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ABSTRACT: The dynamic swelling behavior in phosphate buffer solution (PBS) (pH 7) of poly[(V-
isopropylacrylamide)-co-(methacrylic acid)] P[(N-iPAAm)-co-(MAA)] hydrogels has been studied by using
magnetic resonance imaging (MRI), which provides information at a local level. To determine the water
uptake at a global level, a gravimetric technique was also employed. Photographs were taken providing
valuable information on the hydrogel morphology at different stages of swelling. By combining the data
from these three methods, the pattern of water uptake may be clearly elucidated. The gravimetric swelling
curves and photographs were in agreement with the information obtained from MRI images acquired on
central slices of the hydrogels. In contrast to the homopolymers, when the corresponding copolymers
hydrogels were soaked under acidic conditions (pH 2), they exhibited characteristic sigmoidal swelling
curves at pH 7. Furthermore, the hydrogel slabs adopt a peculiar morphology as it was photographically
observed. In the MRI images two processes were distinguished, corresponding to a highly swollen external
region in contrast to a rigid core which starts to swell after a lag time depending on sample composition.

Introduction

In recent years, poly[(N-isopropylacrylamide)-co-
(methacrylic acid)], P[(N-iPAAm)-co-(MAA)], copolymers
have been a matter of study due to their potential
applications as temperature- and pH-sensitive
materials. 71! For example, these copolymers have been
used for controlled delivery of an antihypertensive drug
such as diltiazem hydrochloride,'%13 antithrombotic,*
and thrombolitic agents,! as a novel separation carrier
in fluorescence immunoassays,’ or in a glucose-sensitiv-
ity polymeric composite membrane for modulated per-
meation of insulin.'* Thus, poly(N-isopropylacrylamide),
P(N-iPAAm), exhibits thermosensitivity at about 32 °C,
which is its lower critical solution temperature
(LCST).15:16 Poly(methacrylic acid), P(MAA), has in its
structural unit ionizable carboxylic groups, which swell
or collapse in response to changes of pH. The copolym-
erization of both results in systems with different
properties depending on composition and previous swell-
ing history,® ! which potentially allow obtaining hy-
drogels for specific uses. Copolymers with a high
N-iPAAm content are able to respond to temperature
changes depending on pH, whereas the ionizable car-
boxyl group of the MAA moiety furnishes for the whole
range of copolymer composition pH-sensitivity. Ad-
ditionally, these copolymer hydrogels exhibit strong
interactions among their comonomeric units.?° By
means of solid-state NMR, hydrogen bond arrangements
between the carboxylic groups of methacrylic acid
(MAA) and the amide groups of the N-iIPAAm units have
been detected.®17 Hydrogen bonding occurs at low pH
below the pK, of MAA comonomeric units, and it
disrupts at neutral and high values of pH with a slowly
swelling rate. An anomalous behavior has been found
in the swelling experiments, which was explained by
the reversible character of the hydrogen bonds when the
pH of the medium is changed.!%1! Copolymers soaked
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under acidic pH exhibited sigmoidal swelling curves
under neutral and basic pH. The origin of this behavior
has been attributed to the disruption of the hydrogen
bond arrangements formed at acidic pH.

Sigmoidal swelling curves for water uptaking may be
found in the literature for some other systems.18730
Thus, Siegel et al.’®1922 and Falamarzian et al.23 found
this anomalous behavior for hydrophobic weak base
polyelectrolite copolymers of methyl methacrylate (MAA)
and N,N-dimethylamino methacrylate (DMA), when
they swell under acidic media. On the other hand,
Okano and co-workers202! found sigmoidal swelling
curves for thermoresponsive hydrogels of poly[(N-
iPAAm)-co-(n-butyl methacrylate)], a system with some
different characteristics to that one studied by Siegel
et al.’® They reconcile their model with the Siegel’s'®
so-called “swelling front model”.

All these theories to explain the sigmoidal swelling
curves and some others given by some of the present
authors!%-1131,32 have been established on the observa-
tion of the phenomena at a global level. For this reason,
a study of the swelling by magnetic resonance imaging
is quite interesting because it provides a spatial and a
temporal resolution of the process.

Magnetic resonance imaging (MRI) is a noninvasive
imaging technique which has found widespread applica-
tion in hydrogels to monitor the change in water uptake
with time, thus allowing the study of swelling in real
time. MRI is sensitive to mobile protons of solvents and
as such is particularly useful for studying their diffusion
processes.?3737 MRI has been used widely to monitor the
diffusion of water and other solvents into synthetic
polymers.3® This capability can quite naturally be ap-
plied to polymer-based controlled release systems.3941

The theory and experimental of the MRI technique
have been described and reviewed.*243 This technique
allows the collection of images of the system undergoing
changes as a function of time from an unique specimen
which obviates the inherent sample-to-sample differ-
ences. Thus, MRI would provide valuable information
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about the anomalous swelling behavior of the P[(N-
iPAAm)-co-(MAA)] copolymers. Because of the non-
destructive character of MRI, the hydrogel hydration
can be monitored to yield information on the spatial and
temporal variation of distribution of water within the
polymer. In other words, the polymers obtained were
studied regarding their kinetic swelling ability. Also, we
determined in detail the influence of copolymer compo-
sition on the swelling properties.

Experimental Section

Materials. The monomer N-isopropylacrylamide, (N-iP-
AAm) (113.16 g/mol) (Acros Organics, Fairlawn, NJ), 99%
purity, was purified by recrystallization from a n-hexane/
toluene mixture (90/10 vol %). Methacrylic acid (MAA) (86.09
g/mol) (Fluka Chemie A. G., Buchs, Switzerland), 98% purity,
for synthesis and stabilized with 0.025% hydroquinone mono-
methyl ether and sodium dihydrogen phosphate anhydrous
(purum = 99.0%) for PBS solutions was used as received. The
cross-linker tetraethylene glycol dimethyl acrylate (TEGDMA),
stabilized with ~0.006% hydroquinone, the activator N,N,N',N'-
tetramethylethylenediamine (TEMED), and the initiator am-
monium persulfate (APS) both for molecular biology from
(Fluka Chemie and Biochemie A. G., Buchs, Switzerland) were
used as received. Ethanol reagent degree (Scharlau, Barcelona,
Spain), disodium hydrogen phosphate anhydrous purisimum
used for buffer solutions (phosphate buffer solutions, PBS),
n-hexane, toluene, and sodium chloride for analysis and
sodium hydroxide purum (Panreac Quimica S. A., Barcelona,
Spain) were used as received. Water for all reactions, solution
preparation, and hydrogels purification was Milli-Q from a
water purification facility (Millipore Milli-U10). Gadopentetate
dimeglumine, Gd-DTPA (Shering AG, Germany), was used to
reduce the spin—lattice relaxation time, 7', of water protons.

Synthesis. P(N-iPAAm), P[(N-iPAAm)-co-(MAA)], and
P(MAA) gels were synthesized by free-radical cross-linking
copolymerization in solution of the monomers N-iPAAm and
MAA. Polymerization was carried out using a mixture of water
and ethanol 60/40 v/v as solvent. Six different copolymers were
obtained with N-iPAAm % molar composition of 100, 62, 42,
25,13, and 0, as determined by elemental analysis by using a
CHN EA 1108 elemental analyzer (Carlo Erba Instruments
S. p. A., Milano, Italy). In all cases a ratio of monomers/solvent
ratio of 1:1 (w/v) (14 g of monomers per 14 mL of a solvent
mixture of water/methanol) was used. In some instances, for
high content of MAA copolymers, MAA monomer was neutral-
ized by means of an aqueous NaOH solution. Cross-linker
TEGDMA, activator TEMED, and initiator APS were used
with an initial weight ratio of 0.5 wt % of the total monomer
amount (14 g).

The following procedure to obtain sheet shape gels was
employed. The mixture solution was cast on glass plates (120
x 100 x 3 mm) enclosed by a rubber framework-spacer with
1 mm thickness and sealed off with other glass plate in order
to avoid air contact during polymerization. The gelation takes
place within 3 h. Afterward, the gels were removed from the
glass plate and immersed in freshwater for 3 days to remove
the unreacted chemicals. During this time the water and
chemicals dissolved were five times removed and replaced by
fresh Milli-Q water. Uniform disks with a diameter of 15 mm
and a thickness of 1 mm were punched out the gel sheet using
a stainless steel cork borer. These disks were left to dry at
room temperature for 24 h and then vacuum-dried (1073
mmHg) at 60 °C for 12 h. Since the previous swelling history
was shown to have a strong influence on the swelling behav-
ior,! samples from synthesis were soaked under acidic medium
(pH 2) for 48 h and dried in a vacuum oven at 60 °C for 24 h;
with this treatment hydrogen bond arrangements are allowed.

Gravimetric Swelling. Dried presoaked under acidic
medium disks were left to swell in PBS at pH 7 (ionic strength
= 0.1 M) at 25 °C. After regular time intervals samples were
taken out, wiped superficially with blotting paper, weighed,
and placed again in the same bath. The swelling ratio or degree
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Figure 1. Size and position setup for the disk arrangement
in the NMR imaging swelling experiment. Inside of a glass
tube of 2 cm diameter with phosphate buffer, a disk hold to a
PP supporter by several nylon filaments is placed. With this
arrangement the shortest dimension of the disk is parallel to
the magnetic field Bo.

— buffer solution
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of swelling, @, at a time ¢ was calculated in grams of water
per grams of dry gel (xerogel) using the following expression:

Q,= (m, — myim,=W/m, (1)

where m; is the weight of the swollen gel at time ¢, mo is the
weight of the dried gel (xerogel), and W, is the weight of the
water uptake at time ¢. The normalized swelling rate is
obtained by the next relation @/Q«, where Q. is the swelling
at equilibrium.

Photographic Swelling Fronts. Photographs of the hy-
drogel disks were recorder with a Panasonic digital video
camera Mini DV PAL (Matsushita Electric Industrial Co., Ltd.,
Osaka, Japan) at regular time intervals during the gravimetric
experiment.

Magnetic Resonance Imaging (MRI). All proton NMR
imaging experiments were carried out on a Bruker Avance 400
spectrometer/imager (Bruker Analytik GmbH, Karlsruhe,
Germany) equipped with a Bruker UltraShield 9.4 T (‘H
resonance frequency of 400.14 MHz), 8.9 cm vertical-bore
superconducting magnet. The maximum strength of the
magnetic field gradient is 97.3 G/cm. The NMR images were
acquired at room temperature by using a standard Bruker
imaging probe with a 25 mm diameter rf insert. A standard
Bruker 2D spin echo pulse sequence was used to acquire the
data which were converted into proton density maps using
Paravision software supplied with the spectrometer. An echo
time TE of 4.393 ms and a repetition time TR of 1 s were used.
Four scans were averaged for each image with a field of view
(FOV) of 30 x 30 mm and a slice thickness of 0.25 mm. For
each image a non isotropic matrix of 256 x 128 pixels with a
spatial resolution of 117 x 234 um was acquired. To keep the
sample at the same spatial position during the experiment,
each hydrogel disk was supported on two nylon filaments and
a third filament crossing its center. All three were fixed to a
polypropylene supporter as shown in Figure 1.

Experimental Results

Macroscopic Swelling Experiments: Gravimet-
rical Technique and Photographs. Figure 2 shows
dynamic gravimetric swelling curves at pH 7 of P(MAA)
of a series of P[(N-iPAAm)-co-(MAA)] copolymers having
13, 25, 42, and 62 mol % of N-iPAAm content and P(N-
iPAAM). All these hydrogels were previously soaked at
pH 2. In general, it could be said that the behavior of
the copolymer hydrogels is different compared to those
of their corresponding P(MAA) and P(N-iPAAM) homo-
polymers. As a first insight, both swelling rate and curve
shape strongly depend on composition. Swelling curves
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Figure 2. Normalized gravimetric swelling isotherms in
water at pH 7 and 25 °C previously soaked at pH 2 of a series
of samples of P(MAA), 13, 25, 42, and 62% mol N-iPAAm
copolymers and P(N-iPAAm) cross-linked with 0.5 wt % of
TEGDMA.
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Figure 3. Time-dependent photographs taken at different
stages of swelling of disk-shaped P(MAA), two P[(N-iPAAm)-
co-(MAA)] copolymers having 25 and 42% mol of N-iPAAm
content, and P(N-iPAAm) at pH 7 and 25 °C and previously
soaked at pH 2. The scale bar represents 0.5 cm.

corresponding to the copolymers exhibit a typical sig-
moidal shape.

In Figure 3, time-dependent photographs of disk
samples of P(MAA) and P[(N-iPAAm)-co-(MAA)] copoly-
mers with 25 and 42% mol N-iPAAm and P(N-iPAAm)
taken at different stages of swelling are shown. It is
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Figure 4. Proton MRI images corresponding to the dynamic
swelling isotherms of P(MAA) cross-linked with 0.5 wt % of

TEGDMA in water at pH 7 and 25 °C and previously soaked
at pH 2.

observed that the morphology of the copolymer hydro-
gels during swelling differs clearly from that of their
corresponding homopolymers. It seems that the diam-
eters of P(MAA) and P(N-iPAAm) disks increase pro-
gressively until the equilibrium is reached. However the
disks copolymers prepared display a scalloped pattern
on the surface and edges. This behavior has been
observed also in the case of P[(N-iPAAm)-co-(BMA)] by
Yoshida et al.?% They attributed the pattern observed
to an anisotropic swelling of the samples, and our MRI
results are in agreement with this interpretation.
Simultaneously when this pattern is developed, a white-
opaque core may be observed which persists during a
long time, thus 750 min for the copolymer with 25% mol
N-iPAAm and 1800 min for the copolymer with 42% mol
N-iPAAm, approximately.

Swelling Monitorization by Magnetic Reso-
nance Imaging (MRI). Figures 4, 5, and 6 show 'H
NMR images corresponding to different stages of swell-
ing for hydrogels with 0, 25, and 100% mol N-iPAAm
content. Color maps represent the relative proton signal
intensity. The most mobile region, corresponding to the
water outside the gel, gives the highest intensity and it
can be seen in blue. Rigid regions from the nonhydrated
gel are seen in dark green. For the whole series of
hydrogels, the swelling front may be seen in yellow. P(N-
iPAAm), as it was observed in the gravimetric experi-
ment, exhibits the fastest swelling rate (Figure 6); in
the first image recorded after 13 min, water had already
penetrated reaching the sample center (the dark green
region could not be observed). P(MAA) presented a
slower swelling rate (Figure 4) than P(N-iPAAm), but
also a more rapid swelling than copolymers, at relative
early stages (about 44 min) water was able to reach the
sample core, after 159 min; as it can be seen the whole
sample is uniformly hydrated, later on, water uptaking
continues monotonically until equilibrium is reached.
A comparison between the swelling behavior of the
homopolymers and copolymers reveals clear differences.
The swelling of the homopolymers occurs uniformly,
whereas copolymers exhibit two swelling regions, an
outer part swollen extensively and an inner one or core
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Figure 5. Proton MRI images corresponding to the dynamic
swelling isotherms of P[(N-iPAAm)-co-(MAA)] 25/75 cross-
linked with 0.5 wt % of TEGDMA in water at pH 7 and 25 °C
and previously soaked at pH 2. The dotted white and black
lines represent the two swelling processes.

nonhydrated. Comparing the swelling process of all
copolymers (images not shown), it can be appreciated
that the slowest swelling occurs for the hydrogel with
a N-iPAAm content of 42% mol. For this sample, the
nonhydrated region at the sample core can be observed
for more than 1 day (~2000 min). This hard core
corresponds to the white-opaque region observed in the
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P(N-iPAAm)
13 min.

Figure 6. Proton MRI images corresponding to the dynamic

swelling isotherms of P(N-iPAAm) cross-linked with 0.5 wt %
of TEGDMA in water at pH 7 and 25 °C and previously soaked

at pH 2.
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Figure 7. One-dimensional signal intensity profiles obtained
from (a) P(MAA) and (b) P[(N-iPAAM)-co-(MAA)] 25/75, after
varying time of swelling as it is indicated. A part of the primary
data are given in Figures 4 and 5. The profiles correlate quite
well with the phases and interfaces taken for the same
hydrogels photographically as it is explained in the text.

photographs. Figure 7 illustrates one-dimensional signal
intensity profiles obtained from images, at increasing
swelling time, corresponding to samples of P(MAA) (a)
and the copolymer with 25% mol N-iPAAm (b). The
difference in the swelling behavior of these two hydro-
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Figure 8. Three-dimensional surfaces representing the spin
density profiles as a function of the swelling time: (a) P(MAA)
hydrogel polymer; (b) P[(N-iPAAm)-co-(MAA)] 25/75.

gels can be seen easily. The P(MAA) homopolymer
shows a progressive and homogeneous swelling since
the first stages, whereas the copolymer presents a more
complex behavior, namely the presence of the two
overlapped processes, as we already suggested by means
of a gravimetric analysis.!! First of all, we may observe
the appearance of two well-differentiated zones, as
mentioned above, i.e., an external zone, with swelling
values closed to the equilibrium. It moves very slowly,
appearing in the photography as the refolded border,
and an internal zone which remains unchanged up to
the acceleration process has been initiated. This fact is
shown in a very illustrative form in the three-dimen-
sional and contour map plots which are shown in Figure
8. Here, it is shown a fast and uniform swelling taking
place in the homopolymer P(MAA); on the contrary, in
the copolymer, we can observe that the internal zone
in blue is not accessible to the water until ~400 min; at
this moment the water starts to hydrate this zone, thus
producing the acceleration in the swelling. It is worth-
while to point out that once this second process has
started, the swelling in the inner zone takes place in a
quite homogeneous fashion. It does not exist practically
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Figure 9. Swelling curves obtained from MRI images of a
series of samples of [P(MAA)] and P[(N-iPAAm)-co-(MAA)]
copolymers and [P(N-iPAAm)], all cross-linked with 0.5 wt %
of TEGDMA in water at pH 7 and 25 °C and previously soaked
at pH 2: (a) as a function of the normalized integral of the
spin density profiles IP/IP. vs time ¢, measured along the
concave axis of the sample; (b) as a function of the normalized
intensities, I/In, measured at a point as it is indicated in this
figure.

an intensity gradient along this zone. As long as this
second process does not take place, the water swells the
external zone of the gel, reaching then the values which
are attained when the sample is completely swollen
(yellow zone).

At this point, we must paid especial attention to the
photographs displayed in Figure 3, on which we have
made before some comments. As we can see, for the
copolymers, there is a very peculiar wide edge, which
may be due to the folding of the most external zone. It
is highly swollen as it has seen by means of the MRI
images.

From the integral of the MRI signal intensity profiles
at each time, IP;, a curve can be estimated which is
related to the swelling process. The normalized integral
intensity, IP/IP., where IP. is the integral of the
intensity profile when equilibrium is attained, for each
one of the samples is plotted in Figure 9a. The trend of
these curves is very similar to that one obtained from
the gravimetric experiment (Figure 2); however, swell-
ing seems to be faster for the NMR imaging experiment.
This fact could be due to the effect of the hole at the
sample center. Nevertheless, the sigmoidal shape, oc-
curring for some of the hydrogels, is reproduced quite
well in the NMR imaging experiment.



Macromolecules, Vol. 38, No. 17, 2005

In Figure 9b the evolution of the signal intensity at a
middle point, namely in between the center of the
sample and its edges is plotted. At this point we can
see clearly the existence of a delay time in the copoly-
mers; after this time the swelling occurs in almost an
exponential fashion.

Analysis of the Swelling Kinetics. From the clas-
sical point of view of molecular dynamics, the swelling
process has been classified in the recent past according
to the following criteria: diffusion in polymers takes
place by the transport of a penetrant via random
molecular motion.* (i) Case I or Fickian, in which the
rate of diffusion of the penetrant is much less than that
of polymer segment mobility. (ii) Case II, in which the
rate of diffusion is much greater than polymer segment
mobility and is strongly dependent on swelling kinetics.
(ii1) Anomalous or non-Fickian in which rate of diffusion
is comparable with polymer segment mobility. Cases I
and II represent two extremes of diffusion behavior,
with anomalous diffusion falling in between.*?

These three general cases are related to the exponent
n of the following heuristic equation:46:47

MM, = kt" 2)

where M; is the water uptake, M. is its final value
(equilibrium value), & is a constant characteristic of the
system, n is an exponent characteristic of the penetrant
transport mechanism, and ¢ denotes time. For a film, n
= 0.5 indicates Fickian kinetics, n > 0.5 indicates non-
Fickian or anomalous transport, and n = 1 implies case
IT (relaxation-controlled) transport.

However, Siegel!® indicated that in the case of ioniz-
able gels, in addition to solvent diffusion and polymer
relaxation, ion diffusion and fixed charge groups ioniza-
tion rates have to be taken into account.

For many years the cases of anomalous diffusion have
been attributed to relaxation phenomena in the poly-
mer; thus, for instance, Berens and Hopfenberg® de-
scribed this process by means of a first-order kinetics:

MJM,=1— e 3)

However, neither eq 2 nor eq 3 seems to fit satisfactorily
all the experimental results, especially in those cases
where sigmoidal swelling curves are observed.

To describe quantitatively the water uptake in the
homopolymers and copolymers synthesized, it is neces-
sary to find an appropriate model. In a previous work,
we have analyzed in detail the swelling kinetics of this
type of copolymer, as a function of pH, composition, and
temperature and also by taking into account the swell-
ing history of the samples (by controlling the soaking
pH).10:1131,32 We found that swelling may be accurately
described by means of a first-order kinetics when
hydrogels are free of hydrogen bond arrangements, i.e.,
samples soaked at pH 7 and subsequently soaked again
at the same pH.32 However, we did not found a kinetics
model in the literature which could describe the swelling
for the observed sigmoidal curves in the copolymers at
pH 7 when they were previously soaked in acidic
medium. Sigmoidal curves were related to the dynamic
disruption of hydrogen-bonding arrangements, formed
previously at acidic pH between both comonomeric
units, following an autocatalytic process.!! The accelera-
tion was justified according a cooperativity disruption
of the hydrogen bonding and hydrophobic interactions
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when water penetrates inside the gel these interactions
weakness and every time the penetration of new mol-
ecules of water take place easier.

The water uptake can be considered as follows:

kl
H,0 — H,0’
ky
H,0 + H,0" — 2H,0° (4)

where HyO* represents water molecules inside the gel;
the first water molecule that penetrates inside the
polymer helps to the next one to go inside the gel, so
that kg > k1. This is a water penetrating kinetics scheme
for a simple autocatalytic process. In the present case,
the swelling rate is proportional to the amount of sites
still available for water, 1 — @;/Q«, and to the water
already inside the gel, @/Q.; therefore, we can write
as

d(Q/Q.)/dt = k(1 — (Q/Q.)] + k,Q/Q.[1 — (Q/Q.)]
(5)

which after integration and arrangement yields the
following equation:

Qt N (kl/k2)(]_ — ef(kl"'kz)t) (6)
Qm - (kl/k2) + e_(k1+k2)t

When k1 > ko, k1 + ke ~ ki, and therefore ki/ks >
e k1tky) it is simplified to a first-order rate of swelling

Qt —kit

—x~1—e 7

0. (7
However, for some hydrogels, near the equimolecular
composition and for the most acidic pH of soaking,
another process was suspected. It was observed that an
induction or delay period exists, which may be caused
by a higher hydrogen bond strength. In that case,
swelling was interpreted in terms of two simultaneous
processes: the first one follows a first-order kinetics
with a very small rate constant and the second one the
overall autocatalytic process with its two rate constants.
The whole swelling process was represented by the
following overall equation:

Qt B (kl/k2)(1 _ e*(kﬁ»kz)t)

—kg
Q (kylky) + @~ Frth2t +1A-pA—-e") (8)

in which f is a parameter which represents the fraction
of each one of the two contributions to the overall
process. This assumption is now supported by the MRI
experiments. The first slow process could correspond to
the swelling of the outer part of the gel. We have
intended to separate these two processes starting from
the images by integrating the first stages of the swelling
process, i.e., the two zones of different intensity, for the
two samples in which the swelling process is slower. For
example, in Figure 5, images corresponding to different
stages of swelling for 25% mol N-iPAAm hydrogel have
been shown. One can observe that there exists an
external yellow zone of equal intensity well differenti-
ated of the center, that is the swelling front; the
intensity of this part has been integrated and substrated
to the total integral intensity. In Figure 5 white and
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black dotted lines indicate these two regions. The
deconvolution cannot be done for the whole swelling
process because sometime the second process overlaps
the first one. In Figure 10a,b deconvolution curves of
these two simultaneous processes represented by eq 8
corresponding to 25 and 42% N-iPAAm contents are
shown. The fitting of the experimental results has been
done as follows: the integral of the intensity of the first
process, the water uptake of the external part of the
gel, represented in full squares, has been adjusted to a
first-order kinetics (second term of eq 8), from this
fitting the values of § and k3, have been obtained, and
then these values have been considered fixed in eq 8,
to fit the whole integral intensity (represented as open
squares), thus obtaining k1 and kg rate constants.

The kinetic parameters resulting from the deconvo-
lution for 42% N-iPAAm copolymer are k; = 1.58 x 1076
min, ks = 4.53 x 1073 min, k3 = 1.48 x 1073 min, and
B =0.2575. For 25% N-iPAAm k1 =9 x 107° min, ko =
4.21 x 1073 min, k3 = 1.55 x 1073 min, and § = 0.2345.

In both cases the attack of the swelling front, con-
trolled by ks, occurs at a similar rate, and the fraction
of polymer swollen by this first process is also compa-
rable. The major difference between these two copoly-
mers lies on the catalytic process; k1 and kg are higher
for 25% mol N-iPAAm copolymer, especially %1, which
corresponds with the faster autoacceleration swelling
observed for this copolymer.

To test that the swelling in the most external part
may follow a first-order kinetics, we have carried out
the same experiment using a 42% mol N-iPAAm content
sample, however in this case with a sample of cylindrical
shape with a diameter of 0.5 and 1 cm length. The
recorded images for a radial cut plane as well as the
extracted one-dimensional profiles as a function of time
are shown in Figure 11a,b. As we can see in this figure,
the swelling front moves very slowly. By plotting the
integral of the profile as a function of time, Figure 11c,
it can be observed that it follows a first-order kinetics.

As we have mentioned before, the anomalous behavior
of the swelling is directly related to the presence of
hydrogen bond arrangements in the sample, and it
disappears when the sample has not been submitted
before to acid treatment. In Figure 12, the NMR images
recorded for the sample of a 42% mol N-iPAAm compo-
sition, previously soaked at acidic pH (a) and the images
recorded for a sample with identical composition, which
was not soaked at pH 2, are shown for comparative
purposes. It can be appreciated that when the sample
is free of hydrogen bond arrangements, the swelling is
very fast and follows a first-order kinetics.

Patterns exhibiting a sigmoidal swelling with ac-
celerating aqueous uptaking rates during swellings, as
we have made mention before, have been also found in
different systems,!®30 and although their authors do
not make mention it can be observed in other systems
such as i.e. in comblike polymers poly[(methacrylic
acid)-g-(ethylene glycol)] and poly[(methacrylic)-g-
(propylene glycol)].*® From all these authors, only
Siegel!®19 has given a mechanistic approach to the
interpenetration of the sigmoidal swelling observed for
a hydrophobic weak base polyelectrolyte copolymer of
methyl methacrylate (MAA) and N,N-dimethylamino
methacrylate (DMA). Siegel!® suggested that the trans-
port of protons from the outer solution to uncharged
amines at the swelling front is limiting the swelling,
since a combination of solvent and ions must be present
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Figure 10. Deconvolution in a first order (i) and an auto-
catalytic (i1) processes from the dynamic swelling isotherm, of
magnetic resonance imaging (MRI) data (iii) according to eq
8, as a function of the normalized integral of the spin density
profiles IP/IP., vs time ¢ of two samples of P[(N-iPAAm)-co-
(MAA)] with 25 (a) 42 (b) % mol N-iPAAm contents, cross-
linked with 0.5 wt % of TEGDMA. These two processes have
been separated directly from experimental data starting from
the images by integrating the first stages of the swelling
process, i.e., the two zones of different intensity, for the two
samples in which the swelling process is slower. They are
represented in the figures by (W) full squares and (O) open
circles, respectively.

to initiate a glass to rubber transition, in the early
stages of swelling; a swelling front separates a swollen
outer region from a glassy core owing to case II
transport mechanisms. The front proceeds toward the
glassy interior as the polymer absorbs water. In this
process, the glassy core largely constrains the swelling
in the direction normal to the front. When the fronts
meet at the midpoint of the polymer starts to swell
largely unidirectional because the swelling constraint
disappears. Therefore, the swelling of the gels is sud-
denly accelerated.2?2 The work reported by Siegell9:18.22
is quite interesting and completed, especially about the
influence of the medium characteristics on the swelling
behavior, as the buffer identity, buffer concentration,
pH, etc. However, by means of the imaging experiments,
information about when and how acceleration occurs
can be provided. Thus, we have observed that accelera-
tion takes place before the swelling front reaches the
middle point in the sample. This is contrary to the
argument suggested by Siegel;2? the degree of swelling
of the swelling front is not really constrained by the
glassy core. In fact, according to our observations, the
swelling characteristics for these samples can be sum-
marized as follows: in a first stage, the most external
part of the specimen starts to swell; its swelling is slow,
but it takes place completely all over the specimen, thus
appearing as a swelling front. The advance of the front
is governed in its neighborhoods by the disruption of
the hydrophobic hydrogen bond arrangements. Since the
external zone reach high swelling values, the volume
difference of this part compared with the adjacent center
makes the external part to refold forming like a scallop
around its center, at the same time that a curious relief
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Figure 11. (a) Primary magnetic resonance imaging (MRI)
data from a cylindrical specimen of the dynamic swelling
isotherms in water at pH 7 and 25 °C of P[(N-iPAAm)-co-
(MAA)] 42/58 cross-linked with 0.5% of TEGDMA and previ-
ously soaked at pH 2. (b) A series of one-dimensional signal
intensity profiles obtained using the spin-echo sequence which
was applied after increasing time of swelling as it is indicated
and taken perpendicular to the cylinder axis. (¢) Dynamic
swelling isotherms from proton MRI images as a function of
IP/IP,, the normalized integral of the intensity corresponding
to the profiles plotted in (a), vs time ¢. The data fits to a first-
order kinetics with a rate constant of 5.1 x 107 min™1.

on both disk surfaces appears, which is clearly seen in
the photographs. In a second stage, depending on the
gel composition besides, the swelling is accelerated
because some buffer is able to go inside the core, thus
promoting a rapid and cooperative hydrogen bond
disruption. It is interesting to note that at this stage
the sample core becomes white and opaque. Later on,
the sample starts to growth more homogeneously,
getting an almost uniform circular shape and finally
having the appearance of a disk. The shape of the
swelling curve and the swelling rate are clearly a
function of the sample composition.

Siegel!?22 suggested that the buffer is a carrier of ions,
hence the crucial importance of the kind of buffer.
Similarly he observed that the pH has a strong influence
on the swelling as we have also pointed out. However,
the appearance of swelling sigmoidal curves cannot be
justified solely by the transport of ions in the case of an
ionizable polymer, since then this type of phenomena
would appear as well in the P(MAA) homopolymer. But
it cannot be attributed, as an isolated form, to the
rupture of hydrogen bonds, since they are also presented
in the P(MAA) homopolymer. It is our believe that this
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Figure 12. (a) Proton MRI images corresponding to the
dynamic swelling isotherms of P[(N-iPAAm)-co-(MAA)] 42/58
cross-linked with 0.5 wt % of TEGDMA in water at pH 7 and
25 °C: (a) sample without any previously soaking treatment
and (b) sample previously soaked at pH 2. (¢) Swelling curves
as a function of the normalized integral of the one-dimensional
signal intensity profiles IP/IP,, vs time ¢, measured along the
concave axis of the samples.

behavior obeys to the fact that in these cases the

hydrogen bonds are more inaccessible to water mol-
ecules since they are stabilized by hydrophobic interac-
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tions. The key of this behavior lies in the influence of
the composition. Thus, copolymers with a composition
of almost the equimolecularity show a slower kinetics
and a sigmoidal trend much more remarkable. This fact
could be indicative that the origin of this behavior is
an effective interaction between both structural units.
This interaction might be promoted by soaking previ-
ously of the hydrogels at low pH.

Conclusions

MRI has been used successfully to monitor water
uptake into P[(N-iPAAm)-co-(MAA)] copolymers. The
main purpose of the present MRI study was the tem-
porally and spatially resolved analysis of the penetra-
tion and distribution of water as a function of the
copolymer composition. MRI proved to be a valuable tool
for precisely and nondestructively analyzing the behav-
ior of the same specimen of P[(N-iPAAm)-co-(MAA)]
copolymers during water uptaking.

The experimental results presented in this paper
clearly demonstrate the differences in the swelling
behavior as a function of hydrogel composition and pH
of previous soaking.

Because of the monitorization of the state of water in
the inner part of the gel which has been furnished by
the NMR imaging experiments, we can say that the
experimental sigmoidal swelling curves might be ex-
plained by the existence of two swelling processes. The
first process, which corresponds to the swelling of the
external zone of the gel, produces a swelling front that
progresses slowly to the inner zone. Then, the second
process is autoacceleration, which could be justified very
precisely by the cooperative disruption of the hydrogen
bonds and the weakness of the hydrophobic interactions
in the inner part of the gel.

The change of the swelling mechanism with pH and
composition may provide very valuable information for
the application of P[(N-iPPAm)-co-(MAA)] copolymers
matrices in the preparation of controlled release drugs.
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