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ABSTRACT: Three series of novel semi-interpenetrating
polymer networks, based on crosslinked poly(N-isopropy-
lacrylamide), PNIPA, and different amounts of the linear
poly(N-vinylpyrrolidone), PVP, were synthesized to
improve the mechanical properties and thermal response
of PNIPA gels. The effect of the incorporation of the linear
PVP into the temperature responsive networks on the tem-
perature-induced transition, swelling/deswelling behavior,
and mechanical properties was studied. Polymer networks
with four different crosslinking densities were prepared
with varying molar ratios (25/1 to 100/1) of the monomer
(N-isopropylacrylamide) to the crosslinker (N,N0-methyle-
nebisacrylamide). The hydrogels were characterized by
determination of the equilibrium degree of swelling, the
dynamic shear modulus and the effective crosslinking

density, as well as tensile strength and elongation at break.
Furthermore, the deswelling kinetics of the hydrogels was
studied by measuring their water retention capacity. The
inclusion of the linear hydrophilic PVP in the PNIPA net-
works increased the equilibrium degree of swelling. The
tensile strength of the semi-interpenetrating networks
(SIPNs) reinforced with linear PVP was higher than that of
the PNIPA networks. The elongation at break of these
SIPNs varied between 22% and 55%, which are 22 – 41%
larger than those for pure PNIPA networks. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 113: 1593–1603, 2009

Key words: thermosensitive hydrogels; semi-interpenetrating
networks (semi-IPN); swelling/deswelling kinetics; mechani-
cal properties

INTRODUCTION

A polymer hydrogel consists of an elastic crosslinked
polymer network capable of absorbing and retaining
large amounts of water in the interstitial space of the
network.1,2 Because of their high water contents and
soft consistency, hydrogels more than any other class
of synthetic biomaterials resemble natural living tis-
sue.3 For this reason, polymer hydrogels were pro-
jected for a large number of various applications in
medicine as well as in pharmacy. Stimuli-sensitive
hydrogels offer great possibilities for different uses
since the physicochemical and mechanical properties
can be controlled by the change of some external
parameters, such as pH, temperature, ionic strength,
and electric field. Some of the important applications
of hydrogels are as biomedical materials for soft con-
tact lenses, artificial skin, and muscles, immobiliza-
tion of bioactive substances such as enzymes and
drugs, immobilization of microorganisms, wound

and burn dressing, in separation processes, sensors,
actuators.4

Polymers that respond to external chemical and
physical stimuli have recently attracted a lot of scienti-
fic attention and interest in their technical applications.
Hydrogels based on crosslinked poly(N-isopropyla-
crylamide), PNIPA, are known to exhibit a volume
transition at about 34�C.5 This is slightly higher than
the lower critical solution temperature (LCST � 32�C)
of the linear polymer in aqueous solution. Linear
PNIPA polymers exhibit a sharp conformation transi-
tion in water by releasing structured water molecules
around the polymer chains. In PNIPA hydrogels, the
volume transition is induced by the cooperative dehy-
dration of the hydrophobic isopropyl groups in the
main chain, coupled with the entropic force of the
chains, which shrinks the gel. The volume transition
of PNIPA depends on the ratio of the hydrophilicity
of the amide groups and the hydrophobicity of the
isopropyl groups, which changes with temperature.
The main disadvantages of PNIPA hydrogels are a

slow response to temperature changes and their rela-
tively low mechanical strength, which limit their util-
ity in many fields. Fast responses are required for
some specific applications, such as chemical sensors
and artificial organs. For example, polymer gels used
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for artificial muscles have to exhibit moduli compara-
ble with those found in living systems (0.2–1 MPa) for
power generation and fast response rate (<10 ms).
These target values of modulus and response rate
could be achieved by molecular design and synthesis
of polymer gels with improved mechanical properties
and faster swelling–shrinking deformation. Many
investigators have made significant efforts to develop
thermally sensitive PNIPA hydrogels with fast
shrink/swell behavior. Kaneko et al.6 suggested an
acceleration of the thermoresponsive gel swelling–
deswelling changes through a modification of the
molecular structure by incorporation of poly(ethylene
oxide) graft chains into the PNIPA network. Hydro-
philic PEO graft chains with freely mobile ends form
channels for water molecules within the skin layer,
which permits water release and increases the
response rate compared to conventional PNIPA gels.
Çaykara et al.7 studied the effect of poly(ethylene gly-
col) as a pore-forming agent on the synthesis of
PNIPA macroporous hydrogels and the swelling–
deswelling kinetics. Incorporation of a linear polymer
into the PNIPA hydrogel networks can also greatly
increase the response rate. Many other methods for
enhancing the temperature sensitivity of hydrogels
are well known in the literature, such as cold-treat-
ment of the gel network, synthesis of the gels in aque-
ous glucose solution,8 polymerization/crosslinking in
mixed solvents, and the phase separation technique
carried out at a temperature above the LCST.9 Geever
et al.10 reported on the physically crosslinked com-
plexes of poly(N-vinylpyrrolidone), PVP, and PNIPA
random copolymer, prepared by photopolymeriza-
tion, as matrices for controlled drug-delivery systems.
Unfortunately, some modifications also have unfavor-
able effects, such as loss of mechanical strength.

Hydrogels based on PNIPA are too weak and frag-
ile to withstand the high levels of stress and strain
required for various applications. Many approaches
have been considered to solve the problem of the
poor mechanical properties of the gels, such as chang-
ing the type and concentration of the crosslinking
agent, using special comonomers or altering their
compositions11 and optimizing the polymerization
conditions (temperature, reaction time, type, and
amount of the solvent). Of these attempts, better
mechanical properties could be achieved by increas-
ing the crosslinking density,12 using hydrophobic
co-monomer,13 or by synthesis of full or semi-inter-
penetrating networks (SIPNs),14–18 as well as using
inorganic clay instead of an organic crosslinker to pre-
pare nanocomposite hydrogels.19,20

Responsive hydrogels may have useful applica-
tions in mechanical devices but their relatively low
strength, because of the reduced concentration of
network chains in the swollen state, lack of intermo-
lecular bonding, and short relaxation times during

crack propagation, considerably affect their utility.
An ideal PNIPA hydrogel would have the high
strength and toughness, high swelling ratio and fast
deswelling rate, achieved simultaneously. A high
molecular weight linear component in SIPN introdu-
ces entanglements and reinforces the networks and
may also affect the solvent polymer interactions and
change the responsiveness of a gel. The addition of
linear chains was found to reduce the fragility of the
swollen gels.18 Two factors were found to contribute
to the gel strength: the concentration of chains per
unit volume, which is related to the degree of swel-
ling, and the entanglement effect, which is supposed
to retard crack propagation. The chemical structure
of the linear polymer chains plays an important role
in modifying the swelling behavior and mechanical
properties of hydrogels. Hydrogels reinforced with a
linear hydrophilic polymer absorb a large amount of
water and, therefore, have a high degree of swelling,
while a hydrophobic copolymer decreases the
degree of swelling and simultaneously improves the
mechanical properties. In our previous article, it was
shown that semi-interpenetrating PNIPA networks
reinforced with cationic and nonionic polyacryl-
amide exhibited better mechanical properties
because of lower swelling and thus, higher concen-
tration of chains per unit volume.18

Most data on the strength of gels found in litera-
ture were obtained in the compression mode and at
a fixed degree of swelling, usually lower than the
equilibrium degree of swelling. If a gel would serve
as a device, which releases water upon shrinkage
and picks up water during expansion reversibly,
then it has to be permanently immersed in water.
This also means that it would reach a maximum
swelling in equilibrium. Comparison of gels in the
equilibrium state at different degrees of swelling is
important for understanding operation of the devi-
ces based on these gels.
The objective of this study was to optimize the

structure and properties of thermoresponsive hydro-
gels by using SIPNs and increase the tensile strength
and modulus as well as improve the swelling/shrink-
ing thermal response. Four series of SIPN gels with
different crosslinking densities were prepared with
N-isopropylacrylamide (NIPA)/N,N0-methylenebisa-
crylamide (MBA) ratios 25 : 1; 50 : 1; 75 : 1 and 100 : 1.
Each series of SIPNs were prepared in 1, 2 and 3 wt %
solution of PVP and the references were pure PNIPA
gels, making 16 samples in total. PVP was used
because of high hydrophilic character, high molecular
weight, and some useful properties. It is known that
linear PVP besides having good physiological inertia
and biocompatibility with the human body has the
ability to bind reversibly to various molecules, such
as dyes, metals, and some polymers by forming asso-
ciation complexes.21 Zhuang et al.22 reported that
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PNIPA/PVP interpenetrating networks were promis-
ing materials for enhancing the solubilization of drugs
and the development of a long-term controlled release
system. The hydrogels were synthesized by free radi-
cal polymerization in aqueous media as described in
literature.23,24 The SIPNs and PNIPA hydrogels were
characterized by determining the equilibrium degree
of swelling at 25�C, the dynamic shear modulus and
the effective crosslinking density, as well as tensile
strength and elongation at break at maximum swel-
ling. Furthermore, scanning electron microscopy
(SEM) was used to investigate the morphology of the
PNIPA and SIPNs hydrogels. Kinetics of swelling was
used to estimate the responsiveness of the gels.

EXPERIMENTAL

Materials

NIPA was obtained from Acros Organics (New Jer-
sey, USA), and purified by recrystallization from
benzene/n-hexane (35/75). PVP, Mw ¼ 1.3�106 g/
mol, MBA as the crosslinker, ammonium persulfate
as the redox initiator, N,N,N0,N0-tetramethylethylene-
diamine (TEMED) as the accelerator were purchased
from Fluka, Sigma-Aldrich (Germany), and used as
received.

Synthesis

SIPN hydrogels based on crosslinked PNIPA and
various amounts of the linear PVP, were synthesized
using the following procedure. PVP solutions (from
1 to 3 wt %) were prepared by mixing the appropri-
ate amount of polymer and water at 80�C and
stirred until the polymer was completely dissolved.
Two grams of NIPA (0.0177 mol) and the required

amount of MBA were added to 20 mL of PVP solu-
tion. The reaction mixture was bubbled with the
nitrogen for 30 min at � 4�C. After the addition of
0.2 mL of ammonium persulfate (freshly prepared
10 wt % aqueous solution) and 4.8 lL of TEMED,
the polymerization was carried out at � 4�C for 24 h
in a glass molds (12.5 cm � 12.5 cm plates) sepa-
rated by a 2-mm thick rubber gasket. The amount of
MBA was varied to obtain polymer networks with
four different crosslinking densities (molar ratio of
NIPA to MBA from 25/1 to 100/1).

Sample designations

In this article, the samples are designated as SIPNs or
PNIPA, for semi-IPNs and pure PNIPA hydrogels,
respectively, with different molar ratio NIPA to MBA
from 25/1 to 100/1. Designations 1–3 wt % refer to
the concentration of linear PVP polymer in aqueous
solution during synthesis. At the same time, the con-
centration of NIPA gel was kept constant at 10%.
Thus, the relative amount of PVP in SIPN gels in
water were 10 parts of NIPA and 1, 2, or 3 parts of
PVP or the concentration of linear chains relative to
the network chains varied from about 9 wt % (1%) to
about 23 wt % (3%). The sample composition and des-
ignations are summarized in Table I.

Characterization

Disk-shaped specimens of 1 cm diameter were incu-
bated in distilled water and swollen to equilibrium
for at least 4 days. The degrees of swelling, Q, in the
temperature range from 22 to 45�C were measured
gravimetrically after removal of the excess surface
water with filter paper. The average value of five

TABLE I
Some Structural and Physical Characteristics of the PNIPA and SIPN Hydrogels in their Equilibrium Swollen State

Sample
Equilibrium

degree of swelling,
Qe

SIPN in the
swollen state

(%)

PNIPA in the
swollen state

(%) u
k � 103

(min�1) LCSTPNIPA / MBA
PVP

(wt %)

25/1 0 7.2 13.54 13.54 0.131 10.99 34.0
50/1 0 9.5 10.33 10.33 0.100 13.81 32.7
75/1 0 11.4 8.59 8.59 0.083 10.9 31.4

100/1 0 12.2 8.05 8.05 0.078 10.16 33.9
25/1 1 6.7 14.89 13.54 0.131 3.57 32.4
50/1 1 9.4 10.62 9.66 0.094 3.88 32.2
75/1 1 13.6 7.36 6.67 0.064 3.80 32.4

100/1 1 14.9 6.70 6.09 0.059 3.97 32.7
25/1 2 9.6 10.49 8.72 0.085 3.71 32.4
50/1 2 12.2 8.17 6.82 0.066 4.21 31.0
75/1 2 15.2 6.61 5.51 0.053 4.18 29.8

100/1 2 16.8 6.01 5.02 0.048 3.69 32.0
25/1 3 10.2 9.86 7.52 0.073 5.05 32.1
50/1 3 12.7 7.82 6.01 0.058 4.26 31.0
75/1 3 14.3 6.99 5.38 0.052 3.84 30.7

100/1 3 14.9 6.70 5.14 0.050 3.91 31.7
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measurements was taken for each sample. The
degree of swelling, Q, was calculated as:

Q ¼ mt=md (1)

where mt is the weight of the polymer specimen swol-
len at time t, and md is the weight of the dry hydrogel.

Measurements of the kinetics of deswelling were per-
formed gravimetrically at 40�C with hydrogels previ-
ously swollen to equilibrium in distilled water at 25�C.
The weight changes of the hydrogels were recorded
during the course of the deswelling process at different
times. Water retention (WR) can be defined as:

WR ½%� ¼ 100 �Wt=We ¼ 100 ðmt �mdÞ=ðme �mdÞ
(2)

where Wt and We are the weight of water at time t
and in the equilibrium swollen state, respectively.

The viscoelastic properties of the hydrogels were
studied using a Rheometrics, model ‘‘RMS 605’’
mechanical spectrometer operating in the shear
mode. The diameter of the plates was 25 mm and
the gap between the two parallel plates was around
3 mm. The storage modulus, G0, the loss modulus,
G00, and the loss tangent, tan d were analyzed as a
function of frequency (varied from 0.1 to 100 rad/s)
and the amount of PVP, at a shear strain of 10%.

To measure tensile properties, the hydrogels were
cut in their equilibrium swollen state into 70 mm �
5 mm strips. A 10 N load cell was used with the strain
rate set at 10 mm/min. The swollen hydrogel samples
were fixed on the paper frame and mounted in the
jaws of the tensile tester, with gauge length of 50 mm.
The initial dimensions and length of the hydrogel
were measured to obtain cross-section area and the
percent of strain. The tensile strength, elongation at
break, and elastic modulus of the synthesized hydro-
gels, were measured on at least five specimens.

The morphology of hydrogel samples was exam-
ined with a scanning electron microscope (SEM, JEOL
JSM-5800). To conserve the structure of the hydrogel
without collapse, each sample was rapidly frozen and
subsequently freeze-dried for 24 h under vacuum at
�40�C. The freeze-dried pieces were plunged into liq-
uid nitrogen and carefully cut with a scalpel to
observe the interior morphology of the gels. Finally,
the samples were rotationally coated with a thin layer
of Pd-Pt alloy and the microstructure was imaged in
the SEM at an acceleration voltage of 20 kV.

RESULTS AND DISCUSSION

Structure of PNIPA and the SIPNs

Three series of polymer SIPNs and one series of
PNIPA networks with four different crosslinking
densities were synthesized by varying the NIPA to

MBA molar ratio from 25/1 to 100/1. In the equi-
librium swollen state, the content of crosslinked
PNIPA in hydrogels varied in the range from 5.0
to 13.5 wt %, whereas the concentration of semi-
interpenetrating polymer network in water including
linear PVP was in the range from 6.0 to 14.9,
depending on the degree of crosslinking. (Table I).

Morphology of PNIPA and SIPNs

The interior matrix structure of solid samples of the
PNIPA and SIPNs with linear PVP chains was ana-
lyzed by SEM. Representative SEM microphoto-
graphs of the hydrogels, presented as a function of
the crosslinking density and the amount of linear
PVP incorporated in the hydrogels, are shown in
Figure 1(a,b). The samples retained the porous struc-
ture that they had in the swollen state because of the
employed freeze drying method. It can be seen from
the micrographs that SIPNs and PNIPA hydrogels
had a similar morphology characterized by a broad
polydispersity of three-dimensional pores and very
thin pore walls. The pore sizes of the prepared
SIPNs and PNIPA hydrogels were in the range from
40 to 90 lm and irregular, as evidenced by the large
standard deviation, in the range from 13 to 30 lm.
The SEM microphotographs revealed a tendency for

the pore size of the SIPN networks to decrease with
increasing amount of added linear PVP in almost all
cases, but unambiguous conclusion could not be
given, because of the large irregularity and polydis-
persity of the pore sizes. The pore sizes in the PNIPA
hydrogel (NIPA/MBA 75/1) were found to be irregu-
lar with an average value 62 � 17 lm in diameter,
whereas the SIPN hydrogel with 3 wt % PVP (NIPA/
MBA 75/1) had the smallest pore sizes of about 47 �
13 lm in diameter. It is well established that the main
factor controlling the rate of water diffusion during
deswelling is the structure of the matrix, i.e., the num-
ber and size of the channels into which water diffuses.
Increasing the content of crosslinker also led to a

reduction in the average pore size of the hydrogel net-
works. The structure of the hydrogel with the highest
degree of crosslinking (NIPA/MBA, 25/1) was com-
pletely irregular, consisting of areas with very large
channels and other areas with a very large number of
small pores. These networks exhibited a very fast
response to the temperature change, manifested as
the volume shrinkage during the deswelling process.
For the other PNIPA hydrogels, decreasing the cross-
linking density caused an increase in the pore size in
the range from 64 to 80 lm; whereas for the SIPNs
with 3 wt %, the increase was in the range from 40 to
60 lm. Despite larger channels, the rates of deswelling
of these hydrogels were lower, possibly because of
lower entropic forces at lower concentration of chains
in the gels (higher swelling).
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Degree of swelling of PNIPA and the SIPNs

The equilibrium degree of swelling of PNIPA and the
SIPN hydrogels as a function of the crosslinking den-
sity and weight content of linear hydrophilic PVP in
water at 25�C, is shown in Figure 2. Each point repre-
sents the average from five measurements.

The SIPN hydrogels had higher swelling ratios
than the PNIPA hydrogels at temperatures below
the LCST. As the NIPA/MBA molar ratio increased
from 25/1 to 100/1, the degree of swelling of the
PNIPA hydrogels increased from 7 to 12.

The degree of swelling of the SIPNs series increased
20 to 42% with increasing content of linear hydrophilic
PVP in the hydrogels from 0 to 3 wt %. In the presence
of 3 wt % PVP, a small decline of the degree of swelling
in the samples with 75/1 and 100/1 the NIPA/MBA
molar ratio is observed, which could be the conse-
quence of a higher crosslinking density of the gel, due
to the reinforcement caused by entanglements, and the
different structure of the matrix, i.e., the number and
size of the pores. These results showed that the effect
of the chemical composition and structure of SIPNs on
the swelling of the hydrogels was complex. In addition
to the morphology of a hydrogel and the contribution
of reinforcement, the swelling behavior also depends
on the effective interaction parameter, vef, which
includes solvent/network, solvent/linear chain, and
linear chain/network interaction parameters.25

Thermoresponse of PNIPA and SIPNs

The equilibrium degree of swelling of PNIPA and
SIPNs with PVP were determined at different tem-
peratures, in the range from 25�C and 40�C. The
thermoresponse of the PNIPA and SIPN hydrogels

is illustrated with SIPNs with the highest crosslink-
ing density and different concentration of PVP, Fig-
ure 3(a), and SIPNs gels of different crosslinking
density, Figure 3(b). It can be seen that the equilib-
rium degree of swelling increased with increasing
concentration of PVP but the volume phase transi-
tion was less sharp, i.e., the weight loss was more
gradual. The more gradual temperature-induced vol-
ume transition in the presence of the hydrophilic
PVP can be assigned to better solvation of the poly-
mer network chains due to the stronger interaction
between the PVP chains and water molecules. It
appears that PVP was holding water during the
transition. The LCSTs were estimated from the
inflection points on the equilibrium swelling degree
vs. temperature curves and the values are presented

Figure 2 Equilibrium degree of swelling of the PNIPA
and SIPN hydrogels as a function of PVP concentration at
different NIPA/MBA molar ratios.

Figure 1 SEM images of hydrogels with (a) 0, 1, 2, and 3 wt % PVP, with a NIPA/MBA molar ratio of 75/1 and
(b) with 3 wt % PVP and different NIPA/MBA molar ratios (bar ¼ 200 lm).
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in Table I. The temperature-dependent volume
phase transition for the PNIPA hydrogels was in the
range from 31.5 to 34�C, which is very close to the
value reported earlier.26 In addition, it is known that
the LCST of PNIPA-type gels can be adjusted to
near human body temperature by copolymerization
or utilization of additives, which makes them suita-
ble for in vivo applications. The results showed that
the presence of linear hydrophilic PVP in the SIPNs
slightly decreases the value of the LCST. They were
in agreement with the results of Shin et al.27, who
reported that the LCST of SIPNs decreased with the
incorporation of a hydrophilic polymer, because of
intermolecular interaction, such as hydrogen bond-
ing. The hydrogen bonding protected PNIPA from
exposure to water and this resulted in a significant
hydrophobic contribution to the LCST. As the tem-
perature was raised above the LCST (Fig. 3), the
degree of swelling decreased sharply, indicating the

occurrence of phase separation and volume change.
At temperatures above the LCST, the degree of swel-
ling of the SIPNs and PNIPA hydrogels was almost
constant (at about 2–3) because the hydrophobicity
became dominant.
The effect of the crosslinking density of the polymer

network on the LCST was not so evident, due to the
superposition of the effects of incorporation of the
hydrophilic PVP and the increase of the crosslinking
density. It was assumed that in the presence of linear
PVP in the reaction mixture, phase separation of the
formed interpenetrating networks occurred during
the crosslinking reaction, leading to a heterogeneous
structure, which plays major role in the thermal sensi-
tive response of hydrogels.
From the obtained results, it was concluded that

only the degree of swelling could be controlled by
incorporation of the linear hydrophilic PVP in
PNIPA hydrogels, while at the same time, there was
only a small change in the LCST. This is an advant-
age for SIPNs with PVP and makes them candidates
for many different applications.

Dynamics of water sorption

Measurements of water uptake of PNIPA and SIPNs
were carried out on punched hydrogel samples after
they had been dried in a vacuum oven at 60�C to
constant weight, to determine the swelling rate con-
stants at 25�C.
The water uptake data were analyzed using a first

order kinetic equation28:

ln½We=ðWe �WtÞ� ¼ kt (3)

where We is the water uptake at equilibrium, Wt is
the water uptake at time t and k is the rate constant.
To put into prospective the results of this calcula-

tion let us first explain the definition of water uptake.
If we define the rate of water absorption as dQ/dt, i.e.,
the amount of water absorbed per unit time, then the
fastest water uptake is in samples with lower cross-
linking density in all series. However, in eq. (3), this
rate is divided by the final water uptake producing a
relative water uptake, reducing more the values for
samples with higher degree of swelling. In this case,
the dependence on crosslinking density may change
as shown in Table I. The values of the swelling rate
constant, k, of PNIPA and the SIPNs in water given in
Table I show an increase in the swelling rate with
increasing content of crosslinker in all four series
PNIPA and SIPNs hydrogels, which is consistent with
previous studies on PNIPA hydrogels.29

The rate of water uptake was the highest for the
PNIPA hydrogels without linear polymer. However,
addition of 1% PVP reduces significantly the water
uptake, and then increases with increasing PVP

Figure 3 Equilibrium degree of swelling as a function of
temperature for (a) samples at different PVP concentra-
tions and molar ratio NIPA/MBA 25/1 (insertion: deriva-
tive of Q vs. temperature) and (b) SIPN with 1 wt % of
PVP and different crosslinking densities.
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content as shown in Figure 4. Such behavior may be
linked to the macroporosity of the samples, which is
affected in a different way by drying of gels with
different PVP contents prior the test.

Deswelling experiments

The deswelling tests were performed on samples that
had been previously equilibrated at ambient tempera-
ture and then quickly transferred into distilled water
at a temperature of 40�C. Surprisingly, although the
rate of swelling of PNIPA gels was the highest, their
rate of deswelling was the lowest. This was explained
by the formation of a dense surface skin layer, which
acted as a diffusion barrier, whereas PVP kept the
channels more open. The PNIPA hydrogels showed
volume shrinkage in the range from 10 to 20% within
5 min. According to the experimental data, inclusion of
the linear PVP in the hydrogel network enhanced the
thermal response of the hydrogels (Fig. 5). Consider-
ably improved deswelling kinetics and volume shrink-

age of SIPN hydrogels was achieved by the addition of
2 and 3 wt % PVP. The samples of hydrogels with
higher crosslinking densities (NIPA/MBA 25/1 and
50/1) shrunk rapidly and lost more than 70% water
within 1 min and deswelling equilibrium was achieved
within the next few minutes. The other samples
required a few hours to reach the equilibrium state.
It is well known that the processes of swelling

and deswelling or gel collapsing are diffusion con-
trolled. Their kinetics strongly depends on the size
of the gels as well as on the heterogeneity or the ma-
trix structure of the samples. It was reported that
the swelling and collapsing rate could be improved
by introducing a surfactant into PNIPA hydrogels.30

To monitor the thermal response of the SIPNs and
PNIPA hydrogels, the deswelling process in water at
a temperature of 40�C of these gels under load, seen
as linear shrinkage of gel stripes, was recorded with a
camera. The photographs of two SIPNs with molar
ratios NIPA/MBA of 25/1 and 75/1 reinforced with

Figure 5 Deswelling kinetics of PNIPA and SIPN hydro-
gels in water at 40�C as a function of crosslinking density
and the content of linear PVP at NIPA/MBA ratio 75/1 (a)
and 25/1 (b).

Figure 4 Swelling kinetics of hydrogels with different
PVP concentrations at a molar ratio NIPA/MBA 25/1 (a),
and 75/1 (b).
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3% PVP are given in Figure 6. These tests also con-
firmed that gels with high crosslinking density con-
tracted rapidly, within 1 min, whereas the other
hydrogels required 30 min to 1 h to reach their equi-
librium state.

Mechanical properties of PNIPA and SIPNs

Dynamic mechanical properties of the PNIPA and
SIPN series of hydrogels in the swollen state were
investigated by measuring the shear storage (G0) and
loss modulus (G00) at room temperature (Table II). For
all SIPN hydrogels, the equilibrium shear storage G0

values varied in the range from 3.0 to 20.5 kPa. The
equilibrium shear storage modulus G0 values of the
hydrogels were greater than the G00 values, indicating
that the synthesized interpenetrating hydrogels were
soft viscoelastic solids. The plateau values of the loss
modus, G00, are about 1 – 4% of G0. Significantly larger
G0 than G00 values are indicative of a well-developed
crosslinked structure of hydrogels.31 In all the series,
storage G0 modulus of the SIPNs and PNIPA
decreased with decreasing crosslinking density. The
values of G0, the reduced storage modulus, G0

red, the
apparent crosslinking density and the efficiency of
crosslinking are presented in Table II.

Modulus of gels decreases with the degree of
swelling and for comparison it should be reduced to
the dry state. The shear modulus in a swollen state
Gswollen is related to the shear modulus in the dry
state, Gred, and volume fraction of polymer, u, or
degree of swelling (Q¼1/u), by32,33:

Gswollen ¼ Gred u
1=3 ¼ GredQ

�1=3 (4)

Equation (4) is based purely on geometrical con-
siderations that at lower concentrations the number
of strands per unit volume decreases. However, the
competing effect of higher stretching of strands at
lower concentrations changes the relationship, and
the scaling exponent may vary with polymer-solvent
interaction. For swelling in athermal solvent G was
found to be scaling with Q�1.75 but other exponents
may be applicable for different solvent qualities.34

Instead of equilibrium shear modulus, we used stor-
age shear modulus G0 as a first approximation.
The dependence of G0 on the volume fraction of

PNIPA showed different slopes, in double-logarith-
mic G0-u plots. The exponent obtained for PNIPA and
the three series of SIPNs was in the range of –2.46 to –
0.29 (PNIPA, –2.46; SIPN-1, –1.94; SIPN-2, –1.24;
SIPN-3, –0.29) for a relatively narrow range of equilib-
rium degrees of swelling Q (6.7–16.8). For all the

Figure 6 Photographs of the contraction of SIPNs strips with 3 wt % PVP in water, at 40�C under a load of 2 g. Upper
row- NIPA/MBA molar ratio 75/1; lower row: and NIPA/MBA ¼ 25/1. Numbers designate time in minutes. [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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samples of the prepared hydrogels with various
crosslinking densities and degrees of swelling, the de-
pendence of G0 on the volume fraction of PNIPA in
the swollen state could be presented as a single curve
with an exponent –1.25, i.e. G0

red ¼ G0
swollen/ u1.25 ¼

G0
swollen /(1/Q)1.25. Hence, this value of the exponent

was used in eq. (4) for the G0
red calculations.

In our previous article on PNIPA hydrogels rein-
forced with nonionic as well as with ionic polyacryl-
amide, an exponent for the E0

red calculation was –1.19.
The extent of reinforcement obtained by the incor-

poration of linear PVP into PNIPA networks is
depicted in Figure 7. Addition of PVP does not
affect G0 for 75/1 and 100/1 significantly but causes
the reduction of G0 for gels with 25/1 and 50/1
crosslinking ratios at 2 and 3% of PVP. However
when the results are presented as G0

red vs. PVP con-
centration, then increasing modulus is observed in
all samples with 1 and 2% PVP but not at 3%.

Network parameters of the hydrogels in their
equilibrium swollen state

The apparent effective crosslinking density, nc, and
the molecular weight between crosslinks, Mc, of the
PNIPA and SIPNs hydrogels were calculated from
G0

red at 25�C. The frequency independent modulus
G0 (plateau modulus) in the swollen state corre-
sponds to the equilibrium shear modulus Ge in the
theory of rubber elasticity. If they form a homogene-
ous network of Gaussian chains, then35:

Gred ¼ FncRT ¼ F qRT =Mc (5)

where q is the polymer density (1.03 g/cm3), R is
the universal gas constant and T is the absolute tem-

perature. The front factor F is equal to 1 – 2/f for a
phantom network, where f is the functionality (f ¼ 4
for MBA). The front factor is 0.5 for a phantom net-
work and this model represents a swollen hydrogel
better than the affine model. The values of Mc calcu-
lated using a phantom network model for PNIPA
were 1.1 to 3.9 times higher than the values based
on stoichiometry.
The crosslinking efficiency of hydrogels ranged

from 0.11 to 0.92, calculated as the ratio of the exper-
imentally determined value nc to the theoretical
crosslinking density (assuming that each MBA mole-
cule formed one crosslink). Hydrogels prepared in
solution contain a large number of elastically ineffec-
tive chains because of side reactions, which occurred
in the dilute solution polymerization. It has been
suggested that crosslinker monomers are less effi-
cient in the formation of network junctions, due to
cyclization and multiple crosslinking reactions, as

TABLE II
Effect of the Structure of the Hydrogels on the crosslinking Density and crosslinking Efficiency

Sample
nc � 104

(mol/cm3)
Efficiency of
crosslinkingPNIPA /MBA PVP (wt %) G0 (kPa)a u (PNIPA) G0

red (kPa) Mc � 10�3 (g/mol) Exp. Calcd.

25/1 0 17.1 0.131 216.0 5.91 1.74 6.9 0.25
50/1 0 9.5 0.100 169.0 7.55 1.36 3.5 0.39
75/1 0 6.5 0.083 146.1 8.73 1.18 2.4 0.49

100/1 0 4.3 0.078 105.0 12.15 0.85 1.8 0.47
25/1 1 20.5 0.131 260.1 4.91 2.10 0.30
50/1 1 11.6 0.094 222.9 5.72 1.80 0.51
75/1 1 4.6 0.064 142.9 8.93 1.15 0.48

100/1 1 3.7 0.059 127.4 10.01 1.03 0.57
25/1 2 11.2 0.085 244.0 5.23 1.97 0.29
50/1 2 8.5 0.066 254.1 5.02 2.05 0.58
75/1 2 5.3 0.053 208.4 6.12 1.68 0.70

100/1 2 4.6 0.048 204.7 6.23 1.65 0.92
25/1 3 3.7 0.073 97.5 13.09 0.79 0.11
50/1 3 4.0 0.058 140.5 9.08 1.13 0.32
75/1 3 3.4 0.052 136.9 9.34 1.10 0.46

100/1 3 3.0 0.050 126.9 10.06 1.02 0.57

a Swollen to equilibrium at 25�C

Figure 7 G’red of PNIPA and SIPNs as a function of PVP
content at different crosslinking densities.
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the concentration of the crosslinker increases.21,36 In
the cyclization reaction, a cycle is formed when a
macroradical attacks the pendant vinyl groups in the
same kinetic chain; whereas in multiple crosslinking,
the macroradical attacks pendant double bonds on
other chains, which leads to the formation of highly
crosslinked regions in the final network and there-
fore greater inhomogeneity. It could be concluded
that there was an increase in crosslinking efficiency
with increasing monomer/crosslinker ratio (NIPA/
MBA). As was already reported, at low crosslinker
content, the concentration of pendant vinyl group
surrounding the growing macroradical is relatively
low and, therefore, there is a small possibility of the
occurrence of multiple crosslinking reactions, while
at higher crosslinker concentrations, the possibility
of multiple crosslinking reaction is enhanced, due to
the higher pendant group concentration and higher
MBA reactivity.37

Mechanical strength of PNIPA and SIPNs

PNIPA hydrogels exhibit very low mechanical prop-
erties and are easily ruptured by the applications of
external stresses. Therefore, they have to be reinforced
for applications where they are stretched or bent. The
mechanical properties of hydrogels are usually exam-
ined in uniaxial compression tests. There are only a
few studies on the mechanical properties of PNIPA
hydrogels in the tension mode, which would be quite
instructive for their application for artificial devi-
ces.18,38 The fracture mechanics of swollen gels was
studied by a number of authors39–41 but, to the best of
our knowledge, there is no theory relating the tensile
strength of gels, particularly interpenetrating net-
works, to the degree of swelling.

A basic tensile test method was used to evaluate
elongation at break and tensile strength, as well as
the Young’s modulus, E, of the SIPNs. The tensile
strengths of the SIPNs reinforced with hydrophilic
PVP at the equilibrium swollen state were improved
in gels with higher crosslinking density but were
virtually unchanged in gels with 75/1 and 100/1
NIPA/ MBA ratios [Fig. 8(a)]. The tensile strength of
the hydrogels depend on the crosslinking density
taking into account both chemical and physical
crosslinking (contribution of PVP entanglements),
content of polymer chains as well as on the mor-
phology of the samples. The results showed that in
SIPNs hydrogels at 75/1 and 100/1 NIPA/ MBA
ratios, the contribution of entanglements was small
due to their high degree of swelling (high degree of
swelling favor disentanglement). The results of the
break stress reduced to the dry state, ro, calculated
from the relationship r ¼ ro (1/Q)2/3 [Fig. (8b)],
showed also that the PVP reinforced the PNIPA net-
works more in networks with 25/1 and 50/1 NIPA/

MBA ratios. The exponent 2/3 simply reflects the
change of area and with increasing volume since
stress is calculated per unit area. The highest tensile
strength achieved was with 2 wt % of PVP (55 kPa).
The elongation at break of SIPNs with 25/1 and 50/1
NIPA/ MBA ratios linearly increased with increas-
ing PVP concentration, but gels with a low degree
of crosslinking showed fairly large scattering of
results and significant improvement with 1 wt % of
PVP (Fig. 9). It should be emphasized that these
results were obtained at equilibrium i.e., maximum
swollen gels, with very low concentration of net-
work chains per unit volume. Addition of PVP
made new SIPN hydrogels less fragile and allowed
easier testing in the tensile mode (samples of NIPA
gels break easily in the jaws of a tensile tester).
Tensile measurements in the present study showed

that the optimum was achieved with the presence of 1
and 2 wt % of hydrophilic PVP polymer in the hydro-
gel, while further increase in the PVP content

Figure 8 Break stress (a) and reduced break stress (b) of
hydrogels as a function of PVP content at different cross-
linking densities.
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decreased the ultimate properties due to the higher
degree of swelling.

CONCLUSIONS

Three series of novel responsive gels based on
PNIPA SIPNs and linear PVP were prepared with
the intention of improving thermal response and
mechanical properties. The results have shown that
improvement in tensile strength and elongation at
break of highly swollen gels was obtained by includ-
ing PVP, particularly in highly crosslinked systems.
Also the degree of swelling was increased but the
transition from the swollen to the collapsed state
was less sharp in the presence of PVP. The degree of
swelling below LCST considerably increased with
the addition of PVP particularly in lightly cross-
linked gels (75/1 and 100/1 NIPA/MBA). The
SIPNs hydrogels with higher crosslinking densities
(NIPA/MBA 25/1 and 50/1) exhibited rapid shrink-
ing during temperature-induced transition and lost
more than 70% water within 1 min, whereas the
PNIPA hydrogels showed a shrinkage in the range
from 10 to 20% within 5 min. These results were
strongly affected by macroscopic porosity as was
illustrated by SEM. The addition of 2 wt % linear
hydrophilic PVP into the PNIPA hydrogels provided
for improvements in thermal response and mechani-
cal properties of the traditional PNIPA hydrogels
and may have great potential application in both the
fields of biomedical and biotechnology.
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Figure 9 Elongation at break of hydrogels as a function
of PVP content and crosslinking density.
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