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Summary

The swelling and mechanical behaviour of ionized networké-isbpropylacrylamide

with an ionic comonomer, (2-acrylamidoethyl)trimethylammonium chloride (mole
fractionsx, = 0-0.1), in the presence of a crosslinkéjN-methylenebisacrylamide,

was investigated in water as a function of temperature and in aqueous NaCl solutions
(Co. = 10° — 1 M) at 23 °C. On heating, a continuous decrease in the swelling degree
in water,Q,, was observed; increasingshifts the volume transition temperatufe,

(from the swollen to collapsed state) to higher temperatures. The expected decrease in
the swelling degre&, with increasing NaCl concentration in aqueous NaCl solutions
was observed and two shrinking regions in ionic gels were found. The decrégse in
with increasing temperature and the decreaseQinwith increasingc, are
accompanied by an increase in equilibrium shear modulus of gels, so that the
mechanical behaviour of gels is predominantly determined by the swelling degree.
The experimental swelling behaviour could be, in the first approximation, described
by the theory of polyelectrolyte networks in which repulsion of charges on the chain
and finite chain extensibility were considered.

Introduction

The first order phase transition (collapse) in polyelectrolyte hydrogels, caused by a
small change of external condition such as temperature, electric field, pH and solvent
composition, has received considerable attention in literature [1-3]. The presence of a
low number of charges on the chain (1@ mol %) seems to be a necessary condition

for the existence of a jumpwise change in the gel volume. SANS experiments showed
that in the expanded state, the chains have a coil shape, while in the collapsed state
they are in globular form [4]. It has been shown, both experimentally and
theoretically, that the conditions of network formation (concentration of crosslinker
and diluent) and of the charge concentration have a great influence on the appearance
and extent of the collapse. The jump in volume is accompanied by a jump in other
physical properties, such as shear modulus, refractive index, dielectric permittivity
[1,2]. Most experimental results were obtained with charged poly(acrylamide)
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(PAAmM), poly(N-isopropylacrylamide) (PIPAAm), and pol(N-diethylacrylamide)
(PDEAAM) hydrogels [1-3,5]. While in PAAmM gels, the collapse can be brought
about by the changes in the solvent composition, in PIPAAm and PDEAAm gels, the
transition can be induced in water, by the temperature change.

lonized PIPAAmM gels with negative charges bound to the chains (as ionic
comonomer, sodium acrylate was used, mole fractiqns 0-0.1) were already
extensively investigated [2,6]; collapse was found in these networks in water
dependent on temperature. Both, the extent of the collapse and transition temperature
increased with increasing charge concentration. It was also shown [3] that the polarity
and structure of the ionic comonomer plays a role in the collapse appearance and
extent. In this contribution, we investigate swelling and mechanical behaviour of
positively charged PIPAAmM hydrogels in dependence on temperature in water and in
aqueous NaCl solutions at room temperature. As an ammonium salt is used as ionic
comonomer, we can consider full salt dissociation in water.

Experimental
Material

Commercial non-ionic monomen\-isopropylacrylamide (IPAAm, Fluka) and a
crosslinker, N,N'-methylenebisacrylamide (CR, Fluka) were used as received. As
positively charged comonomer (S), (2-acrylamidoethyl)trimethylammonium chloride
was used

CHj
/
CH2=CH_CO—NH—CH2—CH2@N—CH3 Cle (S)
\CH3

which was synthesized as shown previously [7].
Preparation of networks

lonic networks, copolymers of IPAAm with various amounts of ionic comonomer S
(mole fraction of sal, = 0-0.1) and a constant mole fraction of crosslinkef €
0.003), were prepared by radiation polymerization. Glass ampoules, 10 mm in
diameter D*), were used as polymerization reactors. After preliminary experiments,
final network formation conditions (constant radiation dosey ef 2 kGy and the
volume fraction of all monomers in the systegp= 0.1) were chosen for eight ionic
networks. The basic requirements for network formation was to achieve a roughly
constant modulus after network preparati@ (i.e., constant concentration of
elastically active network chains at network formation, Table 1). After crosslinking
copolymerization, the networks were removed from ampoules, cut into pietes

mm in height and extracted with redistilled water.

Swelling and mechanical measurements

After extraction, the samples were immersed in 100 ml of water or in 100 ml of
aqueous NaCl solutionsc(, = 10° - 1 mol/l). Swelling proceeded at achosen
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temperatureT) for four days or in agueous NaCl solutions for one month, after which
the inverse swelling ratiX relative to the state of network formation was determined
from [7,8]

X=(D*D)*=v*Vv 1)

whereD* and D, respectively, are the sample diameters after preparation and swelling
at various temperatures or in aqueous solutions, respectivelyw*aadd V are the
corresponding swelling volumes. The diameters were measured with an Abbe
comparator (accuracy 0.002 mm). From th& values, the volume fractions of dry
polymer in the swollen state, = vV’X (whereV’ = v /p is the volume fraction of dry
polymer at network formatiomy = 1.06 g/crhis the density of dry networks) and the
swelling degrees relative to the dry stapes 1A, were calculated(, in water orQ

in NaCl solutions).

Table 1. Composition, mechanical and swelling parameters of poly(N-isopropylacrylamide)

hydrogels
x5 oy Vi T O Ty @
g em’” mol em™ (23 *C) aC

0 433 1.776 27.63 30.7 .
0.01 43.2 1.771 69.07 40.9 0.671
0.02 46.4 1.908 1 26.56 478 0.495
003 45,7 1.920 1 56.06 51.7 0371
0.04 47.2 1.938 206.21 55.0 0.345
0,05 433 1.775 221.98 0303
0.07 46.9 1.927 258.41 0238
010 45.3 1.B61 333,06 019G

x5 15 mole fraction of ionic comonomer (3), G, 1§ the modulus after preparation, 4 18 the
concentration of elastically active network chains (relative to the dry state), T, is the
temperature of the transition from the expanded to the collapsed state, O, is the swelling degree
in water at 23 “C and ¢ 15 correction factor for the degree of ionization of fixed charges.

Several copolymers after removing from ampoules and cutting into 10-mm pieces
(0 0.85 cni in volume) were extracted with 10 trof redistilled water for the
evaluation of sol fraction and ammonium salt determination. After extraction, samples
were dried in vacuum at 90 °C to constant weight. By comparison of their dry weights
with theoretical dry weights, it was found that in all samples, the sol fractions were
less than 0.5 wt.%; this means that all the monomers were bound in the network
structure. The same conclusions were obtained from the mercurimetric titration with
0.001 M Hg(CIQ),. In this case, it was proved that virtually no ammonium salt was
present in the extracted solutions.

Mechanical measurements were carried out in uniaxial compression in the earlier
described apparatus [8]. The specimeéd0 mm high, was compressed at the ratio

(A =1, wherel and|, are the compressed and initial heights) and fdreeas
measured after 15 s of relaxation. Usually 10 values arfidf were determined. The
shear modulu& was determined from the equation [7,8]

G=f /B, -2 @)

where§ is the initial cross-section of the specimen.
Swelling and mechanical experiments were carried out with samples immediately
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after preparation at room temperature (moduhisTable 1) and with the samples
swollen to equilibrium in water at various temperatures in the rang@01%C or in
aqueous NaCl solutions (modul@ at 23 °C. Using modulu§,, the concentration
of elastically active network chains relative to the dry state was calculated from (8)

vy =G, (RTO®) )

whereR is the gas constant affd = 296 K is the network preparation temperature
(Table 1).

Results and discussion
Swelling and mechanical behaviour in water

The dependences of the inverse swelling ratio in wateon the temperaturd,, is

shown in Figure 1. On heating, all gels show only continuous transition from the
expanded to collapsed gel state that is reflected in increasing swelling<rdticthis
respect, our positively charged hydrogels differ from those negatively charged
PIPAAmM gels prepared with sodium acrylate [6] where a jump change in volume was
found. We believe that this difference is associated with the structure of the used ionic
comonomers especially with the distance between the charge position and the main
chain. It can be seen that increasing charge concentsatresults in shifting of the
transition temperature interval in which continuous collapse takes place, to higher
temperatures (Table 1). For two highest concentrations of the charged groeps (
0.07), there exists only a small increasX iat temperatures up to 90 °C.

From the dependences of ldgon T, the transition temperaturds were determined

as temperatures where the slope d@gT has a maximum. In the inset of Figure 1

the dependence af on charge concentration is shown together with previously found
results for negative charge [6]. In our case the shift of transition temperature is much
higher than that for PIPAAm networks with negative charge. This result can be

helpful in practical applications of the gels.
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The dependence of the shear modulusGogn logQ, measured in water at various
temperatures is shown in Figure 2a. There can be seen some deviations from the
predictions of the theory of rubber elasticity (the scaling exponen® @@ is
expected to be = -1/3), especially for low® values (in the collapsed state). Katayama

[9] has suggested that the deviations at low swelling may be due to complex gel
structure in turbid (collapsed state) and transparent (expanded state) gels. While
transparent structure is an ordinary homogeneous three-dimensional network, the
turbid one is heterogeneous due to microsegregates formed inside the gel. Also
vitrification, due to the effect of approaching the glass transition temperature at low
swelling, can contribute to the increase in the modulus.
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Figure 1. Dependence of shear modulus, 7, on swelling degree: {(a) O, (in water) or (b) @ (in
aqueous MaCl solutions) for variously ionized gels

Swelling and mechanical behaviour in aqueous NaCl solutions

The dependences of the swelling ratio in aqueous NaCl solutingn NacCl
concentrationg,., measured af = 23 °C are given in Figure 3. While for uncharged
network, only one transition at the highest NaCl concentratigps ¥ 10* M) is
observed, for charged networks, two transition regions are clearly detected. The
decrease iQ found with charged networks in the expanded state at|gywalues

(cw.o < 0.1 M) can be associated with increasing concentration of counter-iohs (Na
in the gel volume with increasing exterrggl,, concentrations (Donnan equilibrium).

As expected, the transition regions shift to higher NaCl concentrations with increasing
Xs (polyelectrolyte effect). In the transitions, external agueous NaCl concentrations
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exceed the molar ratiog, and screen the charges bound to the chain. The second
transition observed at highest NaCl concentratiops,> 0.1 M for all networks are

due to suppression of phase transition temperature of PIPAAmM by NaCl. A similar
effect was observed earlier for charged péty(nylcaprolactam) hydrogels [10].

Comparison of the theory of swelling equilibria for polyelectrolyte networks and
experiment

Several models for interpretation of thermodynamic properties of charged gels have
been suggested [2,11,12] in which also the effect of repulsion of charges on the chain
and finite chain extensibility were included. For comparison of experimental swelling
data with theoretical prediction, we use the theory discussed in Refs [8,11]. This
theory predicts the swelling pressure P as a sum of four terms

P=y V=P, +Py+P.+ Py, (4)

where |, is the chemical potential of the solveM, is the molar volume of the
solvent,P,_ is the mixing term given by mixing of solvent with chain segments (Flory-
Huggins equation with interaction paramejgy P, is the elastic term given by the
change in elastic energy with swelling in which the finite chain extensibility was
included,P_ is the osmotic term given by mixing of network ions with the solvent,
P_. is the electrostatic term determined by the interactions (repulsion) of charges on
the chain. For the uncharged case, only two first terms in Eq. (4) remain as the degree
of ionizationa = 0 =x, i.e., P_= P, = 0. From the knowledge of network
parameters \{, p, V', determined independently), and using reduced Eq. (4), the
dependence of the interaction paramegtem the volume fraction of dry polymer in

the swollen statey,, could be calculated from experimental(or Q,) values of the
uncharged network measured in water at various temperatures (Figure 4). As swelling
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Figure 4. Dependence of interaction parameter, ¥, on volume fraction of dry network in the
swollen state, v, measured in water at various temperatures for gels with indicated ionic
comonomer mole fractions, .

data were collected for free swelling,= 0 in Eq. (4). In such way, the value &

0.496 was found at 23 °C. As expected, with increagjn@ncreasing temperature),

X values of uncharged network increase as the overall hydration of the PIPAAmM
chains decreases. This is due to increasing extent of the hydrophobic interactions
between side groups of IPAAm, which makes water a poorer solvent with increasing
temperature.

As can be seen from Table 1, the swelling degree in water at 2Q,°Strongly
increases with ammonium salt concentrations. As we know all network parameters
(v,, p, V), and if we further assume that the degree of ionizatienx,, we can use

Eq. (4) for the description of dependence@fon x. We obtain unrealistic higly
values (ranging from 0.6 to 10). As it was introduced in the used theory [8,kl3
measure of polymewvater interactions when all charges are screened. It is therefore
reasonable to require the same valug ef 0.496 for all charged networks at 23 °C.
This requirement is possible to fulfil by the assumption that the effective degree of
ionization a* is lower than the ammonium salt concentratQni.e., a* = @ = ¢,
where @ is the correction factor; the valugsin the rangel] 0.67~0.20 were found
(Table 1). This factor is related to the osmotic coefficient of counter-ions and to the
clustering of counter-ions due to possible heterogeneity of highly dilute networks and
accounts for the effects which were not considered in the above discussed theory.
Similar ¢ values were found earlier [8] for charged pbly{-diethylacrylamide)
hydrogels with sodium methacrylate (MNg= 0.56-0.38 forx,,, = 0.005-0.07).

Using known molecular parameters and the effective degree of ionizatiengx,

the dependences gf on v, were calculated fronX values measured at various
temperatures (Figure 1) for all ionized networks (Figure 4). An increageomv,
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regardless of ionic comonomer concentrations was found; the incregseith v,

was commonly observed earlier [8,10,12] being related to the decreasing solvent
quality with increasing temperature (as in uncharged network). As was discussed
previously [8,11], a van der Waals loop in the dependengeafyv, is a necessary
condition for the appearance of a jump change in the gel volume (1st-order phase
transition). As follows from the inset in Figure 4, networks witte 0.04 show the
tendency to exhibit such van der Waals dependences. Figure 1 shows that in these
networks, a proper collapse state was not achieved at the highest temperatures. We
believe that this can be one of the reasons why a jump change in volume was not
found in these networks. Another possibility is that Eq. (4) overestimates the effect of
charges on swelling equilibria and van der Waals loops in the inset are artificial (e.qg.,
correction factorp should be temperature-dependent).

Equation (4) can be used also for description of swelling deQremeasured in
various aqueous NaCl solutions at consfant 23 °C. In this case, as factprwas
determined at the same temperature, the use of theory is more grounded. The
knowledge of the concentration of mobile co-iogs, inside the gel phase for

various external NaCl concentratioms,., is required together with previously used
network parameters. Due to the presence of positive charges on the chain, the

concentrations inside the gel are lower than that of extegpal values. For
calculations ofc_, , we used Eq. (6) from Ref. [13], which was based on Donnan

a+

equilibrium analysis. The values , , together with other network parameters f,

V), x = 0.496 ando* = @ = ¢x, were used in Eq. (4) for description of the data
shown in Figure 3. As can be seen, the calculQeds. c . dependences agree
reasonably well with experimental ones. For gels with highest ionizations, the
theoretically predicted abrupt decrease in swelling is shifted by 0.5 logarithmic
decades to lower,__ concentrations than experimentally observed ones.
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