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A THF solution of reacts in the presence[Rh(l-Cl)(C
2
H

4
)
2

]
2of poly(vinylpyrrolidone) (PVP) with the 15-electron complex

vanadocene, to give PVP-protected native[V(C
5
H

5
)
2

] ,
rhodium particles. High resolution electron microscopy
(HREM) and wide angle X-ray scattering (WAXS) experiments
conÐrm the presence of a non-periodic structure (polytetra-
hedral atomic organization) ; when exposed to hydrogen, the
rhodium particles exhibit a pattern consistent with the signature
of a fcc lattice.

Rhodium is widely encountered in the Ðelds of homogeneous
(molecular complexes) and heterogeneous catalysis (alumina-
or silica-supported particles). At the frontier between homoge-
neous and heterogeneous catalysis, small rhodium particles in
colloidal suspensions are presently of great interest.1 Colloidal
dispersions of rhodium are at present nearly exclusively pre-
pared by reduction of rhodium trichloride with chemical
reducing agents such as dihydrogen,1a,c,d trisodium citrate,1b
alcohols or ethers,1e and alkaline borohydrides.1f,g We have
recently demonstrated the capability of vanadocene,

to reduce into nanoscale a-Fe0.2 The abilityV(C5H5)2 , FeCl2of vanadocene to react with chloride anions to give stable
and species is expected to provideV(C5H5)2Cl V(C5H5)2Cl2the driving force to reduce RhI to Rh0 and we describe here an

organometallic route to polymer-protected rhodium colloids
from di-l-chlorotetrakis(ethylene)dirhodium(I)3 using highly
reactive 15-electron vanadocene as reducing agent.

In a preliminary experiment, we showed that reaction of
[Rh(l-Cl) with in THF led to a Ðne(C2H4)2]2 V(C5H5)2rhodium(0) powder, isolated as a black precipitate, which is
Ñammable in air. A change in the colour of the solution from
purple to blue indicated the oxidation of toV(C5H5)2V(C5H5)2Cl.

The reaction of a THF solution of [Rh(l-Cl) with(C2H4)2]22 equiv. in the presence of poly(vinylpyrrolidone)V(C5H5)2(K30-PVP, average molecular weight : 40 000) as protecting
polymer at room temperature leads to rhodium colloids
dispersed in PVP, isolated as the black solid [Rh-PVP]
(Scheme 1).

The product can be easily puriÐed by washing several times
with THF to eliminate and, possibly, unreactedV(C5H5)2Cl

The presence of vanadium and chloride impuritiesV(C5H5)2 .
(less than 1%, see Experimental) was checked by elemental
analysis and EDX. The solid is soluble in alcoholic and chlo-

Scheme 1

rinated solvents as well as in water, but is insoluble in ali-
phatic and aromatic solvents. To ensure that no ethylene
remained chemisorbed on the surface of the nanoparticles, 1H
NMR experiments were carried out. It is well known that
rhodium nanoparticles are able to hydrogenate oleÐns and we
proposed to hydrogenate the residual left in the cata-C2H4lyst, using 1H NMR to detect any formation of ethane. The
[Rh-PVP] nanoparticles (42] 10~5 mol Rh) in suspension in
deuterated benzene were stirred for 1 day under 6 bar H2 .
The 1H NMR spectrum of the solution (free expected atC2H6d 0.79) as well as mass spectrometric analysis of the gas phase
above the solution do not show any formation of ethane. As a
standard and for comparison, hydrogenation of a highly dilute
solution of [Rh(l-Cl) (1.0] 10~5 mol Rh) in deuter-(C2H4)2]2ated benzene was performed under the same experimental
conditions (1 day under 6 bar The 1H NMR spectrum ofH2).the solution, under the same experimental conditions as
above, shows a peak at d 0.79 characterised as due to ethane
Mas a probe, higher concentrated solutions of [Rh(l-Cl)

in with give formation of This(C2H4)2]2 C6D6 H2 C2H6N.experiment also allows an evaluation of the detection limit of
the ethane by comparison with the integration of the C6D5Hsignal used as a standard. Bearing in mind that the most fre-
quently encountered size for rhodium nanoparticles (see histo-
gram below) is nearly 1.1 nm, that is an ideal cluster of 55
atoms, it can be shown that 76% of rhodium atoms are on the
surface, corresponding to nearly 32 ] 10~5 mol Rh. At this
stage, we estimate that less than 3% of rhodium atoms are
linked to ethylene.

The low magniÐcation TEM micrograph of the solid shows
that the particles appear to be connected [Fig. 1(a)]. The
HREM micrograph in Fig. 1(b) conÐrms the connections
between the grains and evidences fringes in the particles.
However, no regular periodicity is observed, which does not
allow us to determine any periodic structure within the par-
ticles.

Structural characterisation of the rhodium colloids by wide
angle X-ray scattering (WAXS) was performed in the solid
state using procedures previously validated for colloids in
PVP.4 The radial distribution function (RDF) exhibits a set of
well-deÐned peaks (Fig. 2, curve a) characterised however by a
relatively broad Ðrst peak and a rapid dampening : no oscil-
lation can be observed above 1.0 nm, suggesting a lack of
long-range organisation. From the position of the Ðrst peak,
the shortest bond length can be estimated to be 0.274 nm and
clearly attributable to the metalÈmetal bond. This is direct
evidence of the absence of signiÐcant oxidation of the sample.
It also indicates that the impurities known to be present in the
sample do not generate a signal strong enough to be detected
beside the scattering from the rhodium particles, since this
signal would correspond to signiÐcantly smaller distances. It
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Fig. 1 (a) Low magniÐcation TEM micrograph showing the disper-
sion of the rhodium nanoparticles. (b) HREM micrograph revealing
the connections between the rhodium particles and the absence of a
recognisable structure.

should be noted that this Ðrst distance is nearly 2% longer
than in the bulk metal and also that the experimental RDF
cannot be related to any simple lattice, which conÐrms the
observations obtained by HREM. Of special interest is the
lack of any peak at the aJ2 distance, where a is the shortest
metalÈmetal distance (0.269 nm for fcc rhodium). This feature
is related to the presence of octahedral sites for the metal
atoms inside the structure and can be observed in all compact
structures.5 Consequently, its absence and the observed split-
ting of the second peak in reciprocal space (not presented)
indicate a drastic change in the local symmetry of rhodium. In
previous studies on platinum colloids, whose bulk also crys-
tallises in the fcc structure,6 a well-deÐned pattern clearly
related to the bulk structure was observed even for very small
particles, and the bond length was found to be signiÐcantly
shorter than in the bulk. A similar non-periodic order was
observed in very small cobalt particles and could be related to
a polytetrahedral atomic organisation.7 When exposed to CO,
the particles retain their structure and size (Fig. 2, curve b).
However, the mean bond length is further increased to 0.283
nm, 5% longer than in bulk metal. It should be noted that all
distances are linearly increased, which is consistent with the
previously observed relaxation e†ect induced by CO coordi-
nation on the surface of metallic particles.8

The same batch of particles, when exposed to exhibits aH2 ,
very di†erent pattern (Fig. 2, curve c) which is indeed quite
consistent with the signature of a fcc lattice. We can observe
that the coherence length is also close to 1.0 nm for the hydro-
genated colloid. A simulated reduced intensity function can be
computed using DebyeÏs formula applied to a proposed model

Fig. 2 WAXS RDF of (a) rhodium particles, (b) rhodium particles
after exposure to CO, (c) rhodium particles after exposure to (d)H2 ,
simulation of a 55-atom cuboctahedron, (e) rhodium particles after
exposure to H2] CO.

consistent in size and structure, in this case a small 55-atom
cuboctahedron. A Fourier transform of this function then pro-
vides a simulated RDF, which can be compared to the experi-
mental one (Fig. 2, curve d). The mean metalÈmetal distance
needs to be adjusted to 0.266 nm, which indicates a contrac-
tion of approximately 1% compared to the bulk. The agree-
ment is good enough to conÐrm the fcc lattice inside the
particles : all distances generated by the model match peaks in
the RDF. However, discrepancies can be observed regarding
the amplitudes, and the experimental pattern is signiÐcantly
broader than the simulated one, which is not the case for a
perfect cuboctahedron. This might indicate deviations from
the cuboctahedral shape and network distortions.

Finally, the same measurement procedure was applied to
the hydrogenated colloids after further exposure to CO (Fig.
2, curve e). The RDF pattern remains consistent with a fcc
structure, the coherence length being unchanged (1.0 nm).
However, here also all the peaks are linearly shifted to larger
values. The mean metalÈmetal distance is relaxed to 0.270 nm,
very close to the bulk value, which is also consistent with the
previously observed higher electron-donor character of CO vs.

The infrared spectrum of the hydrogenated colloidH2 .8h10
after exposure to carbon monoxide in methanol solution
shows two CO bands at 1909(m) and 2027(s) cm~1 (Fig. 3,
spectrum a), respectively attributed to bridging and linear CO
on rhodium. For example, Mucalo and Cooney have observed
two CO absorptions at 1900 and 2040 cm~1 for 4 nm
poly(vinyl alcohol)-protected rhodium hydrosols.1f Our infra-
red spectrum is also very similar to that of CO adsorbed on
evaporated rhodium Ðlms.11 It should be noted that the infra-
red spectrum of rhodium colloids under CO is much more
complex and shows six absorptions at 1846(w, br), 1977(m),
1995(sh), 2020(s), 2040(s) and 2066(w) cm~1, for which we
cannot provide assignments. Bubbling oxygen (60 min) over a
sample exhibiting spectrum a results in the total disap-
pearance of adsorbed CO bands (Fig. 3, spectrum b) due to
the oxidation of chemisorbed CO to as evidenced byCO2mass spectrometry. This reaction has been widely encountered
on supported rhodium nanoparticles.12 In order to complete
the study of rhodium colloids after and CO exposure,H2HREM experiments have been performed. Fig. 4 shows very
well dispersed particles and clearly evidences the fcc structure
of the Rh particles, as observed in the insert of Fig. 4. The
histogram in Fig. 5 shows a relatively narrow size distribution
for the particles, with a mean diameter of about 1.3 nm.

In conclusion, this study demonstrates that innovative
chemical methods allow the preparation of very small
rhodium nanoparticles with a narrow size distribution. These
particles display a non-periodic polytetrahedral structure sig-
niÐcantly less compact than the bulk. Such a structure may be
induced by a size e†ect and/or the presence of impurities at
the surface (e.g. residual vanadium oxides). Further activation
of the particles with hydrogen leads to the bulk fcc structure
of rhodium. This structural evolution could be associated with
the full reduction of the surface of the particles in agreement

Fig. 3 Infrared spectra in the stretching region : (a) COlCOadsorption on rhodium colloids in methanol solution ;H2-pretreated
(b) after bubbling over a sample showing spectrum a.O2
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Fig. 4 Low magniÐcation TEM micrograph showing the sizes of
well-dispersed rhodium nanoparticles Insert : HREM micrograph evi-
dencing the fcc structure of rhodium particles afterH2-pretreated
reaction with CO.

Fig. 5 Histogram of the Rh nanoparticle diameters. The mean diam-
eter is 1.3 nm with a standard deviation of 0.4 nm from a sample
population of 442.

with the contraction of the metalÈmetal distance observed in
these nanoparticles. In addition, either di†usion into theH2Rh lattice or reconstruction as an adsorbed layerH2-induced
cannot be excluded. The study of the surface reactivity and the
catalytic properties of these nanoparticles is presently in
progress and will be presented elsewhere.

Experimental
The synthesis was carried out under an inert Ar atmosphere in
a glovebox, typically as follows : a solution of (170V(C5H5)2mg, 0.94 mmol) and K30-PVP (800 mg) in 20 mL THF was
transferred into a solution of [Rh(l-Cl) (175 mg,(C2H4)2]20.90 mmol of Rh metal) in 10 mL THF (initial weight ratio
Rh : PVP\ 11.5 wt%). The resulting solution was stirred for
15 h, during which time PVP-protected rhodium colloids pre-
cipitated from the solution and were isolated by Ðltration. The
black solid thus obtained was washed several times with THF
and Ðnally dried (500 mg, elem. anal. : Rh\ 9.7, V\ 0.8,
Cl\ 0.5 wt%). After work-up of the THF Ðltrate of the solu-
tion, was fully characterised by CH elemental analysisCp2VCl
and 1H NMR.

A 1.0 mL aliquot of a deuterated benzene solution of [Rh(l-
Cl) (1.0] 10~5 mol Rh, prepared from a 10-fold(C2H4)2]2concentrated solution) was left at room temperature for 24 h
under 6 bar The 1H NMR spectrum was collected andH2 .

shows the formation of ethane [free d \ 0.79 ; ratioC2H6 :
(1H : 12H) was nearly 150]. A suspension ofC6D5H : C2H6nanoparticles [Rh-PVP] (420 mg, i.e. nearly 42 mg Rh content

or 4.2] 10~4 mol Rh) in 1.0 mL of deuterated benzene was
stirred at room temperature for 24 h under 6 bar The gasH2 .
phase analysed by MS and the 1H NMR spectrum of the solu-
tion do not show any formation of ethane (the same experi-
mental parameters were used for collecting 1H NMR spectra
at 200 MHz). Additionally, the thermal decomposition of [Rh-
PVP] (42 mg, i.e. 4.2 mg Rh content) under helium was
carried out. A coupled MS analysis of the gas phase does not
show any formation of C2H4 .

TEM samples were prepared by slow evaporation in a
glovebox of one drop of a dilute solution of the product in
methanol deposited on a carbon-coated copper grid. Repro-
ducible HREM images were obtained on samples produced
from independent syntheses. The experiments were performed
on a Philips CM 30/ST operated at 300 kV with a point
resolution of 0.19 nm. The size distribution was measured
through the numerical analysis of low magniÐcation images
TEM. In this procedure, the di†erent particles were Ðrst iden-
tiÐed according to an upper and lower intensity threshold,
then counted and measured. HREM images of isolated par-
ticles were digitised at a resolution of 0.03 nm pixel~1 and
analysed using their numerical di†ractograms (Fourier
transforms). Solid samples for WAXS experiments were intro-
duced into thin-walled Lindemann capillaries of 1.5 mm diam-
eter, in a glove box Ðlled with argon ; the capillaries were
sealed for the experiments. Measurements were carried out as
previously described.10 Data were normalised to one rhodium
atom. Reproducible WAXS patterns were obtained on
samples produced from independent syntheses. Infrared
spectra were recorded in solution (methanol, ca. 3.9 mg mL~1
of metal) on a PerkinÈElmer FT-IR spectrophotometer. The
reference spectrum of methanol was subtracted.
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