1883 cm™* in the
infrared spectrum (KBr pellets). HREM analysis shows well-
dispersed particles (Fig. 8) having a mean size of 1.3 nm with a
low size dispersity (Fig. 9). Again, a well-defined reduced RDF
with a greater coherence length was obtained by WAXS
analysis, consistent with a cuboctahedral model (Fig. 10). The
structure is fcc and the apparent size of the particles is consis-
tent with a model containing both 55- and 147-atom cubocta-
hedral particles (in an 85:15 ratio for the best agreement
between experimental and simulated data). The Pt—Pt dis-
tance had to be adjusted to 0.2760 nm in order to fit the data,
which represents a contraction of 0.5% of the Pt—Pt distance.
Values of 3 x 1075 and 8 x 107° nm~2 for the 55- and 147-
atom particles were affected to the dispersion factors b;. This
indicates that big particles display a disorder in their outer
layer. The diameter of closed-shell clusters of platinum is pre-
dicted to be 1.15 nm for a two-shell cluster (55 atoms) and
1.58 nm for a three-shell cluster (147 atoms). Thus, the agree-
ment between both techniques is satisfactory.

Colloid 7 shows two bands at 2049 and 1884 cm™* in the
infrared spectrum (KBr pellets). HREM analysis shows again
well-dispersed particles (Fig. 11) having a mean size near 1.7
nm with a very low size dispersity, given the larger size of the
particles (Fig. 12). Again, a well-defined reduced RDF was
obtained by WAXS analysis, which is consistent with a cuboc-
tahedral model (Fig. 13). The structure is fcc and the apparent
size of the particles is consistent with a model containing both
147- and 309-atom cuboctahedral particles in an 80 : 20 ratio
for the best agreement between experimental and simulated
data. The Pt—Pt distance had to be adjusted to 0.2745 nm in
order to fit the data which represents a contraction of 1% of
the Pt—Pt distance. Values of 5 x 1073 and 15 x 107 ° nm~?2
for the 147- and 309-atom particles were affected to the dis-
persion factors b;. This indicates that big particles are disor-
dered in their outer layer. The diameter of closed-shell clusters
of platinum is predicted to be 2.02 nm for a four-shell cluster
(309 atoms). The agreement between both techniques is satis-
factory.

Finally, we prepared a new colloid, Colloid 8, by decompo-
sing Pt,(dba); in THF under 3 bar H, in the presence of PVP.
HREM analysis shows again well-dispersed particles (Fig. 14)
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Fig. 7 RDF of particles of Colloid 5 (solid line, experimental data;
broken line, cuboctahedral model at 13 atoms)
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Fig. 10 RDF of particles of Colleid 6 (solid line, experimental data;
broken line, function simulated from a mixed-size particle model)

1 ﬂ nm of a mean size near 1.5 nm with a low size dispersity (Fig. 15).
A well-defined reduced RDF was obtained by WAXS analysis,
which was consistent with a cuboctahedral model as for all
other colloids described here (Fig. 16). The structure is fcc and

10 nm

Fig. 8 (a) HREM micrograph of Colleid 6 showing well-dispersed
particles; () HREM micrograph showing particles imprisoned in a
pocket of polymer
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Fig. 9 Histogram of the sizes of Colloid 6 determined from HREM Fig. 11 (a) HREM micrograph of Colloid 7 showing well-dispersed
showing a low size dispersity and a mean size of 1.30 nm particles; (b)) HREM image of cuboctahedral platinum particles
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Fig. 12 Histogram of the sizes of Colloid 7 determined from HREM
showing a low size dispersity and a mean size of 1.66 nm

the apparent size of the particles is consistent with a model
containing 147 atoms, which generates all the distances
observed in the experimental RDF. The Pt—Pt distance had
to be adjusted to 0.2740 nm in order to fit the data, which
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Fig. 13 RDF of particles of Colloid 7 (solid line, experimental data;
broken line, function simulated from a mixed-sized particle model)

Fig. 14 HREM micrograph of Colloid 8 showing well-dispersed par-
ticles
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Fig. 15 Histogram of the sizes of Colloid 8 determined from HREM
showing a low size dispersity and a mean size of 1.5 nm
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Fig. 16 RDF of particles of Colloid 8 (solid line, experimental data;
broken line, cuboctahedral model at 147 atoms)

represents a contraction of 1.2% of the Pt—Pt distance, and a
value of 3 x 1073 nm ™2 has been affected to the individual b,
dispersion factors. There is perfect agreement between the
HREM and WAXS data.

Discussion

This study provides information on the size variation of the
particles as a function of the stabilizer, on the surface of the
particles and on the agreement or discrepancy of the WAXS
and HREM techniques for the characterization of nanoparti-
cles. These various points will now be discussed.

First, we find good agreement between the WAXS and
HREM data in the case of the polymer-stabilized colloids.
This agreement is even excellent in the case of Colloid 8
obtained by decomposition of Pt,(dba); in PVP under dihy-
drogen. We have previously found good agreement between
WAXS and HREM data for the characterization of Colloid 2
stabilized only by THF and CO, but we find a discrepancy
between the two techniques when THT is used as a coordi-
nating ligand; this discrepancy becomes even larger when
using octanethiol as described in the present study. This
observation is not yet fully rationalized but is clearly linked
with the presence of coordinating ligands at the surface of the
particles. Since what is observed by WAXS is a coherence
length, that is the distance at which the positioning of atoms is
regular, it is most likely that the outer layer and, in the case of
strong ligands such as thiol(ate)s, the next layer are distorted
compared to the ideal fcc structure. In the case of colloids that
do not contain a strong binding ligand but contain CO, such
as Colloid 6 and Colloid 7, it should be noted that the pro-



posed models, which suggest a mixture of two particles sizes,
are not exclusive. Even if such models lead to a good fit with
the experiment, other models incorporating a greater amount
of the larger particles with a more disordered external shell
(and therefore not observable by WAXS) should also give
close agreement and account for the experimental RDF. For
the same reason, fcc models that would not have an overall
cuboctahedral structure!® cannot be rejected, nor demon-
strated. The case of the platinum particles obtained in PVP
under H, (Colloid 8) is interesting since it gives the best fit
between the two techniques. We can also observe by HREM
that the particles of this colloid easily coalesce, in agreement
with a lack of surface protection. This result is in agreement
with those concerning the magnetic properties of cobalt par-
ticles prepared from an organometallic precursor under H, in
PVP.'° In that case the surface of the particle is apparently
free and does not interact, at least not significantly, with the
polymer and with hydrogen. In contrast, the particles covered
by CO are not free particles but start behaving as ‘giant
clusters’. A similar observation could be made with the
Pt—Pt distance: lattice contraction is known to increase when
the size of a free particle is reduced.?’ The paradoxal behav-
iour of a lattice parameter closest to the bulk value for
the smallest colloids might be related to a relaxation of the
Pt—Pt distance induced by ligand coordination on the
surface. The mean Pt—Pt distance would then be related not
only to particle size, but also to the presence of ligands on the
surface.?!

The variation of the size of the particles as a function of the
polymer, of the ligands and of the decomposition mode is
again difficult to rationalize. In the case of decomposition
under CO, which is rapid, it is possible that nucleation occurs
in pockets of a size specific to each polymer and that the par-
ticle growth is limited by the pocket size. When decomposi-
tion is slower, such as under H,, the polymer could have time
to rearrange to allow the particle to grow further. The change
in size induced by the addition of octanethiol to Colloid 2
could result from an adjustment of the number of thiol(ate)
ligands on the surface of the particle.

In summary, this study, and more specifically the compari-
son between particles of similar size but protected by stabili-
zers of a different nature, demonstrates the effect of the ligands
on the surface of the particles. This surface is the most affected
when the coordinating properties of the ligands are the best.
By combining different techniques, in this case WAXS and
HREM, but also magnetic techniques in other cases, it is pos-
sible to gain a realistic view of the particle core and surface
structures. It is, however, most important to emphasize that
this work describes the synthesis of monodisperse platinum
particles containing thiol(ate) ligands, which are stable in solu-
tion and in the solid state at room temperature without
noticeable decomposition. These particles will now be used as
‘super-complexes’ for reactivity and ‘homogeneous’ catalytic
studies.

Experimental

General

All operations were carried out using standard Schlenk tube
or Fischer—Porter bottle techniques under argon or in a glove-
box under nitrogen. Solvents were purified just before use by
distillation under a nitrogen atmosphere: THF and toluene
over sodium benzophenone, pentane over calcium hydride. All
the reactions have been monitored by IR spectroscopy.

Infrared spectra were recorded on a Perkin—Elmer 1725
FT-IR spectrophotometer using KBr pellets when the pro-
ducts were isolated as solids, or as colloidal solutions trans-
ferred into a KBr cell. The reference spectrum of the solvent
was systematically subtracted.

The octanethiol-stabilized colloidal solutions were prepared
by treating a THF or toluene solution of the platinum precur-
sor, Pt,(dba);, in a Fischer—Porter bottle under 1 bar of CO.
The octanethiol ligands were then added. In the case of the
polymer-protected platinum particles, the colloidal solutions
were obtained by treating a THF solution of the platinum
precursor, in a Fischer—Porter bottle under 1 bar of CO or 3
bar of H,, in the presence of the chosen polymer.

NMR spectra were recorded in [2Hg]THF on a Bruker
AMX 400 operating at 400 MHz for 'H NMR and 100.71
MHz for 13C NMR. The spectra were calibrated using the
solvent signals as internal standards, chemical shifts are then
given versus TMS.

Materials

Pt,(dba), was prepared according to literature procedures.®
Dba, octanethiol, cellulose acetate and PVP were purchased
from Aldrich, nitrocellulose from Promochem, K,PtCl, from
Janssen, CO and H, from Air Liquide; all were used without
purification.

TEM experiments. Specimens for TEM studies were pre-
pared by slow evaporation of a drop of suitably diluted colloi-
dal solutions deposited on holey carbon-covered copper grids.
The observations were carried out on a Philips CM30/ST
electron microscope operated at 300 kV (with a point
resolution of 0.19 nm). The size distribution of the particles
was determined through numerical analysis of the micro-
graphs. In this procedure, the different particles were first
identified according to an upper and lower intensity threshold,
then counted and measured. In order to determine the fine
structure of the particles, interplanar angles and spacings were
measured from numerical diffractograms (Fourier transforms)
of HREM images.

WAXS experiments. WAXS measurements were performed
on small amounts of the fine powder (obtained after drying)
sealed in 1.5 mm diameter Lindemann glass capillaries for
Colloids 5-8. One measurement was also performed on a con-
centrated solution of Colloid 4 in THF, sealed in a 1.0 mm
diameter Lindemann glass capillary. Measurements of the
X-ray intensity scattered by the samples irradiated with
graphite-monochromatized molybdenum K_ (0.071069 nm)
radiation were performed using a dedicated two-axis diffract-
ometer. The air-scattering background was small enough to
be neglected. Time for data collection was typically 20 h for a
set of 457 measurements at room temperature in the range
0° < 8 < 65° for equidistant s values [s = 4n(sin 6/A)]. Fluores-
cence from the platinum was corrected by using a profile
obtained from two measurements collected from the same
sample with and without aluminium filters. In order to
separate the intensity related to the particles from contribu-
tions generated by other components (polymer, solvent, empty
capillary), scattering patterns from an empty capillary and one
filled with solvent or polymer alone were also collected under
the same conditions. The raw intensity was then corrected for
the capillary and polymer or THF contributions, attenuated
by sample absorption. Polarization and self-absorption cor-
rections were also applied. Data were reduced®? in order to
extract the structure-related component of WAXS, the so-
called reduced intensity function i(s), and Fourier-transformed
to allow for RDF analysis, using the formula

2r [ Smax .

Fir)=— f s - i(s)sin(r - s)ds
'Smin

where F(r) is actually a reduced RDF whose maximum for a

given r value indicates that at least two atoms in an elemen-

tary volume are separated by the distance r. Analysis of the

experimental function clearly pointed out the fcc structure and
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provided an approximate measurement of the metal-metal
bond length and of the order extent inside the particles. To
investigate the structure further, a model was then defined in
order to compute theoretical functions for the intensity and
radial distribution via Debye’s formula

ip(s) = 2 _i 2 S 1H)
SO0 T) (b
S 1y

ij 32)

where N is the total number of atoms in the model, f; the
atomic scattering factor for atom i, r;; the distance between
atoms i and j and b;; a dispersion factor affecting the i —j
interaction).

Best values of the parameters defining the models were esti-
mated from the agreement reached between experimental and
computed RDF but also between the related reduced intensity
functions. All models were built cuboctahedral in shape and
the b;; factors were set to a same value for all atoms in the
particle since individual adjustment of atomic positions and
dispersions requires additional information. This somewhat
crude model, where no difference is made between core and
surface atoms, is convenient for comparing one system to
another. No more than two different sizes of particles were
included to fit the experiments.

Compounds

Colloids 1 and 3. Colloid 1 was prepared as described in a
preceding paper'® and the octanethiol ligand was added sub-
sequently to obtain Colloid 3 as described below.

A solution of Pt,(dba); (130 mg, 0.12 mmol) in 40 mL of
freshly distilled and degassed toluene in a Fischer—Porter
bottle was pressurized with 1 bar of CO during 20 min under
vigorous stirring. During this time the solution changed color
from deep purple to brown and a reddish-brown solid precipi-
tated. The solution was removed by filtration and the precipi-
tate was washed with toluene (30 mL) and pentane (6 x 30
mL) until the solution turned colorless (to eliminate dba) and
dried under vacuum. Colloid 1 IR (KBr, cm™1): 2052, 1811.

A toluene solution of octanethiol (6 uL, 0.035 mmol, 5 mL
toluene, 0.2 equiv. per Pt) was then added to Colloid 1. The
mixture was subjected to ultrasound in a bath for 1 h and left
stirring in solution for 3 days, leading to Colloid 3. Infrared
spectra were recorded during this period of time. Colloid 3: IR
(toluene, cm~1): 2051 and 1811 after 2 h; 2047 after 2 days
and 2039 after 3 days. After evaporation to dryness, Colloid 3
was isolated as a sticky brown product and could not be
analyzed by microanalysis. HREM analysis: size distribution:
0.75-2.75 nm, mean size: 1.4 nm.

Colloids 2 and 4. Colloid 2 was also obtained as mentioned
in a precedent publication'® and a solution of the octanethiol
ligand was added subsequently to form Colloid 4.

A solution of Pt,(dba); (310 mg, 0.28 mmol) in 75 mL THF
was prepared and transferred into a Fischer—Porter bottle by
a Teflon canula. The bottle was then carefully evacuated and
pressurized with 1 bar of CO during 20 min under vigorous
stirring. The color of the mixture changed rapidly from violet
to brown and the medium remained homogeneous. Then the
mixture was transferred, filtered and evaporated to dryness.
The brown residue was washed with pentane to eliminate dba
(6 x 30 mL; until the pentane solution turned colorless) and
dried under vacuum. Colloid 2 IR (THF, cm ~1): 2052, 1810.

A THF solution of octanethiol (15 pL, 0.086 mmol, 5 mL
THEF, 0.2 equiv. per Pt) was then added to Colloid 2. The dis-
solution of this platinum precursor was very fast and the
resulting mixture was a homogeneous brown solution. Colloid
4 IR (THF, cm™1): 2040 and 1799. After evaporation to

710 New J. Chem., 1998, Pages 703-711

dryness, Colloid 4 was isolated as a brown powder. Micro-
analysis: C, 44.00, H, 4.38, S, 1.29, Pt, 34.05%, S : Pt, 434 : 1.
HREM analysis: fcc particles, size distribution: 1.0-2.25 nm,
mean size: 1.6 nm.

Colloid 5: Pt/PVP/CO. To a solution of Pt,(dba); (65 mg,
0.056 mmol) in 20 mL of freshly distilled and degassed THF in
a Fischer—Porter bottle, a solution of PVP (436 mg; 20 mL of
THF) was added. The mixture was then submitted to a pres-
sure of 1 bar of CO during 10 min under vigorous stirring.
During this time the solution color changed from violet to
brown and the colloid precipitated. The reaction mixture was
washed with pentane (6 x 30 mL, until the solution turned
colorless) to eliminate dba. It was then filtered and the solid
residue was dried under vacuum. IR (KBr, cm~1): 2043, 1870.
Microanalysis: Pt: PVP = 3 wt%. HREM analysis: no par-
ticles were observed.

Colloid 6: Pt/NC/CO. To a solution of Pt,(dba); (44 mg,
0.040 mmol) in 20 mL of freshly distilled and degassed THF in
a Fischer—Porter bottle, a THF solution of NC (307 mg; 20
mL of THF) was added. The mixture was then submitted to a
pressure of 1 bar of CO during 10 min under vigorous stir-
ring. During this time, the solution color changed rapidly
from violet to dark brown and stayed homogeneous. The
reaction mixture was washed with pentane (6 x 30 mL, until
the solution turned colorless) to favour the precipitation of the
colloid and eliminate dba. It was then filtered and the brown
solid was evaporated to dryness. IR (KBr, cm™1): 2054, 1883.
Microanalysis: Pt: NC =2 wt%. HREM analysis: fcc par-
ticles, size: 0.6—2.0 nm, mean size: 1.3 nm.

Colloid 7: Pt/CA/CO. To a solution of Pt,(dba); (45 mg,
0.041 mmol) in 20 mL of freshly distilled and degassed THF in
a Fischer—Porter bottle, a THF solution of CA (322 mg; 20
mL of THF) was added. The mixture was then submitted to a
pressure of 1 bar of CO during 10 min under vigorous stirring.
During this time, the color of the mixture changed rapidly
from violet to dark brown and stayed homogeneous. The
reaction mixture was washed with pentane (6 x 30 mL, until
the solution turned colorless) to favour the precipitation of the
colloid and eliminate dba. It was then filtered and the brown
residue was evaporated to dryness. IR (KBr, cm™1): 2049,
1884. Microanalysis: Pt : CA = 2.5 wt%. HREM analysis: fcc
particles, size: 0.75-2.5 nm, mean size: 1.7 nm.

Colloid 8: Pt/PVP/H,. To a solution of Pt,(dba); (164 mg,
0.150 mmol) in 35 mL of freshly distilled and degassed THF in
a Fischer—Porter bottle, a solution of PVP (881.5 mg; 60 mL
of THF) was added. The mixture was then submitted to a
pressure of 3 bar of H, during 3 days under vigorous stirring.
During this time the color of the reaction mixture changed
from violet to black and the colloid precipitated. The solution
was removed by filtration. The solid residue was dissolved
with methyl alcohol (15 mL) and then precipitated by addition
of 50 mL of pentane, filtered and washed with 15 mL of
pentane before drying under vacuum. IR (KBr, cm™1): 2043,
1870. Microanalysis: Pt : PVP = 12.51 wt%. HREM analysis:
fcc particles, size: 0.75-2.5 nm, mean size: 1.5 nm.
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