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Brief review on polymer‒supported metal NPs 
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I.1. Polymer supports 

Heterogeneous catalysis, performed over a solid surface is the heart of the modern energy 

and chemical industries. Most of the recognized and emerging chemical processes are 

performed using functional nanomaterials. Solid‒supported organic synthesis now become 

promising over toxic and hazardous organic solvent‒based syntheses.
1
 Additionally the 

Solid‒supported organic synthesis is important because it reduces pollution to the 

environment, lowers the cost of the method and it is easy for handling. 

Since the revolutionary work by Robert Bruce Merrifield (Nobel laureate in Chemistry on 

1984) in polymer supports, it became the interesting topic in organic synthesis.
2 

This solid 

phase procedure revolutionized polypeptide and polynucleotide synthesis, which is important 

for pharmaceutical and combinatorial chemistry. The structure of Merrifield resin is actually 

the copolymer of styrene and chloromethylstyrene. Additionally this polymer is also cross–

linked with divinylbenzene. The structure of the Merrifield resin is depicted in Figure I.1.  
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Figure I.1. Structure of Merrifield Resin 

After successful invention of Merrifield resin, solid‒supported organic synthesis became 

hot topic in synthetic methodology. Polymer‒assisted solution‒phase synthesis,
3a 

has various 

advantages over conventional solution‒phase chemistry in following aspects: 

1) the supported species can be separated easily by filtration and washing, 

2) workup procedures are simple, 

3) reuse of supported reagent after reaction, 

4) the ease of adaptation to continuous‒flow processes and hence use in automated 

synthesis, 

5) toxicity and odour of the species become reduced and 
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6) chemical differences, such as prolonged activity or altered selectivity of a catalyst in 

supported form compared with its soluble analogue. 

Now a days‟ scientists focus mainly on two factors associated with green chemistry namely 

E‒factor and atom economy. The polymer‒supported organic synthesis must be one of the 

ways to reduce the chemical and economical wastes. There are three important parameters 

that impact on both the commercial viability and the inherent greenness of a particular 

catalyst:
3b

 

1) Selectivity – the amount of substrate converted to the desired product as a percentage 

of total consumed substrate (a catalyst will be of limited benefit if it also enhances the 

rate of by‒product formation). 

2) Turnover frequency – the number of moles of product produced per mole of catalyst 

per second (low turn over frequencies will mean large amounts of catalyst are 

required, resulting in higher cost and potentially more waste). 

3) Turnover number – the amount of product per mole of catalyst (this is related to 

catalyst lifetime and hence to cost and waste).  

I.2. Types of Polymer supports  

Based on the requirement of different reaction conditions various types of polymer 

supports are used.
1b

 They are classified mainly in three categories as (a) Inorganic supports, 

(b) Inorganic‒organic hybrid polymeric matrices and (c) Organic supports (Scheme I.1). 

Inorganic OrganicHybrid

1. Metal Oxides
2. KF/Al2O3

3. Clay minerals
4. Silica
5. Zeolites.

1. PVP and PPO
2. Dendimers
3. Polysachharides
4. Polypeptides
5. Polystyrene Resin
6. Ion-exchange Resin

1. Coordination clusters
2. Coordination polymers or Metal 
Organic Framework (MOF)

Polymer supports

 

Scheme I.1. Classification of polymer supports 

I.2.1. Inorganic supports 

There is a variety of heterogeneous catalysts, but the most common types consist of an 

inorganic or polymeric support, which may be inert or have acid or basic functionality, 
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together with a bound metal, Pd, Pt, Ni or Co. Due to inertness of the supports the reactants 

are in a different phase to the catalyst. Therefore, both diffusion and adsorption influence the 

overall rate of the catalytic reaction. 

Surface area is one of the most important factors in determining throughput (amount of 

reactant converted per unit time per unit mass of catalyst). Many modern inorganic supports 

have surface areas of 100 to >1000 m
2
g

‒1
. The vast majority of this area arises due to the 

presence of internal pores; these pores may be of very fine size distribution to allow specific 

molecular sized species to enter or leave. Materials with an average pore size of less than 

1.5‒2 nm are named as microporous, whilst those with pore sizes above this are called 

mesoporous materials. Materials with very large pore sizes (>50 nm) are named as 

macroporous materials.
3b

  

I.2.1.1. Metal Oxides 

Metal oxides are generally used as inorganic polymeric supports. Some examples of the metal 

oxide supports are given below (Scheme I.2).   

Metal Oxides

MgO Al2O3 MnO TiO2 Fe2O3 ZnO ZrO2 CeO2

 

Scheme I.2. Examples of some commonly used metal oxides 

A huge number of literature reports focus on the catalytic properties of NPs supported on 

metal oxides, including oxides of Al,
4
 Ti,

5
 Zr,

6
 Mg,

7
 Zn,

8
 Ce,

9 
Fe,

10
 Mn,

11
 some of the recent 

examples are cited. The metal supports can stabilize one or more metal nanoparticles on to 

their surface. Basic nanocrystalline magnesium oxide (MgO)‒stabilized palladium NPs was 

found to be very active in the Suzuki‒Miyaura cross‒coupling of aryl bromides and iodides 

with several arylboronic acids in pure water at room temperature.
12

 ZnO‒supported Pd, 

Pd‒Ag, Pd‒Cu and Pd‒Ni catalysts (Pd‒M/ZnO) were also studied in Suzuki‒Miyaura cross‒ 

coupling reactions.
13 

Recently, cerium oxide (CeO2) has been extensively used as 

photocatalyst and heterogeneous catalysts for organic reactions.
14

 Alumina is probably the 

most common inorganic oxide that is used as the solid surface to catalyze or mediate a large 

variety of organic reactions. Alumina surface can act as a base, as an acid or neutral medium 



5 

 

for catalyzing the organic reactions. Metal‒doped alumina composites were successfully 

applied in C−S, C−N, C−O and C‒C cross‒coupling reactions.
15

 The catalyst stability 

depends on the nature of the metal(s) and the support. For example, hydrogenation reaction 

can be effectively achieved by CuNPs in the presence of calcined ZrO2 surface.
16

 

I.2.1.2. KF/Al2O3 

Alumina doped with potassium fluoride (KF/alumina) has been extensively used as solid 

basic surface in vast range of organic transformations,
17

 since it was introduced by Ando and 

Clark.
18

 KF/Al2O3 or metal‒doped KF/Al2O3 were used in various solvent‒free C−S, C−N, 

C−O and C‒C bond formation reactions (Scheme I.3).
19

  

KF-Al2O3

Metal-doped 
KF-Al2O3

N- or S- alkylation reaction

Ether synthesis

Epoxidation

Amide bond synthesis

Michael/Aza-Michael addition

Alkene synthesis

Heterocycles

Pd or Ni deposition

Pd/KF-Al2O3

Suzuki-Miyaura coupling

Ni/KF-Al2O3

Sonogashira coupling

 

Scheme I.3. Organic reactions on KF‒Al2O3 and metal‒doped KF‒Al2O3 surface 

I.2.1.3. Clay Minerals
 

Finely grained crystalline sheet silicates form a large family of clay minerals, which act as 

inert support for highly dispersed metals, metal complexes and enzymes etc.
20 

 

I.2.1.4. Silica 

Polymorphic forms of silica, hydrated or anhydrous SiO2.xH2O is most often used as 

catalyst‒support due to high surface area and large pore volumes. Common support material 

consists of refractory oxides such as SiO2. This material exhibits high specific surface areas, 

high porosities, and high thermal and mechanical stability and comes in a variety of pore 

sizes, while they are mostly chemically inert.
21

 Silica surface, modified silica surfaces or 

metal doped silica surfaces are also efficient for the various organic transformations.
19

 

I.2.1.5. Zeolites  

Zeolites are crystalline microporous aluminosilicates consisting of molecular‒sized 

intracrystalline channels and cages used as highly selective adsorbents. These insoluble 
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supports have high surface area.
22

 Zeolites have a crystal structure, which is constructed from 

TO4 tetrahedra, where T is either Si or Al. Each structure type is given a unique framework 

code e.g. sodalite is SOD (no. of tetrahedral in ring = 4), zeolite‒A is LTA (no. of tetrahedral 

in ring = 8) and ZSM‒5 is MFI (no. of tetrahedral in ring = 10). 

I.2.2. Hybrid polymeric assembly 

I.2.2.1. Coordination clusters 

Supramolecular chemistry is often called molecular information science, dictates the 

spontaneous assembly of non‒covalently linked molecular clusters of unique shape and 

composition. This requires both a driving force and a dynamic system so that all possible 

molecular structures can be explored to generate the formation of the thermodynamically 

favored structures. An example of such a structure in nature is the iron storage protein 

apoferritin (Figure I.2).
23

  

L-Ferritin

H-Ferritin

Fe3+

Fe2+

Apoferritin Holoferritin
 

Figure I.2. A schematic diagram of the apoferritin 

In the last two decades the synthesis and study of coordination clusters (CCs) of 

paramagnetic metals in moderate oxidation states attract much attention in the field of 

material chemistry.
24

 Some CCs have been characterized as a narrow‒waisted cylinder of 

dimensions 2.8–3.1nm (Ag‒S) and the sizes were determined (the Mo species in the form of 

anion having approximately the size of haemoglobin).
25

  

The simplest general formula of CCs of 3d metals in moderate oxidation states is 

[Mx(μ‒L)yL
/
z]

n
, where μ‒L is a bridging organic or inorganic ligand, L

/ 
is a terminate ligand, 

x is an integer number larger than 2, y and z are integer numbers and n can be zero 

(molecule), positive (cationic CC) or a negative (anionic CC) integer number. The 

classification of the CCs is divided in tabular form (Table I.1). 
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Table I.1. Description of Coordination clusters (CCs) for the general formula of 

Mx(μ‒L)yL
/
z]

n
.  

Mx(μ‒L)yL
/
z]

n
 Designation 

M x μ‒L L
/
 y z n 

 

Metal integer> 

2 

bridging organic 

or inorganic 

ligand 

terminate 

ligand, 

integer integer 0 Molecule 

Metal integer> 

2 

bridging organic 

or inorganic 

ligand 

terminate 

ligand, 

integer integer „+‟ 

integer 

cationic CC 

Metal integer> 

2 

bridging organic 

or inorganic 

ligand 

terminate 

ligand, 

integer integer „‒‟ 

integer 

Anionic CC 

 

In many cases, two or more bridging ligands, often a combination of organic and inorganic 

ones and more than one type of terminal (monodentate or chelating) ligands including solvent 

molecules were used. This class of compounds is found in the literature with several names 

such as oligomeric, polynuclear, highnuclearity or polymetallic complexes, cages, clusters 

and CCs; but scientists generally prefer the later term.
26 

 

I.2.2.2. Coordination polymers or Metal Organic Framework (MOF) 

In the recent years, the designs and constructions of oligo‒ and poly (nuclear) coordination 

architectures attract much attention because of their new structural topologies and fascinating 

architectures. It has been used in optoelectronic devices,
27

 microporous materials,
28 

and 

catalysis.
29

  

The smart combination of organic ligand “spacers” and metal ion “nodes” has been 

considered as one of the most common synthetic methods to produce coordination polymers 

with predictable networks (Figure I.3).
30
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0-D (Dot) 1-D (Chain)

2-D (Layer) 3-D (Network)

+

Metal ions Organic linkers

Solution
Self assembly

Solid Phase   

Figure I.3. A schematic presentation for the synthesis of metal–organic framework (MOF) 

The advantage of constructing these metal–organic framework (MOF) architectures is to 

allow a wide choice in various parameters, including diverse electronic properties and 

coordination geometry of the metal ions, as well as versatile functions and structures of 

organic ligands. That is also the aspiration for achieving the ultimate aim of crystal 

engineering: gaining control of the topology and geometry of the networks formed through 

sensible choice of ligand, metal precursor geometry and synthesis conditions.
31

  

I.2.3. Organic polymer supports 

I.2.3.1. PVP and PPO 

Poly(N‒vinyl‒2‒pyrrolidone), PVP and poly(2,5‒dimethylphenylene oxide), PPO are the 

most used polymer for NP stabilization and catalysis, because they fulfill both steric and 

ligand requirements (Figure I.4). The metal NPs are stabilized through the steric bulk of 

Polymeric framework. A very efficient olefin and benzene hydrogenation has been 

effectively done by PVP stabilized Pt‒, Pd‒ and Rh NPs.
22

  

 

N
O

C
H

CH2

n

PVP

Poly(vinylpyrrolidone)

O

n

PPO
Poly(2,5-dimethylphenylene oxide)

 

Figure I.4. Structures of poly(N‒vinyl‒2‒pyrrolidone) (PVP) and poly(2,5‒dimethylphenylene oxide) 

(PPO) 
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Toshima‟s group developed a very important concept of catalysis using two different 

metals such as Au and Pd in the same NPs in the 1970.
32

 This idea has been beautifully 

developed by Toshima‟s group who used PVP to stabilize core–shell bimetallic Au–PdNPs, 

that is, NPs in which the core is Au and the shell is Pd.
33

  

I.2.3.2. Dendrimers 

Dendrimers are one of the classes of organic polymers but unlike polymers, there are 

perfectly defined on the molecular level with a polydispersity of 1.0.
34

 They have shapes 

resemblance to molecular trees or cauliflowers and become globular after a few generations. 

They can entrap and stabilize metal NPs especially if there are heteroatoms in the 

dendrimer‟s interiors.
35

 The dendritic branches and termini bind the small substrates into the 

dendrimer and stabilize the NPs. The formation of NPs stabilized by dendrimers for catalysis 

has been anticipated in 1998 by the three research groups of Crooks,
35

 Tomalia,
36 

and 

Esumi.
37

 Metal NPs were introduced inside the dendrimers or at the dendrimer periphery.
37 

Poly(amidoamine), PAMAM is one of the common dendrimer, which is generally used to 

entrap the metal ions. A schematic diagram of bimetallic nanocomposites on PAMAM 

dendrimer has been established by Crook where two metals were simultaneously entrapped in 

the polymeric matrix (Scheme I.4). 

RhCl3, K2PdCl4

Complexation

NaBH4

reduction

Reactant

Product
Pd2+

Rh3+
Pd/Rh bimetallic

PAMAM dendrimer

(Agglomeration)

 

Scheme I.4. Encapsulation of Pd/Rh bimetallic nanoparticles on PAMAM dendrimer 

PAMAM dendrimer PdNP catalysts can be effectively used as oxidation, reduction, Heck 

coupling reaction and Suzuki‒Miyaura C‒C coupling reactions.
38

 

I.2.3.3. Polysachharides 

Starch, cellulose and other polysaccharides are used as greener renewable sources and 

found applications to the field of catalysis. Starch is the second largest biomass on the planet 

and as such represents one of the most important renewable resources for the future needs of 

a sustainable society. Starch is an inexpensive polysaccharide extracted from renewable 

agricultural resources (rice, potatoes, wheat and corn etc). It has wide applications due to its 
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biodegradability and biocompatibility properties. Trimethylene Carbonate (TMC) 

ring‒opening polymerization (ROP) was performed in the presence of native starch 

particles.
39

 Cellulose nanofibers are inherently low cost and are easily available and treated as 

eco‒friendly material as they are easily recyclable.
40

 Chitosan (CS), the N‒deacetylated 

derivative of chitin (chitin is a long chain polysaccharides of N‒acetyl glucosamine, a 

derivative of glucose), that is widely used as suitable solid supports for the immobilization of 

a metal catalyst (Figure I.5).
41

 

O

OH

NH
O

CH3
OH

NH
O

CH3

HO

HO
*O

*

nChitin

OH

HO
HO O

OH

O

OH

NH2

OH
HO

NH2 NH2

n

Chitosane  

Figure I.5. Structure of Chitin and Chitosane 

Cyclodextrines are also bio‒polymers used in various organic transformations.
42

  

I.2.3.4. Polypeptides 

Micellar amphiphilic block copolymers containing a hydrophobic polypeptide block have 

received much attention, mainly due to the possible applications in drug delivery.
43

 Elias et al 

reported first example of an amphiphilic block polypeptide based Pd‒catalyst for 

hydrogenation of acetopheneone in water medium.
43

 Marcelo et al described the synthesis of 

magnetite polypeptide solid support and used it as a recoverable catalyst for the reduction 

reaction. They modified the magnetite−polypeptide nanoparticles introducing new molecules 

of dopamine via aminolysis, which can act as support of gold NPs.
44

  

I.2.3.5. Polystyrene Resins 

The polymeric supports used by Merrifield for his early work in solid‒phase peptide 

synthesis were based on 2% divinylbenzene (DVB) cross–linked polystyrenes (PS). PS has 

been found to be one of the most accepted polymeric materials used in various syntheses 

because it is inexpensive, readily available, mechanically robust, chemically inert and 

smoothly functionalizable.
 
Various percentages and types of cross–linking agents have been 

incorporated into the PS resins, the most common being DVB, but other examples include 

ethylene glycol dimethylacrylate (EGDMA) and tetraethylene glycol diacrylate (TEGDA) to 
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give different solvation properties.
 
A schematic representation of polymerization of styrene 

with functionalized monomers is shown in Scheme I.4.
45

  

Radical
InitiatorO

O

O

O

DVBEGDMA

or

Cl

Cl
PS

X
PS

Macroporous or
Gel based resin

Cross-Linkers

X = NH2 aminomethyl-PS
X = OH hydroxymethyl-PS

Derivatization

PS = polystyrene

+

 

Scheme I.5. Synthesis and derivatization of PS‒based solid supports
 

TentaGel,
46

 and ArgoGel,
47

 are two commercially available polymeric resins where the 

incorporation of the PEG chains dramatically increases resin compatibility with polar 

solvents. 

PS‒based phosphine catalysts have been found to be synthesized and used for palladium 

entrapment. The PS‒supported Pd catalysts were used for various C−C cross–coupling 

reactions.
48

 Similarly, PS‒supported Rh and Ru catalyst were also prepared and used for 

various organic transformations
.45

  

I.2.3.6. Ion‒exchange resins 

Various techniques were introduced over the last few decades relating the immobilization 

procedure onto insoluble polymer support material so that the catalyst can be quantitatively 

separated by filtration and recycled.  

Ion‒exchange materials are those insoluble substances, which can able to immobilize the 

metals onto it. Ion‒exchange materials are insoluble substances containing loosely held ions, 

which are able to be exchanged with other ions in solutions. 

Most ion‒exchange resins are comprised on cross–linked polystyrene‒divinylbenzene 

copolymers containing ion‒exchanging functional groups.
49

  

I.2.3.6.1. Types of ion‒exchange resins 

The ion‒exchange resins are classified into two major groups: They are mainly,  

 Cation exchanger (containing anionic functionalities and positively charged mobile 

ions): Cation exchangers are further divided into two groups such as,  
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 Strong acid exchange (e.g., containing sulfonic acid groups or the 

corresponding salts) and  

 Weak acid exchange (e.g., containing carboxylic acid groups or the 

corresponding salts) resins. 

 Anion exchanger (with cationic functionalities) Similarly anion exchangers are 

divided into two groups such as,  

 Strong base exchange (e.g., containing quaternary ammonium groups) and 

 Weak base exchange (e.g., containing ammonium groups) resins. 

Other ion‒exchanging materials include homopolystyrene and acrylic based resins and 

Nafion, a perfluorinated polymer containing sulfonic acid.
50

 

I.2.3.6.2. Ion‒exchange resins as polymeric supports for reagents 

Amberlyst‒15 is routinely used in organic synthesis as heterogeneous reusable acid 

catalysts for various selective transformations of simple and complex molecules.
51 

Structures 

of some polymer‒supported reagents, generally used in oxidation reactions, reduction 

reactions are given below in the Figure I.6.
3
 The selective reduction of functional groups is a 

common need in organic synthesis. Borohydride exchange resin (BER),
52

 was introduced in 

the 1970s and has since proven to be of considerable value in the reduction of organic 

compounds. This reagent reduces both ketones and aldehydes readily to corresponding 

alcohol. Halogenation is one of the important steps for the synthesis of various important 

intermediates and molecules. Polymer‒supported halogenization reagents are also used for 

the halogenations of alkenes or alkynes (Figure I.6).
3
 C−C bond formation reactions and 

substitution reactions have also been achieved with polymer‒supported reagents.
53

  

NMe3 IO4 NMe3 OOH

= PS(cross-linked)

NMe3 BH4

BER = Borohydride exchange resin

= Amberlyte A-26

NMe3 Br3

Reducing agentOxidizing agent Halogenation agent

 

Figure I.6. Structures of various ion‒exchange resins 

I.2.3.6.3. Ion‒exchange resins for immobilization of metal NPs 
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Immobilization of metal ions and charged metal complexes onto ion‒exchange resin is an 

equilibrium process driven by noncovalent electrostatic interactions (Scheme I.5, strong 

cation exchanger example). The affinity and selectivity of resins varies with the ionic size 

and charge of the ions. Generally, the affinity is greatest for large ions with high valence.
54

  

SO3YPS (MLk)
x+Zx

-

x

(MLk)
x+ xY+Z-Solvent

Y = H, Na, Li M = metal L = ligand Z = PF6, BF4

SO3PS

 

Scheme I.6. Immobilization of metal ions onto cation‒exchange resin 

Anion exchange resin‒supported metal catalysts are very influential for various organic 

transformations. Many different metals were found to immobilize on these metal surfaces 

with tremendous catalytic efficiencies.
55,56

  

It was found that Amberlite IRA‒900 anion (chloride form) exchange resins, 

commercially available and inexpensive poly‒ ionic resin, could be able to exchange the 

anion with formate anion (HCOO¯) easily and quantitatively. The resulting Amberlite Resin 

Formate (anion), designated as ARF, could be utilized as a solid‒phase version of the 

H‒donor in Pd‒catalyzed catalytic transfer hydrogenation. The ARF was air stable and 

recovered from a reaction easily. Several alkenes, imine
 

and nitroarenes
 

were thus 

hydrogenated using the ARF and catalytic amount of palladium acetate under mild conditions 

and C‒C and C‒Hetero atom bonds can also be generated by this catalyst.
57

  

NR3

Aq. HCOOH

Cl

(10%; v/v) NR3

HCOO

Amberlite IRA 
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X

R3

R2

R1
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HCOO

Pd(OAc)2
75 oC, DMF

X
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R2

R1

R4
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NO2
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NR3

HCOO

Pd(OAc)2
100-120 oC, DMF

NH2

R5
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Scheme I.7. Amberlite resin formate (ARF) in catalytic hydrogenation reactions 

The ARF bound Pd was synthesized in our laboratory by the following technique (Scheme 

I.8).
57a,b

  

ARF-Pd

NR3

HCOO

Pd(OAc)2

Na2PdCl4

DMF

Stirring at RT
NR3

HCOO Pd

 

Scheme I.8. Preparation of ARF‒Pd 

By applying this technique, a new and efficient catalytic system was developed in our 

laboratory, which was successfully applied in catalytic reduction and C‒C cross‒coupling 

reactions.
18,58 

Bimetallic NPs supported on ARF was also synthesized and characterized. The 

Pd/Cu‒ARF bimetallic nanocomposites was prepared and used successfully for Sonogashira 

coupling reaction.
59 

ARF-Pd/CuNR3

HCOO

Pd(OAc)2

Cu(OAc)2

DMF

60 oC, 1h
 

Scheme I.9. Preparation of bimetallic Pd/Cu supported on ARF 

I.3. References 

References are given in BIBLIOGRAPHY under Chapter I (pp. 139−142). 

 

 

 

 

 

 

 


