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ABSTRACT: Hydrogels of N-vinylimidazole and sodium styrenesulfonate were synthe-
sized by radical crosslinking copolymerization. Transient swelling measurements in
water, at room temperature, reveal an unusual behavior. For some gel compositions,
the swelling time dependency is about a d function: dry hydrogel pellets swell up readily
to reach a high degree of swelling and, spontaneously, they deswell to collapse. Such
peculiarity was interpreted in terms of several competing events in the swelling
mechanism: water diffusion toward the gel, chain disentanglement, sodium—proton
interchange through the gel-external bath boundary, approaching of chains to allow
interaction of sulfonate groups with neighboring protonated imidazole moieties and
diffusion of water outside the gel. The results of cyclic swelling—deswelling following
abrupt changes of composition in the external bath, from water to sodium hydroxide
solution, support that mechanism. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:

191-200, 2002

Key words: hydrogels; swelling kinetics; deswelling; ionic crosslink; poly(N-vinylimi-

dazole-co-sodium styrenesulfonate)

INTRODUCTION

In the last two decades the consideration of hy-
drogels by researchers changed from rare, almost
unknown materials, to materials with unique
properties and potential application in many dif-
ferent fields. Of particular interest are smart or
responsive gels, found at first by Tanaka.' Re-
sponsive gels respond to changes in environmen-
tal conditions with drastic changes of volume'™*
or any other property such as fluorescent emis-
sion.>® Most of the applications proposed for re-
sponsive gels depend on the kinetics of changes of
the observed property.
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Poly(IN-vinylimidazole) (PVI) and poly(N-viny-
limidazole-co-sodiumstyrenesulfonate) (PVI-SSS)
hydrogels have several potential applications’*!
because of their ability to regulate the pH of an
aqueous solution® and to uptake heavy-metal cat-
ions.>'? PVI-SSS gels show polyampholitic or poly-
electrolytic behavior, depending on the SSS content
of the gel, and they experience transitions between
superabsorbent and collapsed states induced by
small changes of ionic strength and SSS composi-
tions.”

The swelling degree of a hydrogel is known to
depend on its network structure,!’'? which is
controlled by the conditions of the crosslinking
polymerization.'®'® The swelling degree of neu-
tral PVI hydrogels depends inversely on the
crosslinking ratio and the total concentration of
comonomers in the feed.!! In this work, the feed-
ing mixture composition of PVI-SSS hydrogels
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was selected to get transparent gels with different
total comonomer concentrations and different ion-
ization degrees, but constant crosslinker ratio.
Transient swelling measurements were per-
formed on such PVI-SSS hydrogels trying to elu-
cidate compositional effects on the swelling ki-
netic behavior.

Indeed, the rate of volume change in response
to an external perturbation depends on the size
and shape of the gel pellet. Pellets in the centi-
meter size scale may need several weeks to reach
equilibrium, whereas micrometric gel particles
undergo complete volume changes in fractions of
a second.'® For a given pellet size, swelling kinet-
ics depends on the crosslink density'! and on gel
composition. In general, swelling kinetics is ana-
lyzed in terms of stepwise processes.!” In the first
swelling steps, swelling is considered to be gov-
erned by Fick’s law,'® although non-Fickian be-
havior was also frequently found.!® For long pe-
riods of time, swelling increases and levels off to
the equilibrium value and swelling kinetic results
were analyzed with a second-order Kkinetic
law.1820-21 In this work, pellets of about 1 cm
were employed and thus long periods of time
(months) were considered.

EXPERIMENTAL

Preparation of Hydrogels

N-Vinylimidazole, purchased from Aldrich (Mil-
waukee, WI), was distilled under reduced pres-
sure at 55°C just prior to use. Sodium styrenesul-
fonate (Aldrich) was used as received. Water was
distilled and deionized by a Milli-Q system from
Millipore (Bedford, MA). N,N'-Methylene-bisac-
rylamide (Aldrich) and AIBN (Fluka, Milwaukee,
WI) were high-quality products, used as received.

Hydrogel samples (PVI-SSS) were synthesized
by radical crosslinking polymerization of N-viny-
limidazole (VI), sodium styrenesulfonate (SSS),
and N,N’'-methylene-bisacrylamide (BA) in aque-
ous solution, with AIBN (6 X 102 M) as initiator.
Neutral hydrogels without SSS (PVI) were also
obtained under the same conditions, to be used as
a reference.

The aqueous solution of VI, SSS, BA, and AIBN
was sonicated at 60°C for 10 min and was then
immersed in a bath at 90°C for 2 h. The hydrogels
were taken out of molds and cut in pieces, which
were mostly unshaped because of their mechani-
cal properties. Afterward, the hydrogel was

washed repeatedly with an excess of water
(Milli-Q) for about 1 month. Washing water was
replaced every day. Clean hydrogels were dried in
an oven at 80°C for 24 h. The yield of the reaction
was between 80 and 100% in all cases.

The total concentration of monomers C;, (in
g/100 mL or % w/v) in the reacting solution, as
much as the crosslinker ratio C (% w/w of BA) and
the SSS weight fraction (wggg in % w/w) in the
mixture of comonomers in the feed, determines
the optical, thermal, mechanical, and swelling
properties of the final hydrogel. In the following,
any sample will be denoted by the symbol (C/C/
Wgsg)- For example, (40/2/5) represents a hydrogel
obtained with the following feeding mixture com-
position: 40 g/100 mL total concentration of mono-
mers and a mixture of comonomers having 2%
w/w BA and 5% w/w SSS. When results were
analyzed in terms of interactions between mono-
meric units, mole fractions of SSS units in the
feed (fggg), rather than weight fractions, were em-
ployed.

The mole fractions of SSS in the hydrogels
(Fggg) were spectrophotometrically determined in
a Shimadzu UV240 (Shimadzu, Japan). Swollen
PVI-SSS samples of known mass and swelling
degree were placed in a homemade prism with
quartz windows whose optical path length was
previously determined. The absorption spectra
were corrected®??® for light scattering with a
baseline proportional to A~ *. The molar extinction
coeff}cient of SSS at 260 nm was taken as 228M !
cm™ .

Swelling Measurements

Swelling measurements were performed gravi-
metrically. Dry pellets were immersed in deion-
ized water baths for several weeks. Samples were
periodically removed from the bath, weighed, and
then returned to a new water bath of the same
final volume as before. The swelling degree S was
calculated in grams of water per gram of dry gel,
as

S=———— (1)

where m, is the weight of the dry pellet and m,, is
the weight of the swollen pellet at a given time or
at equilibrium (S,,). S was measured at room
temperature, keeping constant the gel effective
concentration (C.g), that is to say, the ratio of m,
to the volume of the liquid in which the dry pellet



was immersed. The standard deviation of time-
dependent S measurements was less than 10%
but still quite large. It was attributed to the dif-
ficulty of cutting regular pellets of the material,
even in the swollen state, because of its internal
stress. The surfaces of unshaped pieces were dif-
ficult to dry before weighing and, besides, some
samples broke during swelling. Thereafter, sam-
ples had to be handled in Gooch crucibles without
drying before weighting, to avoid losing material.

RESULTS

Characterization of PVI-SSS samples requires
determining the mole fraction of predominant
comonomers (VI and SSS) and the degree of
crosslinking of the network through, for example,
the molecular weight of chains between crosslinks
(M,). The Flory—Rehner equation,?* modified by
Peppas and Merrill,?® allows calculation of M, for
neutral hydrogels with known x (Flory—-Huggins
polymer—solvent interaction parameter), p, (xero-
gel density), V; (solvent molar volume), and v,
(polymer volume fraction in the relaxed state):

V.
In(1 — vy) + vy + yvi + A}ipz (V3PV23 — 1,/2) =0
(2)

whereas vy, the polymer volume fraction in the
swollen gel, is

0, = _ mdpy @)

_mo mp — My
7_1’_7

P2 P1

where p; represents solvent density. Equation (2)
was applied to methanol-PVI systems with y
= 0.472 (calculated from the second virial coeffi-
cient given in Ref. 26), V; = 40.45 cm®/mol, and
taking p, from Refs. 7 and 27. v,, represents the
polymer volume fraction at the reference or re-
laxed state. Properly, the reference state is that in
which polymer chains have random walk config-
urations but it is usually identified®® with the
state of the network just after synthesis. In this
case vy, = 0.088, 0.224, and 0.366 for C, = 10, 25,
and 40%, respectively. Table I summarizes M,
values obtained for PVI hydrogels with C = 2%
and C; employed in this work. As expected, M,
decreases upon increasing C, because of: (1) the
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Table I Molecular Weight of Chains Between
Crosslinks and Equilibrium Swelling Degree in
Pure Water, as a Function of the Total
Comonomer Concentration in the Feeding
Mixture Employed to Synthesize PVI Gels®

CT (% W/V) Mc (104 g/mOD Seq (gHZO/gdry gel)
10 6.2 59.1
25 2.4 4.8
40 2.9 3.7

@ Molecular weights of chains were calculated from swell-
ing results in methanol.

increasing contribution of entanglements to the
effective degree of crosslinking and (2) the de-
creasing probability of formation of network de-
fects such as intramolecular cyclization.?®=3° In
any case, chains between crosslinks have more
than 100 monomeric units and similar values
should be expected for PVI-SSS.

SSS contents in PVI-SSS hydrogels were spec-
trophotometrically determined. It was found that
the composition of the hydrogel was about the
same as that of the mixture of comonomers in the
feed (Fig. 1), in accordance with yields of the
reaction of polymerization close to 100%. The
same result was found for similar hydrogels.3! In
the following, the mole fraction of SSS in the
hydrogel will be identified with fggg, the mole
fraction of SSS in the feed.

Several theories on swelling kinetics have been
proposed.?%323* When a dry gel is immersed in
water, it penetrates into the gel pellet in the form
of a front, which shifts from the surface to the
core. The rate of translation of the solvent front
depends on both the shape®? and the history of
the polymer sample.?® Figure 2 shows a typical
time dependency of swelling, observed for neutral
PVI in deionized water baths. As usual,!t1%21 §
increases at short times and levels off to the max-
imum swelling degree at longer times (S,,,,). For
low wggg values, the swelling kinetic behavior of
PVI-SSS is similar to that of neutral PVI, as
shown in Figure 2. S data plotted in Figure 2 were
fitted to rectangular hyperbolic functions with

S maxt

St

4)

where 7g (Table II) represents the time needed to
reach halfthe maximum swelling value. This type
of functionality represents a second-order de-
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Figure 1 Composition of PVI-SSS hydrogels (Fggg) synthesized with C, = 25% and
C = 2%, as a function of the mole fraction of SSS in the comonomer feeding mixture
(fsss)- The degree of conversion of the polymerization for this particular C;. value is in

the range 95-100%.

scription of swelling processes? and it was ap-
plied for long periods of time.

For the largest wggg values, 40% and above,
the maximum swelling is reached almost in-
stantly (Fig. 3) and from then on, S decreases
slowly with time. To fit the experimental results
of gel deswelling in this range of wggg values, a
linear regression was employed:

where AS}, represents the difference between the
equilibrium and the maximum swelling degree,

ASp =8, — Smax (6)
to is the time at which the maximum swelling is
reached (taken as 1 day when unknown), and 7,
(Table II) represents the time needed to reach
half the total jump in deswelling AS;,.

S=8..+AS, 2(t — ) (5) S}lrprisingly, samples of PVI—SSS hydrogels
(Tp — o) having wggg in the range 2 to 40% (Fig. 4), swelled
T T T ™ T B
50 " .
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Figure 2 Time dependency of swelling in pure water of PVI-SSS hydrogels with
weight fractions of SSS in the feeding ranging from 0 to 2%, C, = 10 and 25%, and C
= 2%. Solid lines represent the best-fitting curves of eq. (4) to the experimental data.



Table II Fitting Parameters to Eqgs. (4) to (7) of
the Time Dependency of PVI-SSS Hydrogels’
Swelling and Deswelling in Deionized Water at
Room Temperature

Tg ™ S hax AS,

Sample (days) (days) (gm,0/8arygel) (8m,0/8ary ger)
25/2/0 0.7 — 4.8 —
25/2/1 1.3 — 5.7 —
25/2/2 0.02 0.63 6.0 -1.2
25/2/5 0.06 7.7 6.9 -4.0
25/2/10  0.13 3.1 13 -11
25/2/20  0.07 13 14.5 -13
25/2/40 — 24 21 =17
25/2/60 — 26 21 =7

up readily and, afterward, S decreased exponen-
tially to a minimum value much smaller than S
values characteristic of neutral PVI (see Table I).
In this range of compositions, 7, values (Table II)
were calculated with exponential fitting func-

tions:
(t —t)n 2
S =S8, — ASpexp| ———
T — Lo

(7

and 7g (Table II) with eq. (4) in the time range of
decreasing and growing swelling, respectively.
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Swelling of several samples deserves special
mention (i.e., 10/2/10, 25/2/10, and 40/2/10) be-
cause it is practically a 6 function: it goes from
zero to a maximum value, which can be very
large, and again to almost zero, without external
stimulus. This spontaneous swelling—collapse be-
havior, with changes of volume by as much as
10-fold, was not frequently observed. There are
some reports in the literature on spontaneous
sequences of swelling—deswelling or even the op-
posite, deswelling—swelling, but they are con-
cerned with rather complex systems such as poly-
electrolyte-loaded gels placed in water®® or gels
swollen in water and immersed in a solution of an
amphiphilic surfactant.®” In some conditions,
ionic gels also show®®3%40 an overswelling or
overshoot representing about 10% of the equilib-
rium swelling. This effect has not yet been clearly
understood but seems to be related to the thick-
ness,?” the concentration of fixed charges,*® and
degree of crosslinking of the sample.>®

DISCUSSION

Table I summarizes g, 7, ASp, and S, values
for Cp = 25% and different wggg in the feed. They
are representative of the other samples studied
here. 75 decreases with increasing C;, keeping the
same pattern for the dependency on wggg. For

&0

s of

91,09y ger) |
£

0

e
(=)

t (days)

Figure 3 Time dependency of swelling in pure water of PVI-SSS hydrogels with
weight fractions of SSS in the feeding mixture in the range 40 < wggg < 80%; C, = 10,
25, and 40%; and C = 2%. Solid lines represent the best-fitting curves of eq. (5) to the

experimental data.
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Figure 4 Time dependency of swelling in pure water of PVI-SSS hydrogels with
weight fractions of SSS in the feeding mixture in the range 2 < wggg < 40%, C = 25%,
and C = 2%. Polymer effective concentration C. is between 0.5 and 0.75 g/100 mL.
Solid lines represent the best-fitting curves of egs. (4) and (7) to the experimental data.

example, 7¢ of sample 10/2/1 is 7.0 days, whereas
for sample 25/2/1 it is 1.3 days and for sample
40/2/1 it is 0.7 days. The maximum swelling
reached follows the same trend: it equals 45, 5.7,
and 3.6 gy,0/8ary ge» respectively. For any Cp,
there is a sudden decrease of g at wgqg around
5%, which is not correlated with a decrease of
S 1ax and needs explanation. The spontaneous se-
quence swelling—deswelling is the other unex-
pected result, which is considered below.

The kinetics of swelling may be understood by
considering several simultaneous effects. At the
first stages of swelling, as long as the pellet keeps
the glassy core, the rate-limiting steps are solvent
diffusion or network response. The relative im-
portance of both effects, solvent diffusion and
polymer relaxation, may be analyzed with the
expression®3®

S/8S pax = k" (8

where % is a rate constant characteristic of the
polymer—solvent system and n is a kinetic param-
eter indicating the transport mechanism: Fickian
diffusion or Case I transport (n = 0.5), relaxation-
controlled or Case II transport (n = 1), anomalous
transport (0.5 <n < 1) or super Case II transport
(n > 1). Figure 5 shows the time evolution of S
just after immersion in the water bath, plotted in
the form of eq. (8), for several PVI-SSS hydrogels.
As shown in Table III, n covers a broad range,

from 0.4 to 1. In any case the upper limit of
S/8,,.x Was 0.6 but the lower limit, determined by
the time after immersion of the first measure-
ment, changed significantly. For example, sample
10/2/0 was measured for the first time 1 day after
immersion and 10 days were needed to cover the
whole range of S/S,, .., from 0.1 to 0.6. On the
other hand, sample 25/2/5 required only 1 h to
cover the same range of S/S, ... Sets of measure-
ments covering that range 0.2—0.6 of S/S,,,,, yield
n values between 0.5 and 1 (Table III), whereas
shorter-range measurements as for sample 25/
2/2, yield n < 0.5, indicative of a downward cur-
vature (swelling deceleration) even for S/S, .«
< 0.6. It is also interesting to notice that for
S/S,.x below 10% (see sample 10/2/2 in Table III),
S scales with time with n = 0.5. The conclusions
drawn from these results are (1) that penetration
of water in the first stage is a Fickian solvent-
diffusion process (n = 0.5); (2) at intermedium
swelling degrees there is an anomalous type of
transport mechanism with partial control of poly-
mer chain relaxation (0.5 < n < 1); and (3) for S
values approaching 60% S,,.., swelling is decel-
erated with respect to solvent-diffusion control (n
= 0.5). Given that most of the time swelling is
under chain relaxation control, the sudden in-
crease of the rate of swelling (decrease of 7g, see
Table II) at wggg around 5% must be related to an
increase of chain mobility.
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Figure 5 Double logarithmic plot of swelling versus time for PVI-SSS samples with

different C and wggg.

Both deswelling and swelling deceleration may
be explained with the following argument, visu-
alized in Scheme 1. Xerogels are quite hydrophilic
and, in the form of sodium salt, they have a very
low crosslinking degree (large M, Table I) in such
a way that a large quantity of water diffuses
inside the gel. Simultaneously, in gel regions
reached by water, sodium cations diffuse outside
the gel to reach Donnan equilibrium. To keep
electrical neutrality, protons move from the exter-
nal solution across the gel-water boundary. This
loss of protons in the external solution is in accor-
dance with the observed change of pH, from
around 6.5 (Milli-Q water) to more than 8, de-
pending on the gel effective concentration. Inside
the gel, a portion of protons is cached by basic
imidazole groups to reach the degree of protona-
tion in equilibrium with the pH of the solution
swelling the gel.®!! Protonated imidazole moi-
eties interact electrostatically with neighboring
sulfonate groups, thus forming ionic pairs

Table III Fitting Parameters to Eq. (8) of PVI-
SSS Swelling in a Given S/S,, .. Range

Sample n S/8S L ox k2
10/2/0 0.72 = 0.03 0.1-0.6 0.14
10/2/2 0.48 = 0.04 0.05-0.1 0.50
25/2/2 0.41 = 0.05 0.3-0.6 2.3
25/2/5 1.05 = 0.05 0.1-0.6 16
25/2/10 0.72 = 0.02 0.25-0.6 2.1
25/2/20 0.95 = 0.04 0.2-0.6 4.6

2 Time was measured in days and therefore the units of 2

n

are days ".

(Scheme 1), which behave as ionic crosslinking
points. Such ionic interaction of sulfonic and im-
idazole groups was previously observed in com-
plexes of noncrosslinked poly(styrenesulfonic
acid) with poly(N-vinylimidazole).*! Ionic cross-
linking by bivalent ions'»*? and other types of
complexations was observed*® in similar copoly-
mer gels and, as for PVI-SSS, the consequence
was to produce gel deswelling. It may thus be
concluded that the swelling decelerating process
and deswelling of PVI-SSS gels is attributed to
the formation of ionic crosslinking points whose
maximum effect (minimum 7,) should occur in
systems with balanced protonated imidazole—sul-
fonate groups, wggg around 2-5% for Cp = 25%.
This interpretation is supported by the depen-
dency of equilibrium swelling on both the sample
composition and the ionic strength of the swelling
aqueous solution.”

Deswelling of PVI-SSS is slower than swelling
(p > 74, Table II), the opposite of that for other
similar hydrogels.***® It is also slower (larger ),
Table II): (1) for larger C;, probably because more
compact networks disfavor conformational changes
of chains between crosslinks, and (2) for larger SSS
contents, because increasing ionic crosslinks give
place to shorter chains between crosslinks with less
mobility. The deswelling jump between S, ., and
S., is also dependent on Cy and fggs. Samples with
the lowest fqqg values for any C behave as neutral
gels and deswelling was not observed because it
might be too small. For larger fogg, Sihax INCreases
(Table II) because, in the first step, the concentra-
tion of mobile sodium cations inside the gel in-
creases and outside it still remains negligible. Be-
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cause the equilibrium swelling changes less than
Shaxs ASp also increases in absolute value (Table
II). Again, for larger C, S,,.. and AS;, decrease
because entanglements diminish the effect of mo-
bile ions on swelling.

Cyeclic swelling—deswelling results, shown in
Figures 6 and 7, support that argument. Re-
markably, the final states in the different cycles
measured over 9 months are reproducible.
Swelling measures water transport, whereas
pH depends on ion gel-bath interchange. When
a PVI-SSS sample is immersed in a 0.01N
NaOH aqueous solution, S increases sharply, as
expected for the sodium salt of styrenesulfonate

moieties, because of the osmotic pressure con-
tribution of mobile ions. A small (about 10%)
overswelling is observed in the two last cycles
but it is immediately recuperated and from then
on, S increases very slightly. pH goes instantly
(in the time scale considered here) to 12 and
remains constant with only random oscilla-
tions, indicating that there is no significant ion
interchange, although slow chain relaxation
broke remnants of interchain contacts of the
ionic pairs previously formed at lower pH val-
ues.

At a given moment, samples were immersed in
deionized water. Then, the gel overswells and im-
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it 2525 |\
8— 49)‘ /A 0, -
4? ti ot t @: I g ?\
=, 25/2/2 i
+ ok N 58 2522 o]
6 A, D\Auam— A i\A LM;\A‘A.;A 4 jﬁou vy
'\ o ‘IN{ T Q % 1
4 1% 8 y%, 2525 A
u\i%%qgf,_ 8 %\Qs '\ \%azoo \ %m
Fomel—a o i g ] % g
21 t { 25210 1 7
0 T T T T T
0 50 100 150 200 250
t (days)

Figure 6 Cyclic swelling—deswelling of three PVI-SSS samples with intermedium
wggs and Cp = 25%. Arrows denote the moment in which the external bath composition
was changed from deionized water to 0.01N NaOH or vice versa.
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Figure 7 Time dependency of pH and S in cyclic changes of the

external bath

composition from pure water to 0.01N NaOH or vice versa.

mediately it deswells. Overswelling was not ob-
served for some cycles of sample 25/2/2. The rate
of deswelling (or ') is lower than that for swell-
ing; it is reproducible cycle to cycle and is not
correlated with the deswelling jump, in accor-
dance with results shown in Table II. During de-
swelling pH decreases, although more slowly
than S (Fig. 7). Gel deswelling requires sodium—
proton interchange, interchain approaching to
form ionic crosslinks, and diffusion of water out-
side the gel. Diffusion of ions, water, and chains
takes place at different rates and, according to
Figure 6, the slowest process is ionic diffusion (pH
decay), which may be quite slow for systems with
ion-binding interactions,'® as proposed here. Nev-
ertheless, it is not the process controlling deswell-
ing, given that after complete deswelling, the gel
continues releasing sodium cations and taking
protons from the external bath. Moreover, taking
into account that water diffusion was quicker
(during swelling) than chain relaxation, it may be
assumed that gel deswelling, which is slower than
swelling, is also better controlled by chain mo-
tions than by solvent diffusion.

CONCLUSIONS

Swelling—deswelling kinetics of PVI-SSS hydro-
gels is the result of several simultaneous pro-
cesses. Swelling is controlled by chain motions.
Simultaneously to swelling, sodium—proton inter-

change takes place across the gel-bath boundary,
which initiates a swelling deceleration and sub-
sequent deswelling pathway through the forma-
tion of sulfonate-protonated imidazole ionic
crosslinks. Chain motions to approach sulfonate
and protonated imidazole moieties control de-
swelling at longer times. They are slower than
chain disentanglement motions that control
swelling.

This research was supported by DGI (Spain) under
Grant BQU2000-0251. It is dedicated to the memory of
Angel P. Dorado, who was an active participant in this
project.
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