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Abstract

Poly(N-isopropylacrylamide-co-acrylic acid) microgels [P(NIPAM-co-AAc)] with 2, 4, 6 and 8§
mole percentage of N,N-methylene-bis-acrylamide were used as micro-reactors for the fabrication of Ag
nanoparticles using the in situ reduction method. The pure and hybrid microgels were characterized by
Fourier transform infrared and Ultraviolet-Visible spectroscopies. Silver-poly(N-isopropylacrylamide-co-
acrylic acid) hybrid microgels [Ag-P(NIPAM-co-AAc)] with different crosslinker contents were used as
catalysts for reduction of nitrobenzene (NB) in aqueous medium in order to investigate the effect of
crosslinker content on the value of apparent rate constant (kyp,). 0.041, 0.146, 0.2388 and 0.255 min™'
were found as values of k,,,, for catalytic reduction of NB using hybrid microgels with 2, 4, 6 and 8 mole
percentage of crosslinker, respectively. The effect of crosslinker feed content of hybrid microgels on
catalytic activity for reduction of NB was compared to that of reduction of p-nitrophenol in aqueous
medium.
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Introduction

Metal nanoparticles are used enormously in antibacterial activities [1], cosmetics [2], sensing [3,4]
and catalysis [5]. Noble metal nanoparticles are extensively used as catalysts in different oxidation and
reduction reactions. Nanoparticles of silver (Ag) [6], gold [7], platinum [8] and palladium [9] have been
found to be active catalysts for different reactions. Nanoparticles possess high surface-to-volume ratios,
which is the reason why they are considered to be efficient catalysts in the present era [7,10-13]. Naked
nanoparticles are rarely used in catalysis, because they coalesce rapidly. Coalescence forms big particles
whose surface-to-volume ratios are smaller than that of nano-range particles. That is why nanoparticles
are stabilized in some carriers and then used in catalytic applications. Responsive and non-responsive
polymers have been reported to be carriers for catalytic applications of nanoparticles [14,15]. Responsive
polymers swell and deswell in response to stimuli such as temperature, pH, and ionic strength [16-18].
Responsive microgels control the diffusion of reagents towards catalyst surfaces by swelling and
deswelling in response to stimuli. Thus, catalysis can be tuned by various stimuli if nanoparticles are
stabilized in responsive carriers [19,20]. Dendrimer [21], microgel [10], polyelectrolyte brush [22], core-
shell [22], and yolk-shell [23] are different structures of responsive polymers in which nanoparticles have
been stabilized. These structures have been also used as templates for the synthesis of nanoparticles.
Among these structures, microgels have been found to be the best stabilizers and templates for the
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synthesis of nanoparticles. Monodisperse nanoparticles are synthesized within microgel particles, because
sieve size is uniform in them [24]. If nanoparticles are stabilized within microgels, they do not coalesce
and leach after centrifugation or long term storage. Microgels can control the size and size distribution of
in situ synthesized nanoparticles. Catalysis is a size-dependent application of nanoparticles. So, microgels
are efficient for the catalytic application of stabilized nanoparticles.

The rate of catalysis can be tuned by parameters related to nanoparticles, microgels, and medium.
Catalyst dosage and size, size distribution, and nature of the nanoparticles are nanoparticle-related
parameters. The nature and feed of crosslinkers and monomers are microgel-related parameters.
Temperature, pH, ionic strength, and solvent polarity are medium-related parameters. Many scientists
have reported the effect of these parameters on catalytic reduction of p-nitrophenol (p-NP) [25-28]. We
have also reported the effect of catalyst dosage [14], temperature [19], feed of monomers [29], and nature
and size of nanoparticles [24,30] on the reduction of p-NP catalyzed by nanoparticle fabricated microgels.
The effect of mole percentage of the crosslinker on the catalytic reduction of p-NP has been reported by
our group previously [24]. In a previous report, it was observed that the value of k., of catalytic
reduction decreased with an increase in mole percentage of the crosslinker. Here, catalytic reduction of
hydrophobic nitroarene (like nitrobenzene (NB)) is reported. In fact, this work is an extension of our
previous report [24]. In our previous report, four samples of poly(N-isopropylacrylamide-co-acrylic acid)
[P(NIPAM-co-AAc)] microgels with 2, 4, 6 and 8 mole percentage of crosslinker were synthesized. Then,
these samples were used to synthesize Ag nanoparticles. Later, these microgels were used for catalytic
reduction of p-NP (hydrophilic nitroarene). Here, catalytic reduction of NB (hydrophobic nitroarene) by
using these microgels is reported. According to the best of our knowledge, the effect of the mole
percentage of the crosslinker on the catalytic reduction of NB has not been reported in literature.

This article concerns the catalytic reduction of nitrobenzene by different Ag-P(NIPAM-co-AAc)
hybrid microgels, and a comparison of that with p-NP using the same hybrid microgels.

Materials and methods

Nitrobenzene (NB), N-isopropylacrylamide (NIPAM), sodium dodecyl sulfate (SDS), acrylic acid
(AAc), ammonium persulfate (APS) and N,N-methylene-bis-acrylamide (BIS) were obtained from
Sigma-Aldrich USA. Sodium borohydride (NaBH,4) was purchased from Scharlau Company Germany.
AAc was filtered through alumina for removal of inhibitors. All other remaining chemicals were used
without any further purification. All solution preparations and synthesis were carried out using distilled
water.

Synthesis of P(NIPAM-co-AAc) microgels and Ag-P(NIPAM-co-AAc) hybrid microgels
P(BIS-A), P(BIS-B), P(BIS-C), and P(BIS-D) microgel samples were synthesized by using 2, 4, 6
and 8 mole percentage of crosslinker, respectively, as reported previously [24].

Catalytic reduction of nitrobenzene

1.8 mL of 0.1 mM NB, 0.5 mL of 20 mM NaBH,, and 0.2 mL of diluted dispersion of hybrid
microgel were added into a cuvette. Then, spectra were scanned in the wavelength range of 190 to 400
nm on a UVD-3500 Laboomed Inc., spectrophotometer. Spectra were scanned after regular intervals of
time until the reaction had been completed. Catalytic reduction of NB was studied by using the same
amounts of NB, NaBH,, and catalyst at 28+1 °C for every hybrid microgel sample (Ag-(PBIS-A), Ag-
(PBIS-B), Ag-(PBIS-C), and Ag-(PBIS-D)).

Characterization

P(BIS-C) and Ag-(PBIS-C) samples were oven dried and their FTIR spectra were recorded on a
Cary 630 FTIR spectrophotometer (Agilient Technology, United States of America). FTIR spectra were
recorded in the range of 400 to 4000 cm™. UV-visible spectra of pure and hybrid microgels were recorded
on a UVD-3500 (Laboomed Inc, United States of America). UV-visible spectra of diluted dispersions of
pure and hybrid microgels were recorded in the range of 220 to 790 nm.
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Results and discussion

FTIR spectra of P(NIPAM-co-AAc) microgels and Ag-P(NIPAM-co-AAc) hybrid microgels

FTIR spectra of P(BIS-C) and Ag-(PBIS-C) samples are shown in Figure 1. No absorption band
around 1600 cm™ is present in these spectra, which indicate that no unreacted monomer is present in the
samples. The FTIR spectra of P(BIS-C) is similar to that of P(BIS-D), reported previously [24]. A
comparison of absorption bands of different chemical bonds of P(BIS-C) and Ag-(PBIS-C) samples is
given in Table 1. Two bands appeared in the 2800 - 3800 cm™ range in the FTIR spectra of pure
microgels. These 2 bands merged to give a broad band in the case of hybrid microgels. A lone pair of
nitrogen of the —-NH group and oxygen of the carboxyl group coordinated with Ag nanoparticles, so the
vibration of -NH and —OH bands gets restricted, and the position of bands get shifted. This is the reason
why 2 bands appeared in spectra of P(BIS-C) instead of a single band in this region. No new band is
formed after the incorporation of Ag nanoparticles within microgels in the 400 - 4000 cm™ range of FTIR
spectra. The positions and intensities of bands are shifted only due to the coordination of different groups
of polymers with nanoparticles. Dong et al. have also reported the shifting in bands after incorporation of
Ag nanoparticles within P(NIPAM-co-AAc) microgels [31]. They explained it in terms of this donor-
acceptor concept. Vimala et al. have also reported that position and intensity of bands were affected due
to the loading of nanoparticles in hydrogels [32].

Table 1 Comparison of FTIR absorption bands of different functional groups of P(BIS-C) and Ag-(PBIS-
C) samples.

Wavenumber (cm™)

Functional group Chemical bond P(BIS-C) Ag-(PBIS-C)
Carboxyl C=0 1626 1648
Amide C=0 1542 1560
Alkyl CH, (bending) 1459 1460
Carboxyl O-H (stretching) 2972 2970
Amine N-H (stretching) 3281 3351
100 - P(BIS-C)
Ag-(PBIS-C)
90 4
80 A
o 70 1
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g
Z 60 -
g
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Figure 1 FTIR spectra of P(BIS-C) and Ag-(PBIS-C) samples.
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Figure 2 UV-Visible spectra of P(BIS-C) and Ag-(PBIS-C) samples.

UV-Visible spectra of P(NIPAM-co-AAc) microgels and Ag-P(NIPAM-co-AAc) hybrid
microgels

The UV-Visible spectra of P(BIS-C) microgels and Ag-(PBIS-C) hybrid microgels are shown in
Figure 2. The band around 425 nm in the spectra of hybrid microgel indicates the formation of Ag
nanoparticles inside the microgel network. Figure 2 also indicates that the Ag nanoparticles fabricated
inside the microgel network are spherical in shape.
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Figure 3 Time dependent UV spectra of reduction of NB in aqueous medium using Ag-(PBIS-C) hybrid
microgels as catalysts (conditions: [NB] = 72 uM, Ag-(PBIS-C) = 0.2 mL, [NaBH;] = 4 mM and
temperature = 28+1 °C).
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Figure 4 Plot of In(A/A,) as a function of time of catalytic reduction of NB in aqueous medium
(conditions: [NB] = 72 uM, catalyst = 0.2 mL, [NaBH4] =4 mM and temperature = 28£1 °C).
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Catalytic reduction of nitrobenzene

The catalytic reduction of NB into aniline in aqueous medium was monitored by UV
spectrophotometry. Time-dependent UV spectra of the catalytic reduction of NB into aniline are shown in
Figure 3. A, of NB is 268 nm, while Ay, of aniline is 231 nm [33]. Initially, NB is present in the
reaction mixture, SO Ay, at 268 nm appears initially. As the reaction progresses, NB is catalytically
reduced into aniline. So, Ay, at 231 nm appears during the progress of reaction, but was not present
initially, because aniline was not present in the reaction mixture initially. With the progress of reaction,
concentration of NB decreases, and concentration of aniline increases at the same time. This is the reason
why absorbance at 268 nm decreases and absorbance at 231 nm increases with the passage of time. So,
Amax Of NB (268 nm) shows a hypochromic shift, while A,,,x of aniline (231 nm) shows a hyperchromic
shift with the progress of reaction. It was also observed that A, at 268 nm shifts to 270 nm during the
progress of reaction. In fact, aniline slightly absorbs at 280 nm. This is why, as soon as aniline is formed
in the reaction mixture, it shifts A, from 268 to 270 nm. The concentration of NaBH, was kept a
hundred times greater than that of NB in the reaction mixture during all of the studies, so that the reaction
followed the pseudo 1* order kinetic equation;

A
= kot (1)

where A, is absorbance at 0 min, and A, is absorbance at time t. Slope of plot of In(A/A,) versus t is
equal to Kqpp.

The catalytic reduction of NB was carried out in the presence of Ag-(PBIS-A), Ag-(PBIS-B), Ag-
(PBIS-C), and Ag-(PBIS-D) hybrid microgels. A plot of In(A/A,) as a function of time for the reduction
of NB catalyzed by different hybrid microgel samples was used for determination of k,,, (Figure 4).
Figure 4 shows that the value of In(A/A,) did not change with time initially. This period at the start of
the reaction in which the value of In(A/A,) did not change with time, is termed as the induction period.
After the induction period, the value of In(A/A,) decreases with the passage of time, which indicates that
the reaction is in progress. In the end, again, the value of In(A/A,) did not vary with time, which showed
that the reaction had stopped. This showed that the maximum amount of NB was converted into aniline.
The linear region of the plot of In (A/A,) versus time was used to calculate the value of k,p,. The value of
kapp Of the catalytic reduction of NB in aqueous medium by different samples of hybrid microgels is
plotted in Figure 5. The value of k,,, of all plots is different from each other. This means that every
hybrid microgel sample is catalyzing the reduction of NB at different rates. It has already been reported in
our previous work that the size of the Ag nanoparticle is different in every hybrid microgel sample [24].
The surface area of nanoparticles is dependent upon their size. Catalysis is a surface related phenomenon,
which is why the value of k,,, was changed by changing the mole percentage of the crosslinker.
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Figure 5 Effect of mole percentage of crosslinker on k,y, of catalytic reduction of NB (conditions: [NB] =
72 uM, catalyst = 0.2 mL, [NaBH4] =4 mM and temperature = 28+1 °C).

Effect of mole percentage of crosslinker on apparent rate constant

The dependence of k,y,, of the catalytic reduction of NB on mole percentage of crosslinker is shown
in Figure 5. It is shown from this plot that the value of k,,, increases with an increase in mole percentage
of crosslinker. This can be due to the combined effect of two reasons: (i) decrease in size of nanoparticle
with increase in mole percentage of crosslinker, and (ii) increase in hydrophobic portion in network with
increase in mole percentage of crosslinker. The surface area of nanoparticles increases with a decrease in
size of nanoparticles. Therefore, the value of k,,, increases with an increase in mole percentage of
crosslinker. Crosslinker BIS and substrate NB are both hydrophobic. The hydrophobic portion in
microgels increases with an increase in the content of crosslinker. As like attracts like, so hydrophobic
NB get more strongly attracted towards microgels having a high mole percentage of crosslinker as
compared towards microgels having a low mole percentage of crosslinker. These are two driving forces
which cause an increase in the value of k,,, with an increase in mole percentage of crosslinker.

The crosslinking density of microgels increases with an increase in mole percentage of crosslinker.
With an increase in crosslinking density, sieve size decreases. So, the available space for the diffusion of
reactants decreases with an increase in mole percentage of crosslinker. This causes a decrease in the value
of k,pp, With an increase in mole percentage of crosslinker. However, the results indicate that this effect is
not dominant over the 2 aforementioned reasons. Thus, the value of k,,, increases with an increase in
mole percentage of crosslinker.

Figure 5 indicates that the value of k,,, sharply increases with an increase in mole percentage of
crosslinker from 2 to 6 mol %, but an increment in value of k,, is not sharply increased with an increase
in mole percentage of crosslinker from 6 to 8 mol %. It has been reported that sieve size, crosslinking
density, and the swelling ratio of microgels sharply varied when crosslinker content was low [11,34-36].
However, this variation is not so prominent when crosslinker content is high. The size of in vivo
synthesized nanoparticles depends upon the structure of the microgel template. That is why the value of
Kapp sharply increases from 0.041 to 0.2388 min™' by increasing crosslinker content from 2 to 6 mol %,
and the value of k,,, slightly increases from 0.2388 and 0.255 min" by increasing crosslinker content
from 6 to 8 mol %.
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Comparison of reduction of p-nitrophenol and nitrobenzene using same hybrid microgels as
catalysts

In our previous report, Ag-(PBIS-A), Ag-(PBIS-B), Ag-(PBIS-C) and Ag-(PBIS-D) hybrid
microgels were used as catalysts for the reduction of p-NP [24]. Here, we report the reduction of NB
using these hybrid microgels as catalysts. For catalysis conditions, the concentration of substrate (p-
NP/NB), catalyst, and NaBH, and temperature were kept the same for the catalytic reduction of both p-NP
and NB. The values of k,,, of catalytic reduction of p-NP were 0.568, 0.359, 0.320, and 0.313 min' for
Ag-(PBIS-A), Ag-(PBIS-B), Ag-(PBIS-C), and Ag-(PBIS-D) hybrid microgels, respectively, while the
values of k,,, of catalytic reduction of NB were 0.041, 0.146, 0.2388, and 0.255 min™ for Ag-(PBIS-A),
Ag-(PBIS-B), Ag-(PBIS-C), and Ag-(PBIS-D) hybrid microgels, respectively. The value of k., of
catalytic reduction of p-NP is greater than that of NB for all hybrid microgel samples. Microgels are
hydrophilic at 28+1 °C, as indicated in the previous report [24]. So, differentially crosslinked microgels
favor catalysis of hydrophilic p-NP, as compared to that of hydrophobic NB. The value of k,,, of the
catalytic reduction of p-NP decreases with an increase in crosslinker feed content, while the value of k,p,
of the catalytic reduction of NB increases with an increase in crosslinker feed content. Crosslinking
density of microgel increases with an increase in crosslinker mole percentage [24,37]. This means that
highly crosslinked microgels possess a high feed of hydrophobic crosslinker [38]. So, high crosslinker
feed containing microgels favor the catalytic reduction of NB as compared to that of p-NP. This is the
reason why hydrophilic p-NP showed different trends in the value of k,,, as compared to that shown by
hydrophobic NB for the same hybrid microgel samples. This shows that substrate-catalyst compatibility
also plays an important role in catalysis.

Conclusions

Ag-P(NIPAM-co-AAc) microgels were prepared with 2, 4, 6 and 8 mole percentage of crosslinker.
P(NIPAM-co-AAc) microgels and Ag-P(NIPAM-co-AAc) hybrid microgels were characterized by
Fourier transform infrared and UV-Visible spectroscopies. The application of Ag-P(NIPAM-co-AAc)
hybrid microgels as catalysts for reduction of NB was studied by UV spectrophotometry. The value of
kapp Was found to be 0.041, 0.146, 0.2388, and 0.255 min™ at 28+1 °C for hybrid microgel sample with 2,
4, 6, and 8 mole percentage of crosslinker, respectively. Here, a comparison of the effect of mole
percentage of crosslinker on the value of k,,, of catalytic reduction of NB and p-nitrophenol (p-NP) is
given. It was observed that the value of k,,, of catalytic reduction of NB increases with an increase in
mole percentage of crosslinker, while that of p-NP decreases with an increase in mole percentage of
crosslinker. This is due to the difference in nature of NB and p-NP. The value of k,,, of the reduction of
p-NP was found to be greater than that of NB, because microgels are hydrophilic at 28+1 °C, so they
favor catalytic reduction of p-NP in comparison to that of NB.
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