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Polymer microgels for the stabilization of gold
nanoparticles and their application in the catalytic
reduction of nitroarenes in aqueous mediat
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Polymer microgels containing a polystyrene core and poly(N-isopropylmethacrylamide) shell were
synthesized in aqueous media following a free radical precipitation polymerization. Au nanoparticles
were fabricated into the shell region of the core—shell microgels denoted as P(STY@NIPM) by the in situ
reduction of chloroauric acid with sodium borohydride. Various characterization techniques such as
transmission electron microscopy (TEM), ultraviolet—visible spectroscopy (UV-visible) and Fourier
transform infrared spectroscopy (FTIR) were used for the characterization of Au—P(STY@NIPM). The
catalytic potential of Au—P(STY@NIPM) toward the reductive reaction of 4-nitrophenol (4NP) under
various reaction conditions was evaluated. The Arrhenius and Eyring parameters for the catalytic
reduction of 4NP were determined to explore the process of catalysis. A variety of nitroarenes were
converted successfully into their corresponding aminoarenes with good to excellent yields in the
presence of the Au—P(STY@NIPM) system using NaBH, as a reductant. The Au-P(STY@NIPM) system was
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1. Introduction

Water pollution has become a threat to the health of human
beings as well as aquatic life.* There are a lot of chemical species
responsible for the pollution of water reservoirs such as heavy
metals,” dyes,® and pesticides.*® Nitroarenes are also chemicals
responsible for water pollution. The complete removal of
nitroarenes from water is very difficult.”® However, they can be
converted to less toxic and useful species in the aqueous
medium. The reduction of nitroarenes to aryl amines using
suitable catalysts has been adopted as a solution to the afore-
mentioned problem. Aryl amines are used as intermediates for
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found to be an efficient and recyclable catalyst with no significant loss in its catalytic efficiency.

the synthesis of biochemicals,” antioxidants,' polymers,"
pharmaceuticals," dyes," and fine chemicals."* Generally, aryl
amines are synthesized by reducing nitro compounds using
suitable catalysts. Both homogeneous'>'® and heterogeneous
catalysis'” are used for this purpose. Generally, homogeneous
catalysts are lethal, costly, and commercially unavailable, and
their recycling is not easy, while heterogeneous catalysis has
a poisoning problem. Nanocatalysis presents the best solution
to the above-mentioned problems related to both homogeneous
and heterogeneous catalysis.”® Therefore, in the last decade,
reductive reactions of nitroarenes to aryl amines using metal
nanoparticles have attracted significant attention.’* Mono-
metallic**** and bimetallic*® nanoparticles of Pd, Pt, and Rh are
commonly used catalytic systems for the reduction of nitro-
arenes in water; however, such catalysts cannot be used on an
industrial scale because of the high cost of the precursor salts of
these precious metals. Furthermore, the hydrogenation of
nitroarenes is usually performed using such nanoparticles and
extremely explosive molecular hydrogen as the reductant.”**
Transfer hydrogenation is an alternate method for the reduc-
tion of nitroarenes. In this way, the use of molecular hydrogen
can be avoided®® but it requires organic liquids or a mixture of
liquids as the solvent system at elevated temperature and
recovery of the catalyst is not possible. Therefore, the reductive
catalytic reaction of nitroarenes using metal nanoparticles in
the solution phase has become the best strategy for the
conversion of nitroarenes to aryl amines. Both noble*” and non-
noble*® metal nanoparticles may be used for this purpose.
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Although nanoparticles of some inexpensive metals have been
reported for the reductive reactions of nitroarenes,*** but these
nanoparticles are not stable and cannot be recovered for their
re-use as catalysts. The catalytic reductive reaction of nitro-
arenes using NaBH, reductant in the presence of efficient and
highly stable Au nanoparticles supported on suitable systems in
water presents a solution to all the above-mentioned prob-
lems.** Surfactants,® ionic liquids,** dendrimers,* block
copolymers,*® and microgels®” are used as supporting systems to
stabilize Au nanoparticles and to enhance their catalytic
activity.

The use of microgel particles as microreactors for the
incorporation and stabilization of gold nanoparticles (Au NPs)
has gained much interest.***" Au nanoparticles are encapsu-
lated and stabilized within the cavities of microgel particles via
donor-acceptor interactions between microgel functionalities
and metal nanoparticles.®® We recently reviewed gold
nanoparticles-loaded polymer microgel systems for various
applications, including their use in catalysis.** Usually Au
nanoparticles are loaded in homogeneous microgel systems to
form hybrid microgels for catalytic applications, but it is diffi-
cult to recover such kind of hybrid catalysts from the reaction
mixture after catalysis via ordinary centrifugation for their re-
use.*>** Ultra-centrifugation (with a high very high rpm) is
needed for this purpose. This problem may be overcome by
designing core-shell microgels with a highly dense/solid poly-
styrene core and crosslinked polymer shell filled with Au
nanoparticles. According to a literature survey, the
manufacturing and characterization of Au-P(STY@NIPM)
hybrid microgels for the catalytic reductive reaction of nitro-
arenes have not yet been reported as an easily recoverable
catalyst.

Consequently in the present work, the manufacturing,
characterization, and catalytic performance of Au nanoparticles
stabilized in P(STY@NIPM) were investigated. A wide variety of
amines was synthesized by the reductive catalytic reactions of
their respective nitroarenes in aqueous medium under mild
reaction conditions. The catalytic activity of Au-P(STY@NIPM)
hybrid microgels under various reaction conditions was studied
to evaluate various kinetic parameters. The catalytic reduction
mechanism of nitroarenes is proposed on the basis of the
results obtained.

2. Material and methods
2.1 Materials

Styrene (STY), N-isopropylmethacrylamide (NIPM) (98%), N,N-
methylenebisacrylamide (MBIS) (99%), ammonium per sulfate
(APs) (99%), sodium dodecyl sulfate (SDS) (98%), sodium
borohydride (NaBH,) (98%), 2-nitrophenol (2NP), 4-nitrophenol
(4NP), 3-nitrophenol (3NP), 4-chloronitrobenzene (4NCB), 2-
nitroaniline (2NA), 3-nitroaniline (3NA), 4-nitroaniline (4NA), 2-
amino-4-nitroanisole (2A4NA), 4-nitrophenylhydrazine (4NPH),
2,4-dinitrophenylhydrazine (2,4DNPH), and tetrachloroauric(ur)
acid trihydrate (HAuCl,-3H,0) were obtained from Sigma
Aldrich (Germany). No further purification of the chemicals was
done except STY. STY was purified via vacuum filtration by
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passing it through alumina (Al,O3) to remove the inhibitor.
Deionized water was used in all the experimental work. The
membrane for dialysis (cut off = 12 000-14 000) was obtained
from Scharlu and was used for the removal of unreacted reac-
tants from the microgel and hybrid microgel dispersions.

2.2 Synthesis of the P(STY@NIPM) microgels

In the first step, NIPM (0.127 g), SDS (0.058 g), 1.03 mL STY
(0.937 g) and 94 mL deionized water were mixed in a three-neck
flask. Stirring at a rate of 250 rpm was done under N, supply for
10 min. The temperature was raised and maintained at T =
80 °C for 30 min. Then, 5 mL Aps solution (0.08 M) was added to
the flask and reaction proceeded for 7 h under N, supply. The
as-prepared polystyrene core latex dispersion was dialyzed for 4
days using macromolecular porous membrane tubing to
remove the remaining reactants. In the next step, polystyrene
core latex particles were used as seeds for the fabrication of
a P(NIPM) shell around them and core-shell microgel particles
were obtained. For the synthesis of the core-shell system,
deionized water (93 mL), NIPM (1.254 g), MBIS (0.025 g), and
the PSTY core latex dispersion (6.00 mL) were taken in a round-
bottom flask and mixed by stirring at a rate of 250 rpm for 5 min
under N, supply. The temperature was raised to T = 70 °C at
a rate of 1 °C min~' and maintained under N, supply. After
30 min temperature maintenance, 5.00 mL APs solution (0.08
M) was poured into the flask containing the reactants and
stirring at the same rate was continued for a further 4 h to
complete the reaction. The as-prepared P(STY@NIPM) core-
shell microgel dispersion was dialyzed against deionized water
for 3 days to remove the unreacted moieties, surfactant, and
initiator.*

2.3 Synthesis of Au NPs within a dispersion of the
P(STY@NIPM) microgels

Au-P(STY@NIPM) core-shell hybrid microgel particles were
prepared using HAuCl, - 3H,O salt as a source of gold ions, while
NaBH, was used to reduce the Au®" ions at ambient temperature
(20 °C). First, 15 mL P(STY@NIPM) polymer particles dispersion
was mixed in 35 mL deionized water in the flask with contin-
uous stirring at a rate of 250 rpm for 30 min under N, atmo-
sphere. Then, HAuCl,-3H,O solution (1.0 mL, 1.0 mM) was
added dropwise. Stirring of the mixture at the same rate was
continued for 1 h at 20 °C. After that, 1.00 mL freshly prepared
NaBH, (5.0 mM) solution was poured dropwise in to the reac-
tion vessel with constant stirring under N, environment. The
color of the suspension changed to light brown by adding
NaBH, solution. The change in the color of the microgels
suspension was an indication of the formation of Au NPs within
the dispersion. Dialysis of the hybrid microgel suspension was
performed for 15 min to remove any left-over reactants.

2.4 Characterization

The P(STY), P(STY@NIPM), and Au-P(STY@NIPM) samples were
analyzed by FTIR using an RXI FTIR spectrometer (PerkinElmer,
USA) in the 500-4000 cm™ " range. The UV-Vis spectra of P(STY),
P(STY@NIPM), and Au-P(STY@NIPM) were obtained on a V-770

© 2022 The Author(s). Published by the Royal Society of Chemistry
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UV-visible/NIR spectrophotometer (JASCO, Germany). Measure-
ments were made in the wavelength range of 250-650 nm using
a quartz cuvette. One droplet of sample was placed on a carbon-
coated copper grid and desiccated in air to record the TEM
images on an FEI TECNAI microscope operating at 120 kV.

2.5 Reduction of nitroarenes

Reduction of 4NP using NaBH, as a reductant at a specific value
of temperature (28 °C) was studied by altering the reaction
conditions, such as the concentration of NaBH, (1.19-6.71
mM), catalyst dose (2.40-6.00 pg mL '), and concentration of
4NP (0.04-0.06 mM). Several other nitroarenes (2NP, 2NA, 3NA,
3NP, 4NP, 4NA, 2,4DNPH, 4NPH, and 2A4NA) were also reduced
in the presence of Au-P(STY@NIPM) catalyst using conditions:
[substrate]: 0.057 mM, NaBH, = 2.66 mM, Au-P(STY@NIPM) =
2.40 um mL ™', temperature = 28 °C] as shown in Fig. S1A-H.7}

3. Results and discussion

3.1 Synthesis of the P(STY@NIPM) core-shell microgels and
Au-P(STY@NIPM) composite microgels

In the first step, P(STY) latex particles were synthesized by
precipitation polymerization in water. During the formation of
P(STY) particles, a small amount of NIPM was used to enhance
the dispersity of the latex particles in aqueous medium. The SDS
used endows stability and controls the size and size distribution
of the polymer latex particles.*® In the second step, a P(NIPM)
shell was grown around the central P(STY) core particles using
the seed-mediated growth method. The shell-fabrication
process was carried out at 70 °C to enhance the hydrophobic
interaction between the core and growing shell. The presence of
a small amount of NIPM used in the first step was also helpful
for enhancing the affinity of the core toward the shell to be
fabricated in the second step. Au NPs were synchronized in
P(STY@NIPM) micro-reactors at ambient temperature. Due to
the open network of the outer region of P(STY@NIPM) particles,
Au®' ions were integrated into the sieves of the crosslinked
shell. The Au®" ions were in situ reduced into Au atoms after
accepting electrons from borohydride ions resulting from the
ionization of the sodium borohydride reductant. The Au atoms
present in each sieve coagulated rapidly to form Au NPs. These
Au NPs were stabilized within the crosslinked P(NIPM) shell of
P(STY@NIPM) particles via donor-acceptor interactions
between the amide functionalities and Au metal. The synthesis
of the P(STY) latex particles, fabrication of the shell around the
latex particles and use of P(STY@NIPM) particles for the in situ
synthesis and stabilization of Au nanoparticles and their
application as a catalyst toward the reduction of nitroarenes
(4NP) are schematically illustrated in Fig. 1.

3.2 Characterization of the microgels and core-shell
composite microgels

The P(STY), P(STY@NIPM), and Au-P(STY@NIPM) systems
were characterized using several techniques before the use of
Au-P(STY@NIPM) as a catalyst for the reduction of the nitro
group of the aromatic systems. TEM images of the dispersal of
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Fig. 1 Diagrammatic illustration of the synthesis of the P(STY) latex
particles, P(STY@NIPM) microgel particles and Au-P(STY@NIPM)
hybrid particles for the catalytic reduction of nitroarenes (4NP).

P(STY) latex particles at several resolutions are given in Fig. 2A-
C. The TEM images reveal that the P(STY) particles were present
as aggregates in the case of their concentrated dispersion due to
the hydrophobic interactions between the particles. A P(STY)
particle has more affinity toward another P(STY) particle and
tries to remain in its vicinity. That is why the P(STY) particles
joined with each other to form a chain in aqueous medium. It is
worth mentioning that the P(STY) particles were not joined with
each other via any chemical interaction. Upon dilution, the
chain of particles was broken and the P(STY) particles existed
independently. That is why we were able to fabricate P(STY®@-
NIPM) core-shell particles using a dilute dispersion of P(STY)
particles as seeds. The P(STY) particles were found to be
perfectly spherical in shape with a mean diameter of 76 + 3 nm,
as shown in Fig. 2C. The dispersion of seed particles was diluted
before the fabrication of the shell around them. TEM images of
the diluted dispersal of Au-P(STY@NIPM) particles are shown
in Fig. 2D-F. No particle aggregation was seen in the case of Au-
P(STY@NIPM) hybrid microgel particles in contrast to P(STY)
particles because the P(NIPAM) shell formed around the P(STY)
particles had more affinity toward water compared to the naked
P(STY) particles. The TEM images shown in Fig. 2A-F reveal that
the mean diameter of the P(STY@NIPM) particles (88 &+ 3 nm)
was greater than that of the P(STY) particles (76 + 3 nm), which
was a clear indication of the formation of a shell around the
P(STY) particles. Although the core-shell morphology of
P(STY@NIPM) particles could not be clearly seen in the TEM
images, the difference in the diameters of the P(STY) and
P(STY@NIPM) particles was sufficient to support the claim. The
particle encapsulated in the blue circle in Fig. 2E shows a Au-
P(STY@NIPM) particle, while the small dots encapsulated in
red circles are Au nanoparticles. Au nanoparticles were present
in the outer/shell region of the P(STY@NIPM) particles. A few
Au nanoparticles were also located at the outside of the
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Fig. 2

polymeric network, which indicated a reduction of the metal
ions outside the microgel particles. The presence of Au nano-
particles outside the P(STY@NIPM) particles may be avoided by
performing dialysis of the metal ions into the P(STY@NIPM)
particles dispersion before reduction or by performing dialysis
of the hybrid microgels using a suitable macromolecular porous
membrane. The estimated mean diameter of the nearly spher-
ical Au nanoparticles loaded into P(STY@NIPM) particles was
found to be 8 & 5 nm.

FTIR spectra of the P(STY) core, P(STY@NIPM), and Au-
P(STY@NIPM) systems are shown in Fig. 3. The spectrum of
P(STY@NIPM) was almost similar to that of Au-P(STY@NIPM),
which shows that the filling of Au NPs in the shell of the
microgels did not affect the structural arrangement of the
polymer microgel network. Spectral peaks of the stretching
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Fig. 3 FTIR spectra of the (a) P(STY), (b) P(STY@NIPM), and (c) Au-
P(STY@NIPM) systems.
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(A—C) TEM images of P(STY) particles at different resolutions and (D—F) TEM images of Au-P(STY@NIPM) particles.

vibrations of N-H bond of the amide groups appearing at
3348.52 cm ™ ' and of the C-H bonds of alkyl groups appearing at
2972.50 cm™ " were present in the FTIR spectra of both the pure
and hybrid microgels. The presence of the carbonyl group peak
at 1626.66 cm ' was noted in all the spectra. The peak at
3348.52 cm™ " was more prominent in the case of P(STY@NIPM)
and Au-P(STY@NIPM) in comparison to P(STY) due to the
increase in content of NIPM in the system. The FTIR spectra
showed the presence of all the peaks in the microgel and hybrid
microgel at the same positions, which indicated that the func-
tionalities of the microgel system remained the same after the
fabrication of Au NPs into the microgel system.

Endowment of Au NPs in the P(STY@NIPM) microgels was
also verified by the UV-Vis spectra of dilute dispersions of the
P(STY), P(STY@NIPM), and Au-P(STY@NIPM) systems shown

0.75 4 ‘
1\

:; —P(STY)
< \\_ - = P(STY@NIPM)
S 0.50 - \\ —-  Au-P(STY@NIPM)
= \
_
-
2
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0.25 4

0.00

300 400 500 600
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Fig. 4 UV-Vis spectra of dilute aqueous dispersions of P(STY) (black
solid line), P(STY@NIPM) (dash red line), and Au—P(STY@NIPM) (dash
dot blue line) particles at 25 °C.
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Fig. 5 UV-Vis spectra of Au—P(STY@NIPM) dispersion stored in the
dark as a function of time of storage at 25 °C.

in Fig. 4. The UV-Vis spectra of P(STY) and P(STY@NIPM) had
no prominent peaks in the visible region, while that of disper-
sion of Au-P(STY@NIPM) gave a prominent peak at 521 nm,
which was associated with the Aspr of the Au nanoparticles
existing in the microgel system. The UV-Vis spectrum of the Au-
P(STY@NIPM) system does not only indicate the formation of
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Au nanoparticles in the polymer network but also gives some
information about the shape and size distribution of Au nano-
particles loaded into the microgel system.*” The single surface
plasmon resonance peak indicated the occurrence of spherical
Au nanoparticles in the microgel dispersion.

Au nanoparticles loaded into the P(STY@NIPM) system were
found to be stable over the studied time because of the donation
of an electron pair by the amide and carbonyl groups of NIPM to
the Au metal. The stability of Au NPs in P(STY@NIPM) micro-
gels was studied by UV-visible spectroscopic analysis of
a dispersion of Au-P(STY@NIPM) stored in the dark. No shift in
surface plasmon resonance wavelength was observed with the
time of storage, which indicated that the Au nanoparticles were
stable in the microgel dispersion (Fig. 5). Moreover, no change
in color of the Au-P(STY@NIPM) dispersion stored in the dark
was observed over the studied time, which was also an indica-
tion of the stability of the Au nanoparticles in the P(STY@NIPM)
dispersion.

3.3 Catalytic activity of the Au-P(STY@NIPM) hybrid
microgels

The catalytic action of Au-(STY@NIPM) was initially tested by
the reduction of 4NP into 4AP using NaBH, as a reductant in
water. For the confirmation and identification of the true cata-
lyst, various controlled experiments were performed. The
reduction of 4NP was carried out in the presence of both
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=
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Fig. 6 Time-dependent UV-visible spectra of mixtures of (A) 4NP, P(STY@NIPM) and NaBH, [conditions: [BH, | = 3.55 mM, [substrate] =
0.057 mM, P(STY@NIPM) = 4.8 pg mL™Y, (B) 4NP and NaBH, [conditions: [BH, ] = 3.55 mM, [substrate] = 0.06 mM, without addition of polymer
microgel], (C) 4NP and Au—-P(STY@NIPM) [conditions: [substrate] = 0.06 mM, Au—P(STY@NIPM) = 4.8 ng mL~%, without addition of BH47], and (D)
4NP, Au—P(STY@NIPM) and NaBH,4 [conditions: [substrate] = 0.06 mM, Au—-P(STY@NIPM) = 4.80 ng mL~?, [BH4 1 = 3.55 mM].
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P(STY@NIPM) and NaBH,, NaBH, alone, Au-P(STY@NIPM)
alone, and NaBH, in the presence of the Au-P(STY@NIPM)
catalyst at room temperature (26 °C). For all the experiments,
the final concentrations of 4NP, NaBH,, P(STY@NIPM), and Au-
P(STY@NIPM) were kept constant at 0.057 mM, 3.55 mM,
2.4 mg mL~ ', and 2.4 mg mL™" respectively. For this purpose,
2.00 mL (0.1 mM) of 4NP, 1.5 mL (23.26 mM) of NaBH,, and
2.4 pg mL' of Au-P(STY@NIPM) catalyst were mixed in
a cuvette to scan the UV-visible spectra of the proceeding reac-
tion in the wavelength range of 200-500 nm. Initially, only
a single peak at 400 nm, corresponding to 4-nitrophenolate
ions, was observed. No conversion of 4NP to 4AP was observed
in the presence of P(STY@NIPM) with NaBH, (Fig. 6A), NaBH,
alone (Fig. 6B), or Au-P(STY@NIPM) alone (Fig. 6C), but 4NP
was reduced rapidly in the presence of Au-P(STY@NIPM) and
NaBH,, as shown in Fig. 6D. The fact there was no change in the
absorbance of the mixture of P(STY@NIPM) and NaBH, at
400 nm with time indicated that P(STY@NIPM) was not a true
catalyst and NaBH, could not reduce 4NP in the presence of
P(STY@NIPM). The fact there was no change in the absorbance
of the mixture of 4NP and NaBH, at 400 nm showed that NaBH,
could not reduce 4NP in the absence of a suitable catalyst. So
the conversion of 4NP to 4AP was kinetically restricted and the
presence of a suitable nanocatalyst was necessary for the rapid
reduction of 4NP, as reported previously.*® Fig. 6C indicates that
the adsorption of 4NP on P(STY@NIPM) particles did not cause
any significant change in the absorbance of the mixture of 4NP
and P(STY@NIPM). Moreover, the decrease in the absorbance of
the mixture of 4NP, NaBH,, and Au-P(STY@NIPM) was not due
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to the adsorption of 4NP on hybrid particles. The cause for the
rapid decrease in absorbance at 400 nm was in fact due to the
conversion of 4NP to 4AP. The simultaneous rise in absorbance
at 298 nm (A of 4AP) along with the reduction in absorbance
at 400 nm verified the conversion of 4NP to 4AP. The complete
disappearance of the A, of 4NP indicated the completion of
the reduction of 4NP. The reduction was completed within
9 min. The controlled experiments showed that Au NPs loaded
into P(STY@NIPM) were real catalysts. 4NP was reduced to 4AP
by NaBH, on the Au nanoparticles’ surface loaded in
P(STY@NIPM).

Au nanoparticles are stable nanoparticles within the polymer
microgel system and a very high range of organic reactions can
be catalyzed using Au nanoparticles.*” Therefore, herein, we
fabricated Au nanoparticles in P(STY@NIPM) microgels for
catalytic applications. The catalytic reduction of 4NP is shown
in Fig. 6D.

A pseudo-first-order kinetic equation was applied for deter-
mining the rate constant for the reductive reaction of 4NP using
Au-P(STY@NIPM) and NaBH,. Initially, the reaction did not
take place and the absorbance at 400 nm remained constant for
some time, called the induction period (z,), which is a charac-
teristic of nanocatalysis/heterogeneous catalysis.* This may be
attributed to the time required for the reactant molecules to
reach the surface of the Au NPs loaded into P(STY@NIPM). The
catalytic reductive reaction of 4NP was performed under diverse
reaction conditions, and it was found that the value of 7,
decreased at higher concentration of the catalyst, NaBH,, and
4ANP.>*

Table 1 Values of ko, for the reduction of 4NP using different amounts of reducing agent, 4NP, catalyst, and different temperatures

Reaction conditions NaBH, (mM) Catalyst (ug mL™") 4NP (mM) T (°C) 7o (min) t. (min) kob (min™") t1/» (min)
NaBH, 1.19 2.40 0.057 26 15 34 0.04 17.32
1.97 2.40 0.057 26 6 25 0.12 5.77
2.66 2.40 0.057 26 5 12 0.91 0.76
3.55 2.40 0.057 26 3 9 1.12 0.62
4.34 2.40 0.057 26 7 15 0.56 1.24
5.13 2.40 0.057 26 5 14 0.54 1.28
5.92 2.40 0.057 26 4 14 0.45 1.54
6.71 2.40 0.057 26 5 18 0.29 2.39
Catalyst 3.55 1.20 0.057 26 6 16 0.55 1.26
3.55 2.40 0.057 26 3 9 0.96 0.72
3.55 3.60 0.057 26 7 12 1.02 0.68
3.55 4.80 0.057 26 4 9 1.12 0.62
3.55 6.00 0.057 26 2 6 1.44 0.48
4NP 2.66 2.40 0.040 26 10 18 0.35 1.98
2.66 2.40 0.045 26 7 16 0.51 1.36
2.66 2.40 0.051 26 6 14 0.54 1.28
2.66 2.40 0.054 26 6 14 0.69 1.00
2.66 2.40 0.057 26 4 9 1.12 0.62
2.66 2.40 0.060 26 2 13 0.38 1.82
2.66 2.40 0.063 26 2 18 0.26 2.67
Temperature 2.66 2.40 0.057 24 4 12 0.59 1.18
2.66 2.40 0.057 28 3 10 0.66 1.05
2.66 2.40 0.057 32 1 6 0.88 0.79
2.66 2.40 0.057 36 1 1.01 0.69
2.66 2.40 0.057 40 2 5 1.47 0.47
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The plots of In(A/A,) vs. time for 4NP reduction in the
presence of various concentrations of Au-P(STY@NIPM) at
constant temperature, NaBH, concentration, and 4NP concen-
tration are shown in Fig. 7A. The value of 7, was found to
decrease with the increase in Au-P(STY@NIPM) content due to
the decrease in distance between the reacting molecules present
in solution and the Au-P(STY@NIPM) particles. A short time
was needed for the reacting molecules to reach the Au surface in
the case of a high Au-P(STY@NIPM) concentration. After t,, the
In(4,/A,) value started to decrease with time linearly due to the
conversion of 4NP to 4AP according to the pseudo-first-order
kinetic equation and became independent of time upon the
reaction completion. The value for the apparent rate constant
(kop) was evaluated from the gradient of the linear region of
In(4,/A,) vs. time after the induction period but before reaction
completion. The values of k., corresponding to the half-life
period (¢y,), induction period (7o), and reaction completion
time (¢.) are shown in Table 1.

The value of k., was found to be linearly dependent on the
Au-P(STY@NIPM) content (Fig. 7B), which is an indication of
a reaction occurring on the surface of Au nanoparticles.

The value of 7, was found to decrease with the increase in
NaBH, concentration in the reaction vessel. The increase in
NaBH, concentration resulted in an increase in hydrogen
bubbling, which increases the transport of reacting molecules
toward the surface of the Au NPs loaded into P(STY@NIPM).
That is why the time required for the reactants to reach the Au
surface decreased. The values of t. and k., decreased with
increasing the concentration of NaBH, up to a specific
concentration and then started to decrease again, as shown in
Fig. S2Af (Table 1). When the concentration of NaBH, was kept
at less than 1.187 mM or greater than 9.071 mM, then the
reduction of 4NP (0.057 mM) in the presence of Au-P(STY®@-
NIPM) (2.40 mg mL™") took several hours instead of minutes.

The effect of the NaBH, concentration on the k., value is
given in Fig. S2B.7 The value of k,}, increased initially due to
a rapid adsorption of the reductant on the Au surface upon the
increase in NaBH, concentration, which resulted in an increase
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in the reduction rate. The decline in kp, value in the [NaBH,] =
9.07 mM region was due to the unavailability of the catalyst sites
for the adsorption of 4NP on Au nanoparticles because all the
sites were occupied by the reductant under the high concen-
tration of NaBH, as reported previously.*>

To study the effect of 4NP on its reduction, the concentra-
tions of the catalyst and NaBH, were kept constant while the
concentration of 4NP was varied. The reaction completion time
was found to increase initially till 0.057 mM 4NP and then
started to decrease upon further increase in 4NP molarity, as
shown in Fig. S3A.f When the concentration of 4NP was
increased from 0.040 to 0.057 mM, then increases in the k., and
t. values were observed. Declines in the ¢. and k,, values at [4NP]
> 0.057 mM were also noted. Interestingly, at [4NP] = 0.068, the
reduction of 4NP was not found to occur, even after 32 min.

3.4 Thermodynamic aspects of the reduction reaction

To determine the effect of temperature on the reaction rate, the
catalytic reductive reaction of 4NP was performed at diverse
values of temperature while keeping the other parameters
constant. In order to determine the value of k,, at different
values of temperature, a plot of In(4,/4,) vs. time at variable
values of temperature is presented in Fig. 8A. The values of k.
for the reductive catalysis of 4NP at various temperature of
medium are presented in Table 1. The effect of temperature on
ko, is shown in Fig. 8B. In order to evaluate the Arrhenius
parameters, the plot of In k,, against 1/T is given in Fig. 8C.
From Fig. 8C, it is clear that the reductive reaction of 4NP in the
presence of Au-P(STY@NIPM) hybrid polymer particles obeyed
an Arrhenius behavior in the temperature range of 24-40 °C
below the volume phase transition temperature (VPTT) of the
P(STY@NIPM) system.

The value of k., increased from 0.59 to 1.47 min~ ' as the
temperature of the reaction mixture was raised from 24 to 40 °C
for the reduction of 4NP. This rise in k,, value with temperature
is credited to the rise in the fraction of molecules with K.E. = E,,
whereby high kinetic energy molecules diffused more rapidly
from the bulk region to the gold nanoparticles surface region

0+
—=—1.20 pg/mL 14 1
-1 4 —e—2.40 pg/mL B
—4—3.60 pg/mL
—v—4.80 pgmL 12 7
24 —o—6.00 pg/mL
~ o~
< £ 1.0 4
< 31 g
| 2
- -5
4 4 0.8
=k 0.6
T 1 ) 1 T L ] 1 T L 1 ) * L] L] ] L 1 L 1
0 2 4 6 8§ 10 12 14 16 18 2 3 4 5 6
Time (min) Catalyst (ug/mL)

Fig. 7

(A) Plot of In(A/Ao) vs. time under different concentrations of Au—P(STY@NIPM) [conditions: concentration of 4NP = 0.057 mM, Au—

P(STY@NIPM) = (1.20-6.00) pg mL™, NaBH, = 3.55 mM] and (B) the Au—P(STY@NIPM) concentration dependence of Kep.
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Fig. 8 Temperature effect on the rate of 4NP reduction: (A) In(A/Ao) vs. time at different values of temperature [conditions: concentration of
4NP = 0.057, NaBH,4 concentration = 2.66 mM, amount of Au—P(STY@NIPM) = 2.40 ug mL™Y, (B) temperature vs. kop, (C) Arrhenius plot, and (D)

Eyring plot.

through the polymeric network of P(STY@NIPM) system. With
the rise in temperature, the number of reactant molecules
having an energy more than E, increased, which resulted in an
increase in ko, and the catalytic reduction reaction followed
a typical Arrhenius behavior between 24 and 40 °C. Using the
Arrhenius eqn (1), E, was calculated for the reduction of 4NP
from the slope of the In &, vs. 1/T plot.

In ko, = _E <l> +In 4

R AT 1)
where A is a pre-exponential factor and E, is the observed acti-
vation energy for 4NP reduction in the presence of the Au-
P(STY@NIPM) hybrid microgels catalyst. The Eyring eqn (2) was
applied to find the activation enthalpy (AH*) and activation
entropy (AS*) values for the catalytic reduction of 4NP using the
Eyring plot shown in Fig. 8D.

o)) ()4

T R \T h R
where 7 is Planck's constant and kg is Boltzman's constant, and
their values are 6.63 x 10 °* J s and 1.38 x 10 > J K},
respectively; and R is the general gas constant. The values of E,,
AH*, A, and AS* for the catalytic reduction of 4NP using the Au-
P(STY@NIPM) hybrid microgels catalyst at various tempera-
tures are presented in Table 2.

(2)
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The positive value of the activation enthalpy showed that the
formation of the activated complex from the reactants during
the catalytic reduction of 4NP was an endothermic process. The
AS* value for the catalytic reduction of 4NP was found to be
—0.47 k] mol~* K. These results indicated that the reduction
of 4NP in the presence of Au-P(STY@NIPM) hybrid microgels
was more favorable at high temperature.®

3.5 Catalytic reduction of other nitroarenes

The catalytic reductive reaction of various substituted nitro-
arenes, such as 2NP, 3NP, 2NA, 3NA, 4NA, 4CNB, 4NPH, and
2,4DNPH, was performed using Au-P(STY@NIPM) as a catalyst
in aqueous medium, as shown in Table 3 and Fig. S1A-H.} It
was observed that the nitroarenes containing an electron-

Table 2 Activation energy (E,), enthalpy of activation (AH*), pre-
exponential factor (A), and entropy of activation (AS*) for 4NP
reduction in the presence of composite polymer microgels

Kinetics/thermodynamic

parameters Value
E, (k] mol ™) 43.63
A (min™") 2.84
AH* (k] mol™) 45.03
AS* (k] mol ' K1) —0.47

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scope along with the reaction completion time and percentage conversion of nitroarene to the corresponding arylamine in
aqueous media at 28 °C using [substrate] = 0.057 mM, [NaBH4] = 2.66 mM, and Au—P(STY@NIPM) = 2.40 ng mL™?

Completion time (¢.) Percentage conversion
Sr. no. Substrate Product (min) (%)
NO, NH,
1 © © 3 85.50
Cl Cl
Cl Cl
N02 NHZ
2 4 86.61
NO, NH,
3 © © 6 97.73
OH OH
NO, NH,
4 @\ @\ 7 92.37
OH OH
N02 NH2
87.10

vs
O

NH
NH, 2
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Sr. no. Substrate

Completion time (%)
Product (min)

Percentage conversion
(%)

NO,

-
)"

NH,
NO,
OH
7
NO,
NH,

NO,
NHNH,

10

RS
<>

NO,
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NH,

NH,
NH,

OH

O

NH,

17

NH,
NHNH,

NH,

19

99.13

92.62

91.70

98.07

76.23
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withdrawing group could be reduced more easily in comparison
to nitroarenes containing electron-donating groups. The nitro-
arenes containing various groups were reduced in the order: Ar-
Cl > Ar-OH > Ar-NH,, > Ar-NHNH,, because Cl is a more electron-
withdrawing group compared to OH, NH,, and NHNH,. This
order of electron-withdrawing effect is in accordance with the
inductive and mesomeric effect. When the catalytic reduction of
isomeric nitroarenes was carried out, then the ease of reduction
was observed in the order: para > ortho > meta.

3.6 Mechanism for the reduction of nitroarenes

The kinetic data presented in Section 3.3 suggested that the
reductive catalytic reaction of nitroarenes using Au
nanoparticles loaded P(STY@NIPM) microgel particles followed
a “Langmuir-Hinshelwood mechanism”. According to this
mechanism, both reactants (nitroarene and hydrogen coming
from NaBH,) diffuse from the aqueous medium to the surface
of Au nanoparticles through the crosslinked polymeric network,
and then get adsorbed on the surface of Au nanoparticles and
converted to products, and then the products are desorbed from
the surface of the Au nanoparticles. The proposed mechanism
for the catalytic reduction of nitroarenes with Au nanoparticles
loaded into P(STY@NIPM) microgels is given in Fig. 10. At first,
NaBH, produced hydrogen gas and B(OH), ' in water. The
molecular hydrogen and nitroarenes migrated from the bulk
region to the surface of Au nanoparticles through the cross-
linked polymeric network system.** At the surface of the Au

NaBH, + 4H,0 —» NaB(OH), + 4H,

Ar
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nanoparticles, hydrogen is attached and interactions are
generated between the electron-deficient nitro groups of the
nitroarenes and molecular hydrogen, as shown in part a of
Fig. 9. Then, the sigma bond present between nitrogen and
hydrogen atoms is broken and a new bond is formed between
hydrogen and the negative charge containing oxygen atoms to
form b and c. In the next step, hydrogen make a new sigma
bond with the nitrogen atom and the old sigma bond present
between the nitrogen and oxygen atom of the hydronium ion is
broken to form d. Finally, d gives the final product (water and
aminoarene). These products detach from the surface of Au
nanoparticles and migrate from the surface of the nanoparticles
to outside the polymer network.>*

3.7 Catalytic reduction recycling process

The recycling ability of Au-P(STY@NIPM) was investigated
using the catalytic reductive reaction of 4NP as a model reac-
tion. After completion of a cycle of reduction of 4NP, the Au-
P(STY@NIPM) system was recovered by centrifugation. The
recovered catalyst was utilized again for the reductive reaction
of 4NP under identical reaction conditions. The value of k,, was
determined for each cycle. The percentage catalytic activity of
the Au-P(STY@NIPM) catalyst was calculated using eqn (3).

koo (n™ cycle)

Percentage catalytic activity (%) = - (I cycle)
ob

x 100 (3)

Ar

N
H, \OH

d

Fig. 9 Proposed catalytic reduction mechanism of nitroarenes by NaBH, in the presence of Au nanoparticles loaded onto P(STY@NIPM) in

aqueous medium.
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Fig. 10 Recycling of the Au—-P(STY@NIPM) catalyst used for 4NP
reduction [conditions: concentration of 4NP = 0.057 mM, Au-
P(STY@NIPM) = 6.00 pg mL™%, NaBH4 = 3.55 mM].

The percentage catalytic activity of the Au-P(STY@NIPM)
system as a function of the recycling number is given in Fig. 10.
No significant decline in percentage activity was noticed upon
the increase in the number of cycles. The catalytic activity of the
Au-P(STY@NIPM) catalyst was reduced to only 85% after 5
cycles. The slight decline in percentage activity may be due to
a loss of the catalyst content during the centrifugation and
decantation steps involved in the recycling process.

4. Conclusion

Nearly monodisperse P(STY) and P(STY@NIPM) particles were
obtained using a precipitation polymerization in aqueous
medium. Au nanoparticles were successfully incorporated into
the shell of P(STY@NIPM) microgels. The Au-P(STY@NIPM)
particles were found to be an efficient catalyst for the reduction
of nitroarenes. Au-P(STY@NIPM) could be used as catalyst for
the rapid reduction of all types of nitroarenes into their corre-
sponding aminoarenes in aqueous medium under mild condi-
tions. Nitroarenes that have electron-withdrawing group/s in
their structure/s were reduced more rapidly than those with
electron-donating group/s. The Au-P(STY@NIPM) catalytic
system was found to be easily recyclable, owing to its solid
polystyrene core within a crosslinked shell, without any signif-
icant loss of activity.
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