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ABSTRACT: Acrylamide gels were prepared from acrylamide (AAm) with various N,N'-
methylenebis(acrylamide) (Bis) contents by free-radical crosslinking copolymerization
(FCC) in water and dried before used for swelling experiments. Photon transmission
measurements were performed using a UV-visible (UVV) spectrometer during the
swelling of polyacrylamide gels. Transmitted light intensity I,, increased linearly at
very early times when acrylamide gels were immersed in water, then decreased con-
tinuously as swelling time increased. The behavior of I,, was modeled assuming two-
stage swelling mechanisms for the swelling acrylamide gels. The increase in I,, at early
times was quantified using a linear diffusion model and a linear relaxation constant %,
was measured. The decrease in I,, was modeled using the Li-Tanaka equation, from
which time constants 7, and cooperative diffusion coefficients D, were determined for
acrylamide gels with varying Bis content. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci

82: 894-906, 2001

INTRODUCTION

It has been known that the swelling and elastic
properties of gels are strongly influenced by large-
scale heterogeneities in the network structure.'?
In the swollen state these imperfections manifest
themselves in a nonuniformity of polymer concen-
tration. These large-scale concentration heteroge-
neities do not appear during the gelation but only
in the gel swollen at equilibrium.? Light-scatter-
ing experiments by Bastide et al.* seem to confirm
this observation. The structural heterogeneities
of a gel greatly affect its physical properties such
as permeability, elasticity, and optical properties.
It was shown that high permeability of acryl-
amide gels is related to the inhomogeneous
crosslink distribution.®® The effects of inhomoge-
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neities of the polymer network on the swelling
equilibrium of acrylamide gels and on the diffu-
sion of water molecules within the gels were ex-
amined.” The network structure and its inhomo-
geneities can be varied by changing the concen-
tration of polymers and the proportion of
crosslinkers to polymers. A model that relates gel
composition with the swelling ratio, turbidity,
elastic modulus, and volume fraction was de-
scribed for polyacrylamide gels.® The boundary
between a transparent state and an opaque, het-
erogeneous state for a gel as a function of mono-
mer and crosslinker concentrations was deter-
mined.?

Swelling is directly related to the viscoelastic
properties of a gel. The gel elasticity and the
friction between the network and solvent play an
important role on the kinetics of the gel swell-
ing.1°'2 It has been known that the relaxation
time of swelling is proportional to the square of a
linear size of the gel,'® which has been confirmed



experimentally.'? One of the most important fea-
tures of the gel swelling process is that it is iso-
tropic. The elastic and swelling properties of per-
manent networks can be understood by consider-
ing two opposing effects, the osmotic pressure and
the restraining force. Usually the total free en-
ergy of a chemically crosslinked network can be
separated into two terms: the bulk and the shear
energies. In a swollen network the characteristic
quantity of the bulk free energy is the osmotic
bulk modulus K. The other important energy, the
shear energy, keeps the gel in shape by minimiz-
ing the nonisotropic deformation. The character-
istic coefficient of these forces is the shear modu-
lus w, which can be most directly evaluated by
stress—strain measurements.™!? Li and Tanaka'*
developed a model in which the shear modulus
plays an important role that keeps the gel in
shape as a result of coupling of any change in
different directions. This model predicts that the
geometry of the gel is an important factor and
that swelling is not a pure diffusion process.

The equilibrium swelling and shrinking pro-
cesses of polyacrylamide gels in solvent have been
extensively studied'®'"- It has been reported that
acrylamide gels undergo continuous or discontin-
uous volume phase transitions with temperature,
solvent composition, pH, and ionic composition.'®
pH-induced volume transitions of acrylamide gels
in an acetone/water mixture were studied using
fluorescence technique. When an ionized acryl-
amide gel is allowed to swell in water, an ex-
tremely interesting pattern appears on the sur-
face of the gel and the volume expansion in-
creases by adding some amount of sodium
acrylate.l” If acrylamide gels are swollen in an
acetone/water mixture, gel aging time plays an
important role during collapse of the network.!”
The kinetics of swelling of acrylamide gels was
studied by light scattering and the cooperative
diffusion coefficient of the network was mea-
sured.'”'® Small-angle X-ray and dynamic light
scattering were used to study the swelling prop-
erties and mechanical behavior of acrylamide
gels.'®2% An in situ photon transmission tech-
nique, used to study aging of acrylamide gels at-
tributed to multiple swelling, was reported from
our laboratory,?! where it was observed that the
transmitted light intensity I,, decreases continu-
ously as acrylamide gel swells. The decrease in I,,
was attributed to the structural inhomogeneities
in the gel.2224

In this work in situ photon transmission exper-
iments were reported during the swelling of acryl-
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Figure 1 Schematic representation of two-stage gel
swelling. Stage I presents linear diffusion at the sur-
face of the gel. Stage II describes the Li—-Tanaka model
at the center of the gel.
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Figure 2 A schematic presentation of swelling at the
surface of the gel.

amide gels prepared with various Bis contents. It
was observed that the transmitted light intensi-
ties I,, at early times increased suddenly and then
decreased exponentially as the gels swelled. The
increase in I, was attributed to the surface swell-
ing of the gel, which was modeled using a linear
diffusion process. The decrease in I,. was attrib-
uted to the increase in scattered light intensity I,
from the gel resulting from spatial heterogene-
ities, which increase during swelling of the center
of the gel. The decrease in I, against time was
modeled using the Li-Tanaka equation.'* Time
constants 7; and cooperative diffusion coefficients
D, were determined for each gel sample with
different Bis contents. I, intensities were mea-
sured by a UV-visible (UVV) spectrometric tech-
nique and swelling in acrylamide gels was moni-
tored in real time by using the time-drive mode of
the UVV spectrometer. Supporting experiments
were performed by measuring the thickness and
the weight of the gels during swelling processes.

KINETICS OF TWO-STAGE SWELLING

It is well known that for a macroscopic size gel,
the swelling of the portion near the gel surface
may be different compared with that in the center
of the gel. This difference certainly complicates
the kinetic studies; therefore, here we propose
two different mechanisms in different time inter-
vals for the gel swelling: (1) “linear diffusion,”
which takes place at early times of swelling and
deals with the swelling near the gel surfaces; and
(2) the Li-Tanaka model explains the swelling of
the gel at the center, which takes place at longer
times. These two stages of swelling are schemat-
ically presented in Figure 1.

Linear Diffusion Model

The linear transport mechanism is characterized
by the following steps.?® As the solvent molecules
start to enter through the surface of the gel, an
advancing boundary forms and separates the
glassy part of the gel from the swollen surface (see
Fig. 2). This boundary moves into the center of
the gel at a constant velocity. The swollen gel
behind the advancing front is always at a uniform
state of swelling. Now consider a cross section of a
surface with thickness d, undergoing linear diffu-
sion as in Figure 2, where L is the position of the
advancing sorption front, C, is the equilibrium
penetrant concentration, and &, (mg cm™ 2 min 1)



is defined as the linear relaxation constant. The
kinetic expression for the sorption in the surface
gel slab of an area A is given by

dw
W = koA (1)

The amount of solvent W absorbed in time ¢ will
be

W=_CyAd' — L) (2)

where d’ is the value of d at time ¢. After eq. (2) is
substituted into eq. (1) the following relation is
obtained:

d g —L) = ko
qd-L=-g 3)

By integrating eq. (3) one can obtain the following
relation:

L=d — 4t (4)

Here it is assumed that cross section A stayed
constant during swelling, at least seen by UV
beam. Given that W = kjAt and W,, = C,Ad, the
following relation is obtained:

w ko

Wm:mt (5)

where W, is the maximum solvent sorption by
the gel surface.

Li-Tanaka Model

The total energy of a gel can be separated into a
bulk energy and shear energy. The bulk energy is
related to the volume change, which is controlled
by the following diffusion equation:

— =DV (6)

where @ is the displacement vector of a point in
the network and D, is the collective diffusion
coefficient. The shear energy F,;,, on the other
hand, can be minimized instantly by readjusting
the shape of the gel; that is, the change of the
shear energy in response to any small change in
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shape that maintains constant volume element
within the gel should be zero.'*

Simultaneous solution of eqs. (6) and (7) pro-
duces the following equation for the swelling of a
gel disk!*:

(r, t)
Z(:, o)~ % B,exp(—t/t,) (8)

where the displacement vector is expressed as a
decomposition into components, each of them de-
caying exponentially with a time constant 7,,. The
first term of the expression is dominant at large ¢,
that is, at the last stage of swelling. Equation (8)
can also be written in terms of solvent uptakes W
and W, at time ¢ and at equilibrium, respectively,

as follows?®:

W.-W
W - > B,exp(—t/t,) 9)

n=1

In the limit of large ¢ or if 7; is much greater than
the rest of 7,,, all higher terms (n = 2) in eq. (9)
can be omitted, so that the swelling kinetic can be
given by the following relation:

w
(1 — W) = Biexp(—t/Ty) (10)

Here B, is related to the ratio of the shear mod-
ulus p and the longitudinal osmotic modulus M
= [K + (4u/3)]. Once the value of B; is obtained,
one can determine the value of R = w/M because
the dependence of B; and R for a disk can be
found in the literature.'* 7, is related to the col-
lective cooperative diffusion coefficient D, of a gel
disk as

3a.,
D, = 3 (11)

T101

where «; is a function of R only (given in the
literature!!) and a.. is the half thickness of the gel
in the final equilibrium state. Once the quantities
7; and B, are obtained, R, «;, and D, can be
calculated.
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TURBIDITY OF GELS

A gel can be described as a random distribution of
crosslinks on a lattice formed by the interchain
contact points. When two junctions are located on
neighboring lattice sites, a “frozen blob” is
formed.* In the swollen state of a gel these
crosslinks cannot move apart from each other be-
cause they are chemically connected by a chain
segment, which is in an optimal excluded volume
conformation. Frozen blobs are often connected
and form clusters of first topological neighbors. As
a result the random crosslinking of chains can be
described as a site percolation on a blob lattice.
When the gel is in a good solvent it swells and
frozen blob clusters expand less than the intersti-
tial medium.

When the gel is in a swollen state small clus-
ters are expelled from larger ones, creating re-
gions of low concentration. Here the correlation
length becomes the typical size of clusters that
are not entangled with smaller ones. In other
words, correlation length becomes the typical size
of holes that are created as a part of the intersti-
tial medium. Here the swelling of gel leads to an
excess scattering of light, which comes from the
contrast between frozen blob clusters and holes
created by the dilution. During the dilution pro-
cess in gel swelling, the partial separation of fro-
zen blob clusters leads to a strong increase of the
scattering intensity I, or decrease in the trans-
mitted light intensity I,,., which is the case when
the central part of the gel swells. However, when
the surface of the gel swells, dangling ends relax
by creating more homogeneous lattice for I,,, with
the result that it increases during surface swell-
ing.

EXPERIMENTAL

Gels were prepared by using 2.5 g of AAm and 40
mg of ammonium persulfate (APS) as an initiator
by dissolving them in 25 cc of water in which 10
L of tetramethyl ethylenediamine was added as
an accelerator. Four different gels were obtained
by adding 175, 200, 250, and 300 mg Bis into each
of the gels prepared by the above procedure. Free-
radical crosslinking copolymerization was per-
formed at room temperature in a 1.6-cm diameter
cylindrical cell in nitrogen atmosphere. Disc-
shape gels were obtained by cutting these cylin-
drical gels; 1.4- to 1.6-mm-thick gels in various

Bis contents were placed into a 1 X 1-cm quartz
cell filled with water for the UVV experiments.
Swelling of gel discs was monitored in real time
and in situ photon transmission measurements
were performed using a Perkin—Elmer UVV spec-
trometer (Perkin Elmer Cetus, Norwalk, CT).

Typical normalized I,, curves against swelling
time £, are given in Figure 3 for the experiments
made at 550 nm wavelength for four different Bis
content samples. In Figure 3 it is seen that I,,
intensities increased suddenly at early times by
reaching the highest transparency, then de-
creased exponentially, presenting the appearance
of turbidity in these gel samples. The early-time
behavior of I, was most probably caused by the
surface imperfections of the gel, which may ap-
pear during the cutting process. The sudden in-
crease of I, can be labeled as the surface effect
related to the dangling chain ends, which relax
during solvent sorption by presenting temporary
transparency. This effect disappears at later
times of swelling after I,. reaches the maxima.
Further swelling predicts that 175, 200, 250, and
300 mg Bis content gels present lattice heteroge-
neities, which increase as a result of the swelling
process by causing a decrease in I,,.. Supporting
experiments by measuring the thickness, radii,
and the weight of the gels were performed using
calipers, optical microscope, and a digital balance,
during and after the swelling processes.

Variations of the thickness and the radii of the
gel samples are plotted versus swelling time ¢, in
Figure 4(a) and (b), respectively. In Figure 4(a) it
is seen that gel thickness increases suddenly to
twice its initial value, after which it levels off and
continues to increase slowly to reach its final
equilibrium. Here the early-time increase in
thickness most probably comes from the swelling
of gel at the surface, which is quite linear in time.
However, the slow increase in thickness at later
times comes from the swelling of gel at the center,
which also presents quite linear behavior. On the
other hand, the increase in radius of gel, pre-
sented in Figure 4(b), shows exponential behav-
ior, thus indicating that an increase in radius
obeys a law that is different from that for an
increase in thickness.

Figure 5(a) presents the variation of weight of
the gels in time. Volume (V = [mr®) of the gels
during swelling is calculated from the data in Fig-
ure 4 and plotted in Figure 5(b) for comparison. In
Figure 5 it is seen that both weight and volume of
gels obey a similar swelling law, which is different
from the law obeyed by the thickness of the gel.
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Figure 3 Plot of the I,, curves versus swelling time at 550 nm wavelength. Numbers

on each curve present Bis contents in mg.

RESULTS AND DISCUSSION

Swelling at the Surface

The short-time behavior of 1,, data versus ¢, was
plotted in Figure 6(a) for the gels with 175, 200,
250, and 300 mg Bis content, where quite linear
relations were observed for all gel samples. To
quantify these data, I, is assumed to be propor-
tional to the solvent uptake W at the surface. This
assumption can be realized by considering that
some surface cracks disappear by absorption of
water and, as a result, gel becomes quite trans-
parent at early times. These cracks most probably
originate from the dangling ends that appeared
during the cutting of disc-shape gels from the
cylindrical gel. Early absorption at the surface of
the gels removes these inhomogeneities while the
centers of the gels are still glassy and quite trans-
parent. Equation (5) can be employed using the
preceding argument, which becomes

Itr_ kO 12
To_mt (12)

where [ is the maximum of I, at the final surface
swelling position. Fitting the data in Figure 3(a)
at early times to eq. (12) produced k, values,
listed in Table I, where C, = 600 mg/ml and d
= 0.1 mm were taken. Results are shown in Fig-
ure 6(a). Here the loss of the light at the center of
the gel is omitted.

Similar fittings were also made to the data in
Figure 4(a) at early times. The results are given
in Figure 6(b), where k{ values were produced
(listed in Table I), which are in accord with the
previous values obtained from the I,, data. Here it
is assumed that the thickness of the center of the
gel (2a..) does not change during surface swelling,
and the following equation is obeyed:

[ kg i
o Cud® (13)

Here!l = d + a.., where a., is the half thickness of
the center of the gel and [ is the maximum value
of the gel thickness /.
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Swelling at the Center tween eq. (10) and I,,.. At the maxima, before
The behavior of I, above the maxima in Figure 3 solvent penetration starts to the center of the gel,

can be quantified by establishing the relation be- the transmitted light intensity is given by I,,. Af-
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Table I Viscoelastic and Swelling Properties of Acrylamide Gels with Varying Bis Contents®

Bis Content (mg)

175 200 250 300
ko (I,,) (X107 mg em 2 min ™ %) 89 74 70 59
ki (1) (X1072 mg em ™2 min~ %) 78 52 61 54
B, 0.79 0.73 0.68 0.56
7, (min) 864 583 214 177
D, (X108 cm?%/s) 60 73 182 175
B} 0.79 0.78 0.74 0.75
71 (min) 239 205 249 230
Dy (X1078 em?/s) 209 258 190 217
B 0.87 0.88 0.86 0.88
7} (min) 152 188 249 221
D7 (X1078 ecm?s) 429 482 314 409

2 Relaxation constants &, and k( were obtained from eqs. (12) and (13). B; and 7, values were determined using eq. (16). B,
7; and B, 7] were obtained from eqgs. (10) and (17), respectively. D, Dy, and DY values were determined using eq. (11).

ter the solvent molecules arrive at the center of
the gel, attributed to the turbidity created by
frozen blob clusters, transmitted intensity de-
creases to I,. at time ¢,, where the amount of
solvent uptake is W. At the equilibrium state of

0.0 —

In (I /1)

swelling, the transmitted light intensity de-
creases to I, where the solvent uptake by swollen
gel is W... The relation between solvent uptake W
and transmitted intensities from the gel during
the swelling process is expressed by the following:

4.0 |

0 200

400 600

swelling time, t; (min)

Figure 7 Plot of the data below maxima in Figure 3 according to eq. (16) at 550 nm
wavelength. Numbers on each curve present the Bis content in mg.
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IO - Itr

W = 14

W. I,-1I. (14)
Given that I, > I, eq. (14) becomes

W 1 Ly 15

WOl (15

This relation predicts that as W increases, I,,
decreases. By combining egs. (15) and (10) and
taking its logarithm the following relation can be
obtained:

ts
In(,,/I)) =1n B, — o (16)

The data in Figure 3 below maxima are plotted
in Figure 7 according to eq. (16), where quite
linear relations are obtained. Linear regression of
curves in Figure 7 provides us with B; and 7,
values from eq. (16). Taking into account the de-
pendence of B; and R, one obtains R values, and
from «; — R dependence « values were pro-
duced.!* Then using eq. (11), cooperative diffusion
coefficients D, were determined for the center of
gel samples, the results of which are listed in
Table I. The measured time constant 7; and coop-
erative diffusion coefficients D are plotted versus
Bis content in Figure 8(a) and (b), respectively. It
is seen in Figure 8(a) that 7; values exponentially
decrease as the Bis content is increased, which
indicates that swelling of loosely formed gels
takes longer than swelling of densely formed gels.
As a result D, values are smaller in loosely
formed gels than in densely formed gels. The be-
haviors of these gels can be understood by realiz-
ing that loosely formed gels are more flexible and
shear energy is much less in these gels than that
in densely formed gels. As the crosslinker density
of the gels increases, elastic contribution to the
shear energy increases; as a result D, values in-
crease, which is the case in densely formed gels.

Total Swelling

The data in Figure 5(a) are seen to be directly
related to eq. (10), where W can be taken as the
weight of the gels. The fit of the data in Figure
5(a) to eq. (10) is presented in Figure 9(a), from
which linear regression produces B} and 7} val-
ues, which are listed in Table I. Using a similar
treatment as that in the previous section, cooper-
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Figure 8 The plots of (a) 7, and (b) D, values versus
Bis content for 550 nm wavelength.

ative diffusion coefficients D, values were deter-
mined and are also listed in Table 1.

The increase in the volume of gels, presented in
Figure 5(b), also seems to obey the law in eq. (10),
which can be written as

v
(1 — V) = B'lexp(—t/7] 17

where V = [77r2 and V., is the volume of the gel at
the equilibrium state of swelling. The fit of the
data in Figure 5(a) to eq. (17) produces the B, 77,
and D7 values, which are given in Table I. From
Table I it is seen that total swelling parameters
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71, Dy and 77, DY, obtained from weight and
volume increases of the gels during swellings, are
all independent of Bis content. However, using
the transmitted light technique, the observed pa-
rameters 7; and D, showed strong dependence on
Bis content. Here we conclude that macroscopic
techniques such as weighing out and volume mea-
surements are not sensitive enough to determine
the differences in solvent uptake by densely and
loosely formed gels. However, the UVV technique
is very sensitive to these kinds of measurements
and its use is strongly suggested.

Here we also have to state that increases in
thickness and radius during swelling of a disc-
shape gel obey linear and pure diffusion models,
respectively. By pure diffusion it is meant that
Fickian diffusion is obeyed for radius swelling
during the Li-Tanaka solvent uptake model. On
the other hand, both volume and weight of the gel
increase during swelling according to the Li-
Tanaka equation.
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