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The dynamic properties of a model transient network have been studied by dynamic light scattering.
The network is formed by microemulsion droplets linked by telechelic polymers (modified hydrophilic
polymers with two grafted hydrophobic stickers). We compare the properties of two networks that are
similar but for the residence time of the hydrophobic stickers in the droplets. The results are interpreted
according to the so-called two-fluids model, which was initially developed for semidilute polymer solutions
and which we extend here to any Maxwellian viscoelastic medium characterized by its elastic modulus
and terminal time as measured by rheology. This model is found to describe consistently and quantitatively

the experimental observations.

Introduction

A number of complex fluids have viscoelastic proper-
ties: under a given stress they behave, at short times, as
an elastic solid characterized by an instantaneous elastic
modulus Gp, and then at longer times they begin to flow
and eventually behave as a liquid of viscosity # (7 = T7rGo,
where 7r is the rheological terminal time). These complex
fluids are generally described as some kind of transient
network embedded in a solvent. Such a viscoelastic
medium scatters light, and this is essentially due to
concentration fluctuations. The relaxation of these con-
centration fluctuations is more complex than the simple
diffusion of usual Brownian dispersions and can be studied
by dynamic light scattering (DLS). The dynamics probed
by DLS reflects, in some way, the viscoelastic character
of the complex fluid. At short times, the relaxation is
dominated by mutual diffusion. At long times, a second
relaxation mode is found for which diffusion is not the
rate-limiting step. Indeed, the characteristic time of this
second mode is on the order of the rheological terminal
time. Brochard and De Gennes'? and later Wang3“ and
Genz® described theoretically the interplay between
mutual diffusion and viscoelastic properties for semidilute
polymer solutions for which Doi and Edwards® have
described the rheological properties. The predictions of
the theoretical model known as the two-fluids model have
been experimentally checked on different polymer solu-
tions by Adam and Delsanti,” Brown et al.,® and Nicolai
et al.® The DLS spectra for other viscoelastic materials
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such as surfactant giant micelles,’°"13 thermoreversible
aqueous copolymer gels,'* and solutions of associating
random block copolymer?>16 or telechelic ionomers!” have
also been studied.

A transient network of telechelic polymers (water-
soluble polymers with hydrophobic end blocks or oil-soluble
polymers with hydrophilic end blocks) also forms a
viscoelastic medium. In binary solutions, the viscoelastic
properties are controlled by the density of the network
formed by the hydrophobic clusters of end blocks linked
by the hydrosoluble polymers. A number of studies'®—2*
have been devoted to these solutions of great practical
interest. Alami et al.?> and Chassenieux et al.?! observe,
in DLS, two and sometimes three relaxation times (even
in binary systems). To better control the properties of these
transient networks and to be closer to the conditions of
their practical applications, Gradzielski et al.?® and
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Dynamics of a Viscoelastic Transient Network
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Figure 1. Representation of the viscoelastic transient network.
The microemulsion droplets (decane droplets stabilized by a
surfactant film in water, radius ~84 A) are linked by the
telechelic polymers, PEO, endgrafted by aliphatic chains. The
dead loops (telechelic polymers decorating one single droplet)
do not contribute to the viscoelastic properties of the network,
as discussed in ref 35.

Bagger-Joergensen et al.?” have initiated the studies of
ternary systems: an oil-in-water microemulsion to which
a telechelic polymer is added (inverse systems consisting
of water-in-oil microemulsions linked by a hydrophobic
polymer grafted at both ends with hydrophilic end blocks
have also been studied).?6-2° The hydrophobic end blocks
(stickers) stick in the hydrophobic core of the microemul-
siondroplets while the hydrophilic chains link or decorate
thedroplets: the resulting transient network is the origin
of the viscoelastic properties of these fluids (see Figure 1).
Both direct®! and inverse?®~3° systems have been studied
by DLS. Two or three relaxation modes are observed
depending on the particular system, and the origin of these
modes are still debated. In some cases, all three relaxations
are dominated by diffusion,?8=3° while in other cases,¢:3!
the fast and the slow modes are dominated by diffusion
while the intermediate one is not.

These ternary systems represent an ideal model system
for studying the dynamics of viscoelastic networks. Indeed,
contrary to the binary solutions recalled in the previous
text, they allow one to control separately the average
distance between the nodes of the network and the average
degree of connections between these nodes. In fact, the
surfactant and oil concentrations set the number density
of the microemulsion droplets, that is, the nodes (the size
of which is constant and essentially controlled by the self-
assembling properties of the surfactant component), while
the number of telechelic polymers per droplet determines
the connectivity of the network. Moreover, the contribution
of the droplets to the scattering of light or neutrons heavily
dominates that of the polymer, thus making the analysis
of scattering data easier and less ambiguous than that in
other systems. Finally, we point out that the time scale
of the viscoelastic relaxation is controlled by the average
residence time of the stickers in the droplets and can,
thus, be readily varied over orders of magnitude by using
telechelic polymers with aliphatic chains (the stickers) of
different lengths, as described in the following.

Our group has been working on these ternary systems
for several years. Structural characterization by small-
angle neutron scattering (SANS) has shown that the size
and shape of the droplets are not affected by the addition
of the telechelic polymer. The evolution of the structure
factor upon addition of the polymer and, in parallel, the
phase behavior of the systems clearly indicate that the
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polymers tend to bridge neighboring droplets.3233 Con-
sistent with this structural picture of droplets reversibly
linked to one another (see Figure 1), the samples exhibit
a strong viscoelastic behavior provided that the polymer
amount is large enough. Their dynamical properties have
been studied by rheology, DLS,** % and fluorescence
recovery after photobleaching (FRAP).%”

We argued in ref 34 that one needs at least three distinct
parameters to describe the local state of the system: the
volume fraction of the droplet @, the number of polymers
per droplet r/2, and the ratio of links to loops (see Figure
1). DLS probes the fluctuations of ®, but we stress that
@ is coupled to the two other parameters. Accordingly,
three relaxation modes are to be expected. Moreover, ®
and r are conserved variables (the total amounts of droplets
and of polymers are constant) while the ratio of links to
loops is not conserved because it can change locally without
transport of matter. We, thus, expect two modes to be
dominated by diffusion (characteristic time 7 ~ q~2) and
the remaining to be g-independent (q is the scattering
vector). Indeed, among the systems we have studied, one
(with stickers made of Cy, aliphatic chains: the C;, system)
displays three modes,®” while in the second one (the same
system but with stickers made of C,g aliphatic chains:
the C,5 system), we had clear evidence of only two modes,
the fastest one being diffusive while the second one is
almost g-independent.3* Both systems have the same
phase behavior and the same structure, as evidenced by
SANS; the only difference lies in the average residence
time of the stickers, which is 3 orders of magnitude larger
for the C,5 system than for the C;, system. The third
relaxation mode observed in the Cy, system contributes
only for 10% of the total scattering. It is diffusive, and its
characteristic time is comparable to that measured by
FRAP, which probes the self-diffusion of the droplets. We
argued in ref 37 that it is due to a relaxation via the
interdiffusion of the droplets and of the polymers in the
viscoelastic medium in good agreement with the conclusion
reached by Schwab and Sttuhn3! for their results on a
similar system. A third relaxation mode is not observed
clearly in the C;5 system. It can be expected to be on a
time scale difficult to observe experimentally; it probably
accounts for a small part of the scattering as in the Cy,
system and can possibly be mixed up with the second mode.
On the other hand, the much larger residence time of the
stickers in the C,g system leads to viscoelastic properties
(Go, r) readily measured by rheology®*~2¢ while they are
inaccessible for the C;, system.

In this paper, we extend the two-fluids model to any
viscoelastic medium characterized by Gy and 7. We then
compare the predictions of the model to the experimental
light scattering spectra measured for samples of the C;,
and the Cyg systems, which only differ by the time scales
of the viscoelastic relaxation as mentioned previously. We
focus here on the two relaxation modes observed in both
samples. The fastest mode is diffusive and relaxes at a
rate on the same order of magnitude in both systems;
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qualitatively, it can be pictured as being dominated by
the diffusion of the droplets at a constant local link-to-
loop ratio (diffusion at quenched topology). The slowest
mode relaxes 1400 times faster in the C;, system, in good
agreement with the estimated ratio of the residence time
for Cy, versus Cyg stickers (see the following). This result
strongly suggests that this mode is coupled to the
relaxation of the local link-to-loop ratio and is a strong
indication that the second mode in the C;; and the Cig
systems is the same “viscoelastic” mode (diffusion at
annealed topology). Overall, we find a good quantitative
agreement between the predictions of the two-fluids model
and the experimental results for the two systems.

Two-Fluids Model

In permanent gels, the scattered intensity comprises
two contributions, a static contribution arising from frozen
heterogeneities of the gel and a dynamic contibution
arising from thermal fluctuations.®3° A transient gel, such
as the system studied here, is ergodic; therefore, the static
contribution to the light scattering is zero. Semidilute
polymer solutions are other examples of transient gels,
viscoelastic and ergodic, as in our system.

The model developed in refs 1, 2, and 7 for semidilute
polymer solutions can be reformulated more generally for
a Maxwellian viscoelastic fluid characterized in rheology
by an instantaneous elastic modulus G, and a terminal
time tr. In this section, we first derive a generalized
diffusion equation for such a medium, and then calculate
the time autocorrelation function of the concentration
fluctuations described by this equation.

(a) Relaxation of the Fluctuations of Concentra-
tion in the Framework of the Two-Fluids Model.
The viscoelastic fluid is pictured as a suspension of
particles with a mean number density no embedded in a
viscoelastic medium. The viscoelastic medium is charac-
terized by an instantaneous elastic modulus G, and a
terminal time 7gz. The local number density fluctuates
and can be written at point r and time t as n(r, t) = ng +
on(r, t). The free energy density of the particles is written
as

_ 19,2
g9(n) =9(no) + 3 anzén

and the particles move to minimize g(n). A particle at r
attime twill be at r' attime t': r' =r + u(r), U = du/ot.

The conservation equation is written as dn/ot =
—=V[nu(r, t)] = aon(r, t)/ot = —neVu(r, t).

The number density fluctuations give rise to an osmotic
force Fo, which sets the particles to move to sweep out the
fluctuations. In a purely viscous fluid, a viscous force F,
resists this motion, while in a viscoelastic fluid a transient
viscoelastic force F. also comes into play. These forces can
be written as

2
Fo = —noa—ng6n(r, 1)
on

F, = —nyfu
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where f is the frictional coefficient. In the limit of high
dilution, f = 62zyR for a particle of hydrodynamic radius
R in a fluid of viscosity 5 (Stokes’ law):

Fo= [ {IK{t — 1) + 1,G(t — DIv[Vu(t) +
G(t — HAU(t)]} dt

where K and G are respectively the isostatic compress-
ibility and the shear modulus.404

Writing Newton’s second law for the movement, ne-
glecting the inertial term, taking into account the con-
servation of particles, and taking the divergence of each
term, we obtain

2
—noﬁAén(r, t) + 677RON(r, 1) — nio [HIKE -+

LGt — t]AN(r, t') dt =0

The Fourier transform of the previous equation is the
diffusion equation and is written as

6”((:]1 t) + Dcollqzén(qv t) +
2 t t' I ) S
Dud’ [, exp(— T—R)an(q, t—t)dt' =0 (1)

In this diffusion equation, the two first terms corre-
spond to the classical diffusion equation for Brownian
motion in a viscous solvent and the third term accounts
for the additional transient elastic resistance of the
network.

Dot = nNed?glan?/f is the usual collective trans-
lational diffusion coefficient of the particles and Dg =
2Go/nof is the viscoelastic diffusion coefficient, assuming
Ko + 43Go = 2G, following the arguments developed by
Tanaka et al.*? in their pioneering work on DLS by a
polyacrylamide gel.

(b) Autocorrelation Function of the Number
Density Fluctuations (that Can Be Measured by
DLS). Solving the equation of diffusion, eq 1, by
standard mathematics, we can derive the Fourier
transform of the number density fluctuations dn(q, t)
and their autocorrelation function gy(t). It is found
to be the sum of two simple exponential relaxations
with well-defined amplitudes Aqs and relaxation times
s Where f and s indicate the fast and slow mode,
respectively. The result is written as

on(q, t) on(q, 00

Jon(q, 0)°0
A exp(—7; ') + A, exp(—7, 't) (2)

g:(t) =

with the amplitude and characteristic time of each mode

(40) Landau, L.; Lifchitz, E. Physique Théorique 7, Théorie de
I'Elasticité; Mir: Moscow, 1990.

(41) Ferry, J. D. Viscoelastic properties of polymers; Wiley & Sons:
New York, 1980.

(42) Tanaka, T.; Hocker, L. O.; Benedek, G. B. J. Chem. Phys. 1973,
59, 5151.



Dynamics of a Viscoelastic Transient Network

Langmuir, Vol. 20, No. 3, 2004 987

Table 1. Molar Masses and Densities of the Components of the Samples

molar mass (D) density (g/cm?3)

component (abbreviated in the text) total HC?2 polar part HC?a
H>O 18 1
[H3C—(C—(CHg)2—CH2—C—(CHj3)2)¢ (O—CH2—CH2)3;—OH (TX35) 338 189 1.2 0.86
[H3C—(CH>)sCH3] (decane) 142 142 0.75
[CH3—(CH3)11]-NH—-CO—(0—CH;—CHy>) 227—O0—(CO)—NH—[(CH>)1:CH3] (PEO-2C12) ~10 400 338 1.2 0.81
[CH3—(CH32)17]-NH—CO—(O—CH2—CH3)22:7—O—(CO)—NH—[(CH>)17CH3] (PEO-2C18) ~10 600 506 1.2 0.81

a HC = hydrophobic part of the molecule in brackets in the formula on the left.

given by the following expressions:

2_ -1 \12
4’Dcollq TR

(T "+ D)’

7 P =yt T4 D@1 + |1 —

D |q2 - 77f71 + TRil

A= ———F— (3a)

Tt — T
4Dty |2
“1_1 -1 2 cold Tr

Tg = ltg "+ D@1 |1 - — 3
) ) (tr Y+ Deﬂq2)2
D,g® — 7, "+ st

As:[ elq 71j — R ] (3b)

Ts Ts

where Deg = Doy + Der and A + As = 1.

An hydrodynamic regime is found when the rheological
terminal time is small or, more precisely, when g <
[Derg?] 2. In this limit, we find from eq 3, to the first order
in g1, that s ~ 7, Af ~ 0, 7s ~ D¢ong?, and As ~ 1. In this
regime, the fluctuations of concentration relax essentially
by the diffusion of the droplets as if the telechelic polymer
was not present. In the opposite limit, when the rheological
terminal time is large (zr > [Derg?] %), eq 3a,b expanded
to first order in 7z * gives

D D
1_ 2 —1 el — coll
7~ = Dey@" + 11 Doyt A Doy (4a)
1 Deff Del
T, = + 1 , A= (4b)
* Dm“q2 RD<:o|| * Deff

This is the “gel” regime characterized by two relaxation
modes. One is fast and diffusive with a constant contribu-
tion proportional to g, while the other is slow, proportional
to 7r, and with a diffusive correction. In the intermediate
regime tr ~ [Der0?] 1, eq 3a,b has to be used to describe
the two relaxation modes.

In the two-fluids model, we assumed monodisperse
droplets and a Maxwellian relaxation; therefore, the model
predicts, as it should, an overall relaxation that is the
sum of two single exponentials.

For the two samples studied here, we expect tx to differ
by more than 3 orders of magnitude while the diffusion
coefficients are very close if not equal. Thus, the two
samples offer a unique opportunity to test the model. We
will show in the following that the experimental results
for the C,5 system with the longest 7 are well-described
by eq 4, while for the C;, system the exact form of eq 3
yields a good agreement with the DLS data.

Experimental Section

Preparation of Samples. The samples are prepared by
weight in triply distilled water. Decane from Fluka and the
nonionic surfactants TX100 and TX35 from Sigma Chemicals

were used as received. The polymer is poly(ethylene oxide) (PEO),
and it has been hydrophobically modified and purified in the
laboratory using the method described in refs 43 and 44. The
molecular weight of the starting products is determined by size-
exclusion chromatography. The hydrophobically modified PEO
contains an isocyanate group between the alkyl chain and the
ethylene oxide chain. We assume this isocyanate group to belong
to the hydrophilic part of the copolymer. Two telechelic polymers
have been prepared: PEO-2C;, with a Ci,Hjs aliphatic chain
grafted at each extremity and PEO-2C,g with a C1gH37 aliphatic
chain grafted at each extremity. After modification, the degree
of substitution of the hydroxyl groups was determined by NMR
using the method described in ref 45, and the degree of
substitution is found to be equal to or larger than 98%.

The microemulsion is a thermodynamically stable dispersion,
in water, of oil droplets stabilized by a surfactant film.*6 We can
adjust the size of the drops by varying the composition of the
surfactant film (here the weight ratio of TX35 to TX100 is 0.5),
which defines the spontaneous radius of curvature of the
surfactant film, and by choosing the weight ratio of decane to
surfactant (here 0.7) to be close to but slightly below the
emulsification failure limit. Under such conditions, it is well-
established that the droplets are spheres of a well-defined
radius.*” Indeed, we showed previously that the microemulsion
droplets are spherical with a narrow distribution of size with a
mean radius of 84 + 2 A and a standard deviation of 15 A (for
more details, see ref 33). An appropriate amount of PEO-2C;, or
PEO-2Cs is then added to the microemulsion.

The samples are characterized by the volume fraction @ of the
microemulsion droplets and by the number r of Cy, or C1g chains
per droplet. All the parameters to calculate ® and r from the
sample composition are summarized in Table 1.

For the Cy5 system, the evolution of the viscoelastic properties
with r has been described and discussed previously.3* This system
has been shown to undergo a percolation transition with
increasing polymer concentration. A percolation transition could
not be evidenced directly for the Ci, system because of the
extremely short residence time of the stickers (we estimate g
to be on the order of 10~*s, see the following). However, the great
similarity of the two systems led us to argue that the same
transition indeed exists in the Cy, system.3 In this paper, we
focus on samples with ® = 17.1% and r = 13.2 for both systems,
far above the percolation threshold (r, = 3.1) and, thus, where
the transient network is densely connected. The volume fraction
@ has been chosen so that the mean distance between droplets
(center to center ~ 240 A) allows for the PEO chain linking two
drops to have on average their “natural length” (the estimated
end-to-end distance is 90 A).32

The difference in the two samples lies in the nature of the
stickers: foraliphatic chains with 12 or 18 carbon atoms, we will
refer to them as the C;, or C;5 sample. In the two samples, the
residence time to of the stickers will differ, and it is related to
the adhesion energy W of the stickers by the usual Arrhenius
law: to = w1 exp(W/kgT), where wy is the attempt frequency on
the order of the inverse self-diffusion time of the sticker. For a
linear and saturated aliphatic chain, W has been evaluated from
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Figure 2. Normalized intensity autocorrelation function
measured at g = 2.3 x 10 m~! for the C13 sample. Open circles
are the data points. The line is a fit to the data of eq 5, with
os = 0.29, 7t = 51 us, as = 0.59, and s = 0.56 s.

critical concentration measurements of a series of surfactants to
be on the order of 1.2kgT per CH,.#8 The residence time of a
12-carbon sticker inside a droplet should be, thus, about 103
times shorter than that of an 18-carbon sticker. Because the
viscoelastic time depends on the residence time of the stickers,
we expect the ratio of terminal times to be equal to the ratio of
residence times roughly equal to 1400. This value is in excellent
agreement with the ratio of 1360, obtained by measuring the
low-shear viscosity for identical samples of the two systems.3”

DLS. The measurements are performed on a standard setup
(AMTEC Goniometer with a BI9400 Brookhaven correlator), and
the light source is an argon ion laser (A = 514.5 nm). The
homodyne intensity autocorrelation function is measured at
different g values, ranging from 3 x 108 to 3 x 10" m~! [q =
(47n/2) sin(6/2) with n being the refractive index of the solvent
and 0 the scattering angle]. If the scattered field obeys Gaussian
statistics, the normalized autocorrelation function of the scattered
intensity

(g, 1) (9, )0

g,(a, ) =
I0(q, O

can be expressed as a function of the first-order electric field
correlation function through the Siegert relationship g(q, t) —
1 =c|g15(q, t)|]2with ¢ (0 < ¢ <1) being an experimental constant.
In our samples, the scattering originates from the fluctuations
of the droplet concentration and g:5(q, t) O gi(q, t), as given by
eq 2.

A typical normalized autocorrelation function for the Cig
sample measured at g = 2.3 x 10’ m~1is shown in Figure 2, and
the line is an adjustment to the following expression

92(t) — 1 = [0y exp(—7; 't) + o exp[—(z, )" P)*  (5)

where the slow relaxation mode, dominated by the viscoelasticity
of the sample is represented by a slightly stretched exponential
to parallel the stretched exponential found to be the best fit in
the rheological measurement (see ref 34 and Figure 2).

The autocorrelation function for the Ci;g sample can be
compared to a typical normalized autocorrelation function for
the C1, sample measured at the same angle and given in Figure
3. Note that, as expected, the time scale extends to much smaller
values than for the Cig sample. The best fit is obtained, as was
already mentioned, when three relaxation modes are taken into
account:

9,(t) — 1 = {ay exp(—7; 't) + o exp[—(z, ')*%] +
a, exp(—7, 1} (6)

(48) Israelachvili, J. Intermolecular and surface forces, 2nd ed.;
Academic Press: New York, 1992.
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Figure 3. Normalized intensity autocorrelation function
measured at g = 2.3 x 107 m~? for the C;, sample. The solid
line shows the best fit to eq 6 for three relaxation modes. The
arrows show the three relaxation times z; = 36 us, 7s = 300 us,
and tp = 6700 us. The dashed line is the “best” fit to eq 5. The
bottom graph shows the residuals: triangles (eq 6) and circles
(eq5).
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Figure 4. Stress relaxation curve for the C13 sample. The line
is a fit to the data of a stretched exponential: eq 7, with Go =
1830 + 100 Pa and g = 0.125 + 0.005 s.

Rheology: Step Strain Experiments. To illustrate the
viscoelastic behavior of the samples, the stress relaxation curve
of the C15 sample are shown in Figure 4. It is obtained in a step
strain experiment on a Rheometrics RFSII-strain-controlled
rheometer. At time t = 0, the sample is submitted to a sudden
step shear strain (of amplitude e small enough to be in the linear
regime), and the shear stress response o is recorded as a function
of time. The decay of the time-dependent modulus, G(t) = o(t)/e,
is best represented by a slightly stretched exponential:3*

G(t) = G, exp[—(U1r)**] @)

which corresponds to an almost Maxwellian behavior. We obtain
Go = 1830 + 100 Pa and g = 0.125 + 0.005 s.

Results and Discussion

Measurements over the entire q range allow us to follow
the g dependence of the characteristic times and of the
relative amplitudes of the two modes. For the C;5 sample,
r ~ 0.125 s (as measured in rheology) is larger than the
diffusion time (Desg?)~* of the drops over the entire q range;
we thus probe the “gel” regime and expect eq 4 to hold.
Indeed, the fast relaxation mode is diffusive and its
characteristic time is well-described by relation 4a with
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Table 2. Values of the Parameters Deduced from the Fits of Egs 2 and 3 to the Relaxation Times Obtained by DLS?2

parameters
experimental sample Desf (M2 s71) Deonn (M2s71) R (S)
c12 (35 +0.3) x 10711 (14 +0.2) x 10711 (8.1+0.5) x 1075
C18 (3.3+0.3) x 1011 (0.9 +£0.2) x 10711 0.125 + 0.005 (rheology)
mean value 3.4 x 10711 1.2 x 101

a For the Ci5 sample, tr is measured by rheology.
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Figure5. Cigsample: illustration of the g2 dependence of 7 2,

the inverse relaxation time of the fast mode. The lineisalinear
fit to the data with a slope yielding Dert = 3.5 x 1071 m? s71,
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Figure 7. Cy;sample: g? dependence of the inverse of the fast
(open circles) and slow (full circles) relaxation times. The solid
lines are the simultaneous fits to the data of eq 3. The fitting
parameters are given in Table 2. The dashed lines are the
asymptotic behavior at small or large values of g2.
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Figure 6. C,gsample: illustration of the weak dependence of
7s the relaxation time of the slow mode on qg.

a negligible contribution of the constant term, as shown
in Figure 5where 74 is plotted as a function of g% and the
slope of the straight line yields Des = 3.3 x 1071t m?2s71,

With this value of D¢ and the value of g, the terminal
time measured in the strain relaxation experiment (see
Figure 4), the first term in the right-hand side of eq 4b
is found to be negligible compared to the second one and
the characteristic time of the slow relaxation mode should
not depend on . However, as shown in Figure 6, a small
dependency is found and will be briefly discussed in the
following. Using the mean value ts = 0.5 s, we obtain from
eq 4b an estimate of Dg ~ 0.9 x 1071 m? s71,

If we now examine the results for the C;, sample, we
find, as expected, that they cannot be interpreted in terms
of the simplified expressions for the “gel” regime. A fit of
eq 3 to the results for the characteristic times of both the
fast and the slow modes is shown in Figure 7 and yields
the values of the parameters given in Table 2. 7 is found
equal to 8.1 x 10 s, 1500 times smaller than the value
for the C,g sample (rr = 0.125 s). This ratio is in excellent
agreement with the evaluation of the ratio of the residence

Figure 8. Normalized inverse characteristic times as a function
of g2 in reduced units. The lines are calculated from eq 3 with
Dett = 3.4 x 1071 m? s7* and Dy = 1.2 x 107 m? s7%. The
experimental data are circles for the C;, sample (r = 8.1 x
107%s) and squares for the C1g sample (zr =0.125 s). Full (open)
symbols correspond to the slow (fast) mode.

times given above for the C;, and C;5 stickers. The values
of D¢t and D, are almost equal (within experimental
uncertainties) to those found for the C;g sample. We
stressed previously that the diffusion coefficients are
expected to be equal for the two samples because they are
identical in regard to the concentration of the droplets (®)
and the connectivity of the network (i.e., the concentration
of telechelic polymers r/2 and the ratio of links to loops).
In the following discussion, we will adopt the mean values
of these coefficients given in the last line of Table 2.
The coherences of the experimental results obtained on
the two samples with their description by the two fluids-
model are illustrated in Figures 8 and 9. In Figure 8, the
characteristic times of the two modes in both samples are
plotted as a function of g? in reduced units together with
the theoretical curves calculated from eq 3 using Degs =
34 x 10T m2 st and Dy = 1.2 x 1072 m2 s71. The
agreement is excellent for the fast mode, and it is
reasonable for the slow mode. For the slow mode of the
Cigsample, we note here, as previously, that the predicted
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Figure 9. Relative amplitudes ags/(os + o) as a function of g?
in reduced units. The lines are calculated by eq 3 with De =
3.4 x 1071 m?s7tand Do =1.2 x 107 m?s™L. The experimental
points are circles for the C;, sample (zr = 8.1 x 1075 s) and
squares for the Cy5 sample (zr = 0.125 s). Full (open) symbols
correspond to the slow (fast) mode.

g dependence of the relaxation time is much less than
that observed experimentally so that the discrepancy
between the theory and the experiment is not simply due
to the application of a more or less valid approximation
to eq 3b.

The relative amplitudes of the two modes in each sample
are compared in Figure 9 to the curves calculated from eq
3; the experimental relative amplitudes for the C,, sample
have been estimated regardless of the amplitude of the
third mode, which accounts for about 10% of the overall
intensity and is constant over the explored g range. The
relative amplitudes are plotted on a linear scale and the
agreement with the theory is reasonable. Quantitatively,
the agreement is good in the two limits of small and large
Deig?7r but, in the intermediate regime, the two sets of
experimental data do not merge together. Infact, the model
calculation underestimates the contribution of the slow
mode for the C;, sample and overestimates it for the Cyg
sample.

These slight discrepancies between theory and experi-
ment remain to be explained. A possible explanation could
be perturbations brought about by the third relaxation
mode, which is expected, as argued in the Introduction,
in view of the fact that a proper description of the system
would imply three and not only two parameters. Another
explanation could be that in DLS, the viscoelastic proper-
ties are measured on a scale (300 to 3000 A) not very large
compared to the characteristic scale of the network (radius
of the drops = 84 A and center-to-center distance of the
drops = 240 A) so that the coarse graining description of
the viscoelastic properties must be refined by some kind
of renormalization (i.e., for the elastic modulus or the
terminal time measured macroscopically). Thisisan open
question.
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In the two-fluids model, the parameters used to describe
the viscoelastic properties of the system are the terminal
time g and the elastic modulus Gy, as measured in a
rheological experiment. A final test is, thus, to examine
how the parameters obtained here compare to the rheo-
logical values.

In regard to the 7r's, the injection of the rheological
value for the Cig sample led us to a very consistent picture,
while the value for the C;, sample derived from an
adjustement of the DLS data is in the predicted ratio to
that of the C,g sample. Its low value is in line with the low
viscosity of the C;, sample.

In the frame of the model outlined above, the elastic
modulus Gy = Dgnof/2. From the experimental values given
in Table 2 or from the amplitude ratio, we can deduce D,
=2.240.2 x 107 m? s~1. The mean number density of
the drops ng is readily estimated from the size of the drops
and the volume fraction. The frictional coefficient fis given
by Stokes’ law (see previous text) in the limit of high
dilution but is modified by the hydrodynamic interactions
at higher volume fractions. To take this into account, we
note that the collective diffusion coefficient can be written
as D¢ = ¢vyrHfwith y+ being the osmotic compressibility
and v the volume of the particules. The osmotic com-
pressibility is deduced from the SANS results on the
samples following the method described in ref 32; y+ =2
+0.2 x 107%Pa™1. This together with the measured value
of D¢ allows for an independent estimate of the frictional
coefficient f = 1.8 & 0.3 107° kg s~ so that we eventually
obtain Gy = 1400 + 400 Pa, in good agreement, within
experimental errors, with the rheological value (1830 +
100 Pa).

In conclusion, the two-fluids model, extended to Max-
wellian fluids, describes quantitatively and coherently the
dynamic properties of transient networks as probed by
DLS. Furthermore, a quantitative agreement is found
between the values of the viscoelastic parameters 7z and
Go obtained here and by rheological measurements. Our
study illustrates the intricate dynamical behavior of such
transient networks as probed by light scattering. In
particular, the results for the C,, sample illustrate the
intimate mixing of the collective diffusion and of the
viscoelastic character that can be observed in the inter-
mediate regime between the hydrodynamic and the gel
limits. Itisworth noting that DLS is an alternative method
for the determination of 7r and Gy, especially when tx is
so small that conventional rheological measurements are
difficult to achieve.
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