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Critical behavior of gelation probed by the dynamics of latex spheres
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Laboratoire Léon Brillouin, CEA-CNRS, CEA/Saclay, 91191 Gif-sur-Yvette cedex, France

J. Pelta
ERRMECE, Universite´ de Cergy-Pontoise, 95302 Cergy-Pontoise cedex, France

~Received 21 November 2000; published 23 May 2001!

We report a quasielastic light scattering study of the dynamics of large latex probe particles (R5225 nm) in
gelatin solution undergoing gelation. We show that by focusing on the short-time and long-time behavior of the
autocorrelation function, it is possible to simply interpret out data in terms of the divergence of the viscosity
and emergence of the shear elastic modulus near the gel point. Our crude analysis allows us to grasp the critical
behavior of gelation and to obtain the two critical exponents of the transport properties.
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I. INTRODUCTION

The use of spherical probe particles to study viscoela
properties of polymer solutions has been suggested for a
time @1,2#. The basic idea is that in a semidilute solution
linear chains, sufficiently small particles freely move in t
solution whereas larger particles would be trapped in
polymer transient network. Thus, the dynamics of probe p
ticles is expected to be governed either by the solvent
cosity, or by the macroscopic viscosity, depending on th
sizeR compared to the correlation lengthjT of concentration
fluctuations. A suitable technique to study such dynamics
probe particles is quasielastic light scattering, which h
been extensively used on various physicochemical syste
According to the wide literature on this subject it appe
that some complications may occur. For instance, a com
signal is sometime observed due to the contribution of
matrix and of the probe particles to the total light scatte
intensity @3#. In addition, strong interactions between pol
mers in solution and particles, are sometimes reported w
may cause adsorption of chains on the particles and part
aggregation@4,5#. However, it has been shown that, as so
as these complications are avoided, the basic idea is
founded. In particular forR/j@1, the long-time dynamics o
probe particles is slowed down and governed by the ma
scopic viscosity@6–9# rather than the solvent viscosity.

Compared to rheology, the study of thermal fluctuatio
of concentration of probe particles for the investigation
weak structures is very attractive@10#, because it guarantee
the structure integrity. In particular, the use of probe partic
for the study of gelation looks very tempting and has be
already reported. Gelation@11# is a critical phenomenon o
connectivity occurring when molecules randomly connect
gether leading at the gel point to a giant cluster: the gel. T
understanding of quasielastic light scattering results obta
on gelling systems is much less clear as those obtaine
semidilute solutions. On the one hand, gelation essent
produces a wide polydisperse population of clusters, whic
responsible for complex relation processes. Therefore
analysis of the dynamical structure factor of probe partic
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in terms of time distribution is not quite obvious. On th
other hand, above the gel point, fluctuations tend to be fro
at long-time because the solution becomes solid. This
pears through a decrease in amplitude of the scattered in
sity fluctuations. The most often used approach to acco
for this behavior invokes a loss of ergodicity@12–14#. The
physical meaning of this approach consists in splitting
probe particles population into two parts: the first being fr
to diffuse in the medium, the second being trapped in
network and motionless. The scattered intensity has thus
contributions: a time fluctuating or quasielastic part and
constant or elastic part. Quasielastic light scattering te
nique consists in measuring the autocorrelation function
the scattered intensity. Consequently it also shows the
contributions. The first corresponds to the autocorrelation
the fluctuating part of the scattered intensity and the sec
to the correlation of this fluctuating part with the elastic sc
tering that acts as a local oscillator signal. In terms of
light scattering language, this amounts to mix a self-beat
and a heterodyne contribution. Such an analysis calls for
remarks. First, the splitting of the probe particles populat
into two parts seems somewhat arbitrary and unsatisfact
Second, above the gel point as fluctuations become more
more frozen the increasing heterodyne part leads at s
time to a slowed dynamics while quite the opposite is exp
mentally observed@15#.

In this paper, we present an analysis of quasielastic li
scattering results from probe particles during gelation o
gelatin solution. We deliberately consider the simplest ca
that is: ~1! very large spherical and monodisperse latex p
ticles ~radiusR5225 nm!; ~2! negligible thermodynamic in-
teractions of probe particles between them or with the m
trix; ~3! a negligible contribution of the matrix to th
scattered intensity;~4! measurements performed atqR51
with R/jT@1. We show that, neglecting the nonergodic
and focusing on the short-time and long-time behaviors
the measured relaxation function, it is possible to sim
interpret our data in terms of the divergence of the viscos
and emergence of a shear elastic modulus near the gel p
Our crude analysis allows us to grasp the critical behavio
gelation and to obtain the two critical exponents of the tra
port properties.
©2001 The American Physical Society05-1
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II. SAMPLE PREPARATION AND EXPERIMENTAL
DEVICE

Gelatin was purchased from Sigma. Solutions of gela
were prepared in 50 mM Tris-HCl buffer atpH57.4. Solu-
bilization of gelatin was done at 40 °C. At this temperatu
the intrinsic viscosity of gelatin was measured with
StressTech rheometer from Reologica. It was found to
@h#56160.04 cm3/g. The quasielastic light scattering e
periments reported in this paper were performed at a ge
concentration of 0.01 g/cm3.

Polystyrene latex particles were prepared and kindly p
vided by Loı̈c Auvray. The latex weight fraction of this ini
tial preparation is 5.631022 g/g. It was determined by
weighing after evaporation of water. This preparation w
diluted by a factor of 3.253104. Assuming a density ofr
51.05 g/cm3 for polystyrene this yields a final volume frac
tion of latex particles off51.831026.

Light scattering measurements were performed with
home-made spectrometer using a krypton ion laser of wa
lengthl5647 nm. Static light scattering measurements w
performed for scattering angleu between 10° and 150°, cor
responding to scattering vector,q5(4pn/l)3sin(u/2),
wheren51.333 is the refractive index of water, in the ran
2.231023– 2.531022 nm21. Static measurements wer
done with toluene as reference~Rayleigh ratio equal to 8.5
31026 cm21!. Toluene scattered intensity per unit scatteri
volume was found to be independent of the scattering an
within 1%. For static light scattering measurements
samples in the gel state, in order to obtain a correctly
semble averaged intensity whatever the scattering an
measurements were performed using a special device al
ing the sample rotation during measurement. For this p
pose, in order to minimize scattering due to optical defe
samples were contained in high optical quality cylindric
quartz cells~Hellma! having a large diameter of 25 mm
Quasielastic measurements were performed by compu
the correlation function of the scattered intensity with a M
vern K7032 multitau correlator.

III. STATIC LIGHT SCATTERING MEASUREMENTS

In Fig. 1 the ensemble and time averaged scattered in
sity is plotted as a function of the scattering vectorq. Mea-
surements were performed on gelatin alone in the gel s
latex alone in solution, and latex plus gelatin solution at
same concentrations.

Let us first discuss the latex alone measurements~Fig. 1,
hollow symbols!. Theq-dependent scattered intensity sho
the classical oscillation of the form factor of a sphere:S(q)
5@3$sin(qR)2qR3cos(qR)%/(qR)3#2. Especially, the position
of the first minimum or the periodicity of the oscillation
allow us to determine the radius of the latex particles
beingR522562 nm. Note that these latex particles have
very narrow size distribution. This is particularly emphasiz
in the inset of Fig. 1, whereq4I (q) is plotted as a function o
q. In this representation,q4I (q) is close to zero at the firs
minimum corresponding toq[0.02 nm21. This indicates a
very good particle monodispersity. Knowing the shape of
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form factor and the characteristic size of the particles, it
easy to extrapolate the scattered intensity toq50. One gets
I (0)5(2.6560.05)31022 cm21. From the refractive index
of polystyrenenPS51.595, the contrast factor is calculated
be K25@2pn(dn/dC)/l2#2/NA54.5631022 cm2 g22 mol,
whereNA is Avogadro’s number anddn/dC the refractive
index increment of polystyrene in water assumed to be eq
to the differencenPS2n. Thus the forward scattered inten
sity gives a molar mass of latex particles:M latex
5I (0)/(frK2)5(3.0060.06)31010g/mol, which has to be
compared to the calculated mass of one particle:M calc
5NArR34p/353.0231010g/mol. The very good agreemen
between these two values indicates that the latex volu
fraction is so small that interactions can be neglected.

Measurements on the sample containing latex and ge
~Fig. 1, black symbols! and comparison with the value mea
sured for gelatin-alone solution~gray symbols! shows that
the gelatin contribution may be neglected at small angles
this q-range, the shape of the scattered intensity for latex p
gelatin sample is very close to the one obtained for la
alone indicating that no latex particles aggregation occur

In Fig. 2, the reciprocal scattered intensity per volum
unit, 1/I (q), is plotted as a function ofq2, for the gelatin
alone in the gel state. The scattered intensity can be fitted
an Ornstein-Zernike function:I (q)51/(11q2jT

2), and gives
the correlation length of concentration fluctuations,jT543
64 nm. This value is higher than the one already measu
by small-angle neutron scattering for gelatin at this conc
tration @16#. This may be due to small heterogeneities th
are commonly observed in gels@17#. However, it is notewor-

FIG. 1. Ensemble and time-averaged light scattered intensity
volume unit,I (q), vs scattering vectorq measured for 1% gelatin
alone solution in the gel state, latex alone solution~volume fraction
f51.831026!, and latex plus gelatin solution in the gel state at t
same concentration. The dotted line corresponds toqR51, with R
the radius of latex particles. In the inset, the classical representa
q4I (q) vs q, outlines the very good monodispersity of latex pa
ticles ~solid line corresponds to sphere form factor withR
5225 nm!.
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CRITICAL BEHAVIOR OF GELATION PROBED BY THE . . . PHYSICAL REVIEW E 63 061405
thy that despite this higher value ofjT , the measured corre
lation length is much smaller than the latex particle si
Consequently, on the length scale of the latex particles, g
tin concentration is homogeneous.

IV. QUASIELASTIC LIGHT SCATTERING
MEASUREMENTS

Quasielastic measurements were done on latex solutio
pure water atT520 °C for scattering anglesu between 20°
and 150°. The dynamical structure factorS(q,t) has a
simple exponential decay, with a characteristic timetc pro-
portional toq22 as expected for diffusive motion. The co
responding diffusion coefficient is found to beD0
51/(tcq

2)5(0.9460.05)31023 cm2 s21. From the Stokes-
Einstein relation, this value leads to the hydrodynamic rad
RH5kT/(6ph0D0)5228612 nm, wherekT is the thermal
energy andh0 the viscosity of water. This value is in ver
good agreement with the radius measured by static light s
tering.

Measurements on latex particles were also performe
1% gelatin solution at 40 °C in the liquid state. In Fig. 3, t
dynamical structure factorsS(q,t), measured in pure wate
at 20 °C and in 1% gelatin solution at 40 °C, are plotted a
function tq2/h0 , in order to account for trivial effect due t
the temperature dependence of water viscosity. One can
that the initial decay rate of the structure factor remains
changed with gelatin. Note that at 40 °C the viscosity of w
ter ish050.653 mPa s, whereas the macroscopic viscosit
the solution at the concentrationC50.01 g/cm3, is h
5h0(11@h#C)51.07 mPa s. This proves that at this gela
concentration and temperature, the solvent viscosity gov

FIG. 2. Reciprocal scattered intensity per volume unit, 1/I (q),
vs square scattering vector,q2, for 1% gelatin alone solution in the
gel state. The straight line corresponds to the best fit using
Orstein-Zernicke function for the scattered intensity:I (q)51/(1
1q2jT

2), wherejT54364 nm is the correlation length of gelati
concentration fluctuations.
06140
.
a-

in

s

t-

in

a

ee
-
-
f

ns

the short-time dynamics of latex particles. Moreover, t
result shows that at 40 °C, no significant polymer adsorpt
occurs on the probe particles because such an adsor
would be revealed by an increase of the hydrodynamic rad
of particles. In the following, we will show that the tw
above remarks are still valid at 17 °C, the temperature
which gelation was obtained.

In order to study gelation, the latex plus 1% gelatin so
tion, initially at T540 °C, was quenched at 17 °C. Such
temperature ensures a gelation process sufficiently s
compared to the duration of one measurement. Atu520°,
the autocorrelation of the scattered intensity was conti
ously measured during gelation by step of 10 min. In Fig.
the normalized autocorrelation function,^I (0)I (t)&/^I &2, is
plotted versus correlation timet, at different timet during
the gelation process~here brackets mean a time averagin!.
The shape of the autocorrelation function is no more
simple exponential decay. An accurate analysis of this sh
is out of the range of this paper. However, in order to qu
tify the observed behavior, we have focused our analysis
the short-time and long-time behaviors. At short-timet
,1 ms), the autocorrelation function is characterized by
initial slope of the relaxation function: (^I (0)I (t)&/^I &2

21)1/2}exp@2(t/t1)#; whereas the long-time behavior wa
described by a stretched exponential: (^I (0)I (t)&/^I &2

21)1/2}exp@2(t/t2)
b#. Note that such a stretched expone

tial behavior for the long-time tail of the correlation functio
has already been reported and studied in details for gel
systems@18,19#. Although we did not check the short- an
long-time dynamics behavior vary properly withq ~a mul-
tiphotodetector and a multichannel correlator are required
this!, we will use the apparent diffusion coefficients,DS and
DL , defined asDS51/(t1q2) andDL51/(t2q2).

Without further data analysis, in Fig. 4 one distinguish

n

FIG. 3. Dynamical structure factorS(q,t) for latex particles in
water at 20 °C and for latex particles in 1% gelatin solution
40 °C, vs tq2/h0 , where h0 is the viscosity of water~h0

51.002 cP atT520 °C andh050.653 cP atT540 °C!.
5-3
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G. C. FADDA, D. LAIREZ, AND J. PELTA PHYSICAL REVIEW E63 061405
two stages during the gelation process:

~1! For gelation timest shorter than 4.4 h the long-tim
tail of the normalized autocorrelation function shifts to ev
more long correlation timest with a constant amplitude~tri-
angles in Fig. 4,!, whereas the short-time decay rate rema
unchanged compared to the one observed in pure water

~2! For gelation timest higher than 4.4 h the amplitude o
the normalized autocorrelation function drastically d
creases, and the short-time behavior shifts to shorter cor
tion times ~circles in Fig. 4!. This short time behavior is
much more emphasized plotting the logarithm of the d
namical structure factor as in Fig. 5. One can see that
initial decay rate increases as gelation goes on.

These two stages also appear clearly in Fig. 6, which sh
that: before a gelation timetc , the short-time dynamics is
unaffected whereas the long-time dynamics slows down~DL
tends toward 0 attc!; beyond tc , fluctuations decrease i
amplitude and the short-time dynamics becomes faster~DS
increases by a factor of 10!.

As it will be discussed in the following section, the ke
point of our paper is that the change of the dynamics
probe particles in these two stages are linked to the crit
behavior of gelation, namely,~1! divergence of the macro
scopic viscosity below the gel point and~2! emergence of a
shear elastic modulus above the gel point.

V. DISCUSSION

A. Short-time behavior in the liquid state

We observed atT540 °C and in the liquid state at 17 °C
that the dynamics of the probe particles is governed at sh

FIG. 4. Normalized autocorrelation function of the intens
scattered by latex probe particles,^I (0)I (t)&/^I &2, vs correlation
time t, for different time t of the gelation process of 1% gelati
solution atT517 °C. Measurements were performed at a scatte
angleu520 ° corresponding toqR51 for latex particles.
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time by the solvent viscosity. Our quasielastic measureme
were performed at a concentrationC corresponding to
@h#C50.6, i.e., just below the overlap concentration fro
the point of view of rheological properties. At this conce
tration, the data already reported in literature@16# as well as

g

FIG. 5. Logarithm of the short time part of the dynamical stru
ture factorS(q,t) vs correlation timet, for different timet of the
gelation process~same experimental conditions as Fig. 4!.

FIG. 6. Dynamics of latex probe particles during gelation of 1
gelatin solution atT517 °C. Full symbols: amplitude of the auto
correlation function of the intensity scattered by latex probe p
ticles, (̂ I (0)I (t)&/^I &221)t→05(^I 2&2^I &2)/^I &2; Open tri-
angles: long-time apparent diffusion coefficientDL deduced from a
stretched exponential fit of the long-time tail of the correlation fun
tion; Open circles: short-time apparent diffusion coefficientDs de-
duced from the initial decay rate of the autocorrelation function.
tc54.4 h, DL tends to zero, fluctuations become frozen, and
short-time dynamics become faster.
5-4
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CRITICAL BEHAVIOR OF GELATION PROBED BY THE . . . PHYSICAL REVIEW E 63 061405
our measurements~see Fig. 2! show that the correlation
length of the concentration fluctuationsjT is smaller than the
size of the latex particles. In this situation, one would exp
the matrix be viewed by latex particles as a continu
whose viscosity governs their dynamics. Therefore at fi
sight, a short-time dynamics governed by the solvent visc
ity is puzzling. However, this behavior has been already
served for gelatin solutions@15# and, more generally, fo
polymer solutions near the overlap concentration@7#. In lit-
erature, it is often referred to as a ‘‘positive deviation fro
Stokes-Einstein behavior.’’

The first idea that would account for such a behavior i
diffusion mechanism within a cage@20# or in a harmonic
potential@21#. Let us consider a latex particle in a semidilu
solution ~matrix! of correlation lengthjT and note^r 2& the
mean-square displacement of the particle. The physical
is that the polymer transient network does not affect the p
ticle dynamics as long aŝr 2&1/2 is smaller thanjT . Beyond
jT , if the particle size is larger thanjT , it begins to feel the
transient network and to be slowed by the macroscopic
cosity. The dynamical structure factor of the particle can
written asS(q,t)5exp(2^r(t)2&q2), with

^r ~t!2&5jT
2F12expS 2

t

tS
D1

t

tL
G . ~1!

Equation ~1! comes from the expression used in the ca
formalism @20,21#: the mean square displacement satura
to a plateau valuêr 2&plateau5jT

2 after a timetS . Here, we
have just added the termt/tL , with tL larger thantS , in
order to account for the liquid state of the semidilute solut
at long time. This point will be discussed in the followin
Note that due to the nonzero viscosity inside the cage,
short-time dynamics is diffusive@10#, ^r (t)2&}t, rather than
ballistic, ^r (t)2&}t2. A similar expression for̂ r (t)2& has
been used successfully for the description of the dynamic
telechelic triblock copolymers in semidilute solution@22#. In
the latter case the transient cross-links of the network
dense copolymer micelles that give the major contribution
the light scattered intensity. Actually, the role of the osmo
modulus for the relaxation of concentration fluctuations c
be viewed as being quite similar to the action of a spr
constant kel . Then, the characteristic time istS5 f /kel ,
where f 56ph0R is the friction experienced by the partic
andkel5kT/jT

2. One getstS5jT
2(6ph0R)/kT, which leads

to the short-time diffusion coefficient DS5jT
2/tS

5kT/(6ph0R).
However, in our case the particle is larger than the c

and we propose in this paper a somewhat different mec
nism. In general, the diffusion coefficient can be written
the ratio of an elastic energy to a friction. But for a give
concentration fluctuation, what is the elastic energy and w
is the friction? Let us consider the fluctuations of the p
ticles and matrix concentration. At short-time, the drivi
force for relaxation of fluctuations is the matrix elas
modulus, i.e., in the liquid state the matrix osmotic modu
Kmatrix. Then, the particles move in phase with the mat
and thus only experience the friction of the solvent. The
fore, we propose to write
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DS5
jT

3Kmatrix

6ph0R
5

kT

6ph0R
. ~2!

Compared to the ‘‘cage mechanism,’’ the short-time diff
sion coefficient is the same, but the characteristic time
which this mechanism begins to saturate is now shorter
corresponds to the relaxation time of the matrix osmo
modulus:tS56ph0jT

3/kT. At short time, the mean squar
displacement saturates at^r 2&plateau5DStS5jT

3/R, thus Eq.
~1! may be rewritten as

^r ~t!2&5
jT

3

R F12expS 2
t

tS
D1

t

tL
G . ~3!

The above ‘‘matrix relaxation mechanism’’ is faster than t
‘‘cage mechanism’’ and for this reason dominates the sh
time behavior.

Very recently, Zanten and Rufener@9# have reported a
study of brownian motion of latex particles in solution
entangled wormlike micelles. Their experimental results
the mean square displacement seems to be in very g
agreement with our Eq.~3!: short-time and long-time diffu-
sive behaviors separated by a plateau region. This is a
nice textbook case because wormlike micelles are expe
to display a pure exponential relaxation function at long-tim
@23#. The authors interpret their data in terms of diffusion
a Maxwell liquid, i.e., a liquid with a single relaxation tim
and a single viscosity. At short-time, the viscosity of a Ma
well liquid vanishes and the inertia of the particle cannot
neglected. Consequently, they expect a ballistic short-t
behavior. However, the authors have experimentally sho
that the short-time dynamics is slower and more compat
with that of a diffusion process. In our opinion, introducin
the solvent local viscosity would solve this discrepancy. E
cept for this point, our approach is very similar to that
Zanten and Rufener. In particular Eq.~3! shows that the
mean square displacement saturates at^r 2&plateau5jT

3/R
5kT/(RKmatrix), which is identical to the result obtaine
from the ‘‘Maxwell liquid approach.’’

B. Long-time behavior in the liquid state

At times longer thantS the matrix has completely relaxe
but not the particles, due to their longer characteristic ti
proportional toR3 rather thanjT

3. Now, the remaining relax-
ation is thus only driven by the osmotic modulus of lat
particles:K latex5nkT, wheren is the number of particles pe
unit volume. In this time window, particles do not move
phase with the matrix and thus undergo the macroscopic
cosity h. The long-time diffusion coefficientDL is

DL5
K latex/n

6phR
5

kT

6phR
. ~4!

For polymer chains in solution, gelation occurs wh
chains are susceptible to link with each other and thus
form polymer clusters. Let us denote the number of links
p and the size of the largest cluster asjC . jC is the correla-
tion length of connectivity, meaning that the probability f
5-5
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G. C. FADDA, D. LAIREZ, AND J. PELTA PHYSICAL REVIEW E63 061405
two chains to belong to the same cluster is negligible
distances higher thanjC . Gelation is a critical phenomeno
of connectivity: at the gelation thresholdpc the correlation
lengthjC tends toward infinity and so does the macrosco
viscosity as well@11#. As one approaches to the gelatio
threshold, it is expected that

h}«2s, ~5!

where«5up2pcu/pc is the relative distance to the gelatio
threshold. Depending on the way hydrodynamic interacti
are considered, different values are predicted for the ex
nents. In presence of solvent~as opposed to bulk gelation!,
the most often reported@11# value iss50.960.1.

Gelatin is denatured collagen, a protein having a tri
helix structure. Gelatin aggregation and gelation is due to
formation of helices between different polymer chains. It h
been already shown@24# that the relevant quantity that ac
counts for the degree of connectivity is the helix amountx,
which varies linearly with the logarithm of time whatever th
concentration and the temperature. Thus, for the interpr
tion of our results, the appropriate expression for the rela
distance to the threshold is

«5
ux2xcu

xc
~6!

with x5a1b3 ln(t)1¯ . For our purpose, which is to ex
amine the gelation critical behavior, the exact expression
the time-dependent helix amount is not needed, but only
shape:x} ln(t) leading to«} ln(t/tc). However, in order to
obtain quantitatively correct values for«, the parametera
andb were estimated from Ref.@24#. In Fig. 7 ~black sym-
bols!, the long-time diffusion coefficientDL is plotted as a
function of the relative distance to the gelation threshold.
expected with respect to Eqs.~4! and ~5!, a power law be-
havior is found over more than one decade in«:

DL}«s with s50.8560.10. ~7!

The value of the exponents is in very good agreement with
the most often reported value deduced from rheological m
surements.

Note that in order to account for the wide distribution
characteristic times, which is inherent to gelation and to
corresponding wide distribution of cluster sizes, the lon
time tail of the correlation function is better described by
stretched exponential decay~see Sec. IV!. Therefore Eq.~3!
has to be replaced by an expression of the form:^r 2&
5(jT

3/R)@12exp(2t/tS)1(t/tL)
b#. As the gelation threshold

is approached, concomitantly with a decrease ofDL , we
have observed a decrease of the exponentb from 1 to 0.3.
Such a behavior has already been reported for quasiel
experiments on gelling systems~without probe particles!
@18,19#.

C. Short-time behavior in the gel state

At the gelation threshold, the appearance of a giant clu
is responsible for the emergence of a shear elastic modu
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Gmatrix. Actually, above the threshold this giant cluster is t
gel phase that can be viewed as a polymer network of m
sizejC . As for the macroscopic viscosity, gelation theori
predict a power law behavior for the shear elastic modu
@11#

Gmatrix}« t. ~8!

In the case of gelation in a solvent, the most often repor
@11# value for the exponentt is t51.960.1.

Light scattering experiments~as well as other scatterin
techniques! are sensitive to the longitudinal modulusM of
the sample that has a bulk~or compressibility! and a shear
contribution. Neglecting density fluctuations and focusi
only on concentration fluctuations, one can write@25#: M
5Mmatrix5Kmatrix1

4
3 Gmatrix. This longitudinal elastic modu-

lus governs@26# the amplitude of the fluctuations. Att50
andq50, the dynamical structure factorS(q,t) can be writ-
ten as

S~0,0!5
kT/jT

3

Mmatrix
. ~9!

Since the short-time diffusion coefficientDS is almost con-
stant before the gelation threshold~see Fig. 6!, it appears that
the osmotic modulusKmatrix also does not significantly
change@see Eq.~2!#. Let us assume that this is also the ca
above the gelation threshold. This is in agreement with
fact that gelation is a transition of connectivity~jC diverges

FIG. 7. Black symbols: logarithm of the long-time diffusio
coefficientDL of latex particles before the gel point vs logarithm
the relative distance to the gelation threshold,«. The straight line is
the best linear fit. The corresponding slope is found to bes50.85
60.1. Hollow symbols: logarithm of the shear elastic modulus
duced from the amplitude of fluctuations,m5@(^I 2&
2^I &2)/b^I &2#21/221, measured after the gel point. The straig
line is the best linear fit. The corresponding slope is found to bt
51.9060.10.
5-6
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asp tends towardpc! and not a thermodynamic transition~jT

is rather constant!. Thus,Kmatrix5kT/jT
3 and Eq.~9! reduces

to

S~0,0!5
1

11m

with m5

4
3 Gmatrix

Kmatrix
}Gmatrix. ~10!

Let us neglect the possible problem due to nonergodicity~we
will come back to this problem in the following!. The auto-
correlation of the scattered intensity is

^I ~0!I ~t!&

^I &2 511b@S~q,t!#, ~11!

whereb is a constant lying between 0 and 1 and linked to
number of coherence areas viewed by the photodetecto~in
our experimentsb50.8!. Assuming that Eq.~10! remains
valid up toqR51, one gets att50:

F ^I 2&2^I &2

b^I &2 G1/2

5
1

11m
. ~12!

Equation ~12! means that the amplitude of fluctuations
constant in the liquid state (m50) and decreases above th
gelation threshold with the emergence of the shear ela
modulus. This is in agreement with our results. From
analysis of this decrease one can obtain the critical beha
of the modulusGmatrix. The ratiom5Gmatrix/Kmatrix is de-
duced from Eq.@12# and from data shown in Fig. 6~full
symbols!. In Fig. 7 ~hollow symbols!, m is plotted as a func-
tion of the relative distance to the gelation threshold.
expected from Eq.~8!, we observe a power law behavio
over more than one decade in«:

m}« t with t51.9060.10. ~13!

Here again, the value of the exponentt is in very good agree-
ment with the most often reported value deduced from rh
logical measurements.

According to our interpretation of the short-time behav
before the gelation threshold@see Eq.~2!#, we would expect
that above the threshold, the elastic modulus involved in
short-time dynamics isMmatrix5Kmatrix1

4
3 Gmatrix:

Ds5
jT

33Mmatrix

6ph0R
5

kT

6ph0R
3~11m!5D03~11m!,

~14!

whereD05kT/(6ph0R) is the diffusion coefficient of latex
particles in water at the same temperature. Therefore, ab
the gelation threshold, one expects a linear increase of
short-time diffusion coefficientDs asm increases, i.e., as th
amplitude of fluctuations decreases. This is actually obser
~see Fig. 6!. In Fig. 8, the ratioDs /D0 is plotted as a func-
tion of m. A linear behavior is found in agreement with E
~14!. More specifically, extrapolation tom50 ~liquid state!
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leads to a diffusion coefficientDs5(0.9560.10)3D0 , in
good agreement with our expectation that at short time
friction encountered by the particles is only due to the s
vent, in the liquid state as well as in the gel state. The sl
in Fig. 8 is higher than the value predicted in Eq.~14!. This
point is not understood for the moment.

D. Ergodicity or nonergodicity

Our interpretation for quasielastic light scattering on lat
particles in gels is on the one hand very classical, becau
comes directly from basic considerations on concentra
fluctuations and longitudinal compressibility. On the oth
hand, this approach is different from the one commonly u
for this problem. The main feature invoked for the interpr
tation of the dynamics in gels is the loss of ergodicity. A
tually, in a gel, fluctuations are spatially frozen and the a
tocorrelation of the scattered intensity recorded by us
spectrometer is not an ensemble-averaged quantity. Diffe
techniques are used to account for this problem and to
tract the correct structure factor~time- and ensemble
averaged! from measurements@12,27#. As already men-
tioned, this approach consists in considering the scatte
intensity as due to two contributions: a quasielastic part
to thermal fluctuations and an elastic part due to heteroge
ities of the gel. Therefore, measurements mixes self-bea
and heterodyne contributions@28#:

^I ~0!I ~t!&

^I &2 511b@y2S~q,t!212y~12y!S~q,t!#,

~15!

wherey5^I &E /^I &T is the ratio of the ensemble-averaged
the time-averaged intensity. In the case of probe particle

FIG. 8. Ratio of the short-time diffusion coefficientDs of latex
particles measured during gelation to the diffusion coefficientD0

expected in water at 17 °C vsm5@(^I 2&2^I &2)/b^I &2#21/221. The
straight line is the best linear fit corresponding toDs /D050.95
12.34m.
5-7
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a gel contribution of which to the scattered intensity can
neglected, the particle population is split into two parts@13#:
a first part corresponds to the fractiony of the total number
of particles freely moving in the solution; a second part c
responds to the fraction (12y) of frozen particles. Let us
focus on the short-time behavior predicted by this ‘‘partic
population splitting model.’’ Denoting the initial decay ra
of S(q,t) as G, one has at short-timeS(q,t)512Gt and
S(q,t)25122Gt. From Eq.~15!, one gets

^I ~0!I ~t!&2^I &2

b^I &2 5y~22y!22yGt. ~16!

At t50, the amplitude of the autocorrelation function d
creases with decreasing fractiony of moving particles. This
latter expression has to be compared to our approach. T
physical meanings are completely different: Eq.~12! directly
links the amplitude of fluctuations to the shear elastic mo
lus, whereas Eq.~16! involves an increasing fraction of fro
zen particles as the gel becomes stronger.

Within the ‘‘particle population splitting model’’ the ap
parent diffusion coefficient isDapp5G/@(22y)q2#. This im-
plies that at short time the dynamics is expected to be slo
down as the fluctuations become frozen. In the experime
reported here we have observed quite the opposite situa
~see Fig. 6! and this suggests that experiments on gela
solutions are not hindered by nonergodicity. Actually, th
problem of ergodicity has to be considered with respec
the size of the scattering volumeV compared to the one o
heterogeneities in the sample. Typically,V is higher than
106 mm3. Such a volume can be considered as ‘‘mac
scopic’’ with respect to the size of heterogeneity in gela
gels. Therefore the distinction between ensemble-avera
and time-averaged scattered intensity is meaningless. E
though it could not be considered as ‘‘macroscopic,’’ pro
lems would start as soon as theq dependence of the autoco
relation function is considered, because the scattering
ume depends on the scattering angle.
ak

r,

c
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VI. CONCLUSION

In this paper we have reported a quasielastic light scat
ing study of the dynamics of latex probe particles in a so
tion of gelatin undergoing gelation. We have shown that
long-time and short-time behaviors of the dynamical str
ture factor can be related to the macroscopic viscosity an
the elastic energy of the gelatin matrix, respectively. Bef
the gel point, the long-time tail of the dynamical structu
factor shifts to even more long times as the macrosco
viscosity diverges. This result leads to the exponent for
dependence of the viscosity on the relative distance to
threshold:s50.8560.1. Above the gel point, the amplitud
of fluctuations decreases drastically. We interpreted this
havior as being due to the emergence of a shear ela
modulus. Thus, the exponent for the dependence of the s
elastic modulus on the relative distance to the threshold
determined:t51.960.1. To our knowledge, it is the firs
time that these two critical exponents for transport proper
of gelling systems are obtained via quasielastic light scat
ing measurements. The values so determined are in
good agreement with those already obtained from rheolo
cal measurements on physical gels@11#. Moreover, our re-
sults are in good agreement with the earlier theoretical p
dictions based on the percolation model and on the electr
analogy@11# ~s50.75 andt51.9!. Very recently, more so-
phisticated theoretical approaches, allowing to study the
ferent components of the stiffness tensor for percolat
polymer networks, have been led to an exponentt51.95,
again in very good agreement with our result@29#.
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