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Diffusing-wave-spectroscopy investigation of latex particle motion in polymer gels
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Dynamic light scattering studies of particle motion in cross-linked chemical gels are limited by the fact that
when the cross-linking ratio is increased, the scattered intensity becomes quenched, and time-dependent con-
centration fluctuations contribute less and less to the overall scattering signal. The concentration fluctuations
then occur at very small length scales, which can become inaccessible to classical dynamic light scattering
techniques. Diffusing wave spectroscopy can help overcome these experimental difficulties. We extend this
technique to the case of nonergodic systems, and apply it to the detection of the motion of probe particles
trapped inside chemically cross-linked gels. We measure the mean square displacement of the nanometric
probes, leading to the measurement of local mechanical properties of the gel matrix.

PACS numbg(s): 83.85.Ei, 83.10.Dd, 82.70.Gg

[. INTRODUCTION ated dynamics encounters two main difficulties. First of all,
ensemble averages over all the configurations have to be per-

Microrheological techniques have been applied to th€ormed explicitly by the observer. Second, the length scales
study of soft-matter systems since the late 1920s, and havieeely explored by the system are limited, and therefore it is
recently received an increasing amount of interest, both fronmecessary to perform observations at short time and length
experimental and theoretical points of vi¢h~6]. The main  scales.
advantage of these techniques resides in the fact that they Polymer gels are a very good example of nonergodic sys-
allow anin situ determination of the rheological properties of tems. In these materials, the concentration fluctuations are
a wide range of materials extending the dynamic range ofjeometrically and topologically constrained by the presence
classical rheometers as well as the type of systems, syntheti cross-links that act as a quenched disorder. The dynamic
or biological, that can be studied. Recently, several workgroperties of polymeric gels have been investigated using
focused on “passive” microrheological techniques5,7.  dynamic light scattering(DLS), which probes the time-

In this kind of approach, thermal fluctuations drive the mo-dependent density fluctuations occurring in the scattering
tion of probe particles embedded in the medium being studvolume under observatioi8—10]. The scattered intensity is
ied. By measuring either the mean square displacement dound to be the sum of a random thermal component and a
the power spectrum of the position fluctuations of the probequenched term that depends on the location of the scattering
particles, it is possible to calculate the mechanical responseolume inside the gdll1]. The intensity associated with the

of the medium. A classic example is given by the Brownianfrozen-in component depends in a complex manner on the
motion of latex spheres suspended in a Newtonian fluid: theonditions of preparation of the gel. More specifically, it is
Stokes-Einstein relationship relates the mean square diselated to the polymer concentration and to the cross-linking
placement of the particles to the viscosity of the mediumratio, defined as the molar ratio of cross-linking units to the
which can be thus measured once the particle size is knowmotal number of monomers.

When the medium surrounding the probe particles is elas- Upon increasing the cross-linking density, the thermal
tic (i.e., has a nonzero storage modulus at zero freqyencymotion of the scatterers becomes more and more hindered,
the elementary theory of elasticity states that the particles arand one needs to probe the system at smaller and smaller
geometrically confined. The inherent nonergodicity of thesdength scales to detect any motion or relaxation phenomena.
systems has to be addressed when light scattering techniquEsentually, the scale of observation is no longer accessible
are used to measure the motion of probe particles. In thito DLS, and one must turn to other techniques of investiga-
paper we address this point by extending the formalism thation. Diffusing wave spectroscopDWS), an extension of
was developed for interpreting dynamic light scattering inthe light scattering technique suited for the study of highly
nonergodic media to the case of diffusing wave spectrosscattering systems, allows one to probe displacements of the
copy, and we also report the results of a study on a modedcatterers of the order of a few angstroms. This is due to the
nonergodic system. fact that the phase shift between an entering and an exiting

The study of the dynamics of nonergodic systems is madehoton results from a large numbbrof scattering events.
difficult by the fact that they explore only a fraction of all The motion of each of the scatterers over a distance of the
their possible configurations. More specifically, the experi-order of \/N is enough to completely decorrelate the scat-
mentalist who wants to investigate the domain of the phaseered signal[12]. The motion of latex spheres suspended in
space that is actually explored by the system and its assoaivater and polymer solutions at length scales as small as few

angstroms has been investigated using this techrjitgle
In the present study we consider covalently cross-linked
*Present address: Philips Research, Prof. HolstladiWB72), gels containing nanometric polystyrene spheres with diam-
NL-5656 AA Eindhoven, The Netherlands. eter much larger than the mesh s&é~ 5 nm) of the poly-
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mer network. The distance over which the particles can a0
move in a polymer matrix is controlled by the competition E(q,t):r_Ev_ Epe'"it, ()
between the thermal energy and the elasticity of the matrix. 1€ Vit

As the cross-link density is increased, the elasticity of thQ/vhererj are the positions of the scatterers belonging to the
polymer network increases, leading to increasingly smalleppserved diffusing volum¥ 4 , andq is the transfer vector.
spatial excursions of the particles, that eventually cannot bPIowever, Egs(1) and(2) differ in two aspects. In DWS, the
detected by DLS. The amplitude of the mean square disaxpression of the phase difference is a sum over a large
placement of each bead is limited and reaches a finite valugymber of scattering events, whereas only one scattering
Ar?(=)=64° at long times. Thus, when probing the motion eyent occurs in DLS. Also, in DLS one does not have any
of the beads at length scales larger tfiarone can observe priori information about the spatial correlation of the indi-
the effect of nonergodicity of the system: the result of ayjqual scatterersr(), whereas in DWS one may assume that
given light scattering experiment depends on the particulag,q optical paths are not correlatéd2]. As we will see
scattering volume observed or, equivalently, on the particulaf ther, the last property simplifies the expression of the dy-
point of the speckle pattern being observed. One thereforgamic structure factors. It also leads to a linear relationship
needs to perform an ensemble average in order to obtaifetween the correlation function of the electric field associ-
thermodynamically relevant quantities. The simplest andyteq with pathp and the correlation function of the total
most efficient, but also must tedious method, consists of pefgjectric field, which simplifies the computation of the latter
forming the ensemble average “manually,” by measuring[19].

the desired quantities for a great number of different configu-  \we now focus our attention on the expression of the in-

rations and then properly averaging them. However, it igensity scattered at one poingof the output. As all the paths
possible to find relationships between measured time avege independent we have

aged and ensemble averages of interest. Pusey and Van

Megen derived such relationships in the case of D14. In N

the first part of this paper we show that the same approach I(t)= 2/ EP(t)-EP (1). ()
can be extended to DWS. We then experimentally investi- peP

gate the dynamics of latex beads embedded in chemically the system is ergodic, the®P(t) is a random variable as
cross-linked polyacrylic acid gels. By varying the cross-linkye|| asEP(t). The total electric fieldE(t) is then a Gaussian

density, one can tune the elastic moduliis a rather large  yariable, according to the central limit theorem. Therefore

range (- 10 Pa<C_;s103 Pa). We took advantage of this pos- the ensemble-averaged correlation function of the intensity
sibility to determine the ranges @ for which either DLS or 1y pe factorized according {a6:

DWS can be used, thus showing the complementary charac-

ter of these two techniques to probe the motion of the par- ({(HO1(t+ 7)) = (1)), +[F(D) ]2, (4)
ticles trapped in polymer gels over a large gamut of length
scales. where
Il. DWS IN NONERGODIC SYSTEMS F(r)=2, > E2(exdi®P(t)—idP (t+7)])).. (5)
P p

The following presentation requires a certain familiarity
with the DWS formalism presented by Weitz and Pine inSince no correlation exists between any two given paths, the
Ref.[12] as well as the work of Pusey and Van Medéd].  ensemble average in E€p) is redundant, as it is performed
We took advantage of the following analogies: one opticaby the summation over the paths; hence
path in DWS plays the role of a single scatterer in DLS, and
one distribution of paths in DWS plays the role of one scat- _ 2 CBP) i P _
tering volume in DLS. F(7) % EZ(exi ®P(t) —iDP(t+ 7)) =(1).f(7).

Let us consider a plane wave traveling through a medium (6)
turbid enough for the phase of an entering photon to be ran- o ) ) _
domized when it leaves the sample. In other words, we statBY definition[14], f(7) is the normalized dynamic structure
that each photon follows a random walk inside the mediunfactor function. This relationship is of crucial importance as

[15]. The electric fieldE(r,t) at the output of the sample It links an ensemble-averaged function to a time-averaged
can be written observation at one given point, which is position dependent.

It lies in the fact that all the optical paths have been assumed
. to be noncorrelated.
E(rg,t)= 2, Ee®"®="> EP, (D Let us now consider a nonergodic medium. We assume
peP peP that each particle can move around a fixed posifgn so

. . _ that its position may be written
where P is the ensemble of optical paths that begin at the

entering surface of the sample and ends at a pgimin the ri(t)=R;+&(t) (7)
detector E, is the incident electric fieldpP(t) is the phase

difference due to diffusion along pathinside the sample, where(g(t)),=0, so that the phase differende’(t) along
and EP is the electric field associated with path The ex-  pathp may be decomposed in the same way:

pression of the electric field is similar to the one encountered b
in DLS, DP(t) =W+ DR(1). (8)
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The first term in Eq(8) is time independent, and the mean  TABLE |. Fitting parameters and estimated local rheological

value of the second one is zero. We are thus allowed to writ@uantities [see EQs.(23) and (24)] corresponding to different
crosslinking ratiosR.. DLS and DWS data were obtained with

EP(t)= EE"’ E?(t) (9) particles having diameters of 85 and 107 nm, respectively.
where, if we putwP= (exi®P(t)]),, the fixed and the fluc- & (o) voop
tuating components of the electric field are Re (nm?) (ms y (Pas (Pa

DLS 1.6<10°% 390 144 052 1.9 10
P_ AP
E:=Eo exm\Ifc), (10 2x10°° 250 89.2 047 138 16
P P Cp p 5x10°3 26 144 031 29 150
E (1) =Eo expiWc)[expli of) —wr]. 1) pws 5x10° 16 889 =03 23 250
L . . transmission
The total electric field is the sum of a constant field and &y, 1x10°2 2.6 079 <03 1.2 1500

Gaussian field: backscattering

E(=2 E()=2> E{(+ X Ef(H). (12
peP peP peP The left-hand side is thus a linear function(éft)),, and its

Equation (12) describes a heterodyne DLS experiment, ini?p:rirlzei{a.lll-l—?;nse ?ggﬁff;e?ggvv:ma,g gfef:]ewsgatttoe r;:nhecII:
which a reference field is superimposed to the field of scat-I P i y A th yd ¢ 9 supnd to sh 9-
tered radiation[17]. In our case, the “reference” and the also prO\é' es ?jn accurahe me ? 0 measyend o show
oscillating sources are a consequence of the nonergodicity d!s not dependent on the sample position.
the physical system, leading to a self-heterodyne situation
[8].

The experimentally accessible quantity is the time- ll. RESULTS AND DISCUSSION
averaged autocorrelation function of the scattered intensity,

. A. Sample preparation
which can be expressed EE7] pie prep

We studied the motion of latex particles embedded in gel
AOIt+ 7)) =) (t+ 7)) matrices chemically cross-linked to different degrees. The
. 5 probe particles were latex particlg®oly Science nano-
+ 21 (Ef(t) - EF (t+ 7))+ 2015 (0) )+, spherey their diameters were measured by DLS in water
(13)  suspensions at a volume fractiah=2.5x10 2. We used
85-nm patrticles for the samples studied by DLS, and 107-nm
wherel; andl are the fluctuatingtime-dependentand the  particles for the samples studied by DWS. The spheres oc-
frozen-in components of the scattered intensity, respectivelysupied volume fractiongg=10 % and ¢=2.5x10 2 in the
The first two terms of Eq(13) may be evaluated using the samples studied by DLS and DWS, respectively. The gel

Gaussian character &f(t), leading to: matrices were polyacrylic aciPAA) gels. The total poly-
mer concentratiorC,=0.05 g/cmi was kept constant in all
(Ee() - Ef (t+ 7)) =(1):[f(m) = f(=0)], (14 the samples. The cross-linking rafky, defined as the molar
ratio of cross-linking molecules to the total molar monomer
(Ot + 7)) =D = f () ]2+ [ f(7) — f ()] concentration, varied from 1610 % to 1xX 102 (see Table

(15 I). The samples were prepared by radical copolymerization

of acrylic acid and methylene bis-acrylamide monomers in

Most commercially available autocorrelators measure thequeous solutions containing the appropriate volume fraction

normalized time-averaged autocorrelation function of theof polystyrene nanospheres. The radical polymerization reac-
scattered intensityg?(7) = (1 (t)I (t+ 7)) /(I(t))?, which is  tion, performed at 70°C, was initiated by the addition of

linked to the structure factd¥(7) through addition of ammonium persulfate immediately after the so-
lutions were degassed. The samples were prepared directly in
g2(1)=1+Y2[f(7)2—f()2]+2Y(1—-Y)[f(7)—f()], the light scattering cells. The sample preparation was per-

(16)  formed along the lines of the experimental protocol detailed
in previous publications, where further details can be found
whereY=(l),/(l);. We remind the reader thak), depends [18].
on the on the SpOt of the SpeCkle pattern being observed. This The p0|ymer network thus formed is Weak|y anionic, re-
relationship between time-averaged autocorrelation functiogucing the risk of physisorption on the surface of the latex
and dynamic structure factor expressed in Bd) was es- particles, since the latter are lightly sulfonated. For the poly-
tablished by Pusey and Van Megen in the case of DLS, angher concentrations under consideration, it is possible to es-
discussed in detail in Ref14]. timate an average “mesh size? of the polymer network of
If we assume now that the mean temporal value of thehe order of 5 nm, much smaller than the diameter of the
intenSity does not depend on the observation pOint, we Obtaiﬁrobe part|c|e$19] The p0|ymer matrix can therefore, in a
5 ) ) first approximation, be considered as a continuous medium at
(97(0) = 1)1 (1)) = —1F+2(1 (1))l . (17)  the length scale of the nanospheres.
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B. Experimental setup 1

EEANIDOOOOCOO0 O O 000000 O O O 0 O O O

1. DLS

ITHONO000oonn o 0 o o O O o
The coherent source was a Spectra Physics 2020 lase 0.8 o, 00N00 00000000 6 6 6 0 o o o
operated at 0.4 W with =488 nm. The correlation functions .
were calculated by an ALV 5000 logarithmic autocorrelator I 01
(in the “Single” mode. The coherence factor of the experi- = 0.6 i 0
mental setup was measured with a reference latex suspensic o ]
and corresponded t@=0.97+0.02. All the experiments =1 04 L
were performed in a controlled environment at 22¢°C5.
The scattering cells were vertically translated with a PC- I
controlled step motofMicrocontrole, allowing reproducible 0.2 |
positioning with a resolution of Jum. The total excursion 4 Rl ST S e —re—
was 7 mm. For each sample and scattering angle, we mea . ¢ (10™* nm?)
sured 1000 different autocorrelation functions of the scat- 0 St
tered intensity(10-s acquisition time for each one of thgim 0 200 400 600 800 1000 1200 1400 1600
order to calculate the ensemble-averaged dynamic structur t (ms)
factor[9,10,14,20. 1
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0.1
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2. DWS 08 |

The coherent source was a Spectra Physics 2020 lase !
operated atl =488 nm. The laser beam was expanded to 06 |
approximately 1 cm at the sample. The diffused light was
collected by two monomode optic fibet&LV ) connected to =

ALV photon-counting devices. One of the fibers was placed 0471
in the axis of the bean(‘transmitting” geometry, and the !
second fiber was placed in the backscattering d6heack- 02 |
scattering” geometry
The characteristic length scales probed by DWS in the I
“backscattering” and “transmitted” geometries are defined 0=
by 12=[1/K3(zo/1* +2/3)] and 12=(1*/koL)%, respec- 10
tively, wherekj=2m/\, L=0.5mm is the thickness of the t (ms)

sample|* = 140um is the scattering mean free path, amd

is the penetration deptfl5]. The relationships above are FIG. 1. (a) Dynamic structure factors for a géR,=2x10"2,
obtained by expanding at long times the properly normalized,=0.05 g/cni) containing polysterene nanosphet8s nm at a
expressions for the dynamic structure factors in DWS whichvolume fractiong=10"*. The different curves correspond to scat-
can be found in Ref[15]. The lengthslgz and | are the tering angles of 35fopen circlel 75° (open squargs 105° (open
equivalent of the inverse scattering vectpin the DLS ex-  diamonds, and 135°(open triangles The inset shows thg?® de-
periments, and one hag<I|;. Therefore, these two obser- pendence of the limiting value of the dynamic structure factor at
vation geometries allow us to probe relaxation phenomen#ng times,f(q,>). Data sets correspond to gels having the same
occurring at two different length scales. From experiment§oncentration and volume fraction of particles as above; cross-
performed on latex suspensions in water, we obtained !INKing ratios are equal to 810°* (circles, 2x10"* (square
=2.3nm and ;=16 nm and 1.6<10 2 (triangles. Note that the values of the axis are

The sample was either translated by a PC-controlled steq{ggarithmic. Solid lines are linear least-squares fits to the pita

. g. (18)]. (b) Dynamic structure factor of an equivalent sample
motor analogous to the one employed in the DLS setup, o R.=2x10"% and C,=0.05glcri and 107-nm particles at

was displaced with an Qlectroacous[ﬁzl] device. I.n the =2.5X 10"?) as measured by DWS in the transmittsduaresand
second case the sample is translated at a frequencies betweo%'gkscatteringcircles) geometries

60 and 100 Hz, the amplitude of the oscillatory motion being

on the order of 1 mm. for which DLS and DWS measurements are complementary.
We used two different types of correlators. For the deter-]:igure ](a) disp|ays tha:] variation of the dynamic structure

mination of the dynamic structure factor, following the samefactor as measured by DLS. Whatever the magnitude of the
protocol as in DWS we used the ALV 5000 correlator. Forwave vector transfeg, the structure factor does not go to
the correlation echo technique we used a BI 9000 correlatozero when time goes to infinity but reaches a nonzero
which can be configured in such a way as to concentrate @symptotic value which depends on the valueggoFollow-
great number of correlation channels around the delay timeigg Ref.[14], we took

coinciding with the peak positions, thus allowing their mea-

surement with a good precisiga1]. lim f(q,t)=e 9Ar’(=)6= g5 (18)

t—oo

C. Experimental results and discussion

Figure Xa) shows the dynamic structure factor of a gel  As illustrated in the inset of Fig.(4), where the data
whose cross-linking ratio is’210 2. This is a typical case collected for cross-linking ratioR,=1.6x10 2 andR.=5
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o 8000 p In spite of the fact that the latex particles embedded in the
= : gels are strong light scatterers, in DLS experiments it is not

g 7000 ¢ possible to neglect the component of the intensity associated
& 6000 f with the polymer concentration fluctuations of the bare gel,

= i lpan [22].

~— 5000 | The dynamic structure factors obtained by DLS were fit-
o : ted with a nonlinear least-squares fitting procedure using the
A 4000 ] expression

Y. 3000F

: 2000 F f(q,t)=1f(q,%)+Aexp —t/7ppn)
= ool +[(1-A=f(q=)lexd —(t/7)"].  (19)
E/D—‘ i ) EEPETNPITSN IFUR S ST S SR UN SR A0 AT S S S N B S E A U S0 O R U |

0 &= - This functional form was chosen primarily because it allows
0 100 200 300 400 500 600 700 800 for quick, reproducible and satisfactory fits of the data, as
<I> (arb. units) illustrated by Fig. 8). The amplitude parameteXk is the
t ratio between the scattering intensity associated with the
concentration fluctuations of the gel and the fluctuating part

lationship[cf. Eq. (18)] in DWS (backscattering geomedryOn the of the scattering intensity associated with the motion of the

x axis are plotted the total scattering intensiti¢isne-averagen probe Pa”"?'es'F' "e"_AZIPAA“F; Tc a|.’1d Tpaa are the
corresponding to a total of 2000 observation points, plotted on thé’orrel""tIOn times associated with the particle motions and the

graph. The sample is a gel wily=1x 102, C,=0.05 g/crd, and polymer concentration fluctuations of the gel, respectively.
$o=2.5x10"2. The solid line is a least-squares linear fit to the AS illustrated in Fig. 8), the values ofrpaa measured in the
data; the slope is proportional to the fluctuating component of thlifferent gels are in good agreement with those measured in
scattered intensitjcf. Eq. (17)]. an equivalent solution at the same concentration of the gel
(crossey showing the usual™? dependenc9,23—-235.
X10"* are also presented, the experimental results can be The values of the exponent of the stretched exponential,
fitted very satisfactorily with Eq(17), leading to the deter- ,, reported in Table I, are essentially independent on the
mination of the characteristic Spatial Iength explorEd by th%cattering vector for a given System, but depend Systemati_
particles,s, as a function of the cross-linking ratiof. Table  cally on the cross-linking ratio. The evolution af with
). However, to better determine the dynamics of the beadross-linking ratio could bear relevance to theoretical work
inside this Brownian cage, one needs probe smaller lengthn relaxation phenomena in disordered media. The evolution
scales. Figure (b) represents the dynamic structure factorsof the exponent could be related to the increasing amount of
obtained from the DWS intenSity correlation functions ONfrozen-in disorder in the ge| matrix Surrounding the probe
sample similar to the one studied by DLS. We represente@articles [26]. This “disorder” ought to be an increasing
the measurements corresponding to the backscattering afghction of the cross-liking ratio, as the degrees of freedom
transmission geometries. First of all, the measured structurgf the polymer concentration fluctuations are increasingly
factors go to zero at long times, both in the transmission an@indered by the presence of physical links between neighbor-
in the backscattering geometries, showing that the confingng chains. In order to compare the characteristic times
ment of the particles cannot be seen at the scales probed Byrresponding to different values ¢f we followed Delsanti
this technique. The dynamics of the particles at short lengtiand Munch in Ref[27] and calculated the averaged time:
scales thus obtained shows a subdiffusive motion of the; \=1(+),/y, wherel is the Eulerian gamma function.
probes. In all the samples we studied, the motion of the The correlation timer, can be viewed as the characteris-
particles was never purely diffusive, even at the shortest d&ic exploration time of the Brownian cage, i.e., the time each
tection times. _ particle will require to explore a significant portion of its
We focus now on more strongly cross-linked systems, fo|iowed positions. This correlation time ought to be indepen-
which nonergodicity effects are apparent even in DWS. Wejent on theobservationscaleq 1. Figure 3b) clearly illus-
performed series of autocorrelation experiments in which therates this point for our experimental systems. The values of
sample was moved by steps of 20fn, thus observing dif- 52 and(r.) as obtained from the above analysis are reported
ferent pointsr, of the speckle pattern. We first checked thatjy Tgple |.
general assumptions of our treatment were valid, by plotting aAs the cross-linking ratio increases, the average mean
[97 (0)— 1K1, ){ versus(I){. Figure 2 shows the typical square displacement decreases and eventually can no longer
curve obtained by plotting 2000 data points, each one corréhe detected reliably using DLS. The main motivation for
sponding to a different position of the sample. The data areising DWS is then to expand the range of detection to
in very good agreement with the linear relationshipg.  smaller displacements.
(17)]. This linear dependence was found in all the samples In Fig. 4 we show the dynamic structure factors obtained
presenting a nonergodic behavior. Therefore, in this case thia the backscattering and transmission geometries, for cross-
electric field of the scattered intensity can be decomposelinking ratios of 5< 10 2 [Fig. 4@)] and 102 [Fig. 4(b)].
into constant and Gaussian parts, and the time average of thge now see that the structure factor reaches a nonzero value
fluctuating part of the intensity does not depend on the poinat long times, from which we can deduce the maximum
of observation. mean square displacement of the particles, according to

FIG. 2. Experimental verification of the “self-heterodyne” re-
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FIG. 4. (a) Dynamic structure factor of a gel measured by DWS
o Og in the transmitted geometrippen circles Sample characteristics:
+ R.=1x10? C,=0.05g/cmi, and ¢ =2.5x 10 2. Filled circles
3 3 ’ 3 show the result of a correlation-echo experiment performed on the
10 210 310 same sampleb) DWS dynamic structure factofspen circlesand
-1 correlation echdfilled circles for the same sample as in Fig.aB
q (nm ) but now in the backscattering geometry.

FIG. 3. (a) Example of DLS dynamic structure factfR,=2.2
X103, C,=0.05g/cnd, and¢.=1X 10 * (85-nm latex sphergs :
and the scattering angle is 90The decay function is bimodal. The are reported in the table. In both Cas_éé,would have been
solid line is a least-squares nonlinear fit to the data using®. 00 small to be measured reliably using DLS. o
The residual plot of the fit is shown on the bottom of the figure.  Let us remark that this way of performing explicitly the
Note that the maximum deviation is less than 3%.Variation of ~ €nsemble averages is time consuming, and that at least one
the characteristic decay times associated with the “cage” dynamkey quantity, namely the plateau value of the mean square
ics, 7¢, and with the polymer concentration fluctuations of the gel,displacement, can be obtained more readily by computing
7, as a function of the magnitude of the scattering veqtdfilled  the intensity correlation function while the sample is in os-
symbols correspond to the; of gels with C,=0.05 glcn at ¢ cillatory motion. During one period, the light from a large
=10"* (85-nm polystyrene nanospheresross-linking ratios are number of different points of the speckle is collected, and the
5x 102 (diamond$, 2x 1072 (squares and 1.6<10 3 (circles.  ensemble average over all these points is performed in real
Open symbols show the evolution gf for the corresponding gels. time. The shape of the correlation function reflects both the
For comparison, the decay time measured on a PAA solution at thehacroscopic motion of the sample and the dynamics of the
same concentration prepared in the same condificssepis also  peads themselves inside the gel. The filled circles in Figs.

The values of5? obtained by using the above expressions

shown. 4(a) and 4b) show the results obtained in these experiments.
- One sees a first decrease due to the collective motion of the
backscattering linfg(t)=e /0, (20) sample imposed by the translation, then a series of echoes,
t—oo centered around the period of excitatitmo echoes in the
presented experimentas the sample comes back periodi-
transmission Iim‘T(t)ze‘V’sz’e'% (22) cally to the position it occupied one period before. Due to

t—o their random motion inside the gel matrix, the scatterers do
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parts that do not contribute to the elastic modulus but in-
A crease the local viscosity experienced by the particles. Sec-
_3% A ond, we notice a slight shift between the measurements
R, 2x10 performed using DLS and DWS which cannot be accounted
for by the slight difference of probe sizes. This is very likely
due to the lack of reproducibility of the mechanical charac-
teristics of the gel samples. Ideally, one would want to study
the same gel with two very different concentrations of poly-
0 styrene spheres. This is not possible, and we had to prepare
10" ¢ different samples for each technique. Unfortunately, these
i gels are close enough to the gel point that small deviations in
10" [ the sample prepargtion condit.io(esg., added _cross-linkir)g
10° 10° 102 100 10° 100 10° 10° can cause some differences in the mechanical properties of
the final sample.
t (ms) We estimated the shear modulusof the gel, as probed
by the particles, from the value of the maximum mean square
FIG. 5. Mean square displacement as a function of time fordisplacement{Ar?(t)), arguing that the work necessary to
probe particles embedded in different gels matrices with ~ move a bead of radiuR by a distancélr, inside a medium
=0.05g/cnt and ¢,=2.5x10 2; the cross-linking ratios of the of elasticity is of thermal origif4] so that
different samples ar&k.=2x10"2 (open and filled circles R,
=5x10"2 (plus sign$ and R,=1x10"2 (squares The spatial kgT
ranges accessible to DW®ackscatteringand DLS are shown on M= 6mRS2’ (23
the right hand side. Open circles correspond to DLS measurements.

<
w
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_
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o
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D

<AF(t)> (nm’)

not come back exactly to their previous positions, and th ksT being the thermal energy. In fact, as discussed by
. oy rp b i Schnurret al. [28], the above expression is strictly valid only

height of the correlation echo is thus smaller than 1. In fact,at time scales which are short enough so that the solvent and

we recover the value of the ensemble average structure factﬂqre network move as one at scales large when compared with

at d_iscrete times corresponding to integer multiples of theEhe mesh size of the network. In this limit the gel behaves as
oscillatory frequency. Thus we are able to measure the maxi- ‘

: : : incompressible fluid. An exact expression for longer time
mum mean square displacement, provided that the period g . Lo
; o T cales should include the contribution due to the compres-
the imposed translation is larger than the correlation time of .

: ional deformation since the stress in the solvent has time to
the structure factor due to the motion of the beads aroun h )
. " relax completely as the network is deformed. The correction
their average position.

factor depends on the Poisson ratio and is negligible if the
Let us come back to the full structure factor. GeneralIatter uantity is close tg. For polyacrylic acid gels pre-
DWS theory allows us to express it as a function of the d y i polyacry gels p

. pared at a polymer concentration larger than those consid-
?rgsgvvgziha\xg%ge%du&eir;sgl;zzﬁt(jtf%gﬁﬁmé)r?cgﬁ%ver-ered in this study29], and for polyacrylamide gels in good

. solvent[30] the Poisson ratio was found to be closeito
sion of the formulas, the ensemble-averaged mean squ

displacement of the probe particles. The results are givenei‘{/\?Ith such value of the Poisson ratio the valuesuoés de-

Fig. 5. At long times, one sees that the motion of the beads termined by using Eq(23) would be underestimated by

S . : Bbout 12%, which is a small correction considering the large
constrained: they are trapped in Brownian cages whose size

. o Variation of u as a function of the cross-linking ratio shown
decreases when the cross-linking ratio increases. In Tablei Fig. 6
we report the value ob?, as obtained from the long-time .

) ) . When fitted to a power law, the elastic modulus variation
behavior of<A,2(t)> using Eqs(20) or (21) depending on the with the cross-linking ratio yield an apparent scaling expo-
value of §%. Also are given the values ¢f) determined by

nent of 2.910.18. This result is not what one expects from

.y 2 .
fitting (A7 (t)) to the equatiori14] the classical theory of rubber elasticity; however, this behav-
) ) ior, which has been observed previously, can be accounted
(AF(t))=6671—exd —(t/7)"]], (22 for by the existence of dangling chains and unattached chains

at low cross-link density and of trapped entanglements at
At short times, the beads motion tends again toward a suliigh cross-link density. The former effect tends to decrease
diffusive behavior reflecting short time dynamics of the gel.the shear modulus, the latter to increadeit]. The discrep-
We notice that, at short times, the beads in the less crossncy between the value of the local elastic modulus of the
linked gel appear to undergo a slower local diffusion as thegel with R;=5x10 3 found using DLS and DWS might
mean squared displacement curve is the lowest. beexplained by the fact that the DLS measurement is clearly

It should be noted that, at present, the short time behaviaat the very limit of the resolution of this technigfief. the

of beads trapped in a viscoelastic medium gives rise to @set in Fig. 1a)]. This is precisely the reason why we re-
debate. For instance, the issue on whether one recovers teerted to DWS for these gels. The two samples were issued
diffusive behavior of probes in water or not is not yet re-from different syntheses which introduce further uncertainty
solved. In the present case, the experimental observation is the result.
likely due to the fact that a weakly cross-linked gel has a We then compared the macroscopic measurement of the
higher fraction of dangling ends and highly branched subelastic modulus with optical measurements. We measured
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10 Contrary to the local shear modulys the friction coef-
; ficient defined above isxdependenbn the cross-linking ra-
3 : ° 3 tio, as shown in Fig. 6. We note the satisfactory agreement of
107 F 110 DWS and DLS results, especially considering the fact that
size of the particles used in the two different types of experi-
ments differed by about 20%. The local friction coefficient
reflects local relaxation processes of the polymer matrix
which are not related to the cross-linking ratio of the poly-
mer network. This result is not trivial and requires further
[ o o %) investigation.
10" | © 410° The mean square displacements of the particles could in
i principle be further analyzed by Laplace transform inversion
10 | , L 10" of data to obtain the frequency-dependent storage and loss
107 102 moduli of the matrix{4], which could be compared to mac-
R : roscopic measurements. However, the numerical uncertain-
C ties of this procedure pose a problem. Also, an actual com-
parison would require reliable macroscopic measurements
that are very difficult to obtain with classical rheometers in
the same frequency range accessible to the optical measure-
ments.

10 ¢

10°

(Pa)

10;‘

v (Pas)

| L J
'L e 410'

ueff

FIG. 6. Evolution of the local shear modulusas a function of
the cross-linking ratidR,, (filled symbols. The local friction coef-
ficientv is also plottedopen symbols

the elastic modulus of a gel cross-linked Rt=4X 1073, IV. CONCLUSION

ith a Haake RS600 rh ter, and found that it did not .
with @ riaaxe rheometer, and toun a it aid no We extended DWS to the case of nonergodic systems, and

vary with frequency between>210 2 and 2 Hz its value . . : .
being 20 Pa. The comparison with macroscopic measurd!sed this technique to measure the motion of colloidal par-

ments is not straightforward. In fact, macroscopic measurelicles trapped inside a chemically cross-linked gel. The in-
ments are usually performed by means of a uniaxial comberent nongodicity of_the scattering in thes_e system_s_has to
pression technique that provides the zero-frequenc;be addressed experimentally by performing explicit en-
modulus. Measurements corresponding to the frequency déemble averages, or by using other averaging schemes. We
main accessible to the optical measurements are not possipleasured the maximal amplitude of the motion of the par-
with classical rheometers. A frequency-dependence of thécles, which we considered to act as viscoelastic probes of
storage modulus of weakly cross-linked gels is often obthe gel matrix. From the mean square displacement we de-
served, and this could account for the difference betweeduced the variation of the elastic modulus of cross-linked
macroscopic and microscopic measurements. Moreovegels. Further work has to be done to compare the optical
macroscopic dynamic measurements in cross-linked polymeesults to macroscopic measurements performed in the same
gels are not straightforward, and are often marred by systenfrequency range. The results show that these scattering tech-
atic errors which are very difficult to dete¢e.g., surface niques are appropriate to investigate both dissipative short
defects and/or presence of a lubrication layer between thgme properties and elastic moduli of permanently cross-
hydrogel and the plates of the rheomgtehat lead to an linked gels. To probe the short time behavior, one has to use
underestimated value of the shear modulus. the DWS, whereas the choice of the technique for measuring
The characteristic time required by a particle to explorethe elastic modulus will depend of the value of this modulus.
its Brownian cage(r.) is independent on thg value, as  Upon increasing3, one turns successively to DLS, then to
shown in Fig. 8b), since it only depends on the characteris-DWS in the transmission mode, and eventually to DWS in
tics of the sample and not on the scale of observation. It ishe backscattering mode.
possible to relate the average mean square displacement of Finally, one should note that such techniques provide new
the probe particle$? and(7.) to deduce the local friction prospects for studying inhomogeneities of materials or fol-
coefficient: lowing the local mechanical response of time-evolving sys-
tems such as associating systems or gels under swelling or
_ kpT(7c)

v= s (24) deswelling.

Equation(24) is essentially a Stokes-Einstein relationship,
v having the dimensions of a viscosifia 3. The values of
82, (7o), v, and u for the different systems we studied are ~ We thank F. Lequeux and J. F. Douglas for helpful com-
summarized in Table I. ments on the paper, and D. J. Pine for fruitful discussions.
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