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Abstract

Photon transmission experiments were performed using a UV-visible (UVV) spectrometer during the swelling of polyacrylamide
(PAAm) gels. These gels were prepared from acrylamide (AAm) with various N,N'-methylenebisacrylamide (Bis) contents by free-radical
crosslinking copolymerization (FCC) in water and dried before use for swelling experiments. Transmitted light intensity, /, increased at very
early times when PAAm gels are immersed in water, then decreased continuously as swelling time is increased. Decrease in /;; was attributed
to the increase in the scattered light intensity, /,, which may originate from the contrast between ‘frozen blob clusters’ and holes in the
swelling gel. Decrease in /,; was modelled using the Li—Tanaka equation from which time constants, 7, and collective diffusion coefficients,
D, were determined for various Bis content PAAm gels. 7; and D, were found to be strongly correlated with the wavelength, A, of /;; and the
Bis content of the gel samples. The correlation between A and 7; and D, predicts the existence of ‘frozen blob clusters’ in PAAm gels.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The structural heterogeneities of a gel affect greatly its
physical properties such as its permeability, elasticity and
optical properties. It has been shown that the high
permeability of polyacrylamide (PAAm) gels is related to
the inhomogeneous crosslink distribution [1,2]. The effects
of inhomogeneities of the polymer network on the swelling
equilibrium of PAAm gels and on the diffusion of water
molecules within the gels were examined [3]. The network
structure and its inhomogeneities can be varied by changing
the concentration of polymers and the proportion of
crosslinkers to polymers. A model that relates gel composi-
tion with the swelling ratio, turbidity, elastic modulus and
volume fraction was described for PAAm gels [4]. The
boundary between a transparent state and an opaque,
heterogeneous state for a gel as a function of monomer
and crosslinker concentrations was determined [5].

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 in the kinetics
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of gel swelling [6—8]. It is known that the relaxation time of
swelling is proportional to the square of a linear size of the
gel [6], a fact that has been confirmed experimentally [8].
One of the most important features of the gel swelling
process is that it is isotropic, i.e. when the radius increases
to 10%, the axial length increases to 10% in a long cylind-
rical gel. The elastic and swelling properties of permanent
networks can be understood by considering two opposing
effects, the osmotic pressure and the restraining force.
Usually, the total free energy of a chemically crosslinked
network can be separated into two terms; the bulk and the
shear energies. The bulk energy of the system is related to
the volume change, which is controlled by diffusion. The
other important energy, the shear energy, keeps the gel in
shape by minimizing the non-isotropic deformation [9,10].
Li and Tanaka [11] have developed a model where the shear
modulus, w, plays an important role that keeps the gel in
shape due to the coupling of any changes in different direc-
tions. This model predicts that the geometry of the gel is an
important factor, and swelling is not just a diffusion process.

Several experimental techniques have been employed to
study the kinetics of swelling, shrinking and drying of
chemical and physical gels, among which are neutron scat-
tering [12], quasielastic light-scattering [13], macroscopic
experiments [14] and in-situ interferometric measurements.
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Using a fluorescence technique, a pyrene (Py) derivative
was employed as a fluorescence probe to monitor the
polymerization, aging and drying of aluminosilicate gels
[15], with peak ratios in emission spectra being monitored
during these processes. Steady-state fluorescence (SSF)
measurements on the swelling of gels formed by the FCC
of methyl methacrylate (MMA) and ethylene glycol
dimethacrylate (EGDM) have been reported [16—19]. A
Py derivative was used as a fluorescence probe to monitor
swelling, desorption and drying in real time during in situ
fluorescence experiments. An in situ photon transmission
technique for study of the aging of PAAm gels due to
multiple swelling was reported from our laboratory [20],
where it was observed that the transmitted light intensity,
I, decreases continuously as a PAAm gel is swelled.
The decrease in I, was attributed to the structural
inhomogeneities in the gel.

The equilibrium swelling and shrinking processes of
PAAm gels in solvent have been extensively studied
[21-23]. Tt has been reported that PAAm gels undergo
continuous or discontinuous volume phase transitions with
temperature, solvent composition, pH and ionic composi-
tion [21]. pH-induced volume transitions of PAAm gels in
an acetone/water mixture were studied using a fluorescence
technique. When an ionized PAAm gel is allowed to swell
in water, extremely interesting patterns appears on the
surface of the gel and the volume expansion increases on
addition of sodium acrylate [23]. If PAAm gels are swollen
in acetone—water mixtures, gel aging time plays an
important role during collapse of the network [23]. The
kinetics of swelling of PAAm gels were studied by light
scattering and the collective diffusion coefficient of the
network was measured [6,13]. Small angle X-ray and
dynamic light scattering were used to study the swelling
properties and mechanical behaviour of PAAm gels
[24,25]. It has been known that the swelling and elastic
properties of gels are strongly influenced by large scale
heterogeneities in the network structure [9,26]. In the
swollen state, these imperfections manifest themselves in
a nonuniformity of polymer concentration. These large
scale concentration heterogeneities do not appear during
gelation, but only in the gel swollen to equilibrium [26].
Light scattering experiments by Bastide et al. seem to
confirm this picture [27,28].

In this work, in situ photon transmission experiments are
reported during the swelling of PAAm gels prepared with
various Bis contents. It was observed that [, at early times
increased suddenly and then decreased continuously as the
gels are swelled. The decrease in I, was attributed to the
increase in scattered light intensity, Iy, from the gel due to
spatial heterogeneities which increase during swelling
processes. I, was measured by a UV-visible (UVV)
spectrometric technique and the swelling in PAAm gels
was monitored in real time by using the time-drive mode
of the UVV spectrometer. The decrease in [, against time
was modelled using the Li—Tanaka equation [11]. Time

constants, 7, and the collective diffusion coefficients, D,,
were determined for the gel samples of different Bis
contents.

2. Kinetics of swelling

Swelling experiments of disc-shaped gels have shown
that the relative changes of diameter and thickness are the
same, indicating that the gel-swelling processes are not pure
diffusional processes. In fact, the equality of the relative
changes of diameter and thickness comes from the non-zero
shear modulus, w that results; the change of total shear
energy in response to any small change in shape that main-
tains constant volume element within the gel should be zero.
The high friction coefficient, f, between the network and the
solvent overdamps the motion of the network, resulting in a
diffusion-like relaxation. The equation of the motion of a
network element during the swelling can be given by [11]
ou 2o
P D, V-u 1)
where i is the displacement vector measured from the final
equilibrium location after the gel is fully swollen (u = 0 at
t=0o). D,= (K +4u/3)/f is the collective diffusion
coefficient. Here ¢ denotes the time and K the bulk modulus.
Eq. (1) has been used with some success to study the
swelling of gels [6]. However, the studies did not properly
treat the shear deformation that occurs within a gel during
swelling, and hence, cannot explain, for example, the isotro-
pic swelling of a cylindrical gel. This shortcoming was due
to the shear modulus of the network keeping the system in
shape by minimizing the non-isotropic deformation. For a
disc-shaped gel, any change in diameter is coupled to a
change in thickness. The total energy of a gel can be
separated into bulk energy and shear energy. The bulk
energy is related to the volume change, which is controlled
by diffusion. The shear energy, Fy, on the other hand, can be
minimized instantly by readjusting the shape of the gel [11].

8Fy, =0 )

Each small diffusion process determined by Eq. (1) must
couple to a small shear process given by Eq. (2), producing
the following relation for a disc-shaped gel

u(r,t) _ ua,t)
r a

3

where r is the radius and a is the half thickness of the disk
gel. Eq. (3) indicates that the relative change in shape of the
gel is isotropic, i.e. the swelling rates of a disc in the axial (z)
and radial (r) directions are the same.

Simultaneous solution of Egs. (1) and (2) produces the
following equations for the swelling of a gel disc in axial
and radial directions [11].

U (2, 1) = ,(z,00) > Bye "™ (4a)
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Fig. 1. The relationships B;—R and a;—R. Plots are taken from Ref. [11].

U (r,1) = u,(r,00) = S Be (4b)
a n

where the axial and radial displacements are expressed as
series of components, each of them decaying exponentially
with a time constant, 7,. The first terms of the expressions
are dominant at large ¢, that is at the last stage of swelling.
Egs. (4a) and (4b) can also be written in terms of solvent
uptakes W and W, at time ¢ and at equilibrium, respectively,
as follows

We — W

e > B, exp(—t/7,) 5)
© n=1

In the limit of large ¢, or if 7, is much larger than the rest
of 7,, all higher terms (n = 2) in Eq. (5) can be omitted and
the swelling kinetics is given by the following relation

o)

(1 - Wl) = B, exp(—t/T)) (6)

It should be noted from Eq. (5) that > B, = 1, therefore,
B, should be less than 1. B, is related to the ratio of the shear
modulus, w, and longitudinal osmotic modulus, M = (K +
4u/3). Hence, once the value of B, is obtained, one can
determine the value of R = u/M. Here, we have to note
that Eq. (6) can also be obtained by using the theoretical
results [11]; in the case of R — 3/4(u/K — o), the time
constant 7; = (3/4 —R)"' goes to infinity and all the
B,tend to zero except B; which goes to unity. The depen-
dence of B, on R for a disc can be found in the literature [11]
(see Fig. 1). 7 is related to the collective diffusion
coefficient, D, at the surface of a gel disc by

2
D,= 2% @)

’T]CKI

where «; is a function of R only and is given in the literature
[11] (see Fig. 1), and a stands for the half thickness of the
gel in the final equilibrium state. Hence, D, can be
calculated.

3. Turbidity of gels and frozen blobs

It is well known that scattering causes turbidity when a
light beam is passed through a solution. Light scattering is
caused by density and concentration fluctuations, i.e. by
deviations of density and concentration from their uniform
values in a dispersed medium. Light is scattered only when
the light wavelength, A, is greater than the size of a particle
of the dispersed phase. If A is much smaller than the particle
diameter, light is reflected. The intensity of incident light is
I, and on passage of the light through a dispersed medium,
the incident intensity is reduced to I as a result of scatter-
ing. Rayleigh derived an equation by excluding the
absorption of light by the medium, which connects /, with
I.. The intensity of light scattered per unit volume of a
dilute system is as follows [29].

I = Ikev? A" 3)

This equation is valid for spherical particles that do not
conduct electric current and are small in comparison with,
A. In Eq. (8), k is given by

)
k=24w3(M) )

2 2
ny + 2n;

where n; and n, are the refractive indices of the dispersed
phase and the dispersion medium, respectively. In Eq. (8), v
is the volume of a single particle and c is the concentration
of particles, i.e. the number of particles in 1 cm® of the
system. Rayleigh’s equation predicts the turbidity of the
medium and can be used for particles whose sizes are not
more than 0.1, i.e. for particles of diameters from 40 to
70 nm. In this case, I, changes in inverse proportion to the
fourth power of A (n =4 in Eq. (8)). However, for larger
particles /. changes in inverse proportion to smaller powers
of A. The dependence of n on particle size was studied in
monodispersed latex systems of polystyrene [29] and it was
observed that n decreased from 4 to 2.8.

When the size of particles in the dispersed medium
becomes much greater than A, light is not more scattered
but reflected, regardless of the wavelength of the incident
light. If the particles are too large in size, reflection of light
from them increases which causes the reduction of the inten-
sity of scattered light. In conclusion, Rayleigh’s equation
shows that for particles of a given size, the intensity of
scattered light is directly proportional to the concentration
of particles. This relationship can be used to determine the
concentration of a dispersed phase by measuring /. in a
system. However, since multiple scattering occurs at very
high concentrations, precautions have to be taken. At a
given concentration and particle size, the variation of A
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Fig. 2. Representation of a gel (a) before and (b) during the swelling process.

with I, can enable determination of the exponent 7,
allowing determination of the particle size.

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 neighbouring
lattice sites, a ‘frozen blob’ is formed in that region [28].
In the swollen state of a gel, these crosslinks cannot move
apart from each other, because they are chemically
connected by a chain segment. This segment is in an optimal
chain conformation. Frozen blobs are often connected and
form clusters of first topological neighbours. As a result, the
random crosslinking of chains can be described as a site
percolation on a blob lattice. When a gel is in a good
solvent, it swells and frozen blob clusters expand less than
the interstitial medium.

When a gel is in a swollen state, small clusters are expelled
from larger ones, creating regions of low concentration. Here,
the correlation length becomes the typical size of holes that
are created as a part of the interstitial medium. The swelling
of a gel leads to an excess scattering of light that comes from
the contrast between frozen blob clusters and holes. During
the swelling, the partial separation of frozen blob clusters
leads to a strong increase in the scattering intensity, Iy, or
decrease in the transmitted light intensity, /.

4. Experimental

Each gel was prepared by using 2.5 g of AAm and 40 mg

of ammonium persulfate (APS) as an initiator by dissolving
them in 25 cm® of water in which 10 ul of tetramethyl
ethylenediamine were added as an accelerator. Seven differ-
ent gels were obtained by adding 100, 125, 150, 175, 200,
250 and 300 mg Bis into the preceding mixture. Gelation
experiments were performed at room temperature in a
cylindrical cell of 1.6 cm diameter. Disc-shaped gels were
obtained by cutting the cylindrical gels. For the UVV
experiments 1.4—1.6 mm thick gels at various Bis contents
were placed in a 1 cm X 1 cm quartz cell filled with water.
The swelling of the gels was monitored in real time and in
situ photon transmission measurements were performed
using a Perkin—Elmer UVV spectrometer. A gel before
and after swelling is started is presented in Fig. 2a and b,
respectively. Photon transmission intensities, I, during
swelling of gels were measured at five different wavelengths
(440, 500, 550, 600, 690 nm) by using the time-drive mode
of the spectrometer. Typical normalized I, curves against
swelling time, f,, are given in Fig. 3 for the experiments
made at 500 nm wavelength for seven different Bis content
samples. In Fig. 4, I, curves at various wavelengths are
compared for the 250 mg Bis content sample. In Fig. 3, it
is seen that [, increases rapidly at early times, reaching a
maximum transparency. Then, except for the 100 and
125 mg Bis content samples, [, decreases continuously
showing the creation of turbidity in these gel samples due
to contrast between frozen blobs and holes. The early time
behaviour of I, can be related to the initial stage of diffusion
of solvent into the gel. Further swelling shows that the 150,
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swelling time, ts /min

Fig. 3. Variation in normalized transmitted photon intensities, /I, versus
swelling time, f,, during the swelling process for different Bis content
samples at 500 nm wavelength. Numbers on each curve present the Bis
content in mg.

175, 200, 250 and 300 mg Bis content gels present lattice
heterogeneities that increase due to the swelling process.
However, gels with 100 and 125 mg Bis contents show
perfect, homogeneous lattice structures during the swelling
process, with /;; continuing to increase and saturate at longer
times. The different behaviour of I, in Fig. 4 at various

0.8 7

lr/]

0.0

[ I I
0 200 400 600

swelling time, t; /min

Fig. 4. Variation in normalized transmitted photon intensities, /I, versus
swelling time, #, for the 250 mg Bis content sample at various wavelengths.
The number on each curve indicates the wavelength of the transmitted light
intensity in nm.

Fig. 5. Representation of solvent uptake during the swelling process and its
relation with transmitted light intensity, I;.

wavelengths may be caused by different sizes of frozen
blob clusters, because light scattering is strongly correlated
with the wavelength of the light and the size of the scattered
centre.

5. Results and discussion

The behaviour of [;; after the maxima can be quantified by
establishing the relation between Eq. (6) and [;. At the
maxima, before solvent penetration starts, the transmitted
intensity is /,. After solvent penetration starts, due to the
turbidity created by frozen blob clusters, the transmitted
intensity decreases to I, at the swelling time #; when the
amount of solvent uptake is W. At the equilibrium state of
swelling, the transmitted intensity decreases to I, and the
solvent uptake is W,,. The relation between solvent uptake,
W, and transmitted intensities from the gel during the
swelling process is given by the following relation

w I, — I,

=0 10
Weo 1,1 (19)

The swelling process is presented in Fig. 5. Since 1, >
I, Eq. (10) becomes

lzl_ﬁ (11)
Weo 1,
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Fig. 6. Plot of the results in Fig. 3 according to Eq. (12). The number on
each curve represents the Bis content in mg.

This relation predicts that as W increases, I, decreases.
Combining Eq. (11) with Eq. (6) and taking logarithms, the
following relation can be obtained

In(//I,) =In B; — :_—S (12)
1

where t = t, is taken in Eq. (6) to present the swelling time

in Eq. (12).

The data in Fig. 3 are plotted in Fig. 6 according to Eq.
(12) and the linear portions are used for analysis. Linear
regression of this part of data in Fig. 6 provide us with B,
and 7 values, i.e. intercepts and slopes of the straight lines
in Fig. 6 produce B; and 7 values, respectively. Taking into
account the dependence of B; and R, one obtains R values,
and from the oy — R dependence, «; values were obtained
(see Fig. 1). Then, using Eq. (7), collective diffusion coeffi-
cients D, were determined. Similar calculations were made
for the UVV experiments at other wavelengths and the
results are listed in Table 1 together with the a;, a, and
Wo values. Here, a; and a,, are the half-thicknesses of the
gels before and after swelling. W, is the solvent uptake at
equilibrium swelling. The measured time constants, 7;, and
collective diffusion coefficients are plotted versus Bis
content in Fig. 7a and b, respectively. It is seen in Fig. 7a
that 7; values exponentially decrease as the Bis content is
increased, indicating that the swelling of loosely formed
gels takes longer than that of densely formed gels. As a
result, D, values are smaller in loosely formed gels than
densely formed gels. This behaviour can be understood by
realizing the fact that loosely formed gels are more flexible
and the shear energy is much less in these gels than in
densely formed gels. As the crosslinker density of the gels

(a) 5000 —

1000 —

150 200 250 300
Bis content / mg

®)

10°D, /em’s™

0 : ' T ' |
150 200 250 300
Bis content / mg

Fig. 7. Plots of (a) 7; and (b) D, versus Bis content. The number on each
curve indicates the wavelength of the light.

increases, the shear energy increases. As a result, D, values
increase, i.e. gel segments move faster in densely formed
gels than loosely formed gels.

It should be noticed that in Fig. 7 both 7; and D, values
change with A, showing that various sizes of frozen blob
clusters are detected by different wavelengths. If one
assumes that the size of a ‘frozen blob cluster’ is propor-
tional to A, then there should be same relation between 7,
and A. In Fig. 8a, 7 is plotted versus A for the 150 mg Bis-
content sample. It is seen that 7| increases as A is increased.
This behaviour of 7, indicates that large frozen blob clusters
expand much slower than smaller ones in a loosely formed
gel. A similar plot for D, is shown in Fig. 8b. D, values
decrease as A is increased for the 300 mg Bis-content
sample. In other words, water molecules move faster in
small frozen blob cluster than in large ones in the densely
formed gel. The A dependencies of 7, and D, predict the
existence of the size distribution of ‘frozen blob clusters’ for
a given gel with a certain Bis content; in fact, the curves in
Fig. 8a and b characterise the size distribution of ‘frozen
blob clusters’ in a given gel sample.
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Experimentally obtained parameters B, and 7, from the intercepts and the slopes of the straight lines in Fig. 6. D, was obtained using Eq. (7). W, ao and g;
were measured using a microbalance and callipers

Bis (mg) 100 125 150 175 200 250 300
440 nm

B, 0.741 0.688 0.649 0.722 0.652 0.576 0.480
7, (min) - - 839 392 258 105 85

D, (X 1078 cm?¥s) - - 44 91 144 301 340

W (2) 0.44 0.45 0.42 0.46 0.43 0.44 0.42
@o, (mm) 1.6 1.6 1.75 1.6 1.75 1.75 1.75
a; (mm) 0.75 0.70 0.75 0.70 0.75 0.80 0.80
500 nm

B, 0.782 0.733 0.702 0.769 0.705 0.642 0.534
7, (min) - - 1319 604 401 157 129

D, (X 1078 cm?s) - - 31 75 100 221 224

W (2) 0.44 0.45 0.42 0.46 0.43 0.44 0.42
Qoo (mm) 1.6 1.6 175 1.6 1.75 175 175
a; (mm) 0.75 0.70 0.75 0.70 0.75 0.80 0.80
550 nm

B, 0.804 0.761 0.732 0.789 0.727 0.677 0.565
7, (min) - - 1838 864 583 214 177

D, (X 1078 cm?¥s) - - 24 60 73 182 175

W (2) 0.44 0.45 0.42 0.46 0.43 0.44 0.42
doo (Mm) 1.6 1.6 175 1.6 175 1.75 1.75
a; (mm) 0.75 0.70 0.75 0.70 0.75 0.80 0.80
600 nm

B, 0.819 0.788 0.757 0.810 0.756 0.702 0.598
7, (min) - - 2514 1209 813 293 237

D, (X 1078 cm?s) - - 21 45 65 137 142

Weo (2) 0.44 0.45 0.42 0.46 0.43 0.44 0.42
do, (mm) 1.6 1.6 1.75 1.6 1.75 1.75 1.75
a; (mm) 0.75 0.70 0.75 0.70 0.75 0.80 0.80
690 nm

B, 0.852 0.832 0.797 0.843 0.798 0.746 0.638
7, (min) - - 4034 2173 1371 478 385

D, (X 1078 cm?s) - - 16 30 40 98 90

W (2) 0.44 0.45 0.42 0.46 0.43 0.44 0.42
doo (mMm) 1.6 1.6 175 1.6 175 1.75 175
a; (mm) 0.75 0.70 0.75 0.70 0.75 0.80 0.80

Values of 1,,/1, for a given time from Fig. 4 are converted
to the scattering light intensity, /., and fitted to Eq. (8). Fig. 9
presents log I, versus log A for the 250 mg Bis-content
sample at a swelling time of 3 h. The slope of this plot
produces the value of 7. Similar plots are obtained at
other swelling times and for various Bis content samples.
The derived m values for all gel samples versus swelling
time, ¢, are plotted in Fig. 10. It is seen that 1 values increase
and saturate for the 150 mg Bis-content sample. However,
for the 250 and 300 mg Bis-content samples, n values
started to decrease immediately after reaching maxima.
For the 175 and 200 mg Bis-content samples, m values
reach maximum values and then decrease slightly. As
indicated previously, i values are strongly dependent on
the particle size that scatters the light. If 0 is smaller than
2.8, the diameters of particles must be much larger than
70 nm [29]. Here, one can argue that during swelling the

sizes of frozen blob clusters increase, i.e. i values increase,
causing strong scattering from the swollen gel. The curves
in Fig. 10 predict that the sizes of frozen blob clusters are
much larger in 250 and 300 mg Bis-content gels than in the
other ones. The low crosslinker contents in the 100 and
125 mg Bis-content gels are not sufficient to form large
frozen blob clusters. However, the higher crosslinker densi-
ties in the 250 and 300 mg Bis-content gels are sufficient to
form large frozen blob clusters. Gel samples with 175 and
200 mg Bis contents form frozen blob clusters of medium
size (most probably around 100 nm).

The most important conclusions in this paper are
presented in Fig. 8a and b where 7, and D, show strong
correlations with wavelength, A. It is believed that these
correlations give strong evidence to the existence of ‘frozen
blob clusters’ in acrylamide gels, a significant finding
supporting the heterogeneous crosslinking in these
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Fig. 8. Plots of (a) 7, versus A for 150 mg and (b) D, versus A for 300 mg
Bis-content samples.
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Fig. 9. Log I versus log A for the 250 mg Bis-content sample at a swelling
time of 3 h. The slope of the curve produces the value of 7 plotted in Fig. 10.
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Fig. 10. Plot of n versus swelling time for the gel samples at various Bis-
contents. The number on each curve presents the Bis-content in mg.

gels. The A dependencies of 7, and D, do not present
macroscopic behaviour, because they originate from ‘frozen
blob clusters’ representative of the microscopic hetero-
geneous structures of the gels.
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