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Abstract Temperature sensitive hydrogels were prepared by
free radical polymerization of N-isopropylacrylamide
(NIPAM) and 2-acrylamido-2-methylpropanesulphonic acid
(AMPSA) in presence of polyethylene glycol (PEG) as mac-
roinitiator. The aim of the work reported here was to investi-
gate temperature sensitive swelling and deswelling behaviors
of the hydrogels in water in order to investigate the effect of
various amounts of AMPSA. The result indicated that the
incorporation of a hydrophilic ionizable comonomer (AMPSA)
affects the temperature sensitivity, swelling/deswelling, mor-
phology and network structure of the hydrogels. The volume
fraction in the swollen state (V,,,), the number average molec-
ular weight between cross-links (M), the number of segments
between the cross-linked point (N), polymer-solvent interaction
parameter (X), enthalpy (AH) and entropy (AS) were deter-
mined using the Flory-Rehner theory at equilibrium swelling.
The negative values of AH and AS showed that the prepared
hydrogels had lower critical solution temperature (LCST). The
Flory-Rehner theory of swelling equilibrium was qualitatively
satisfied with the experimental data of hydrogels at different
temperature.

A. K. Saikia

Department of Plastic Engineering,
G.N.D. Co-Ed Polytechnic Institute,
Rohini, Delhi 110089, India

U. K. Mandal (><))

University School of Chemical Technology,
GG S Indraprastha University,

Dwarka, Delhi 110075, India

e-mail: uttammandal@rediffmail.com

S. Aggarwal

University School of Basic and Applied Sciences,
GG S Indraprastha University,

Dwarka, Delhi 110075, India

Keywords N-isopropylacrylamide - 2-acrylamido-2-
methylpropane sulphonic acid - Thermosensitivity -
Hydrogels - Network structure - Equilibrium swelling

Introduction

Hydrogels are basically consisting of elastic network systems
that have ability to hold large amount of water or biological
fluids in the interstitial space of the network and retain their
network structure after swelling. Environmentally-sensitive
hydrogels are also called smart hydrogels, which can respond
to many physical, chemical or biochemical stimuli, including
temperature, electric fields, solvent compositions, light, pres-
sure, sound and magnetic fields, pH, ions, and specific mo-
lecular recognition [1-4]. In the past two decades, much
attention has been paid to syntheses and applications of smart
hydrogels. They are extensively used in the field of medicine,
pharmacy, biological sensor, tissue engineering and actuators
[5-9]. In all of their applications, the controlled drug delivery
is the most prominent area [10, 11].

The swelling behavior of dried hydrogels results from the
disentanglement of polymers or hydration of hydrophilic
groups caused by the diffusion of water through glassy poly-
mers. The degree of swelling of the hydrogel particles is
significantly influenced by the distribution of the cross-link
density [12]. As a hydrogel, the behavior or state of water is
also important to understand the chemical or physical associ-
ation between the polymer phases and the water. There are
three types of water in hydrogels: free water, freezing bound
water, and non-freezing bound water. Free water can move
through the network without attractive or repulsive interac-
tions between the polymeric networks. Freezing bound water
or intermediate water is regarded as transitional water, which
can switch between non-freezing bound water and free water,
and it interacts weakly with the polymer chains. However,
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non-freezing bound water is joined into polymers through
hydrogen bonds. When polymers are provided with a large
number of hydrophilic groups, hydrogels can hydrate, and
therefore contain a great amount of bound water. So the
hydrophilicity of the polymers can significantly affect the
swelling and transporting behavior of the hydrogels [1, 7].

Poly (N-Isopropylacrylamide) (PNIPAM) is one of the
most studied thermosensitive hydrogel and exhibits a lower
critical solution temperature (LCST) ~32 °C and undergoes a
reversible volume change in response to the change in sur-
rounding temperature. When the temperature is below the
LCST, the hydrogel is swollen, whereas at the temperature
above LCST it begins to shrink and collapsed. The LCST of
the derivatives of polyacrylamides may vary according to the
different substitution groups. The hydrogel based on pure
PNIPAM are opaque and inhomogeneous and have relatively
low swelling ratio and gel strength as comparison to other
conventional hydrogels [11]. The hydrogels with high absorp-
tion capacity, swelling rate and high mechanical gel strength
are the certain properties needed for some specific applica-
tions. It is already previously reported that the LCST of
acrylamide polymers can be tuned by radical copolymeriza-
tion of appropriate comonomers [6]. The swelling character-
istic of PNIPAM can be improved by copolymerizing with
hydrophilic and ionizable comonomers like 2-acrylamido-2-
methylpropane sulphonic acid (AMPSA) [13, 14] and acrylic
acid (AA) [15]. Sulphonic acid containing hydrogels are the
strong polyelectrolyte gels with high degree of ionization and
show high degree of swelling properties. The incorporation of
anionic monomers in the PNIPAM backbone shifts the LCST
transition to higher values. The most desirable transition tem-
perature is as near as possible to the physiological temperature
of 37 °C. According to the reported results [16], the shape of
the Q,/T curve is changed in accordance with the ionic como-
nomer content in the copolymers; the equilibrium degree of
swelling (Q,) is higher and the LCST value is shifted to higher
temperatures, from 35 to 40 °C. Hence, the copolymer hydro-
gels of NIPAM and ionic comonomer have been studied
extensively [17-19].

To evaluate the feasibility of hydrogels for biomedical
applications it is necessary to know the structure and prop-
erties relationship of Hydrogels in solvent. The basic param-
eters that define the structure and properties of hydrogels are
volume fraction in the swollen state (V,,,), the number
average molecular weight between cross-links (M, ), the
number of segments between the cross-linking point (N),
correlation length () or pore size[20]. In this work, we
prepared PEG-b-Poly (NIPAM-co-AMPSA) copolymer
hydrogels with different mole percent of AMPSA as ionic
comonomer using PEG as macroinitiator. It is reported that
the PEG macroinitiaor is used to prepare monodispersed
hydrogel and the incorporation of PEG in hydrogel modu-
lates phase transition behavior, the network pore size and
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facilitates diffusion of water in hydrogel [21]. Incorporation
of PEG chains also allows tunability of the hydrophilic/
hydrophobic balance of these hydrogel networks, thereby
controlling their deswelling characteristics [22]. Further-
more, when polymers are provided with a large number of
hydrophilic groups, hydrogels can hydrate, and therefore
contain a great amount of bound water. So the hydrophilic-
ity of the polymers can significantly affect the swelling and
transport behavior of the hydrogels. The Flory-Rehner the-
ory of swelling equilibrium was used to calculate the vol-
ume fraction in the swollen state (V,,,), the number average
molecular weight between cross-links (M), the number of
segments between the cross-linked point (N) and polymer-
solvent interaction parameter (X).

Experimental
Materials

The monomer N-isopropylacrylamide(NIPAM), 2-
acrylamido-2-methylpropane sulphonic acid(AMPSA) from
Sigma-Aldrich, and PEG-6000 from Merck Specialties Pvt.
Ltd, India were used as received. An extra pure N, N-
methylenebisacrylamide (NMBA) from SRL (India) was
used as cross linker. Ammonia ceric (IV) nitrate, 99.99 %
pure from Sigma-Aldrich was dried in oven at 105 °C for 1 h
prior to use. Double-distilled water drawn from a Millipore
purification system was used.

Preparation of hydrogel

Thermoresponsive hydrogels were prepared by free radical
copolymerization of NIPAM and AMPSA using PEG as mac-
roinitiator in presence of NMBA as cross-linking agent in water
at 25 °C. The measured amount of N-isopropylacrylamide, 2-
acrylamido-2-methylpropane sulphonic acid and NMBA as
cross-linker were dissolved in distilled water. The monomer
molar ratio of NIPAM and AMPSA were taken as 100/0, 92/2,
96/4,94/6 and 90/10 in the distilled water with the total amount
of monomers 1.5 g. In this solution a macroinitiator solution
prepared by the mixing of 10 ml solution of PEG (1 g) in water
and 4 ml of 0.1 M (NH,4),Ce(NOj3)s solution was added and
stirred for 5 min. Total volume of the solution was kept 25 ml.
The solution was then transferred to a 12 cm long glass tube
with 1.5 cm diameter and sealed the tube with rubber caps. The
polymerization was carried out at 25°C for 24 h under nitrogen
atmosphere. After polymerization the hydrogels were cut into
2 cm length and put in distilled water. The hydrogels were held
in water at room temperature for 2 days and the water was
replaced with fresh water to remove unreacted monomers.
Swollen hydrogels were dried in oven at 50°C and these dried
hydrogel were used for experiments.
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Fourier transform infrared spectroscopy (FTIR)
measurements

The dried gel was ground to a suitable size of powder and
was then pressed into a tablet with potassium bromide. The
structural characterization of the samples was carried out on
Fourier-transform infrared spectrophotometer model FTIR-
8700 SHIMADZU Japan in the range of 4400—400 cm™'.

Swelling properties measurements

The dried hydrogels were left to swell in distilled water at
different temperature for 24 h in a constant temperature water
bath. Swollen gels were removed from swelling medium at
regular interval of time and dried superficially with filter
paper, weight and placed in the same medium. The measure-
ments were continued until a constant weight was reached for
each sample. The average value of three measurements was
taken for every sample. The equilibrium swelling ratio (Q,)
and the volume fraction of the polymer network in the swollen
gel at the equilibrium state (V,,,,) were calculated as follows:

(= 1)re "

Qv =1+
P1
Vom :é 2)

Where mg and m, are the mass of the swollen hydrogel at
the equilibrium state and dry gel, p, and p, are densities of dry
gel and solvent respectively. The density of dry gel was
determined by a Pycnometer using nonsolvent and the values
of p,, p; were 1.268 and 1.0 g/mL respectively.

Swelling and deswelling kinetics measurement

To study the swelling kinetics, dried hydrogels were left to
swell in distilled water at 20 °C for 24 h in a constant
temperature water bath. The weight changes of hydrogels
were recorded at regular time intervals. The swelling ratio
(SR) is defined as:

(W, — Wwy)

SR =
W, ’

Where w, and w, are the weight of swollen and dry hydro-
gels at time‘t’ respectively.

To study the deswelling kinetics, equilibrated swollen
hydrogels in distilled water at 20 °C were transferred into
distilled water at 60°C. The weight changes of hydrogels were
recoreded at regular time intervals. Water retention (WR) % is
defined as:

WR% = 100 x ;5:;;;71,

Where W, W, and W, are the weight of equilibrated
swollen hydrogel at 20°C, at regular time intervals and the
dry hydrogel respectively.

Morphological analysis

The surface morphology of the dried hydrogels was studied
by using scanning electron microscope (LEO 435 VP, Zeiss,
Germany) operated at 15 kV. Coating was carried out under
reduced pressure in an inert argon gas atmosphere (Agar
Sputter Coater P7340).

Results and discussions
FTIR analysis

FTIR spectra of the homopolymer of NIPAM, PEG-b-NIPAM
and PEG-b- Poly (NIPAM-co-AMPSA) hydrogels samples
are shown in Fig. 1. In the PEG-NIPAM spectrum, the broad
peak at 3433 cm-1 is for overlapping of stretching peaks of —
N-H from PNIPAM and -O-H from PEG [23]. The band at
1651 cm-1, 1543 cm-1 and 1375 cm-1 are assigned to amide I,
amide II, and methyl group in CH (CH3)2 respectively, the
band at 1109 cm-1 is for C-O stretch of the PEG unit. All the
bands mentioned above are found in the spectrum of PEG-b-
Poly (NIPAM-AMPSA) copolymer with addition of signifi-
cant band at 1041 cm-1 assign to SO3 symmetric stretch of
AMPSA units. The characteristic peaks of NIPAM and
AMPSA monomer at 1620 cm-1 is for C=C and 1410 cm-1
for CH2=disappeared for all the spectrums [24].

Temperature responsive characteristics of hydrogels

The temperature dependence of equilibrium swelling ratio
of the hydrogels with different AMPSA content in water at
the range of 20-60 °C is shown in Fig. 2a. The

LCST or volume phase transition of hydrogel occurs
continuously or discontinuously according to copolymer
composition and structure. It can be defined as sharp change
in the swelling ratio with respect to change in temperature
[25, 26]. The hydrogels exhibit change in water content as a
function of temperature with respect to AMPSA content in
the feed composition. The water content inside the hydrogel
decreases slowly above the LCST of PNIPAM due to hy-
drophobic interaction of PNIPAM chain present in the
hydrogels. The result shows that an increase in AMPSA
content in the feed composition the Q, value of the
hydrogel increases, which is due to the increase in
electrostatic repulsion between the same charged chain,
results in the expansion of the network structure. Due to
presence of negatively charged AMPSA comonomer in
the polymerization system, there is strong electrostatic
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Fig. 1 FTIR spectra of a
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repulsion among the sulfonate anion (— SOj3") results in
the expansion of network structure of hydrogels and
have high water absorption properties. The equilibrium
swelling ratio and gel transition temperature of the
copolymer gel increase with increasing AMPSA content
in the feed composition. A computer programme was
used to determine the volume phase transition tempera-
ture of hydrogels differentiating the equilibrium swelling
ratio at different temperature as shown in Fig. 2b. The
volume phase transition temperature (VPT-T) of hydro-
gels are indicated at the mininum of the curves. By the
induction of AMPSA, the volume phase transition tem-
perature of hydrogels increased from 36 to 40 and 45 °C for
HG-102 & HG-106 respectively where as for HG-110 thermo-
sensitivity behaviour is weak and volume phase transition
temperature increased to more than 65 °C.

Further, the Q, values of the hydrogel are affected by
change in temperature in the surrounding medium. At lower
temperature i.e. below LCST of PNIPAM the hydrogel
swells due to the formation of intermolecular hydrogen
bond with surrounding water molecules and shrinks at
higher temperature i.e. above LCST of PNIPAM due to
breakage of hydrogen bond and hydrophobic interaction.
The amount of water content inside the hydrogel decreases
slowly during shrinkage and the rate of water release can be

@ Springer

Wavenumber( cm?)

controlled incorporating hydrophilic or ionic comonomer in
the copolymer. The result shows that the temperature sensi-
tive property of hydrogels is more prominent for the hydro-
gel having lower than 6 mol% of AMPSA in the feed
composition. The swelling and shrinkage state of hydrogels
are shown schematically in Fig. 3.

Swelling and deswelling kinetics of hydrogel

The swelling kinetics of the hydrogels was measured gravi-
metrically at definite time intervals. Figure 4 shows the
swelling kinetics for hydrogels with different mole percent
of AMPSA in the feed composition. The results show that
both the swelling ratio and rate of swelling increased with
increasing AMPSA content in the hydrogels. The hydrogel
containing high amount of AMPSA absorbed higher amount
of water due to increase in hydrophilicity.

The Fig. 5 shows the rate of shrinkage of hydrogels with
different composition at 60 °C. The data shows that HG-100
and HG-102 exhibit faster rate of shrinkage compared to HG-
106 and HG-110. Within 20-25 min HG-100 and HG-102
release 90 % and 76 % of water respectively whereas HG-106
and HG-110 release 75 & 15 % of water in 90 min. The
macroporous structure and temperature sensitivity property
influence on the rate of shrinkage characteristics of the
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Fig. 2 a Temperature dependence of equilibrium swelling ratio of the
Hydrogels. b The numerically calculated derivatives of data for
hydrogels

hydrogel. The macroporous structure provides more channels
for water to diffuse out from swollen hydrogels and the
hydrophobicity behavior of PNIPAM above LCST favors
the shrinkage process [27].
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Fig. 3 a Schematic of hydrogel response with temperature, b Swelled
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Fig. 4 Swelling kinetics of hydrogels at 20°C

SEM analysis of hydrogels

The SEM micrographs in Fig. 6 Show that the surface mor-
phology of PEG-b-Poly (NIPAM-co-AMPSA) gels prepared
at 25°C markedly changes with AMPS contents in the feed
composition. The roughness and porosity on the surface of the
gels decreases as it have high water retention properties. The
roughness and pore size decrease due to intramolecular inter-
action between AMPSA and PEG present in the hydrogels.
Therefore, hydrogels display swelling and shrinkage behavior
due to presence of pores in the gels and water molecules can
easily diffuse in or out of the samples. This behavior is
predominant for the sample having AMPSA content in the
feed composition less than 6 mol%.

Network structure analysis

For the characterization of the network structure, the
equilibrium-swelling ratio of ionic hydrogel was evaluated
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Fig. 5 Deswelling kinetics of hydrogels in the temperature range of 20
to 60 °C
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Fig. 6 SEM Images a HG-100 b HG-102 ¢ HG-106
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to determine the molecular weight between cross-links (M,).
The swelling experiments were done gravimetrically until a
constant swelling value was attained for the samples. The
volume fraction of polymer (V,,,) and the equilibrium vol-
ume swelling (Q,) were calculated by Egs. 1 and 2. The
Flory-Rehner equation [27] of swelling equilibrium for ionic

hydrogel is used for calculation of M.

Vi 12 Vom i
ln(l — Vzm) + V2m +ZV22m +% |:V23W‘V23’ _%:| B Vl%: 0

(3)

Where V>, is the volume fraction of the polymer in the
equilibrium swollen hydrogel; x is the polymer-solvent
interaction parameter; p is the density of the polymer net-
work; V5, is the volume fraction of the polymer network
after preparation; 7, and V, are the molar volume of the
solvent and polymer repeating units respectively; f; is the
molar fraction of charged units in the network.

Wi (=) 1 oV [ doe ]
- ——— =+ |3V = =
vz, Vi VY M T,
(4)
The Eq. 4 is simplified to a linear equation like,
B
A=y+— (5)

M.

The swelling data of hydrogels are used to plot the graph
between A and B from Eq. 5 (Fig. 7). The M,z and X values
are obtained from the slope and intercept of straight line are
listed in Table 1.

HG-110 HG-110
HG-106

HG-100 HG-106
HG-102

* 0 X »

0.8

0.6

04 -

Fig. 7 Determination of the Mg and X of the hydrogels from swelling
data
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Table 1 Network parameters, enthalpy and entropy of the hydrogels with different AMPSA content

Sample M g (g/mol) Mer (g/mol) N x AH (J/mol) AS (J/mol.K) AG (J/mol)
HG-100 3.4x10* 1.15x10% 1.5x10° 0.495 -878.74 —4.56 480.14
HG-102 2.5%10* 1.19x10* 1.1x10° 0.503 -614.1 —4.49 723.92
HG-106 1.2x10* 1.2x10* 5.3x10% 0.507 -113.38 —-4.25 1153.12
HG-110 1.02x10* 1.23x10% 4.5%10° 0.508 -92.38 —4.24 1171.14

The number of segments between the crosslinked points

(N) were calculated as [28]:
_ M
P

(6)

Where v, is the molar volume of a segment, which is
taken as the molar volume of water (18 mL/mol).

It is assumed that all crosslinker molecules (MBA)
participate in forming effective crosslins during prepara-
tion of hydrogels. The theoritical M, value of hydrogels
were calculated as [29]:

_ oV
=,

cT (7)

Where X is the crosslinker ratio i.e. mole of crosslinker/
mole of monomers.

The results obtained show that the M,z and x values are
affected by the amount of AMPSA present in hydrogels. An
increasing mole fraction of AMPSA in the feed composi-
tion, the M,z and N values decrease i.e. cross-links density
increases as shown in Fig. 8. This behavior can be explained
as ion pairs attract each other due to dipole-dipole interac-
tion and physical cross-links in the hydrogels thus, cross-
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Fig. 8 Variation of cross-linking density N with the AMPSA content
in hydrogels(f;)

link density increases. The behavior is simillar to results
reported elsewhere by different authors [30, 31]. The exper-
imental results are supported by the decrease in pore size of
hydrogels with increasing AMPSA content in the feed com-
position as shown in SEM micrograph Fig. 6. The theoritical
Mg values for hydrogels HG-100 & HG-102 are higher than
their experimental values, which indicate that the crosslinker
are wested during polymerzation reaction. Figure 9 is the
schematic representation of cross-linked hydrogels (a) is the
lightly cross-linked (b) is the highly cross-linked.

Polymer-solvent interaction parameter

The polymer-solvent interaction parameter (X) is one of the
basic structural parameter of hydrogels. This parameter
depends on various factors i.e. temperature, nature of poly-
mer chains and solvent. The temperature dependence
polymer-solvent interaction parameter () can be calculated
from the Flory-Rehner equation by using swelling data of
hydrogels at different temperatures and expressed as a series
expansion in power of the cross-linked polymer volume
fraction (V>,,) .

Z:Z1+ZZV2m+Z3V22m+ ............... (8)

Where the coefficient x;X» and x, are the function of
temperature and the molecular characteristics of polymer-
solvent system. At low temperature that is for high
swelling ratio x is reduce to x; and x; is given by
equation as [32].

_AG AH-TAS o)
 RT RT

Where AG, AH, AS are the change in the free energy,
enthalpy and entropy of hydrogels in water.

The variation of X parameter as a function of 1/T for
different hydrogels is shown in Fig. 10. The x values of all
hydrogels at low temperature are located around 0.5. This
assumes that the hydration of hydrogels depends on the
hydrogen bonding interaction between water molecules
and amide groups, thus the enthalpy and entropy contribu-
tion to ¥ parameter is constant.

The values of AH and AS appearing in the x; parameter
were calculated from the slope and intercept of straight line

X1
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Fig. 9 a Lightly cross-linked a

Hydrogels, b Highly cross- —
linked hydrogels M

FREE VOLUME [ > Efficient Cross-links — |

obtained between x vs 1/T at low temperature for all hydro-
gels. The values of AH and AS are given in Table 1. The
negative values of enthalpy and entropy of hydrogels char-
acterized that the polymer solvent system possesses the
lower critical solution temperature (LCST) [33]. The value
of enthalpy decreases with increasing AMPSA content in
the feed composition where as entropy values slightly de-
crease and free energy values are increased. Thus, the en-
thalpy is the factor that controlled the temperature
sensitivity of hydrogels.

Conclusions

The temperature sensitive characteristics of the aqueous
solution of the PEG-b-(NIPAM-co-AMPSA) polymeric
hydrogel were studied. The swelling ratio, volume transition
temperature and breadth of the phase transition of PEG-b-
NIPAM hydrogel are higher than the pure NIPAM hydrogel
[13]. Further, the incorporation of hydrophilic AMPSA in
the polymer chains has increased these properties signifi-
cantly. The increasing in VPT-T was attributed to the dis-
continuous isopropyl amide pendant groups of P (NIPAM-
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Fig. 10 x parameter as a function of inverse temperature (1/T)
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co-AMPS) backbone in the hydrogel matrix. This effect is
important in potential applications such as biomedical devices
and in reversible systems. The experimental swelling data of
hydrogels at different temperatures in water is in good agree-
ment with the modified Flory—Rehner approach based on the
affine network model. The M. and N values decrease i.e.
cross-links density increases with increasing AMPSA content
in the feed composition of the hydrogels and this result is
supported by decrease in pore size of hydrgels in the SEM
images. In addition, this approach signifies that the sensitive
dependence of the x parameter on both the polymer volume
fraction and temperature is taken into account.
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