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ABSTRACT: Super water absorbent polymer hydrogels were syn-
thesized by frontal polymerization. These materials were
obtained by copolymerizing N-isopropyl acrylamide (NIPAAm)
and 3-sulfopropyl acrylate potassium salt (SPAK) in the pres-
ence of N,N-methylene-bis-acrylamide as a crosslinker. It was
found that their swelling behavior in water can be easily tuned
by using either the appropriate monomer ratio or the amount of
the crosslinker used. Namely, the swelling ratio was found to
range from about 1000% for the NIPAAm homopolymer in the
presence of 5.0 mol % of crosslinker, up to 35,000% for the sam-
ple containing 87.5 mol % of SPAK and 1.0 mol % of crosslinker.

The affinity toward water was also confirmed by contact angle
analysis. Moreover, the obtained hydrogels exhibit a thermo-
responsive behavior, with a lower critical solution temperature
of about 28-30 °C. This value is close to that of poly(NIPAAmM)
but with a swelling capability that dramatically increases as
the amount of SPAK increases. © 2011 Wiley Periodicals, Inc.
J Polym Sci Part A: Polym Chem 49: 1228-1234, 2011
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INTRODUCTION Polymer hydrogels are three-dimensional
flexible networks'™ able to absorb and retain aqueous solu-
tions without dissolving.®> Some hydrogels can change their
own volume in response to external stimuli**” such as
solvents,7 temperature,g_11 pH,Q‘lz‘13 ionic concentration,14
electric field,*>*® light irradiation,’” and salt concentration.®

Because of their high-water content, most hydrogels are very
useful for the preparation of biomaterials in contact with
biological fluids,'®'° and for several applications in both
pharmaceutical and biomedical fields.?**! Hydrogels can also
find large applications where mechanical properties are not
decisive, such as soft contact lenses,?%%3 electrophoresis,24
drug delivery,®?25-27 and tissue engineering.'>?®

Numerous investigations have been reported on thermores-
ponsive hydrogels,?® especially those based on poly(N-iso-
propylacrylamide),®® which show a lower critical solution
temperature (LCST) that is close to the physiological temper-
ature (i.e, 31-32 °C).

Hydrogels with the ability to absorb water up to a few hun-
dred times of their own weight are often referred as super
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water absorbent polymers3' They are characterized by a
highly hydrophilic network,?7* able to maintain high-water
amounts inside the structure.3*>3¢ This kind of hydrogels
has found wide application in a variety of fields such as sani-
tary napkins, communication technology, building industry,
chromatography, water purification, and agriculture.®”~*!

In 2001, Washington and Steinbock®* obtained poly(NI-
PAAm) gels by frontal polymerization (FP),** a technique of
macromolecular synthesis that allows the fast conversion of
a monomer into a polymer by means of the heat released
during the polymerization reaction itself. The reaction starts
by igniting it in a localized zone and results in the formation
of a polymerization front able to self-sustain and propagate
along the whole reactor.

A large number of systems have been investigated, namely:
44-49 : 50,51 52-54
acrylates, glycidyl  ethers, polyurethanes,
oxetanes and oxiranes,>> >’ microencapsulated initiators,
epoxy-amine systems,®*"®> epoxy resin/polyurethane net-
works,®® polyvinyl pyrrolidinone,®”%® acrylamides,®®”° epoxy
resins in the presence of BX3-amine complex as curing

58,59
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FIGURE 1 Starting materials used for the synthesis of copoly-
mer hydrogels via FP.

agents,”"’? and phosphonium-based ionic liquids as radical
initiators for FP were developed.”®> FP was also applied to
the stone consolidation,”* and to obtain interpenetrating
polymer networks,’® controlled drug release systems,”®
hybrid organic-inorganic epoxy resins,”’ and thermorespon-
sive hydrogels.®””8-81

In a recent article, starting from some reported studies on
the large swelling capability of AAm/3-sulfopropyl acrylate
potassium salt (SPAK) hydrogel systems,®*®> we reported
the synthesis of super water AAm/SPAK absorbent hydrogels
via FP3!

In this article, we describe the use of FP for the synthesis of
super water absorbent hydrogels made of NIPAAm and SPAK
in the presence of N,N'-methylene-bis-acrylamide (BIS) as
crosslinker (Fig. 1).

The influences of the ratio among all components on the
front velocity (V¢), on its maximum temperature (Tp,.,), and
on the network structure of the obtained materials are
discussed.

ARTICLE

RESULTS AND DISCUSSION

To determine the monomer ratios giving rise to a copolymer
able to exhibit the largest swelling, preliminary investiga-
tions were carried out on hydrogels containing NIPAAm/
SPAK ranging from 0 to 100 mol % and in the presence of
1.0, 2.5, 5.0, and 10.0 mol % of BIS. It was observed that the
highest swelling was obtained in the presence of 1.0 or
5.0 mol % of BIS. Thus, as listed in Table 1, the research
was focused on the two sets of copolymer hydrogels made of
NIPAAm and SPAK using these two BIS concentrations.

In the first series (samples FP1-3, containing 1.0 mol % of
BIS), the molar fraction of NIPAAm was allowed to range
from 12.5 to 37.5 mol %, which are the compositions allow-
ing for the largest swelling ratio (SR %, see “Experimental”
section). In the second series (samples FP4-10, containing
5.0 mol % of BIS), NIPAAm was varied from 0 to 100 mol %
(Table 1).

While for the samples containing 1.0 mol % BIS (FP1-3), V¢
ranged from 0.5 to 1.0 cm min %, for those samples contain-
ing 5.0 mol % BIS, V; ranged from 0.38 to 2.0 cm min !
(FP4-10).

The hydrogels containing 12.5, 25.0, and 37.5 mol %
NIPAAm and 1.0 mol % BIS (FP1-3) exhibited a V; that is
higher than that of the corresponding samples containing
5.0 mol % BIS (FP5-7). Accordingly, also Ty.x increases as
the amount of NIPAAm increases (Table 1). However, the
amount of crosslinker does not significantly influence this
parameter; indeed, Tp,.x of samples FP1-3 goes from 116
to 130 °C, and that of samples FP5-7 from 107 to 137 °C.
At variance, when the amount of crosslinker is equal to
5.0 mol %, Tiax goes from 98 °C (for the copolymer contain-
ing 0 mol % NIPAAm: sample FP4), to 179 °C (for the
NIPAAm homopolymer: sample FP10).

To investigate the SR % of all hydrogels, they were
swollen and equilibrated in water at various temperatures
from 10 to 40 °C, and the swelling results are plotted in
Figure 2.

TABLE 1 Experimental Data Concerning the NIPAAM/SPAK Hydrogels Prepared in this Work

Sample NIPAAmM BIS Trnax
Codes (mol %) (mol %) (°C)
FP1 12.5 1.0 116
FP2 25.0 1.0 122
FP3 37.5 1.0 130
FP4 0 5.0 98
FP5 12.5 5.0 116
FP6 25.0 5.0 107
FP7 .5 5.0 137
FP8 50.0 5.0 135
FP9 75.0 5.0 152
FP10 100 5.0 179

BIS: 1.0 or 5.0 mol %; AmPS: 1 mol %, DMSO

THERMORESPONSIVE SUPER WATER ABSORBENT HYDROGELS, SCOGNAMILLO ET AL.

Vi Conversion
(cm min™") T, (°C) (%)
0.5 168 98
0.9 180 99
1.0 69 187 98
0.38 70 198 98
0.42 69 199 99
0.56 61 198 98
0.66 55 192 99
0.65 51 188 99
0.8 50 170 98
2.0 59 158 99
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FIGURE 2 SR % as a function of temperature for samples char-
acterized by various monomer ratios and containing: (a) 1.0
and 5.0 mol % BIS; (b) 5.0 mol % BIS.

As said above, some preliminary investigations were carried
out in the range from 50 to 100 mol % NIPAAm and in the
presence of 5.0 mol % BIS (Fig. 2, samples FP8-10), which
confirmed what already observed by us in the AAm/SPAK
system:®! when the amount of NIPAAm is relatively large,
only minor swelling variations are observed along all the
temperature range investigated. At variance, polymers with
a content of 12.5-37.5 mol % NIPAAm and 1.0 mol % BIS
[Fig. 2(a), samples FP1-3] or 5.0 mol % BIS [Fig. 2(b), sam-
ples FP5-7] exhibited an SR % that is dependent on the
amount of both SPAK and BIS.

It should be highlighted that the presence of SPAK influences
dramatically the swelling ratio. In particular, samples con-
taining larger amounts of this component are characterized
by larger SR %. This finding is in agreement with
what expected on the basis of the chemical nature of such a
compound, which contains a highly polar group that may
partially dissociate in water.

However, for the series of samples containing 5.0 mol %
of BIS, this trend is characterized by several exceptions
[Fig. 2(b), samples FP4-10].
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The hydrogels containing up to 37.5 mol % NIPAAm and 5.0
mol % BIS (FP4-7) exhibited a swelling ratio ranging from
8000 (at 0 °C) down to 1000% (at 40 °C); moreover, for
temperatures higher than 26 °C, the SR % trends are almost
superimposed. Differently, the samples with NIPAAm com-
prised between 12.5 and 37.5 mol %, and 1.0 mol % BIS
(FP1-3) showed a very different swelling behavior. In this set
of polymers, SR % increases as the NIPAAm amount
decreases. Indeed, the hydrogel containing 12.5 mol %
NIPAAm (FP1) is able to swell from 8000 (at 40 °C) up
to 35,000% (at 10 °C), while the hydrogel containing
37.5 mol % NIPAAm (FP3) exhibits an approximately con-
stant SR %, around 5000%, along all the temperature range
investigated [Fig. 2(a)]. It is noteworthy that, apart from the
sample FP4, which does not contain NIPAAm, all the others
exhibit a LCST, and a consequent thermoresponsive behavior,
at about 28-30 °C, which was easily determined by the
trends reported in Figure 2(a,b).

Namely, it is known that thermoresponsive hydrogels such
as those derived from NIPAAm undergo a sharp coil-globule
transition in water, thus, changing their state from hydro-
philic (below this temperature) to hydrophobic (above it).
The thermoresponsive behavior is due to the entropic gain
as water molecules associated with the side-chain isopropyl
moieties are released into the aqueous solution as the tem-
perature passes LCST, corresponding to the point at which
the entropic gain of the system becomes larger than the
enthalpic contribution of those water molecules that are
hydrogen-bonded to the polymer chain, and, thus, it is
largely dependent on the hydrogen-bonding capabilities of
the constituent monomer units.

In the present case, such effect is not only due to NIPAAm
units but also to the contribution of the SPAK ones, which
are characterized by an ionizable, polar group.

Because of the presence of such LCST, which is close to the
physiological temperature, these systems might be poten-
tially useful in biological applications.

It is also worth mentioning that the sample containing 12.5
mol % NIPAAm and 1.0 mol % BIS (FP1) showed an SR %
always comprised between 10,000 and 35,000%, making it a
thermoresponsive super water absorbent hydrogel. Moreover,
the above results suggest that the NIPAAm/SPAK copolymers
are more advantageous than the AAm/SPAK ones®! in that,
even if they exhibit a similar LCST (~30 °C), the present
system has the advantage of being characterized by a tuna-
ble swelling that can range from 35,000% to 5000% when
temperature raises from 10 to 40 °C; by contrast, in the
AAm/SPAK the highest SR % was found to be equal to
15,000% only.

The morphological structure of the hydrogels was investi-
gated by environmental SEM analysis (ESEM). As an exam-
ple, Figure 3 shows ESEM micrographs of samples FP1 and
FP5 containing 12.5 mol % NIPAAm, and 1.0 and 5.0 mol %
of BIS, respectively. As can be seen, the samples turned out
to be characterized by a sponge-like structure. Pore dimen-
sions were found to be dependent on the amount of
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FIGURE 3 ESEM micrographs of sample (a) FP1 and (b) FP5
(containing 12.5 mol % NIPAAm and 1.0 or 5.0 mol % BIS,
respectively).

crosslinker. Namely, sample FP1 (1.0 mol % BIS) is charac-
terized by pore diameters between 150 and 200 pm
[Fig. 3(a)], whereas sample FP5 (5.0 mol % BIS) has pores
comprised between 50 and 100 um [Fig. 3(b)]. However,
also by taking into account some previous findings,3%7%7%81
it is hardly to establish a reliable relationship among pore
dimension and structure, and reaction parameters such as
composition, monomer ratio, amount of crosslinker, type of
solvent, and temperature.

The crosslinked structure has been confirmed by FTIR
spectra. For the sake of simplicity, Figure 4 shows the IR
spectrum of sample FP1 compared with those of the mono-
mers and the crosslinker. In particular, the peak at about
1680 cm™' regarding the stretching of the conjugated
carbonyl, which is visible in the NIPAAm and BIS spectra,
disappeared in that of sample FP1, thus indicating that the
double bond has reacted.

Recently, Chen et al.®® and our group81 proposed the use of

water contact angle analysis (WCA) for the characterization
of frontally polymerized hydrogels. By this technique, in the
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present system, an increase of temperature resulted in an
increase of WCA because of the corresponding decrease of
water affinity. Moreover, for the same reason, at a given
temperature the larger the amount of SPAK is, the lower the
contact angle is. For instance, WCA goes from 37, 42, and
56° (at 10 °C) to 47, 65, and 74° (at 35 °C), respectively, for
samples FP1, FP2, and FP3. The explanation for such a
behavior is in agreement with that already given for the SR
% trends. Indeed, as the content of SPAK, which contains an
ionic group, increases, the whole affinity of the copolymers
toward water increases, thus resulting in a decrease of the
contact angle measured.

Differential scanning calorimetry (DSC) investigations were
carried out on the dry polymers. By the comparison between
the first and the second scans, it was found that conversions
were always almost quantitative (no residual polymerization
heat was recorded). Table 1 lists the values of T, found for
all the samples synthesized in the present work.

First of all, it can be seen that both crosslinked homopoly-
mers are characterized by two Ty values: the first at 70 and
59 °C (for samples FP4 and FP10, respectively) and the
second at 198 (FP4) and 158 °C (FP10).

Two transition temperatures have been found also in all the
copolymers: the first one at about 50-70 °C, without any
apparent relationship with the actual sample composition.
The second value is comprised between 158 and 199 °C. In
detail, as expected the samples containing 1.0 mol % BIS are
characterized by T, values that are lower than those contain-
ing 5.0 mol % of crosslinker. This finding is probably due to
the reduced mobility of the chains caused by the increased
amount of BIS. As far as the trends along the series is
concerned, the samples containing 1.0 mol % BIS (samples
FP1-3) are characterized by values of glass transition tem-
perature that increase as the amount of SPAK decreases,
going from 168 to 187 °C. At variance, for those samples
containing 5.0 mol % of BIS (samples FP4-10), T, decreases
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FIGURE 4 FTIR spectrum of sample FP1, containing 12.5 mol %
NIPAAmM and 1.0 mol % BIS, compared with the spectra of
unreacted NIPAAm, BIS, and SPAK.
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as SPAK decreases. Although the second series behavior can
be reasonable explained by taking into account the polarity
of the SPAK monomer, which results in a reduced chain
mobility and a subsequent increase of T, an analogous
explanation for the first series cannot be done, this trend
being probably more complicated and probably dependent
on various complex interactions between BIS, SPAK, and
NIPAAm units.

EXPERIMENTAL

Materials

N-isopropyl acrylamide (NIPAAm, 97 %, FW = 113.16, mp =
60-63 °C), SPAK (FW = 232.3, mp = 302 °C), ammonium
persulfate (AmPS, FW = 228.20), dimethyl sulfoxide (DMSO,
FW = 7813, bp = 189 °C, d = 1.101 g mL™"), and BIS
(FW = 154.17, mp = 300 °C) were purchased from Sigma-
Aldrich and used as received (Fig. 1). At 25 °C, all the mono-
mer mixtures discussed below were stable for several days,
that is, without undergoing spontaneous polymerization.

Characterization

DSC characterization was performed by means of a Q100
Waters TA Instruments calorimeter, with a TA Universal
Analysis 2000 software. Two heating ramps, from —80 to
250 °C, with a heating rate of 10 °C min~?, were carried out
on dry samples: the first scan was performed to remove
eventual residual solvent and to establish monomer conver-
sion. WCAs of dried samples were determined by a Dataphy-
sics OCA 5, 10 instrument.

A Fourier transform infrared spectroscope (JASCO FT 480
spectrometer) was used for recording the FTIR spectra of
the samples. The powders were ground into a dry KBr disk
and 32 scans at a resolution of 4 cm™" were used to record
the spectra.

The morphological features of the hydrogels were investi-
gated by an ESEM analysis using a Zeiss EVO LS10.

To determine their swelling ratio (SR %) in water, hydrogels
were heated from 10 to 40 °C in a thermostatic bath by
increasing temperature at a rate of 2 °C/day. The SR % was
calculated by applying the following equation:

SR% = (Mg — Mg)/Mg x 100 1)

where Mg and My are the hydrogel masses in the swollen
and in the dry state, respectively.

For each sample, three SR % measurements were carried
out, and the average values have been reported: reproduci-
bility was always within 5-7%.

Hydrogel Synthesis

A common glass test tube (i.d. = 1.5 cm, length = 16 cm)
was filled with the appropriate amounts of NIPAAm, SPAK,
BIS, AmPS, and DMSO (Table 1). In all runs, the total molar
amount of the two comonomers (5.0 x 10”2 mol), initiator
(AmPS, 1.0 mol % referred to the total amount of double
bonds), and DMSO (3.0 mL) were kept constant. This solvent
was added to obtain homogeneous solutions.
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The mixtures were sonicated in an ultrasound bath at 30 °C
for 30 s to remove the gas bubbles present in it.

A thermocouple junction was located at about 1 cm from the
bottom of the tube and connected to a digital temperature
recorder (Delta Ohm 9416). Front started by heating the
external wall of the tube in correspondence of the upper sur-
face of the monomer mixture, until the formation of the front
became evident. Front velocities were determined by meas-
uring the front position (easily visible through the glass wall
of test tubes) as a function of time. Front temperature meas-
urements were performed by using a K-type thermocouple
connected to the above digital thermometer used for temper-
ature reading and recording (sampling rate: 1 Hz). For all
samples, Tmax (=10 °C) and V; (£0.05 cm min~') were
measured. Conversions, determined by DSC, were always
almost quantitative (Table 1).5*

After polymerization, all samples were washed in water for
several days to remove DMSO and allow them to swell.

CONCLUSIONS

In this work, a series of thermoresponsive super water
absorbent copolymer hydrogels composed of NIPAAm and
SPAK was successfully prepared by FP. The LCST was found
to be independent of the copolymer composition and equal
to about 30 °C. At variance, the swelling ratio was found to
be largely affected by the ratio between NIPAAm and SPAK.
In particular, it was larger for relatively large amounts of
the latter. Namely, for the sample containing 12.5 mol %
NIPAAm, an SR % value as high as about 35,000% was
found, which is much larger that the value of 7500% exhib-
ited by the NIPAAm homopolymer. This represents a great
advantage, because it allows one to tune this property by
simply varying the monomer ratio. Moreover, SPAK is much
cheaper than NIPAAm, and the possibility of replacing this
latter with the former may result in a significant economical
advantage.

S. Scognamillo is grateful to “Regione Autonoma della Sarde-
gna” for the financial support (“Master and Back” program).
The authors are in debt with Porto Conte Ricerche (Tramariglio,
Sassari, Italy) for the water contact angle measurements.
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