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a b s t r a c t

Two different types of multi-stimuli-shrinking hydrogels were synthesized (IPNs and terpolymeric
hydrogels) by properly polymerizing N-isopropylacrylamide, 2-hydroxyethyl methacrylate and 2-
acrylamido-2-methylpropanesulfonic acid in various mutual ratios and different synthetic orders. Both
classical (CP) and frontal (FP) polymerizations were used and the resulting material properties compared.
The best compositions and synthetic routes were found and the swelling, morphological and thermal
material properties were studied. The results show that some IPNs exhibit marked stimuli-shrinking
properties while some terpolymers present an opposite behavior. IPNs swell more than terpolymers
and show a sharper stimuli-response, with a larger swelling ratio variation. In addition, FP allowed
obtaining samples with the same characteristic of CP materials, but with significant preparation ad-
vantages. It has been demonstrated that by varying monomer mutual ratio, synthetic technique (FP or
CP) and structural architecture (terpolymers or IPNs), different materials having peculiar properties and
characteristics can be obtained.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer hydrogels are crosslinked materials having a tridi-
mensional and flexible structure, able to absorb and retain aqueous
solutions without dissolving. Their swelling properties depend on
the nature of monomers: the presence of hydrophilic groups, which
are able to establish hydrogen bonds with water, result in large
swelling ratios [1].

Some hydrogels are stimulus-responsive or stimulus-sensitive:
they change their volume or shape in response to environmental
changes, which are: temperature, pH, ionic strength, chemical
agents, magnetic or electric field, and light [2e5].

These materials have a wide range of applications especially in
biomedical and pharmaceutical fields, where they are used for soft
contact lens [6], artificial tendons and tissues [7], reconstruction of
cartilage [8,9], controlled drug delivery [10e13], and multi-
compartment release systems [14].

Among them, temperature-responsive and temperature-
sensitive hydrogels change their swelling volume and size
depending on the environmental temperature. Namely, while
temperature sensitive (or thermo-sensitive) hydrogels exhibit a
continuous variation in the degree of swelling as temperature
raises, temperature-responsive (thermo-responsive) ones are
characterized by a critical solution temperature at which this
change happens. For example, when temperature increases, two
different behaviors can be observed: i) in correspondence of the
lower critical solution temperature (LCST), the breaking of
waterepolymer bonding, ejection of water molecules from
hydrogel and structure shrinking occur; ii) by contrast, at the
upper critical solution temperature (UCST), the hydrogel swells as
a consequence of the most favored interactions between solvent
and polymer chains that, in turn, result in the increasing of the
polymer chain mobility [15]. This latter behavior characterizes the
so-called “thermophobic” hydrogels and is much rarer than the
first one [5].

Poly(N-isopropylacrylamide), PNIPAAm, is the most studied
thermo-responsive hydrogel and is characterized by an LCST
located at ca. 32 �C, which allows its use in various biological ap-
plications [16].

pH-responsive polymers contain pendant acidic or basic
groups that are capable of either accepting or releasing protons
in response to pH variations [10,17,18]. The rapid change in the
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Table 1
IPN polymeric materials and their composition (TEGDA ¼ 3.0 mol%).

Sample name IPN series NIPAAm (mol%) HEMA (mol%) AMPSA (mol%)

IPN-HA10 IPN-HA 50 40 10
IPN-HA15 50 35 15
IPN-HA30 50 20 30
IPN-N10 IPN-N 50 40 10
IPN-N15 50 35 15
IPN-N30 50 20 30

V. Alzari et al. / Polymer 55 (2014) 5305e53135306
net charge of pendant groups causes an alteration of the volume
between polymeric chains, which results in shrinking or
swelling.

Polyelectrolytes (polymers containing a relatively high concen-
tration of ionizable groups along the backbone chain) can be pH-
responsive as well as electro-responsive [17,19,20].

Under the influence of an electric field, electro-responsive
hydrogels shrink or swell as a function of their shape and relative
position to electrodes; this property has allowed their application
in drug delivery systems, artificial muscles or biomimetic actuators
[17,21]. Poly(2-acrylamido-2-methylpropanesulfonic acid),
PAMPSA, a well-known superabsorbent polyelectrolyte hydrogel
[22], is an example of this type of hydrogel family; it exhibits uni-
form conductivity, cohesive strength, good skin adhesion and
biocompatibility, which permit its use in electrocardiograph elec-
trodes, electrosurgical grounding pads and tackifier components of
wound dressing.

Poly(2-hydroxyethyl methacrylate), PHEMA, shows excellent
biocompatible properties: thanks to them, it is used in several ap-
plications as biomaterial, including artificial corneas [23], drug
delivery systems [24,25], artificial skin [26]. It is also worth noting
that low molecular weight PHEMA exhibits an LCST at ca. 30 �C
[27,28].

IPNs are defined as polymers comprising two or more networks
that are at least partially interlaced on a molecular scale but not
covalently bonded to each other and cannot be separated unless
chemical bonds are broken [29e31]. It is generally observed that,
usually, the first network influences the hydrogel properties more
than the second [1].

Frontal polymerization (FP) [32] is an alternative synthetic
method that allows obtaining polymer materials by a simple
reaction route, short time and low energy consumption. FP al-
lows the fast conversion of monomer into polymer by exploiting
the heat produced by the exothermicity of the polymerization
reaction. An igniting event causes the formation of a hot poly-
merization front that self-sustains and propagates throughout
the monomeric mixture. Thanks to the polymerization exother-
micity, which allows the total conversion of monomer into
polymer after the front formation, the external energy source
necessary to form it is no longer needed. Our research group
deeply studied this technique and applied it to the synthesis of
various types of polymer; in detail: polyurethanes, polyacrylates,
hydrogels, nanocomposites, in the consolidation of porous ma-
terials, in the synthesis of stimuli-responsive materials, etc. [33-
43] FP was further studied by Pojman [44e47] and Chen
[48e50].

In this work, N-isopropylacrylamide, 2-hydroxyethylmeth
acrylate and 2-acrylamido-2-methylpropane sulfonic acid were
combined to synthesize new hydrogel materials. Namely, different
synthetic methods (frontal and classical polymerization) and
structures (both IPNs and terpolymers) have been developed with
the aim of largely tuning the final properties of the resulting ma-
terials, thus allowing for their use in an increased number of po-
tential applications.

2. Experimental

2.1. Materials

N-isopropylacrylamide (NIPAAm), 2-hydroxyethylmethacrylate
(HEMA), 2-acrylamido-2-methylpropane sulfonic acid (AMPSA),
tetraethyleneglycole diacrylate (TEGDA), N-methyl-2-pyrrolidone
(NMP), ammonium persulfate (APS) and tetramethylethylenedi-
amine (TMEDA) were purchased from Sigma Aldrich and used as
received, without further purification.
2.2. Methods

2.2.1. Synthesis of IPNs

2.2.1.1. Synthesis of IPNs with P(HEMA-co-AMPSA) as first network.
The first IPNs, defined as IPN-HA, were produced by first per-
forming the polymerization of HEMA and AMPSA to obtain
P(HEMA-co-AMPSA), followed by NIPAAm homopolymer
synthesis.

A monomeric mixture of AMPSA and HEMA was prepared by
dissolving AMPSA in NMP (1 g/ml) in an ultrasonic bath for 30 min
at room temperature: then, a proper amount of HEMA (Table 1) and
crosslinker TEGDA (3 mol% respect to total amount of monomers)
were added and sonicated to complete the dissolution process.
Finally, the initiator APS (2 mol% respect to the amount of mono-
mers) was added to the mixture and dissolved with ultrasonic bath
at room temperature. The polymerization of the first network was
carried out by heating the monomeric mixture in an oven at 80 �C
for 2 h [40]. The so-obtained samplewas washed in purewater for 4
days, cut in pieces 1 cm thick and dried at room temperature.

In order to synthesize the second network, a proper amount of
NIPAAm was dissolved in distilled water (1 g of NIPAAm in 9 g of
H2O), then TEGDA and APS (3 and 0.5 mol% respect to NIPAAm
amount, respectively) were added. The mixture was stirred for
30 min under argon atmosphere. Pieces of copolymer P(HEMA-co-
AMPSA) previously synthesized were swollen in NIPAAm solution
for 48 h. Then, TMEDA (0.5 mol% respect to total amount of
NIPAAm) was dropped on the pieces and the polymerization was
carried out for 24 h at 5 �C. Overall yields were always >98%.

2.2.1.2. Synthesis of IPN with PNIPAAm as first network. The second
IPNs, defined as IPN-N, were produced by using PNIPAAm as first
network and the copolymer P(HEMA-co-AMPSA) as second one. In
order to synthesize the first network of PNIPAAm, a proper amount
of NIPAAmwas dissolved in distilled water (1 g of NIPAAm in 9 g of
H2O); then TEGDA and APS (3 and 0.5 mol% respect to the amount
of NIPAAm, respectively) were added to the solution. The mixture
was stirred for 30 min under argon atmosphere. Then, TMEDA
(0.5 mol% respect the amount of NIPAAm) was added: the poly-
merizationwas carried on for 24 h at 5 �C. The so-obtained samples
were washed in pure water for 4 days, cut in pieces 1 cm thick and
dried at room temperature.

In order to prepare the second network, the monomeric mixture
of AMPSA and HEMA was prepared by dissolving AMPSA in NMP
(1 g/ml) in an ultrasonic bath for 30min at room temperature: then,
a proper amount of HEMA (Table 1) and crosslinker TEGDA (3 mol%
respect to total amount of monomers) were added and sonicated to
complete the dissolution process. Finally, the initiator APS (2 mol%
respect to the amount of monomers) was added to the mixture and
dissolved in an ultrasonic bath at room temperature. The pieces of
PNIPAAm, previously synthesized, were swollen in this AMPSA-
HEMA solution for 48 h. Then, TMEDA (2 mol% in respect to
amount of AMPSA and HEMA monomers) was dropped on the
pieces and the polymerization was carried out for 24 h at 5 �C.
Overall yields were always >98%.
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2.2.2. Synthesis of terpolymers
A series of terpolymers was synthesized, in which the NIPAAm

was kept constant at 50 mol% and the HEMA/AMPSA ratio was
varied (40/10, 35/15, 20/30; Table 2).

In order to obtain a homogeneous masterbatch monomer so-
lution, in a common glass test tube (diameter ¼ 1.5 cm,
length ¼ 16 cm) the suitable amount of three monomers was dis-
solved in the solvent NMP and the tube was introduced in an ul-
trasonic bath (SONOREX 10 P BANDELIN) for 30 min at room
temperature, in order to facilitate the dissolution process. Then, the
crosslinker TEGDA (3 mol% respect to the total amount of mono-
mers) was added and the tube was introduced again in the soni-
cation bath to complete the dissolution process. Finally, the initiator
APS (2 mol% respect the total amount of monomers) was intro-
duced into the mixture and dissolved in an ultrasonic bath at room
temperature. This monomeric solution was divided into two
different test tubes: one was frontally polymerized, the other was
polymerized by classical polymerization. Overall yields were al-
ways >98%.

In Table 2, themonomer composition and the sample code for FP
and CP terpolymer hydrogels are reported.
2.2.2.1. Synthesis of terpolymers by FP. FP was carried out by filling
a common test tube (diameter ¼ 1.5 cm, length ¼ 16 cm) with the
monomeric solution previously obtained. A K-type thermocouple
was located at about 1 cm from the bottom of the tube and con-
nected to a digital temperature recorder (Delta Ohm 9416, ±1.0 �C),
in order to record the temperature of the front (±10 �C). FP started
by heating the external wall of the tube, in correspondence of the
upper surface of the monomeric mixture, until the formation of the
front became evident. The position of the front (easily visible
through the glass wall of test tubes) against time was also
measured (±0.2 mm). For all samples, the maximum temperature
reached by the front (Tmax) and its velocity (Vf) were measured. Pot
lives were always several hours long.
2.2.2.2. Synthesis of terpolymers by CP. CP was carried out by filling
a common test tube (diameter ¼ 1.5 cm, length ¼ 16 cm) with the
monomeric mixture and the tube was placed in an oil bath at 80 �C
for 2 h.
2.2.3. Characterization
To study the swelling behavior, after polymerization, all samples

were washed in water for several days in order to eliminate the
residual monomers and NMP, and to allow them to swell. The
swelling ratio, SR%, was calculated by applying the following
equation:

SR% ¼ Ms �Md
Md

*100

where:

- Ms represents the swollen hydrogel mass;
- Md represents the dried hydrogel mass.
Table 2
Composition of terpolymers (TEGDA ¼ 3.0 mol%; APS ¼ 2.0 mol%).

FP sample CP sample NIPAAm (mol%) HEMA (mol%) AMPSA (mol%)

FP10 CP10 50 40 10
FP15 CP15 50 35 15
FP30 CP30 50 20 30
In order to determine SR% of hydrogels in water at different
temperature, they were heated from 20 to 50 �C, by increasing the
temperature of the water in which they were immersed at a rate of
1 �C/day in a thermostatic water bath (GTR 90 ISCO) andweighed at
each temperature value.

In order to determine SR% of hydrogels inwater at different ionic
strengths, they were set in solution with different ionic strength.
Water solutions of KNO3 (Sigma Aldrich, PM 101.1) at different
molarity (0.01 M, 0.1 M and 1 M) were obtained by stirring the salt
in pure water for 10 min; the samples were weighed at each ionic
strength value.

In order to determine SR% of hydrogels at different pH values,
hydrogels were immersed in water and pH was varied from 3 to 9,
by keeping the hydrogel in a buffer solution (Sigma Aldrich) for
24 h and thenwashing it in pure water for 24 h. They were weighed
at each pH value. Buffer solutions were prepared by using various
combinations of potassium hydrogen phthalate, sodium dihy-
drogen phosphate, sodium tetraboratedecahydrate, NaOH, and HCl
and containing KNO3 at the constant concentration of 0.1 mol/L,
necessary to have a sufficiently high ionic strength.

In order to determine the Relative Change Weight, RCW%, as a
function of the variation of an electrical stimulus, the hydrogels
were cut into regular blocks (10 mm � 10 mm � 5 mm). After
weighing, each hydrogel samplewas placed between the twometal
electrodes. The voltage applied (PSU 130 LASCAR) was constant at
5, 10, 15 or 30 V and applied for 10 min. Finally, the samples were
weighed at the end of each test. The relative change weight was
calculated by applying the following equation:

RCW% ¼ 100þ
�
Mae �Mbe

Mae

�
$100

where:

- Mae is the weight of gel after electro-stimulation;
- Mbe is the weight of gel before electro-stimulation.

Differential scanning calorimetry (DSC) analyses were performed
using a DSC Q100 Waters TA Instruments calorimeter, with a TA
Universal Analysis 2000 software. Dried samples were subjected to
two DSC scans (the first from 30 to 200 �C, the second from �30 to
200 �C), with a scan rate of 30 �C/min: the first scan was performed
to determine monomer conversion, and the second one to establish
the glass transition temperature (Tg). Namely, conversions were
determined as follows. The residual polymerization in the first scans
appeared as a broad and exothermic peak, whose area gave the value
of the enthalpy of residual polymerization (DHr). Conversions were
calculated by using the following equation:

C% ¼
�
1� DHr

DHt

�
$100

whereDHr is the peak area obtained for the residual polymerization
occurred during the first thermal scan, and DHt (total) is the area
under the curve when the polymerization was carried out in the
DSC instrument.

SEM analyses of the hydrogels were executed using a Zeiss EVO
LS10. Before examination, all samples were freeze-dried and frac-
tured in liquid nitrogen and the fractured surface was coated with
gold.
3. Results and discussion

The materials studied in this work are polymeric hydrogels
made of NIPAAm, HEMA and AMPSA in various molar ratios. For a
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direct comparison, IPN's and terpolymers are characterized by the
same ratios among the three monomers.

IPN's were constituted of two different networks, one resulting
from NIPAAm polymerization and the second due to the HEMA-
AMPSA copolymerization. Two different IPN series were prepared:

i) IPN-HA: the copolymer P(HEMA-co-AMPSA) was obtained as
first network and PNIPAAm as the second;

ii) IPN-N: PNIPAAmwas prepared as first network and P(HEMA-co-
AMPSA) as the second.

In all series, in order to prepare thermo-responsive or thermo-
sensitive materials, the content of NIPAAm was always kept at
50mol%, while the ratio between HEMA and AMPSAwas allowed to
vary from between 20/30 to 40/10 mol/mol in order to tune the
other stimuli-responses. In this way, the influence of the synthetic
order and the influence of the composition on hydrogel properties
were thoroughly studied. Since not all polymerization fronts were
able to self-sustain, in order to make a comparison among them, all
IPN's were synthesized only by classical polymerization (see Table 1
for compositions).

At variance, terpolymeric hydrogels were obtained by both FP
and CP and were made by keeping the amount of NIPAAm constant
(50 mol%) and by varying the amount of the other two monomers
(see Table 2 for compositions). In this way, the influence of
monomer concentrations and synthetic technique on hydrogel
properties was deeply studied.

Pot lives were always longer than 30 min, thus allowing for a
safe monomer solution handling.

After synthesis, all obtained materials were allowed to swell in
water. Then, they were thoroughly analyzed in terms of their
stimuli-responsiveness andmorphological structure. Moreover, the
thermal properties of the dried samples were also studied.

3.1. Ionic strength response

SR% as a function of the variation of ionic strength for terpolymers
and IPNsare compared inFig.1. Allmaterials deswell as ionic strength
increases from 0 to 1, but the pattern and the degree of deswelling
depend on their composition, synthetic technique, and architecture
(IPNs or terpolymers). In particular, only some IPNs (mainly those of
the IPN-HA series) are almost totally shrunk at ionic strength equal to
1 (Fig. 1B); instead, terpolymers retain a certain amount of water. In
fact, IPNs shrunk at about 90e100% of their initial volume while
terpolymers lose only 50% of their weight. Concerning IPNs, their
deswelling behavior depends on the order used for their synthesis, in
fact, hydrogels of IPN-HA series were almost totally deswollen at
ionic strength equal to 0.1; at variance, hydrogels of IPN-N series
continue to collapse beyond this value, becoming totally shrunk at
Fig. 1. SR% as a function of ionic stren
ionic strength equal to 1. Furthermore, hydrogels belonging to IPN-
HA series are characterized by lower SR% at all ionic strength values
if compared with IPN-N's; moreover, DSR% is larger for the IPN-N
series than for the IPN-HA one. This is what expected by consid-
ering that the first network contains AMPSA, which is the monomer
that is affected most by ionic strength variations because of its ionic
nature. Indeed, it is known that, usually, the first network has a
stronger influence than the second on the hydrogel properties [1].

Terpolymer hydrogels also deswell as ionic strength increases
from 0 to 1, with a behavior that is mainly dependent on the AMPSA
content. Indeed, samples FP30 and CP30 deswell from SR% of ca.
1300 to ca. 700%, while the other samples undergo a smaller
swelling variation. On the other hand, all samples exhibit proper-
ties that are almost independent of the synthetic technique used.
However, for all terpolymers DSR% is much less pronounced if
compared with that of IPN materials.

Fig. 2 shows the reversibility of some selected terpolymer and IPN
samples as the ionic strength varies from 0 to 1. All samples are
characterized by good reversibility after three cycles. It is noteworthy
that such a behavior is more evident when the AMPSA content is
larger, while a progressive SR% decrease is observed if it is present in
smaller amount. Moreover, IPN's are characterized by slightly better
reversibility than terpolymers; this is probably due to the effect of
AMPSA, which is present in larger quantities in one of the two in-
dependent networks that constitute the IPN's as compared with its
relatively smaller amount in the terpolymer networks. Finally, it
should be noticed that no significant differences are found between
samples prepared by frontal or classical polymerization thusmaking
FP preferable because of its easier and faster protocol.

3.2. pH response

The behavior of terpolymers as a function of pH variation is
reported in Fig. 3A. The swelling is larger as the amount of AMPSA
increases; in particular, samples FP30 and CP30 present the highest
SR% at any pH value. However, the pH-dependence of these ma-
terials is very poor.

IPN-HA series was found to be slightly pH-responsive (Fig. 3B):
their DSR% along the pH range is about 400%; by contrast, IPN-N
series shows a much more evident pH sensitivity: DSR% is as high
as ca. 1600%, that is four times larger than the others. This result
confirms the importance of the network synthesis order.

Because of the poor SR% dependence on pH, the study of
reversibility was not performed.

3.3. Thermal response

The influence of the temperature variation (from 20 to 50 �C) in
terpolymers is appreciable only in the samples in which the
gth for: A) terpolymers; B) IPN's.



Fig. 2. Reversibility of selected terpolymers and IPN's by varying ionic strength from 0 to 1. a) Influence of the synthetic technique on terpolymers; b) influence of AMPSA content on
terpolymers; c) influence of AMPSA content on IPN-HA's; d) influence of AMPSA content on IPN-N's.
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amount of AMPSA is 30mol% (Fig. 4A). In fact, those having a lower
amount of AMPSA (FP and CP 10 and 15) are neither thermores-
ponsive nor thermosensitive. Interestingly, samples FP30 and
CP30 show a clear temperature-sensitive behavior: they continue
swelling as temperature increases and neither the synthetic
technique nor the monomer ratios significantly influence their
thermal behavior (Fig. 4A). About IPN materials (Fig. 4B), those
belonging to the IPN-HA series are actually not affected by tem-
perature variations. However, IPN-HA10, IPN-HA15, IPN-HA30,
which contain 10, 15 and 30 mol% of AMPSA, are characterized
by an SR% of ca. 750, 1500 and 2000, respectively, thus confirming
the dramatic effect of this monomer on the swelling properties.
Fig. 3. SR% as a function of pH for: A) terpolymers; B) IPNs. In Fig. 3
The IPN-N series was found to be thermally responsive, with an
LCST at about 30e35 �C, a value that is almost independent of the
HEMA/AMPSA ratio and corresponding to that typically exhibited
by NIPAAm homopolymer. Again, this behavior is in agreement
with the observation that the first-prepared network predomi-
nantly influences the stimulus response of the final material. It
should also be noticed that, despite of the reported PHEMA's LCST
(at ca. 30 �C [27,28]), the effect of its presence on the thermal
response seems negligible.

It is noteworthy that, by using the same monomers and also the
same ratios among them, it is possible to obtain hydrogels char-
acterized by different, or even opposite stimulus-response on the
A, the FP15 to CP15, and FP10 to CP10 data are superimposed.



Fig. 4. SR% as a function of temperature for: A) terpolymers; B) IPN's. In Fig. 4A, the FP15 to CP15, and FP10 to CP10 data are superimposed.
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basis of the synthetic order, microstructure and architecture. In fact,
the hydrogels studied in this work:

i. do not present any thermal response: terpolymers FP10,
FP15, CP10 and CP15, and samples IPN-HA; and, more
interestingly:

ii. swell: terpolymers FP30 and CP30;
iii. deswell: samples IPN-N.

The reversibility data of terpolymers and IPN-N's as tempera-
ture cyclically varies from 20 to 50 �C is reported in Fig. 5. This
temperature range was chosen because it is centered on the LCSTof
PNIPAAm (i.e., 30e32 �C). As already done for the ionic strength
dependence, also in this case the study was carried out only on the
samples showing a dependence on the parameter under exami-
nation. For this reason, the study of reversibility was not performed
on the IPN-HA series. As can be seen in Fig. 5a, terpolymer CP30,
prepared by classical polymerization, is the worst on this respect.
Actually, terpolymer FP30, which has the same composition but
was prepared by frontal polymerization, exhibits a better revers-
ibility. The reason for this difference, which was confirmed by all
the other couples of terpolymer samples (not shown), is not un-
derstood and may be of interest for a future work. The reversibility
Fig. 5. Reversibility of selected terpolymers and IPN's by varying temperature from 20 to
content on IPN-N.
of the IPN's is generally better (Fig. 5b), as one may expect by
considering that NIPAAm homopolymer, the best known ther-
moresponsive polymer, is the first of the two independent consti-
tuting networks.

3.4. Electrical response

In Fig. 6, the variation of RCW% as a function of the electrical
field is shown. As can be seen, the increase of the applied voltage
results in a deswelling of all hydrogel samples.

As a first observation, for all samples the shrinking is roughly
proportional to the voltage applied to the electrodes (from 0 to
30 V) but depends on the material.

FP30 and CP30 deswell more than the other terpolymer sam-
ples, by reaching an RCW% value of 65% (Fig. 6A). By contrast,
samples FP and CP 10 and 15 deswell by ca. 10%, only. This result
confirms the large influence of AMPSA in swelling of materials and
in their efficient response to stimuli. IPN-N materials deswell more
than those of the IPN-HA series. However, in this latter series no
significant differences were found by comparing samples having
different composition (Fig. 6B). This fact is in contrast with all the
above considerations about the influence of the first-prepared
network on the properties of the final material. Indeed, we
50 �C: a) Influence of the synthetic technique on terpolymers; b) influence of AMPSA



Fig. 6. RCW% as a function of electrical field variation for: A) terpolymers; B) IPN's.
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remind here that IPN-HA samples were prepared by synthesizing
the HEMA-AMPSA copolymer network as first. For this reason, one
should expect it to exert a stronger effect. However, if it was true,
the presence of AMPSA (which is probably the most electrically-
sensitive monomer) should result in a much larger effect. Since
this is in contrast with what experimentally found, further in-
vestigations are needed in order to clarify this point.

The data on the reversibility behavior upon application of an
electrical stimulus are reported in Fig. 7. It was generally found that
the presence of AMPSA, which is expected to be the most influ-
enced by this parameter, has a positive effect on the reversibility. In
particular, by comparing the two terpolymers FP10 and FP30, the
drop in reversibility of the first one is particularly evident (Fig. 7a) if
compared with the second. About the effect of the synthetic tech-
nique (Fig. 7b), also in this case the frontally polymerized material
exhibit a slightly better reversibility than the classically obtained
one. About IPN's, at variance to the previous cases, RCW% becomes
smaller as the number of electrical applications increases.

3.5. Morphological analysis

SEM analysis of hydrogel samples was carried out in order to
investigate the surface morphology of samples and to find differ-
ences or analogies among samples obtained by different synthetic
techniques (FP and CP), or samples with different monomer ratio
and architecture.
Fig. 7. Reversibility of selected terpolymers and IPN's by varying the voltage applied to the e
of synthetic technique on terpolymers; c) influence of AMPSA content and synthetic order
It was found that the morphology of all terpolymers is very
similar, regardless of the synthetic technique and their composition.
As an example, the SEM image of FP30 sample is shown in Fig. 8.

At variance, different results were found for IPN's (Fig. 9); in fact,
the order of network synthesis resulted in significant differences in
hydrogel morphology; namely, all samples belonging to the IPN-N
series have a well-defined and sponge-like porosity that may be
responsible for their remarkable hydrogel swelling properties. It
should be underlined that, as expected on the basis that the syn-
thetic order, the IPN-N morphology is similar to that typically re-
ported in literature for PNIPAAm homopolymer [51].

3.6. Thermal analysis

Thermal analysis on dried terpolymers and IPN's was carried out
by differential scanning calorimetry in order to determine their Tg
(Table 3).

As a general remark, In all series, when the amount of AMPSA
was larger Tg transitions were more evident and their values were
higher, thus suggesting that this monomer plays a crucial role on
this respect, as it might be expected by taking into account the salt
nature of this compound.

About terpolymers, only the samples FP and CP30 present a
detectable Tg value, at 53 and 50 �C, respectively. No explanation for
this result, which seems related to the AMPSA amount, can be
given.
lectrodes (from 0 to 30 V): a) influence of AMPSA content on terpolymers; b) influence
on reversibility of IPN's.



Table 3
Tg values of synthesized materials.

Sample Tg (�C)

IPN-HA10 99
IPN-HA15 99
IPN-HA30 112

IPN-N10 140
IPN-N15 141
IPN-N30 155

FP30 53
CP30 50

Fig. 8. SEM image of a typical terpolymer sample (FP30).
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Interestingly, Tg values of IPNs are much higher than those of
FP and CP 30 terpolymers, as may be expected by taking into
account the reduced mobility due to interpenetration. Moreover,
the order in which they are made is crucial for their thermal
properties; in fact, polymers belonging to the IPN-HA series
exhibit a Tg ranging from 99 to 112 �C; instead, polymers
belonging to the IPN-N series reach the value of 155 �C, this latter
value being reached for the highest AMPSA content. It can be
noticed that in each IPN series, the effect of AMPSA becomes
particularly evident when its content reaches 30 mol%, while no
significant differences are found for the Tg values of samples with
lower amount of this monomer. As a general remark, it should be
highlighted that by differently combining the same three com-
ponents it has been possible to prepare materials characterized
by very different transition temperatures, thus tuning their final
thermal properties.

4. Conclusions

In conclusion, multi-stimuli responsive hydrogels were suc-
cessfully synthesized and their characteristics were deeply
analyzed in terms of their swelling, thermal and stimuli-responsive
properties. In particular, three monomers, NIPAAm, HEMA and
AMPSA, were used. By suitably varying their mutual ratio, the
synthetic technique (FP or CP) and the structural architecture
(terpolymers or IPNs), different materials were obtained, each
having peculiar properties and characteristics. The responses to
ionic strength, temperature, electrical and pH stimuli were
Fig. 9. SEM images of selected IPN sa
investigated. Apart from this latter, the other three stimuli were
found to have an effect on at least some of the terpolymer and IPN
materials.

IPN-N, in which the first synthesized network derived from
NIPAAm polymerization, exhibit an LCST at ca. 35 �C, while IPN-
HA's are not thermo-responsive. This behavior underlines the
crucial influence of the order in which the two networks are syn-
thesized; in fact the IPN-N properties are mostly affected by PNI-
PAAm network. On the other hand, only terpolymers with 30 mol%
AMPSA were to found to be thermosensitive. It is worth to note
that, while IPN-N's tend to deswell as temperature increases, ter-
polymers have an opposite tendency.

In addition, the IPN's swell more than terpolymers and show a
stimuli-responsiveness sharper than that of terpolymers, with also
a stronger SR% variation.

In terpolymers, the influence of the AMPSA amount resulted to
be crucial in order to obtain a high degree of swelling and a better
response to stimuli.

Moreover, by considering reversibility, IPN-N were found to be
better than terpolymers.

IPN's have a better response than terpolymers also to ionic
strength variations. However, while IPN-HA's shrink to a larger
extent, IPN-N (which are more swollen) undergo a much larger SR%
variation. Both terpolymers and IPN's were found to be character-
ized by good reversibility for the highest AMPSA content.

About the electrical stimulus response, this is larger for FP30
and CP30 and IPN-N's. However, also in this case, a good revers-
ibility was found in materials with the largest AMPSA content.

As far as the glass transition is concerned, only terpolymers FP
30 and CP 30 exhibit a DSC-detectable Tg, at ca. 50 �C. This value is
much lower than those found for IPN's. In particular, IPN-HA's are
characterized by glass transition temperatures ranging from 99 to
112 �C, while IPN-N values go from 140 to 155 �C. In all cases, the
highest Tg value was found for the highest AMPSA content, thus
confirming the crucial role of this salt monomer in tuning the
properties studied in this work.
mples (IPN-HA15 and IPN-N15).
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As a final remark, it should be highlighted that FP can allow
obtaining samples having more or less the same characteristic of CP
materials, but with the typical advantages of this preparation
technique, as shorter reaction time, lower energy consumption and
lower cost.
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