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Generating palladium nanoclusters inside very lipophilic
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Abstract

Four lipophilic polystyrene–methacryloylethylensulfonic acid–divinylbenzene gel-type resins, with 2 and 4% cross-linking
degree, are synthesized and used as supports for “atomic” dispersion of Pd(II) finalized to the preparation of resins-supported
palladium metal catalysts. Properly performed reduction of Pd(II) to Pd(0) achieves homogeneous dispersion of ca. 3 nm
metal nanoclusters inside the supports particles in the more cross-linked resin. Resulting resin-supported palladium catalysts
are efficient and moderately chemoselective in the hydrogenation of 2-ethylanthraquinone to 2-ethylanthrahydroquinone.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Functional resins are currently employed in chem-
ical technologies as ion exchangers and as acidic
catalysts under a variety of circumstances[1,2].
They are also employed as supports of palladium
metal in some industrial processes such as the syn-
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thesis of methyl-isobutyl ketone (MIBK; e.g. Bayer
catalyst OC 1038)[3], where the acid centers cat-
alyze the dimerization of acetone to di-acetone al-
cohol and its dehydration to mesityloxide, which
is then hydrogenated on the metal surface to the
end product. Similar catalysts based on anion ex-
change resins (e.g. Bayer catalysts K6333 and VPOC
1063) [3] are employed in industrial heat-exchange
units for the reduction of di-oxygen level in water
from mg dm−3 to �g dm−3 levels. Another appli-
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Fig. 1. Schematic representation of a catalyst particle (“microreactor”) built-up with a polymer framework and entrapped metal nanoclusters
[10–12].

cation is the combined etherification and hydro-
genation of mixtures of unsaturated hydrocarbons
to give blends of alkanes and MTBE (EC Erdöl-
chemie process)[4] or other branched ethers for the
manufacture of unleaded petrol (BP etherol process)
[5].

In spite of their expected higher costs, resins-based
metal catalysts are likely to become economically rel-
evant specialties in view of the gradual extension of
metal catalysis to the realm of fine chemistry, also
in connection with the need to fulfill more and more
strict environmental requirements, which promote the
replacement of conventional stoichiometric synthetic
routes with catalytic ones[6–9].

Synthetic resins are really unique supports for cat-
alytically active metal nanoclusters in that they com-
bine the potentiality of designable multi-functionality
and the possibility to control the hydrophilic or
lipophilic character of the environment in the vicinity
of the active centers with controllable nanomorphol-
ogy and reasonable thermal and mechanical stability
[1,10] (Fig. 1).

This paper and the following one[13] are il-
lustrating these concepts in the chemoselective
hydrogenation of 2-ethylanthraquinone (AQ) to
2-ethylanthrahydroquinone (AH2Q), which is a key
step in the current industrial synthesis of hydrogen per-
oxide [14]. This reaction is plagued by the unwanted
consecutive hydrogenation of the desired product
to, inter alia, tetrahydro-2-ethyl-anthrahydroquinone
and octahydro-2-ethylanthrahydroquinone. The cur-
rent industrial catalyst (Pd/silicoaluminate) provides
a chemoselectivity towards AH2Q of ca. 95%. Con-

sidering the very large amounts of AQ and AH2Q
circulating in the process, the losses of AQ due to the
conversion of AH2Q into unwanted by-products are
considerable. Even small increases of the chemoselec-
tivity may have a very significant economical effect.

The strategy for chemoselectivity improvement re-
ported here is based on the synthesis of novel cata-
lysts containing ca. 1% palladium metal dispersed in-
side very lipophilic, polymer networks. The desired
product, AH2Q, is less lipophilic than AQ and it is
speculated that its expedient removal assisted by the
lipophilic character of the polymer network surround-
ing Pd crystallites might prevent the undesired fur-
ther hydrogenation steps. Design of this strategy has
been based on our work in recent years during which
was developed: (i) a general scheme for the disper-
sion of metal centers inside given polymer networks,
(ii) methods for subsequent production of metal crys-
tallites with controlled size and distribution through
the catalyst particles, and (iii) a multi-methodological
approach to the evaluation of the nanometer size mor-
phology (hereafter referred to as nanomorphology)
and of the molecular accessibility of the polymer net-
work [15,16].

For achieving the desired goal we selected the
synthetic strategy based on the co-polymerization of
lipophilic monomers with a monomer containing a
functional group able to anchor ionic palladium. This
approach was dictated by the known difficulty met in
generating a lightly functionalized polystyrene frame-
work with –SO3H groups uniformly located through
the body of the resin particles by direct functionaliza-
tion of a pre-formed polymer.
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2. Experimental

2.1. Materials

Styrene [STY] (99%), sulfoethylmethacrylate or
methacryloylethylensulfonic acid [SEMA] (95%) and
sodium 4-styrylsulfonate [SSNa], were from Aldrich
and Polyscience, respectively. “Divinylbenzene”
[DVB] (Aldrich) was the usual mixture of divinyl-
benzene (55%) and ethylvinylbenzenes (45%). All
solvents, of reagent grade, were from C. Erba, Milano.
Industrial Pd/silicoaluminate catalyst and technical
EAQ were kindly donated by Ausimont (Bussi sul
Tirino, Pescara, Italy).

2.2. Apparatus

X-rays microprobe analysis (XRMA): Philips IXL40
Model SEM equipped with an EDAX PY99X-RAY
energy-dispersive spectrometer.

ISEC apparatus consists of Model 7725i syringe
loading sample injector (Rheodyne, USA), stainless
steel column 4.1 mm× 250 mm, refractometric detec-
tor RIDK 101 (LP Praha, Czech Republic) and com-
puter data acquisition system synchronized with the
chromatography set-up trough a drop counter probe.

ESR analysis: JEOL JES-RE1X apparatus at
9.2 GHz (modulation 100 kHz) over the temperature
range of 2–40◦C at variable temperature controlled
by a unit Stelar VTC91.

ICP–AES: IRIS II Radial apparatus with low tem-
perature CID simultaneous detector.

Catalytic tests are carried out by means of a Büchi
steel/glass thermostated autoclave, of approximately
100 cm3 in volume, modified in order to perform
quasi-constant pressure catalytic runs. The hydrogen
pressure is let to decrease till a fixed value during
the catalytic run and authomatically adjusted to the
higher end of pressure interval upon feeding from a
constant pressure hydrogen reservoir.

2.3. Synthesis

We have prepared two kinds of resin supports, alter-
natively with SEMA and SSNa as the functionalized
co-monomer. SEMA containing resin supports were
synthesized with two different cross-linking degrees.

Table 1
Composition of reaction mixtures employed in the preparation of
the resins

STYR
(mol%)

DVB
(mol%)

SSNa
(mol%)

SEMA
(mol%)

M2 94 2 – 4
M4 92 4 – 4
S4 92 4 4 –

The description of the resin composition and designa-
tion are shown inTable 1.

In order to achieve the mutual solubility of all
co-monomers, DMSO is added to the mixture of the
monomers in amount of about 30 wt.% for the series
M and 45 wt.% for the S4 resin. Polymerization is
carried out by�-rays irradiation[10,17,18] (60Co
at 0.28 Gy s−1 for 72 h at ca. 20◦C). The resins are
obtained in the form of transparent rods. Polymers
are swollen in THF, then cut in thin slices, ground in
a mortar, washed with THF, EtOH, Et2O (150 cm3

each) and dried under vacuum. Polymerization yields
determined after this processing are almost quanti-
tative. Resins are sieved to produce a 100–140�m
fraction. Composition of selected polymers is con-
firmed by elemental analysis: M2, C, 85.18, H, 7.49,
S, 3.14; M4, C, 83.59, H, 7.49, S, 3.61.

2.4. Palladiation

Resins are palladiated typically by reacting 1 g of
the polymer (0.4 meq of –SO3H groups), swollen in
10 cm3 of THF under moderate stirring with 25 mg
palladium acetate (ca. 0.1 mmol)[10] dissolved in
20 cm3 THF. After ca. 12 h, the surnatant solution be-
comes colorless while the resin changes its color to
dark brown. The polymer is filtered off, washed with
THF, EtOH, Et2O (20 cm3 each) and dried under vac-
uum.

Resin S4 is modified into the corresponding acidic
form by ionic exchange with alcoholic HCl before
palladiation.

Palladiated resins (M2Pd(II), M4Pd(II) and
S4Pd(II)) are transformed into the final catalysts
M2Pd, M4Pd and S4Pd by reduction with an excess
of NaBH4 in ethanol (60 cm3 of 66 mM solution),
under moderate stirring. After 12 h the resulting black
materials are filtered off and washed with EtOH
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(2 × 20 cm3) and Et2O (1× 20 cm3) and dried under
vacuum.

Palladium content in the resins has been determined
with ICP–AES, after complete dissolution of the resins
in a mixture of mineral acids (two parts of sulfuric and
one part of nitric acid with a few drops of perchloric
acid).

2.5. Catalytic tests

Catalytic tests are carried out in a mixture of
p-xylene/2-octanol (1:1). The catalyst is fed into
the reactor and covered with 3 cm3 of solvent: in-
dustrial catalyst is reduced with hydrogen in this
step. The working solution of 50 cm3 (50 g dm−3 of
2-ethylanthraquinone in the reaction solvent) are fed
in the reactor, air is removed upon gentle bubbling
with nitrogen. During this time (ca. 30 min) the appa-
ratus reaches the thermostate temperature of 25◦C.

Hydrogen is fed at a pressure of 200 kPa after
removal of nitrogen and the magnetic stirring is
operated: the amount of reacted hydrogen is deter-
mined from pressure and temperature values that are
collected at fixed time intervals while the pressure
drops to the lower end of pressure interval (175 kPa)
then more hydrogen is fed. The reaction is stopped
when hydrogen consumption equals the stoichiomet-
ric amount of 2-ethylantraquinone and, at this point,
hydrogen is replaced with nitrogen.

The catalyst is recovered upon filtration under ni-
trogen and eventually water is added (50 cm3) and air
is bubbled in the resulting mixture for 10 min. The
organic phase is then collected and the content of
2-ethylantraquinone is determined by GLC. A com-
plete recovery of the substrate is considered indicative
of 100% chemoselectivity.

3. Results and discussion

3.1. Swelling behavior

Each of the resins is prepared in at least four batches
and the polymerization yield is usually 95–100%. Ac-
cessibility of metal centers supported in gel-type resins
depends on their swelling in the reaction environment.
Consequently, proper selection of the solvent for the
catalytic reaction is also a part of the overall design.

Table 2
Swelling of the examined resins in different solvents

Resin Resin bed expansion in different solvents (%)

p-Xylene 2-Octanol p-Xylene:2-octanol
mixture 1:1 (v/v)

M2 152 4 144
M4 85 4 88
S4 159 15 133

It should guarantee: (i) acceptable swellability of cat-
alyst particles, (ii) acceptable solubility of 2-AQ and
2-AH2Q in the bulk liquid medium, (iii) preferen-
tial absorption of EAQ over 2-AH2Q into the swollen
polymer matrix. We have tested the swelling behav-
ior of all synthesized resin inp-xylene, 2-octanol and
in their 1:1 mixture by measurements of expansion of
the resin particle bed in transition from dry to swollen
state [(Vswollen− Vdry)/Vdry] (Table 2) [12,19].

The data inTable 2indicate thatp-xylene is a good
swelling agent for all the resins but in 2-octanol the
resins swell negligibly. Therefore, good swelling in
xylene/octanol mixture have to be interpreted as due
to a preferential absorption of xylene as the less polar
of both solvents. It well illustrates a crucial feature of
the polymer supported catalysts, i.e. the ability of the
polymer framework to “impose” a liquid medium with
a composition that may be very different from that of
the bulk solution inside which the resins particles are
dispersed.

Swollen state morphology of the investigated resins
was thoroughly examined with inverse steric exclu-
sion chromatography (ISEC)[20]. This method is
based on measurements of elution volumes of a series
of standard solutes of known molecular sizes using
chromatographic columns filled with the material to
be evaluated. Experiments are performed at conditions
aimed at excluding enthalpic interactions between so-
lutes and the stationary phase. By mathematical treat-
ment of the obtained data it is then possible to produce
valuable information on the pore morphology of the
examined material (from macropores to nanometric
micropores). The real pore system is modeled as a set
of discrete fractions, each characterized by uniform
pores of a simple geometry and size. Swollen poly-
mer gel can be realistically modeled on the basis of
the idea developed by Ogston[21] as space in which
rigid cylindrical rods representing the polymer chains
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are randomly distributed. As the parameter character-
izing the pore dimension in ISEC analysis, polymer
chain density in units of length per unit of volume, i.e.
nm−2, is successfully employed. Useful scale of the
polymer chain densities spans from 0.1 nm−2, corre-
sponding to an extremely expanded network, up to
2 nm−2, characterizing very dense polymer into which
even the smallest molecules can hardly penetrate. The
ISEC analyses were performed alternatively in THF,
where the non-polar, lipophilic polymer domains are
swollen and the domains containing sulfonic groups
are collapsed and, hence “invisible”, and in water,
where unswollen and “invisible” are the lipophilic
parts of the polymer framework.

ISEC results confirmed that the morphology of the
synthesized resins fulfills the design requirements. Hy-
drophilic domains necessary for anchoring ionic palla-
dium comprise only very small portion of the polymer
matrix swelling in water to 0.10 and 0.08 cm3 g−1 in
the resins M2 and S4, respectively. On the contrary,
do prevail in the resin morphology lipophilic domains
swelling in THF, in the resins M2 and S4 to 3.76 and
3.52 cm3 g−1, respectively.

3.2. ESR characterization

ESR spectroscopy was utilized to investigate the
rotational mobility of the spin probe TEMPONE
(2,2,6,6-tetramethyl-4-oxo-1-oxypiperidine) disper-
sed in the various toluene-swollen resins with the
purpose of evaluating the permeability of the swollen
polymer network to solute molecules. The observed
ESR spectra collected in the temperature range of
0–40◦C are typical of “fast-motion” reorientation of
the spin probe, whose correlation time (τ ) can be
computed from line widths on the basis of established
relationships[15,16]. Theτ -values at 25◦C are given
in Table 3, together with the activation energies of the
rotational diffusion obtained from an Arrhenius plot
over the investigated temperature range. These data
evidence a relatively good mobility of TEMPONE
in the swollen resins even though a reduction of ro-
tational mobility (an increase ofτ ) is observed in
comparison with bulk solution. On the basis of previ-
ous work on swollen microporous resins[15,16] the
observedτ -values are typical of spin probe molecules
rotating inside relatively low density swollen poly-
mer network domains, as the ones featured by a

Table 3
Rotational correlation time (τ ) of TEMPONE at 25◦C in bulk
solution and in various resins swollen in toluene, and apparent
activation energies of the rotational diffusion (Ea) determined in
the temperature range of 0–40◦C

τ (ps) ± 5% Ea ± 0.5 (kJ mol−1)

Bulk solution 8 5.5
M2 54 6.0
M4 108 5.0
S4 82 6.0

0.2–0.4 nm−2 polymer chain density revealed by ISEC
in THF-swollen M2 and S4. On the other hand, the
swollen polymer part with a polymer chain density
>1.5 nm−2 is expected to be virtually inaccessible to
TEMPONE. The practical constancy of the activation
energy also suggests that possible solute–polymer
interactions or dynamics of polymer network have a
negligible effect on mechanism of reorientation of the
spin probe. Consequently, the hindrance of the spin
probe rotational diffusion in the swollen resins has to
be ascribed mainly to the increase of micro-viscosity
of its environment caused by the confinement of the
solvent inside the polymer network[15,16].

3.3. Palladiation

The uptake palladium is very easy on the resins M2
and M4 synthesized with the sulfonic groups in the
hydrogen form. Resin S4 can be palladiated[10] only
after conversion into the acidic form.

Tetrahydrofuran is used as the solvent for palla-
diation of the resins because it is known as one of
the best swelling solvents for styrenic polymers and
it is compatible with palladium acetate. The com-
plete color fading of the surnatant solution during the

Table 4
Mass fraction of Pd in the examined catalysts

Pd content (wt.%)

Computed Determined

CoPda 2.0 1.65
M2Pd 1.0 0.95
M4Pd 1.0 0.80
S4Pd 1.0 0.95

a Industrial catalyst.
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Fig. 2. Comparison of morphology of resins M2 and S4, swollen in water and THF, as determined by ISEC.

Fig. 3. Catalyst S4Pd: (a) SEM micrograph of a cross-section of a catalyst particle (25 kV, spot 4.0, magnetism 400×); (b) XRMA mapping
of sodium (NaK); (c) XRMA mapping of palladium (PdL); (d) XRMA mapping sulfur (SK).
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Fig. 4. TEM picture of a particle of S4Pd(I) catalyst. Metal nanocluster are visible in the lower part of the picture.



280 G. Bombi et al. / Journal of Molecular Catalysis A: Chemical 194 (2003) 273–281

Fig. 5. Kinetic curves of preliminary catalytic tests: comparison between industrial catalyst CoPd and M4Pd.

palladiation of the resin suggests that the incorporation
of palladium ions into the polymer support is quan-
titative. This is confirmed by reasonably good agree-
ment between palladium loading computed from the
amount of palladium acetate used and actual palla-
dium content determined by elemental analysis of the
resin (Table 4).

X-Ray microprobe analysis (XRMA) of cross-
sections of catalysts particles reveals that metal dis-
tribution is quite homogeneous through the body
of the particles (Figs. 2–4). It confirms also good
accessibility of the interior of resins particles expected
for moderately cross-linked gel-type resins[15,16]
and proves the suitability of our previously described
palladiation and reduction protocols[11].

TEM analysis reveals that metal nanoclusters in
S4Pd are of fairly regular size (3 nm±1 nm). This find-
ing agrees with previous results obtained in these lab-
oratories dealing with the generation of Pd crystallites
inside amphiphilic resins of similar morphology[12].

3.4. Preliminary hydrogenation tests

Preliminary tests were carried out on 2-ethylanthra-
quinone and M4 catalyst exhibits good activity and
moderate selectivity in a mixture ofp-xylene/2-octanol
(1:1) compared with the industrial catalyst. Some se-
lected data are shown inFig. 5(hydrogen consumption
is referred to the stoichiometric amount needed for
complete conversion into 2-ethylanthrahydroquinone).

Fig. 5 shows that the industrial catalyst (CoPd) is
just moderately more active than M4Pd that turns to be
in fact far more stable (reusable). The high reactivity of
M4Pd is already per se a remarkable result in that the
very large majority of metal nanoclusters appears to be
reachable by hydrogen and substrate in spite of being
surrounded by the gel mass. Apparently, the employed
solvent turns out to be particularly well selected in that
confinement effects are seen to only moderately reduce
the rotational mobility of the paramagnetic probe. On
the basis of previous studies from these laboratories
[11], rotational mobility well correlates with transla-
tional mobility and these direct evidences of molecular
accessibility of the resin particles parallels the good
activity levels exhibited by catalyst M4Pd.

The chemoselectivity of M4Pd in favor of
2-ethylanthrahydroquinone results to be only mod-
erate (estimated value of 60–70% indicated by GLC
analysis of final solutions). These values are still def-
initely lower than those provided by the industrial
catalyst, but they encourage attempts of further per-
fecting the basic idea of embedding Pd nanoparticles
inside lipophilic matrices.

4. Conclusions

The whole of these preliminary data referring
to the metallation of very lipophilic matrices con-
firm a number of previous observation from our
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group, mainly dealing so far with essentially hy-
drophilic or amphiphilic resins. In particular,�-rays
co-polymerization of designed co-monomers af-
fords quantitatively functional resins based on
pre-functionalized monomers, that enable the even
dispersion of acidic groups and, consequently, of
metal centers and metal nanoclusters, inside the
resins particles. The obtained Pd catalysts, after
swelling in a properly chosen solvent mixture, result
to be efficient and moderately chemoselective to-
wards the hydrogenation of 2-ethylanthraquinone to
2-ethylanthrahydroquinone.
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