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nanoparticle systems. In the current work, we implemented the PGM concept by embedding
anionic stimuli-responsive microgels (PNIPAM-co-AAc)-silver (Ag) hybrids within a hydrogel
matrix. These PGM@AgNP hybrid materials are used as catalysts for the reduction of 4-nitrophe-
nol (4-NP) to 4-aminophenol (4-AP) in the presence of sodium borohydride. UV-VIS spectroscopy
is used for studying catalytic activity. In the solution based system, the complete reduction of 4-
NP to 4-AP took 30 minutes with pure Ag nanoparticles, 24 minutes with PNIPAM-Ag hybrid
(Neutral) microgels and 15 minutes with PNIPAM-co-AAc-Ag (Anionic) hybrid microgels. In
contrast PGM containing PNIPAM-co-AAc-Ag hybrids achieved full reduction in just 15 minutes,
along with a 3-minute induction period. For pure Ag nanoparticles, the first-order rate constant is
found to be 0.25 min’l, for PNIPAM-Ag hybrid (Neutral), it is 0.21 min ! and for PNIPAM-co-
AAc-Ag (Anionic), it is 0.5 min~! where as for PGM containing anionic microgel hybrids it is
found to be 0.8 min~!. Furthermore, the reusability of the PGM-Ag (anionic) materials for cat-
alytic activity remains unaltered even after several washings. In summary, our study highlights
the effectiveness of PGM@AgGNP materials as efficient catalysts for the reduction of 4-nitrophenol
to 4-aminophenol, indicating their versatile potential in various catalytic applications.

1. Introduction

In recent years, stimuli-responsive poly(N-isopropyl acrylamide) (PNIPAM) microgels have emerged as a popular model system for
studying various fundamental problems [1-8]. These microgels have also found widespread use in different applications such as drug
delivery, tissue engineering, diagnostics, and separation and purification processes [9-15]. PNIPAM-based microgels are cross-linked
polymers that undergo a reversible volume phase transition (VPT) in response to different stimuli parameters such as temperature, pH,
and ionic strength [1-8]. This property makes them highly versatile and adaptable to various environmental conditions.
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In addition to their responsive behavior, there is considerable interest in using cross-linked PNIPAM microgels as microreactors for
incorporating different types of metals (e.g., silver, gold, iron) and semiconducting nanoparticles (quantum dots) to create microgel-
nanoparticle hybrids [16-19]. By embedding nanoparticles within the matrices of responsive microgels, the long-term stability of
nanoparticles is enhanced [16-22]. Furthermore, the optical and catalytic properties of nanoparticles can be modulated by
stimuli-responsive parameters, opening up numerous applications [23-30]. The combination of stimuli-responsive behavior, easy
synthesis, and the ability to incorporate nanoparticles makes PNIPAM microgels a highly attractive platform for studying fundamental
phenomena and developing advanced materials for various applications in fields ranging from biomedicine to nanotechnology.

In context to our current studies on catalytic activities, PNIPAM microgel hybrids of Ag, Au nanoparticles have demonstrated
excellent efficiency in the reduction of 4-nitro phenol to 4-aminophenol in the presence of excess sodium borohydride [16,22,31-38].
For example, Lu et al. [31] used core-shell microgel hybrids of Ag-nanoparticles in their work to show their catalytic activities, which
they regulated through volume phase transition (VPT) of the thermosensitive shell and showed the variation of rate constant k from
0.05 to 0.24 min ™! for catalytic reduction reaction between temperatures range of 20-40 °C. Similarly Begum et al. [33] used Ag-P
(NIPAM-co-AAm) hybrid microgels as catalyst for reduction of 4-nitro phenol, where they varied the concentration NaBH4 and
microgel Ag hybrid to achieve an optimum value of rate constant, i.e., 0.5 min~'. Our group has also [16] used PNIPAM-AgNS hybrid
as catalyst for nitrophenol reduction reaction and demonstrated a rate constant value of 0.159 min~'.

It is to be noted that in most of the cases, catalytic studies have been carried out in the solution state where the efficiency of
reusability of the materials decreases with increasing number of cycles due to possible aggregation in the solution and nanoparticles
loose their surface properties. In the current studies we have implemented the concept of polymerized hydrogel materials (PGM),
where the microgel @AgNP particles are confined within the polymer matrix [39]. By immobilizing the particles within the polymer
matrix, the particles diffusion are ceased thus preventing the particle aggregation. This helps to thoroughly wash the PGM materials for
its reuse in cyclic studies. Thus preventing the decrease in the catalytic efficiency in different cycles. The concept of polymerized
hydrogels have been implemented only in very few catalytic studies. For example, Sahiner et al. demonstrated that metal nanoparticles
could be formed in situ in chemical hydrogels and function as catalysis for hydrogel production by metal-catalyzed reduction of
nitrophenols [34] or hydrolysis of sodium borohydride-based medium [35]. In some other reduction studies gold nanoparticles have
been incorporated into the hydrogel matrix [36,37]. Chen et al. has demonstrated Ag composite responsive hydrogel for catalysis of
4-nitro phenol to amino phenol [38].

In this paper, we aim to inhibit the formation of particle aggregation during catalytic reactions, ultimately enhancing catalytic
activity and efficiency. We plan to achieve this goal by encapsulating the catalysts within a polymerized gel material. This encap-
sulation strategy aims to prevent the undesired clustering of catalyst particles, ensuring their dispersion and active involvement in the
reaction. By exploring the use of polymerized gel materials, we anticipate improved control over catalyst behavior, leading to
enhanced overall performance in catalytic processes.This enhancement in catalytic efficiency can lead to improved reaction rates,
increased product yields, and overall better performance of the catalytic system.

2. Experimental section
2.1. Materials and methods

Analytical reagent-grade chemicals including N-isopropylacrylamide (NIPAM), acrylic acid (AAC, 99%), N,N’-methylene-bis-
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Fig. 1. Schematic representation of synthesis of (A) Thermo-responsive PNIPAM microgel and (B) pH & thermo-responsive Poly(N-isopropyl
acrylamide-co-acrylic acid) microgel.
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acrylamide (BIS, 97%), ammonium persulfate, 2,2-Azobis (2-amidinopropane) dihydrochloride, sodium borohydride (NaBH,), silver
nitrate (AgNO3), trisodium citrate, and 4-nitrophenol (4-NP) were obtained from Sigma, India. Mili-Q water was used exclusively
throughout the experiment. UV-VIS absorption spectra were recorded using an in-house Cary 60 spectrometer from Agilent Tech-
nology. The wavelength scan interval was set at 1 nm with an accuracy of 0.015 nm.

All light scattering measurements were conducted using an in-house facility called the "Goniometer-based Multi-Angle Static and
Dynamic Scattering Instrument" provided by Photocore Ltd in Russia. The scattering angle could be controlled using a stepper motor,
ranging from 10° to 150° with an accuracy of 0.01°. The sample was immersed in a toluene bath, allowing for temperature variations
between 10 °C and 90 °C with an accuracy of 0.1 °C.

Transmission electron microscope (TEM) images were obtained using a JEOL JEM-1400 instrument equipped with a tungsten
filament. The microscope operated at an accelerated voltage of 80 kV and was located at CIPET, Bhubaneswar, India.

2.2. Synthesis of microgel

We followed the standard surfactant free precipitation polymerization process to synthesize thermoresponsive PNIPAM microgel,
as described in our previous work [7,16,17]. As shown in Fig. 1 (A), N-isopropylacrylamide (NIPAM), N N, methylene-bis-acrylamide
(BIS) and ammonium persulphate (APS) are used as monomer, cross linker and initiator respectively in the polymerization process.
Once the synthesis process completed, purification of microgel suspension was done by multiple washing with MiliQ water by
centrifugation followed by dialysis. In next step, we synthesized both pH and thermo-responsive microgel by using acrylic acid as ionic
co-monomer as reported in our previous work [39] which is shown in Fig. 1 (B).

2.3. Synthesis of Ag NPs

In this step, Ag nanoparticles were synthesized by the conventional chemical reduction method, where silver nitrate (AgNOs) as
salt, sodium borohydride (NaBH,) as the reducing agent and trisodium citrate (TSC) as stabilizing agent were used in the chemical
reduction process. The reduction process was initiated by adding NaBH,4 drop-wise to mixture of AgNO3 and TSC at room temperature
under constant stirring condition. The addition of NaBH4 has resulted rapid color change of the transparent solution to yellow that give
the indication of the formation of AgNPs in the solution. The fig. 2 diagram represents the reduction process that results in the for-
mation of Ag-atoms from Ag-ions and which leads to formation of Ag-nuclei and subsequent growth to form Ag-nanoparticles.

2.4. Synthesis of microgel@Ag hybrids

In this step, microgel@Ag hybrids were synthesized in in-situ method by the conventional reduction reaction process, where NaBH4
was used as the reducing agent (see the fig. 3). The PNIPAM microgel beads were initially dispersed in distilled water. Then AgNO3
solution was added to the PNIPAM microgel bead dispersion. Subsequently, NaBH4 aqueous solution was added to the reaction mixture
while maintaining constant stirring. The stirring process continued for an additional 15 min to ensure the completion of the reaction. A
color change from colorless to pale yellow was observed immediately after the addition of NaBHy4, This color change indicated the
formation of AgNS. The resulting microgel-Ag hybrids were purified by washing them twice with distilled water through centrifugation
at 5000 rpm for 15 min.

2.5. Synthesis of polymerized gel materials (PGM)

We followed the standard protocol (see the fig. 4) for preparation of polymerized gel materials (PGM), as mentioned in our earlier
work [39]. Firstly,we prepared the reaction mixture solution by taking required concentration of microgel Ag hybrid nanoparticles,
monomer (acrylamide), cross-linker(BIS) and UV-initiator(2,2"-Azobis (2-amidinopropane) dihydrochloride). After mixing it well, the
solution was kept undisturbed under UV light for polymerization with the help of a slide chamber. It took around 20-30 min for
complete polymerization. After that the PGM was kept in Mili-Q water for overnight to attain the equilibrium swollen state to use in
catalytic study. Through out the study, we maintained the PGM size as 1.2 cm x 1 cm x 0.3 cm. Fig. 5 represents the visual appearance
of all the synthesized materials with their schematic representation.
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Fig. 3. Schematic representation of synthesis of microgel@AgNp in an in-situ treatment via chemical reduction method with NaBH, as
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Fig. 4. Schematic representation of synthesis of polymerized microgel@AgNp (PGM@AgNP) via UV-polymerization method.

2.6. Catalytic reduction of 4-nitrophenol to 4-aminophenol

Reduction studies of 4-NP to 4-AP in presence of excess NaBH4 were carried out using different materials mentioned in Fig. 5.
UV-Vis spectroscopy was used to monitor the reduction process as a function of time. About 2.7 ml of distilled water was taken in a
quartz cuvette having a path length of 1 cm, to which 20 pl of 0.01 M 4-nitrophenol solution was added. The reaction mixture was then

(A) (B) () (D)
AgNP MG(N)-AgNP  MG(A)-AgNP  PGM of MG(A)-AgNP

Fig. 5. Material prepared under different Figs. 2-4 of (A) pure AgNP, (B) MG (N)-@AgNP hybrid (Neutral), (C) MG(A)@AgNP hybrid (anionic), (D)
PGM@MG(A)-AgNP.
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allowed on gentle stirring followed by addition of the desired amount of catalyst. Finally, 250 pl of freshly prepared 0.15 M of NaBH4
solution was added all at once and then the cuvette was left undisturbed till the end of the reaction for UV-Vis spectral measurement at
different time intervals. The decrease in the peak intensity at 400 nm and increase in the peak intensity at 300 nm due to the catalytic
conversion of 4-nitrophenolate ion to 4-aminophenol was observed for calculating reaction kinetics.

2.7. Dynamic light scattering

We utilized dynamic light scattering (DLS) studies to determine particle size distribution, where we measured the hydrodynamic
radius according to the standard protocol [16,17]. For DLS studies, microgel suspensions are prepared at very dilute concentrations
(~0.001 wt%), where particle interactions are minimized. Experiments are carried out using laser light of a specific wavelength (A =
654 nm), and the fluctuations of scattered light are detected at a scattering angle of 90° using a photon detector. The time-dependent
intensity-intensity correlation function is calculated from the fluctuations in scattering intensity at a given scattering vector at a given
scattering angle [40]. The field correlation function, g'(t) is calculated from the intensity-intensity correlations and is then fitted to a
distribution of decay rates, G(I'), using equation,

g'(r)= /G(F)e’r’dl" (€))
0

=D, @
Here, I is the characteristic decay rate,t is the delay time, q is scattering vector.
The translation free diffusion coefficient, D, is given by using the Stokes-Einstein equation:
kg T
—_ B 3)
6t Ry

0

Where, kg is Boltzmann constant, T is the absolute temperature, and 1 is the viscosity of the solvent. Ry, is hydrodynamic radius of

(A} [EXJRadius @ [

| - * “v
- ®

- oy '

5 ® e

Q i

1]

0 100 200 300 400 500
Radius(nm)
(B) [R] Radius

Count

s

FIIASSIITS

7 7779
~

0 200 400 600 800 1000
Radius(nm)

Fig. 6. Transmission electron microscope image in dried state with scale bar and the corresponding size distribution of (A) MG(N)-Ag hybrid
particle with scale bar 1 pm and (B) MG(A)-Ag hybrids with 1 pm. The solid black line is the fitted Gaussian distribution.
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particles.

3. Results and discussion

3.1. Characterizations of microgel@AgNP hybrids

PNIPAM-AgNP hybrid microgels were characterized with respect to the particle size distribution using transmission electron mi-
croscope (TEM) in the deswollen state, dynamic light scattering (DLS) in the swollen state and optical properties using UV-Vis
spectroscopy.

Particle size distribution using TEM and DLS: TEM studies were carried out on both neutral microgel-silver hybrid particles [MG(N)-
Ag] & anionic microgel-silver hybrid particles [MG(A)-Ag] in the dried state. TEM images clearly demonstrated the successful
encapsulation of AgNPs within the microgel particles and the narrow size distribution of hybrid microgels.

It will be interesting to note that Fig. 6(A) shows a homogeneous distribution of Ag-nanoparticles within the neutral microgel
particle, whereas in case of anionic microgel-Ag hybrid, the Ag-nanoparticles are distributed inhomogeneously within core and shell
region of anionic microgel (Fig. 6(B)). Although in both cases, the Ag nanoparticles are grown within the network of microgel using in-
situ synthesis method, anionic microgel produces core-shell structure of the hybrid particles. This variation in the distribution of Ag
nanoparticles within the microgel is mostly due to inhomogeneous core-shell structure of the anionic microgel which has been
observed in earlier work [41]. The particle size distribution for both hybrids were obtained from the image analysis using ImageJ
software. The mean radius and standard deviation were obtained by fitting the distribution curves to a probability distribution of
Gaussian type,

—(x—m)?
G=Gy+ Ae 27 “4)

Where G is the function,Gg and A are standard constants, X, is the mean value, w is the standard deviation.

From the fit the mean radius of MG(N)-Ag is found to be x, = 185 + 9 nm as shown in Fig. 6(A) and that of MG (A)-Ag is found to be
Xm = 360 + 25 nm as shown in Fig. 6(B). Due to lack of resolution of TEM, it is difficult to estimate the size distribution of Ag-
nanoparticles within the microgel particles. The anionic microgel hybrid has a higher radius compared to the case of neutral
microgel hybrid.

Although TEM studies demonstrated the narrow size distribution of hybrid particles, it didn’t represent the true solution state
structure that were used as catalysts. As the particles were soft and polymeric, the deswelling occur through drying and the TEM size
did not represent the true solution state structure of the hybrid particles. The solution state structure of the hybrid particle were
responsible for the catalytic activity.

In the next step, we implemented dynamic light scattering to study the swollen size of the hybrid of microgels in solution state at
20 °C. The distribution of hydrodynamic radius (Ry) of both hybrid microgels (MG(N)-Ag hybrid and MG(A)-Ag) along with the
distribution of pure Ag-nanoparticles are plotted in Fig. 7. The mean radius of Ag NP, MG(N)-Ag hybrid and MG(A)-Ag hybrid obtained
from DLS are 45 nm, 202 nm and 462 nm respectively. The sizes obtained from TEM are comparatively smaller than DLS, as microgel
hybrid particles are in collapsed state in the TEM studies. The hydrodynamic radius characterizes the effective size of particles in a
solution, accounting for their dynamic behavior and interaction with the solvent molecules. On the other hand, the TEM radius
provides information about the physical size of the particles in their dried state, without considering the presence of dangling chains of
microgels and the solvent or the solvation layer [41]. Therefore, the TEM radius is typically smaller than the hydrodynamic radius
because it does not include the swelling effects induced by the solvent in the solution state. As shown in Fig. 7, it becomes evident that
there is a notable emergence of aggregate structures in the case of silver nanoparticles (Ag NPs). Conversely, no such aggregation is
observed in the instances of MG(N)-Ag and MG(A)-Ag hybrids. This observation strongly suggests an improved level of stability and
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Fig. 7. Size distribution (Hydrodynamic radius) obtained from dynamic light scattering (DLS) of pure silver nanoparticles (AgNP), Neutral
microgel-Ag hybrid [MG (N)-Ag] and Anionic microgel-Ag hybrid [MG (A)-Ag].
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dispersion subsequent to the integration with microgel matrices. The occurrence of aggregation in the context of Ag NPs can be
attributed to its heightened chemical reactivity. This elevated reactivity renders the nanoparticles susceptible to rapid oxidation,
leading to rusting in the absence of any stabilizing agents. So we can say our microgel template provides better stability in formation of
microgel Ag-hybrids, which is one of the main advantage of microgel hybrid particles.

In our previous work [42] molecular docking investigations were conducted to examine the interactions between various metal
ions (Au3+, Agt, Fe?*) and their corresponding atomic states (Auo, Ago, Feo), with the functional constituents of the polymer, spe-
cifically the NIPAM monomer and carboxylate ion (COO™). The outcomes of these docking simulations revealed that electrostatic
interactions play a predominant role, surpassing other types of interactions such as van der Waals forces, hydrophobic interactions,
solvation effects, and electrostatic forces. The resulting net binding energies were determined to be —1.46 kcal/mol for Ag™" ions.

It is noteworthy that the cross-linked microgel particle matrices play a vital role in creating a confinement effect, effectively
immobilizing the nanoparticles within the matrix. Additionally, the robust electrostatic interactions observed serve as an additional
crucial mechanism contributing to the stability of the polymer-nanoparticle complexes. These interactions contribute significantly to
the formation of stable complexes between the polymer and nanoparticles, thus fostering the creation of stable microgel-metal hybrid
structures.

3.2. Optical properties

The formation of different nano-catalysts were confirmed by their colour changes during the synthesis. The absorption properties of
all the catalysts were studied using UV-Vis spectroscopy as shown in Fig. 8. Ag Np showing a plasmonic peak at 400 nm confirmed the
formation of Ag NP. Both PNIPAM and PNIPAM-co-AAc microgel stabilized hybrid Ag NPs shows peak around 420 nm, which confirms
the formation of microgel-Ag hybrids, as the microgels do not have any absorption peak. Microgel-Ag experiences a significant 20 nm
shift in its Plasmon band. This observable shift can be directly linked to the change of the PNIPAM microgel, an effect induced by the
incorporation of silver particles within its structure [43]. In order to maintain same concentration of nano-catalysts for each during the
catalytic reaction, we calibrate the concentration of each of catalysts and then used desired amount of catalyst from each one of them.
Fig. 8 shows the absorbance of the exact amount of all the catalysts used in catalytic reaction. The peak observed in the case of Ag
nanoparticles (Ag NPs) appears comparatively broader when compared to the narrower peak exhibited by MG Ag hybrids. This
disparity signifies the presence of varying particle sizes, indicating a certain degree of polydispersity in case of Ag NPs. This phe-
nomenon can be attributed to the occurrence of aggregation, resulting in the uneven distribution of particle sizes within the Ag NP
sample.

3.3. Catalytic activity

In this study, 4-nitrophenol is used as model reactant for reduction in the presence of excess sodium borohydride (NaBH4), which is
a versatile system and has been used in many literatures due to its industrial importance in the study of waste water pollutant treatment
[44]. In addition to that, since nitrophenol and aminophenol have absorption peak around 400 nm and 300 nm respectively, so UV-Vis
spectrometer can be easily used to study the reduction of nitrophenol-to-aminophenol.With this motivation, we investigated the
catalytic activities of our PGM containing MG(A)-Ag NP hybrids, using 4-NP in the presence of excess sodium borohydride. For
comparison purpose, we also investigated the catalytic activity of Ag NP, MG(N)-AgNP and MG(A)-AgNP in bulk solution, by taking
same concentration of nano-catalyst in each one of them as that of present in PGM as shown in Fig. 9.

In a typical reduction of 4-NP to 4-AP study, the UV-Vis spectra is measured as a function of time (Fig. 9). The absorption peak of 4-
NP and 4-AP occurs at 400 nm and 300 nm respectively. At time t = 0, there is no formation of aminophenol and hence only one peak
appears in the spectra at 400 nm for all the case due to the presence of nitrophenolate ion in alkaline medium. By the time, the peak at
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Fig. 8. UV-Vis absorption spectra of Ag NP in bulk, MG(N)-Ag and MG(A)-Ag (Respectively from top to bottom).
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400 nm gradually decreases due to the reduction of nitrophenol and a new absorption peak appears at 300 nm due to the formation of
aminophenol. As time proceeds, more amount of 4-NP reduce to 4-AP. Hence the height of absorption peak at 400 nm decreases and
the peak at 300 nm increases as a function of time. After the complete reduction only the peak at 300 nm exists. With respect to the
visual observation, the color of the sample changes from yellowish (at time = 0) to colourless after complete reduction indicating the
formation of 4-AP. One can observe from Fig. 4, for the same concentration of nano-catalyst the complete reduction time of 4-NP to 4-
AP varies for each one of them. For only AgNP, the complete reduction occurs in 30 min whereas it took 28 min for MG(N)-Ag NP, and
15 min for both MG(A)-Ag NP and PGM with MG(A)-Ag NP (Fig. 9).

Then to bring the practical applicability of the material, we investigated the re-useable properties of the PGM materials through
cyclic catalytic activity for the same reduction reaction by using the same PGM of MG(A)-Ag NP. We observed that re-usability of the
PGM material is very much possible. We did the re-usability check without any external triggering parameter and it took a little longer
time as compared to the 1st cycle for complete reduction of 4-NP because of the slow diffusion of nitrophenol into the PGM matrix.
Despite this prolonged duration, it is noteworthy that in each recycle test, the efficiency of the conversion of 4-NP to 4-Aminophenol
(4-AP) remained consistently at 100%.

One way to quantify the conversion degree of nitrophenol to aminophenol is by comparing the concentration of nitrophenol C;, at a
specific time t, to its initial concentration Co, at t = 0. This concentration ratio C/Co, correlates with the ratio of the absorbance peak
heights, Ai/Ag.

The apparent rate constant, ka,p,, associated with the reduction process, is directly proportional to the surface area S, of the
nanoparticles per unit volume in the system [21].

—% =kypp Ci = k1SC, 5)
where C; is the concentration of 4-NP at time t, kpp is apparent rate constant, k; is the rate constant normalized to surface area S. The
above kinetic equation can be solved through integration as,
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Fig. 9. Kinetics of UV-Vis spectra for reduction of 4-nitrophenol to 4-aminophenol by sodium bororhydride (NaBH,) in presence of different
catalyst (A) Ag NP (B) MG(N)-Ag NP, (C) MG(A)-Ag NP and (D) PGM with MG(A)-Ag NP. The interval in wavelength scan of UV-Vis spectra is 1 nm
with accuracy of £0.015 nm.
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Where Ay and A; represents the absorbance peak height at initial point and after t time respectively.

Hence the kinetics of the reduction process is analyzed by plotting In(A¢/Ao) vs. reaction time (t) for different catalyst as shown in
Fig. 10, where A; and A( denote the absorbance at 400 nm at time t = t and at t = 0 respectively. When the concentration of sodium
borohydride is higher than that of 4-nitrophenol, the reaction is expected to follow first-order kinetics [46]. However, in the case of
certain catalysts, a pseudo-first-order reaction is also observed. Initially, the reaction exhibits an induction period denoted as ty (shown
as a vertical dotted line in Fig. 10). This period can be referred to as the adsorption time or induction time [32,46]. After 4-nitrophenol
is adsorbed onto the catalyst’s surface, the reduction process begins slowly. It has been observed that the induction period varies across
different catalysts, ranging from 0.5 min to several minutes shown in Fig. 11(A). Similar variations in induction time and their
temperature dependence have also been noted for different Au-basd systems [45]. Higher value of induction time indicates slow re-
action and vice versa. As here we investigate the catalytic reaction with different types of catalysts, we encountered different values of
induction time for different catalysts as shown in Fig. 11(A). In case of pure Ag NP we found the reaction took almost 12 min to start. As
we moved from PNIPAM-Ag hybrids to PNIPAM-co-AAc -Ag hybrids the induction time of the reaction drastically changes from 4 min
to 0.5 min, indicating first reaction. But in case of PGM containing PNIPAM-co-AAc Ag hybrids the reaction took 3 min which is,
slightly more than that for PNIPAM-co_AAc Ag hybrids this is because the slow diffusion of nitrophenols into PGM matrix.

Apparent rate constant, k,,, is determined from the linear portion of In(A¢/Ao) (the red line in Fig. 10) using equation (1).
Interestingly, kapp is found to increase as we move from catalyst in bulk solution to the PGM form as shown in Fig. 11(B).

For experimental verification and wider applicability, we studied the re-usability of MG(A)-Ag in bulk and MG(A)-Ag within PGM.
We repeated the catalytic reaction with same catalyst for different times. Fig. 12(A) shows the results of cyclic catalytic activity of bulk
MG(A)-Ag and MG(A)-Ag within PGM under same condition. The percentage of conversion of bulk MG(A)-Ag found to be decreasing
drastically with increase in number of cycle, whereas when the same MG(A)-Ag nanocatalysts were encapsulated within the matrix of
PGM, the percentage of conversion remains close to 100% even after 3 cycle. The decrease in percentage of conversion of bulk MG(A)-
Ag is due to the formation of aggregation after each reduction cycle. Fig. 12(B) shows the size distribution of MG(A)-Ag particles in
bulk state, before and after 1st reduction cycle. From the distribution it is clear that a large amount of aggregate formed even after 1st
cycle itself, which goes on increasing after each successive cycle which leads to decrease in percentage of conversion. After 3rd cycle
the percentage of conversion of bulk MG(A)-Ag was found around 15% where in case of PGM with same catalyst, it was observed to be
100%. This interprets that, as compare to that of bulk solutions, the MG(A)-Ag nano particles were more stable inside the PGM matrix.
They are less on the verge of loosing their surface properties, which leads to maximum conversion efficiency.

|Ag NP,
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1—3 | : H\“\“\
5 04
< VBeesa,,,. IMG(A)Ag NP
1=y

04 :
,'"i'nuah\ PGM of MG(A)Ag

34

0 5 10 15 2 2% 30 B
Time(min)

Fig. 10. Linear fitting of the data points obtained by plotting In(A{/Ao) vs time in the 4-nitrophenol reduction reaction in presence of sodium
borohydride using different catalyst.
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Fig. 12. (A) Percentage of conversion of catalytic reaction by PGM containing MG(A)-Ag and bulk MG(A)-Ag (B) Size distribution of MG(A)-Ag

hybrid before catalysis (top) and after catalysis (bottom).

3.4. Discussion and comparison with other hybrids

Now, it will be interesting to discuss and compare our results with previously existing studies on catalytic activities of PNIPAM
based microgel hybrids of Ag [16,31-38] and hydrogels containing metal nanoparticles [34-37]. Summary of comparison is given in
Table 1. In our previous work [16] PNIPAM-Ag hybrid is used in suspension state for catalysis of 4-nitro phenol to amino phenol. The

reaction took almost 30 min with an induction period of 7 min for complete reduction. The rate constant was found to be 0.159 min™

1

But under recyclability investigation we encountered a drastic drop in its efficiency. Lu et al. [31] in their study used a polystyrene core
PNIPAM-Ag composite for catalysis. They varied the reaction temperature and found the highest rate constant as 0.21 min . In

Table-1

Examining Related work for comparative Insights.
Hybrid Material Kapp (min D) Reusability efficiency Reference
PNIPAM-Ag NS 0.159 poor 16
PS-NIPA-Ag composite 0.05 to 0.24 NA 31
poly(N-acryloylglycinamide)-AgNP 0.12 NA 32
PNIPAM-co-AAM-Ag 0.17-0.5 NA 33
P(AMPS)-Co hydrogel 0.075-0.2 good 34
P(AMPS)-Ni hydrogel 0.025-0.06 good 35
Au NP-PEGPU 0.084 Good with the help of regenerating agent 36
PNIPAM/Au nanocomposite hydrogels 0.017 NA 37
PNIPAM-GO-Ag hydrogel 0.1-0.26 NA 38
PGM of PNIPAM-co-AAc-Ag hybrid 0.8 Excellent This work
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another study Yang et al. [32] used poly(N-acryloylglycinamide)-Ag NP for catalysis purpose and observed a rate constant of 0.12
min~L. Begum et al. [33] used PNIPAM-co-AAM -Ag hybrid in their study. They varied the sodium borohydride and hybrid catalyst
concentration during catalytic reaction and reported a maximum rate constant of 0.5 min!. Shiner et al. [34,35] reported the
preparation of soft hydrogels containing different metal nanoparticles such as cobalt, nickel etc. and their catalytic activity, where they
have achieved very good efficiency over repeated recyclability test but these reactions took long time for complete conversion. Their
reaction rate constant varies in the range of 0.075-0.2 min L. Similarly, Ramtenki et al. [36] reported the catalysis of 4-nitroaniline in
presence of sodium borohydride by the help of gold nanoparticle embedded polyethylene glycolpolyoretane (PEGPU) hydrogel matrix.
After 1st cycle they evaluated the rate constant to be 0.084 min~'. They reported the aggregation of Au nanoparticles inside the
hydrogel matrix after 3rd cycle. They used N-bromosuccinimide to regenerate the nanoparticles inside the matrix and used it for
further catalytic activity. In another study Zhu et al. [37] reported the synthesis of PNIPAM-Au nano-composite hydrogel and checked
its catalytic activity. The reaction took around 180 min for complete reduction of 4-nitro phenol with a rate constant of 0.017 min".
Chen et al. [38] synthesized PNIPAM@graphene oxide-Ag hydrogel [2 cm x 1 cm x 0.5 cm] for smart tunable smart catalytic activity.
They used hydrogels of two different hybrid concentration and used at two different temperature. In their study they showed that for
the higher concentration of hybrid hydrogel, with temperature the reaction rate constant increased up-to 0.26 min . There is no
report of recyclability of this material.

All of the above mentioned studies nicely demonstrated the excellent catalytic activity of PNIPAM-Ag or other PNIPAM metal
hybrids. However most of the studies examined the catalytic activity in suspension state and reported about the decrease in efficiency
over repeated cyclic activity. This decrease in efficiency is mainly due to the formation of aggregation after each step of catalytic
reaction (see Fig. 13). Due to aggregation, nanoparticles loose their surface properties. This leads to decrease in efficiency, reusability
and durability of the material. This is a main challenge in scaling up it into a material level for practical application.

By keeping all these points in view, our proposed polymerized hydrogel matrix containing PNIPAM microgel silver hybrids could
provide additional novelty to the earlier work. In contrast to all the earlier reports, preparation method for our microgel hybrid and
incorporating it into hydrogel matrix is quite easy and cost effective. Our proposed material exhibits excellent reusability and effi-
ciency after several repeated cycle having a rate constant of 0.8 min ™! as compared to dispersion state as mentioned above. In addition
to that our microgel hybrid exhibit both temperature and pH responsive properties. Here in this work we only focused on the efficient
and successful reusability of the material for several repeated cycle. But it is possible to tune the catalytic activity with responsive
parameters like pH and temperature with our microgel hybrids. Another advantage is that, the size of microgel hybrids and their
responsiveness can also be tuned over a wide range by tuning the synthesis

approach. Thus, in case of our hybrid material, catalytic activity can also be further tuned based on various experimental
parameters.

4. Conclusion & outlook

A simple and convenient method was employed for the preparation of Ag NP, PNIPAM-Ag hybrid and PNIPAM-co-AAc-Ag hybrid.
The synthesized nanoparticles were characterized with UV-Vis absorption, TEM and dynamic light scattering studies. UV-Vis
absorpion spectra shows the plasmon peak for all the nanoparticle hybrids. TEM image confirms the incorporation of nanoparticles
into microgel and demonstrate its narrow size distribution. DLS gives the size of hybrid nanoparticles in swellen state at pH 7, 20 C.
Polymerization of hydrogel and incorporation of microgel-Ag hybrid within it is demonstrated. All the nanoparticles in suspension
state and PGM containing MG(A)-Ag have been used as catalyst for the reduction of 4-nitrophenol to amino phenol. For bulk Ag NP, the
first-order rate constant is found to be 0.25 min~?, for PNIPAM-Ag NP hybrid (Neutral), it’s 0.21 min~! and for PNIPAM-co-AAc-Ag
hybrid (Anionic), it’s 0.5 min~* where as for PGM containing anionic microgel hybrids it’s found to be 0.8 min~". The induction period
of Ag NP is 12 min, for MG(N)-Ag hybrid its 4 min, and for MG(A)g hybrid 30 s respectively. Similarly, for PGM containing MG(A)-Ag
hybrid shows rate constant of 0.8 min~* with 3 min induction period. So this study showed that the proposed material could be
efficiently used as an efficient reusable catalytic material. Furthermore this reported procedure can be adapted to immobilize other
nanoparticle hybrids into hydrogel matrix and use for different applications.

As our polymerized material demonstrates responsiveness to various stimulus parameters, such as temperature and pH, we aim to
further explore its stimuli-responsive properties in subsequent stages. Specifically, we plan to investigate how changes in temperature
and pH can be leveraged to achieve modulated catalytic activity.
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Fig. 13. Schematic representation of (A) Free microgel silver hybrids in suspension state (B) Encapsulated microgel silver hybrids inside the matrix
of PGM.
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