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Property Change in Some Synthesized Gels by Dehydration
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Gels turn into glasslike substances by being left in a dry atmosphere for a while. During the
dehydration process, weight decreases through two stages corresponding to loss of the free water
and bound water. There also occur anomalies in other properties (elastic stiffness, temperature ctc.)
during the dehydration process. Their results indicate that some transition takes place around t,'.
We also found emergence of a low frequency mode around t) in the dehydration process of PAAm
gel, which well corresponds to Raman spectral features of the glass (amorphous) material. In addi-
tion to the measurements during the dehydration process, we also measured the evolution of Raman
spectrum of the dehydrated PAAm gel with increasing temperature, and found that the intensity of
the low-lying mode decreased remarkably. However, the broad band was still observed far above
the transition temperature identified by thermal and elastic stiffness measurements. Such feature
can come from inhomogeneity in the dehydrated gel.
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1. INTRODUCTION weight can be fitted with two lines; the slope is steep
Roughly speaking, gel is a two-component sys- in the early stage and gentle in the late stage. Here-
tem with polymer network and solvent; one of the after, we will refer the characteristic time (where the
most attracted phenomena due to the interaction time dependence alters) as tg’. It is said that the weight
between these two constituents can be the volume decrease in the early period is mainly due to the loss
phase transition!. There can be also other interest- of free water, while, after tg’, that of the bound wa-
ing phenomena due to their interaction. Among ter?. As can be easily understood, the property evolu-
them, we have been much interested in the prop- tion during the dehydration is much affected with the
erty evolution during dehydration process, which surface tension of the solvent and/or the network
was firstly reported on heat-treated egg white gel strength®*.
(HTEWG) by Takushi et al.? By dehydration, As well as the weight, elastic properties also show
opaque HTEWG turns into a transparent substance anomalies during the dehydration process. Koshoubu
like glasses or plastics. From then, some investi- et al.’ measured the elastic stiffness during the dehy-
gations on evolution of properties have been per- dration process of HTEWG. They found that the elas-
formed during dehydration process of the egg tic amplitude increased up to 10° times the initial
white gel and some synthesized gels. value at tg’, and that the elastic loss tangent (tan 8)
Let us describe the property change during the shows a peak in the vicinity of tg’; these features re-
dehydration process of HTEWG more in detail. sembled the temperature dependence (with decreas-
According to the above-mentioned report on the ing temperature) of the elastic stiffness in the glass
dehydration process of HTEWG?, the logarithm of transition of noncrystalline polymers. Therefore, the

571



572

Property Change in Some Synthesized Gels by Dehydration

comparison between the dehydrated HTEWG and
usual glasses became much informative. The most
fundamental question was whether the glass tran-
sition could be occur in the dehydrated HTEWG.
In order to make clear that question, Kanaya et
al. carried out the differential thermal analysis
(DTA) measurements of the dehydrated HTEWGS,
They found that an endothermic peak shifted to
the higher temperature direction and the intensity
became more intense with increasing the heating
rate. From these characteristic features which are
familiar in the glass transition’, it was concluded
that the dehydrated HTEWG could be regarded as
a glass.

Though interesting characteristics of the de-
hydrated gel were revealed by the studies of the
HTEWG, as mentioned above, physical interpre-
tations of observations are often very difficult be-
cause the egg white consists of various kinds of
protein and other elements. Therefore, in the
present study, we adopted the polyacrylamide
(PAAm) gel as a model of the egg white gel, which
is much simpler syntesized chemical gel, and
observed property evolutions during the dehydra-
tion process, and those of the dehydrated gel dur-
ing temperature increasing process.

2. EXPERIMENTAL AND RESULTS
2.1 Basic properties

We prepared the PAAm gel by heating the pre-
cursor solution (2g of acrylamide, 106mg of NN'-
methylenbisacrylamide, 40mg of ammonium per-
sulfate and 40mL of water) at 50°C for 2h. Then,
the obtained gel was soaked in distilled water to
wash out unreacted ingredients.

Roughly speaking, during the dehydration pro-
cess, the weight and volume decreased up to
around 5% and 7% of the initial values, respec-
tively. Logarithms of them could be approximately
fit by two straight lines, which were similar to
their evolution during the dehydration process of
HTEWG. In contrast, the density was almost con-
stant, namely, the gel shrank in the same manner
with the weight. These results indicated that the
gel network was not strong enough to maintain
their shape during the dehydration.

2.2 Anomalies in Elastic and Thermal Properties
during Dehydration Process
A rectangular parallelepiped (5.4mm X 6.1 mm

X38.1mm in size, 1267.1mg in weight) shaped
sample was prepared for observing elastic anomaly
during dehydration process with a vibrating (10Hz)
elasticity measurement system. (In the measurement,
temperature and humidity were within a ranges of
14.4 to 15.9°C and of 49 to 53%, respectively.) In the
early stage, the elastic stiffness amplitude increased
gradually. Then, around tg’, the amplitude became
1000 times as large as the initial value and its in-
creasing rate slowed down being saturated around
108N/m?, As for the elastic loss tangent, it showed a
peak around tg’. These features were similar to those
of HTEWG during dehydration process. These resem-
blance revealed in the elastic anomaly indicated the
similar transition mechanism. Besides, the value of
the final elastic stiffness after dehydration was al-
most equal to that of HTEWG, which was much
smaller (100 times) than usual polymers. This differ-
ence can come from the indirect contact of the poly-
mer network through the layer of the bound water in

the dehydrated gel.

Anomaly during the dehydration process was also
observed in the evolution of the temperature. Two
identical disk-shaped PAAm gel samples were pre-
pared; one was used for the weight and volume mea-
surement, and the other, for the temperature measure-
ment. The temperature evolution of the PAAm gel
disk was measured by using a differential thermal
analysis apparatus. One of two connected thermo-
couples, of which the polarizations were set
oppositely, was put into the disk-shaped gel and the
other, left in the atmosphere (19.0+0.3C; 70+5%
in humidity). In the early stage, the temperature of
the wet gel was lower than the atmospheric tempera-
ture due to the heat loss by water evaporation. Then,
the temperature showed a step-like increase from -
7.8C below room temperature to -0.12°C around t).
After then, it remained almost constant until the end
of the measurement; when the free water had been
used up, the heat inflow from environmental atmo-
sphere could exceed the small evaporation heat loss
due to the bound water evaporation, therefore, the
temperature of the gel could approach room tempera-
ture around tg’.

2.4 Raman Scattering Measurement
2.4.1 Experimental Configuration

As described in the previous sections, we ob-
served several anomalies around tg’. In addition to
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those observations, we conducted the Raman scat-
tering measurement during the dehydration pro-
cess of wet PAAm gel and temperature increasing
process of the dehydrated gel in order to investi-
~ gate the dynamical features.

Experimental configurations in the Raman
scattering measurements were as follows. A light
source of 5145 A from a vertically polarized Ar*
ion laser and the right angle scattering geometry
were adopted; the vertically-polarized scattered
light from the specimen was analyzed by a triple
monochromator. The resolution of the monochro-
mator was 0.5cm in the observations of a low-
frequency region from -550cm™! to 550cm™! and
20cm™! in those in the higher frequency region.

2.4.2 Evolution of Raman Scattering Spectrum
during Dehydration Process

In the Raman scattering measurement during
the dehydration process, two identical rectangu-
lar parallelepiped specimens were cut out from the
purified gel block mentioned above. One was used
in the Raman scattering measurement, and the
other, in the simultaneously-performed weight
measurement, which were conducted under almost
the same conditions (temperature range from 22
to 24 C and in a humidity range from 45 to 55%).
By close examination, evolution of the logarithmic
weight could be fit by three straight lines: the first
stage from 0 to 65000s(z_'), the second stage from
¢ t0 93000s (tg') and last stage from tg' to the end
of the measurement.

In beginning of the first stage, only a diffu-
sive central mode was observed in the low fre-
quency region. Then after ¢ ', width of the diffu-
sive central mode became narrow and a shoulder-
like profile appeared on the skirt of the diffusive
central mode. With successive narrowing of the
central mode, the shoulder became a broad peak
after tg‘; the central mode could not be distin-
guished from the elastically scattered spectrum at
last.

As for the high-frequency Raman spectrum, a
remarkable decrease in the peak intensity of the
mode located around 3200cm-! was observed,
which is known to correspond to the O-H stretch-
ing vibration of pure water [8]. With the continu-
ous decrease in the intensity, the mode disappeared
after around tg'. In the previous experiment, as
mentioned above, a step-like increase in the tem-

perature was observed around tg', which is due to the
loss of the free water in the gel. Because the free
water molecules in the gel are almost in the same
conditions with the pure water [8, 9], the extinctior
of the 3200cm™ mode after 7' showed directly the
complete exhaustion of the free water in the gel.

In the field of the sol-gel science (mainly on the
inorganic gels), drying of the wet gel [10] and the
heat induced gel-to-glass transition of the dehydrated
gel [11] have been extensively investigated. The
above-mentioned gel-to-glass transition in the sol-gel
science is a heat-induced transition in which the po-
rous dried gel changes into glass by collapse of the
pofes. In a sense, the features in the gel-to-glass tran-
sition resembles our gel-to-glasslike transition dur-
ing the dehydration process, though the dehydrated
materials of these studies are porous and different
from our dense glasslike substance. There have been
many reports on the low-frequency Raman measure-
ments in the studies on gel-to-glass transition [12-
16]; among them, they reported the emergence of a
low-lying Raman band in the heat-induced transition.
The low-lying mode is called boson peak, which is
commonly observed in glasses or amorphous materi-
als, although its nature remains a matter of contro-
versy [17].

Some of their results can be used to explain the
Raman spectral anomalies during the dehydration
process, namely, the low-lying Raman band appear-
ing during the dehydration process of PAAm gel can
be the boson peak. However, we were also aware of
the difference in the value of the low-lying mode fre-
quency between our dehydrated gel and usual glasses.
In our glasslike dehydrated PAAm gel, the mode lay
around 80cm'!, while in the glass substance, usually
around 30cm! f12, 13].

2.4.3 DSC, Elastic stiffness and Raman Scattering
Measurement with Increasing Temperature

From the experimental results described in the
previous sections, to measure the temperature depen-
dent properties of the dehydrated PAAm gel and to
compare the results with the usual glasses seemed im-
portant and interesting. Therefore, we carried out the
thermal, elastic stiffness and the Raman scattering
measurements of the dehydrated PAAm gel with in-
creasing temperature.

The thermal property with increasing temperature
was measured with a differential scanning calorim-
eter (DSC) analysis system. The temperature increas-
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ing rate during the measurement was 10C/min.
In the DSC curve, an anomaly was clearly ob-
served around 607C.

In the elasticity stiffness measurement, a
forced vibration (frequency, 1 Hz) apparatus was
utilized in the three-point bending mode; the mea-
surement was carried out with increasing tempera-
ture at a rate of 8 C/min. The real and imaginary
parts of the elastic stiffness simultaneously
showed anomalies (remarkable decrease and a

broad peak, respectively) around 60°C.

As for the Raman scattering measurement, at
room temperature, a low-lying peak with a maxi-
mum around 80cm™! was clearly observed as men-
tioned in the previous section. The intensity of the
peak became lower with increasing temperature,
however, the peak could be still distinguished far
above the temperature where the thermal anomaly
was observed (even at 90T).

The features observed in the DSC and elastic
stiffness measurements indicate that the glass tran-
sition occurred in the macroscopic scale around
60C. As is well-known, the glass transition tem-
perature will be lowered with decreasing the heat-
ing rate. Therefore, the glass transition tempera-
ture in the Raman scattering measurement was
considered to be below 60C, because the Raman
scattering measurement took more time than the
DSC and elastic stiffness measurements. There-
fore, the Raman scattering spectrum at 90°C was
measured far above the glass transition tempera-
ture. Considering these circumstances, the dehy-
drated PAAm gel was considered to be composed
of weakly joined hard amorphous clusters of which
the frozen structure can be maintained even far
above the macroscopic glass transition tempera-
ture.
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