
INTRODUCTION

The application of nanotechnology in the field of catalysis
has created a remarkable impact in advancement of chemistry,
because catalysis is the central field of chemical science. In
general, the surface of the catalyst plays a major role in accele-
rating the chemical reaction irrespective of homogeneous or
heterogeneous catalysts [1,2]. In general, the synthesis of
heterogeneous nanoparticle catalyst involves immobilization
of metal nanoparticles on various solid matrices. The more often
used solid supports for immobilization of metal nanoparticles
are inorganic materials like silica [3,4], alumina [5,6], zeolites
[7], metal oxides [8], carbon [9] and organic materials like
polymer-supported polymer beads [10-14], polymer resin [2].
Particularly, research on stabilization/immobilization of metal
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nanoparticles onto the functionalized insoluble polymer-beads
as matrix was started earlier [15,16] and now it has received a
greater attention everywhere and growing very fast [13]. In
the preparation of heterogeneous nanoparticle catalyst, the
functionalization/grafting of specific or desired functional
groups onto the surface of insoluble polymer-bead matrix
is generally a deciding factor for efficient stabilization/
immobilization of metal nanoparticles to produce an efficient
catalyst. In spite of the fact that many functional modifications
were performed already on the surface of cross-linked polymer-
supported poly(styrene) beads matrix [17,18], the conventional
type of insoluble bead-shaped polymer-supported matrices are
not popular for efficient stabilization/immobilization of metal
nanoparticles and hence have not received much attention
among the catalytic industries. The main reason for this is due
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to the lesser availability of functional groups onto the surface of
matrix and hence poorest immobilization of metal nanoparticles.

Alternatively, researchers have prepared insoluble
polymer-supported bead-shaped matrices with more functional
groups viz., hydrazine [19] and poly(hydroxyethyl acrylate)
(HEA) [20] on the surface by surface initiated atom transfer
radical polymerization technique (SI-ATRP) and used the same
for greater immobilization of invertase enzyme and heavy
metal ions uptakes. The critical advantage of this ATRP tech-
nique is provided the controlled chain growth, well defined
block, graft copolymer and particularly, formation of homo-
polymer is completely eliminated, thus enabling the generation
of more functional group onto the surface of the matrix for
free stabilization/immobilization of metal nanoparticles catalyst
[21]. Hence, it is proved that SI-ATRP technique is considered
to be very efficient one for grafting of more functional groups
onto solid surfaces such as nanomaterial, fibers, films, memb-
ranes etc. [22].

For the past two decades we have been continuously repor-
ting various bead-shaped polymer-supported phase transfer
catalysts [23,24] and thus application for various organic
reactions with better yield. In the earlier studies, we have
developed bead-shaped poly(styrene) surface-enriched active-
site polymer-supported phase transfer catalyst and their corres-
ponding nano metal immobilized heterogeneous nanoparticle
catalysts. However, the matrices for these catalysts were prepared
through free radical polymerization technique. Further, using
our continuous experience gained in this field, we firmly
believed that, in free radical polymerization technique, the
number of functional group generated onto the surface of bead-
shaped poly(styrene) matrix is always lesser and particularly
while on constructing the polymer supported matrix, certain
amount of functional monomer was buried inside the matrix
and some functional monomer has undergone homo polymeri-
zation and thus the possibility to bring more surface functional
group onto the matrices is very difficult.

Recently, we have reported polymer-supported bead-shaped
heterogeneous nanoparticle catalysts with homogeneous
distribution of well-defined gold nanoparticles using PPI(G2)
dendrimer as a stabilizing agent [14]. In this preparation, ini-
tially, the poly(styrene) supported poly(vinyl benzyl) chloride
(PS-PVBC) was prepared by suspension polymerization
technique using AIBN as a free radical initiator. The stabilizing
agent viz., PPI(G2) was then functionalized onto the matrix
by surface grafting technique followed by stabilization/immo-
bilization of metal nanoparticles. The obtained catalyst was
studied for the reduction of nitrophenol. Here also, it is observed
that the extent of PPI(G2) grafted onto the PS-P4VP matrices
was not sufficient and thus only average number of stabilization/
immobilization of metal nanoparticles onto the surface was noticed
in the corresponding catalyst. Further, there is no report available
for the preparation of bead-shaped insoluble polymer-supported
poly(styrene) matrix that contain more functional groups, parti-
cularly achieved through SI-ATRP for efficient stabilization/
immobilization of metal nanoparticles catalysts. Furthermore, it
is well known that 4-aminophenol (4-AP) is a potential inter-
mediate in the manufacturing of analgesic and antipyretic drugs
such as paracetamol, phenacetin etc., [25,26].

Similarly, among several water pollutants, nitro aromatic
compounds are considered to be the most toxic and refractory
pollutants. Specifically, nitrophenols based solvents were used
for building blocks of many dyes, explosives and pesticides
[27,28] and thus their effluents contributed heavy pollutions
to water and soil. More particularly, dye industry contaminating
local water bodies and also as potent uncouples in oxidative
and photosynthetic phosphorylation [29]. In order to degrade
the nitrate pollutants more effectively, various types of research
have been performed already in the field of catalysis and diffe-
rent types of heterogonous polymer-supported nanoparticle
catalysts were developed. Wherein, we understand from the
literature studies that, although many reports are available for
preparation of polymer-supported matrices for development
of heterogeneous nanoparticles catalyst, only few reports are
available on the development of polymer-supported beads
grafted with dendrimer as a stabilizing agent. Under these
circumstances, we observed that it is necessary to prepare a
stable, more efficient, bead-shaped heterogeneous nanoparticle
catalyst with intensively distributed metal nanoparticles onto
the surface of the matrix.

Therefore, in the present study 4 types of polymer-supported
heterogeneous nanoparticles catalysts were prepared using
two different types of cross-linked co-polymer beads viz.,
poly(styrene)-co-poly(vinyl benzyl chloride) (PS-PVBC) and
poly(styrene)-co-poly(4-vinyl pyridine) (PS-P4VP) as indivi-
dual matrices and on each matrix two different load of catalytic
moiety viz., HAuCl4 was immobilized. All these catalysts were
prepared by adopting the four steps methods. In the first step,
PS-PVBC and PS-P4VP beads were prepared by following
the literature procedure through suspension polymerization
method. In second step, glycidyl methacrylate was functiona-
lized onto the PS-PVBC polymer beads via surface initiated-
atom transfer radical polymerization (SI-ATRP) and then
epichlorohydrin was functionalized onto PS-P4VP via simple
quaternization reaction method thus yielding the corresponding
epoxy functionalized polymer beads labeled as PS-PVBC-
GMA and PS-P4VP-ECH, respectively. In the third step,
PPI(G2) dendrimer was grafted on both the matrices viz.,
PS-PVBC-GMA and PS-P4VP-ECH and thus produced
PS-PVBC-GMA-PPI(G2) and PS-P4VP-PPI(G2). In the
fourth step, immobilization/stabilization of AuNPs onto the
PS-PVBC-PPI(G2) and PS-P4VP-PPI(G2) matrices was
performed individually by taking two different [HAuCl4] and
thus produced two heterogeneous nanoparticle catalysts from
each matrices which includes, PS-PVBC-PPI(G2)-AuNPs with
lower metal load & PS-P4VP-PPI(G2)-AuNPs with lower
metal load and PS-PVBC-PPI(G2)-AuNPs with higher metal
load & PS-P4VP-PPI(G2)-AuNPs with higher metal load.
Then the catalytic potential of these catalysts was inspected
through reduction of 4-nitrophenol performed under pseudo-
first order condition.

EXPERIMENTAL

Styrene (Aldrich), vinyl benzyl chloride (VBC), divinyl-
benzene (DVB) (Lancaster), gelatin (SD fine), boric acid
(SRL), poly(vinyl alcohol) (SRL), sodium hydroxide (SRL),
sodium nitrite (SRL), sodium sulfate (SD fine), AIBN (SRL),
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auric acid (SRL), ethanol (SRL), epichlorohydrin (SRL), 4-
nitrophenol (SRL), sodium borohydride (SD fine), poly(pro-
pylene imine) dendrimer generation-2 (PPI-G2) (symo-chem,
Netherland), glycidyl methacylate (GMA), phenanthracene
and CuBr were received from Sigma Chemical and all analar
grade (99 % purity) and used as received. Double distilled
water was used for solutions preparation.

Purification method for the monomers: The monomers
were purified by treating twice with NaOH (10 % w/v) so as
to remove the inhibitor viz., 4-tert-butylcatechol (TBC) and
subsequently washing three times with distilled water and then
the supernatant was transferred to column packed with dried
K2CO3 over the aluminum oxide as adsorbent. Finally, the purified
monomer eluted from column was dehydrated using anhydrous
sodium sulfate and then used for polymerization reaction.

Characterization: FT-IR analysis was carried out on
BRUKER, TENSOR 27 model instrument. UV-visible absorp-
tion spectrum was measured on Perkin Elmer UV-visible spectro-
photometer. The background correction was made by absorption
spectrum of water for catalytic studies. The surface morphology
of the bead-shaped polymer supported matrix and their corres-
ponding nanoparticle catalysts were analyzed by scanning
electron microscope (SEM). The measurements were perfor-
med through HITACHI S-3000H scanning electron microscope
accelerated at 20 keV with different working distance. The
sample preparation for analysis was carried out by the follo-
wing method. That is, a strip of double-sided conducting carbon
tape was applied to the metal stub on which the sample to be
analyzed. The respective sample was scanned with HRTEM
using JEOL 3010 high-resolution transmission electron
microscope (HRTEM) operated at 300 keV.

Preparation of two types of bead-shaped polymer
supported matrices viz., poly(styrene)-co-poly(vinylbenzyl
chloride) (PS-PVBC) and poly(styrene)-co-poly(4- vinyl-
pyridine) (PS-P4VP): Insoluble cross linked polymer-suppor-
ted poly(vinyl benzyl chloride) (PS-PVBC) beads were prepared
by adopting the earlier method [30] and (Scheme-I) by fixing
the functional monomer (vinyl benzyl chloride) load as 25 %,
cross linking monomer divinyl benzene (DVB) load as 3 %
and remaining load (72 %) as a supporting monomer viz., styrene
(St). The organic phase was maintained at 82.5 g and the aqueous
phase was kept at 225 g. Exactly, 1.35g of gelatin, 2.55 g of
boric acid and 2.25 g of poly (vinyl alcohol) were dissolved in
35, 60 and 130 mL of double distilled hot water (50 °C), respec-
tively. Then, these solutions were mixed together at room
temperature and the viscosity of the medium was maintained
by poly(vinyl alcohol). The pH of the resultant solution was
adjusted to 10 by adding 25 % of aqueous sodium hydroxide
(w/v) and then 0.1 g of sodium nitrite was added to maintain the
pH. The aqueous phase became clear only after the pH was
adjusted to 10. It was then transferred into 500 mL, three-necked
round bottom flask equipped with an overhead mechanical stirrer
and a reflux condenser. Nitrogen gas was passed continuously
and the temperature was fixed at 50 °C. After 0.5 h, with the
aforementioned conditions maintained, the organic phase
containing 3.3 g (2 %) of DVB, 58.57 g of styrene and 0.4125 g
of AIBN, was thoroughly mixed and added to the reaction flask.
The blade level of the stirrer was adjusted so that the tips were in

the organic phase and most of the blade was in aqueous phase.
Subsequently, the thermostat temperature was increased to 70
°C and the stirring speed was maintained at 400 rpm with a
tachometer. The co-polymerization of styrene and divinyl bezene
was allowed to proceed for up to 3 h. After 3 h, vinylbenzyl-
chloride (functional monomer) was added. This reaction was
continued for 36 h after which the reaction mixture washed with
hot water and ethanol and dried at 60 °C in vacuum.

Similarly, the second category of insoluble cross-linked
poly(styrene) beads functionalized with 4-vinyl pyridine was
obtained by fixing the 25 % of 4-vinyl pyridine load (functional
monomer) and 3 % as a crosslinking load and the rest is styrene
and thus produced the cross-linked poly(styrene)-co-poly(4-
vinyl pyridine) (PS-P4VP) bead matrices. However, the only
variation is instead of using vinylbenzyl chloride as a functional
monomer, here 4-vinyl pyridine was used as a functional
monomer and as usual the divinyl benzene and styrene were
used as a cross-linking and supporting monomers, respectively.
The dried beads were sieved into different mesh sizes, the
respective mesh size of (+100 to 120) were used as matrices
irrespective of the types and were made into corresponding
heterogeneous nanoparticles catalyst.

Functionalization of glycidyl methacrylate (GMA)
onto PS-PVBC beads via surface initiated-atom transfer
radical polymerization (SI-ATRP) technique: Glycidyl
methacrylate (GMA) was functionalized onto the PS-PVBC
beads by following the surface initiated-atom transfer radical
polymerization method (SI-ATRP) [19,20]. To state briefly,
PS-PVBC beads (5 g) were transferred into a 100 mL round
bottom flask and swelled in ethanol for 24 h. To that 20 mL of
GMA (0.15 mol), 0.432g of CuBr (3.0 mmol), 0.936 g of 1,10-
phenantracene (6.0 mmol) and 10 mL of dioxane were added
and the reaction mixture was stirred at 65 °C for 18 h under
N2 atmosphere. The resulting GMA functionalized PS-PVBC
beads were filtered and transferred into a 100 mL round bottom
flask containing 50 mL of EDTA (10 % w/v) and it was stirred
continuously for 24 h to remove the excess copper ions. The
resulting beads were washed sequentially with hot water,
ethanol and dried in vacuum oven at 60 °C for 24 h and thus
yielded GMA grafted poly(vinyl benzyl chloride) beads which
were labeled as PS-PVBC-GMA (Scheme-I). The PS-PVBC-
GMA beads were characterized with FTIR and SEM and the
observed spectra and images are shown in Figs. 1 and 3, respec-
tively.

Surface grafting of PPI(G2) dendrimer onto PS-PVBC-
GMA beads via epoxy ring opening reaction: Initially, PS-
PVBC-GMA beads (0.5 g) were taken in a 100 mL round
bottom flask and swelled with 2-methyl pyrrolidone (20 mL)
for 24 h. PPI(G2) dendrimer (50 mg) was added and the reaction
mixture was stirred at room temperature for 24 h and again
stirred for 5 h at 90 °C. After completion of the reaction, the
mixture was allowed for cooling, washed with hot water and
methanol to remove the unreacted dendrimer and the resulting
beads were dried under vacuum at 60 °C for 24 h to yield
PPI(G2) grafted PS-PVBC-GMA beads labeled as PS-PVBC-
PPI(G2) (Scheme-I). These beads in turn were characterized
with FTIR and SEM analyses and the observed spectra and
images are shown in Figs. 1 and 3, respectively.
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Fig. 1. FTIR spectrum of (a) PS-PVBC-GMA, (b) PS-PVBC-PPI(G2)
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Fig. 2. FTIR spectrum of (a) PS-P4VP-GMA, (b) PS-P4VP- PPI(G2)

Functionalization of epichlorohydrin (ECH) onto the
PS-P4VP beads via simple quaternization reaction: Epichlo-
rohydrin (ECH) was functionalized onto the PS-P4VP beads
by following the simple quaternization reaction [19,20]. PS-
P4VP beads (5 g) were taken in 50 mL round bottom flask
and swelled in 10 mL THF. To that, 1 mL of epichlorhydrin was
added under continuous stirring and the reaction mixture was
stirred for 24 h at 60 °C to yield epichlorohydrin grafted poly(4-
vinyl pyridine) beads labeled as PS-P4VP-ECH (Scheme-I).
The resulting PS-P4VP-ECH beads were characterized by
FTIR and SEM analyses and the observed spectrum and images
are shown in Figs. 2 and 4, respectively.

Surface grafting of PPI(G2) dendrimer PS-4VP-ECH
beads via epoxy ring opening reaction: Initially, 0.5 g of
PS-P4VP-ECH beads were taken in a 100 mL round bottom
flask containing PPI(G2) dendrimer (50 mg) and 2-methyl
pyrrolidone (20 mL) and the reaction mixture was stirred at
room temperature for 24 h and then again stirred for 5 h at 90
°C. After completion of the reaction, the mixture was allowed

Fig. 3. SEM images of (a) PS-PVBC, (b) PS-PVBC-GMA, (c) PS-PVBC-
PPI(G2), (d) PS- PVBC-PPI(G2)-AuNPs-L catalyst, (e) PS-PVBC-
PPI(G2)-AuNPs-H catalyst

Fig. 4. SEM images of (a) PS-P4VP, (b) PS-P4VP-ECH, (c) PS-P4VP-
PPI(G2) (d) PS- P4VP-PPI(G2)-AuNPs-L catalyst (e) PS-P4VP-
PPI(G2)-AuNPs-H catalyst

for cooling, then it was subsequently washed with hot water
and methanol to remove the unreacted dendrimer and the resul-
ting beads were dried under vacuum at 60 °C for 24 h to yield
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PPI(G2) grafted PS-P4VP-ECH beads labeled as PS-P4VP-
PPI(G2) (Scheme-I). The beads were characterized with FTIR
and SEM and the observed spectrum and images were shown
Figs. 2 and 4, respectively.

Preparation of 4 types of bead shaped new hetero-
geneous nanoparticle catalysts via stabilization of different
load of AuNPs onto the PS-PVBC-PPI-(G2) and PSP4VP-
PPI (G2) matrices: First two types of new bead-shaped hetero-
geneous nanoparticle catalysts were prepared individually via
stabilization of 5.7 × 10-3 mM of HAuCl4 load onto the PS-
PVBC- PPI(G2) and PS-P4VP-PPI(G2) matrices (Scheme-I)
and thus produced corresponding low metal loaded catalysts
viz., PS-PVBC-PPI(G2)-AuNPs-L & PS-P4VP-PPI(G2)-
AuNPs-L. That is, 100 mg of PS-PVBC-PPI(G2) and PS-P4VP-
PPI(G2) bead matrices were taken individually in two different
25 mL conical flask and suspended in 10 mL of solvent mixture
(7.5 mL H2O/2.5 THF) for 6 h. To that, 5.7 × 10-3 mM of HAuCl4

(2.25 mg) was added in both containers maintained at room
temperature and the respective solution was stirred for 1 h. As
a result, the polymer beads present in each container were
turned from pale yellow to intense yellow and then gradually
changed into red, indicating the stabilization of Au3+ onto the
PPI(G2) dendrimer grafted onto the surface of the respective
polymer matrices. After 1 h, Au3+ stabilized complex viz., PS-
PVBC-PPI(G2)-Au3+ and PS-P4VP-PPI(G2)-Au3+ were filtered,
washed with water and methanol and then dried. Then these
complex beads such as PS-PVBC-PPI(G2)-Au3+ and PS-P4VP-
PPI(G2)-Au3+ were taken individually in 50 mL round bottom
flask and subjected to reduction by the addition of 1 mmol of
cold aqueous NaBH4 solution (10 mL) and the respective solu-
tion was stirred vigorously for about 2 h at room temperature.
After the reduction of Au3+, the red colour of the respective
beads had completely turned into dark brown. The product
was washed with ethanol and dried under vacuum at 60 °C for
24 h, the respective bead-shaped heterogeneous nanoparticle
catalysts labeled as PS-PVBC-PPI(G2)-AuNPs-L and PS-
P4VP-PPI(G2)-AuNPs-L. Similarly, another two types of same
insoluble heterogeneous nanoparticle catalysts were prepared
by stabilizing the higher load of HAuCl4 i.e. 11.4 × 10-3 mM
(4.50 mg) individually onto same PS-PVBC-PPI(G2) and PS-
P4VP-PPI(G2) matrices. Otherwise the procedure followed
for preparation of earlier two catalysts were also exactly the
same and thus produced another two types of new bead-shaped
heterogeneous nanoparticle catalysts which were labeled as
PS-PVBC-PPI(G2)-AuNPs-H and PS-P4VP-PPI(G2)-AuNPs-
H. All the 4 types of new bead-shaped heterogeneous nano-
particles catalysts viz., PS-PVBC-PPI(G2)-AuNPs-L & PS-
P4VP-PPI(G2)-AuNPs-L and PS-PVBC-PPI(G2)-AuNPs-H
& PS-P4VP-PPI(G2)-AuNPs-H were characterized with UV-
visible, HRTEM, SEM and EDAX analyses.

Comparative catalytic potential of 4 types of hetero-
geneous catalyst with 4-nitrophenol: The comparative catalytic
potential of all the 4 types of catalysts was studied individually
by performing the reduction of 4-nitrophenol as a model reaction
under pseudo first order reaction condition (Scheme-II). That
is, irrespective of the catalyst, the reaction was performed in
quartz cuvette (having path length of 1 cm) kept at ambient
temperature. Exactly 0.25 mL of (1 mmol) aqueous sodium

borohydride solution, 0.25 mL (0.01 mmol) of aqueous of 4-
nitrophenol were taken in a cuvette to which 2.5 mL double
distilled water was added. 6 mg of catalyst was added into the
medium. The progress of reaction was monitored quantitatively
by UV-visible spectrophotometry by measuring the decrease
in absorbance at the characteristic peak viz., -NO2 at 400 nm (for
4-nitrophenolate ion). The time required for complete reduction
of specific concentration of the substrate was determined. To
test the stability of the superior catalyst viz., PS-PVBC-PPI(G2)-
AuNPs-H, the catalyst used in the first cycle was filtered off
from the reaction medium and reused again for upto 4 cycles by
maintaining similar reaction conditions and the respective time
required for the complete reduction of substrate was noted and
compared with the time observed in the first cycle.

OH

N
O O

OH

NH2

PS-PVBC-g-PPI(G2)-AuNPs-HML & LML
PS-P4VP-g-PPI(G2)-AuNPs-HML & LML

Aq. NaBH4, 25 °C

4-Nitrophenol 4-Aminophenol

Scheme-II: Reduction of 4-nitrophenol

RESULTS AND DISCUSSION

The matrices such as PS-PVBC and PS-P4VP were prepared
initially by mixing the respective functional monomer viz., either
vinylbenzylchloride or 4-vinylpyridine simultaneously with
styrene, divinylbenzene and then ter-polymerization reaction in
aqueous/organic phase was performed by suspension poly-
merization technique. It is shown from these studies that the
concomitant addition of functional monomer along with suppor-
ting/cross linking (styrene + divinyl benzene) monomers irrespec-
tive of matrix causes most of the functional group to be buried
inside the matrix and thereby it may not available for reaction.
Hence, the proportion of functional group available on the surface
of bead matrix is low. Hence, in the subsequent studies [23],
styrene and divinyl benzene are pre-polymerized and then the
functional monomer vinylbenzyl chloride was added by delayed
addition method and this method has relatively brought better
amount of functional group on the matrix than the simultaneous
addition of functional monomer method. We observed that this
method also not effective an inferior one to bring more functional
group onto the surface. However, in the present study PS-PVBC
and PS-P4VP matrices are prepared individually by following
the delayed addition strategy of functional monomers vinylbenzyl
chloride and 4-vinyl pyridine onto the respective pre-polymerized
monomers of styrene/divinyl benzene by 3 h through suspension
polymerization technique. Then their individual dried bead-
shaped polymer-supported matrices were used as a precursor to
graft intensive surface functional group. It is more important to
mention here that in order to improve the strength/stability of
the respective matrix the cross-linked monomer load viz., divinyl
benzene was fixed as 3 %.
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FTIR spectroscopy: The FTIR spectra of PS-PVBC and
PS-P4VP gives the characteristic peak at 698 cm-1 for C-Cl(str)

and at 1372 cm-1 for aromatic C-N(str) thus indicating the func-
tionalization of vinyl benzyl chloride  and 4-vinyl pyridine in
the respective matrix. Then, the glycidyl methacylate was grafted
on PS-PVBC matrix via SI-ATRP method and thus obtained
PS-PVBC-GMA bead matrix. The FTIR of this PS-PVBC-
GMA matrix shows the intense characteristic peaks at 1704
cm-1 due to C=O(str), 1254 cm-1 and 905.64 cm-1 for symmetric
and asymmetric vibrations respectively of epoxy group (Fig.
1a). Appearance of these peaks reveals the functionalization/
grafting of glycidyl methacylate on PS-PVBC. The grafting
of stabilizing agent [viz., PPI(G2) dendrimer] in PS-PVBC-
PPI(G2) matrix was established through the appearance of
new peaks at 3066 cm-1 and 1653 cm-1 which corresponds to
–NH2 (str) and –N-H deformation, respectively in FTIR (Fig.
1b) and these characteristic peaks are obviously due to surface
amines and internal tertiary amines of PPI(G2) (Fig. 1b).

In the case of PS-P4VP matrix, the linker group viz., epich-
lorohydrin was functionalized onto the matrix by following
the simple quarterization reaction. The functionalization of
epichlorohydrin in PS-P4VP-ECH is justified through its FTIR
(Fig. 2a), in which appearance of new characteristic peaks at
1180 cm-1 and 905 cm-1 are due to symmetric and asymmetric
vibrations respectively of epoxy ring and also the peak obser-
ved at 1492 cm-1 is due to aromatic ring of 4-vinylpyrine and
thus indicating the functionalization of epichlorohydrin and
4-vinyl pyridine in PS-P4VP-ECH matrix. On the contrary,
the FTIR of PS-4VP-PPI(G2) has shown (Fig. 2b), new peaks
at 3280 cm-1 and 1634 cm-1 due to -NH (str) and N-H (bend)
for secondary amine group in PPI(G2) and these confirm the
grafting of PPI(G2) onto PS-P4VP-ECH.

SEM and EDAX analyses: The surface morphologies
of PS-PVBC, PS-PVBC-GMA, PS-PVBC-PPI(G2) and PS-
PVBC-PPI(G2)-AuNPs-L & PS-P4VP-PPI(G2)-AuNPs-L and
PS-PVBC-PPI(G2)-AuNPs-H & PS-P4VP-PPI(G2)-AuNPs-
H catalysts were studied with SEM and the obtained images
are shown in Figs. 3a-e and 4a-e, respectively. From the images,
it is observed that the SEM images of plain matrices viz., PS-
PVBC (Fig. 3a) and PS-P4VP (Fig. 4a) show spherical in shape
with homogenous smooth surface, whereas the images of PS-
PVBC-GMA (Fig. 3b) and PS-P4VP-ECH (Fig. 4b) reveal that
the surface of the former contained more severe heterogeneity
than the latter one, indicating that the glycidyl methacylate is
grafted onto the surface of PS-PVBC matrix due to SI-ATRP
technique. In contrast, the mild heterogeneity noticed in the
surface of the latter one is due to average grafting of epichloro-
hydrin in PS-P4VP-ECH matrix due to simple quaternization
reaction. Further increment of surface heterogeneity/roughness

noticed in Fig. 3d indicates the intensive grafting of PPI(G2)
onto the PS-PVBC-GMA-PPI(G2) and average grafting of
PPI(G2) PS-P4VP-ECH-PPI(G2) matrices. The formation and
stabilization of AuNPs on to the PS-PVBC-PPI(G2) and PS-
P4VP-PPI(G2) matrices were confirmed by respective SEM
images shown in Fig. 3d and Fig. 4d. Here also more inten-
sively distributed tiny dots are observed in the surface of the
former one. This is because, in PS-PVBC-PPI(G2)-AuNPs,
the polymer support viz., PS-PVBC-GMA was prepared via
ATRP method thus leading to functionalization of ‘n’ number
of glycidyl methacrylate unit onto the surface of the PS-PVBC
beads and thereby increased grafting of more number of PPI(G2)
dendrimer onto the PS-PVBC-GMA matrix [19]. Further, on
stabilization of different [AuNPs] on the matrix viz., PS-PVBC-
PPI(G2) and PS-P4VP-PPI(G2), the previous one is enable to
stabilized more number of AuNPs due to free availability of
more –NH2 group than the latter one and hence the surface of
PS-PVBC-PPI(G2)-AuNPs has shown intensively distributed
dots than PS-P4VP-PPI(G2)-AuNPs irrespective of the varia-
tion of [HAuCl4]. Similarly, among the SEM images of high
and low metal loaded catalysts, irrespective of the type of matrix,
the surface of the high metal loaded catalysts show more dots
reflecting increased stabilization of metal nanoparticles (Figs.
3e and 4e).

The grafting of PPI(G2) dendrimer onto the surface of PS-
PVBC-GMA and PS-P4VP-ECH matrices and their correspon-
ding ability for stabilization of metal nanoparticles were studied
extensively with EDAX. The characteristic elements such as
C, N, O, Cl and Au and their corresponding quantity (%) avail-
able before and after stabilization of AuNPs onto the respective
matrix are given in Table-1. The comparative results reveal
that the percentage of O, N and Cl is relatively higher in plain
PS-PVBC-PPI(G2) than with PS-P4VP-PPI(G2). The enhan-
ced percentage of oxygen noticed in the first matrix is attributed
to the availability of more epoxy group due to grafting of glycidyl
methacylate, leading to increased grafting of more PPI(G2).
This result in a higher percentage of nitrogen from surface
amine group and finally more -Cl is available from pendant
benzyl chloride group from vinyl benzyl chloride. Therefore,
the availability of more functional group such as glycidyl
methacylate, PP(G2) and pendant benzyl chloride achieved
onto surface of PS-PVBC-PPI(G2) matrix is solely responsible
for intensive grafting of the said group due to SI-ATRP tech-
nique. In contrast, in PS-P4VP-PPI(G2) matrix, the surface
grafting of epichlorohydrin and PPI(G2) was performed through
simple quaternization reaction and thereby observed decreased
% of oxygen due to less number of epoxy group from epichloro-
hydrin and thereby lesser grafting of PPI(G2) which is noticed
from lesser percentage of nitrogen from surface –NH2 group.

TABLE-1 
PERCENTAGE OF ELEMENTS DETERMINED FROM EDAX ANALYSIS USING POLYMER SUPPORTED AuNPs CATALYST 

Value of elements (%) presents in PS-PVBC-PPI(G2)-AuNPs & PS-PVBC-PPI(G2)-AuNPs 
Name of the compound 

C N O Cl Au 
PS-PVBC-PPI(G2) 
PS-P4VP-PPI(G2) 
PS-PVBC-PPI(G2) –AuNPs –L 
PS-PVBC-PPI(G2) –AuNPs –H 
PS-P4VP-PPI(G2) –AuNPs –L 
PS-P4VP-PPI(G2) –AuNPs –H 

38.12 
55.02 
68.41 
71.46 
65.02 
67.14 

56.64 
41.05 
23.17 
17.76 
29.91 
26.29 

3.12 
2.41 
4.32 
5.06 
2.93 
3.41 

2.12 
1.52 
2.90 
3.12 
1.71 
2.41 

– 
– 

1.20 
2.60 
0.44 
0.57 
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Obviously, the percentage of chloride is also less irrespective
of the matrix, the rest of the percentage are carbon. Therefore,
as explained in SEM results, the SI-ATRP technique is proved
to be effective for binding more number of GMA/PPI(G2)
group onto the surface of PS-PVBC matrix than with simple
quaternization reaction occurred on PS-P4VP-PPI(G2) matrix.
Similarly, irrespective of low and higher metal loaded catalysts,
the percentage of AuNPs noticed in PS-PVBC-PPI(G2) matrix
are observed to be largely higher than their counter part matrix
based catalyst i.e., PS-P4VP-PP(G2). Of course, it is obviously
known that the greater extents of stabilization of AuNPs noticed
in the previous matrix are directly related to availability of
–NH2 group onto the surface, thus confirming earlier inferences.
In the case of higher percentage of AuNPs observed in high
metal loaded catalyst again reflect the increased stabilization
of AuNPs than their corresponding low metal loaded catalysts.

UV-visible and HRTEM analysis: The stabilization
of AuNPs onto the respective 4 types of matrices were also
inspected through UV-visible and HRTEM analyses. To know
the stabilization of AuNPs onto the matrices, all the four types
of heterogeneous nanoparticle catalysts were separately taken
in 100 mL round bottom flask and were swelled with 50 mL of
ethanol. 5 mg of cetyl trimethyl ammonium bromide (CTAB)
was added to each flask for extraction of AuNPs from the res-
pective matrix [13,14,31]. Then the respective catalyst solution
was sonicated for 1 h and then the corresponding filtrate was
characterized by UV-visible and HRTEM analyses. The recorded
UV-visible spectra for PS-PVBC-PPI(G2)-AuNPs-L & PS-
P4VP-PPI(G2)-AuNPs-L and PS-PVBC-PPI(G2)-AuNPs-H
& PS-P4VP-PPI(G2)-AuNPs-H catalysts are shown in Figs.
5a-b and 6a-b, respectively. The appearance of SPR peaks at
536 nm indicates the formation and stabilization of AuNPs
onto the surface of the respective matrices. Similar results were
reported the synthesis of heterogeneous catalyst of polymer-
supported poly(propylene imine) dendrimer gold nanopar-
ticles [14]. The PS-PVBC-PPI(G2)-AuNPs-L & PS-PVBC-
PPI(G2)-AuNPs-H catalysts have shown increased SPR peak
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Fig. 5. UV-visible spectra of (a) PS-PVBC-PPI(G2)-AuNPs-L catalyst, (b)
PS-PVBC- PPI(G2)-AuNPs-H catalyst
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Fig. 6. UV-visible spectra of (a) PS-P4VP-PPI(G2)-AuNPs-L catalyst, (b)
PS-P4VP-PPI(G2)-AuNPs-H catalyst

intensity as compared with PS-P4VP-PPI(G2)-AuNPs-L & PS-
P4VP-PPI(G2)-AuNPs-H catalyst. This observation further
confirms the stabilization of AuNPs onto the PS-PVBC-PPI(G2)
and thus possible because SI-ATRP technique.

Further, these findings were again verified with results
obtained from HRTEM analysis. The obtained HRTEM images
for representative catalysts viz., PS-PVBC-PPI(G2)-AuNPs-
H & PS-P4VP-PPI(G2)-AuNPs-H are shown in Fig. 7a and b.
On comparing Fig. 7a and b it was found that the solution
extracted from and PS-PVBC-PPI(G2)-AuNPs-H catalyst
contains more block dots than the solution extracted from PS-
P4VP-PPI(G2)-AuNPs catalyst. Therefore, it is necessary to
highlight that during the synthesis of catalysts, even though
equal amount of dendrimer was added to both the matrices,
due to the SI-ATRP technique we have generated more amount
of epoxy groups onto the PS-PVBC beads and thus enabled
the grafting of more amount of PPI(G2) dendrimer onto the
surface of PS-PVBC-GMA matrix compared with quaternized
PS-P4VP-ECH matrix. Hence, obviously the influence noticed
in HRTEM strongly shows that more number of AuNPs was
stabilized onto the surface of PS-PVBC-PPI(G2) than with
the PS-P4VP-PPI(G2) and the size of the AuNPs was found to
be in the range of 15 to 20 nm.

Comparative catalytic efficiency of all the four types
of catalysts: The comparative catalytic efficiency among the
four catalysts was assessed based on the on the kobs determined
for reduction of 4-nitrophenol under identical reaction con-
dition. As mentioned earlier, the occurrence of the reaction
was monitored through UV. From the UV-visible spectrum,
the intensity of absorption peak observed at 400 nm for NO2

group found to decrease gradually. Subsequently, there is a
gradual development of the new absorption peak at 300 nm
(NH2) was conforming the conversion of 4-nitrophenol to
4-amino phenol (Fig. 8). The observed rate constants (Table-
2) reveal that the irrespective of higher and lower metal loaded
catalysts derived from ATRP has showed substantial increment
nearly four times active than their corresponding higher and
lower metal loaded catalysts derived from quaternization method
viz., PS-P4VP-PPI(G2)-AuNPs-H & PS-P4VP-PPI(G2)-
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Fig. 7. HRTEM images of (a) and PS-PVBC-PPI(G2)-AuNPs-H catalyst, (b) PS-P4VP-PPI(G2)-AuNPs-H catalyst
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Fig. 8. UV-visible spectra of 4-nitrophenol (4-NP) using PS-PVBC-
PPI(G2)-AuNPs-H catalyst

AuNPs-L. This is because, as explained in characterization
part, the former two catalysts must stabilized with more load of
AuNPs due to availability of larger –NH2 group on the surface
of beads matrices, obviously larger availability of –NH2 group
on the surface is due to grafting of more glycidyl methacylate
by ATRP method and thus enabled for more grafting of stabi-
lizing agent viz., PPI(G2). Further, the stability of the superior
catalyst PS-PVBC-PPI(G2)-AuNPs-H was examined by reusing

the catalyst through filtration. The obtained kobs indicates that
the activity is maintained even upto forth cycle and thus it is
proved the catalyst is more stable and hence it can be more
suitable for industrial reaction (Fig. 9d).

Kinetics of 4-nitrophenol using PS-PVPC-PPI(G2)-
AuNPs-H: In heterogeneous catalysis, the rate of the reaction
generally increases linearly with the amount of the catalyst.
With a view to examine the effect of PS-PVBC-PPI(G2)-AuNPs-
H, the said reduction of 4-nitrophenol was performed by varying
the catalyst amount from 2 to 10 mg keeping the other parameters
constant [32]. Plot derived from observed rate constant against
the amount of catalyst is shown in Fig. 10. From this plot, it
is understood that on increasing the amount of PS-PVBC-
PPI(G2)-AuNPs-H catalyst, the rate constant also increased
in parallel (Fig. 9a). This is quite obvious that at higher catalyst
amount, the active nanoparticle is contributed to enhanced rate
constant. Meijboom and Antonels et al. [33] observed the same
trend of results for the kinetic study of reduction of 4-nitro-
phenol using gold nano composites.

The effect of [NaBH4] was also studied by fixing the concen-
tration range from 0.6 M to 1.4 M keeping other parameters
as constant. The pseudo-first order rate constants were evaluated
and plotted against the [NaBH4] (Fig. 11). The observed rate
constants increased with the increasing the [NaBH4] (Fig. 9b).
Analogous trend in the rate constant with increasing [NaBH4]
was already reported [34]. On increasing the [NaBH4], the
adsorption of NaBH4 onto the nanoparticle surfaces also para-
llely increases, as a result, the release of electrons from BH4

–

TABLE-2 
KINETIC TABLE FOR 4-NITROPHENOL 

kobs × 10–3 s–1 for recycle catalyst 
Types of catalyst loading kobs ×10–3 (s–1) 

Cycle-I Cycle-II Cycle-III Cycle-IV 
PS-PVBC-PPI(G2)–AuNPs-L 
PS-PVBC-PPI(G2)–AuNPs-H 
PS-P4VP-PPI(G2)–AuNPs-L 
PS-P4VP-PPI(G2)–AuNPs-H 

17.47 
25.78 
04.67 
06.34 

– 
25.78 

– 
– 

– 
25.24 

– 
– 

– 
24.48 

– 
– 

– 
24.55 

– 
– 
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(donor) to the 4-nitrophenol (receptor) increases [2]. Further,
it is worth to state that under the fixed concentration of NaBH4

the reduced product viz., 4-amino phenol is not oxidized further
because the liberated hydrogen from borohydride purged out
the prevented the oxidation. In addition, evolution of small
bubbles of hydrogen on the catalyst surface helped in mixing
of the solution and thus offering the favorable conditions to
increase the reaction rates.

In order to study the influence of [substrate] on the rate
of reduction of 4-nitrophenol in the presence of PS-PVBC-
PPI(G2)-AuNPs-H catalyst and NaBH4 keeping the parameters
as constant. The [4-nitrophenol] varied from 0.6 × 10-2 M
to 1.4 × 10-2 M. The pseudo-first order rate constants were
calculated and plotted against the [substrate] from the plot
(Fig. 12), it is revealed that the rate constant increased with
the increase in the [4-nitrophenol] (Fig. 9c). Normally, the
metallic nanoparticles strongly catalyze the reduction reactions
by transferring electrons from BH4

– ions [35] to the substrate
after the adsorption of both substrate and NaBH4 ions onto
the catalyst surface. In this study also, when the [substrate]
increased, the probability of adsorption of more number of
4-nitrophenolate ions onto the catalyst surface was also para-
llelly increased and thus enhanced the rate constants. Added
to this fact, NaBH4 present in aqueous medium is a strong
nucleophile, because of its diffusive nature and high electron
injection capability, transfers electron to the substrate via metal
particles which in turn helps to overcome kinetic barrier for
the reduction reaction to form 4-aminophenol. Similar, results
on the rate of 4-nitrophenol reduction with addition of substrate
were reported by Pal et al. [36].
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Conclusion

Four types of polymer-supported beads grafted with
dendrimer stabilized AuNPs catalysts viz., PS-PVBC-PPI(G2)–
AuNPs-L & PS-PVBC-PPI(G2)-AuNPs-H and PSP4VP-PPI-
(G2)-AuNPs-L & PS-P4VP-PPI(G2)-AuNPs-H were prepared
by adopting simplified procedure. It is proved that the PS-
PVBC-PPI(G2) matrix [derived from PPI(G2) grafted on PS-
PVBC via SI-ATRP technique] was effective for efficient stabi-

lization/immobilization of AuNPs than the PS-P4VP-PPI(G2)
matrix (derived from grafting of PPI(G2) through quaterni-
zation technique). The formation of AuNPs onto the surface
of both matrices was established by the appearance of SPR
peak at 537 nm in UV and block dots observed in HRTEM
images. In addition, higher absorbance in SPR peak and intense
block dots in HRTEM were noticed in PS-PVBC-PPI(G2)-
AuNPs-L & PS-PVBC-PPI(G2)-AuNPs-H than that of PS-
P4VP-PPI(G2)-AuNPs-L & PS-P4VP-PPI(G2)-AuNPs-H.
These heterogeneous nanoparticle catalysts were found to be
efficient and reusable catalyst for the reduction of 4-nitrophenol
under NaBH4 as a reducing agent. The catalyst remains stable
and the catalytic activity was maintained even up to 4 cycle
remains constant. The stability and catalytic activity was higher
for the order of PS-PVBC-PPI(G2)-AuNPs-H > PS-PVBC-
PPI(G2)-AuNPs-L > PS-P4VP-PPI(G2)-AuNPs-H > PS-P4VP-
PPI(G2)-AuNPs-L, respectively. Since, SI-ATRP modified
PPI(G2) dendrimer grafted polymer beads has availability of
nanoparticle stabilized –NH2 much more than other types of
polymer beads. The most important virtue of this catalyst is
that since the catalyst is bead shaped, it can be very well packed
in a column reactor and thus the reduction reaction can be con-
ducted in continue mode operation in industries. Above all,
the pollution that has been experienced through homogeneous
nanoparticles catalysts or colloidal form of catalyst has been
completely alleviated by substituting these heterogeneous
nanoparticles catalysts for reduction reaction.
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