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Poly(N-isopropylacrylamide-co-methacrylic acid) microgels [p(NIPAM-co-MAAc)] were synthesized by precipitation
polymerization of N-isopropylacrylamide and methacrylic acid in aqueous medium. These microgels were characterized by
dynamic light scattering and Fourier transform infrared spectroscopy. These microgels were used as micro-reactors for in situ
synthesis of copper nanoparticles using sodium borohydride (NaBH,4) as reducing agent. The hybrid microgels were used as
catalysts for the reduction of nitrobenzene in aqueous media. The reaction was performed with different concentrations of cat-
alyst and reducing agent. A linear relationship was found between apparent rate constant (Kapp) and amount of catalyst. When
the amount of catalyst was increased from 0.13 to 0.76 mg/mL then k,pp was increased from 0.03 to 0.14 min~!. Activation
parameters were also determined by performing reaction at two different temperatures. The catalytic process has been discussed
in terms of energy of activation, enthalpy of activation and entropy of activation. The synthesized particles were found to be

stable even after 14 weeks and showed catalytic activity for the reduction of nitrobenzene.
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1. Introduction

Metal nanoparticles have gained worldwide at-
tention due to their diverse applications in fields
of sensing [1-3], photonics [4], medical [5], and
catalysis [6—8]. Metal nanoparticles are considered
as excellent catalyst due to high surface to vol-
ume ratio and quantum effects. Mostly, nanopar-
ticles of silver (Ag) [9], gold (Au) [10], plat-
inum (Pt) [11] and palladium (Pd) [12] are used
in the field of catalysis. But these are expen-
sive metals. It is not economical to use such ex-
pensive metals as catalysts on industrial scale.
Therefore, it is a need of time that we should
have cheap but efficient catalysts. Copper (Cu)
nanoparticles are cheap and highly conducting,
therefore, they are enormously being used in
nano electric, photonic [13], catalytic [14] and
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biological fields [15, 16]. Wu et al. [17] have
synthesized Cu nanoparticles using cetyltrimethy-
lammonium bromide surfactant as stabilizing
agent. Cioffi et al. [18] fabricated Cu nanoparticles
within poly-vinyl-methyl ketone films for applica-
tion in biomedical field. Park et al. [19] synthesized
Cu nanoparticles of different size and size distribu-
tion by polyol method. Santanalakhshmi et al. [14]
synthesized non-responsive copper-poly(ethylene
glycol) and copper-carboxy methyl cellulose, and
responsive copper-poly(N-vinyl pyrolidene) hybrid
polymers for catalysis of nitrobenzene (NB) and its
derivatives. Cu nanoparticles fabricated in poly(2-
acrylamido-2-methyl-1-propansulfonic acid) hy-
brid hydrogels were prepared by Sahiner et al. [20]
for catalysis of nitroarenes. However, in vivo syn-
thesis of Cu nanoparticles within responsive mi-
crogels has not been reported yet. Cu nanoparti-
cles are not so much stable and they are prone to
surface oxidation [21]. Surface oxidation limits the
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use of Cu nanoparticles in optical, electrical, cat-
alytic and other surface related properties for ben-
eficial purposes. Microgels can successfully stabi-
lize Cu nanoparticles due to the well-known donor-
acceptor concept [22]. Pendant amino and carboxy-
late groups in N-isopropylacrylamide (NIPAM)
and ionic monomers based microgels act as lig-
ands and form a complex with Cu metal nanoparti-
cles by donating electrons to nanoparticles. Micro-
gels are responsive polymers, therefore, they can
successfully control the size, inter-particle spacing
and refractive index sensitivity of Cu nanoparti-
cles due to their responsive nature and structure.
Catalysis is a size and surface dependent appli-
cation of nanoparticles, and microgels can suc-
cessfully control the size of nanoparticles during
in vivo chemical reduction synthesis of nanoparti-
cles [23, 24]. Moreover, microgels are sensitive to
pH, temperature and ionic strength. Therefore, they
can tune the catalytic activity of Cu nanoparticles
in response to variable pH, temperature and ionic
strength [25-28].

NB is a pollutant because it causes vomit-
ing, headache, liver diseases, skin irritation and
anaemia in human beings [29, 30]. It is continu-
ously released into environment from paint, pesti-
cides and synthetic industries. Therefore, its rapid
conversion into a useful and less toxic product is of
great importance. NB is reduced into less harmful
product, amino-benzene (AB), commonly known
as aniline, using nanoparticles as a catalyst. Ani-
line is used in solar cells [31], conducting poly-
mers [32], corrosion resistant agents [33]. Accord-
ing to best of our knowledge, there has been no
report on catalytic reduction of NB into AB in
aqueous medium using Cu nanoparticles contain-
ing multi-responsive microgels in the literature. In
the present study we are going to report catalytic
reduction of NB into AB using Cu-p(NIPAM-co-
MAACc) hybrid microgels.

Here in, Cu nanoparticles were synthesized
using poly(N-isopropylacrylamide-co-methacrylic
acid) microgels [p(NIPAM-co-MAAc)] as mi-
croreactors by in situ reduction. Copper-poly(N-
isopropylacrylamide-co-methacrylic acid) hybrid
microgels [Cu-p(NIPAM-co-MAAc)] were used

for catalytic reduction of NB into AB in an aque-
ous medium. The effect of different experimental
parameters: concentration of sodium borohydride
(NaBHy), catalyst dosage and temperature on the
value of apparent rate constant (k,,,) for catalytic
reduction was investigated. Kinetics of the process
has been also discussed in terms of Arrhenius and
Eyring parameters in this study.

2. Experimental

2.1. Materials

N-isopropylacrylamide (NIPAM), methacrylic
acid (MAAc), N,N-methylenebis (acrylamide)
(BIS), sodium dodecylsulfate (SDS), copper chlo-
ride (CuCl,-2H,0), ammonium persulfate (APS),
sodium borohydride (NaBH4) and nitrobenzene
(NB) were purchased from Sigma Aldrich. All
chemicals except MAAc were used as such without
any further purification. Hydroquinone inhibitor
was removed from MAAc by vacuum filtration
through alumina under reduced pressure. Deion-
ized water was used for all solution preparation,
chemical reactions, dialysis, catalytic reduction
and dynamic light scattering measurements.

2.2. Synthesis of poly(N-isopropy-
lacrylamide-co-methacrylic acid) microgels

p(NIPAM-co-MAAc) microgels were synthe-
sized by precipitation polymerization of NI-
PAM and MAAc as previously reported by our
group [34, 35]. 1.08 g NIPAM, 42 uL. MAAc,
0.08 g BIS and 0.05 g SDS were dissolved in 95 mL
of distilled water in a 250 mL three necked round
bottom flask equipped with a nitrogen gas inlet and
a condenser. The reaction mixture was stirred and
heated to 70 °C under constant nitrogen purge. Af-
ter the maintenance of temperature at 70 °C for
30 min, 5 mL of freshly prepared 0.05 M APS
solution was added into the reaction mixture. Af-
ter 5 hours, p(NIPAM-co-MAAc) microgels were
cooled and dialyzed using Spectra/Por molecular
porous membrane tubing (Fisher Scientific) having
MWCO 12000 to 14000. Dialysis was performed
for 6 days with daily exchange of water.
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2.3. Synthesis of copper-poly(N-iso-
propylacrylamide-co-methacrylic acid)
hybrid microgels

Cu-p(NIPAM-co-MAAc) hybrid microgels
were synthesized by in situ reduction of copper
ions within the framework of p(NIPAM-co-MAAc)
microgels. 9 mL of p(NIPAM-co-MAAc) microgel
dispersion, 46 mL water and 37 mL CuCl,-2H,;0
(I mM) solution were added into a three necked
round bottom flask (250 mL) equipped with a
nitrogen gas inlet and a condenser. The reaction
mixture was stirred for 30 minutes at room tem-
perature. Then 8 mL of 34 mM NaBH,4 was added
dropwise and the reaction mixture was further
stirred for 2 hours. Cu-p(NIPAM-co-MAAc)
hybrid microgels were dialyzed against water for
half an hour using Spectra/Por® molecular porous
membrane.

2.4. Catalytic reduction of nitrobenzene

The spectrum of NB was scanned in the range
of 200 to 500 nm and its A, Was found at 265 nm.
NB, hybrid microgel dispersion and NaBH, solu-
tion were taken in a cuvette and their spectra were
scanned with a UVD-3500 spectrophotometer in
200 to 350 nm wavelength range. The spectra were
scanned after every minute till the absorbance at
265 nm became constant. Catalytic reduction of
NB was performed under different conditions of
temperature, concentration of NaBH,4 and catalyst
dosage as given in Table 1.

2.5. Characterization

Fourier transform infrared (FI-IR) spectra of
microgels were recorded on Shimadzu Prestige-21
FT-IR spectrophotometer having frequency range
of 650 to 4000 cm~!' and resolving power of
4 cm~!. Dynamic light scattering (DLS) measure-
ments were performed by using commercial LLS
spectrometer (B1-200SM) equipped with a digi-
tal autocorrelator (B1-9000AT). 22 mW uniphase
cylindrical Helium-Neon laser of a wavelength
637 nm was used as a source of light. Double beam
UVD-3500 of Labomed Inc, was used to monitor
the reduction of NB.
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Fig. 1. FT-IR spectra of p(NIPAM-co-MAAc) copoly-
mer microgels.

3. Results and discussion

3.1. FT-IR analysis of
propylacrylamide-co-methacrylic
microgels

poly(N-iso-
acid)

The FT-IR spectrum of p(NIPAM-co-MAAc)
microgels shown in Fig. 1 was used to confirm
the chemical structure of the polymer microgels.
The FT-IR spectrum does not possess any ab-
sorption band around 1600 to 1650 cm~! which
indicates the absence of carbon-carbon double
bond (C=C) in the structure of the p(NIPAM-
co-MAAc) microgels [36]. Both NIPAM and
MAAc contain C=C bonds, while p(NIPAM-co-
MAACc) microgels posses no C=C bond. There-
fore, absence of band around 1600 cm~! indi-
cates that polymerization has occurred at C=C
bond. Absorption bands around 1558.48, 1658.78
and 3360.0 cm~! were also observed which, re-
spectively, indicates incorporation of —CH,, C=0
and N-H (stretching) groups within the struc-
ture of the synthesized p(NIPAM-co-MAAc) mi-
crogels. Absorption band of N-H bond is broad
which indicates the presence of bonded wa-
ter molecules within the microgels [26]. Luo
et al. [37] used FT-IR technique to analyze
the structure of poly(N-isopropylacrylamide-co-
acrylic acid) and poly(N-isopropylacrylamide-co-
40-aminobenzo-18-crown-6) microgels. They also
observed similar bands in FT-IR spectra of
microgels.
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Table 1. Various compositions of reaction mixtures used to study different parameters of catalytic reduction of

0.05 mM NB.
Parameters [NaBH4] [Cu-p(NIPAM-co-MAACc)] Temperature Kapp
[mM] [mg/mL] [°C] [min~!]
1 1 091
Hybrid microgel > 0.13 8 0.09
5 0.16 18 0.199
5 0.33 18 0.210
NaBH, 7 0.33 18 0.243
8 0.33 18 0.264
9 0.33 18 0.261
5 0.16 18 0.199
Temperature
5 0.16 33 0.264
3.2. pH sensitivity of  poly(N-iso- pH values. The value of Ry, is almost the same at

propylacrylamide-co-methacrylic acid)

microgels

Effect of pH on hydrodynamic radius (Ry) of
p(NIPAM-co-MAACc) microgel particles is shown
in Fig. 2. It is observed that Ry increases with
an increase in pH due to successive ionization
of carboxyl groups of MAAc. Fig. 2 shows that
Ry of microgel particles is small when pH of the
medium is smaller than that of the pKa of MAAc
(~4.86) [9]. Atlow pH, carboxyl groups are in pro-
tonated state and electrostatic repulsive forces are
absent. Protonated carboxyl groups are also less
hydrophilic as compared to negatively charged car-
boxylate ions (-COO™). Thus, due to absence of
repulsive forces and less hydrophilicity of proto-
nated carboxyl groups, the microgels contain small
number of water molecules at low pH and the value
of Ry, is small as the result [38]. When the pH of the
medium is greater than that of pKa of MAAc then
deprotonation of carboxyl groups starts. Due to this
ionization, the microgel network not only becomes
hydrophilic but the polymer network of microgels
also pushes apart due to appearance of electro-
static repulsive forces. Thus, water molecules move
into the microgel particles creating osmotic pres-
sure and this osmotic pressure is compensated by
an increase in the value of Ry, [39]. The increase in
the value of Ry, becomes more significant when the
pH of the medium is around 4.5 to 5 because al-
most all carboxyl groups get ionized around these

6 to 10 pH because all carboxyl groups are ionized
at this condition. The increase in Ry by increase
in pH helps in fabrication of in sifu synthesized
Cu metal nanoparticles in the microgel network, as
ionized carboxyl groups of MA Ac electrostatically
pull metal ions into the sieves of microgels [40].
Moreover, Cu nanoparticles fabricated p(NIPAM-
co-MAACc) microgels were also used as a catalyst
for reduction of NB at high pH in aqueous medium
as described in the later sections. DLS study re-
vealed that the microgels are in fully swollen state
at high pH so the reagents for catalysis can easily
diffuse within the polymer network of the micro-
gels. Thus, nanoparticles are easily accessible for
reagents and the catalysis can be done successfully.

3.3. Catalytic reduction of nitrobenzene

Catalytic reduction of NB was selected as a
model reaction to investigate the catalytic activity
of Cu-p(NIPAM-co-MAAc) hybrid microgels for
reduction of nitroarenes. Catalytic reduction of NB
was monitored by UV-Vis spectrophotometer be-
cause the reactant NB and the product AB, both
are UV-Vis absorbers. With the progress of reac-
tion, absorbance at Ap,,x of NB (265 nm) decreases
along with an increase in absorbance at Ay, of AB
(230 nm) as shown in Fig. 3. Catalytic reduction
of NB obeys pseudo first order kinetics because
NaBHy is taken in excess. Therefore, In(C;/C,) was



Poly(N-isopropylacrylamide-co-methacrylic acid) microgel stabilized copper nanoparticles. . .

631

144 — —e

133 4

R, (nm)

122 A

111 ¢

100

PH

Fig. 2. The change in R}, of p(NIPAM-co-MAAc) mi-
crogels with change in pH at 25 °C.

plotted versus time and the value of k,,, was de-
termined during the whole study, where C; and C,
are concentrations of NB at any time and at O s,
respectively.
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Fig. 3. UV-Vis spectra of catalytic reduction of NB
in presence of Cu-p(NIPAM-co-MAAc) hy-
brid microgels in aqueous medium (conditions:
[NB] = 0.05 mM, [Cu-p(NIPAM-co-MAAc)] =
0.13 mg/mL, [NaBH4] = 5 mM and temperature
= 18 °C with total volume 2.5 mL in cuvette).

In another experiment, reduction of NB was
monitored in the absence of Cu-p(NIPAM-co-
MAACc) catalyst and it was observed that ab-
sorbance at 265 nm does not change at all. Ac-
tually, metal nanoparticles act as carriers for the

transfer of electrons between NB and NaBHy [41],
therefore, the reaction is kinetically restricted in the
absence of catalyst.

3.3.1.
of Kypp

Effect of catalyst dosage on the value

Effects of catalyst dosage, concentration of
NaBH,; and temperature on the value of kp, for
reduction of NB in the presence of Cu-p(NIPAM-
co-MAACc) hybrid microgels were studied and their
details are given in Table 1.
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Fig. 4. Plot of In(C{/C,) versus time for catalytic re-

duction of NB in presence of different catalyst
dosages (conditions: [NB] = 0.05 mM, [NaBH4]
=5 mM and temperature = 18 °C with total vol-
ume 2.5 mL in cuvette).

Catalytic reduction of NB was studied in the
presence of 0.13 and 0.16 mg/mL dosage of Cu-
p(NIPAM-co-MAACc) catalyst. A plot of In(C/C,)
versus time for reduction of NB under different
catalyst dosages is shown in Fig. 4. Initially the
value of In(Ci/C,) does not change with the pas-
sage of time. This time delay is associated with
the time taken by reactants to diffuse towards the
catalyst surface. Fig. 4 shows that this time de-
lay is more pronounced at low concentrations of
catalyst and duration of time delay decreases with
an increase in the amount of the catalyst. In case
of high concentration of catalyst, reactants can ap-
proach the catalyst surface in a short time interval
because in this case reactant and catalyst are very
close to each other. Therefore, reagents get rapidly
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Fig. 5. Linear regions of time dependent plot of
In(C/C,) for catalytic reduction of NB in pres-
ence of different catalyst dosages for calculation
of kapp. (conditions: [NB] = 0.05 mM, [NaBH4]
=5 mM and temperature = 18 °C with total vol-
ume 2.5 mL in cuvette).

adsorbed on the surface of the catalyst at high cat-
alyst dosage and the catalysis starts immediately.
After time delay, the value of In(Ci/C,) decreases
with the passage of time. This decrease in value
of In(C{/C,) shows that reduction has started and
NB is converting into AB during the progress of
reaction. Plots of linear regions of In(C\/C,) ver-
sus time under different catalyst dosages are shown
in Fig. 5. The straight line indicates that the reac-
tion follows pseudo first order kinetics. The value
of kapp determined from the slopes of these plots
for 0.13 and 0.16 mg/mL catalyst dosages are 0.091
and 0.199 min~!, respectively, at 18 °C as given in
Table 1. The rapid reduction of NB at high cata-
lyst dosage is due to the presence of large num-
ber of Cu nanoparticles which provide more sur-
face area for the reduction of NB [9]. Thus, the
rate of catalytic reduction increases by increasing
the amount of hybrid microgel catalyst. The same
behavior was observed by Manesh et al. [8] when
they employed Ag nanoparticles distributed in
polyaniline bridged silica network for the catalytic
reduction of p-nitrophenol. The apparent rate con-
stant calculated in our work is found to be greater
than that of other reported values of kapp by using
different nanoparticles [42].

3.3.2. Effect of concentration of sodium boro-
hydride on the value of k,,,

Catalytic reduction of NB was also studied un-
der different concentrations of NaBH, as given in
Table 1. 5, 7, 8 and 9 mM NaBH4 was used to
study catalytic reduction of 0.05 mM NB in the
presence of 0.33 mg/mL catalyst at 18 °C. The val-
ues of kapp are found to be 0.210, 0.243, 0.264 and
0.261 min~! for catalytic reduction of NB using
5, 7, 8 and 9 mM NaBHy4, respectively. We ob-
served that the value of k,,, increases with an in-
crease in concentration of NaBH,4 because the con-
centration of electron donor species is increasing.
We also noted that the increase in the value of kg
with an increase in concentration of NaBHjy is not
so significant because the concentration of NaBHy
is 100 times larger as compared to that of NB in
the reaction mixture [43]. Moreover, the time delay
was not observed in case of high concentration of
catalyst, i.e. 0.33 mg/mL because of the availabil-
ity of the catalyst surface in the closed vicinity of
reactants.

3.3.3. Effect of temperature on the value
of Kypp

Effect of temperature on the rate of catalysis re-
action was also studied as given in Table 1. Plots of
In(C/C,) versus time for the catalytic reduction of
NB at 18 and 33 °C are shown in Fig. 6. The value
of kypp was found to be 0.199 and 0.264 min~! for
reduction at 18 and 33 °C, respectively. It can be
seen that the value of k,p, increases with an in-
crease of temperature and the catalyst was found
to be more active for reduction at high tempera-
ture. This is purely due to Arrhenius behavior of
the reaction. The value of k,p,;, increases with an in-
crease of temperature according to Arrhenius equa-
tion. Larger number of molecules has an optimum
energy of activation at high temperature, thus, re-
duction occurs more rapidly at high temperature.
Therefore, we can say that the rate of reaction in-
creases with an increase in temperature. Arrhenius
equation 1 was used for determination of E, and
the pre-exponential factor (A) and Eyring equa-
tion 2 was used for determination of enthalpy of
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Table 2. Arrhenius and Eyring parameters for reduction reaction of NB catalyzed by Cu-p(NIPAM-co-MAAc)

hybrid microgels.

Kapp T A E, AH* AS*

[min~!] (K] [min—!] [J/mol] [J/mol] [J-mol 1K™

0.1 291

% 4 250.16 1.73 x 10 11.47 x 103 —252.74

0.264 306

activation (AH* ) and entropy of activation (AS*): 0 -=-18°C
——-33°C
Eq
kapp = Ae” &1 (1)
-0.5
kpT _(au*-1ast ~

Kapp = he( o ) (2) § ;
where kg is Boltzmann constant whose value h
is 1.38 x 1072 J/K and h is Planck constant s ]
whose value is 6.626 x 1073 J.s in equation 2. ’
R is the general gas constant whose value is
8.314 J-mol~!.K~!. The calculated values of Ar- 5 . ‘ ‘ ‘
rhenius and Eyring parameters are given in Table 2. 0 3 6 9 12 15

Time (min)

The value of entropy of activation is negative which
indicates that the degree of disorderness increases
at the catalyst-solution interface during the process
of reduction of nitrobenzene. The positive value of
enthalpy of activation shows that formation of acti-
vated complexes from reactants is an endothermic
process.

4. Conclusions

We have synthesized p(NIPAM-co-MAAc) mi-
crogels by precipitation polymerization of NIPAM
nad MAAc. p(NIPAM-co-MAAc) microgels were
characterized by FI-IR and DLS. Cu nanoparti-
cles were in vivo synthesized within the framework
of p(NIPAM-co-MAAc) microgels by chemical re-
duction method. These synthesized nanoparticles
were then employed as a catalyst for the reduc-
tion of NB in aqueous medium. The reaction was
performed by varying the amount of catalyst, tem-
perature and concentration of NaBH,. It was ob-
served that the value of k,,, increased, when we
increased either concentration of NaBH,, catalyst
dosage or temperature. The catalytic reduction of
NB became more spontaneous with an increase in

Fig. 6. Plot of In(C{/C,) versus time for catalytic reduc-
tion of NB at different temperatures (conditions:
[NB] = 0.05 mM, [NaBH4] = 5 mM and [Cu-
p(NIPAM-co-MAACc)] = 0.16 mg/mL with total
volume 2.5 mL in cuvette).

temperature. The Cu nanoparticles fabricated mi-
crogels are cheap catalysts as compared to Ag, Au,
Pt and Pd nanoparticles fabricated microgels. Thus,
these have a potential to be used as effective cata-
lysts on industrial scale.
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