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ABSTRACT: Hydrogels of a semiinterpenetrated polymer network, semi-IPN [based on cross-linked
polyacrylamide (PAAmM) having poly(N-isopropylacrylamide) (PNIPAAmM) inside], were synthesized, and
their properties, such as swelling ratio and compressing elastic moduli, were studied at several
temperatures. Equilibrium swelling ratios of semi-IPN markedly decreased due to the presence of less
hydrophilic PNIPAAmM chains. The semi-IPN presented a greater elastic modulus when compared to the
cross-linked PAAmM hydrogel. The values of apparent cross-linking density were determined from the
mechanical compression measurements, made at temperatures that ranged from 25 to 40 °C. The presence
of PNIPAAmM chains on the network increases the polymer volume fraction of the swollen gel. At 25 °C
the effect induces the formation of physical entanglements, increasing the apparent cross-linking density
and then enlarging the compressing elastic modulus. Above 32 °C, the LCST of PNIPAAmM in water,
semi-1PN hydrogels presented higher values of the compressive elastic modulus. The effect was explained
as being an additional contribution of the PNIPAAmM chains, which collapsed around the PAAm networks,
to the elastic modulus. By analysis of the swelling ratio, it was concluded that the collapsing of PNIPAAmM
chains is not accompanied by large shrinking of the gel. It was pointed out that the PAAmM networks
support the collapsed chains. According to the results presented in this work, semi-IPN hydrogels present
better mechanical properties than PAAmM hydrogel, mainly when the PNIPAAm chains are in a collapsed

state.

Introduction

The collapse of temperature-sensitive hydrogels is a
phase transition in which the gel undergoes a discon-
tinuous volume changes in a narrow range of temper-
ature.l™* This interesting characteristic may be used
in a variety of applications—for instance, in controlled
drug delivery,® molecular separation processes,® tissue
culture substrates,” etc. Many works have focused
on hydrogels made of cross-linked poly(N-isopropyl-
acrylamide) (PNIPAAm) that undergo a sharp volume
transition, at a temperature close to 32 °C, which is the
lower critical solution temperature (LCST) of the linear
polymer in water.1=48-11 When PNIPAAmM is heated
above its LCST, the polymer chains collapse dramati-
cally.l? However, a serious limitation of PNIPAAmM
hydrogels, in many applications, is the low mechanical
strength of these gels in a highly swollen state.12-14
Modifications such as copolymerization® or semi-IPN
formation1617 were shown to improve the mechanical
properties without affecting the gel collapsing temper-
ature. Takigawa et al.’® showed that PNIPAAmM gels
present an elastic modulus around 17 times higher in
the collapsed state than in the swollen state. Zaroslov
et al.’® published an interesting paper concerning the
changes in the elastic modulus of strongly charged
hydrogels near the collapsing transition, where a rela-
tion between the swelling ratio and the elastic modulus
was described.

In a previous work,” we synthesized semi-IPNs of
cross-linked polyacrylamide (PAAmM) having PNIPAAM
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inside. The semi-IPNs presented qualitatively good
mechanical properties, even in the swollen state. In
addition, the absence of large shrinking of the semi-IPN
hydrogels at temperatures above the LCST of PNIPAAmM
was observed. This was used to build a model in order
to explain the sharp increase of the permeability of
Orange Il at temperatures above LCST of PNIPAAmM.
Thus, it was suggested that the collapsed PNIPAAM
chains are mechanically supported by the PAAmM net-
work.” Measurements of the elastic moduli of these
hydrogels as a function of temperature could be used
to confirm those achievements. In this work, we have
measured, by compressing experiments, the elastic
modulus of the cross-linked PAAm gels having different
amounts of PNIPAAm inside, at several temperatures,
and for the sake of comparison, we have also measured
the same properties of pure PAAmM hydrogels.

Experimental Section

Synthesis of PNIPAAmM. Poly(N-isopropylacrylamide)-
homopolymer (PNIPAAmM) was prepared by redox polymeri-
zation.?’ Aqueous solution (100 mL) was prepared by dissolving
44.3 mmol of N-isopropylacrylamide and 1.7 mmol of sodium
persulfate in distilled water. This solution was previously
purged with nitrogen for at least 30 min to completely remove
the oxygen. Afterward, 336 umol of tetramethylenediamine
(TEMED) was added, and the flask was closed. The polymer-
ization was carried out at ambient temperature for 24 h. The
intrinsic viscosity, [], of the polymer was 247 cm? g%,
measured in water at 25 °C. From that value, the average
viscosimetric molecular weight, My, of PNIPAAM was 1.6 x
103 kg mol=?, calculated using the Mark—Houwink—Sakurada
equation. The values of a and K were 0.97 and 2.26 x 107
cm? g1, respectively, according to Chiantore et al.?

Synthesis of Hydrogels. Polyacrylamide homopolymer
gels were prepared by photoinitiated polymerization. 50 mmol
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of acrylamide (AAm) and 500 umol of N,N'-methylenebis-
(acrylamide) (MBAAmM), as cross-linking agent, were added to
10 mL of distilled water. To obtain semi-IPN, PNIPAAmM
aqueous solution of desired concentration was added instead
of water. After the bubbling of nitrogen for 20 min, the solution
was poured in a glass test tube of 1.2 cm diameter and 12 cm
height. The tube, filled with the solution, was closed and
exposed to y-radiation from ¢°Co in a Gammacell 220 (Atomic
Energy of Canada Ltd.) at a dose rate of 0.216 kGy h™1. The
total absorbed dose was 0.250 kGy. After the exposition, the
test tube was carefully broken, and the gel, in its cylindrical
form, was recovered. Four kinds of hydrogels were prepared.
The notation (M—X—P), used to characterize the gels, means
M = the molality of AAm in the feed solution before polym-
erization (in mol of AAm by kg of water), X = the molar ratio
of cross-linking agent N,N'-methylenebis(acrylamide) (MBAAmM)
to AAm (in mol %), and P = the concentration (in wt %) of the
PNIPAAM in the aqueous solution used.

In this work, the (5—1-0) hydrogel and the (5—1-1.3), (5—
1-2.5), and (5—1-5) semi-IPNs were synthesized.

Stress—Strain Measurements. The cylindrical gels, ob-
tained as described before, were cut in pieces of 1.0 cm height.
Before the compressive experiments, the gels were maintained
in water for 1 week, at a desired temperature, to remove
unreacted monomers and to allow the gel to achieve swelling
equilibrium. Using a J. J. Lloy Instruments tensile testing
machine, model T5000, uniaxial compression experiments
were performed on the cut PAAm and semi-IPN hydrogels, at
temperatures of 25, 30, 35, and 40 °C. The experiments were
performed using a crosshead speed of 1.0 cm min~! and a load
cell of 100 N sensibility. After adjusting the experimental
parameters, each compressive experiment was carried out in
less than 1 min to avoid loss of water during the measurement.
Five samples of each kind of gel were used. The elastic
modulus, E, was determined from the slope of linear depen-
dence

o="FIS,=E(l— 179 (1)

where ¢ is the applied stress in Pa m™2, f is the value of
measured force, Sp is the cross section of the undeformed
swollen specimen, and 1 is the relative deformation of the
specimen. The apparent cross-linking density, v, was deter-
mined using the equation?

0 = RT (¢ o/0p) “bpe(h = 279) @

where ¢, and ¢, are the polymer volume fractions of the gel
in the relaxed state (just after polymerization) and in the
swollen state, respectively.

Swelling Experiments. Cylindrical gels, with the same
dimensions of those used in the compressive experiments,
were swollen to equilibrium in water at temperatures of 25,
30, 35, and 40 °C. The swelling ratios were determined
as being the ratio of the swollen gel weight to the dry gel
weight.

Results and Discussion

Swelling Ratio. Figure 1 illustrates the dependence
of the swelling ratio (Q) on the amount of PNIPAAmM at
several temperatures, obtained for cylindrical hydrogels
samples. Each point represents the average obtained
from triplicate. After cross-linking the PNIPAAmM chains
were trapped in the PAAmM networks. Inclusion of the
less hydrophilic PNIPAAmM in the PAAm network re-
sults in a decrease of the swelling ratio of the respective
semi-IPN hydrogels, starting from (5—1—0) to (5—1-5)
as shown in Figure 1. As the amount of cross-linking
agent was maintained constant, it could be pointed out
that the swelling ratio of semi-IPNs is very sensitive to
the presence of PNIPAAmM: 5wt % of PNIPAAmM in the
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Figure 1. Swelling ratio as a function of PNIPAAm content
for PAAm hydrogel and semi-IPNs at several temperatures.

gel is enough to decrease the swelling ratio in about
18%, relative to the swelling ratio of PAAm hydrogel,
at 25 °C. The entanglements of the PNIPAAmM chains,
which may exist inside the semi-IPN hydrogels, could
contribute to decrease the swelling ratio due to the
higher polymer volume fraction. The swelling ratio
seems to be only slightly dependent on the temperature.
The temperature increase induces a small raising in the
Q value of the PAAmM hydrogels, but, on the other hand,
it decreases the Q value of the semi-IPN hydrogels. The
increase of Q with the temperature, as observed for
PAAmM hydrogels, is due to the changes in the polymer—
solvent interactions that alter the thermodynamic prop-
erties, mainly AG of the mixture.?? A small increase of
Q in temperatures ranging from 25 to 40 °C was also
observed by other researchers in PAAmM hydrogels.'® In
this work, it was observed that the temperature influ-
ence in swelling ratio of semi-IPN is not important. The
greatest relative change in Q due to the temperature,
for a respective hydrogel, is only 0.5 or ca. 7%. The
absence of large shrinking in the semi-IPN hydrogels
based in PAAm and having PNIPAAm inside, at tem-
peratures above the LCST of PNIPAAmM, was already
observed in our previous work.1” The results presented
in Figure 1 confirm the absence of large shrinking at
temperatures above the LCST of PNIPAAmM. As will be
discussed later, the collapsed PNIPAAmM chains inside
the semi-IPN hydrogels could be mechanically sup-
ported by the PAAm network.

Mechanical Behavior of Gels. Figure 2 shows the
measured force for compressing the (5—1—5) hydrogel
at 25 °C (curve A). It was observed that the slope of that
curve is smaller at low deformation. All the hydrogels
presented this behavior, and this was attributed to the
fact that the initial surface of the cylindrical sample is
not perfectly flat. If the surface is smaller than the
nominal surface, the compression strength will be
smaller. Then, after 5% of deformation, the contact
between them could be the same as the whole nominal
surface. It may be observed that above 5% of deforma-
tion the slope increases and the curve tends to an almost
straight line. The procedure was taken as standard: in
all compression experiments the experimental data
obtained up to about 5% of deformation were rejected.
The dependence of the stress to the deformation ratio
of hydrogels is presented in curve B of Figure 2. From
the slope of that almost straight line, the elastic
modulus was calculated.
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Figure 2. Measured force (curve A) and stress (curve B) as a
function of (1 — 17?) for the (5—1-5) hydrogel at 25 °C.
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Figure 3. Compressing elastic modulus of hydrogels as a
function temperature obtained for PAAm hydrogel and semi-
IPNs.

The values of elastic modulus for PAAm hydrogels are
in accordance with the values published by Shin et al.1®
for other kind of gels but had around the same cross-
linking density. It may be observed that the elastic
modulus of the (5—1—0) hydrogel decreases as the
temperature is increased, as presented in Figure 3. On
the other hand, the semi-IPNs present a different
behavior: the value of elastic modulus decreases slightly
from 25 to 30 °C. The decrease of the elastic modulus
observed for the (5—1—0) hydrogel as the temperature
is increased may be better understood by taking into
account the dependence of the swelling ratio on the
temperature, as presented in Figure 1. As the hydrogel
became more swollen, it presented a lower network
density and became softer. This caused lowering in the
values of the elastic modulus for the (5—1—0) hydrogel
as the temperature was increased. For instance, the
value of the elastic modulus of the (5—1-0) hydrogel
decreases from 87.9 kPa (25 °C) to 75.3 kPa (40 °C).
Although the semi-IPNs present negative dependence
on the elastic modulus to the temperature in the range
25—30 °C, positive dependence in the range 30—40 °C
was observed, as it may be checked in the curves of
Figure 3. The negative dependence of the elastic modu-
lus to the temperature in the semi-1PNs hydrogel is not
as important as the one verified in the (5—1-0) hydro-
gel. Some changes in the semi-IPNs structure, which
occur at LCST temperature and above, may induce the
semi-1PNs hydrogels to a less soft material. The pres-
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Figure 4. Compressing elastic modulus of hydrogels as a
function of PNIPAAmM content obtained for PAAm hydrogel and
semi-IPNs at several temperatures.

ence of PNIPAAmM chains inside of the gel networks
make the semi-IPNs material denser, reinforcing the
gel and leading to an increase in the elastic modulus,
even at temperatures below the LCST. For instance, at
25 °C the value of elastic modulus increases from 87.9
to 101.5 kPa when the amount of the PNIPAAm in the
hydrogel was increased from 0 to 5 wt %. This repre-
sents an increment of 15.4% in the elastic modulus if
the value of the (5—1-0) hydrogel is used as reference.
By changing the PNIPAAmM content from the (5—1-0)
hydrogel to the (5—1—5) hydrogel, at 30 °C, an increase
of the value of the elastic modulus in ca. 18% was also
observed. The effect of the PNIPAAmM content on the
elastic modulus of semi-IPNs may be more properly
visualized by analyzing the curves in Figure 4. The
presence of PNIPAAmM chains in the hydrogels mini-
mizes the negative dependence of elastic modulus to the
temperature, as can be verified in the (5—1-0) hydrogel.
From the curves presented in Figure 4, it could be
suggested that 1 wt % is the minimum required con-
centration of PNIPAAmM in aqueous solution, used in the
gelation process, to avoid a negative dependence of the
elastic modulus of the semi-IPNs to the temperature.
At temperatures below the LCST, the increment on
elastic modulus of semi-IPNs may be understood as a
contribution of the denser hydrogels. But, as can be also
visualized in Figure 4, an additional increase was
observed in temperatures above the LCST. Then, it
could be pointed out that the collapsed chains induce
the semi-IPN to be more rigid hydrogels than those
observed at temperatures below the LCST. As was
pointed out in our previous work!” and as shown in
Figure 1, the collapsing of PNIPAAmM chains on (5—1—
1.3), (5—1-2.5), and (5—1-5) semi-IPNs is not ac-
companied by a large amount of shrinking because the
PAAmM networks mechanically support the hydrogel. In
addition, from the dependence of the elastic modulus
on the temperature, as presented in Figure 3, it could
be suggested that, at temperatures above the LCST, the
collapsed PNIPAAmM chains improve the mechanical
properties of the gel. At temperatures above the LCST,
35 and 40 °C, the semi-IPNs present a higher elastic
modulus than below LCST, 25 and 30 °C. In this way,
it could also be suggested that the collapsed coils lead
to a stronger material.

The apparent cross-linking density, determined from
the elastic modulus and from the swelling ratio data,
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Figure 5. Apparent cross-linking density PAAm hydrogel and
semi-IPNs at several temperatures.
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was calculated using eq 2. It was observed that the
apparent cross-linking density increases as the content
of PNIPAAmM in the gel is raised. The apparent cross-
linking density of the (5—1-0) hydrogel ranges from
1.70 x 107* to0 1.41 x 10~* mol cm~2 when the temper-
ature is increased from 25 to 40 °C. On the other hand,
an increment in the cross-linking density was verified
on the semi-IPNs at temperatures above the LCST, as
presented in Figure 5. The increase of the cross-linking
density means that the material became more rigid, and
this is reflected in the values of elastic modulus. Two
factors could be related to this effect: (i) the collapsed
PNIPAAmM chains around the PAAmM networks and (ii)
the shrinking of the gel, even in a small amount.
Although the PNIPAAmM chains are not chemically
linked to the gel, they may exhibit physical inter-
actions: at temperatures below LCST, entanglements
of PNIPAAmM chains may contribute to the apparent
physical cross-linking; at temperatures above LCST,
the collapsed chains may have an additional contri-
bution to the apparent cross-linking density. Both
contributions tend to increase the value of compressive
elastic modulus. By measuring the compressing elastic
modulus, Gutowska et al.1?2 observed an increment in
the cross-linking density by addition of different amount
of Biomer, a copoly(ether urethane—urea), on the
PNIPAAmM cross-linked hydrogels, forming semi-IPNs.
In that case, the increment on the apparent cross-
linking density was attributed to the strong noncovalent
interactions between the Biomers moieties and also
between the Biomer and PNIPAAmM networks. The
authors pointed out that the formation of entanglements
among Biomer chains is not probable, due to the
relatively low molecular weight of Biomer. In this work,
the PNIPAAmM chains could be entangled due to their
high molecular weight. Shin et al.1® also observed an
increment in the apparent cross-linking in PNIPAAmM/
poly(acrylic acid) IPNs when the temperature is around
44 °C. The observed effect was accompanied by a
decreasing on the swelling ratio. The authors attributed
the effect to the formation of strong noncovalent inter-
action in addition to the chemical network done by a
chemical cross-linker.

In this work, the effective cross-linking density was
calculated taking the value of 5 x 10~* mol cm~3 as
100% of cross-linking density. Then, a cross-linking
efficiency of about 34%, at 25 °C, was obtained. Cross-
linking efficiency is dependent on the polymerization
conditions.® For example, a relatively low cross-linking
efficiency of 9% was obtained from the cross-linked
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content PAAm hydrogel and semi-IPNs at several tempera-
tures.

PNIPAAmM synthesized by UV polymerization. Cross-
linked PNIPAAmM obtained by temperature-initiated
polymerization in dioxane presented cross-linking ef-
ficiency of 31% for PNIPAAmM networks synthesized with
1 mol % of ethylene glycol dimethylacrylamide or
EGDMA.12.23 |n this work, the same amount, i.e., 1 mol
% of MBAAmM, was used. This means that the cross-
linking process using a y-radiation dose of 0.250 kGy
induces on AAm monomers, dissolved in water, an
effective cross-linking density similar to the one verified
on the temperature-initiated cross-linking of NIPAAmM
monomers, dissolved in dioxane.

To highlight the effect of PNIPAAmM chains on semi-
IPN hydrogels at different temperatures, relative change
in the elastic modulus was calculated taking the elastic
modulus of PAAm hydrogel as reference. In this way,
the Ggs)/Gpa ratio was determined at several tempera-
tures, Gs; and Gpa being the calculated elastic modulus
of PAAm and semi-IPN hydrogels, respectively. The
dependence of the Gg/Gpa ratio on the amount of
PNIPAAmM is presented in Figure 6. It could be observed
that an increment of the amount of PNIPAAmM causes
an increase in the elastic modulus, despite temperature.
The effect is more important at temperatures above the
LCST.

The Kinetics of shrinking of PNIPAAmM gels, near the
volume phase transition temperature, was recently
studied by Shibayama and Nagai.? The authors ob-
served that the kinetic of shrinking is slow at temper-
atures below 45 °C and fast above this temperature. The
formation of bubbles on the gel surface was observed
by the optical microscopy technique. The authors pointed
out that the minimum time necessary to visualize the
bubble formation or to detect any shrink is around 3—5
min, if the temperature is rapidly changed from 25 °C
to above the LCST but still below of 40 °C and if the
cross-linking agent (MBAAmM) is ca. 1 mol % in relation
to monomer (NIPAAmM). In this study, the ratio of
MBAAmM to AAm was kept constant at 1 mol %. This
means that no considerable water was expelled from the
gels during each compression experiment performed in
this work, done in ca. 1 min. In fact, it was suggested
by Kaneko and co-workers,* in another work, that the
formation of a skin on the gel surface is due to the
hydrophobic characteristics of PNIPAAmM above its
LCST. According to these authors, the skin would avoid
the rapid expelling of water.
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Figure 7. Pictorial representation of the structural support of the collapsed PNIPAAmM chains by the PAAm networks swollen

in water.

In this work, it is noteworthy that above 32 °C the
collapsing of the entangled PNIPAAmM chains does not
result in a large shrinking of semi-IPN hydrogel, as
shown in Figure 1. The PNIPAAmM chains are water
solvated and randomly distributed at temperatures
below LCST but became collapsed near or above the
LCST. Thus, the PNIPAAmM chains became more hy-
drophobic, but large shrinking is avoided by the pres-
ence of PAAm network. It could be emphasized that the
transparent semi-IPNs hydrogels used in this work
become opalescent when heated above the LCST. The
effect is reversible and takes only a few minutes to
occur. A pictorial representation of the structural sup-
port of the PNIPAAmM chains by the PAAmM networks is
shown in Figure 7.

According to the results presented in this work, it
could be suggested that the semi-IPNs present higher
compressive elastic modulus than the PAAm hydrogel,
especially when the PNIPAAmM chains are in a collapsed
state. Experiments on semi-IPN membranes using a
DMA oscillatory equipment are under way.

Conclusions

Hydrogels of semi-IPNs based on cross-linked PAAM
having PNIPAAm inside were synthesized. The swelling
ratio is sensitive to the presence of PNIPAAmM: the semi-
IPN swelling ratio decreases due to the hydrophobic
contribution of the PNIPAAmM chains. The semi-IPNs
present a higher elastic modulus when compared to the
cross-linked PAAmM hydrogel. At 25 °C the effect was
attributed to the presence of PNIPAAmM chains that
increase the polymer volume fraction of the swollen gel.
Above 32 °C, the LCST of PNIPAAmM, the effect is more
important and was explained as an additional contribu-
tion of the collapsed PNIPAAmM chains. By swelling ratio
measurements, it was verified that the collapsing of
PNIPAAmM chains is not accompanied by a large shrink-
ing of the semi-1PN hydrogel. It was suggested that the
PAAmM networks mechanically support the collapsed
chains. According to the results presented in this
work, it is possible to conclude that the semi-IPNs
present better mechanical properties than the PAAM
hydrogel, especially when the PNIPAAmM chains are in
a collapsed state.
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