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INTRODUCTION

Organic-inorganic hybrid materials can be made up of
organic-inorganic components called nanocomposites; its
length changed from angstroms to nanometers. These materials
can be prepared by the development of soft inorganic chemistry
process mainly sol-gel process [1]. They are very much attrac-
tive in many areas such as optical, electrical, ionic sensors,
biosensors, catalysts, etc. They were mainly based on metal
alkoxide systems particularly organosilanes and also merge
with organic molecules, polymers and biocomponents. Espe-
cially aminopropyl functionalized silanes have vast interest
and also have huge consideration.

These materials achieve outstanding properties such as
mechanical properties, thermal stability, degradation and abrasion
resistance [2-5]. As a result, these polymer-inorganic hybrid
materials have a lot of importance in the recent research. There
are different ways to synthesize these materials. They are sol-
gel method, surface-initiated ATRP and free radical polymeri-
zation [6-8]. There is an efficient technique to develop the inter-
face compatibility and miscibility of the organic-inorganic
materials with the polymeric matrix. For this silica nanoparti-
cles are modified with the coupling agents, in order to increase
the characteristics of the composite materials [9].

One of the most studied and well-known temperature-
responsive polymers is poly N-isopropyl acrylamide (PNIPAM),
its LCST is 32 ºC which is near to our body temperature [10,11].
Temperature responsive polymers exhibit a sudden change in
their physico-chemical properties due to temperature variation
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so that they are extensively studied nowadays in different fields.
There are a lot of materials can be prepared from thin films such
as layer by layer hybrid film and brushes, membranes, colloids,
micelles, nanogels, etc. [12].

Silica is used as the inorganic component for the synthesis
of organic-inorganic composites and it possesses high thermal
and mechanical stability. It is an outstanding insulator and also
it acquires high band gap and dielectric strength [13,14]. The
high dielectric constant can be achieved by the incorporation
of different fillers such as SiO2, BaSrTiO3, BaTiO3, graphene
and multi-wall carbon nanotubes (MWCNTs) and they were
reported in several studies [15,16]. However, the processability
of bare silica for specific applications is a limitation.

Several methods were reported on the synthesis of PNIPAM
/SiO2 hybrid materials [17,18]. Some researchers developed
these materials using surface-initiated ATRP. The obtained mate-
rials were core shell-like structure and showed the good thermo-
responsive property. It was suggested that they were applicable
to the fields of biological and biomedical fields [19,20]. In
another strategy, using sol-gel process was a sequence of numerous
SiO2 particles embedded with PNIPAM particles at room temp-
erature [20]. Other approaches were grafting of silica onto
PNIPAM particles using RAFT polymerization and radical poly-
merization. These grafted materials have several applications
in various fields [21-23].

The synthesis of poly(N-isopropylacrylamide-co-maleic
anhydride) (NIPAM-co-MA) was reported earlier, by using free
radical polymerization reaction [24,25]. Poly(styrene-co-maleic
anhydride)/silica hybrid material has been successfully prepared



from styrene-maleic anhydride copolymer and tetraethoxy-
silane (TEOS) in the presence of a coupling agent, APTES by
an in situ sol-gel process [26]. However, there are no reports
on chemical linking of size-tunable silica nanoparticles onto
NIPAM polymer through maleic anhydride coupling reaction.
Additionally, the possibility of avoiding the addition of any
external catalyst during the sol-gel process is also attempted
in this work.

In this regard, the current study is focused on the synthesis
of hybrid materials by fine-tuning the synthetic protocol for
coupling N-isopropyl acrylamide, maleic anhydride and
aminopropyl triethoxy silane through sol-gel technique in the
absence of externally added acid or base catalyst. The spectro-
scopic and microscopic characterization follows standard
procedures. The formation of highly porous inorganic nano-
domains as a function of feed ratio is explained with the support
of microscopic data. The thermal stability and crystallinity
studies are also done to propose for drug delivery or specific
insulator applications. The dielectric property of this hybrid
material is compared with similar materials for commercial
applications.

EXPERIMENTAL

N-Isopropyl acrylamide (NIPAM), maleic anhydride
(MA), α,α′-azobisisobutyronitrile (AIBN) (Sigma Aldrich),
tetraethylorthosilicate (TEOS) (Merck), 3-aminopropyl triethoxy
silane (APTES) (Spectrochem Ltd) were used as received.
Maleic anhydride was purified from recrystallization using
ethyl acetate. Solvents used were 1,4-dioxane and diethyl ether
(Spectrochem Ltd). All solvents were purified according to
Vogel’s textbook (Organic Chemistry).

Synthesis of copolymer, N-isopropyl acrylamide-co-
maleic anhydride copolymer 90:10 [24]: Copolymerization
of NIPAM (1.102 g, 0.009 mol) with MA (0.098 g, 0.001 mol)
was carried out using AIBN (0.082 g, 0.0005 mol) as thermal
initiator was mixed thoroughly with sufficient amount of 1, 4-
dioxane (2 mL) (Scheme-I). Nitrogen gas was purged for 20
min. The solution was placed at 70 ºC in an oil bath and kept
for stirring. The viscous solution was poured into diethyl ether,
and filtration recovered the precipitated polymer. Re-precipi-
tating further purified the polymer from dioxane-ether system.
Different monomer feed ratios 80:20, 70:30, 60:40, were also
carried out using this same protocol.
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Scheme-I: Synthesis of NIPAM-co-MA

Synthesis of hybrid material (NIPAM-co-MA)/SiO2:
NIPAM-co-MA with various monomer feed ratios were applied
for the synthesis of hybrid materials. The copolymer (1 g) was
mixed with THF. APTES (0.23 mL) and TEOS (0.22 mL) were
mixed and agitated in a sonicator for one minute. The polymer
solution was added to this solution and stirred to get a viscous
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Scheme-II: Synthesis of (NIPAM-co-MA)/SiO2

solution (Scheme-II). The obtained viscous solution was dried
at room temperature and then cured at 60 ºC under vacuum
for one day to expel any residual alcohol or solvent. The obtained
hybrid material was purified by washing with THF and dried.

Fourier Transform Infrared Spectroscopy (FTIR) spectra
were recorded on a Bruker instrument (Alpha T) at room temp-
erature. The prepared samples were mixed with KBr to obtain
the FTIR spectra. The surface morphology of prepared hybrid
materials was viewed with scanning electron microscopy (SEM)
after thin coating with gold. Transmission electron microscopy
(TEM) was performed on a JEOL JEM-2010 high-resolution
transmission electron microscope at an acceleration voltage
of 120 kV. Atomic force microscopy observations were carried
out in the air on as received sample surfaces using WITec Alpha
300RA Confocal Raman microscope with AFM operated in
non-contact tapping mode. The samples were coated on a glass
slide and dried at room temperature. The thermal analysis was
carried out using Pyris I TGA Thermo Gravimetric analyzer
(Perkin Elmer) under a nitrogen atmosphere, at a heating rate
of 10 ºC/min. Crystal studies were performed using an X'Pert
Pro PANalytical X-ray powder diffractometer with Ni-filtered
Cu Kα X-ray radiation. Dielectric studies were done by using
Agilent precision LCR series meter with frequency 100Hz to
2MHz. Sample thickness was around 2 mm and diameter 1.2
cm.

RESULTS AND DISCUSSION

The chemically linked organic-inorganic hybrid material
was synthesized by using stimuli-responsive NIPAM-co-MA
copolymer with functionalized silane. An external acid catalyst
is generally needed for the construction of silica network. In
this (NIPAM-co-MA)/SiO2 hybrid material, maleic anhydride
is converted to maleamic acid. The ring opening took place,
and the acid itself acted as a catalyst for the spontaneous develo-
pment of silica network during the sol-gel process.
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FTIR spectra of NIPAM-co-MA copolymer (Fig. 1A) with
different monomer ratios were characterized. The characteristic
absorption peaks were obtained in the regions 3200 cm-1 for
the secondary NH amide groups, 2987-2973 cm-1 CH bands
in isopropyl groups. The bands at 1844 and 1773 cm-1

correspond to the anhydride units in MA. A peak at 1695 cm-1

correspond to C=O stretching of amide I peak and NH bending
peak at 1547cm-1. The monomer ratios were increased up to
60:40, a new peak obtained in the region 1692 cm-1 which
correspond to acid C=O peak. The reason is that some maleic
anhydride units were changed to maleamic acid before the
sol-gel process.
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Fig. 1. FTIR traces of (A) NIPAM60-co-MA40 and hybrid materials (B)
(NIPAM90-co-MA10)/SiO2 (C) (NIPAM80-co-MA20)/SiO2 (D)
(NIPAM70-co-MA30)/SiO2 (E) (NIPAM60-co-MA40)/SiO2

Fig. 1(B-E) represents the FT-IR spectra of (NIPAM90-
co-MA10)/SiO2 hybrid materials. This shows peaks at 3400
and 1539 cm-1 which correspond to NH stretching and bending
peaks of APTES. In the ratio (NIPAM80-co-MA20)/SiO2 a new
peak is obtained in the region 1695 cm-1 corresponds to the acid
C=O peak. As the amount of APTES is increased at par with
the maleic anhydride ratio, the intensity of the peaks in the
region 1695 cm-1 was gradually increased due to the formation
of maleamic acid from the partial hydrolysis of maleic anhydride.
The broadening at the region 2963-2850 cm-1 depicted the iso-
propyl groups due to the use of an increased amount of APTES.
The intensity of Si-O-Si stretching and bending in the region
1080 and 957 cm-1 were observed. The FTIR spectra confirmed
the incorporation of more amount of silica in hybrid material
with monomeric ratio 60:40 (NIPAM60-co-MA40). After washing
with THF, the peak intensity remains the same showing a strong
chemical interaction between organic-inorganic hybrid frame-
works.

SEM micrograph of hybrid material (Fig. 2) revealed that
NIPAM-co-MA/SiO2 has a well porous network-like structure

Fig. 2. SEM images of (A) NIPAM80-co-MA20 and hybrid material with diffe-
rent ratios (B) (NIPAM90-co-MA10)/SiO2 (C) (NIPAM80-co-MA20)/
SiO2 (D) (NIPAM70-co-MA30)/SiO2 (E) (NIPAM60-co-MA40)/SiO2

unlike in the case of neat copolymer (Fig. 2A). The particles
were aggregated to make a crosslinked network like structures
in the ratio (90:10). When the polymer feed ratio is decreased
up to 60:40, the particles were separated and porous structure
is distinctly mentioned.

TEM images (Fig. 3) of the hybrid material revealed that
the particle size of hybrid material with 10 % MA have a smaller
size, and increased gradually dependent upon the higher content
of the MA units. Fig. 3(A) shows that the polymer ratio is more
prominent than silica, and thereby the polymer is encapsulated
with silica, like a core-shell structure. In the ratio 80:20 (Fig. 3B),
silica content is somewhat increased, hence the silica is more
apparent in the hybrid material. NIPAM-co-MA forms a spher-
ical structure and the silica is interconnected network structure.
In the ratio 70:30 (Fig. 3C), an internal core is formed and also
more silica is incorporated which is prominent in the TEM
image. The ratio 60:40 (Fig. 3D) shows that the total size was
increased depending upon the more silica content. The dark
sphere like regions show the silica part and the light portions
show the polymer. The particle size of the hybrid material is
approximately 200 nm.

The topography and phase mode of hybrid material with
different ratios are presented in Fig. 4. It was observed that
the silica particles were distributed homogeneously and inter-
connected with the polymer matrix and this is the clear evidence
for the network. In the 90:10 ratio, aggregation is higher. It is
not just due to the silica particles but because of the hydro-
phobic PNIPAM also. This increases the height (Z-axis value)
of the image. But in case of 60:40 ratio, hydrophilicity reduces
by the incorporation of more silica units, and we get the hydro-
phobic thin film. The roughness of the film is very high compared
to 90:10 because of the high silica content present in the system.
The particles were heterogeneous in size but homogeneously
distributed in the film.

XRD pattern of pure silica, PNIPAM and hybrid materials
with different ratios are shown in Fig. 5. For PNIPAM without
silica, two wide peaks were observed at around 2θ = 7.5º and
19.9º respectively, which is in good agreement with the XRD
pattern of the semi-crystalline pure PNIPAM. The XRD pattern
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Fig. 3. Transmission Electron Micrographs of hybrid materials with
different ratios (A) (NIPAM90-co-MA10)/SiO2 (B) (NIPAM80-co-MA20)/
SiO2 (C) (NIPAM70-co-MA30)/SiO2 (D) (NIPAM60-co-MA40)/SiO2

Fig. 4. AFM images of hybrid materials with different ratios (A) (NIPAM90-
co-MA10)/SiO2 (B) (NIPAM60-co-MA40)/SiO2
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Fig. 5. XRD patterns of PNIPAM, SiO2 and (NIPAM-co-MA)/SiO2 hybrid
materials, (a) pure silica, (b) PNIPAM, (c) (NIPAM90-co-MA10)/SiO2

(d) (NIPAM80-co-MA20)/SiO2 (e) (NIPAM70-co-MA30)/SiO2 (f)
(NIPAM60-co-MA40)/SiO2

of pure SiO2 shows only a broad peak around 2θ = 23.5º which
confirm the amorphous nature of SiO2 [27].  When SiO2 was

incorporated in PNIPAM, the position and intensity of the peak
changed. The complimentary increase and decrease of SiO2

and NIPAM units, respectively result in the shift of 2θ values
to the higher range. The shift of 2θ =7.5º of PNIPAM may be
attributed to the change in backbone structure of polymer due
to the random distribution of comonomers. But the increase of
2θ = 19.9º of PNIPAM is due to the shift towards silica structure
arising from the higher content of silica.

The thermal stability of prepared hybrid materials was
studied using TGA (Fig. 6). The hybrid material with 40 %
silica has higher thermal stability compared to hybrid material
with 10 % silica because silica has high thermal stability. The
thermal stability was gradually increased due to the addition
of more silica content. The first stage of decomposition is
observed between 50 to 125 ºC which is due to the adsorbed
water and the residual solvents [28,29]. The main decompo-
sition occurs at 350- 430 ºC corresponds to the degradation of
main polymer chain [30]. The decomposition rate was decreased
due to the increased content of maleic anhydride and silica.
From TGA results. the obtained hybrid material exhibits higher
thermal stability with the addition of silica content.

a
b

c

d

120

100

80

60

40

20

W
ei

gh
t (

%
)

100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 6. TGA curves of hybrid materials with different ratios (a) (NIPAM90-
co-MA10)/SiO2 (b) (NIPAM80-co-MA20)/SiO2 (c) (NIPAM70-co-
MA30)/SiO2 (d) (NIPAM60-co-MA40)/SiO2

Lower critical solution temperatures (LCST) of copolymer
and hybrids were measured in water at pH 7. The copolymers
with ratio 90:10 and 80:20 were completely soluble in water,
and showed higher LCST. The interaction of PNIPAM with
water molecules is the main reason for the increase in LCST.
But in case of 70:30 and 60:40, the copolymer is only partially
soluble, because of the increased maleic anhydride units. The MA
units interrupt the interaction of PNIPAM and water molecules.

The hybrid materials also showed similar behaviour (Table-
1). Due to more NIPAM units, ratios such as 90:10 and 80:20
were completely soluble. They show higher LCST such as for
90:10 and 80:20 ratios the values were 42 and 40.5, respectively.
Here in the case of 70:30 and 60:40 ratios, the solution becomes
turbid because of bigger silica particles and maleamic acid units.
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TABLE-1 
LCST OF HYBRID MATERIALS WITH DIFFERENT RATIOS 

PNIPAM-co-MA/SiO2  
monomer feed ratio (%) 

LCST at pH 7 

90:10 
80 20 
70 30 
60 40 

42.0 
40.5 
38.5 
36.0 

 
Frequency dependence on dielectric constant, dielectric

loss and ac conductivity of the prepared copolymers are shown
in Fig 7. The dielectric constant of the polymer was increased
initially and decreased as a function of frequency due to the
presence of polarizable bonds in NIPAM-co-MA copolymer.
Fig. 8(A & B) shows the dielectric constant and dielectric loss
of (NIPAM-co-MA)/SiO2 hybrids measured over frequency.
The dielectric constant of pure silica is less than 2.8 at 10 kHz
[31]. As compared to the copolymers, the HM exhibited a higher
dielectric constant (DE) which is due to the incorporation of
higher polymer content. HM with ratio 60:40 ratio exhibits
the lowest DE at less than 19.5 at 1 MHz. This decrease is in
agreement with the increased silica content. The DE value is
very much higher as compared to other hybrid material such
as PI/SiO2 and PMMA/SiO2 which was reported earlier [32,33].
The reason for the increase of dielectric strength was due to
the presence of polarizable bonds such as OH, C=O, C-N bonds
contained in the (NIPAM-co-MA)/SiO2 hybrid material. The
dielectric loss was also increased due to the blocking of charge
carriers by the silica. The variations in dielectric constant at
lower frequencies attained from the existence of interface polari-
zation. It is because of the presence of impurities, surface space
charge and orientation of dipoles [34,35]. In our studies, the
DE value of hybrid is increased by eightfold due to the presence
of polarizable groups in the polymer. So, on comparing the
processability of hybrid the increase in DE value may be comp-
romised for specific applications.

In the AC conductivity measurements, a noticeable increase
in conductivity values is observed. Fig. 9A depicted AC conduc-
tivity of the hybrid materials. In the case of AC conductivity
values of hybrids as the silica content increases variation at
lower frequencies is changed to almost uniform values at higher
frequencies. This might be due to the non-conducting nature
of silica reinforcement at lower frequency values. The AC
conductivity of the copolymer was found to be almost same as
that of the hybrid at all the given frequencies, which showed
non-conducting nature of the material in both cases (Figs. 7C
and 9A). The variation of the dielectric constant as a function
of silica content is shown in Fig. 9B. This means that dielectric
constant increases with the higher interaction of silica content
with polymer at 1 kHz frequency value.

Conclusion

(NIPAM-co-MA)/SiO2 hybrid materials were easily prepared
with varying compositions of both organic and inorganic
componentsThey were prepared by fine-tuning the synthetic
protocol for coupling N-isopropyl acrylamide, maleic anhy-
dride and aminopropyl triethoxy silane through sol-gel tech-
nique in the absence of externally added acid or base catalyst.
The chemical linking between the organic and inorganic groups
were confirmed by solubility studies and IR spectroscopy.
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Fig. 7. Frequency dependant (A) Dielectric constant (B) Dielectric loss and
(C) AC conductivity of NIPAM-co-MA copolymers
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SEM, TEM and AFM images established the existence of
highly porous inorganic nanodomains. TGA and XRD did the
thermal stability and crystallinity studies. Dielectric studies
revealed that these materials possess slightly higher as that
of other silica hybrid materials however with better process-
ability compared to that of pure silica along with good thermal
stability.
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