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Static Inhomogeneities in Thermoreversible Physical Gels
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Thermoreversible gels of poly(vinyl alcohol) /Congo red in aqueous solutions have been studied
by dynamic light scattering. BelowTgel sø 43 ±Cd, a speckle pattern appeared, while it disappeared
for T . Tgel. This indicates that nonergodicity observed in chemically cross-linked gels also exists
in thermoreversible physical gels. Analogous to theb and a relaxations of glasses, the intensity
correlation function showed a power-law behavior forT # Tgel and a stretched exponential behavior
for T $ Tgel, respectively, while the thermal fluctuations characteristic of polymer gels were present
independent ofTgel. [S0031-9007(99)09308-4]

PACS numbers: 82.70.Gg, 61.43.Fs
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Nonergodic media, such as glasses and gels, h
frozen spatial inhomogeneities due to a frozen structu
(in glasses) or topological constraints, i.e., cross-linking (
gels) [1]. One of the clear manifestations of nonergodici
is the appearance of speckles, i.e., random fluctuations
the scattered intensity as a function of sample positio
Different from glasses, gels have another component
concentration fluctuations, i.e., thermal fluctuations [2–4
Hence, the scattering from gels originates from the spa
inhomogeneities and thermal concentration fluctuation
It has generally been believed that the spatial inhom
geneities are characteristic features of chemical gels, a
that it is hardly possible that one observes the speckles
physical gels. This stems from the presupposition that,
contrast to the chemically cross-linked gels for which th
spatial inhomogeneities are instantaneously introduc
during polymerization and/or cross-linking processe
the thermoreversible nature of cross-linking proce
prevents physical gels from acquiring an inhomogeneo
distribution of cross-links, the resultant distribution o
cross-links corresponding to the random conformation
network energy minima. However, it should be remarke
that according to the linear elasticity theory of deforme
networks due to cross-linking [5,6], the presence
speckles in physical gels is not unexpected.

In this Letter, we report the first observation of thermo
reversible speckle appearance/annihilation in physic
gels. Then, we discuss that the gelation threshold
physical gels can be characterized as (a) an appeara
of a speckle pattern and (b) a power law behavior
the intensity correlation function (ICF). We specifically
pay attention to the similarity and dissimilarity betwee
gels and glasses and aim to extract the universality
sol-gel transitions. Poly(vinyl alcohol) /Congo red (PVA
CR) gels in aqueous solutions were chosen in this wo
because of the following reasons: (1) The gelation
governed by chemical equilibrium and hence the ra
is quick enough (a few minutes) without hysteresis, (
the sol-gel transition temperature,Tgel, is located at a
temperature of easy handling, i.e.,,43 ±C, and (3) the
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sol-gel phase diagram [7], the microscopic structure [8
and (4) the enthalpy of gel melting are well characterize

PVA (the degree of polymerization and the degree
saponification being 1800 and 99.96 mol%, respective
was dissolved in boiling distilled water and filtered with
0.2 mm filter. Aqueous solution of reagent grade Cong
red (CR; C32H22N6Na2O6S2), a synthetic dye, was added
to the PVA solution. The concentrations of PVA an
CR were 680 and 10 mM, respectively. CR plays a
a cross-linker of PVA via hydrogen bonding betwee
-NH2 group of CR and -OH group of PVA. The sol-ge
transition temperature was determined to beTgel ø 43 ±C
by flow measurement. The details of the experime
and the sol-gel phase diagram are reported elsewh
[7]. Static and dynamic (SLS and DLS) light scatterin
experiments were carried out on PVA/CR gels in 10
mm-diameter test tube using a DLS/SLS-5000 (ALV
Co. Ltd., Langen, Germany) coupled with a 22 mW He-N
laser (the wavelength being 632.8 nm), a static/dynam
enhancer, and an avalanche-photo-diode detector syst
which allowed obtaining the coherence factor of 0.98.

Figure 1 shows the time average scattered intensity,kIlT ,
obtained at the scattering angle of 90± as a function of
the sample position. The sample position was arbitrar
chosen by rotating the sample test tube.kIlT at 20±C
fluctuates randomly with respect to the sample positi
and a speckle pattern appears. The amplitude ofkIlT in
the speckle pattern decreased with increasing temperat
T , as shown in the cases of (b)T ­ 38, (c) 43, and finally
disappeared at (d) 57±C. The appearance and annihilatio
of the speckles were thermoreversible. The horizon
solid line indicates the ensemble averagekIlE , obtained
by taking ensemble average ofkIlT , which merges into
the dynamic component of the scattered intensity indicat
by the dashed line,kIFlT , at 57±C. The method of the
estimation ofkIFlT is described later.

The time-average intensity time correlation functio
(ICF), ST sq, td, is defined by

ST sq, td ­ kIsq, 0dIsq, tdlT ykIsq, 0dl2
T 2 1 , (1)
© 1999 The American Physical Society
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FIG. 1. Temperature dependence of the speckle patterns; (a) 20, (b) 38, (c) 43, and (d) 57±C. The horizontal solid line and the
dashed line indicate the ensemble average of the scattered intensity,kIlE , and the fluctuating component of the scattered intens
kIFlT , respectively.
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whereq is the scattering vector andt is the time lag be-
tween two measurements of photon counting. The a
gular bracket with subscriptT means time averaging.
Figure 2 shows ICFs for PVA-CR gelssT # 43 ±Cd and
sols sT . 43 ±Cd, which shows a drastic change in the
ICFs across 43±C. Note that each ICF except for that
of T ­ 20 ±C was shifted vertically by 1 order of mag-
nitude in order to avoid overlap. ICFs were sample po
sition dependent forT # 43 ±C andST sq, t ­ 0d varies

FIG. 2. Time intensity correlation function of PVA and CR
aqueous systems at different temperatures. The solid lines
the results of curve fitting with a power-law function [Eq. (2)]
and with a stretched exponential function [Eq. (3)].
n-

-

are

dependent on the sample position due to nonergodic
The solid lines in the figures are drawn with a powe
law function [T # 43 ±C; Eq. (2)] and with a stretched
exponential function [T . 43 ±C; Eq. (3)], respectively,

ST sq, td , f1 1 stytpdg2s12ud sfor gelsd , (2)

ST sq, td , expf2stytcdbg sfor sols andt $ tcd .
(3)

The tp is a characteristic time where the power-la
behavior appears andu is the fractal dimension of the
scattered photons [9]. Thetc is another characteristic
time related to the extent of spatial correlation andb is
the stretched exponent. The exponent,u, was evaluated
to be around 0.4 irrespective of temperatures and sam
positions as far as the system was in the gel state.
should be noted that the power-law behavior was obser
not only at the gelation threshold (near 43±C) but also for
gelssT , Tgeld. A similar behavior inST sq, td was also
observed in gelatin gels [10,11]. Renet al. [11] discussed
the analogy of these two types of relaxations, i.e., t
stretched exponential and power law types, with thea

andb relaxations of glasses. According to their resul
u for gels is q dependent while that for glasses is no
Our result, however, shows thatu is independent ofq
at least in theq range of from0.01 , q , 0.025 nm21.
The independence ofu with respect toq, observed in
this work, is more reasonable since it is related to t
size-independent relaxation [12]. In the case of chemi
gels, Martin et al. observed a power-law behavior in
poly(tetramethoxysilane) (PTMOS) gels withu ø 0.73
at and above the gelation threshold [9]. The relative
large value ofu and the power-law behavior in the ge
state observed by Martinet al. may be ascribed to their
high cross-link density which leads to glassification
4947
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well. On the other hand, for PTMOS gels with a lowe
cross-link density, a power-law behavior was exclusive
observed only at the gelation threshold [13]. This mea
that the power-law behavior seems to be characteris
to glasses below the glass transition temperature wh
a b relaxation appears [14] and to the gels at least on t
gelation threshold where the cluster distribution becom
a fractal [15,16].

Although the asymptotic forms of the ICF for the PVA
CR complex are described either by a stretched exponen
function or a power-law function, a diffusive mode is
always observed in gels at smallt region because of the
Brownian motion of polymer chains. For a chemicall
cross-linked gel, it is reported thatST sq, td is given by a
single exponential function calledgel mode[17],

ST sq, td ­ A expf22DAq2tg , (4)

where DA is the apparent diffusion coefficient andA
s0 , A # 1d is the initial amplitude of ICF. In the case
of a nonergodic medium like a gel [4,18],DA scatters
randomly with sample position in the range ofDy2 ,

DA , D, whereD is the collective diffusion coefficient of
the system. More precisely,ST sq, td is given by [1,19,20]

ST sq, td ­ X2 exps22Dq2td

1 2Xs1 2 Xd exps2Dq2td . (5)

The variableX s; kIFlT ykIlT d denotes the ratio of the in-
tensity from thermal fluctuations to that from total intensit
at a given sample position. The fluctuating component
the scattered intensity,kIFlT , can be extracted by plotting
DA vs kIlT [19] or kIlT yDA vs kIlT , i.e., [21,22]

kIlT

DA
­

2
D

kIlT 2
kIFlT

D
. (6)

The exponential-type functions forST sq, td seem to be
valid for chemical gels, such as poly(acrylamide) an
FIG. 3. kIlT yDA vs kIlT plots for PVA and CR at different temperatures. The values ofD andkIFlT are estimated from the slope
and intercept, respectively.
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homologues [22,23]. AlthoughST sq, td for physical gels
has a long-relaxation tail as shown above, we assume
ST sq, td for the small-t range (t ø tp or t ø tc), is also
given by Eq. (5) and apply the same analysis conduc
for chemical gels to physical gels. Figure 3 shows th
decomposition plot from whichkIFlT andD are evaluated.
DA is estimated by the initial slope ofST sq, td, i.e.,DA ­
2s1y2q2d≠ lnST sq, tdy≠tjt­0. At 20±C, the data points
fall on a straight line given by Eq. (6). Note that th
range ofkIlT decreases with increasingT . At 57±C, all the
data points collapse at a single point. This indicates th
the system becomes an ergodic medium, i.e., a polym
solution. The time fluctuating component,kIFlT , shown
by the dashed lines in Fig. 1, was thus obtained.

Temperature variations ofkIlE , kIFlT , D, and the
correlation lengthj sø kTy6phDd are shown in Fig. 4,
whereh is the solvent viscosity andkT is the Boltzmann
energy. The arrows in the figure indicateTgel obtained
by a flow test. kIlE is a decreasing function ofT . On
the other hand,kIFlT seems to beT independent. Note
that the variations ofkIlE andkIFlT were confirmed to be
thermoreversible andkIlE becomes equal tokIFlT for T .

Tgel. The gradual decrease inkIlE nearTgel indicates that
the gel inhomogeneities are suppressed progressively
increasingT due to gel melting. The jump-wise change i
D (andj) at T ø Tgel is quite interesting. This suggests
that the spatial correlation is longer in the sol state th
in the gel state. In other words, the spatial correlation
screened by cross-links in the gel state. It is notewort
that such a kind of discrete change inj was not observed
in chemical gels [22].

The nontrivial contribution of the thermal fluctuating
component in the scattered intensity and the diffusi
mode in the dynamics may be one of the characteris
features of gels. An analogy between sol/gel and glas
is seen particularly in the slow dynamics, e.g., for th
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FIG. 4. Temperature dependence ofkIlE , kIFlT , D, and j.
The arrow indicates the sol-gel transition temperature.

regime oft ¿ tp. In the sol regime, ICF is described by
a stretched exponential function, which corresponds to
a relaxation of glasses. In this case, both sols and glas
above the critical temperature (about 1.2 times higher th
the glass transition temperature [24]) are ergodic med
At the gelation threshold, ICF becomes a power-la
function, indicating a formation of fractallike hierarchica
structure and suppression of translational diffusion
clusters. Theb relaxation of glasses, on the other han
is dominated by frozen structure. A similar situation ma
be attained in a gel when it is glassified by a high dens
cross-linking as is observed in silica gels. The PVA/C
gels may belong to this class. Gels with a low cros
link density, e.g., slightly cross-linked chemical gels, o
the other hand, preserve a fast diffusive mode with
negligible contribution of the slow mode [23].

Static inhomogeneities and the dynamics of therm
reversible physical gels comprising poly(vinyl alcoho
and Congo red (PVA/CR) have been investigated by d
namic light scattering. It was the first time to observ
a thermoreversible appearance/annihilation of scatter
speckle. This strongly suggests that not only chemic
gels but also physical gels have frozen inhomogeneiti
Decomposition of the scattered intensity to those fro
thermal concentration fluctuations,kIFlT , and static inho-
mogeneities, was successfully carried out with the sa
manner employed for chemical gels. It was found th
kIFlT is rather temperature independent and the speckle
solely due to the static inhomogeneities. We believe th
physical gels have many common features with glasses
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the glassy inhomogeneities in gels will give rise to su
universality as has been found in glass-forming system
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