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Polymer resins with immobilized metal nanoparticles represent highly promising materials for attaining 

intelligent and ecologically friendly catalysts. Control of the dynamic swelling behaviour of the polymer 

resins enables the on/off-switching of the activity of the encapsulated metal nanoparticles, thereby 

allowing conversion and selectivity to be controlled at a specific time of the chemical reaction. This paper 

presents a study on the distinct role of the polymer support. Here, the hydrogenation of nitrobenzene was 10 

chosen as model reaction, and nanoparticles of different metals were taken into account. The course of the 

reaction revealed the essential role of the polymer resins in controlling the diffusion, in particular of the 

reagents, to and from the catalytically active sites on the surface of the nanoparticles thereby influencing 

the catalytic activity of the metal and opening up a new approach to catalytic engineering.  

Introduction 15 

Recently, the use of metal nanoparticles 1 on polymer supports 

has attracted growing interest in reactions such as the 

anthraquinone process,2 the direct synthesis of H2O2,
3 the 

hydrogenation of nitrobenzene,4,5 cyclohexene and α,ß-

unsaturated aldehydes,6 styrenes,7 the selective reduction of 20 

benzene to cyclohexene,8 dehalogenation of chlorobenzene,9,10 as 

well as in the conversion of glucose to sorbose.11 Yet these 

applications 12-15 are few compared to the large number of 

applications of oxidic supports widely used to immobilize metal 

nanoparticles.1,16-18 The increasing attention paid to polymer 25 

matrices as a support for nanoparticles is related to the high 

flexibility of the polymer resins, but also to the facile preparation 

and the ready property control which are superior features 

compared to many of the classic supports. Interestingly, polymer 

supports provide new opportunities in controlling catalytic 30 

reactions.  

 Aiming at developing novel smart catalysts,19-21 this study 

investigates the use of polymeric supports 22-26 by focussing on 

learning how to switch the activity of catalysts on/off, expanding 

the scope of polymer supports and more generally introducing 35 

smart heterogeneous catalysts in the liquid-phase synthesis of fine 

chemicals. The objective of this study is to promote 

understanding of the effect of the reaction medium on the 

swelling behaviour of polymer supports, thereby changing the 

dimensions of the porous polymer network and, consequently, the 40 

properties of the resin.  

 Dry gel-type resins are glassy materials with no intrinsic 

porosity. The pore network develops only upon swelling of the 

polymer by a liquid host, the nature of which strongly affects the 

pore size. The degree of swelling is relevant to both catalyst 45 

preparation and during the use of polymer supported catalysts in 

catalytic reactions. The sulphonated gel-type ion-exchange resin 

K1221 was chosen as the polymer support (Figure 1).27 The resin 

is characterised by high acidity (due to the presence of –SO3H 

groups with pKa = -2.8 in water) and good swelling properties in 50 

aqueous media. As it is readily recovered, the resin K1221 has 

found wide applications in water purification. It is also employed 

in industrial applications, when a strong acid is needed, but no 

free acid in solution is allowed, as for the hydrolysis of ethers and 

esters,28 condensation reactions involving small polar 55 

molecules 29 and bisphenol-A production.30 A particular 

advantage of the K1221 polymer beads is the interconnected 

network that allows to control the size of the metal nanoparticles 

formed inside the network.31,32. It is well known that the metal 

particles grow in size,1,33-35 until the available space between the 60 

polymer chains has been filled (Scheme 1).  

 

Figure 1. Chemical structure of the K1221 ion exchange resin (left) and 

image of the parent K1221 beads (right). 

 65 

Scheme 1. Restricted growth of metal nanoparticles embedded in a gel-

type resin.32  
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 Different catalysts were synthesized by growing nanoparticles 

of metals such as Rh, Pt, Ru, and Ni into the water-swollen 

polymer resin. We chose to concentrate on nitrobenzene 

hydrogenation as model reaction, as this reaction is characterized 

by a very different polarity of the nitrobenzene substrate, the  5 

aniline intermediate and the cyclohexylamine product. Thus, we 

expected to obtain insight into how the solvent and the changing 

polarity of the reaction medium affect the accessibility of 

catalytic sites inside the polymer network.  

Experimental 10 

All chemicals were obtained from commercial suppliers and used 

as received if not stated otherwise. The K1221 resin (bead size 

261(5) µm, bulk density 760 g/l, ion exchange capacity 1.9 

mmol/g) was obtained from Lanxess; active carbon was obtained 

from Evonik.  15 

Catalyst preparation  

The polymer-supported catalysts† were prepared by an 

impregnation procedure. The parent K1221 resin was washed 

with deionized water, the sulfonic acid groups neutralized with 

aqueous sodium hydroxide (1 mol/l) and the beads washed with 20 

water until the pH-value of the effluent was neutral. 

Subsequently, the beads were washed with MeOH/water (1:1v/v) 

as well as with neat MeOH and dried for 24 h at 80°C. The 

sodium exchanged beads (5.83 g) were suspended in water (30 

ml) for 2 h. A solution of the metal salt was added (Table 1, Step 25 

1); the mixture stirred at RT for 3 h and then heated to reflux for 

30.5 h. After cooling to RT, the beads were washed with 

deionized water. The beads were re-suspended in water (5 ml), 

and a solution of NaBH4 (Table 1, Step 2) was added under 

vigorous stirring. The mixture was stirred for 22 h. Then the 30 

beads were filtered off, washed with ample deionized water and 

then dried in air at 70-85°C for 6 d. The metal content was 

5.3%w/w (Rh/K1221), 8.6%w/w (Pt/K1221), 5.7%w/w (Ru/K1221) , 

2.4%w/w (Ni/K1221).  

Table 1 Quantities used in the preparation of polymer-supported catalysts 35 

(Step 1/2) and Ni/K1221 (Step 1 followed by reduction in a flow of 

hydrogen)  

Metal Step Reagent Quantity Water 
   [g] [mmol] [ml] 

Rh 1 [Rh(NO3)3(H2O)x] 
2 2.727 2.65 2 

 2 NaBH4 2.651 70.1 10 

Pt 1 [Pt(NH3)4](NO3)2 0.609 1.57 15 
 2 NaBH4 1.047 27.7 5 

Ru 1 [Ru(NO)(NO3)x(OH)y] 
1 18.71 2.78 7 

 2 NaBH4 1.155 30.5 5 

Ni 1 Ni(OAc)2
·.4H2O 1.171 4.61 15 

 2 NaBH4 2.083 55.1 10 

1 x+y=3, aqueous solution, 1.5%w/w of Ru; 2 aqueous solution, 10%w/w of 

Rh, 5%w/w HNO3, 2.727 g solution used 

 Carbon-supported benchmark catalysts were obtained from 40 

Sigma-Aldrich (5%w/w). Ni/K1221 was prepared by adding active 

carbon (4.753 g) to a solution of the metal salt (Table 1) in 

MeOH (30 ml). The mixture was stirred for 24 h. Then, the 

volatiles were removed in a partial vacuum, and the powder was 

maintained at 85°C for another 2 h. The powder was then 45 

calcined in Argon at 300°C (10°C/min to 200°C, isothermal for 

60 min, 10°C/min to 300°C, isothermal for 60 min) and reduced 

in hydrogen (300°C for 120 min, 1°C/min to RT).  

Nitrobenzene hydrogenation  

Hydrogenation reactions† were performed in a 200 ml stainless 50 

steel autoclave equipped with gas entrainment stirrer (600 rpm). 

The autoclave was charged with catalyst beads, MeOH (12 ml) 

and dodecane (1.3 g), closed and flushed three times with Argon. 

After stirring the mixture for 30 min at RT, the autoclave was 

pressurized with hydrogen to 20 bar. By using a HPLC pump, 55 

THF (102 ml) was added. The mixture was then heated to the 

appropriate reaction temperature reported in the text. The 

pressure was adjusted with hydrogen to 100 bar and the reaction 

started by addition of nitrobenzene (2.5 g). The pressure was 

maintained thereafter at 100 bar by feeding hydrogen. In periodic 60 

intervals, samples of the liquid phase were taken and analysed by 

gas chromatography. 

Results and discussion 

Catalyst preparation and characterization 

 Polymer-supported catalysts were prepared by impregnating 65 

the sodium exchanged K1221 beads in aqueous solution with a 

suitable Rh, Pt, Ru, and Ni precursor followed by reduction with 

NaBH4.
† To characterise the porosity of the parent K1221 

polymer matrix, a sample equilibrated in aqueous phase was 

investigated by Inverse Steric Exclusion Chromatography 70 

(ISEC).36,37 With this technique solutes of known molecular size 

are eluted through an HPLC column packed with the swollen 

resin. Assuming that the partition of the solutes between the 

mobile and the stationary phase is driven by steric factors only, 

the characteristic dimensions of the pore system in the stationary 75 

phase can be obtained by analysis of the elution volumes as a 

function of the molecular size of the eluates. Water was chosen 

for the analysis as an aqueous solution was employed for both, 

introduction of the metal precursors into the resin and during 

subsequent reduction of the precursor to the elemental metal with 80 

NaBH4. For this reason, the pore size and pore size distribution of 

water-swollen K1221 is expected to be relevant to the final size 

of the metal particles. To suppress enthalpic interactions in the 

partition process of the ISEC analysis, an electrolyte (Na2SO4, 0.2 

M) was added to the mobile phase. The results of the ISEC 85 

analysis on the water-swollen K1221 are shown in Figure 2. 

 

 
Figure 2. Pore size distribution of water-swollen K1221 (cylindrical pore 

model). 90 
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 The pores of water-swollen K1221 were modelled as 

cylindrical pores, which were found to fall in the range of small 

mesopores up to 8 nm in diameter, with a volume-average value 

of 3.4 nm. We therefore expected that the metal nanoparticles fall 

in the same size range.38,19 The size of the Rh, Pt, Ru, and Ni 5 

nanoparticles formed inside the K1221 network was explored by 

X-ray diffraction (Figure 3). For Rh/K1221, three well resolved 

signals at 2θ values of 41°, 69° and 84° are assigned to the (111), 

(200) and (311) planes of the fcc crystal structure of rhodium. 

From the line broadening, an average size of the metal 10 

nanoparticles of 4.7 nm was calculated. The X-ray diffraction 

pattern of Pt/K1221 was very similar to Rh/K1221, showing three 

well resolved peaks at 2θ values of 39.8°, 46.2° and 67.5°. From 

the line broadening, an average size of the metal nanoparticles of 

5.2 nm was calculated. For Ru/K1221 a very large broadening of 15 

the signal at 2θ value of 44.6° indicates significantly smaller 

metal particles. Similarly, for Ni/K1221 a very large broadening 

of the signal at 2θ value of 43.1° indicates the formation of very 

small metal particles. Additionally, a weak signal for NiO was 

observed indicating some oxidation of the metal nanoparticles. 20 

Thus, the size of the metal nanoparticles determined by XRD 

analysis is in good agreement with the size of the pores of water-

swollen K1221. 

 
Figure 3. Powder X-ray diffraction analysis of Rh/K1221 (5.3%w/w Rh) 25 

 Analysis of the particle distribution of Rh/K1221 by scanning 

electron microscopy revealed an even distribution of relatively 

small areas of high metal concentration throughout the polymer 

matrix (Figure 4). EDX analysis showed that the metal was 

segregated in regions a few hundred of nanometres wide. It is 30 

clear, however, that the distribution of the metal in each of these 

regions is uneven (see the lower-right inset of Figure 4). 

Moreover, XRD analysis reveals that the size of the metal 

nanoparticles is 4.7 nm. No sharp signals that could be attributed 

to larger metal particles were detected. This suggests that the Rh 35 

nanoparticles with mean diameter of 4.7 nm are formed 

preferentially in discrete domains of the polymer matrix, which 

are more or less evenly distributed throughout the entire volume 

of the beads. The existence of these domains where the metal 

tends to be accumulated is the likely consequence of structural 40 

characteristics of the sulfonated resin.  

 
Figure 4. SEM micrograph of the inside of a cut Rh/K1221 bead; the 

inserts show an EDS and an EDX image of the embedded Rh 

nanoparticles (right, top and bottom, respectively).  45 

Nitrobenzene hydrogenation  

The ion-exchange resin K1221 with nanoparticles of four 

different metals (Rh, Pt, Ru, and Ni) were then tested in the 

hydrogenation of nitrobenzene as a representative consecutive 

reaction.34,39-43 Intermediates (aniline) and products 50 

(cyclohexylamine) vary considerably in their properties (Scheme 

2) and, thus, interact differently with the catalyst. Whereas 

nitrobenzene is a highly polar aromatic molecule (dipole moment 

4.03 debye),44,45 the intermediate aniline is a less polar aromatic 

molecule (1.59 debye)44 and cyclohexylamine is an aliphatic 55 

molecule with even lower polarity (1.33 debye).46 Consequently, 

the average polarity of the reaction medium changes substantially 

during the hydrogenation reaction.  

 
Scheme 2. Hydrogenation of nitrobenzene to aniline and cyclohexyl-60 

amine used as model of a consecutive reaction where the polarity of the 

reaction medium changes substantially during the reaction.  

The kinetics of the hydrogenation of nitrobenzene catalysts were 

explored for Rh/K1221, Pt/K1221, Ru/K1221, and Ni/K1221. 

Unexpectedly, the time-concentration profile was nearly identical 65 

for all four catalysts (Figure 5 for Rh/K1221). Three distinct 

reaction phases were observed. In the first phase, the reaction was 

fast, whereby about 40% conversion was obtained in 12 min. This 

part of the profile is best described as a first-order reaction for 

nitrobenzene; the initial rate of reaction was -1.6×103 70 

Dipole moment 4.03 debye 1.59 debye 1.33 debye

Highly polar Less polarPolarity

Reactants/

products
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molNB
.molM

-1.h-1 for Rh/K1221 (Table 1). Thereafter, in a second 

phase, the reaction stopped nearly entirely for 50 min and then 

started again, albeit at a much lower rate best described by a 

second-order reaction model. Both products aniline and 

cyclohexylamine appear to be formed in parallel (vide infra), 5 

while hardly any condensation (diphenylamine, N-

cyclohexylaniline, dicyclohexylamine) and substitution products 

(cyclohexanol) arise.  

 
Figure 5. Time-concentration profile of the hydrogenation of nitro-10 

benzene over Rh/K1221 (120°C, 100 bar, s/m 500, THF/MeOH 9:1) 

showing the three distinct phases of the reaction in comparison to the 

profile of nitrobenzene hydrogenation over Rh/C as benchmark catalyst 

(insert); dicyclohexylamine (DHA) was formed only over Rh/C; trace 

amounts of diphenylamine (DPA), N-cyclohexylaniline (N-CHA), and 15 

cyclohexanol (CHN) were detected.  

 To understand this unusual performance, the time-

concentration profiles of the corresponding carbon-supported 

catalysts were recorded under the same conditions. Depending on 

the metal applied, remarkable differences were found (Table 1).42 20 

Using Rh/C, the conversion of nitrobenzene proceeded within 12 

min to provide a mixture of aniline, cyclohexylamine and 

dicyclohexylamine in a ratio of 80:19:1 (Figure 2, insert). Once 

formed, the aromatic ring of aniline was not hydrogenated any 

further. Over Pt/C, nitrobenzene was converted after an initiation 25 

period to a mixture of aniline and cyclohexylamine in a ratio of 

13:1.42 Over Ru/K1221 nitrobenzene was converted with a 

similar initial rate as over Ru/C. However, the rate slowed down 

over Ru/C at higher conversions and the formed aniline was 

converted to a mixture of cyclohexylamine and dicyclohexyl-30 

amine. Over Ni/C, a short initiation period was observed. Then, 

nitrobenzene was first converted at a rate of -2.7×103 

molNB
.molM

-1.h-1, but then the reaction slowed down at higher 

conversions.42,47 Whereas aniline was formed as primary product, 

cyclohexylamine was formed in small amounts as a secondary 35 

product. 

 The similar time-concentration profiles observed for the 

polymer-supported catalysts clearly show that the reaction must 

have been governed by the (same) K1221 polymer support and 

not by the choice of the metal. Only with the polymer-supported 40 

nanoparticles did the reaction stop entirely after 12 min and 

eventually resume after 75 min (Figure 2). This implies that the 

reaction occurred under a diffusion regime and that the unusual 

kinetic profile is related to features of the polymer support. 

Noteworthy is that all polymer-supported catalysts were selective 45 

to primary amines, while formation of the secondary amine 

dicyclohexylamine was observed over the classic carbon-

supported catalysts (Rh/C and Ru/C). Moreover, a comparison of 

the polymer-supported catalysts (Ru/K1221, Ni/K1221) and the 

classic benchmark catalysts (Ru/C, Ni/C) revealed the absence of 50 

an initiation period. This suggests that the metal nanoparticles are 

protected against contact with air within the polymer matrix. 

These findings (diffusion regime, enhanced selectivity, protection 

of the metal against oxidation) suggest that the reactions take 

place inside the swollen polymeric framework. It has been 55 

reported that swelling of the gel-type resin K1221 leads to 

formation of pores in between the polymer chains with a diameter 

of 2-8 nm.48-51 Access to catalytic sites located inside of such an 

essentially microporous support brings about a kind of shape 

selectivity; in fact, the larger condensation products did not form 60 

over the polymer-supported catalysts.  

Table 2 Initial rate, conversion and selectivity of nitrobenzene 

hydrogenation over polymer-supported metal nanoparticles and 

benchmark catalysts 

Catalyst Initial rate a Conv.b Selectivity b 

 [103 molNB
.molM

-1.h-1] [%] [%] 

 NB ANI CHA DCHA  ANI CHADCHA 

Rh/K1221 -1.6 1.4 0.1 0.005 82 81 18 0.9 

Rh/C -4.1 1.9 1.9 0.4 100 42 47 11 

Pt/K1221 -1.7 1.5 0.2 0.01 83 77 22 1.0 

Pt/C -6.5 c 6.4 0 f 0.04 100 92 7 0.5 

Ru/K1221 -1.2 1.0 0.2 0.01 72 76 22 1.7 

Ru/C -1.3 c,d 1.2 0.1 e  0.7 100 20 66 14 

Ni/K1221 -1.6 1.3 0.2 0.01 74 77 21 1.9 

Ni/C -2.7 c,d  2.6 0.003 0.005 100 93 7 0.1 

a 120°C, 100 bar, s/m 500, THF/MeOH 9:1; b after 360 min; c initiation 65 

period 1-5 min; d change in regime (see text) ; e parallel and consecutive 

product; f consecutive product; NB: nitrobenzene; ANI: aniline; CHA: 

cyclohexylamine; DCHA: dicyclohexylamine  

 In order to investigate whether a synergistic effect of two 

differently supported metals can be exploited to tune the catalytic 70 

activity and the selectivity, Pt/K1221 was tested in combination 

with Ni or Rh on K1221, Ru/K1221 with Ni or Rh or Pt on 

K1221, and Ni/K1221 with Rh on K1221. The concentration 

profiles revealed the same three different phases as identified 

when a single supported metal was used.† Similarly, polymer-75 

supported alloys of Rh/Ni and Pt/Ru on K1221 were tested in the 

hydrogenation of the nitrobenzene. The concentration profile also 

showed the three distinct reaction phases. Furthermore, 

comparable percentages of conversion and selectivity towards the 

products were achieved.† This confirms that the reaction must 80 

have been governed by a diffusion mechanism which is 

controlled by the K1221 polymer support independent of the type 

of metal and the size of the nanoparticles. 

Solvent uptake into the polymer beads 

In the dry state, gel-type resins do not present any porosity and 85 

the beads are fully in a glass-like state. Only when soaked with a 

proper solvent, the nanocavities of the resin become accessible 
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and a high specific surface is acquired.52 For the parent K1221 

resin, the ISEC analysis of the water-swollen beads revealed a 

surface area of 2736 m2/g. The swelling ability is strongly 

dependent on the medium. To unravel this effect, the uptake of 

reactants, products and solvents into the polymer beads was 5 

measured (Table 3) as the Specific Absorbed Volume (SAV).53 

SAV is the volume of a liquid sorbed by a solid upon contact. In 

the case of resins like K1221, it represents the swelling volume, 

i.e. the volume of liquid filling the pores of the swollen polymer 

framework. Some bias can arise from small amounts of liquid 10 

retained at the external surface of the polymer beads or in the 

inter-particle voids of the packed solid. This is not generally a 

problem, especially for comparative purposes in a data set, 

provided that the external liquid is drained off by filtration or 

centrifugation. 15 

Table 3 Uptake of guest molecules into the parent K1221  

Guest  

molecule 1 

H-bond 

donor 

Dipole 

moment µ 

Dielectric 

constant ε 

Up- 

take 

  [Debye] [-] [mL.g-1] 

- 2 - - - - 

NB No 4.03 34.8 0.15 
THF No 1.75 7.58 0.07 

MeOH Yes 2.87 32.70 0.40 

Water Yes 1.85 78.3 0.67 
iPrOH Yes 1.66 19.92 0.23 
ANI Yes 1.59 6.9 2.22 

CHA Yes 1.33 2.0-2.2 0.80 

THF/MeOH 3 Mixture s.a. s.a. 0.16 

1 NB: nitrobenzene; THF: tetrahydrofuran; MeOH: methanol; iPrOH: iso-
propanol; ANI: aniline; CHA: cyclohexylamine; 2 suspension in n-

heptane; 3 ratio (9:1); dipole moments and dielectric constants from ref. 
44,46,54-56; s.a. see above  20 

 While the uptake was relatively low for the most polar (0.15 

mL/g for nitrobenzene) and non-polar molecules (0.07 mL/g for 

THF) in the reaction mixture, it was significantly higher for 

molecules able to form hydrogen bonds (2.22, 0.80 and 0.40 

mL/g for aniline, cyclohexylamine and methanol, respectively). 25 

Most likely, the high propensity of the beads of K1221 to absorb 

molecules with hydrogen bonding ability is related to the polar 

sulphonate groups present along the polymer chains. The use of a 

mixture of THF/MeOH (9:1) led to a significantly higher uptake 

(0.16 mL/g) in comparison to neat THF, suggesting preferential 30 

uptake of methanol into the pores. Such selective sorption in 

cross-linked polymers from mixtures of miscible liquids is a well-

known phenomenon.54,57 The solvent uptake goes along with a 

more or less large increase in the physical radius of the polymer 

beads (from 261(5) to 288-315 µm diameter),56 which implies, at 35 

the microscopic level, an increase in the average distance 

between the polymer chains. Hence, with these polymer-

supported catalysts the course of the reaction will be affected by 

the swelling behaviour of the polymer in dependence of the 

composition of the reaction medium.58-60 For this reason 40 

macroreticular resins, whose behaviour is less dependent on 

swelling, are most often employed in industrial applications.59  

 Regarding the reaction, it was observed that it temporarily 

stops as soon as the concentration of aniline has reached a critical 

value corresponding to roughly 40% conversion of nitrobenzene. 45 

The build-up of aniline ought to have an effect on the polymer 

beads due to the strong absorption of aniline into the K1221 

beads. Moreover, it is formed within the polymer framework and 

does not need to diffuse from outside to start interacting with the 

polymer framework. The large preference of K1221 for the 50 

absorption of aniline suggests that when it is formed in high 

enough amounts, the diffusion of compounds with much smaller 

swelling influence on K1221 from the outside is stopped. When 

large amounts of aniline are present, nitrobenzene and other 

species that have a low swelling power on K1221 may even be 55 

displaced from the support. Occasionally, we observed an 

increase in the concentration of nitrobenzene and decrease in the 

aniline concentration in the liquid phase at the transition from 

phase I to phase II (see the profile for Ru/K1221 in Figure S7, 

supporting material). Thus, a first consequence of the build-up of 60 

aniline in the catalyst is a shortage of the substrate within the 

catalyst, which readily explains why the formation of aniline 

stops at a sufficiently high conversion of nitrobenzene.  

 Yet, something else must have occurred, as also the formation 

of cyclohexylamine stops during phase II and, later on, the 65 

catalytic activity is restored in phase III. The build-up of aniline 

in the catalyst brings its local concentration nearby the metal 

nanoparticles to relatively high levels. As shown schematically in 

Scheme 1 and in Scheme 3, the metal nanoparticles within the 

polymer network of the support are surrounded by the polymer 70 

chains. During phase I the polymer framework is swollen by the 

solution of NB in THF/MeOH. These agents are characterised by 

a relatively small uptake, hence the swelling degree of the 

polymer will be small as well. This situation is schematically 

depicted in the upper part of Scheme 3. Under these conditions 75 

there is little room, due to the steric hindrance of the polymer 

chains, for the side-on adsorption of aniline. Moreover, the 

phenyl rings of the styrene units of K1221 likely compete with 

aniline for the η6 adsorption over the active surface. In this 

context, soluble polystyrene has been showed to be an effective 80 

stabilizer for Sc, Os, Pd, and Ru,61 Au 62 and Pt 63 through the 

interaction of the π electrons of the phenyl rings with the 

unsaturated surface metal atoms. Side-on adsorption is necessary 

for activation of the phenyl ring of aniline and is a condition for 

hydrogenation of the aromatic ring.43,47,64 As side-on adsorption 85 

is not necessary for the hydrogenation of nitrobenzene, this 

reaction proceeds smoothly. 

 When the aniline concentration inside the catalyst reaches a 

critical value, its η6 adsorption is so unfavourable that 

hydrogenation of aniline to cyclohexylamine 65 is suppressed. In 90 

effect, the catalyst is poisoned by the phenyl groups of the 

polymer and by η1-adsorbed aniline, which also stops the 

hydrogenation of nitrobenzene. 
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Scheme 3. Schematic representation of the adsorption mode of aniline on 

the surface of a metal nanoparticle in dependence of the competitive 

adsorption of the phenyl groups of the K1221 polymer support changing 

with the degree of swelling (low in the upper; higher in the lower part) 5 

 However, the build-up of aniline has also a second, favourable 

effect. When it is present in relatively high amounts, such as at 

the beginning of Phase II, the polymer starts to swell. The 

expansion of the polymer framework, which is represented in the 

lower part of Scheme 3, pulls the polymeric chains away from the 10 

metal nanoparticles so that there is more room for the aniline 

molecules to tilt from end-on to side-on adsorption on the metal 

surface. Moreover the higher distance of the polymeric chains 

from the metal surface makes their interaction more difficult. In 

consequence, the conditions which caused the catalyst to stop 15 

working at the end of phase I are progressively removed during 

phase II, so that the catalytic activity is resumed in phase III.  

 However the steric constraint, although relieved at the 

beginning of phase III in comparison with the beginning of phase 

II, can still give rise to a shape-selectivity effect preventing the 20 

formation of the condensation products too bulky to fit the room 

available around the metal nanoparticles.  

Conclusions 

Unlike oxidic supports, polymer supports are highly flexible 

materials. In the presence of suitable solvents, the pores of the 25 

polymer support open to allow for chemical reactions and close 

when the beads are removed from the solvent. The dimensions of 

the solvent network formed in the swollen state control the 

maximum size of metal nanoparticles generated during the 

synthesis of polymer-supported catalysts. In the dry state, the 30 

metal nanoparticles are perfectly trapped in the polymer matrix. 

As the nanoparticles are then encapsulated in the polymer matrix, 

they are well protected against contact with air. Dispersed in a 

solvent, the resin support shows highly dynamic behaviour, 

whereby the accessibility of the porous network changes with the 35 

polarity and nature of the medium. The substrate molecules 

diffuse through the solvent network to access the catalytic sites 

on the surface of the metal nanoparticles. Consequently, the 

dynamic properties of the polymeric support strongly influence 

the catalytic activity.  40 

 Here, the sulphonated gel-type ion-exchange resin K1221 was 

shown to be a versatile support for several metals. During the 

hydrogenation of nitrobenzene to cyclohexylamine, the very high 

affinity of the intermediate aniline towards the polymeric support, 

explains why the reaction, after proceeding at a high rate during 45 

the first 12 min, completely stops. In fact, build-up of aniline 

within the polymer framework leads to progressive swelling of 

the support and exclusion of the substrate from the catalysts. 

Slow relief of the steric hindrance at a later stage allows the 

catalytic activity to be restored. Moreover, the tight polymer 50 

network around the metal nanoparticles controls the selectivity 

preventing the formation of condensation products by a shape-

selectivity effect. 

 Accordingly, the polymeric support gives a performance 

completely different from that of inorganic supports of classic 55 

heterogeneous metal catalysts. On the one hand, the confinement 

of the metal nanoparticles within the polymer framework of a gel-

type resin makes the catalysts work under a diffusion regime and 

confers to the support the full control of the catalytic reaction. On 

the other hand, the steric effects of the confinement are 60 

modulated by the swelling of the polymeric support. If properly 

controlled, this dynamic behaviour can be utilized to switch the 

activity of the encapsulated metal nanoparticles on and off at a 

certain status of the reaction. This gives control to catalytic 

activity and selectivity at a specific time of the reaction.  65 

 Thus, the flexible matrix of gel-type polymeric supports 

enables developing smart catalysts based on immobilized metal 

nanoparticles.  
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