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ABSTRACT: The gel—sol transition of a physical gel comprising poly(vinyl alcohol), Congo Red, and water
has been studied by static/dynamic light scattering (SLS/DLS). SLS speckle patterns appeared exclusively
in the gel state as observed in chemical gels (i.e., covalent bonded gels). The speckle patterns disappeared
when temperature (T) was raised or concentration (C) was lowered across the temperature-induced or
concentration-induced gel—sol transition point. The time—intensity correlation function obtained by DLS
showed a clear transition from a power law to a stretched exponential behavior at the transition point.
The transition is discussed in conjunction with the site-bond percolation theory.

Introduction

It has been recently recognized that properties of
polymer gels, such as the mechanical strength,! visco-
elasticity,2=> kinetics of deswelling,6=° and transpar-
ency,® depend on their spatial inhomogeneities. It was
shown that the presence of spatial inhomogeneities
could be simply monitored by light scattering as speck-
les, i.e., random fluctuations in the scattered intensity
as a function of sampling points.1011

In the case of chemically cross-linked polymer gels,
the relationship between speckles and spatial inhomo-
geneities has been relatively well understood.'? That is,
chemical cross-links constrain the mobility of polymer
chains in a solvent, resulting in an emergence of a
nonvanishing spatial variation of refractive index. As a
result, if a narrow beam of a highly coherent light, e.g.,
a laser beam, is irradiated to a gel, the scattered light
shows random fringes called “speckles”.13 The scattering
medium having nonvanishing concentration fluctuations
is called a nonergodic medium and behaves as a “speckle
field”, where the time average is no more the same as
the ensemble average. The scattering properties of such
nonergodic media were extensively explored by Pusey
and van Megen.*

Because chemically cross-linked polymer gels are
usually made by copolymerizing monomers and cross-
linkers, an inhomogeneous distribution of cross-linkers
is introduced and spatial inhomogeneities are perma-
nently built-in in the gel. Therefore, the degree of spatial
inhomogeneities increases with increasing cross-linker
concentration in the gel.’>"1° The above discussion
becomes questionable if the cross-links can be attached
or detached according to the chemical equilibrium of
cross-linking reaction. This is the case of physical gels
undergoing sol—gel transition by chemical equilibrium.
In this case, it is naively expected that cross-links are
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distributed randomly in the space in order to minimize
the conformational free energy of the network chains.
Hence, physical gels may have a significantly low degree
of inhomogeneities compared to chemically cross-linked
gels. However, as recently reported elsewhere,?°21 physi-
cal gels consisting of poly(vinyl alcohol)-—Congo Red
(PVAI/CR) aqueous solutions also exhibit a high degree
of inhomogeneity. The PVA/CR system was chosen as
a model of physical gels because of the following
reasons: (i) capability of quick gelation without hyster-
esis, (ii) moderate sol—gel transition temperature, Tgel,
for easy handling (~43 °C), and (iii) well-characterized
structure and properties.>?223 The presence of static
inhomogeneities was verified as an appearance of
speckle patterns and drastic changes in the dynamics
at the sol—gel transition temperature.?!

In this paper, we investigate the spatial inhomoge-
neities and dynamics of PVA/CR gels as a function of
polymer concentration as well as temperature by using
static/dynamic light scattering (SLS/DLS). First, we
show a clear evidence for the existence of spatial
inhomogeneities, i.e., an appearance of speckle patterns,
in a series of PVA/CR gels having different concentra-
tions. Then, the dynamics of PVA/CR aqueous systems
near the sol—gel transition threshold is extensively
discussed by analyzing speckle patterns and intensity
correlation function (ICF). It will be emphasized that
the concentration-induced sol—gel transition is different
from the temperature-induced sol—gel transition. The
correlation length, &, diverges at the transition in the
case of concentration induced sol—gel transition, while
a continuous change in £ is observed for temperature-
induced transition. The physical implementation of the
difference will be made in terms of the concept of the
site-bond percolation theory.2

Theoretical Section

1. Time—Intensity Correlation Function. The
time—intensity correlation function (ICF), g(TZ)(r), is
defined by
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where I(t) and I(t+7) indicate the scattered intensities
at time tand t + 7, respectively. The subscript T denotes
time averaging. In the case of polymeric systems
undergoing gelation, the intensity correlation function,
g(Tz)(r), can be often given by the square of the sum of
two terms representing fast and slow modes.?® The fast
mode is the cooperative diffusion of chain molecules. On
the other hand, the slow mode corresponds to the
translational diffusion of clusters (in the sol state) or
an internal cooperative diffusion in infinite clusters (in

the gel state). Hence, g?(z) can be written as26-28

9P = (1)

gP(1) — 1 ~ {A exp(—D,q’7) +
(1 — A) exp[—(t/7g0,) 1} (for sols) (2)

gP(1) — 1 ~ {A exp(~Dn0%7) +
(1 — AL + (/7)) 2 (for gels) (3)

where Da, g, and 7 denote the apparent diffusion
coefficient of the fast mode, the scattering vector, and
the relaxation time, respectively. A is the fraction of the
fast mode. tg0w is the characteristic decay time for the
slow mode, and f is the stretched exponent. t* is the
characteristic time where the power law behavior ap-
pears, and n (0 < n < 1) is the fractal dimension of
scattered photons.28

2. Decomposition of the Scattered Intensity to
Two Components from Thermal Fluctuations and
Static Inhomogeneities. For a nonergodic medium
like a gel, it is known that the value of Da depends on
the sampling points in the range of D/2 < Dp < D. D' is
the cooperative diffusion coefficient, which reflects the
mobility of the chain molecules in the sample, and is
given by14:29.30

(1) — 1 = X% exp(—2Dg?7) +
2X(1 — X) exp(—Dg??) (for 7 < t*) (4)

where X (=0¢E/03) is the ratio of the intensity from
the time-fluctuating component, [gly, to the total
intensity, [, at a given sampling point. The apparent
diffusion coefficient was evaluated by the initial slope
of ICF, i.e.,

19
Da=-— 2 0t In[g¥(2) — 11— (5)

Note that Da is sampling-point-dependent if the system
is in the gel state. Equations 4 and 5 lead to the
following relationship:2°

_ b
2 — 0.3/05

Hence, one can evaluate D and O3 by fitting observed
ICFs with eq 6 or by plotting 0E/Da vs 03:1831

iR _ 2 el
D—A—EDQ— D ()

Da= (6)

Experimental Section

Samples. A series of poly(vinyl alcohol)—Congo Red (PVA—
CR) aqueous solutions were prepared. PVA powder (degree of
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Figure 1. Phase diagram of the PVA/CR aqueous system at
20 °C. The open and filled circles denote the concentrations of
PVA and CR studied in this work.

polymerization = 1800 and degree of saponification = 99.96
mol %), kindly supplied by Nippon Gosei Co. Ltd., Osaka,
Japan, was used without further purification. CR (Cs2H22Ne-
Na,0sS>) was purchased from Wako Chemical Co. Ltd., Tokyo.
CR is a synthetic dye and is known as a thermoreversible
cross-linker of PVA in aqueous solutions.? The cross-linking
mechanism is discussed elsewhere.®® Both 1.36 M PVA and
20 mM CR aqueous solutions were separately prepared by
dissolving them in boiling distilled water and filtering through
a 0.45 um filter. Equal amounts of two solutions were mixed
together at ca. 80 °C, and a homogeneous solution of PVA—
CR with Cpya/Ccr = 680 mMM/10 mM was obtained, where Cpya
and Ccr are concentrations of PVA in monomeric unit and of
CR, respectively. The sol—gel transition temperature for Cpya/
Ccr = 680 mM/10 mM was determined to be 43 °C by flow
measurement, which is in good agreement with the sol—gel
phase diagram for PVA/CR aqueous systems reported else-
where.?? Figure 1 shows the sol—gel phase diagram for PVA/
CR aqueous solutions obtained at 20 °C. The system with Cpya/
Ccr = 680 mM/10 mM is denoted by the filled circle. To
investigate concentration dependence of the sol—gel behavior,
both PVA and CR concentrations were varied by keeping the
molar ratio. The sets of concentrations employed for dynamic
light scattering experiments were varied from Cpya/Ccr = 114
mM/1.67 mM to 795 mM/11.7 mM as indicated by open circles
in Figure 1.

SLS/DLS. Static and dynamic (SLS and DLS) light scat-
tering experiments were carried out on a DLS/SLS-5000 (ALV,
Co Ltd., Langen, Germany) with a 22 mW He—Ne laser
(wavelength, 1 = 6328 A). The sample in a 10 mm test tube
was placed in a toluene bath thermostated within an error of
+0.1 °C. The time-averaged scattered intensity, ([F, and its
time correlation, i.e., the time-averaged intensity correlation,
O(t)I(t+7)3, were taken at the scattering angle of 90°. The
measurements were repeated at 100 different sampling points
per sample at 20 °C in order to obtain ensemble average for
each sample having different Cpya’'s. The temperature-depend-
ent measurements were also conducted at temperatures of 20,
24, 29, 34, 38, 43, 48, 52, and 57 °C for the gel with Cpya/Ccr
= 680 mM/10 mM. Whenever the temperature was changed,
at least 30 min was posed before starting the next DLS/SLS
experiment in order to make sure thermal stabilization.

Results and Discussion

1. Speckle Pattern. Figure 2a shows the variations
of OF with sampling points obtained at different Cpya’s.
Here, the sampling points were chosen arbitrarily by
rotating the test tube containing the sample. For Cpya
< 432 mM, OF does not depend on sampling points,
indicating that the system is ergodic. On the other hand,
(& becomes nonergodic for Cpya > 455 mM. The
nonergodicity is verified as an appearance of speckle
patterns, i.e., strong fluctuations in 5 with sampling
points. The horizontal solid and dashed lines in the
figure indicate the ensemble average of the scattered
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Figure 2. Variation of the scattered intensity, 0, with
sampling points. (a, upper) Concentration and (b, lower)
temperature dependence. The solid and broken line indicate
the ensemble average scattered intensity, (g, and the fluc-
tuating component of the scattered intensity, (g3, respectively.

intensity, i.e., (g = F, and the dynamic component
of the scattered intensity, 0 ¢[4, respectively, where the
subscript E denotes ensemble average. The latter re-
flects the solution-like fluctuations evaluated by the
method described in the theoretical section. It is need-
less to mention that the annihilation of speckles at Cpya
~ 432 mM is ascribed to the sol—gel transition (see
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Figure 3. Time—intensity correlation function, g(Tz)(r), for
PVA/CR aqueous systems (a) at different Cpya's and (b) at

different temperatures, T. To avoid overlap, g(Tz)(r)’s are
shifted vertically as Cpya Or T increases. The solid lines are
the results of curve fitting with a stretched exponential
function (eq 2) and with a power law function (eq 3).

Figure 1). A similar behavior in the appearance/disap-
pearance of speckle patterns was observed for the PVA/
CR(680 mM/10 mM) system by changing temperature
as shown in Figure 2b. The speckles decrease by
increasing temperature and completely disappear above
52 °C. Hence, frozen inhomogeneities similar to those
in chemical gels are confirmed to be also present in
physical gels, e.g., the PVA/CR aqueous system in the
gel state.



Macromolecules, Vol. 33, No. 21, 2000

2. Intensity Correlation Function. Figure 3a
shows a series of intensity correlation functions (ICF'’s),

0?(z), for PVAICR systems with different Cpya’'s ob-
tained at 20 °C. The ICF's, except for that for Cpya =
114 mM, were shifted vertically upward with the step
of 1 order of magnitude each to avoid overlap. As clearly

shown in the figure, g(TZ)(r) changes drastically between
Cpva = 432 and 455 mM. Since the sol—gel transition
threshold is known to be located around Cpya = 455 mM
by a flow measurement, it is clear that this dramatic

change in g®?(r) definitely corresponds to the macro-
scopic change in the flow behavior from a sol (Cpya <
432 mM) to a gel (Cpya = 455 mM). The observed ICFs
were fitted with a stretched-exponential function for sols
(eq 2) or a power-law function for gels (eq 3), and the
fitting results are quite satisfactory as shown with the
solid lines in the figure.

Figure 3b shows the series of ICFs obtained for PVA/
CR (680 mM/10 mM) at different temperatures. The
gel—sol transition is again clearly suggested as a change
of the shape of ICF between 43 and 48 °C. For T < 43
°C, the ICF's are well represented by the power-law
function (eq 3). On the other hand, the functional form
of the ICF suddenly changes to a stretched exponential
function at 48 °C and remains to be the same for T >
48 °C. These results clearly indicate that the dynamics
changes drastically at the sol—gel transition tempera-
ture. It is interesting to analyze the ICF’s as a function
of Cpyva and T more quantitatively in terms of the fitting
parameters, which are done in the following sections.

3. Evaluation of the Correlation Length and
Decomposition of the Scattered Intensity. First, let
us focus on the fast mode, so-called the gel mode3* and
estimate the correlation length, &. The gel mode corre-
sponds to the chain dynamics in a concentration blob,
where the spatial correlation exists.®> Hence, the gel
mode can be observed not only in a gel but also in a
semidilute polymer solution where concentration blobs
are in contact with each other.’2 Figure 4 shows the
plots of OF/Da as a function of 0 for the PVA—CR as
a function of (@) Cpya and (b) T, where a is a horizontal
shift factor introduced to avoid overlap. The solid lines
are the fits with eq 7. It is clear from the plots that the
slope of the fit decreases with increasing Cpya. This
indicates that D (the inverse of the slope) increases
significantly with increasing Cpya. Surprisingly, such
a notable change is not observed when temperature is
scanned (see Figure 4b). When a gel melts and becomes
a sol (i.e., an ergodic medium), all data points are
expected to collapse at a single point Do = D in the plot
of F/Da vs O, which in fact happens at T = 57 °C. It
should be noted the following. Since eq 7 could not be
applied for sols, we simply took arithmetic average of
Da for the following discussion. The values of D, evalu-
ated at scattering angles of 40°—140°, were identical
within the experimental error, suggesting that the fast
mode was diffusive.

Figure 5 shows the (a) Cpya dependence and (b) T
dependence of the correlation length, &, obtained from
the fast mode of ICF with

_ kgT

where kgT and 5 denote the Boltzmann energy and the
solvent viscosity, respectively. Note that & indicates the
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Figure 4. (a) Plots of (13/Da as a function of 05 for PVA/CR
with various Cpya's at T = 20 °C. (b) Plots of OE/Da as a
function of 0F for PVA/CR with various T's. The symbol a is
a horizontal shift factor introduced to avoid overlap. The solid
lines are the fits with eq 7.
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Figure 5. (a) Cpva dependence and (b) T dependence of the

correlation length, & The dashed lines indicate the sol—gel

transition concentration and temperature, respectively, ob-
tained by the flow test.

size of concentration blobs. The dotted lines in the
figures indicate (a) Cpya gel (432 mM) and (b) Tgel (743
°C) obtained by a flow measurement. Interestingly, the
variation of & with Cpya (Figure 5a) is quite different
from that with T (Figure 5b) from the following points
of view. When Cpya is scanned, £ exhibits a maximum
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Figure 6. lllustrations explaining the Cpya and T dependence
of &. Cpya increases but T decreases from (i) to (iv). Open and
filled circles denote free and cross-linked CR molecules. The
arrows in the figures indicate the length of &.

at Cpyagel. In contrast to the Cpya-induced sol—gel
transition, & is a monotonic increasing function of T, and
no anomaly is observed at Tgel.

The reasons for the difference in the variations of &
can be discussed with schematic illustrations in Figure
6. In the concentration regime of Cpya < Cpya gel (i), the
PVA chains do not percolate yet and form “microgels”.
In this regime, translational diffusion of microgel clus-
ters is observed by DLS. Therefore, the increase in & is
due to an increase of cluster size with Cpya (<Cpva, gel)
and & diverges at Cpya, get due to volume filling by PVA
clusters (ii). The following decrease in & for Cpya >
Cpva gel COrresponds to a decrease in blob size by further
increase in Cpya (iii to iv). In contrast to the concentra-
tion-induced sol—gel transition, the temperature-in-
duced sol—gel transition is governed by chemical equi-
librium of complexation of CR with PVA. In the bottom
figures, active CR molecules participating in cross-
linking are shown with filled circles, while free CR
molecules are denoted by open circles. As shown in the
figures, a decrease in temperature (i to iv) results in
activation of cross-link formation. Therefore, the mesh
size becomes smaller by decreasing T. In this process,
no anomaly is expected in the spatial correlation, while
the connectivity correlation may diverge at the sol—gel
transition.3® However, if the concentration of polymers
is high enough to screen the dynamic correlation
between neighboring concentration blobs, no anomaly
is expected at the sol—gel transition point. This is what
happens in the temperature-induced sol—gel transition.
Hence, a monotonic decrease in & is observed by
decreasing T without divergence in § at Tge.

Figure 7a,b shows the variations of g and Og5 as a
function of (a) Cpya and (b) T. These quantities were
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evaluated by analyzing position-dependent scattered
intensity and the corresponding correlation functions
obtained at 100 sampling points for each sample with
eq 7. As is shown, O = Oz for Cpya < Cpvagel, but
they split for Cpya > Cpvager. It is noteworthy that Ol
increases with Cpya, While Og3 decreases. In this work,
we varied Cpya by keeping the ratio of Cpya and Ccr.
Hence, an increase in g with Cpya is naively expected
due to an increase in the degree of inhomogeneities with
increasing in Ccr. On the other hand, the decrease in
Or for Cpya > Cpyagel is explained as follows.

In the case of semidilute polymer solutions, the
scattered intensity due to thermal fluctuations, i.e., g4,
is given by3*

1.5~ keTC[3g) ©

where C is the number concentration of the monomer
constituting polymers and IT is the osmotic pressure. I1
is given bys®

kgT
Hence, one expects that
03 ~Cc (11)

In deriving eq 11, one of the scaling relations for
semidilute polymer solutions, & ~ C~%4 was used.
Therefore, the theory predicts a gradual decrease in g3
with Cpya (~C), which is indeed observed in the PVA/
CR systems. A similar result was also obtained in
chemically cross-linked poly(N-isopropylacrylamide)
gels.’”

When temperature is scanned, Og& (thermal fluctua-
tions) is expected to change in proportion to the absolute
temperature, i.e., T. The experimental data are not
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precise enough to detect such a change in this temper-
ature range. This is why [g[§ does not change noticeably
as shown in Figure 7b. On the other hand, O is a
strongly decreasing function of T as a result of progres-
sive scission of cross-links with T. Another interesting
feature is that the bifurcation temperature is different
from Tge. This may be ascribed to the nature of ill-posed
transition for the temperature induced sol—gel transi-
tion as discussed in Figure 5.

Rigorously speaking, the decomposition method em-
ployed above can be applied only for the case where the
fast mode is clearly separated from the slow mode (i.e.,
the case of 0 < A < 1), such as the case of chemical gels
prepared by chemical cross-linking.3! In the case of the
PVA/CR gels, on the other hand, the contribution of the
fast mode was found to be relatively weak. Hence, we
employed an alternative method to evaluate (gF. We
took an ensemble average of the time-average correla-
tion function g¥)(z) over many sampling points, p. The
ensemble average second-order correlation function,
09(z), and the field correlation functions, g&(z), are
defined by

ZD(O)I(r)Q,p ;Dw)@,ng%@)
9(x) = = (12)
Y 0(0)3,2 > 03,
p p

99() = YoP(r) - 1 (13)

The time-fluctuating component in the scattered inten-

sity, Og, is given by

0.5 = 0R[1 - gP(r—w)] (14)

The variations of the evaluated g3 as a function of
both Cpya and T were found to be quite similar to those
obtained with eq 7 respectively for the Cpya and T.
Therefore, we conclude that the findings shown in
Figure 7 are universal phenomena for thermoreversible
polymer gels.

4. Analysis of the Stretched Exponential and the
Power-Law Exponent. Regarding the slow mode, we
found two types of dynamics characterized by either a
stretched exponential or a power law functions (see
Figure 3). The former appears in the sol state, i.e., either
at low concentrations (Cpya < Cpvagel) Or at high
temperatures (i.e., T > Tge), while the latter is found
in the gel state. Those are characterized by the stretched
exponent, # and the exponent, n. Figure 8 shows the
stretched exponent, 3 (open circles), for sols with Cpya
< 432 mM obtained at various sampling points. As
shown here, the value of g does not depend on the
sampling points and is a decreasing function of Cpya.
Since the system is ergodic, the invariance of g with
sampling points is reasonable. Therefore, in the follow-
ing discussion, we simply take arithmetic average of
and call Say.

Above Cpya gel (455 mM), all ICF’s show a power law
behavior. Figure 9 shows the distribution of the expo-
nent, n (open squares). In contrast to the case of § in
Figure 8, the values of n are highly scattered with
sampling points. We propose here a hypothesis: A piece
of gel consists of an assembly of uncorrelated domains
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Figure 10. Plots showing fluctuations of n and 5. Note that at T = 48 °C there exist two types of correlation functions fitted with
either a power-law or a stretched-exponential function. These correspond to a gel and sol phase, respectively, and [hig and (. are

obtained.

in which the connectivity correlation exists. The char-
acteristic size of domains, Z, is much larger than the
concentration blob in which the spatial correlation
exists. We also allow the uncorrelated domains to have
different degrees of inhomogeneities. Hence, the uncor-
related domains are characterized by = and n. In this
case, a laser light scattering study with a fine size of
the incident beam may provide a sampling-point-de-
pendent correlation function, provided = being larger
than the focal size of the incident beam at the sample.
This criterion is satisfied in this work since speckle
patterns are really observed in the PVA/CR gels.
Consequently, the values of n are fluctuated with
sampling points, and one needs to take an ensemble
average n, i.e., @. The solid line in the figure shows
(Mg obtained by averaging over the 100 sampling points.
hig decreases gradually with increasing Cpya, from
0.613 t0 0.291. It is known that the value of n decreases
with increasing screening effect.3® Hence, this result
indicates that the hydrodynamic as well as excluded-
volume screening effects becomes stronger with Cpya.
Similar results were obtained for PVA/CR gels by
varying temperature as shown in Figure 10. However,
it should be noted that both types of dynamics, i.e., sol-
and gel-type dynamics given by egs 2 and 3, coexist in
one sample at 48 °C. Here, the order of data points are
rearranged to the regions for evaluation of n (left) and
p (right). As shown in the figure, the fractions of gel
and sol states in the system are estimated to be about
40% and 60%, respectively. Though the sample at 48
°C was seemingly a sol by flow test, a characteristic
feature of gels, i.e., a power law behavior, is also
observed as well with the probability of about 40%.
When S,y = 0.33 appears at 48 °C, [h[E increases
drastically to 0.65. The physical meaning of this behav-
ior is unclear at this stage. For T > 48 °C, the power
law behavior disappears completely, and all ICFs
sampled at different sampling points could be fitted with
a stretched exponential function with 5, = 0.3.
Figure 11a shows the variations of [h(g and S, with
Cpva. As shown in the figure, Ba decreases with
increasing Cpva (<Cpvager). This means that the ICF
becomes highly stretched by approaching Cpvagel. Ac-
cordingly, the characteristic time for the slow mode, zsjow
exhibits a tendency to diverge by approaching Cpyva gel.
For Cpva > Cpvage, I can be estimated, and it
decreases with Cpypa, indicating that the excluded-
volume screening effect becomes stronger with increas-
ing Cpya. In the case of the temperature dependence
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Figure 11. (a) Cpva dependence and (b) T dependence of [h(g
and Sa. The variation of the g, is also plotted with the right
axis for the sol state.

(Figure 11b), the variations of Say and (g are different
from the case of the Cpya dependence. For example, the
changes of Sy and M@ with T seem to be much less
than those with Cpya dependence except for zsiow. Tsiows
on the other hand, seems to diverge as Cpya — Cpva gel
and T — Tgel. Note that a tendency of divergence of zsiow
is also reported in a temperature-induced sol—gel
transition of gelatin by Ren et al.?6 The invariance of
PBav and ¢ may be explained as follows. In the case of
the T dependence, only the number of active cross-
linkers changes with T by keeping the total concentra-
tion Cpya and Ccr constant as schematically depicted
in Figure 6b. In addition, the excluded volume does not
change significantly with T for PVA aqueous systems
in this temperature range, resulting in an invariance
of Bav and n[g against T. When Cpya (and CcR) is varied,
on the other hand, the system changes from a dilute
solution to a semidilute solution for Cpya > Cpvagel-
Therefore, the excluded volume decreases with increas-
ing Cpva. This means an increase in the degree of
excluded-volume screening. This is the reason why (@
decreases with Cpya.
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Figure 12. Schematic representation of the site-bond percola-
tion phase diagram, which explains the (A) temperature and
(B) Cpva dependence of &.

The top-left figure in Figure 12 illustrates a phase
diagram based on the site-bond percolation proposed by
Coniglio et al.>* The ordinate and abscissa denote the
bond probability and site probability, which correspond
to the cross-link concentration and polymer concentra-
tion, respectively. Since the cross-link concentration
decreases with increasing T, an increase in the bond
probability means an decrease in T. The variations of &
with (a) T and (b) Cpya discussed in Figure 5 are also
shown in the right and bottom figures, respectively.
These figures clearly show that site percolation is
different from bond percolation. A continuous variation
of & is observed in the case of the temperature-induced
sol—gel transition, and no anomaly is observed at Tge
as shown in (A). On the other hand, a cusplike transition
in & is involved in the concentration-induced sol—gel
transition (B), which is due to the crossover of the so-
called chain overlap concentration. The correlation
length becomes largest at this concentration and un-
dergoes a connectivity transition from unpercolated to
percolated clusters. In the case of the temperature-
induced sol—gel transition, the transition is simply
manifested by a switching on and off of cross-links
(Figure 6b). Hence, the correlation length varies smoothly
across the sol—gel transition temperature. This is why
no characteristic change in the temperature-induced
sol—gel transition has been observed in thermorevers-
ible polymer gels. We believe that the results disclosed
here provide an important aspect of the sol—gel transi-
tion and the nature of connectivity transition.

Conclusions

We have investigated the spatial inhomogeneities in
thermoreversible physical gelling systems consisting of
poly(vinyl alcohol) and Congo Red (PVA/CR). The ap-
pearance of speckles, i.e., random fluctuations in the
scattered intensity with respect sampling points, ap-
peared exclusively in the gel state, i.e., T < Tgej and Cpya
> Cpvagel. This indicates a similar type of frozen
inhomogeneities is present in physical gels as well as
in chemical gels. The intensity correlation function
obtained by dynamic light scattering (DLS) was well
fitted by a two-term function, which consists of a fast
mode with a single-exponential function and a slow
mode with a stretched exponential function (for sols) or

Static Inhomogeneities in Physical Gels 7875

a power law function (for gels). The ensemble-average
scattered intensity, (g, was found to be a decreasing
function of temperature. The decomposition of the fast
mode gave information about thermal concentration
fluctuations, [gl3, and the correlation length, &. The
variations of & with Cpya exhibited a divergence at
Cpvagel, While that with T was monotonic across Tge.
The variations of the stretched exponent, 3, the power-
law exponent, n, and & are found to be different between
the temperature-induced and concentration-induced
transitions. This is due to the fact that the connectivity-
correlation transition takes place more or less at the
same time as the space-correlation transition in the case
of the concentration-induced transition. On the other
hand, the characteristic time for the slow mode, 7siow,
seems to be more sensitive to the connectivity-correla-
tion transition than g as well as n since 7 diverges
in both types of transition. The physical implementation
of these findings was given in terms of the site-bond
percolation model.
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