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[Pd(Z3-C3H5)2Cl]2 reacts in THF in the presence of poly(vinylpyrrolidone) (PVP), with the 15-electron
complex vanadocene [V(C5H5)2], to give PVP-protected palladium particles. High resolution electron
microscopy (HREM) and wide angle X-ray scattering (WAXS) experiments were carried out on the
PVP-protected palladium particles as obtained when exposed to H2 and O2 and after hydrogenation catalysis.
In each case, the particles display the fcc lattice of bulk palladium and a narrow size distribution centred near
2–3 nm. Catalytic hydrogenation reactions of nitrotoluene and 2,4-dinitrotoluene into their corresponding
aniline and 2,4-diaminotoluene were performed in CH2Cl2 and in H2O/CH2Cl2 biphasic conditions. The
catalytic reactions were found to be zero order with respect to the substrate and first order with respect to
dihydrogen and catalyst.

Introduction

The past decade has demonstrated the importance of the role
of colloids in various catalytic reactions,1 primarily for hydro-
genation of arenes.2 Different synthetic pathways are presently
studied to obtain various types of colloids displaying a con-
trolled size and chemical environment. The most popular
method for the preparation of noble metal particles involve
reduction of chloride precursors by various reducing agents,
for example refluxing alcoholic solutions in the presence of a
polymer.3,4 In our group, the role of the vanadocene [VCp2]
as an organometallic reducing agent to prepare metal colloids
embedded in a PVP polymer matrix (PVP: polyvinylpyrroli-
done) was successfully demonstrated in the case of FeCl2
and more recently of [Rh(C2H4)2Cl]2 , to give Fe and Rh nano-
particles.5 This unusual synthetic organometallic route allows
to prepare colloids using organometallic complexes containing
chloride group(s). A small amount of residual chloride groups
may be present on the metal surface and/or some trace of
[VClCp2] could be included in the colloids–PVP material, as
suggested by analytical results. Nevertheless, the magnetic or
catalytic properties of the colloids are not affected and, very
recently, Rh colloids were found to be active towards the
hydrogenation of benzene, a test to demonstrate the presence
of rhodium particles.6 Colloidal palladium has been known
for a long time and the use of palladium and other colloidal
catalysts has recently attracted much attention in hydrogena-
tion of nitro aromatics.7,8 Pursuing our research on polymer-
stabilized noble metal colloidal catalysts, we report in this
paper the formation of palladium colloids via an organometal-
lic route using [VCp2] as reducing agent and some kinetic
results on the hydrogenation of the nitro group attached to
an aryl ligand.

Results and discussion

Synthesis and characterization (HRTEM, WAXS) of
palladium colloids

The reaction of a THF solution of [Pd(Z3-allyl)2Cl]2 with 2
equiv. [VCp2] in the presence of polyvinylpyrrolidone (K30-
PVP, average molecular weight: 40 000) as protecting polymer
at room temperature leads to palladium colloids dispersed in
PVP and isolated as the black solid [Pd-PVP] (Scheme 1).
The product can be easily purified by washing several times
with a mixture of THF/toluene to eliminate [VClCp2], and
possibly unreacted [VCp2]. The solid is soluble in alcoholic
and chlorinated solvents as well as in water, but is insoluble
in aliphatic and aromatic solvents. A low magnification
TEM micrograph of the solid shows that the particles are well
dispersed. The HREM micrograph in Fig. 1 evidences fringes
in the particles. The regular periodicity of the fringes allows
the determination of the fcc structure of the particles. The his-
togram in Fig. 2 shows a mean diameter for the particles of
about 1.8 nm, with a relatively large size distribution. Struc-
tural characterization of the palladium colloids by wide angle
X-ray scattering (WAXS) was performed in the solid state, on
the same batch, using procedures previously validated for col-
loids in PVP.9 This technique, in which the radial distribution
function (RDF) gives a Pd–Pd distance of 2.75 Å confirms the
fcc structure of the particles (Fig. 3, curve a). The coherence
length can be evaluated to 2 nm, in agreement with TEM

Scheme 1
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measurements. The same RDF was observed when solid [Pd–
PVP] was treated with O2 or CO (20 bar, 4 days). With O2 , the
RDF gives direct evidence of the absence of significant oxida-
tion of the sample, at least in the core of the nanoparticles (a
slight oxidation on the surface of the colloids has been
observed by EDAX techniques).10 After exposure to H2 of
the colloids, the RDF curve is dramatically modified: the col-
loids still adopt the fcc structure with an unmodified Pd–Pd
distance, but the coherence length now extends up to at least
3 nm, indicating larger and/or more crystalline nanoparticles
(Fig. 3, curve b).
The concentration of palladium embedded in the polymer

can be modulated as a function of the different amounts of
PVP added (5% to 13% in Pd weight).

Hydrogenation of 2,4-dinitrotoluene with Pd colloids

The catalytic properties of these nanoparticles were investi-
gated on the hydrogenation of nitro substituents attached to
toluene as 2,4 dinitrotoluene (2,4-DNT). For each catalytic
reaction described below, the same [Pd–PVP] catalyst batch
was used (i.e. Pd ¼ 13%). The solid was used as a soluble
heterogeneous catalyst in CH2Cl2 .
The hydrogenation of nitrobenzene into aniline was selected

as a test reaction to demonstrate that i) the metal is in its active

form for the catalysis, ii) the experimental conditions i.e. the
use of CH2Cl2 as chlorinated solvent is not a poison for the
potential catalytic surface (as observed recently with a sup-
ported palladium complex11). The reaction was monitored by
GC, using the following experimental conditions: [catalyst]/
[substrate] ratio of 1/250, 10 mL CH2Cl2 ([substrate] 0.47
mol�L�1), dodecane as internal standard, 40 �C under 7 bar
H2 and a stirring rate of 750 rpm (which was chosen to elimi-
nate all consideration on interphase mass transfer). The linear
plot of the nitrobenzene disappearance rate with time corre-
sponds to an apparent rate of 31� 103 mol�L�1�h�1�atom�1.
It is clear from this preliminary result that the hydrogenation
of the nitro group occurs and that the liberated water (2 H2O)
formed in the reaction has not affected the course of the cataly-
sis. The complete hydrogenation of the aromatic cycle i.e. the
formation of cyclohexylamine was never observed.
To go further, different series of 2,4-DNT hydrogenation

were carried out under the same experimental conditions,
with the concentration of the substrate varying from 0.2 to 2
mol�L�1 (the solubility of solid 2,4-DNT in CH2Cl2 at 40 �C
was measured by chromatography of a saturated solution
and found to be 2.1� 0.1 mol�L�1). The hydrogenation of 2,4-
DNT into the corresponding 2,4-diaminotoluene (2,4-DAT)
follows the formal reaction pathways described in Scheme 2
where r1 , r2 , r3 are the hydrogenation rates of 2,4-DNT
into respectively 4-amino-2-nitrotoluene (4A2NT), 2-amino-
4-nitrotoluene (2A4NT) and 2,4-DAT; r01 , r

0
2 are the hydro-

genation rates of 4A2NT and 2A4NT into 2,4-DAT. Fig. 4
shows a typical distribution of the hydrogenation products in
the liquid phase as a function of time. It is clear that during
the first half-part of the reaction (t ¼ 2.5 h), while 2,4-DNT
is still present, the orders with respect to all the products are

Scheme 2

Fig. 1 HREM micrograph evidencing the fcc structure of palladium
particles.

Fig. 3 WAXS RDF of (a) palladium particles, (b) palladium parti-
cles after exposure to H2 , (c) palladium particles after the first catalytic
run, (d) simulation of a spheric 935-atom model.

Fig. 2 Histogram of the Pd nanoparticle diameters.
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zero (all the variations are linear). The final 2,4-DAT product
is directly obtained in one step (r01+ r02 ¼ 0). The maximal
concentration of 4A2NT and 2A4NT is obtained when the
reduction of 2,4-DNT is essentially complete (as viewed by
the steep beak observed for the corresponding curves in Fig.
4). We note that reduction of 4A2NT and 2A4NT into 2,4-
DAT depends on the concentration of 2,4-DNT still present
in solution. There is a strong preference for catalyst-2,4-DNT
bonding in such a manner that 2,4-dinitrotoluene has to be
converted into monoamino intermediates before the transfor-
mation of the latter into 2,4-DAT. During the second half-part
of the reaction, the zero orders are confirmed and the two
monoamino intermediates are reduced to the final 2,4-DAT.
Additional experiments on 2,4-DNT hydrogenation were

performed using different concentrations of the substrate for
testing a possible influence on the rate of the reaction.
From the rate values obtained for 4 runs with different initial

concentrations of 2,4-DNT (Table 1, Fig. 5), it can be seen that
its hydrogenation into 4A2NT is faster than that of 2,4-DNT
(d curve > g or e curve) i.e. r1 > r2 or r3 . It is interesting to
note that the p-NO2 substituent is hydrogenated before o-
NO2 on the catalytic surface, due to its better accessibility on
the surface.12 The hydrogenation rate of 4A2NT, is however
still higher than that of 2A4NT, which has a p-NO2 attached

to the toluene ring (c curve > f curve so r01 > r02). This obser-
vation has already been pointed out7b and the better reactivity
of the ortho position suggests that electronic effects are now
preponderant over steric effects.
The hydrogenation of the intermediates 2A4NT and 4A2NT

was also separately performed using a [catalyst]/[substrate]
ratio of 1/250 and a substrate concentration of 0.23 mol
L�1. As expected, the hydrogenation rates r01 and r02 for
4A2NT and 2A4NT respectively are 3.04 and 1.13� 103

mol�L�1�h�1 atom�1. These values are in the same order range
as those obtained previously for the hydrogenation of 2,4-
DNT as r01 and r02 (see Table 1, entry 1) and confirm that
the hydrogenation rate of 4A2NT is roughly three times that
of 2A4NT. We also verified that the disappearing rate of the
substrate (Fig. 5, curve a) is roughly equal to the sum of the
three values r1+ r2+ r3 for each concentration. On the basis
of this observation, it is clear that 2,4-DNT, 2A4NT and
4A2NT are simultaneously adsorbed on the nanoparticles. It
is interesting to note that the hydrogenation rate per atom of
Pd remains roughly constant (within experimental errors)
whatever the concentration of the substrate, especially if we
consider the results obtained for the higher and lower concen-
tration values of Table 1 (entry 1 and 4).
On the other hand, 2-(hydroxyamino)-4-nitrotoluene

(2H4ANT) and 4-(hydroxyamino)-2-nitrotoluene (4H2ANT)
were previously identified as intermediates in the catalytic
hydrogenation of 2,4 DNT over a Pd/C catalyst.13 Follow-
ing the experimental procedure of these authors, neither
isomeric intermediate was observed in our GC analysis.
Nevertheless, we cannot exclude the presence of these highly
reactive intermediates in our catalytic system [besides (i) the
disappearing rate of the substrate which is roughly equal to
the sum of the three values r1+ r2+ r3 for each concentra-
tion; (ii) the quantitative analysis, with dodecane as an inter-
nal standard which shows a positive mass balance indicating
that all the products obtained are identified by GC analysis].
The catalytic hydrogenation reaction was also examined for
catalyst concentration and pressure effects. A first order
reaction with respect to the solid catalyst was confirmed by
comparing the rate of disappearance of 2,4-DNT
(3.74� 103 mol�L�1 h�1 atom�1 and 8.01� 103 mol�L�1 h�1

atom�1) for two different [catalyst]/[substrate] ratios (1/560
and 1/250) with the same substrate concentration (0.8 mol
L�1). A further experiment was carried out at 3.5 bar H2

to identify the order with respect to dihydrogen for low pres-
sures. We obtained, for a substrate concentration of 2
mol�L�1, a complete hydrogenation in 2.25 h at 7 bar and
in 4.5 h at 3.5 bar. These results indicate a first order reac-
tion with respect to dihydrogen.
According to a model based on a Langmuir–Hinshelwood

type of mechanism, the rate law can be written as r ¼ k0

[catalyst][H2], k0 being the apparent constant taking into
account all adsorption phenomena (calculations of k0 as
reported by Janssen and colleagues.14 were not carried out
since the surface of the solid is not uniform and contains dif-
ferent catalytic sites as edge, summit, surface).

Table 1 Hydrogenation rate valuesa of 2,4-DNT and their intermedi-
ate products at different concentrations (r being defined in Fig. 4 and in
the text)

Run

No. [DNT]

r1+r2+r3
(a)

r1
(d)

r2
(g)

r3
(e)

r01+r02
(b)

r01
(c)

r02
(f)

1 0.229 8.10 3.53 1.16 2.63 6.27 3.78 1.27

2 0.400 7.88 3.66 1.42 2.96 6.57 4.48 1.42

3 0.768 8.01 3.28 1.43 3.30 8.09 5.46 1.95

4 1.276 6.40 2.72 1.51 2.53 6.02 4.45 1.57

a r 10�3 (mol L�1 h�1 atom�1)

Fig. 5 Rate values of the distribution products obtained during the
catalytic hydrogenation of 2,4-DNT at 4 different initial concentra-
tions (a: r1+ r2+ r3 ; b: r

0
1+ r02 ; c: r

0
1 ; d: r1 ; e: r3 ; f: r

0
2 ; g: r2).

Fig. 4 Distribution products observed during the catalytic hydroge-
nation of 2,4-DNT (L: 2,4 dinitrotoluene (2,4-DNT); `: 4-amino,
2-nitro-toluene (4A2NT); ¯: 2,4-diamino-toluene (2,4-DAT); �: 2-
amino,4-nitro-toluene (2A4NT)).
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Hydrogenation of 2,4-dinitrotoluene in biphasic conditions
(H2O/CH2Cl2)

The catalyst was also used as a soluble heterogeneous solid
in biphasic conditions (CH2Cl2/water). The [Pd–PVP] is dis-
solved in 3 ml H2O and the substrate dissolved in 10 ml of
CH2Cl2 is added. It is noteworthy that the CH2Cl2 phase
remains colorless and hence that no catalyst is transferred into
the organic phase (vide intra). The hydrogenation was carried
out in our standard experimental conditions ([catalyst][sub-
strate] ratio 1/250; 40 �C, 7 bar H2 , stirring rate 750 rpm, dode-
cane as internal standard) and the rate of the disappearance of
2,4-DNT was found to 32.2 mol�h�1�atom�1. The catalyst is
easily separated by decanting and the aqueous phase reused
for a second biphasic hydrogenation cycle. The rate of the dis-
appearance of 2,4-DNT was found to increase after the second
catalytic cycle (two cycles) from 32.2 to 46.4 mol�h�1�atom�1

probably because of a slight evolution of the microstructure
of the solid (vide infra). On the other hand, the organic CH2Cl2
phase was reused with the same quantity of 2,4-DNT and H2O
and no catalytic activity was observed. This fact confirms that
the catalyst is maintained in the aqueous phase.

Characterization of the re-used catalyst in the biphasic
hydrogenation

The aqueous phase from the reaction described above was then
recuperated and after complete elimination of water in vacuo,
the catalyst was recovered and analyzed by WAXS technique
(Fig. 3, curve c) which shows the RDF curve obtained for
Pd nanoparticles after the first catalytic run. The RDF curve
is still well resolved and does not indicate any reduction in size
or crystallinity of the nanoparticles. TEM observation of the
particles before catalysis (dissolved in methanol and treated
with H2) and after catalysis shows well dispersed nanoparticles
(Fig. 6) with a narrow size distribution centred near 2–3 nm
(Fig. 7), in contrast to the size distribution observed on the
crude Pd–PVP, directly obtained from synthesis. The role of
H2 on the colloids was already pointed out10 and we recently
observed the influence of H2 on rhodium particles.5b The treat-
ment of a heterogeneous solution of Pd colloids with H2 clearly
leads to a lower size distribution of the particles with a higher
crystallinity and, as a consequence, can increase the number of
atoms accessible to the catalysis on the surface of the colloids.
A simulated reduced intensity function can be computed using
Debye’s formula applied to a theoretical proposed model con-
sistent in size and structure, in this case with a spheric 935-
atom model. A Fourier transform of this function then
provides a simulated RDF (Fig. 3, curve d) which can be
fitted well to the experimental one (Fig. 3, curves b or c). The

agreement is good enough to confirm the fcc lattice inside the
particles: all distances generated by the model match peaks
in the RDF (a large cluster of 923 atoms, i.e. 6-shell Pd nano-
particles, gives a theoretical diameter of 2.87 Å).

Conclusion

Palladium particles were synthesized following an organome-
tallic route, from a chloro-palladium(I) complex. Investiga-
tions by TEM and Wide Angle X-ray Scattering (WAXS)
evidence the higher degree of crystallinity of the fcc palladium
particles when the colloids are treated with H2 in solution. The
average size of the particles is then affected and a more narrow
size distribution is observed after hydrogen treatment. Hydro-
genation of nitroaromatics to anilines is demonstrated in
chlorinated solvent and in biphasic H2O/CH2Cl2 conditions.
Under the latter experimental conditions, all the nanoparticles
are concentrated in the aqueous phase. Kinetic studies show
the reactions to be zero order with respect to the substrate
and first order with respect to hydrogen and catalyst.
Hydrogenation of halonitroaromatics to their corresponding
haloaniline, is currently in progress.

Experimental

Syntheses and analysis

The synthesis of the palladium particles was carried out under
an inert Ar atmosphere in a glove box, typically as follows: a
mother solution of 800 mg of PVP in 20 mL of THF was
divided in nearly two equal volumes and added to a THF solu-
tion (5 mL) of 150 mg of [VCp2] (0.83 mmol) and to a THF
(5 mL) solution of 140 mg of [Pd(Z3-allyl)2Cl]2 (0.83 mmol).
Under vigorous stirring, the Cp2V solution was added drop-
wise to the palladium solution. The resulting solution turned
black and stirring was continued for 12 hours during which
time the colloids precipitated. The solution was concentrated
to 5 mL and 15 mL of toluene were added. The resulting black
solid PVP-protected palladium colloid was filtered and washed
thoroughly (10 mL Toluene/THF 3 : 1, 3� 10 mL toluene/
THF 2 : 1, and 10 mL toluene/THF 1 : 1). The black solid thus
obtained was finally dried (500 mg, elem. anal.: Pd ¼ 13%,
V ¼ 0.52%, Cl ¼ 0.29%). After work-up of the THF/toluene
filtrate of the solution, [VClCp2] was fully characterized by
C, H elemental analysis and 1H NMR. An analogous experi-
ment in a closed vessel was also performed. The gas phase ana-
lysed by MS and IR shows the presence of propene, probably
resulting from the combination of the allyl moiety with a
hydrogen atom of the THF solvent.15

Fig. 7 Histogram of the Pd nanoparticle diameters after catalysis.

Fig. 6 TEM of the Pd nanoparticles after catalysis.
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Electron microscopy

TEM samples were prepared by slow evaporation in the glove
box of one drop of a diluted solution of the product in metha-
nol deposited on a carbon coated copper grid. Reproducible
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 point resolution
0.19 nm. The size distribution was measured through the
numerical analysis of TEM low magnification images. In this
procedure, the different particles were first identified according
to an upper and lower intensity threshold, then counted and
measured. HRTEM images of isolated particles were digitized
at a resolution of 0.03 nm pix�1 and analysed using their num-
erical diffractograms (Fourier transforms). Transmission elec-
tron microscopy (TEM) of the particles in MeOH solution
under H2 and after catalysis was performed on a JEM 2010
operating at an accelerating voltage of 200 kV with point reso-
lution 0.23 nm. Samples were prepared in a glove box under
argon and were examined at magnification between 100 and
400 K. For each sample, and due to the small size of the parti-
cles, the diameters of a large number (nearly 400) of Pd particles
were determined from enlarged photoimages in order to obtain
a size distribution with good statistics.

WAXS experiments

Solid samples for WAXS experiments were introduced in thin
walled Lindemann capillaries of 1.5 mm diameter, in a glove
box filled with argon; the capillaries were sealed for the experi-
ments. Measurements were carried out as previously
described.9 Data were normalized to one palladium atom.
Reproducible WAXS patterns were obtained on samples
produced from independent syntheses.

Catalysis experiments

Hydrogen C grade was supplied by Air Liquide. Gas chroma-
tography mass spectrometry (GC-MS) was performed using a
Nermarg R10-10 with a ionizing voltage of 70 eV. The cataly-
tic reactions were carried out in a 250 ml Fisher–Porter bottle
connected to the H2 tank and maintained at 40 �C in an oil
bath.
The small size of the particles excludes the presence of inter-

nal mass transfer limitations. The first order with respect to
the catalyst confirms the absence of external mass transfer
limitations.
The [catalyst]/[substrate] ratio was calculated according to

the concentration of palladium atoms contained in the [Pd–
PVP] catalyst. In a typical experiment, colloids (15 mg, 13%
wt) and H2O (5 ml) were stirred at 750 rpm during 15 min until
complete dissolution of the catalyst took place. A solution of
2,4-DNT (0.362 g, 2.96 mmol) in 10 ml CH2Cl2 was then
added and the gas admitted (7 bar). Samples of the organic
phase were removed from time to time for GC analyses.
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