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Critical behavior of gelation probed by the dynamics of latex spheres
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We report a quasielastic light scattering study of the dynamics of large latex probe pafiel@2% 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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[. INTRODUCTION in terms of time distribution is not quite obvious. On the
other hand, above the gel point, fluctuations tend to be frozen
The use of spherical probe particles to study viscoelastiat long-time because the solution becomes solid. This ap-
properties of polymer solutions has been suggested for a longears through a decrease in amplitude of the scattered inten-
time[1,2]. The basic idea is that in a semidilute solution of sity fluctuations. The most often used approach to account
linear chains, sufficiently small particles freely move in thefor this behavior invokes a loss of ergodicity2—14. The
solution whereas larger particles would be trapped in thehysical meaning of this approach consists in splitting the
polymer transient network. Thus, the dynamics of probe parprobe particles population into two parts: the first being free
ticles is expected to be governed either by the solvent visto diffuse in the medium, the second being trapped in the
cosity, or by the macroscopic viscosity, depending on theihetwork and motionless. The scattered intensity has thus two
sizeR compared to the correlation length of concentration  contributions: a time fluctuating or quasielastic part and a
fluctuations. A suitable technique to study such dynamics ofonstant or elastic part. Quasielastic light scattering tech-
probe particles is quasielastic light scattering, which haggue consists in measuring the autocorrelation function of

been extensively used on various physicochemical systemg,e scattered intensity. Consequently it also shows the two

According to the wide literature on this subject it appearse,nyintions. The first corresponds to the autocorrelation of
that some complications may occur. For instance, a comple

: . . oo the fluctuating part of the scattered intensity and the second
S|gnz_al IS sometime observeql due to the contr_|but|on of th o the correlation of this fluctuating part with the elastic scat-
matrix and of the probe particles to the total light scattere

intensity [3]. In addition, strong interactions between poly- ering that aCtS as a local qscnlator signal. _In terms of t_he
mers in solution and particles, are sometimes reported whicplght scattering Ianguag_e, t.h's amounts to mix a self-beating
may cause adsorption of chains on the particles and particleaéqd a heterodyne cont_rl_butlon. Such an analy3|s calls for .tWO
aggregatiori4,5]. However, it has been shown that, as SOon.remarks. First, the splitting of the prgbe particles populatlon
as these complications are avoided, the basic idea is welft0 tWo parts seems somewhat arbitrary and unsatisfactory.
founded. In particular foR/£> 1, the long-time dynamics of Second, above thg gel pqlnt as fluctuations become more and
probe particles is slowed down and governed by the macrofore frozen the increasing heterodyne part leads at short
scopic viscosity6—9] rather than the solvent viscosity. time to a slowed dynamics while quite the opposite is experi-
Compared to rheology, the study of thermal fluctuationsmentally observed15].
of concentration of probe particles for the investigation of In this paper, we present an analysis of quasielastic light
weak structures is very attractiy&0], because it guarantees scattering results from probe particles during gelation of a
the structure integrity. In particular, the use of probe particlegelatin solution. We deliberately consider the simplest case,
for the study of gelation looks very tempting and has beerthat is: (1) very large spherical and monodisperse latex par-
already reported. Gelatioi1] is a critical phenomenon of ticles (radiusR= 225 nnj; (2) negligible thermodynamic in-
connectivity occurring when molecules randomly connect toteractions of probe particles between them or with the ma-
gether leading at the gel point to a giant cluster: the gel. Therix; (3) a negligible contribution of the matrix to the
understanding of quasielastic light scattering results obtainegcattered intensity(4) measurements performed @R=1
on gelling systems is much less clear as those obtained with R/¢&;>1. We show that, neglecting the nonergodicity
semidilute solutions. On the one hand, gelation essentiallgnd focusing on the short-time and long-time behaviors of
produces a wide polydisperse population of clusters, which ishe measured relaxation function, it is possible to simply
responsible for complex relation processes. Therefore thiterpret our data in terms of the divergence of the viscosity
analysis of the dynamical structure factor of probe particlesand emergence of a 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 trans-
* Author to whom correspondence should be addressed. port properties.
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1. SAMPLE PREPARATION AND EXPERIMENTAL 100 £
DEVICE O Latex R=225 nm, 1.8 ppm

Gelatin was purchased from Sigma. Solutions of gelatin I m%gg o Gelatin 1%, 14°C
; 3,

were prepared in 50 M Tris-HCI buffer atpH=7.4. Solu- i 3800, ¢ Latex + Gelatin 1%, 14°C
bilization of gelatin was done at 40 °C. At this temperature, g : °°o”’o.
the intrinsic viscosity of gelatin was measured with a 3 :
StressTech rheometer from Reologica. It was found to bez | ; 8gooocsttsnssassssss
[ 7]=61+0.04cni/g. The quasielastic light scattering ex- o 1 : °
periments reported in this paper were performed at a gelatirg
concentration of 0.01 g/cin

Polystyrene latex particles were prepared and kindly pro-
vided by Lot Auvray. The latex weight fraction of this ini-
tial preparation is 5810 2g/g. It was determined by
weighing after evaporation of water. This preparation was i
diluted by a factor of 3.2810*. Assuming a density op i 0i 001 002 003
=1.05 g/cnd for polystyrene this yields a final volume frac- - : ; , , ,
tion of latex particles ofp=1.8x10"°. T o1 0.2 .

Light scattering measurements were performed with a
home-made spectrometer using a krypton ion laser of wave-
lengthh =647 nm. Static light scattering measurements were FIG. 1. Ensemble and time-averaged light scattered intensity per
performed for scattering angkebetween 10° and 150°, cor- volume unit,1(q), vs scattering vectoq measured for 1% gelatin
responding to scattering vectoig=(4mn/\)Xsin(0/2), alone solution in the gel state, latex alone solutiesiume fraction
wheren=1.333 is the refractive index of water, in the range ¢=1.8x10"°), and latex plus gelatin solution in the gel state at the
2.2x10°3-25x10 2nm L. Static measurements were same concentration. The dotted line correspondsRe: 1, with R
done with toluene as referen¢Rayleigh ratio equal to 8.5 the radius of latex particles. In the inset, the classical representation
X 10~ ¢ cm™1). Toluene scattered intensity per unit scatteringd’! (@) vs g, outlines the very good monodispersity of latex par-
volume was found to be independent of the scattering anglBicles (solid line corresponds to sphere form factor wifd
within 1%. For static light scattering measurements on~ 25nm.
samples in the gel state, in order to obtain a correctly en

semble averaged intensity whateyer the spatterir)g angl%’asy to extrapolate the scattered intensity t00. One gets
measurements were performed using a special device allovvzo):(2 65+0.05)< 10 2cm -, From the refractive index

Ing the_: sample rotation during measurement. F_or this PUrG polystyrenenpg= 1.595, the contrast factor is calculated to
pose, in order to minimize scattering due to optical defects

. e . . == he K2=[27n(dn/dC)/\?]?/Ny=4.56x 10 ?cn? g ?mol,
samples were contained in high optical quality cyImdncaIWhereN is Avogadro’s number andn/dC the refractive
quartz cells(Hellma having a large diameter of 25 mm. A

: ; . index increment of polystyrene in water assumed to be equal
Quasielastic measurements were performed by computml% the differencenps—n. Thus the forward scattered inten-

the correlation function of the scattered intensity with a Mal- . . .
sity gives a molar mass of latex particledV ey

vern K7032 multitau correlator. —1(0)/(pK?) = (3.00+0.06)x 10°g/mol, which has to be
compared to the calculated mass of one partid¥e;,.
lll. STATIC LIGHT SCATTERING MEASUREMENTS =NpR*4m/3=3.02< 10°°g/mol. The very good agreement
between these two values indicates that the latex volume

In Fig. 1 the ensemble and time averaged scattered interfiraction is so small that interactions can be neglected.
sity is plotted as a function of the scattering veajoMea- Measurements on the sample containing latex and gelatin
surements were performed on gelatin alone in the gel statéfig. 1, black symbolsand comparison with the value mea-
latex alone in solution, and latex plus gelatin solution at thesured for gelatin-alone solutiofgray symbols shows that
same concentrations. the gelatin contribution may be neglected at small angles. In

Let us first discuss the latex alone measureméFits 1,  thisg-range, the shape of the scattered intensity for latex plus
hollow symbol3. The g-dependent scattered intensity showsgelatin sample is very close to the one obtained for latex
the classical oscillation of the form factor of a sphe®éq) alone indicating that no latex particles aggregation occurs.
=[3{sin(@R —gRxcos@R)}/(qR®]. Especially, the position In Fig. 2, the reciprocal scattered intensity per volume
of the first minimum or the periodicity of the oscillations, unit, 11(q), is plotted as a function ofi?, for the gelatin
allow us to determine the radius of the latex particles aslone in the gel state. The scattered intensity can be fitted by
being R=225+2 nm. Note that these latex particles have aan Ornstein-Zernike functioni{q) = 1/(1+ q2§$), and gives
very narrow size distribution. This is particularly emphasizedthe correlation length of concentration fluctuatiogs= 43
in the inset of Fig. 1, wherg®l (q) is plotted as a function of +4 nm. This value is higher than the one already measured
g. In this representatiorg®l (q) is close to zero at the first by small-angle neutron scattering for gelatin at this concen-
minimum corresponding tg=0.02 nm %, This indicates a tration [16]. This may be due to small heterogeneities that
very good particle monodispersity. Knowing the shape of theare commonly observed in gdls7]. However, it is notewor-

I(q)

o
o

q*1(q) (10°cm™ nm™®)

o

q (hm”)

form factor and the characteristic size of the particles, it is
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FIG. 2. Reciprocal scattered intensity per volume unit(dy, FIG. 3. Dynamical structure fact@®(q,r) for latex particles in

Vs square scattering vectay?, for 1% gelatin alone solution in the water at 20 °C and for latex particles in 1% gelatin solution at
gel state. The straight line corresponds to the best fit using a#0°C, vs tq%/7n,, where 7, is the viscosity of water(z,

Orstein-Zernicke function for the scattered intensityq)=1/(1 =1.002 cP aff=20°C and#ny=0.653 cP aff=40°C).
+q2§$), whereér=43*=4 nm is the correlation length of gelatin
concentration fluctuations. the short-time dynamics of latex particles. Moreover, this

result shows that at 40 °C, no significant polymer adsorption
thy that despite this higher value 6f, the measured corre- occurs on the probe particles because such an adsorption
lation length is much smaller than the latex particle sizewould be revealed by an increase of the hydrodynamic radius
Consequently, on the length scale of the latex particles, gelaf particles. In the following, we will show that the two
tin concentration is homogeneous. above remarks are still valid at 17°C, the temperature at
which gelation was obtained.

In order to study gelation, the latex plus 1% gelatin solu-
tion, initially at T=40°C, was quenched at 17 °C. Such a
temperature ensures a gelation process sufficiently slow

Quasielastic measurements were done on latex solution isompared to the duration of one measurementgAt20°,
pure water afl =20 °C for scattering angleg between 20° the autocorrelation of the scattered intensity was continu-
and 150°. The dynamical structure fact8q,7) has a ously measured during gelation by step of 10 min. In Fig. 4,
simple exponential decay, with a characteristic timggoro-  the normalized autocorrelation functiofi(0)I(7))/(1)?, is
portional toq~2 as expected for diffusive motion. The cor- plotted versus correlation time at different timet during
responding diffusion coefficient is found to b®, the gelation procesthere brackets mean a time averaging
=1/(7,9%) = (0.94+0.05)x 10 3cn?s L. From the Stokes- The shape of the autocorrelation function is no more a
Einstein relation, this value leads to the hydrodynamic radiusimple exponential decay. An accurate analysis of this shape
Ry=kT/(67719Do) =228+ 12 nm, wherekT is the thermal is out of the range of this paper. However, in order to quan-
energy andy, the viscosity of water. This value is in very tify the observed behavior, we have focused our analysis on
good agreement with the radius measured by static light scathe short-time and long-time behaviors. At short-time (
tering. <1 ms), the autocorrelation function is characterized by the

Measurements on latex particles were also performed iiitial slope of the relaxation function:(((0)I(7))/{1)?

1% gelatin solution at 40 °C in the liquid state. In Fig. 3, the — 1)Y?xexd —(/7)]; whereas the long-time behavior was
dynamical structure factors(q, ), measured in pure water described by a stretched exponentiakl(Q)I(7))/(1)?

at 20 °C and in 1% gelatin solution at 40 °C, are plotted as a- 1)Y%x<exd —(7/7,)?]. Note that such a stretched exponen-
function rq?/ 4, in order to account for trivial effect due to tial behavior for the long-time tail of the correlation function
the temperature dependence of water viscosity. One can sées already been reported and studied in details for gelling
that the initial decay rate of the structure factor remains unsystemg18,19. Although we did not check the short- and
changed with gelatin. Note that at 40 °C the viscosity of wa-ong-time dynamics behavior vary properly with(a mul-
teris 7,=0.653 mPa's, whereas the macroscopic viscosity ofiphotodetector and a multichannel correlator are required for
the solution at the concentratio€=0.01g/cri, is » this), we will use the apparent diffusion coefficienBg and
=no(1+[7]C)=1.07 mPas. This proves that at this gelatinD, , defined aDg=1/(7,g%) andD =1/(7,G?).

concentration and temperature, the solvent viscosity governs Without further data analysis, in Fig. 4 one distinguishes

IV. QUASIELASTIC LIGHT SCATTERING
MEASUREMENTS
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FIG. 4. Normalized autocorrelation function of the intensity
scattered by latex probe particlgs(0)I(7))/(1)2, vs correlation
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time 7, for different timet of the gelation process of 1% gelatin gelation procesgsame experimental conditions as Fig. 4

solution atT=17 °C. Measurements were performed at a scattering
angle =20 "° corresponding tqR=1 for latex particles.

FIG. 5. Logarithm of the short time part of the dynamical struc-
ture factorS(q,7) vs correlation timer, for different timet of the

time by the solvent viscosity. Our quasielastic measurements

were performed at a concentratiod corresponding to

two stages during the gelation process:

[7]C=0.6, i.e., just below the overlap concentration from

o _ the point of view of rheological properties. At this concen-
(1) For gelation timesg shorter than 4.4 h the long-time tration, the data already reported in literat{ité] as well as

tail of the normalized autocorrelation function shifts to even
more long correlation times with a constant amplitudéri-
angles in Fig. 4, whereas the short-time decay rate remains
unchanged compared to the one observed in pure water.
(2) For gelation times higher than 4.4 h the amplitude of
the normalized autocorrelation function drastically de-
creases, and the short-time behavior shifts to shorter correla
tion times (circles in Fig. 4. This short time behavior is
much more emphasized plotting the logarithm of the dy-

o~

v
=

namical structure factor as in Fig. 5. One can see that the%

initial decay rate increases as gelation goes on. ¥

o

These two stages also appear clearly in Fig. 6, which shows
that: before a gelation timg,, the short-time dynamics is
unaffected whereas the long-time dynamics slows d@n
tends toward O at.); beyondt., fluctuations decrease in
amplitude and the short-time dynamics becomes fa&er
increases by a factor of 10

As it will be discussed in the following section, the key
point of our paper is that the change of the dynamics of
probe particles in these two stages are linked to the critical
behavior of gelation, namelyl) divergence of the macro-
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FIG. 6. Dynamics of latex probe particles during gelation of 1%

scopic viscosity below the gel point arid) emergence of a gelatin solution aff =17 °C. Full symbols: amplitude of the auto-

shear elastic modulus above the gel point.

ticles,

Open

correlation function of the intensity scattered by latex probe par-

(1ON(M)(1)2=1),_o= (1) =()A)1)?;

tri-

angles: long-time apparent diffusion coeffici@t deduced from a

V. DISCUSSION

A. Short-time behavior in the liquid state

stretched exponential fit of the long-time tail of the correlation func-
tion; Open circles: short-time apparent diffusion coefficiBgtde-

duced from the initial decay rate of the autocorrelation function. At
We observed at =40 °C and in the liquid state at 17 °C, t.=4.4h, D, tends to zero, fluctuations become frozen, and the
that the dynamics of the probe particles is governed at shorthort-time dynamics become faster.
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our measurementssee Fig. 2 show that the correlation E3K matrix KT
length of the concentration fluctuatiogis is smaller than the Ds =
size of the latex particles. In this situation, one would expect

the matrix be viewed by latex particles as a continuUmcompared to the “cage mechanism,” the short-time diffu-

whose viscosity governs their dynamics. Therefore at firskjon coefficient is the same, but the characteristic time at
sight, a short-time dynamics governed by the solvent viscosyhch this mechanism begins to saturate is now shorter and
ity is puzzling. However, this behavior has been alréady Obgorresponds to the relaxation time of the matrix osmotic
served for gelatin solutionfl5] and, more generally, for modulus:rs=6myo§13-/kT. At short time, the mean square

polymer solutions near the overlap concentrafidh In lit- displacement saturates —Deore=£3/R. thus E
erature, it is often referred to as a “positive deviation from ) F;n ay be rewritten as @) patear Ds7s= 7/R, 4

Stokes-Einstein behavior.”

- 6mnoR  6mmeR’ @

The first idea that would account for such a behavior is a & - -
diffusion mechanism within a cagie0] or in a harmonic (r(n?= =1 1—exp{ ——+—. (3)
potential[21]. Let us consider a latex particle in a semidilute R Ts/ TL

B . . 2
solut|on(matr|x)l of correlation IengthgT.and note(r=) _the . . The above “matrix relaxation mechanism” is faster than the
mean-square displacement of the particle. The physical idea

is that the polymer transient network does not affect the par-Cage mechanism” and for this reason dominates the short-

) . : time behavior.
ticle dynamics as long ag2)Y? is smaller thart;. Beyond
&1, if the particle size is larger thafy, it begins to feel the Very recently, Zanten and Rufen9] have reported a

transient network and to be slowed by the macroscopic Visg,tudy of brownian motion of latex particles in solution of

cosity. The dynamical structure factor of the particle can be[entangled wormlike micelles. Their experimental results for
written asS(q, 7) = exp(—(r(72)ed), with he mean square displacement seems to be in very good

agreement with our E(23): short-time and long-time diffu-
r sive behaviors separated by a plateau region. This is a very
1—exp< . (1) nice textbook case because wormlike micelles are expected
s
Equation (1) comes from the expression used in the cag
formalism[20,21]: the mean square displacement saturate

to display a pure exponential relaxation function at long-time
423]. The authors interpret their data in terms of diffusion in
a Maxwell liquid, i.e., a liquid with a single relaxation time
2 _ 2 ;
Loa\?emj:i:jg:(ljuﬁ::?gﬁ STV‘;}I‘E? a ;[;TeeTrst-th?fe, \;\r/]e well liquid vanishes and the inertia of the particle cannot be
orderJto account for the li Lﬂa’state onLthe gemidiIutT(aséolutionnegleCted' Consequently, they expect a baliistic short-time
q behavior. However, the authors have experimentally shown
gﬁgi_irgg (éu?];r?qitchseisngi?szjesriSE\L/(I)?C?rs(lt); 2|>n ;'der;?ﬁefﬁ]g:n’ thﬁ/ith that of a diffusion process. In our opinion, introducing
ballistic r(y)2>oc > A similar ex’res;ion fg;(r( %) has the solvent local viscosity would solve this discrepancy. Ex-
Ar(n)%eer”. P %) ept for this point, our approach is very similar to that of
telechelic triblock copolymers in semidilute solutif22]. In : 3
the latter case the transient cross-links of the network arg1 iffll_r/' R;sguar.e dﬁrglahceim?;tnj atlljr?tetsh<étr>p'a“9l"f[‘“_ g{“; d
dense copolymer micelles that give the major contribution tq,_ (RKmayix ch 1S identical 1o the result obtaine
modulus for the relaxation of concentration fluctuations can ) o o
be viewed as being quite similar to the action of a spring B. Long-time behavior in the liquid state
constantke. Then, the characteristic time iss=f/kg, At times longer tharrs the matrix has completely relaxed
andke=kT/£%. One getsrs= £7(6m 7oR)/KT, which leads  proportional toR® rather thare3. Now, the remaining relax-
to the short-time diffusion coefficient Ds=&%/7s  ation is thus only driven by the osmotic modulus of latex
=KkT/(67noR). particlesK 4= NKT, wheren is the number of particles per
and we propose in this paper a somewhat different mechghase with the matrix and thus undergo the macroscopic vis-
nism. In general, the diffusion coefficient can be written ascosity ». The long-time diffusion coefficierd, is
the ratio of an elastic energy to a friction. But for a given
is the friction? Let us consider the fluctuations of the par- L 67yR ~ 6m7R’
ticles and matrix concentration. At short-time, the driving
force for relaxation of fluctuations is the matrix elastic  For polymer chains in solution, gelation occurs when
Kmatix- Then, the particles move in phase with the matrixform polymer clusters. Let us denote the number of links as
and thus only experience the friction of the solvent. Therep and the size of the largest clusteré&s. & is the correla-
fore, we propose to write tion length of connectivity, meaning that the probability for

r
+—|.
TL

(r(n)?)=¢

4

and a single viscosity. At short-time, the viscosity of a Max-

at long time. This point will be discussed in the following. that the short-time dynamics is slower and more compatible
been used successfully for the description of the dynamics anten and Rufener. In particular E(8) shows that the
the light scattered intensity. Actually, the role of the osmotic rom the “Maxwell liquid approach.”
wheref=6mngR is the friction experienced by the particle but not the particles, due to their longer characteristic time

However, in our case the particle is larger than the cageanit volume. In this time window, particles do not move in
concentration fluctuation, what is the elastic energy and what _KILex/n kT
modulus, i.e., in the liquid state the matrix osmotic moduluschains are susceptible to link with each other and thus to
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two chains to belong to the same cluster is negligible for 1 1
distances higher thafi.. Gelation is a critical phenomenon
of connectivity: at the gelation threshofl the correlation
length & tends toward infinity and so does the macroscopic
viscosity as well[11]. As one approaches to the gelation
threshold, it is expected that

L
t
o

nxe” S, (5)

10g15(1)

wheree =|p—p.|/p. is the relative distance to the gelation
threshold. Depending on the way hydrodynamic interactions
are considered, different values are predicted for the expo
nents. In presence of solver{as opposed to bulk gelatinpn
the most often reporteld. 1] value iss=0.9+0.1.

Gelatin is denatured collagen, a protein having a triple
helix structure. Gelatin aggregation and gelation is due to the
formation of helices between different polymer chains. It has o
been already showfR4] that the relevant quantity that ac- -2 % -2
counts for the degree of connectivity is the helix amoynt 2 - 0
which varies linearly with the logarithm of time whatever the logso(e)
concentration and the temperature. Thus, for the interpreta-

tion of our results, the appropriate expression for the relative FIG. 7. Black symbols: logarithm of the long-time diffusion
) ’ Pprop P coefficientD of latex particles before the gel point vs logarithm of
distance to the threshold is

the relative distance to the gelation thresheldThe straight line is

| _ | the best linear fit. The corresponding slope is found tes5®.85

= X~ Xe (6) +0.1. Hollow symbols: logarithm of the shear elastic modulus de-
c uce rom the amplitude o uctuations,u =
X duced f h litud foAl i [(1?

_ o —(1)?)/b{1)?]"¥2—1, measured after the gel point. The straight
with y=a+bXIn(t)+---. For our purpose, which is t0 €X- |ine is the best linear fit. The corresponding slope is found to be
amine the gelation critical behavior, the exact expression for 1 90+0.10.

the time-dependent helix amount is not needed, but only its
shape:x«In(t) leading toexIn(t/t;). However, in order to 5
obtain quantitatively correct values fey, the parameten

(,5,wo,01 / 'a)*'Boj

'
-
)

T
t

0
-

€

matrix- Actually, above the threshold this giant cluster is the
. . gel phase that can be viewed as a polymer network of mesh
andb were estimated from Ref24]. In Fig. 7 (black sym-  qj;o'« A5 for the macroscopic viscosity, gelation theories

bols), the long-time diffusion coefficienD,_is plotted as a raict a power law behavior for the shear elastic modulus
function of the relative distance to the gelation threshold. A 11]

expected with respect to Eg&l) and (5), a power law be-
havior is found over more than one decadesin Gratrix® €' (8)

D xe® with s=0.85+0.10. () In the case of gelation in a solvent, the most often reported

o - [112] value for the exponerttis t=1.9+0.1.
The value of the exponesstis in very good agreement with | joht scattering experimentéas well as other scattering

the most often reported value deduced from rheological Me&gchniques are sensitive to the longitudinal moduld of

surements. the sample that has a bullr compressibility and a shear

Note that in order to account for the wide distribution of oqihytion. Neglecting density fluctuations and focusing
characteristic times, which is inherent to gelation and to thebnly on concentration fluctuations, one can Wiigs]: M

corresponding wide distribution of cluster sizes, the Iong-:MmamX: K matrict £ Grmarr. This longitudinal elastic modu-

time tail of the correlation function is better described by a ;o governg 26] the amplitude of the fluctuations. At=0

stretched exponential decésee Sec. Y. Therefore Eq(3) da=0. the d ical structure fact b it
has to be replaced by an expression of the fofm?) andg =0, the dynamical structure facts(d, r) can be wri

ten as
= (£3IR)[1—exp(— 179+ (77)P]. As the gelation threshold
is approached, concomitantly with a decreaseDef, we kT/E
have observed a decrease of the exporefiom 1 to 0.3. S(0,0= M . 9
Such a behavior has already been reported for quasielastic matrix
[efgirér.nents on gelling systemsvithout probe particies Since the short-time diffusion coefficiebtg is almost con-

stant before the gelation threshdike Fig. 8, it appears that
the osmotic modulusK,,.ix &lso does not significantly
changdsee Eq(2)]. Let us assume that this is also the case

At the gelation threshold, the appearance of a giant clusteabove the gelation threshold. This is in agreement with the
is responsible for the emergence of a shear elastic modulufgct that gelation is a transition of connectivity. diverges

C. Short-time behavior in the gel state
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asp tends towarg,) and not a thermodynamic transitiogy
is rather constait Thus,K mayix= K T/£5 and Eq.(9) reduces
to

1
S00=114
4
_G .
. 3 ~matrix
with p= ] matrix - (10
matrix

Let us neglect the possible problem due to nonergodieity
will come back to this problem in the followingThe auto-
correlation of the scattered intensity is

(10)I(7))

TzlJfb[S(q,T)], (11)

PHYSICAL REVIEW E 63 061405

T?B i
0+ : z . %
0

1 2 3 4

whereb is a constant lying between 0 and 1 and linked to the

number of coherence areas viewed by the photodetéictor
our experimentsb=0.8). Assuming that Eq(10) remains
valid up toqR=1, one gets at=0:

(15— (1)?
b(1)?

1/2 1

12

1t

u

FIG. 8. Ratio of the short-time diffusion coefficiebt; of latex
particles measured during gelation to the diffusion coefficlpt
expected in water at 17 °C ys=[ ({12)—(1)?)/b{1)?]"¥2—1. The
straight line is the best linear fit corresponding@Q/Dy=0.95
+2.34u.

Equation (12) means that the amplitude of fluctuations is |eads to a diffusion coefficienD ;= (0.95+0.10)X Dy, in

constant in the liquid stateu(=0) and decreases above the good agreement with our expectation that at short time the
gelation threshold with the emergence of the shear elastigiction encountered by the particles is only due to the sol-
modulus. This is in agreement with our results. From thevent, in the liquid state as well as in the gel state. The slope

analysis of this decrease one can obtain the critical behavian Fig. 8 is higher than the value predicted in Efj). This

of the modulusGayix- The ratio u= G patix/ Kmatrix 1S de-
duced from EqJ[12] and from data shown in Fig. &ull
symbolg. In Fig. 7 (hollow symbols, w is plotted as a func-

point is not understood for the moment.

D. Ergodicity or nonergodicity

tion of the relative distance to the gelation threshold. As

expected from Eq(8), we observe a power law behavior
over more than one decadeén

uocet  with  t=1.90+0.10. (13)

Here again, the value of the expon¢id in very good agree-

Our interpretation for quasielastic light scattering on latex
particles in gels is on the one hand very classical, because it
comes directly from basic considerations on concentration
fluctuations and longitudinal compressibility. On the other
hand, this approach is different from the one commonly used
for this problem. The main feature invoked for the interpre-

ment with the most often reported value deduced from rheotation of the dynamics in gels is the loss of ergodicity. Ac-

logical measurements.

tually, in a gel, fluctuations are spatially frozen and the au-

According to our interpretation of the short-time behaviortocorrelation of the scattered intensity recorded by usual

before the gelation threshoJdee Eq.(2)], we would expect

spectrometer is not an ensemble-averaged quantity. Different

that above the threshold, the elastic modulus involved in theechniques are used to account for this problem and to ex-

short-time dynamics i aix= K matrixt 3 Gmatrix:

_f‘:la'x Mmatrix_ kT

s—

X (14 p)=DoX (1+ ),
(14)

6mnoR  6mneR

whereD =k T/(677gR) is the diffusion coefficient of latex

tract the correct structure factoftime- and ensemble-
averageldl from measurement$12,27. As already men-
tioned, this approach consists in considering the scattered
intensity as due to two contributions: a quasielastic part due
to thermal fluctuations and an elastic part due to heterogene-
ities of the gel. Therefore, measurements mixes self-beating
and heterodyne contributiof28]:

particles in water at the same temperature. Therefore, above

the gelation threshold, one expects a linear increase of the

short-time diffusion coefficienDg asu increases, i.e., as the

amplitude of fluctuations decreases. This is actually observed

(see Fig. 6. In Fig. 8, the ratioD,/Dy, is plotted as a func-

tion of u. A linear behavior is found in agreement with Eq.

(14). More specifically, extrapolation ta=0 (liquid state

(1(0)I(7))
TZPF bly?S(q,7)?+2y(1-y)S(q,7)],

(15
wherey=(I)g /(1) is the ratio of the ensemble-averaged to
the time-averaged intensity. In the case of probe particles in
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a gel contribution of which to the scattered intensity can be VI. CONCLUSION

neglected, the particle population is split into two p4it3]: . . . )
a first part corresponds to the fractigrof the total number In this paper we have reported a quasielastic light scatter

of particles freely moving in the solution; a second part cor—ing study of the dynamics of latex probe particles in a solu-
. ' : tion of gelatin undergoing gelation. We have shown that the
responds to the fragnon y) .Of frozen part|cles_. Eet us long-time and short-time behaviors of the dynamical struc-
focus on the §h9rt—t|me bef‘a"'or pred|cteq py this partICIeture factor can be related to the macroscopic viscosity and to
population splitting model. Denotl_ng the initial decay rate the elastic energy of the gelatin matrix, respectively. Before
of S(q'ZT) asl’, one has at short-tim&(q,7)=1-T'r and o gel point, the long-time tail of the dynamical structure
S$(q,7)=1-2T'r. From Eq.(15), one gets factor shifts to even more long times as the macroscopic
(1(0)1(7))—(1)2 viscosity diverges. This re_sult leads to th_e exponent for the
Ty:y(z_y)—zyrf, (16)  dependence of the viscosity on the rela_tlve d|stancg to the
threshold:s=0.85+0.1. Above the gel point, the amplitude
At 7=0, the amplitude of the autocorrelation function de- ﬁ;{)il:)(;tias“%r:asinge%f:st? t?]?s(;lr%aellrée\r/]\éiIr(])tfeiapr:;eeirth:eslazi;:

creases with decreasing fractigrof moving particles. This
latter expression has to be compared to our approach. Theripodulus. Thus, the exponent for the dependence of the shear

physical meanings are completely different: Etg) directly elastic modulus on the relative distance to the threshold was
links the amplitude of fluctuations to the shear elastic modug_etermmed:t:l.gi 01 To our knowledge, it is the ﬂrst_
lus, whereas Eq.16) involves an increasing fraction of fro- time that these two critical exponents for_transpor.t properties
zen particles as the gel becomes stronger of gelling systems are obtained via quasielastic light scatter-
Within the “particle population spliting model” the ap- "9 measurements. The values so dete'rmlned are in very
parent diffusion coefficient iB gp,= T/[(2—y)g?]. This im- good agreement with those_already obtained from rheologi-
plies that at short time the dynamics is expected to be slowe‘(?iaI measurements on physmal_ gelsL]. Mo_reover, our re-
down as the fluctuations become frozen. In the experimen glt; are in good agreement V.V'th the earlier theorefical pre-
reported here we have observed quite the opposite situati ctions based on the percolation model and on the electrical
(see Fig. 6 and this suggests that experiments on gelatirfanf"llc_’gy[ll] (520'75 andt=1.9). Very repently, more so-
solutions are not hindered by nonergodicity. Actually, thisPhisticated theoretical approaches, allowing to study the dif-
problem of ergodicity has to be considered with respect tcjerlent componeknts hOf thE stlfflnedss tensor for percgolatmg
the size of the scattering volumé compared to the one of polymer networ So'l ave been ?h to an e;gortenll. 5
heterogeneities in the sample. Typicall, is higher than adain in very good agreement with our re].
10° um?®. Such a volume can be considered as “macro-
scopic” with respect to the size of heterogeneity in gelatin
gels. Therefore the distinction between ensemble-averaged We thank L Auvray for providing us with the latex par-
and time-averaged scattered intensity is meaningless. Eveitles used for this work and P. Guenoun for viscosity mea-
though it could not be considered as “macroscopic,” prob-surements. We thank P. Calmettes for his attention to our
lems would start as soon as thelependence of the autocor- first manuscript. Also, we would like to thank M. Djabourov
relation function is considered, because the scattering volfor drawing our attention to the helix amount as the param-
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