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Ultrasonic Investigation of the Gelation Process of
Poly(Acrylamide) Gels

Tomohisa Norisuye,™ Anatoliy Strybulevych,> Martin Scanlon,® John Page®

Summary: The time evolution of ultrasonic velocity and attenuation has been
investigated in-situ during the gelation process of polyacrylamide (PAAm) hydrogels.
Longitudinal ultrasonic pulses were transmitted through the gel samples and
continuously recorded to obtain the magnitude and phase of the waves as a function
of time and frequency, enabling the attenuation coefficient, o, and phase velocity, v,,
of PAAm gels to be determined. The reaction was characterized by (1) an initial rapid
increase in « and v, and (2) a subsequent reduction after both quantities passed
through a peak associated with the exothermic reaction for the PAAm gelation. The
square of v, is proportional to the longitudinal modulus of the sample and inversely
proportional to the density, and the values of v, for the aged gels were smaller than
those before the gelation. The cross-linker concentration dependence was further
examined in order to investigate the gelation process accompanied by phase

separation.
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Introduction

Polymer gels are generally produced by (I)
copolymerization of a monomer and a cross-
linker in the presence of a solvent or (II)
introduction of cross-links into a homoge-
nous polymer solution.!! In either case,
gelation leads to a well-developed three-
dimensional network swollen in a solvent.
Polyacrylamide (PAAm) gel is one of the
most popular gels in the field of protein
separation or medical applications. As a
result, the rheological and structural proper-
ties of the PAAm gels have been well
investigated by many scientists from chemi-
cal and physical points of view.> In gene-
ral, PAAms are synthesized with acrylamide
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(AAm) and bisacrylamide (BIS) as starting
compounds, so that PAAms can be classified
as group I gels. Unlike the ideal network
structure, which is often taken to be a mesh-
like structure, this type of gel is micro-
scopically heterogeneous because of the
presence of micro-gel clusters consisting
of intra-molecularly cross-linked elements.
This structure has been explained in terms of
free-radical polymerization and/or a differ-
ence of the reactivity ratio of the compounds
in the copolymerization.[“sl On the con-
trary, less heterogeneous gels can be made if
the cross-links are introduced in a homo-
geneous solution (case IT). Note that the gels
are inherently heterogeneous irrespective of
the reaction method because of the fact that
the concentration fluctuations are frozen at
onset of gelation, resulting in the scattering
of light, x-rays and neutrons.™! Interestingly,
the monomer cross-linking method seems to
be suitable for sieving or separation applica-
tions in spite of the strong heterogeneities.

Monitoring of the gelation process is one
of the most important strategies to under-
stand how and when the gel structure is
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formed./>! While light scattering techniques
and rheology have been developed and
applied during the last decade, these meth-
ods are limited to systems that are transpar-
ent or stable against shear, respectively. For
example, static light scattering cannot be
used on opaque samples because of the
strong attenuation of the light source and
the complexity of multiple scattering. On the
other hand, rheological measurements apply
mechanical shear to the samples, resulting in
ambiguity of the determination of the gel
point and the critical behavior for weak
materials during the reaction. More recently
a low-shear oscillatory technique was pro-
posed to overcome the problem.'”! How-
ever, there is still a strong need for methods
that can detect gelation without contacting
the sample, so that the physical properties of
weak materials, such as fragile aggregates,
physical gels or foam, can be investigated.
Therefore ultrasonic spectroscopy is a pro-
mising tool to monitor the gelation process
without disturbing the system. It also can be
a complementary tool for traditional rheol-
ogy and light scattering. So far, ultrasonic
spectroscopy has been applied to investigate
gelation in a number of systems, including
protein, natural hydrocolloids, polyurethane,
epoxy, gelatin and AAm.''™! However,
most of those reactions were induced by
temperature variation, so that the results
involved the temperature dependence of
ultrasound properties in addition to those
directly attributed to gelation. PAAm can be
considered as a model monomer cross-linking
system, which is expected to be well-suited for
studying percolation phenomena since the
experiment is performed in a constant tem-
perature environment. In this paper, we will
demonstrate the applicability of ultrasound to
monitor the reaction process of the PAAm
system in-situ for a wide range of the
cross-linker concentrations, including those
for which phase separation occurs.

Experimental
Synthesis of AAm Gels

Acrylamide (AAm), N-N'-methylenbis-
methylenbisacrylamide (BIS), ammonium
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persulfate (APS) and tetramethylethylene-
diamine (TEMED) were purchased from
Aldrich and were used as received. Pre-
scribed amount of AAm, BIS and APS were
dissolved in distilled water, where the AAm
concentration, Caam, Was fixed to be 0.8
¢/10ml and the BIS concentration, Cgjs, was
varied in range 0~0.14 g/10ml. The stock
solution was degassed to eliminate oxygen,
which would prevent the reaction from occur-
ring. Although the solution should usually be
stored in refrigerator in order to stabilize the
sample before the addition of TEMED, this
procedure inevitably leads to an initial tem-
perature rise of the sample when placed in the
reaction bath, potentially making it difficult
to separate the contributions to the measured
signal due to temperature changes from those
due to gelation. Therefore the solution was
aged in the reaction bath in order to match
the temperature of the stock solution with the
reaction bath. After the addition of TEMED,
the mixture was poured into a rectangular
plastic cell with a sample thickness of 10 mm
and the wall thickness of 1mm, followed by
immersion of the sealed sample into a ther-
mostat bath. Then the reaction was mon-
itored at 27.7+0.01°C using the ultrasonic
setup described in the next section. The
sample became opaque when Cgs exceeded
0.08 g/10ml.

Ultrasonic Spectroscopy

An arbitrary wave generator (33220A:
Agilent) and a broadband amplifier (Model
250L: Amplifier Research) were employed
to generate and amplify the signal applied
to the generating ultrasound transducer. A
cosine wave convolved with a Gaussian
function was employed as an input pulse. A
trigger pulse from the arbitrary waveform
generator was connected to a digital oscil-
loscope (Tektronix TDS544A), while the
ultrasonic pulse was transmitted through
the sample, which was placed between
generating and receiving transducers. This
allowed synchronous recording of the ultra-
sound signals with respect to the trigger
pulse. Two plane wave transducers (20 MHz,
longitudinal waves) were used to generate
and detect the ultrasound waves.
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Results and Discussion

Figure 1(a) shows examples of longitudinal
ultrasound pulses received by the 20 MHz
plane wave transducer. The reference sig-
nal was obtained with pure water in the
plastic sample cell. Pulses were detected at
approximately 4.4 ps and 5.2 ps respec-
tively in Fig. 1(a), corresponding to the
main waveform and the reflected signal
within a single wall. Traditionally, the
transmitted signals can be analyzed directly
in the time domain by using the amplitude
and arrival time of the phase oscillations.
However, in our case, since the attenuation
and the time shift of the signal were so
small, we employed a fast Fourier trans-
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Figure 1.

(a) Examples of longitudinal ultrasound pulses recei-
ved by a 20 MHz plane wave transducer. (b) The FFT
magnitude of the sample and reference.
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form (FFT) method to extract the ampli-
tude and phase with high accuracy over the
entire frequency bandwidth of the pulses.
Spurious pulses, such as the signal from
wall reflections and noise outside the
range of times containing the main pulse,
were truncated before taking the FFTs.
Figure 1(b) shows the FFT magnitude of
the sample and reference. The peak appea-
red at around 19 MHz with a —6dB range of
18 ~20MHz. No noticeable frequency shift
or shape change was detected in the
magnitude throughout the gelation process.

Figures 2 (a) and (b) respectively show
the attenuation coefficient, «, and the phase
velocity, vy, given by,

a:—2]n(FS/FR)/L (1)

vp = 2Lf [ (¢s — ¢r + 2n7) )

as a function of the frequency, where F, ¢,
and L are the Fourier magnitude, cumu-
lative phase and the sample thickness, res-
pectively, and the subscript S and R
represent the sample and reference. Note
that eq. (2) contains an unknown multiple
of 2, which stems from the difficulty in
unambiguously determining the cumulative
phase in samples that are many wave-
lengths thick. In order to determine the
proper value of n, the group velocity was
calculated according to the following steps!'®!.
First, the Fourier spectrum of the original
pulse was multiplied by a Gaussian function
with a certain width and central frequency in
order to filter the pulse. After taking the
inverse Fourier transformation, the time
difference between the filtered pulses for
the sample and reference was measured to
obtain the group velocity, v,. The frequency
dependence of v, is plotted with the open
symbols in Figure 2(b). As can be seen from
the figure, v, is very close to the middle
estimate of v;,. Although the phase and group
velocities are not always the same, they are
quite similar to each other unless there is
significant dispersion.l'®'”! Thus, this com-
parison of v, and v, allows v, to be correctly
determined as the middle estimate, shown by
the solid symbols in Fig. 2(b); this result
corresponds to the value of n that gives a flat
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(a) The attenuation coefficient, «, and (b) the phase
velocity, v, as a function of the frequency. These data
were taken on a sample with the highest cross-linker
concentration, at a long time after gelation. In (b), v,
is represented by the solid circles and v, by the open
circles, with the crosses representing estimates of v,
that include either one too many or one too few
multiples of 277 the cumulative phase (see Eq. (2)).

frequency dependence for v, (ie. v, inde-
pendent of frequency), which is the natural
choice for n in a non-dispersive medium.
Figure 3 (a) and (b) demonstrate the
time course of « and v, with different
cross-linker concentrations. The reaction
was characterized by a sharp rise in « and
Vvp, followed by a gradual reduction. Note
that the slower increases in v, seen in
the early stage of the reaction was due to
an inevitable temperature mismatch
between the sample and the thermostat
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bath. Although the samples were aged at
the same temperature, there was a small
temperature drop during addition of the
catalyst, and hence a small temperature rise
once the sample cell was re-immersed in the
reaction bath. The emergence of the peak
in « may be explained as an initial increase
in the viscosity and subsequent increase in
the elasticity during gelation. An experi-
ment for cgig =0.14 (g/10 mL) without any
catalyst was also performed as a control.
Surprisingly, the plateau value of v, for the
gel was lower than that of the mono-
mer solution without the catalyst. Since
vy, = \/B'/p, where B is the real part of the
longitudinal modulus and p is the density,
this suggests that either the density increa-
ses or the longitudinal modulus becomes
smaller during the reaction. It is likely that
the dominant effect is the increase in the
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Figure 3.

The time course of o and v, with different cross-linker
concentrations.
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The cgs dependence of v,,, sampled before the peak, at
the peak and in the plateau.

density, since the inter-monomer distance
generally becomes shorter by the formation
of covalent bonds during polymerization,
and it is difficult to envisage how the gel
would become more compressive than the
monomer solution in this concentration
range. Note that PAAm gels are elastically
weak, so that the contribution of the shear
modulus of the gel to its longitudinal modu-
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Figure 5.

The time course of v, with different cross-linker
concentrations and a sufficiently low total concen-
tration to prevent entanglement of the polymer
chains.
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lus is too small to measure and does not
affect the velocity changes seen in Fig. 3.
Figure 4 summarizes the cpis depen-
dence of v, sampled at three times during
the gelation process. The peak value of v,
systematically increased with cg;s, with the
rate of increase leveling off at the higher
cpis- In addition, v, of the initial and
plateau values also exhibited a rise, al-
though the cp1s dependence was quite weak
compared with that of the peak. It should
be noted that the plateau value was always
smaller than the initial value irrespective of
the cross-linker concentration. Here one
can speculate on the following possibilities
to explain the emergence of the peak of v,
(i) a velocity increase due to the chain
overlap and entanglement, (ii) formation of
higher elastic or density domains and (iii) a
temperature change due to the exothermic
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Figure 6.
The time-course of v, with different preparation
temperatures, Tprep.
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reaction. In order to consider the possibility
of case (i) ocurring, the gel concentration
dependence was examined.

Figure 5 shows that PAAm gels with
different cross-linker concentrations have a
similar reaction time dependence, even
though the total concentration was reduced
to 0.1 g/10ml, which was far below the
concentration for entanglement of the poly-
mer chains. As shown in the figure, a peak
in v, was also found in the time course for
this concentration, suggesting that topolo-
gical constraints or physical interactions in
the polymer chains were not the main cause
of the appearance of the peak in v, The
peak was more pronounced with increasing
the cross-linker concentration. Note that
these samples remained in the sol state even
after a long aging time.

Subsequently, the preparation tempera-
ture dependence was examined. Figure 6(a)
shows the time-course of v, with different
preparation temperatures, Tprep. Since the
reaction proceeded very quickly for the
higher temperatures, the initial variation of
vp was not detected for Tprep=33.4 and
35.1°C. In Figure 6(b), v, for the peak and

plateau is exhibited together with the data
for pure water taken from a reference!'®!.
The temperature dependence of the sound
velocity for water was fitted by a poly-
nomial function. A similar 7}, depen-
dence was also found for the polyAAm
gels, although the values of v, were higher
than those of pure water due to the concen-
tration effect of AAm and BIS. By taking
account of the fact that we did observe this
kind of peak even in the low gel concentra-
tion regime, the origin of the peak was
attributed to temperature changes due to
an exothermic reaction for the monomer
cross-linking system, rather than the char-
acteristics of gelation.

In order to investigate the reaction pro-
cess over a broader range of ultrasonic
frequencies, a 2.25 MHz-transducer and a
hydrophone were employed as source gene-
rator and detector, respectively. Figure 7
shows the cgis dependencies of v, at the
peak, before the peak and in the plateau.
Here two series of samples were examined:
(1) the same set of concentrations used in
the 20MHz experiments and (2) doubled
concentrations for all the reagents. While,
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Figure 7.

cais dependence of v, at the peak, before the peak and in the plateau for (a) the standard concentration and for

(b) a doubled concentration.
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in the first case, v, is quite similar to the
20 MHz data, the latter exhibited larger
values due to the higher monomer con-
centration (right). Interestingly, inflection
of v, before the peak and at the plateau was
not observed when the concentration was
doubled. In this case, the plateau value
was higher than the initial value for the
weaker gels. The difference becomes smal-
ler with increasing cpys.

In contrast to the behaviour of the velo-
city, the peak in the attenuation cannot be
directly ascribed to the sample temperature
rise during gelation, as the experiments
in which the preparation temperature
was varied did not show a corresponding
increase in attenuation. For low attenuation
systems, the real and imaginary parts of the

(@)

£=18.5 (MHz)|

20 (MHz)

v’/ f* x10° (mm’ / ps?)

0 5 10 15 20
¢ (min)

243 T T

2.42
2.41
2.40
2.39

vp2 (mm2 / usz)

2.38

2.37

2.36 L L L
0 5 10 15 20

t (min)

Figure 8.
The time evolution of av3/f2 and v?, which are
proportional to the longitudinal moduli.
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longitudinal moduli, 8’ and B”, are related
to the velocity and attenuation by:

4
g =p*=K +30 3)
8" 2pav? 4

© T TR @

where K’ and G’ are the real parts of the
bulk and shear moduli, respectively, w is the
angular frequency, and ¢ and m are the bulk
viscosity and shear viscosity, respectively.
Thus the attenuation is related directly to
the viscosity, so that the attenuation peak is
likely related to the large changes in the
viscosity near the gel point. However, we do
not see evidence of critical behaviour of the
viscosity near the gel point, as has been seen
in some other systems!">!*?°. The time
evolution of the moduli may be inferred
from Fig. 8, where av® /2 and v* are plotted
as a function of time for several frequencies
between 18.5 and 20 MHz. Before the peak,
the data are consistent with a frequency
squared dependence of the attenuation,
while at longer times the data in Fig. 8(a) do
not superpose, indicating a weaker fre-
quency dependence. This long time beha-
viour of the attenuation can be ascribed to
an additional mechanism, which is impor-
tant, especially at high frequencies, once
the gel is formed!™!. This contribution to the
plateau attenuation arises from frictional
losses due to the relative motion of the liquid
matrix and the PAAm network as the
ultrasonic wave passes through the gel.

Conclusions

In-situ monitoring of the gelation process
of acrylamide gels has been carried out
by means of ultrasonic spectroscopy using
20 MHz longitudinal waves. Although the
changes in velocity and attenuation were
very small, the time evolution of these
ultrasonic parameters was successfully
extracted throughout the reaction with
the aid of a broadband technique. Pronoun-
ced peaks in the ultrasonic attenuation
coefficient and phase velocity were found
during the time course. While the peak in
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the attenuation coefficient can be explained
by the viscosity increase and subsequent
enhancement of the elasticity during the
reaction, the peak in the phase velocity was
unusual. Although we studied the gelation
without changing the temperature of the
thermostat bath, this behavior was attri-
buted to the exothermic reaction of the
PAAm. In other words, ultrasonic spectro-
scopy with a longitudinal setup is suitable
for observing an exothermic or endother-
mic reaction process. This will help to
understand the timing of reactions for new
class of materials containing more than two
reacting components. If we can further
apply this method by moving the sampling
position across the surface of the gel, it will
offer a possibility to build a 3D temperature
diffusion profile to understand how and
when the heat diffuses out.
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