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bstract

Functional gel-type resin-based palladium catalysts (0.5–2 wt.% Pd) of well dispersed Pd nanoparticles were prepared and characterized by SEM,
EM techniques and swelling measurements. The role of specific properties of gel-type matrix was studied in the hydrogenation of unsaturated

C bonds in series of carboxylic acids, derivatives of acrylic acid. They differ in the type of substituents (methyl, phenyl and carboxyl groups)

t the double bonded carbon atoms. The rate of hydrogenation is found to depend on the crosslinking degree of the resin and on the presence of
teric hindrance around the C C bond in individual reactants. The influence of the substrate molecules size, their hydrophobicity and absolute
ardness/polarizability on the rate of the C C hydrogenation has been established by theoretical modelling.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The organic cross-linked functional resins (OFP) are cur-
ently used as catalysts in industrial synthesis of MTBE,
ethylvinyl ketone, hydratation of alkenes, synthesis of pep-

ides, etc. [1–3]. The resins are also used as supports for metal
rystallites, and Pd catalyst of this type is currently employed
or the decreasing of oxygen content to the ppb level from
ater. Application of these materials as the supports for noble
etal catalysts like Pd, Pt seems therefore interesting and is
ell documented by number of recently published papers [4–7].
hey concentrated mainly on the physicochemical properties
f metal containing gel-type catalysts. In particular, the influ-
nce of preparation and reduction methods on the formation
f metal nanoparticles (Pd, Pt) and on metal location through-

ut the bulk of polymer has been extensively studied. On the
ther hand, much less attention has been paid to the influence
f the specific properties of functional gel-type matrix such as

∗ Corresponding author.
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ydrophobic/hydrophilic character and swelling ability upon
he catalytic performance of these systems [5,6,8–11]. These
roperties seem to be very important as they can essentially influ-
nce not only activity but also selectivity of reaction [12–15].
welling of the polymer separates the polymeric chains and
esults in the formation of nanoporosity. As a consequence, in
he swollen state a substantial fraction of the “new” surface can
e available for reactants migrating through the polymer. On the
ther hand, low swelling ability of matrices reduces the size of
he transport channels of catalyst thus, increasing the transport
indrance. As a result, the polymer-based catalysts possess a
welling-dependent nanoporosity that depends on the degree of
rosslinking of the polymer and the nature of reaction medium
solvent). Since the Pd centres in the inner part of polymer grains
an be reached via the migration through the swollen polymer
ackbone, greater access can be expected for smaller molecules
han for the larger ones. It is generally believed that the transport
f larger molecules into bulk of the swollen polymer–metal cat-

lyst is more hindered. Another important feature of functional
el-type catalysts is the availability of functional groups within
he swollen polymer for the interaction with reactants molecules
enetrating inside the grains [12,13].

mailto:drelinki@chemia.uj.edu.pl
dx.doi.org/10.1016/j.molcata.2007.09.018


48 A. Knapik et al. / Journal of Molecular Catalysis A: Chemical 279 (2008) 47–56

h
r
c
t
t
r
P
t
m
l
t
m
t
t
i
l
g
w
t
a
d
[
i
P
h
p
i
d
i
T
C
m

2

2

o
(
d
1
t
c
d

U
t

Table 1
Reactants used in the hydrogenation experiments

Reagent Formula

Acr Prop-2-enoic acid (acrylic acid)

m-Acr 2-Methyl-prop-2-enoic acid
(methylacrylic acid)

Krt But-2-enoic acid (crotonic acid)

m-Krt 3-Methyl-but-2-enoic acid

Cyn 3-Phenyl-prop-2-enoic acid
(cinnamic acid)

m-Cyn 2-Methyl-3-phenyl-prop-2-enoic
acid (�-methylcinnamic acid)

Mal cis-Butenedioic acid (maleic acid)
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Scheme 1. Structure of the OFP resin, P-denotes the polymer backbone.

The role of such specific properties of polymer matrix
as already been observed in the hydrogenation of unsatu-
ated alcohols [8–10]. Due to swelling of Pd–polyvinylpyridine
atalysts and hence greater accessibility of the Pd centres,
he rate of aliphatic alcohol hydrogenation strongly exceeded
han that of the aromatic ones [8,9]. A difference in the
ate of hydrogenation of unsaturated alcohols observed for
d/polyelectrolyte–alumina catalysts [10] has been related to

he migration of the alcohol molecules throughout the poly-
er matrix. Slower diffusion and greater hydrophobicity of

arger alcohol molecules are considered by the authors as fac-
ors limiting to some extent the transport pathways of reactants in
edium used in hydrogenation test. The relationship between

he hydrogenation rate and the size of the substrate molecule
ermed “geometrical or matrix effect” [12,13] is therefore an
ntrinsic feature of catalysis by gel-type-based catalysts. The
iterature data suggest that the decrease in the rate of hydro-
enation can be expected with an elongation of the olefin chain,
ith a rise in the number of substituents in the vicinity of

he double bond in olefins [16,17]. In fact, the hydrogenation
ctivity of Pd–poly(benzimidazole) decreased in the sequence:
ienes, allyl alcohol > alkene-1 > alkene-2 > 2-methylalkene-2
18]. However, to the best of our knowledge, no systematic stud-
es were performed to correlate the activity of gel-type-based
d catalysts with the properties of reactants such as their size,
ydrophobicity and polarity. This correlation is examined in the
resent work. Here, the hydrogenation of unsaturated C C bond
n a series of carboxylic acids with different substituents on the
ouble bond (Table 1) is examined in the presence of functional-
zed gel-type resin-supported Pd catalysts (Pd/OFP) (Scheme 1).
he polymer used in this study contains both, the carboxylic and

O groups, and exhibits remarkable swelling in the reaction
edium under the hydrogenation test conditions.

. Experimental

.1. Synthesis of resin

The functional gel-type resins (OFP) (Scheme 1) in the form
f spherical beads (75–150 �m) of the composition styrene
77 or 70 mol%), 2-hydroxyethyl methacrylate (20 mol%) and
iethylene glycol dimethacrylate, the crosslinking reagent (3 or
0 mol%) was prepared according to the suspension polymeriza-
ion method reported in previous paper [19]. The obtained resin
ontains 1.3 mmol alcoholic groups OH per 1 g, determined as

escribed before [19].

The obtained resin was functionalized by glutaric anhydride.
nder functionalization of polymer, controlled by FTIR spectra,

he carboxylic groups were introduced. The content of car-

t
A
t

um trans-Butenedioic acid (fumaric
acid)

oxylic groups in the final samples was determined by titration
ethod, in the following manner. A sample of resin (0.2 g) was

laced into 25 cm3 syringe equipped with a polypropylene frit
nd Luer valve. Then, acetone (10 cm3) and an excess of 0.1 M
aOH solution (5 cm3) were added. The syringe was sealed up
ith a silicone cork and placed on the shaker. The mixture was

haken for 3 h. Then, the solution was filtered off and the resin
as washed with mixture of acetone and water (3× 20 cm3,
:1 v/v). The excess of NaOH was titrated with 0.1 M HCl in
he presence of phenolphthalein. A blank test was carried out
s well. The resin loading (mmol/g) was calculated from the
ormula COOH contents = 0.1 (Vb − V)/m, where Vb and V are
hevolume of HCl solution (cm3) in the blank test and in the
itration of resin sample, respectively and m is the mass of the
ample (g).

Using this method the content of COOH equal to 1.1 mmol/g
as determined. Two resin samples of crosslinking degree of
% (OFP-3) and 10% (OFP-10) were used to prepare palladium
atalysts.

.2. Preparation of Pd catalysts
Samples of OFP resin were treated with the Pd(ac)2 solu-
ion in THF [Pd(ac)2 concentration of 4.73 × 10−3 mol/dm3].
n appropriate volume of Pd2+ precursor solution was added

o introduce 0.5 wt.% Pd, 1 wt.% Pd and 2 wt.% Pd in the final
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atalyst. The obtained Pd2+-resin suspension was gently stirred
t room temperature until all of the Pd ions reacted (ca. 24 h—as
ndicated by decolouration of initial yellow solution). Then, the
atalyst was filtered off, washed with THF (5×20 cm3) and dried
n air. Prior to reduction, the Pd2+ containing yellow samples
ere allowed to swell in THF. Reduction was performed with 10

imes excess of NaBH4 solution (0.05 mol/dm3) in THF:CH3OH
9:1 volume ratio) under vigorous stirring using a shaker. Then,
he catalysts were decanted, washed several times with THF and
HF–H2O mixture, and dried under vacuum to constant weight

1 h at 50 ◦C).
Four percent of Pd/SiO2 catalyst was prepared as described

efore using commercially available silica (BET surface area
20 m2/g) [20]. In hydrogenation experiments the sieve fraction
ith average grain size of 0.0675 mm (pore volume 0.54 cm3/g,

verage pore diameter 8 nm and 9 nm) was used. The catalyst
as reduced by gaseous hydrogen “in situ” in the reactor just
efore the catalytic test [20].

.3. Characterization of Pd/OFP catalysts

SEM analysis was performed by means of scanning elec-
ron microscope Philips XL-30 with a resolution of 20 nm. The

icroscope was equipped with a Kevex energy-dispersive X-
ay analyser. X-ray microprobe analysis was performed for the
ssessment of Pd distribution. TEM studies were carried out
sing a Philips CM-20 instrument operated at 200 kV. Samples
or the TEM studies were prepared by placing a drop of suspen-
ion of catalyst in ethanol (or THF) onto a carbon-coated copper
rid, followed by evaporating the solvent.

Swelling ability of starting OFP and reduced Pd/OFP cata-
ysts was evaluated by the measurements of expanded volumes
n THF and THF solutions of the substrates of the same con-
entration (0.043 mol/dm3) like that used in hydrogenation
xperiments. As the measure of swelling ability the ratio VS/V0
as assumed, where V0 is the initial volume of dry, powdered

ample, before the swelling experiment and VS is the final
wollen volume of the sample. Typically, swollen ability was
etermined at room temperature. In these conditions the expan-
ion of catalyst grains was very quick and it was complete after
–2 min.

.4. Catalytic experiments

Hydrogenation experiments were performed in thermostatic
lass reactor with shaking. The reactions were carried out in THF
olvent, at 22 ◦C and atmospheric pressure of H2 (concentration
f hydrogenated reagent 0.043 mol/dm3). In standard procedure,
rior to the hydrogenation experiment, the catalyst was left to
well in THF under nitrogen (15 min) and then hydrogen atmo-
phere (30 min). Then, the hydrogenated solution was added and
fter 2–3 min the reaction started. It was checked in separate

eries of experiments, that pre-swelling of catalyst in solution
f reactants resulted in the same activity as that determined in
tandard procedure. The course of reaction was followed by
easuring the uptake of hydrogen against reaction time. Sam-

w
i
a
o

ig. 1. Hydrogen consumption curves for the hydrogenation of crotonic acid in
he presence of 0.5%Pd/OFP-3 and 2%Pd/OFP-3 catalysts.

les of final solutions were analysed by GC method (Auto system
L, Perkin-Elmer, 30 m PE-5 MS capillary column). Typically
4 cm3 of reagent solution in THF and 0.06 g of catalyst were
sed. As the measure of catalyst activity (SPC) the initial rate of
ydrogen uptake per 1 g of Pd in the catalyst (mol min−1 g Pd−1)
as assumed. The rate was calculated from the slope of initial,

inear part of hydrogen uptake curves (Fig. 1).

.5. Correlation analysis and molecular modelling

The correlation analysis was performed in Statistica 7.1 pack-
ge [21]. The logarithm of the rate of hydrogenation (log SPCM)
as assessed for correlation with steric, hydrophobic and elec-

ronic features of reactants. The steric factors were described
y molar refractivity (MR) calculated by Cerius2 molecular
odelling package [22]. The molar refractivity is a constitutive-

dditive property that is calculated by the Lorenz–Lorentz
ormula:

R =
(

n2 − 1

n2 + 2

) (
MW

d

)

here MW is the molecular weight, n the refraction index and
is the density.
The value of MR depends only on the wave longitude of

he light used to measure the refraction index. For a radiation
f infinite wavelength, the molar refractivity represents the real
olume of the molecules. Moreover, molar refractivity is related
ot only to the volume of the molecules but also to the London
ispersive forces.

The hydrophobic factor is described by experimental loga-
ithm of octanol/water partitioning coefficiency (log P) [23]. In
rder to describe electronic features of reactants density func-
ional theory (DFT) level quantum chemical modelling was
erformed with Gaussian 03 package [24]. Their geometric
tructure was optimized in vacuum on B3LYP level of theory

ith 6-31G(d, p) basis sets. Then the structures were reoptimized

n CPCM [25]. THF model solvent medium and the vibration
nalyses were conducted to ensure that minimum geometry was
btained. The half of energy difference between HOMO and
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ladium 1 wt.% Pd (0.094 mmol Pd/g) or 2 wt.% Pd (0.188 mmol
Pd/g) and the content of carboxylic groups in the polymer
1.1 mmol g are much higher than the Na/Pd ratios determined by
the X-ray analysis. This difference is the result of some changes
Fig. 2. The SEM micrograph and X-ray microprobe analysis of Pd and

UMO orbitals was then calculated as a measure of molecules
bsolute hardness/polarizability [26]. The absolute hardness (η)
s defined on the basis of molecular orbital theory as half of
nergy difference between the highest occupied and the lowest
noccupied orbitals [27]:

= ELUMO − EHOMO

2

. Results and discussion

.1. Characterization of Pd/OFP catalysts

During the reduction of catalyst with NaBH4 the colour of
amples changes from yellow to black and the reduced catalysts
re studied by microscopic techniques. The X-ray microprobe
nalysis shows very homogeneously distributed Pd throughout
he catalyst grains (Fig. 2). The studies performed by means
f optical microscope also confirm that the whole volume of
olymer grains becomes black during the reduction with NaBH4.
n the TEM image of reduced 2%Pd/OFP-3 catalyst the particles
f Pd of 2–3 nm in size can be seen (Fig. 3). These microscopic
bservations reveal high ability of the used polymer to stabilise
he dispersed Pd nanoparticles very well.
The X-ray microprobe analysis (Fig. 2) shows the presence of
odium in the reduced catalysts. The values of Na/Pd ratios 2.19
nd 2.37 for 1%Pd/OFP-3 and 2%Pd/OFP-3 catalysts, respec-
ively, are calculated from the X-ray analysis (Fig. 4). It should
istribution for reduced 1%Pd/OFP-3 catalyst (magnification 10,000×).

e stressed that the X-ray microprobe analysis performed for
he catalysts after the hydrogenation test shows practically the
ame values of Na/Pd ratios. This indicates that sodium is not
emoved under the catalytic test.

The presence of sodium in the reduced catalysts indicates that
nder the reduction of catalysts by NaBH4 solution, H+ ions
rom carboxylic groups of polymer are replaced by Na+ ions.
owever, the Na/Pd ratios calculated for the 1%Pd/OFP-3 and
%Pd/OFP-3 catalysts (11.70 and 5.85, respectively) from the
omposition of catalysts taking into account the loading of pal-
Fig. 3. The TEM micrograph of 2%Pd/OFP-3.
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ig. 4. The data of X-ray microprobe analysis for reduced 1%Pd-OFP-3 and
%Pd/OFP-3 catalysts.

n the polymer structure, which proceeds under the reduction of
atalysts. They are evidenced by the FTIR spectra presented in
ig. 5. FTIR spectra were registered for as-prepared and reduced
%Pd/OFP-3 catalysts as well as for initial and NaBH4 treated
FP resins samples. Similar changes in the FTIR spectra can be

een for the sample of OFP resin and as-prepared 2%Pd/OFP-3
atalyst. They are concentrated on spectral regions characteris-
ic of carbonyl groups (1500–1800 cm−1) and originating from
he hydrogen bonds (3200–3400 cm−1). A broadening of C O
and at ca. 1530 cm−1 and weakening of hydrogen bond peak
t ca. 3250 cm−1 can be seen in the spectrum of both reduced

amples.

Thus, on the basis of these studies it can be make sup-
osition that structural changes appears in the polymer under
aBH4 treatment and they concentrate on carbonyl groups.

ig. 5. The FTIR spectra of starting resin (a) and resin treated by NaBH4 (b),
s-prepared 2%Pd/OFP-3 catalyst (c) and NaBH4 reduced catalyst (d).
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ig. 6. Swelling ability determined in THF for 3% (OFP-3) and 10% (OFP-10)
ross-linked polymers and reduced 0.5%Pd/OFP-3 and 2%Pd/OFP-3 catalysts.

hese changes also reduce swelling ability of polymer. The
esults presented in our previous paper showed that after treat-
ent the sample of 3% cross-linked resin by NaBH4 its swelling

bility in THF decreased ca. 1.2 times [28].
Swelling abilities determined for the samples studied in

he present work are reported in Fig. 6. It is observed that
ighly, 10% cross-linked polymer (OFP-10) is less swellable
VS/V0 = 3) than its 3% cross-linked OFP-3 (VS/V0 = 6) ana-
ogue. Our previous studies showed that insertion of palladium
ons into OFP resin reduced slightly its swelling ability in THF
28]. This has been ascribed to cross-linking effect of palladium
ons. As Fig. 6 indicates the reduction of Pd/OFP-3 catalysts does
ot restore swelling ability of the polymer since the expansion
f reduced Pd/OFP-3 catalysts is lower than that of initial OFP-3
esin. This can be ascribed to changes in polymer structure that
re induced by NaBH4 treatment and/or by the replacement of
arboxylic H+ ions in the polymer by Na+ ions evidenced by the
EM studies.

Swelling abilities determined in THF solutions of carboxylic
cids are collected in Table 2. All the reactants, except the m-Krt
cid induce slightly higher expansion of 0.5%Pd/OFP-3 catalyst
ompared to those determined in pure THF. Under contacting
he catalysts pre-swollen in pure THF with solution of reactant
urther expansion of their grains occurs.

.2. Hydrogenation experiments

Catalytic experiments are performed in order to evaluate a
orrelation between the properties of reactant molecules and the
ate of C C bond hydrogenation. A difference in the hydrogena-

ion rates of olefins with various substituents on the double bond
nd methyl-substituted cyclohexanones for typical noble metal
upported catalysts has been attributed to the steric hindrance of
he substituent to adsorption [29,30]. It has been established that
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Table 2
The initial rate of hydrogenation (SPC) (mol min−1 g Pd−1) and swelling ability of 0.5%Pd/OFP-3 catalyst in the THF solution of reactants (3% cross-linked OFP)

Reagent VS/V0 4%Pd/SiO2 0.5%Pd OFP-3 1%Pd OFP-3 2%Pd OFP-3 1%Pd OFP-10

Acr Acrylic acid (prop-2-enoic acid) 6.36 5.13 40.8 30.5 24.4 7.94
m-Acr �-Methyl-lacrylic acid (2-methyl-prop-2-enoic acid) 4.64 4 10.88 8.44 6.26 5.62
Krt Crotonic acid (but-2-enoic acid) 4.64 4.95 18.7 12.5 9.31 10.2
m-Krt �-Methyl-crotonic acid (3-methyl-but-2-enoic acid) 4.10 0.53 1.06 0.73 0.57 0.48
Cyn Cinnamic acid (3-phenyl-prop-2-enoic acid) 5.64 1.06 5.85 3.92
m-Cyn �-Methylcinnamic acid (2-methyl-3-phenyl-prop-2-enoic acid) 4.73 1.14 1.96 2.07
Mal Maleic acid (cis-butenedioic acid) 6.73 2.43 4.83 4.85 3.04 4.25
Fum Fumaric acid (trans-butenedioic acid) 5.73 2.40 3.53 3.51 3.16 3.51
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acrylic acid as in crotonic (Krt) and �-methylacrylic (m-Acr)
acids leads to only slightly lower rate of hydrogenation. How-
ever, the rate decreases rapidly when two CH3 substituents are
introduced in the � position of parent acrylic acid and the hydro-
he swelling of 0.5%Pd/OFP in the THF solvent, VS/V0 = 4.1.

he intrinsic reactivities of olefins depend slightly on the olefin
ubstituents, whereas adsorption coefficient depend heavily on
he number and bulkiness of the substituents [29]. Here, acrylic
cid and a series of its derivatives are studied (Table 1). The
olecules of derivatives differ in the substituents at the dou-

le bonded carbon atoms relative to the acrylic acid, which is
ssumed as the parent compound. The role of the size of substrate
olecule (MR), its hydrophobicity (log P) and polarizability

1/2(ELUMO − EHOMO)) are taken into consideration.
Fig. 7 shows the dependence of the initial rate of crotonic

cid (Krt) hydrogenation against the catalyst concentration in the
eactor. A clear first-order relationship obtained indicates that no
xternal mass transfer effect operates under applied conditions.

In hydrogenation experiments Pd/OFP catalysts of various
d contents, 0.5%, 1% and 2% Pd and different, 3% and 10%,
ross-linked polymers are studied. For comparison, the hydro-
enation is also carried out on 4%Pd/SiO2 catalyst. The initial
ate of C C hydrogenation for individual reagents (SPCM)
mol min−1 g Pd−1) is collected in Table 2. To make discus-
ion of the results easier the relative rates of hydrogenation

SPCM/SPC0) are introduced (Fig. 8). They present the ratio of
ydrogenation rate of individual reactant (SPCM) and that of �-
ethylcrotonic acid (SPC0) (m-Krt) reactants, which is assumed

ig. 7. The rate of crotonic acid hydrogenation against the concentration of
.5%Pd/OFP-3 catalyst.

F
r

s the reference. The rate of (m-Krt) acid hydrogenation is the
owest for all the catalysts, gel-type and 4%Pd/SiO2. Moreover,
he presence of m-Krt acid in the THF solution does not affect
he expansion of catalyst grains induced by pure THF.

For all studied catalysts, 4%Pd/SiO2 and Pd/OFP, the rate of
C bond hydrogenation is the highest for acrylic acid (Akr), a

arent molecule of the smallest size. Generally, the rates for other
eactants hydrogenation in which H-atoms are substituted by
ethyl (�-methylacrylic, crotonic, �-methylcrotonic), phenyl

cinnamic, �-methylcinnamic) or carboxylic (maleic, fumaric)
roups are clearly lower.

.2.1. Hydrogenation in the presence of 4%Pd/SiO2

atalyst
Incorporation the CH3 group into the molecule of parent
ig. 8. The rates of individual reactants hydrogenation (SPCM/SPC0) calculated
elative to the rate of m-crotonic acid hydrogenation.
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Table 3
Steric (MR), hydrophobic (log P) and electronic (hardness) descriptors used to
characterize hydrogenated reactants

Compound Steric factor
(MR)

Hydrophobicity (log P) Absolute hardness

Acr 17.37 0.35 0.1158
m-Acr 21.65 0.93 0.1143
Krt 23.04 0.72 0.1144
m-Krt 27.32 1.10 0.1105
Cyn 43.14 2.13 0.0842
m-Cyn 47.42 2.89 0.0856
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enation rate of �-methylcrotonic acid (m-Krt) is the lowest. A
ubstitution of H atom in the parent acrylic acid (Acr) by bulky
ubstituent, such as phenyl ring, in Cyn and m-Cyn acids or
y carboxylic group, in Mal and Fum acids, resulted in hydro-
enation rates higher than that of reference molecule, m-Krt.
owever, the rates of C C bonds hydrogenation in above “large”
olecules are definitively lower than the rates observed for H or
H3 group-containing substrates. For the reactants with phenyl

ubstituent, such as in cinnamic (Cyn) and �-methylcinnamic
m-Cyn) acids, the rates are clearly less sensitive for the presence
f CH3 group in � position of the C C bond than in the case of
crylic acid and its CH3-substituted derivatives. Similarly, the
is–trans location of the substituent as in maleic and fumaric
somers has no effect on the rate of hydrogenation (Table 2 and
ig. 8).

.2.2. Hydrogenation in the presence of Pd–OFP catalysts
Substitution of one H-atom in the � position of double bonded

arbon in acrylic acid by the CH3 group as in crotonic (Krt)
cid leads to ca. two times lower rate. Branching of acrylic
cid molecule by replacement of H-atom in the � position
ith CH3 group, as in the �-methylacrylic (m-Akr) acid leads

o further decrease in the rate which becomes ca. four times
ower compared to that of the parent acrylic acid. Substitution
f both H-atoms in the � position by the CH3 groups, as in
-methylcrotonic (m-Krt) acid gives the lowest rate of C C
ydrogenation, similarly as for 4%Pd/SiO2 catalyst. However,
ontrary to the 4%Pd/SiO2 catalyst, the cis–trans location of
OOH groups evidently affects the rate of C C hydrogenation
n Pd/OFP catalysts. The rate of trans-isomer hydrogenation
s lower than that of cis-isomer. The presence of CH3 group
n � position of the C C bond in large molecule such as �-
ethylcinnamic (m-Cyn) acids, also affects the hydrogenation

ate and the rate decreases.
In the presence of catalysts with highly, 10% cross-linked

olymer the rate of C C hydrogenation in all the reagents
ecreases. However, the observed decrease is much stronger
or Acr acid (ca. four times) than for other substrates (ca.
.5 times) (Table 2). Since the Pd centres in the inner part of
olymer grains can be reached via the migration of reagents
hroughout the swollen polymer backbone, greater access and
onsequently higher rate of hydrogenation can be expected
or smaller molecules than for the larger ones. Since higher
rosslinking of polymer reduces its swelling (Fig. 6) as well as
ts porosity, and thus migration of molecules inside the polymer
ecomes more hindered. As the result, the over-all rate of C C
ydrogenation decreases and one may expect the higher decrease
n the rate in the case of more deeply penetrating reagent, such
s the parent reagent, acrylic acid.

In conclusion, the reactivity of Pd/OFP differs from that
f Pd/SiO2, especially in the case of reactants with bulky
ubstituents at double bonded carbon. When there is a steric
indrance around the C C bonds due to bulky substituents

ike two carboxyl groups (maleic and fumaric acids) or phenyl
ing (cinnamic and �-methylcinnamic acids) the rates of C C
ydrogenation differ on gel-type catalysts whereas, the rates are
ractically the same on typical 4%Pd/SiO2 catalyst.

3

r
(

al 24.76 0.46 0.0962
um 24.76 −0.34 0.1000

.3. Molecular modelling and correlation analysis

In view of literature suggestion, the size and hydropho-
icity of reactant molecules may influence their migration
hroughout the polymer matrix to the Pd centres. To clarify
his role the correlation between the observed rate of C C
ydrogenation (log SPCM) and the properties of substrates,
uch as hydrophobicity (log P), molecular refractivity (MR) and
olecule absolute hardness/polarizability is examined (Table 3).
It should be pointed out, that all studied properties MR, log P

nd hardness are co-linear to some extent as with increased
ize of substituents (CH3, phenyl) and consequently the MR
f molecule, the compounds become more hydrophobic (higher
alue of log P). Therefore, there is a high, statistically important
orrelation between log P and MR (R = 0.89). Similarly with
ardness, extending the molecule framework introduces possi-
ility for the electrons to get polarized more easily (especially
hen conjunct unsaturated substituents are involved), resulting

n the linear correlation between MR and hardness on R = −0.88
evel (R2 = 0.77).

The reactivity of typical 4%Pd/SiO2 catalyst has different
haracteristics than that of Pd/OFP catalysts and the analysis of
actors controlling the rate of C C hydrogenation on 4%Pd/SiO2
nd gel-type resin-based Pd/OFP catalysts is performed sepa-
ately.

.3.1. Reactivity of 4%Pd/SiO2 catalyst
The reactivity of 4%Pd/SiO2 (log SPCM) correlates quite

ell on statistically significant level with molecular refrac-
ivity (R = −0.93, R2 = 0.86) (Fig. 9) and substrate hardness
R2 = 0.97) (Fig. 10) within the whole range of studied reactants
eaving the �-methylcrotonic (m-Krt) acids out of trends only.
t is observed that the bigger (higher MR) the substrate is the
lower it reacts and the harder is the substrate (i.e. electrons are
etter localized and are harder to polarize) the higher is the rate
f C C hydrogenation. Contrary to the MR and hardness, there
s no correlation between the reactivity of 4%Pd/SiO2 catalyst
nd the hydrophobicity of reactants (Fig. 11).
.3.2. Reactivity of Pd/OFP catalysts
For all three gel-type-based catalysts very high linear cor-

elation between 0.5%Pd/OFP, 1%Pd/OFP and 2%Pd/OFP
R > 0.97) has been observed. The rate of C C hydro-
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ig. 9. The correlation plots between the rate of hydrogenation [log(SPCM)]
nd size of molecule, molecular refractivity (MR) or reactants.

enation correlates with the MR values only with six
ompounds (R = −0.93, R2 = 0.86) leaving cinnamic (Cyn) and
-methylcinnamic (m-Cyn) acids as outliners (Fig. 9). Appar-
ntly, the higher MR, i.e. the bigger is the reactants molecule,
he lower rate of hydrogenation. It can also be clearly seen that
ize-dependency on Pd/OFP catalysts is approximately 6.5 times
tronger than that of 4%Pd/SiO2 catalyst.

For the Pd/OFP catalysts the role of molecule hardness
Fig. 10) is not as clear as in the case of 4%Pd/SiO2 catalyst.
he correlation may exist for four reactants having the CH3
ubstituents (R = 0.99, R2 = 0.98) only, leaving the molecules
ith phenyl ring (Cyn, m-Cyn) and dicarboxylic acids, (Mal

nd Fum) outside the trend. However, the hydrogenation rate
easured in the presence of Pd/OFP catalysts correlates quite
ell with hydrophobicity of most of the reactants (R = −0.97,
2 = 0.94), except for m-Krt and dicarboxylic acids (Mal, Fum)

Fig. 11). The more hydrophobic reactant molecule the lower

ate of C C hydrogenation is observed.

Hence, the activity of Pd/OFP catalysts correlates quite well
ith the size (MR) and hydrophobicity (log P) only for the reac-

P
s
P

ig. 10. The correlation plot between the rate of hydrogenation [log(SPCM)]
nd hardness/polarizability of reactants.

ants having CH3 as the only hindering group. However, there
s a significant discrepancy between behaviour of the reactants
ith substituents like phenyl ring or two carboxyl groups. As

or phenyl-substituted Cyn and m-Cyn acids it is clear that some
ther factors than the size control their reactivity (Fig. 8). One
ould expect for the reaction with reactants with such a high
R, as in the case of Cyn and m-Cyn acids, to proceed slower

han in the case of m-Krt acid. Especially in the case of Cyn
cid, much higher activity than expected is observed. This effect
eems to be somehow connected with intrinsic features of phenyl
ubstituent as we could not find any molecular descriptor that
ould describe all the substrates as a one, uniform group.
Based on the results presented, one may conclude that sim-

larities and differences exist between catalytic performance of
el-type-based Pd/OFP and typical Pd/SiO2 catalyst. Similarly
o what is observed for 4%Pd/SiO2 catalyst, the size of the reac-
ant characterized by the MR is also an important factor for

d/OFP catalysts. Moreover, for polymer-based catalysts the
ize of reagent exhibits much stronger influence than on typical
d/SiO2 catalyst (Fig. 9). Contrary to 4%Pd/SiO2 catalyst, in
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he case of Pd/OFP the role of reactants hardness/polarizability
s restricted to the reactants having the CH3 group as the only
ind of substituents. The presence of phenyl ring (Cyn, m-Cyn
cids) or second carboxyl group (Mal, Fum acids) results in
trong deviation from the observed trend maybe because of spe-
ific interaction between these groups and functional groups,
ike C O of polymer backbone.

The influence of reactants hydrophobicity is observed in case
f gel-type Pd/OFP catalysts only. Although this influence, sim-
larly as in the case of absolute hardness, does not cover all the
eactants it proves a specific behaviour of gel-type polymer-
ased catalysts. The obtained data also clearly illustrate the
mportance of the type and the number of substituents. The pres-
nce of a steric hindrance around the C C bonds caused with
ubstituents like phenyl ring, or two carboxyl groups, leads to
dditional effects. They are observed as the increased swelling of
olymer in the solution of these reactants (cinnamic, maleic and

umaric acids) and the lack of correlation between the hydro-
enation rate and the descriptors of size and hydrophobicity.
hese observations are similar to the previously reported data
howing that alkenes in which C C are conjugated with C O,
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–(O)–NH2 or C≡N group are more reactive than the unconju-
ated ones. In order to elucidate, which factors, apart from the
teric hindrance play an important role in case of this kind of
ubstituents, further experiments with other reactants are under
rogress.

. Conclusions

Due to specific properties of the used polymers, they are
ble to stabilize highly dispersed Pd nanoparticles uniformly
istributed throughout the catalyst grains. Swelling ability of
olymers decreases at higher crosslinking degree and after incor-
oration of palladium. Nanoenvironment surrounding the Pd
entres especially inside the expanded catalysts grains makes
he Pd/OFP catalysts very sensitive for the structure of the
ydrogenated unsaturated carboxylic acids. The correlation
etween experimentally determined rate of hydrogenation and
he size of substrate molecule, its hydrophobicity and abso-
ute hardness/polarizability is fairly demonstrated by theoretical

odelling and correlation analysis. The rate of C C hydrogena-
ion was found to depend on the crosslinking degree of the resin
nd on the presence of steric hindrance around the C C bond
n the substrates. It has been established that experimentally
etermined rate of hydrogenation on Pd/OFP catalysts corre-
ates quite well with size and hydrophobicity for reactants having
he CH3 groups as the only type of substituents. When there is

steric hindrance around the C C bonds with phenyl ring or
wo carboxyl groups an additional effect play a role in the rate
f hydrogenation. They may be related to specific interactions
etween these substituents and the functional groups of polymer
atrix.
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