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Abstract—The combination of inorganic nanoparticles and organic microgels can lead to the formation of
novel hybrid materials with multifunctional properties; such hybrid materials reflect the properties of all of
its individual components and may show synergetic effects due to the interaction between inorganic
nanoparticles and microgels. Applying this concept, a new type of (zinc oxide)-poly(/N-isopropylacryl-
amide)-(chitosan)-poly(acrylic acid), abbreviated as ZnO-(PNIPAAmM-CS-PAA), hybrid polymer micro-
gels were fabricated, characterized, and its physicochemical properties were studied. In the first step, the
polymeric gel (PNIPAAmM-CS-PAA) and ZnO particles were prepared separately. Polymer microgels were
synthesized from N-isopropylacrylamide (NIPAM), chitosan (CS), acrylic acid (AA), and N,N'-methylene
bisacrylamide (MBAm) using the free radical emulsion polymerization method. Likewise, the ZnO NPs were
prepared using zinc acetate dihydrate in alcoholic medium and then centrifuged. Then, ZnO-(PNIPAAmM-
CS-PAA) hybrid material was prepared and purified. The hybrid materials as well as their individual compo-
nents were characterized by Fourier transform infrared spectroscopy (FTIR), UV—Vis spectroscopy, scan-
ning electron microscopy (SEM), dynamic light scattering (DLS) and thermogravimetric analysis (TGA).
Presence of the absorption bands characteristic to ZnO particles in the hybrid gel samples was confirmed by
both FTIR and UV—Vis spectroscopy. Similarly, differences in the surface morphology, changes in hydrody-
namic diameter (D)) of gels particles as well as in the D, -temperature and TGA profiles of individual compo-
nents compared to those of the hybrid samples provided a good proof of successful fabrication of PNIPAAmM-
CS-PAA microgels with nanostructured ZnO. In addition to the fundamental characterization, an overall
physicochemical behavior of both pure and hybrid colloids was found to be dependent on the temperature and
pH of the solution. Hence, it can be concluded that the hybrid microgel possess the combined features of
incorporated components with improved stimuli-sensitive properties.
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INTRODUCTION

Gels are described as three-dimensional polymers
that have the properties of the liquids and solids simul-
taneously. Characteristically, the polymer gel swells
upon absorbing good solvents (lyogel) or is a gas-filled
disperse structure (aerogel); these both parts are
homogeneously blended and hence the gel may be
seen as the intermediate among solids and liquids or
gases and solids which have an excessive range of
hydrophilic clusters or regions [1, 2]. Polymer micro-
gels are 3D cross-linked colloidal structures with the
average size in their swollen state ranges from 100 nm
to 5 um. But the sizes of shrunk/collapsed shaped
microgel particles are in the range of 1 to 100 nm and

have colloidal properties in solution [3]. In the last two
decades smart materials, such as stimuli-responsive
microgels, have been the focus of many scientists due
to their wide applications. The properties of micro-
gels/hydrogels can be tuned by changing the chemical
composition of the gel and conditions of the medium
[4]. Some work on the physiochemical properties and
stability of the copolymer gel based on N-isopropyl-
amide (NIPAAm) and chitosan (CS) was reported
previously [5]. Present study focuses on the nontoxic
biocompatible chitosan based copolymer microgel
containing chitosan (CS), N-isopropylamide
(NIPAAm), and acrylic acid (AA). Due to the pres-
ence of temperature sensitive carbonyl group (C=0),
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the temperature-sensitive monomer of microgel is
NIPAAm, while the presence of AA imparts pH sensi-
tivity to the gel. N,N-Methyene bisacrylamide (MBA)
is used as a well-known cross linker due to the pres-
ence of two active double bounds. Natural biopoly-
mers e.g., chitosan have many biological properties
like biocompatibility, non-toxicity and biodegradabil-
ity; due to these properties chitosan has many applica-
tions in the biomedical field [6]. Studies on CS-
NIPAAmM composite particle revealed that chitosan
acts as a surface active agent to prevent the polymer
units from clotting during the formation of the chi-
tosan-PNIPAAm complex copolymer [7]. Likewise,
Kim et al., also reported that chitosan/NIPAAm can
be blended as inter-penetrating network (IPN) copo-
lymer with variable swelling/de-swelling degree under
different conditions [8].

In recent years, metal based nanoparticles have
become a widely studied research topic due to their
electronic, optical, mechanical, magnetic and chemi-
cal properties, which are significantly different from
bulk materials. It is seen that many properties of inor-
ganic nanoparticles can be enhanced by blending them
with smart polymeric microgels. This new class of
microgels, known as hybrid microgels, has been devel-
oped with loading various inorganic nanoparticles like
Ag, Au, Cu, Fe,0;, etc., into organic based polymeric
gels and studied recently for various properties and
possible potential applications [9—13]. In hybrid
microgel, the polymeric/organic parts maintain col-
loidal nature and the inorganic part imparts it many
properties like photoluminescence [14], surface plas-
mon resonance (SPR) [15]. In targeted drugs delivery
the microgels have many applications such as contin-
uous protein release and tissue engineering, etc. [16].
Due to their good response to environment parame-
ters such as pH and temperature, polymer gels/hybrid
gels can be largely used in the biomedical field [17].
Synthesis, fundamental properties and applications of
P(NIPAAmM-AA) microgels were recently reviewed
[18]. One of the fundamental goals of the chemists in
this field is to synthesize different types of nanoparti-
cles, microgels and their hybrid/composite material.
There are still many areas in this field which need to be
focused. In the present study first chitosan based PNI-
PAAmM-CS-PAA microgel was synthesized and then
ZnO NPs were prepared inside the microgel to form a
new type of hybrid microgel. These organic-inorganic
hybrid materials are expected to show sensitivity to
external stimuli [19], therefore, they are supposed to
be used for some potential applications.

Nanostructured zinc oxide (ZnO) is used as addi-
tional material in many products such as plastic,
ceramics, glass, cement, lubricants, paints, ointments,
batteries, ferrites, fire retardants etc. [20]. Zinc oxide
is as white powder commonly known as mineral
zincite. It crystallizes in three forms: hexagonal wurtz-
ite, cubic zinc blende, and the rarely observed cubic
rock salt. ZnO NPs may be used in conductive ink as
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an alternative to precious metals [21]. It is a versatile
material having good chemical as well as physical
properties. The nanostructured ZnO is chemically sta-
ble, has wide energy and beam strength [22]. From
materials understanding, it is cleared that ZnO NPs
are semiconductor in group 1I—-VI, covalently located
on the boundary among the covalent as well as ionic
semiconductors. Because of significant piezoelectric
and pyro-electric properties, ZnO NPs are used as a
sensor, power producer and photo-catalyst in the pro-
duction of hydrogen [23]. It is an important material
for ceramics due to its hardness, inflexibility, low tox-
icity, bio-compatibility and bio-degradability charac-
teristics making it an important material for biomedi-
cal usages [24].

The combination of inorganic nanoparticles and
organic microgels in one hybrid system allows the
preparation of new materials with multifunctional
properties. However, most of the earlier literature on
hybrid microgel systems is focusing on copolymer gels
consisting of bi-component polymer system while tri-
component copolymer gel is addressed merely in some
recent reports [9, 25]. So far limited work is available on
the preparation and investigation on the solution prop-
erties of (zinc oxide)-poly(/N-isopropylacrylamide)-
(chitosan)-poly(acrylic acid), abbreviated as ZnO-
(PNIPAAmM-CS-PAA), hybrid polymer microgels.
Therefore, a full spectrum of physicochemical explora-
tion on the stimuli-responsive behavior was carried out
after successful preparation and purification of the
hybrid microgel samples.

EXPERIMENTAL
Materials

Chitosan (CS, M,, = 3.9 x 10* g/mol), methylene
bisacrylamide (MBA), acrylic acid (AA), N-isopropy-
lacrylamide (NIPAAm), ammonium persulfate
(APS), zinc acetate dihydrate, methanol, 2-propanol,
sodium hydroxide and acetic acid (AA) were the main
materials used in this work. All these chemicals were of
analytical grade and were purchased from Aldrich
(Germany). Acetic acid was purchased from Cromo-
line (Brazil). Deionized water was obtained using a
Millipore Direct-Q system.

Synthesis of PNIPAAm-CS-PAA Microgel

Free radical emulsion polymerization method was
used for the synthesis of microgels containing N-iso-
propylacrylamide (NIPAAm), chitosan (CS), and
acrylic acid (AA) as their main constituents [26, 27].
In these microgels N,N-methylene bisacrylamide
(MBAm) was used as cross-linker and ammonium
persulfate (APS) as an initiator (Table 1). In a typical
polymerization experiment, NIPAAm, AA, and
MBAm were added to the deionized water in a 250 mL
3-neck round bottom flask equipped with a con-
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denser, nitrogen inlet and thermometer. The reaction
mixture was continuously stirred, and the temperature
was maintained at 70°C for 1 h while continuously
supplying nitrogen gas to remove oxygen from the
reaction mixture. Almost 6 mL of APS (0.06 M) was
added to initiate polymerization, and the reaction was
continued at 70°C for 6 h while continuously stirring
and purging nitrogen. The reaction was then stopped
and the microgel dispersion was cooled, centrifuged at
15 000 rpm and then taken in dialysis membrane. The
prepared microgel was further purified by a 7 day dial-
ysis through Millipore molecular porous membrane
tube (cellulose membrane, MWCO 100000) at room
temperature to remove unreacted monomers and
other impurities by frequently changing pure water.

Synthesis of Zinc Oxide Loaded Hybrid Microgels,
ZnO-(PNIPAAm-CS-PAA)

The purified microgel samples were then loaded with
the as-prepared ZnO nanoparticles to get the hybrid
microgels. For this purpose, ZnO nanoparticles were
prepared by liquid precipitation method. Further details
for the synthesis and characterization of ZnO can be seen
from our previously published work [21]. The composi-
tion of various ZnO loaded hybrid gel samples is given in
Table 2 while a schematic representation of its prepara-
tion scheme can be seen in Fig. 1. A very simple approach
was used for the synthesis of ZnO-(PNIPAAmM-CS-
PAA) hybrid microgel samples [28]. Specific amount, as
indicated in Table 2, of Zn(OAc),2H,0 was added to
20 mL of 2-propanol and the mixture was stirred mag-
netically for 15 min at 20°C and then the temperature of
the reaction flask was increased to 50°C and the stirring
was continued for another 30 min. Afterward the reaction
mixture was cooled to 15°C and the desired amount of
aqueous suspension of the already prepared PNIPAAm-
CS-PAA microgel was added to the reaction media and
stirred for few minutes followed by dropwise addition of
1 mL of NaOH (1 M aqueous) to the reaction mixture.
The reaction was allowed to continue for 30 min at 20°C
and the resultant viscous milky suspension—ZnO loaded
hybrid microgel was collected by centrifugation at
15000 rpm. Further purification of hybrid microgels was
done by dialysis with the Millipore dialysis system (cellu-
lose membrane, MWCO 100000). The purified samples
were collected and subjected to further characterization
and physicochemical investigation.

Characterization and Physicochemical Study

Basic and physicochemical characterization of the
hybrid microgels and their individual constituents were
carried out by Fourier transform infrared (FTIR),
UV—Vis spectroscopy, scanning electron microscopy
(SEM), and dynamic light scattering (DLS) techniques.
FTIR analysis was performed in the wavenumber ranges
from 500—4000 cm~' using a Shimadzu (Japan) IR-
spectrometer. A double beam, Perkin ElImer Lambda 50
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Table 1. Summary of the composition of pure microgel
samples

Sample| NIPAAm,| CS, | AA, |MBA, ( OASPISI) ‘Water,
code mg mg mL | mg ml mL
RE 500 500 20 10 06 100
RG 1000 500 20 10 06 100

Table 2. Summary of the composition of ZnO loaded
hybrid microgels

Sample Zn(OAc)y Microgel, | 2-Propanol, [NaOH,
code 2H,0, g mL mL mL
REA 1.06 3 20 1
REB 1.01 5 20 1
REC 1.00 7 20 1
RED 0.66 7 20 1
RGA 1.01 3 20 1
RGB 1.00 5 20 1
RGC 1.00 7 20 1
RGD 0.66 7 20 1

UV—Vis spectrophotometer, was used to determine the
UV—Vis absorption spectrum of different materials pre-
pared. Surface morphology of the microspheres was
analyzed by using of a high resolution SEM (JSM-5910,
JEOL, Japan) at an accelerating voltage of 20 kV. Hydro-
dynamic size of the pure and hybrid gels in aqueous
solutions was measured on a standard Malvern Zetasizer
NANO ZS dynamic light scattering spectrometer (Mal-
vern Instruments Limited, UK), using a He—Ne laser
with a wavelength of 633 nm, and a detector angle of
0 = 90°. Thermogravimetric analysis (TGA) of the solid
samples was conducted on thermogravimetric analyzer
from Perkin Elmer, USA model Pyrin Diamond Series
TG/DTA.

RESULTS AND DISCUSSION
Fourier Transform Infrared Spectroscopy (FTIR)

Representative FTIR spectra of pure microgel
(sample RG), ZnO loaded hybrid microgel (sample
RGA) and ZnO NPs are shown in Fig. 2 while the
spectra for other samples were almost similar qualita-
tively except the intensity of peaks. Various bands in
the range of 500—4000 cm~! were observed in the
spectrum of ZnO NPs and this indicates that the sur-
face of ZnO NPs is not bare but is stabilized with ace-
tate groups, which originate from the starting materi-
als and are adsorbed on the surface of nano-crystals.
These moieties bounded to the surface of ZnO NPs
are impurities on one side but on the other side they
help in preventing the coagulation of the ZnO
nanoparticles in colloidal solution [21]. Some peaks
below the range of 500—1100 cm~' observed in both
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(PNIPAAmM-CS-PAA)
Fig. 1. Schematic representation for the preparation of the ZnO-(PNIPAAm-CS-PAA) hybrid microgels.
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Fig. 2. Representative FTIR spectra of pure microgel (RG), ZnO loaded hybrid microgel (RGA), and ZnO NPs.

ZnO NPs and ZnO loaded hybrid gel samples, might
belong to the stretching of ZnO molecule, while the
peak at 1340 cm~! was attributed to the symmetrical
stretching of zinc acetate present as impurity on the
surface of ZnO. Similarly, a peak at 1018 cm~! present
in ZnO and ZnO-microgel hybrid samples correspond
to C—O stretching vibration of alcohol; this is possibly
due to the alcohol used for dissolution of zinc acetate
and ZnO nanoparticles. Another common peak
arround 1400—1470 cm~! observed in all samples, may
be assigned to the asymmetrical stretching vibrations
of acetate group of acetic acid. Relatively broader band
3350—3375 cm™! is due to the O—H stretching mode of
hydroxyl group. The broadness is due to the presence of
adsorbed water on the surface of colloidal particles.
The mentioned peaks present both in pure ZnO parti-
cles and ZnO-(PNIPAAmM-CS-PAA) hybrid micro-
gels is an indication of successful hybridization of
(PNIPAAmM-CS-PAA) microgels. Some of the peaks,
e.g., at 2950 and 1130 cm™!, were not observed in pure
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ZnO sample but appeared in pure as well as in hybrid
microgel samples. These can be assigned to C—H
stretching of methyl groups and C—N stretching of
polysaccharide/chitosan/aliphatic amine, respectively,
and indicated the presence of chitosan and NIPAAm in
the samples. Furthermore, the typical absorption peak of
—C—OH groups of both the carboxylic acid and
NIPAAm are shifted to 1417 and 1470 cm™' in the gel
samples which is an indication of the polymerization of
monomers. Spectral changes also reflect the successful
fabrication of gel with ZnO [21, 27].

UV—Vis Analysis of Zinc Oxide Loaded
Hybrid Microgels

UV—Vis spectroscopy is widely used for the char-
acterization of metal based nanoparticles and hybrid
materials. Especially, determination of size, shape of
nanoparticles, extent of tuning of the optical and pho-
tophysical properties of both neat and hybrid materials
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Fig. 3. Representative UV—Vis spectra of (a) pure ZnO NPs and (b) ZnO loaded hybrid microgel (RGB).

can be traced from this analytical tool [29]. Representa-
tive UV—Vis absorption spectra of pure ZnO NPs and
ZnO loaded hybrid microgel samples under different
experimental conditions are shown in Figs. 3—5. The
spectra were measured in 70% aqueous solution of meth-
anol as a solvent and in the range of wavelength from 350
to 400 nm at a gap of 5 nm using a double beam UV—Vis
spectrometer. It can be seen that ZnO NPs strongly
absorb in the UV region with a wavelength of #364 nm,
which specifies thin particle size distribution (Fig. 3).
The characteristic of metal based nanoparticles depend
on the position and shape of the plasmon band. The
number and location of plasmon bands are determined
by the size and nature of the nanoparticles, respectively.
A peak at a wavelength of 364 nm confirms the successful
preparation of nanostructured ZnO colloids in the solu-
tion [21]. Figure 3 also shows a UV—Vis spectrum of a
typical ZnO loaded PNIPAAmM-CS-PAA hybrid micro-
gel; it can be observed that the peaks of the zinc oxide
nanoparticles in polymer microgels, appeared in range of
365—366 nm, which further support the successful fabri-
cation of microgel with ZnO particles. A difference in the
peaks of pure and hybrid ZnO particles is due to the func-
tionalization of ZnO with polymeric gel. It is important
to mention here that unlike of the hybrid gel, the original
PNIPAAmM-CS-PAA microgel did not give any plasmon
peak in the UV—Vis spectra, which further supports the
idea that successful hybridization of the gel with ZnO
particles has occurred.

UV—Vis Study of Hybrid ZnO-(PNIPAAm-CS-PAA)
Microgels under Changing Solution Temperature/p H

UV-—Vis spectroscopic results were also used to
monitor the phenomenon of swelling and de-swelling
of hybrid microgels under varying temperature and pH
of solution. Such results can indirectly give a clue
about the growth of polymeric network around the
ZnO nanoparticle core and/or the growth of ZnO
nanoparticles in polymeric microgel [29]. Figure 4
shows typical UV—Vis spectra and absorbance versus
pH of ZnO-(PNIPAAmM-CS-PAA) hybrid microgel
sample RED at different pH and at room temperature;
while the results of other samples followed the same
pattern and are not shown here. Figure 4 indicates that

an increase in the UV—Vis absorption occurred with
increasing the pH up to pH 7, while less obvious
change in absorbance was observed above this pH. It
further shows that change in the position of peaks is
less prominent, but there is a change in the intensities
and shape of the bands. This change in the shapes and
absorbance of peaks occurred due to pH sensitivity of
hybrid microgels due to the presence of both AA and
chitosan. The prominent pH-responsive contribution
is due to PAA part. However, it is important to men-
tion here, that both chitosan and PAA chains, with
pK, = 6.5 and =4.75 respectively, are pH-sensitive, and
that is why many physicochemical properties are
changing while going from acidic pH to a basic pH
region. Regular increase in absorbance of SPR band
(at A = 365 nm) with increases in pH up to 7 and then
a minor increase in absorbance above this pH reflects
variation in ionization capacity of the microgel at dif-
ferent pH of the medium. At lower pH the hybrid
microgel is in the de-swollen state, while it comes to a
swollen state at higher pH values. It is because that at
low pH values, all the carboxylate groups are proton-
ated, and as a result, microgel particles remain in de-
swollen state. When pH of the external medium is
greater than the pK, values of chitosan (pK, = 6.5) and
PAA chains (pK, = 4.75), the carboxylate ions are
formed due to deprotonation, while —NH, groups of
chitosan become (—NHj;)*. Because of such ioniza-
tion, these side groups developed some negative
charges on the polymeric chains of the particles. Due
to repulsive forces between these charged particles
more spaces in the gel are created for water molecules
to go inside and make the molecules more hydrophilic
in nature; hence, the microgel particles swell-up and
increase in size. It is proposed that strong hydrogen
bonding between carboxylate ions and polar water
molecules occur, which helps in holding the water
molecules within the network of microgel tightly and
retains it in swollen state. It is observed that the pH
sensitivity of these hybrid microgels remains
unchanged with loading of inorganic nanoparticles
into microgel networks; however, hybridization of
microgel can affect the particle size of original/pure
microgel [30]. In order to check the stability of mate-
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rials, the ZnO loaded hybrid microgel samples were
stored in aqueous solution at/near neutral pH and the
UV-—Vis spectra were recorded for about 3 months at
an interval of one month, and no significant shift in
surface plasmon band was observed, which shows
good stability of the hybrid gels under neutral pH con-
ditions.

The temperature responsive behavior of hybrid
polymer microgels ZnO-(PNIPAAm-CS-PAA), due
to the presence of a well-known thermo-responsive
component (PNIPAAm), and their volume phase
transitions was also investigated through UV—Vis
spectroscopy by noting the change in absorbance at
SPR at different temperatures and same pH value
[31]. A plot of absorbance of colloidal dispersion ver-
sus temperature was used for finding such changes of
ZnO-(PNIPAAmM-CS-PAA) microgel samples as
shown in Fig. 5. It is seen that an increase in absor-
bance occurred with temperature; this is due to the
change in hydrophobic-hydrophilic interaction of
colloidal particles upon variation in solution tem-
perature. This increase in absorbance is due to an
increase in the resultant size of the colloidal disper-
sion because of higher concentration of ZnO parti-
cles inside the microgel network.
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Dynamic Light Scattering of Microgels
in Dilute Solutions

Dilute aqueous colloidal solutions of pure and ZnO
loaded hybrid microgels were also studied with the
help of dynamic light scattering measurements (DLS).
This technique gives valuable information regarding
the degree of swelling, de-swelling and volume phase
changes in the terms of hydrodynamic diameter as
function of solution temperature and pH [27]. Repre-
sentative plots of hydrodynamic diameter as a function
of temperature for non-hybrid RE sample and ZnO
loaded samples REA and RGA at pH 4 are given in
Fig. 6. It can be seen that the hydrodynamic diameter
(D) of gels particles as well as the D —temperature
profiles were greatly influenced by the hybridization of
microgel with ZnO particles. An increase in the size of
hybrid gels (REA and RGA) compared to that of the
pure gel (RE) is a clear indication of the successful and
stable loading of ZnO particles into the polymeric net-
works of the microgel. It can be seen that hydrody-
namic diameter (D,)) of gels particles regularly increas-
ing with increase in solution temperature at constant
pH, however, the slope of the graphs becomes less
steeper at higher temperature (7" > 45°C). This
increase in size with temperature can be attributed to
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strong interaction, in terms of H-bonding, between
the side group of polymer chain and hydrated water
molecules due to particles swell an overall increase in
their size occurred. However, unlike our previous
results on non-hybrid microgel [27], there observed
no abrupt change in size of the hybrid gel samples
while changing the solution temperature; this is possi-
ble due to the incorporation of ZnO particles into gel
networks. These results are in good agreement with
some of the earlier studies [31]. This behavior was also
observed in UV—Vis spectra (Fig. 5) and in the light of
this observation (matching of UV—Vis and DLS
results) and our earlier results [26—28, 32], it is
expected that a similar behavior would also be shown
for pH-dependency of hydrodynamic radius as that
observed in UV—Vis spectra (Fig. 4); hence, pH study
while using DLS is not reported here. Further examina-
tion of Fig. 6 reflects that in addition to a similar hydro-
dynamic-temperature profile the average size of both
hybrid samples (REA and RGA) is different. This differ-
ence is due to the difference in their overall chemical
composition. Relatively larger hydrodynamic size was
noted for sample RGA as compared to REA sample; this
is due to higher NIPAAm ratio in sample RGA than
REA. Higher amount of NIPAAm means improved
hydrophilicity of gel particles solution and hence more
hydrated water is being absorbed by the gel surface which
in turn causes to increase the size of the particles.

Scanning Electron Microscopy (SEM)

SEM was employed in order to get more informa-
tion about the growth of ZnO nanoparticles in poly-
meric microgel and/or growth of polymeric network
around the ZnO nanoparticle core and the effect of
hybridization on the surface morphology of individual
moieties. Figure 7 shows some representative SEM
images of pure microgels, ZnO NPs and ZnO loaded
hybrid microgels. Before SEM, all samples were cen-
trifuged, dried and then powdered. An obvious differ-
ence between the surface morphology of non-hybrid
microgels, bare ZnO NPs and ZnO-(PNIAAmM-CS-
PAA) hybrid samples was seen in the SEM images; this
is an indication of the successful fabrication of ZnO
NPs inside the microgel network [21]. Furthermore,
the change in various other physicochemical proper-
ties of both neat and hybrid materials, investigated by
the other techniques as mentioned above, also support
SEM results. It can be seen further that virgin ZnO
NPs synthesized were not of the identical size
throughout. The decoration of the cross-linked
microgel globules and ZnO NPs was achieved by the
firm contact between the side amine groups of the chi-
tosan and ZnO particles may also incorporate within
the spaces between the microgel chains.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 95

ABBAS KHAN et al.

380
330
£280
£ —#%— REA
Q: | —=— RGA
230 —&— Non-hybrid gel RE
180
130 ‘ : : ‘
15 25 35 45 >3

T, °C

Fig. 6. Typical plots of hydrodynamic diameter (D)) as a
function of temperature of non-hybrid and ZnO loaded
PNIPAAmM-CS-PAA hybrid microgel samples at pH 4.

Thermogravimetric Analysis of Microgels

Thermogravimetric analysis (TGA) of the pure and
hybrid microgel samples provides information regarding
the thermal stability/decomposition and also about the
thermo-kinetic behavior of the solid gel samples [33].
Figure 8 shows the graph between the weight losses
(in mg) as a function of temperature in the range from
20—600°C for the representative non-hybrid and ZnO
loaded PNIPAAmM-CS-PAA hybrid microgel samples.
In the temperature range of 40 to 170°C all the samples
(RE, REA, RGA) show less prominent loss in their
weight which is due to removal of water associated in
the polymer matrix of the samples while no degrada-
tion was observed in this range of temperature. But as
the temperature increases (7> 170°C) an obvious loss
in weight was observed. This loss in weight continuous
till the temperature reaches 415°C. This loss in weight
can be due to the degradation of the side chains or low
molecular weight chains of polymeric gels, while
above this temperature the central chains/networks of
polymeric gel started to degrade. A brief investigation
shows that two temperature-level stages of thermal
decomposition occurred in the ranges 40—140 and
250—460°C, which are due to water evaporation and
thermal degradation of microgels, respectively. How-
ever, it can further be seen that complete degradation
may occur at some temperature above 600°C. Results
show that all the representative thermograms are typi-
cal of polymeric materials and are different from those
of the crystalline materials. The overall phase of the
microgels is changing from solid to rubbery phase and
then to molten state and finally degraded (at 7 >
600°C). The TG curves of the pure microgel (RE) are
placed below the TG curves of ZnO-(PNIPAAmM-CS-
PAA) hybrid gel (REA and RGA). The difference in
the overall thermograms of these samples is due to the
difference in their chemical composition, especially,
the effect of NIPAM content and hybridization with
ZnO particles. Also the present results follow similar
pattern as was observed in our previous work on pH-
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Fig. 7. Representative SEM images of pure microgels, ZnO NPs and ZnO loaded hybrid microgels.

responsive hydrogels [33], however, the difference in
both cases is due to the difference in chemical composi-
tion. It can be seen that addition of ZnO to the polymeric
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Fig. 8. Representative TGA plots for the thermal behavior
of non-hybrid and ZnO loaded PNIPAAmM-CS-PAA
hybrid microgel samples as a function of temperature.
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gel leads not only to the thermal stability of the polymer
gels but also to some changes in the phase transitional
behavior. It is also reflected that the interactions of ZnO
and PNTPAAmM-CS-PAA based polymeric gels be of the
physicochemical nature. Furthermore, the NIPAM con-
tent is high in sample RGA which makes it more sensitive
to temperature as compared to sample REA, which is
clear from the first step of the thermogram, where there
is loss of free water from the microgel.

CONCLUSIONS

In the light of overall results, it is concluded that
preparation and fabrication of pure microgels, ZnO
nanostructured and ZnO-loaded hybrid pH/tempera-
ture responsive microgels were achieved successfully.
The fabricated materials were characterized using
UV—Vis, FTIR, SEM, DLS, and TGA. Presence of
the characteristic absorption bands related to the
vibration of ZnO in the hybrid gel samples was con-
firmed by FTIR an UV—Vis spectra. An increase in
the absorbance of SPR (A = 365—366 nm) of the
hybrid microgels with increase in temperature as well
as pH of the medium indicates an increase in the size
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of hybrid materials which was also confirmed from
results of DLS studies (hydrodynamic diameter).
Changes in various physiochemical properties of the
hybrid microgels upon changing the temperature/pH
of solutions reflected the stimuli-sensitive behavior of
the fabricated microgels. TGA results showed that the
chemical composition, especially, the effect of
NIPAM content and hybridization with ZnO particles
affected the thermal behavior of these microgels. Like-
wise, the addition of ZnO to the polymeric gel leads
not only to the thermal stability of the polymer gels but
also to some changes in the phase transitional behavior.
It was established that the hybrid microgel possess the
combined features of integrated components to provide
new materials with enhanced desirable properties; and
such properties can be further adjusted by simple phys-
ical approaches while changing the quality and quantity
of the stimuli. Further, this work also added some addi-
tional information to the field of polymer/inorganic
hybrid nano-composites. It is also concluded that the
decoration of the cross-linked microgel globules with
ZnO NPs can be attained by the firm contact between
the side amine groups of chitosan and the incorporation
of inorganic particles within the spaces between the
microgel chains/network.
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