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Résumé. — Des expériences de diffusion statique et dynamique de la lumiére ont été réalisées
sur des solutions aqueuses mucellaires de bromure d’hexadecyltrimethylammonium (CTAB) en
présence de bromure de potassium (KBr) en fonction de la fraction volumique de tensio-actif,
de la température et de la teneur en sel. Cette étude confirme l’analogie entre le comporte-
ment en régime semi-dilué de systémes de micelles géantes et des polyméres en solution. En
particulier, la fonction d’autocorrélation temporelle du champ électrique diffusé est bimodale.
Les résultats relatifs au processus lent de relaxation peuvent étre comparés aux prédictions de
modéles théoriques décrivant le couplage entre les fluctuations de concentration et la viscoélas-
ticité. En particulier le temps caractéristique de la relaxation lente viscoélastique varie avec la
température, la teneur en sel et la concentration en tensic-actif de la méme maniére que le temps
terminal de la relaxation de contrainte mesuré par des expériences classiques de rhéologie.

Abstract. — Static and Dynamic Light Scattering experiments were carried out on aqueous
micellar solutions of hexadecyltrimethylammonium bromide (CTAB) in the presence of potas-
sium bromide (KBr) as a function of surfactant volume fraction, temperature and salt content.
This study confirms strikingly the analogy between the behaviour in semi-dilute regime of elon-
gated micellar systems and polymer solutions. In particular, the time autocorrelation function
of the scattered field is found to be bimodal. The results concerning the slow relaxation process
can be accounted for by the theoretical models describing the coupling of concentration fluctu-
ations to viscoelasticity. In particular the behaviour of the slow viscoelastic time as a function
of temperature, salt content and surfactant concentration parallels that of the terminal time of
the stress relaxation measured by a conventional rheological apparatus.

1. Introduction

In some systems, the micelles present in aqueous solutions of surfactants can undergo uniaxial
growth upon an increase of surfactant concentration and/or upon addition of salt [1,2]. When
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this unidimensional growth is highly favored by an appropriate choice of the surfactant/salt
couple, the micelles become very long rod-like aggregates which, on a length scale larger than
the persistence length, are flexible and resemble polymer molecules [3-9].

The existence of polymer-like phases associated with the formation of long flexible cylinders
has been predicted by Safran et al. [10]. In the last years, numerous experimental studies have
enforced the analogy between polymers and worm-like micelle solutions {1,2].

The strongest evidence in favor of very flexible micelles was obtained in studies performed in
the semi-dilute regime, i.e., at surfactant concentration large enough that the elongated micelles
overlap, forming a transient network [1,2]. In this regime, the systems exhibit a viscoelastic
behaviour, very reminiscent of that of entangled polymer solutions [11-26]. However, there
are two major differences between polymer solutions and worm-like micellar systems. The
first difference is related to the self-assembling nature of the process of formation of elongated
micelles, that leads to equilibrium polymers with a broad distribution of micellar sizes [1,27,28].
The average micellar length L grows with increasing surfactant volume fraction ¢ and salt
content. For neutral or highly screened systems, the growth is characterized by a simple power
law increase with exponent 1/2. The second difference is due to the fact that the worm-like
micelles can break and recombine on a time scale which is dependent on the system and on
the physicochemical conditions.

One expects then a solution of semi-dilute worm-like micelles to behave as an entangled
network of polymer molecules if observations are made on a time scale shorter than the time
Threak 1OT scission or recombination. In this case, the properties of the system depend only
on the correlation length £ that can be visualized as the mesh size of the transient network
of overlapping cylindrical micelles. These properties can be characterized through the mea-
surement of the intensity of scattered light I; and of the cooperative diffusion coefficient D,
which are both associated with collective modes of the network, and the high frequency elastic
moduli. All these parameters are insensitive to the overall length of the micelles and to the
micellar kinetics. Previous experimental studies have shown that I; and D, obey power laws of
the surfactant volume fraction with exponents close to those predicted for semi-dilute polymer
solutions [4-6,29].

At time scales longer than 7yreak, the reversible breaking down of elongated micelles has
an important influence on the dynamic properties of these systems [2]. Cates has extended
to equilibrium polymers the reptation theory which describes the rheological properties of
unbreakable chains in the entangled regime [30-32]. Cates’s model predicts several rheological
regimes depending on the relative rates of diffusive polymer motion and reversible breakdown
processes. In particular, a nearly single exponential stress decay function is predicted in the
linear viscoelastic response, in the limit where the micelle breaking time is short compared to
the reptation time 7., of the micelle of mean length. Deviations from this behaviour appear at
a arcular frequency w of the order of the inverse of T,reax, due to the occurrence of breathing
and Rouse modes [33].

A large number of rheological experiments has been performed recently on worm-like solu-
tions and a good agreement was observed between theoretical predictions and experimental
results on several systems [1,2]. However, significant deviations from this picture were ob-
served in the limit of very high salt concentrations. In particular, it was shown that micel-
lar solutions of hexadecyltrimethylammonium bromide (CTAB) [24] and hexadecylpyridinium
chlorate (CPCl0O3) 25,34, 35] in the presence of an excess of KBr and NaClOj3, respectively,
even though they form extremely long worm-like micelles exhibit an amazingly high fluidity
and also a weak dependence of the viscosity on ¢, that cannot be accounted for by the coupled
reptation-reaction model of Cates [30-33]. It was suggested that this anomalous behaviour
was associated with the formation of crosslinks by fusion of micelles, leading to a solution
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of branched micelles. A recent model of reptation of polymers undergoing reversible scission
shows that the zero-shear viscosity and its concentration dependence are reduced with respect
to those of entangled linear micelles [36]. Contrary to the case of ordinary branched polymers
where the distribution of branch points in a molecule is quenched, here the connections can
move along the cylindrical part of the micelles, which speeds up the diffusion of the micelle
within the tube.

Another approach to the dynamical properties of polymeric systems rests on the analysis by
dynamic light scattering of the long time behaviour of the correlation function of the concen-
tration fluctuations. It was shown theoretically that when the coupling of the concentration
fluctuations to the viscoelasticity is present, the time correlation function of the concentration
fluctuations is bimodal, consisting of a single-exponential decay characterizing the cooperative
diffusion and a distribution of relaxation modes associated with the relaxation of the longi-
tudinal stress tensor of the binary solution [37]. The amplitude of the slow component in
the spectrum of scattered light becomes more pronounced as the solvent quality is decreased.
Experimentally it is found that, although the cooperative diffusion process dominates, slow
modes are present in semi-dilute solutions in theta solvent [38]. There has been some contro-
versy about the origin and the concentration dependences of the amplitude and of the average
relaxation time associated with these modes. However the experiments of Adam and Del-
santi [39] provide strong arguments in favour of the scheme proposed by Brochard and de
Gennes, based on a transient gel model [40]. In the case of polymer solutions in good solvent,
it seems well accepted now that there is no slow mode in the spectrum of scattered light [38].
However, it must be mentioned that the amplitude of such a mode is very small under good
solvent conditions. In solutions of worm-like micelles, bimodal time correlation functions of
scattered light have been reported recently by Brown et al. [41].

In this paper, we report light scattering experiments performed on aqueous micellar solutions
of CTAB in the presence of 0.5M KBr for concentrations (w/v) ranging from 0.01% to 15% and
at temperatures from 30 °C to 45 °C. Also, experiments were performed on a CTAB solution
at ¢ = 0.1 g/cm?® as a function of the KBr concentration (0.5 to 2.5M). It is shown that the
time correlation function of the concentration fluctuations is bimodal. The rate constant of the
fast mode is equal to g2 D, where g is the amplitude of the scattering wave vector. The slow
mode is g-independent. The experimental variations of the relaxation time with surfactant
concentration and temperature are compared to those of the terminal time measured by means
of rheological experiments. This comparison allows one to conclude on the viscoelastic origine
of the slow mode.

2. Theoretical Background

2.1. MICELLAR KINETICS. — Detailed results concerning the stress decay function were ob-
tained from a computer simulation by Turner and Cates [42} and from a Poisson renewal model
by Granek and Cates [33] for various values of the ratio { = Threak/Trep- The assumptions made
for the calculation of the complex shear modulus G*(w) are the following:

Firstly, it is assumed that when a chain breaks, the two daughter chains become uncorrelated
and evolve separately. This implies that each micellar end recombines with a randomly chosen
micellar end and not with the original partner end.

The second assumption is that the only mode of stress relaxation is a reptation process.

The chemical relaxation process is the reversible unimolecular scission, characterized by a
temperature-dependent rate constant & per unit time per unit arc length, which is the same
for all elongated micelles and is independent of time and of volume fraction.
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Such assumptions are strictly valid in the entangled regime when reaction rates are deter-
mined by the local motion of chain subsections and not the diffusion of polymers over distances
large compared to their radii of gyration. The micelle breaking time Tpreak is found to be given
by:

Tbreak = (kf)_—1 ~ k_1¢—1/2 exP[_Esmss/szT] (1)

where kp is the Boltzmann constant, T' the absolute temperature and Figs is the scission
energy of the micelle that represents the excess free energy for a pair of hemispherical endcaps
relative to a rodlike region containing an equal number of surfactants [1,10,30-32]. The above
relationships have been derived for nonionic micelles or ionic micelles at large ionic strength.

2.2. STRESS RELAXATION. — In the semidilute range, i.e., at surfactant concentration large
enough for the elongated micelles to overlap, the systems exhibit a viscoelastic behaviour very
reminiscent of that of transient polymeric networks [1,2]. In polymeric systems, the viscoelastic
properties are described by a model based on the reptation theory [43-45]. However, the
“living” character of the micelles provides additional pathways for disentanglement. Several
regimes of behaviour are predicted depending on the relative values of Tyep and Tirear Of 2
polymeric micelle with a length equal to the average micellar length L. When Tpreak is long
compared t0 Tyep, the theory of reptation of polydisperse polymers should apply, leading to a
strongly nonexponential stress relaxation function p(t) given by:

p(t) ~ exP[_al(t/Trep)1/4] (2)

where o’ is a constant.

In the opposite case where Threak < Trep, the micelle breaking plays an important role in the
viscous flow process as first stressed by Hoffmann et al. [11-14]. The model of Cates predicts
an almost pure exponential form of the stress relaxation function with the terminal time [30].

TR ~ (’rbreak'rre]:a)l/2 (3)

A single exponential stress decay has been indeed reported in many studies on different sur-
factant systems [1,2].

Later, the renewal model has been used to analyze in detail the crossover to a rapid scission
regime in which chain diffusion between scission events is dominated by breathing modes. The
variation as a function of the circular frequency w of the complex shear modulus G*(w) can
then be described with two parameters: the ratio { = Tyreak/7rep and the ratio l /f of the
entanglement length I, over the average size L .

Typical Cole-Cole plots representing parametrized variations of the storage modulus G'(w)
as a function of the loss modulus G”(w) are given in Figure 1 for l./L = 0.1 and for different
values of ¢ (0.1, 1 and 10).

It is seen that the Rouse part of the spectrum leads to a strongly increasing G" at high

frequency, thus creating a clear dip in the Cole-Cole plot. It was found that provided Threak > Te
the value of G” at the dip obeys [33]

G::nn/G;o = "ue/Z (4)

Where 7 is the Rouse time of an entanglement length ., G, is the plateau modulus and A is
3 constant of the order of 1. For very small Tyreak (€.8., & small multiple of the entanglement
time 7.) a large departure from Maxwell behaviour is seen, due to the increasing influence of
the Rouse regime at high frequency, but then G, does not have the same meaning.
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Fig. 1 — Calculated Cole-Cole plots from reference [33] for three values of {. The imaginary and real
parts of the shear modulus have been normalized by Gi1.., the maximum of G".

2.3. DYNAMIC LIGHT SCATTERING. — We first recall the main conclusions of the theoretical
studies on the normalized dynamical correlation function ¢g{!)(g,t) of polymer concentration
fluctuations in semidilute solutions of unbreakable polymers, defined as

_ < bc*(q,0)0c(q, t) >

Where 6c(g,t) and dc(g,0) represent a fluctuation of polymer concentration of wave vector g
at time ¢ and zero, respectively, and g is given by:

g = (41n/ ) sin(6/2) (6)

where n is the refractive index of the solution, Ay the wavelength in the vacuum and 6 the

scattering angle.
Using a transient gel model, de Gennes developed a scaling theory for semidilute solutions

in thermodynamically good solvents [46,47]. The main prediction of the theory is that the
dynamical behaviour of the solution can be described in terms of a single characteristic length,
the correlation length £. As a consequence, the time correlation function of the concentration
fluctuations decays according to a purely exponential relaxation characterized by a gel diffusion

coefficient
M, + K
D, = -gTDC )
where M, and K are the gel modulus and the osmotic modulus, respectively, and D, is the

cooperative diffusion coefficient given by:

kT
e = (8)
67n0én
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where £y is the hydrodynamic correlation length that scales like the static correlation length
£ and ng is the solvent viscosity.

The correlation length £ and consequently the cooperative diffusion coefficient D, follow
simple scaling laws to dilution according to

6 ~ c—0.77 and Dc ~ CO 77 (9)

The above behaviour is expected to be observed only in the limit of infinite molecular weight
of polymer molecules. In fact, different experimental studies show that D, follow a power law
to dilution with exponents varying between 0.6 and 0.8 depending on the system [38].

The above result is obtained under the assumption that the relaxation time 7p for complete
disentanglement of one chain from the others is much longer than the time range explored in
dynamic light scattering. At low frequency the gel modulus becomes negligible in equation
(7) and Dy becomes equal to D.. Later on, the theoretical study was extended to the case of
semidilute solutions in theta-solvent [40] and of polymer mixtures [48-50]. It was shown that,
whereas in the long-wavelength, low frequency limit, g (g, t) was still a simple exponential
decaying as exp(—D.¢?t), above a small threshold g; «« N.N~3/2 (N and N,, being the numbers
of links per chain and per entanglement length, respectively), two relaxational modes were
predicted: a fast gel mode with the characteristic time

1
= 10
n=p (10)
and a slow hydrodynamic mode with the time
D
T, o~ 'rrepD—g (11)

The above predictions have been experimentally verified by Adam and Delsanti [39]. They
observed for semidilute polystyrene solutions in cyclohexane a g2-dependent collective diffu-
sion mode and a single g-independent relaxation viscoelastic mode. Later on, several other
theoretical studies were published on this subject. Wang used a hydrodynamic theory to take
into account the coupling of the concentration fluctuations to the viscoelasticity and showed
that the model could be used to describe the dynamical behaviour of any viscoelastic liquid,
the slow relaxation time being then the stress relaxation time [51]. Doi and Onuki presented
phenomenological hydrodynamic equations for entangled polymer blends as generalization of
those for polymer solutions [52]. Semenov derived a full treatment where the relaxation of
concentration fluctuations takes into account both deformation of the entanglement network
and the direct effect of the reptation motion of polymer chains [37]. In reference [40], only the
first effect was considered, leading to the prediction given by equation (11).

In Semenov’s approach, three stages of relaxation of concentration fluctuations are predicted.
The first stage is due to cooperative deformation of entanglement network and is characterized
by a time 77! o< ¢?N°. The second stage is a Rouse-type relaxation of the macromolecular
tension along the tube with a relaxation time . The last stage associated with the reptation
process is characterized by a spectrum of relaxation times between 7., and Tgr; TR is the
terminal time of the stress relaxation function and is proportional to N3, and 7y, depends on
q and N on a complicated way depending on the relative value of the size of the macromolecule
with respect to the inverse of the scattering vector. The variation of the three characteristic
relaxation times 7¢, Tp and 7:ep as a function of ¢!, as calculated by Semenov is reported in
Figure 2. The ¢~'-domain investigated in our experiments extends on both sides of the value
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Fig. 2. — Schematic (double logarithmic) plot of cooperative (7.), Rouse (7r) and reptational (7 ep)
relaxation times versus g7, b is the tube diameter, and a, the length of the statistical unit (from
Ref. [37]).

¢~' = R (R, end-to-end distance), in a range where, Trep i8 Toughly g-independent and vary
as:
Trep ~ ToN2q° (12)

where 7o is the characteristic microscopic time. Semenov has also calculated the amplitudes
of the different relaxational contributions. As a rule, the amplitude of the first cooperative
stage A is the largest, and the amplitude Ag of the second “Rouse” stage is the smallest.
Considering the reduced amplitudes of the three relaxation stages and the corresponding nor-
malized correlation function g;(t), gr(t) and grep(t) with g¢(0) = gr(0) = grep(0) = 1 and
Ac + AR + Arep = 1, we find the following relationships:

A = M:i K
Agp =~ %%/I(i for gR > 1 (13)
and L K
¢ Mg+ K
Ag =~ %—AI—J(E forgR <« 1 (14)

In good solvent conditions Mg /K < 1, in which case the cooperative diffusion process dom-
inates. Typically, M,/K is of the order of 5 x 1072 and this explains why the slow mode is
difficult to detect in semi-dilute solutions of “classical polymers”. On the other hand, in theta
solvent where M, /K ~ 1, the amplitude of the slow mode can become comparable to that
of the fast one. As for the Rouse mode, its amplitude in the regime ¢gR > 1 is negligible,
whereas in the low g range, it becomes comparable to that of the reptational time. However
it can be seen in Figure 2 that the relaxation times associated with Rouse-like and reptational
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processes are also rather close, so that it seems very difficult to separate experimentally these
two contributions.

Turning now to the worm-like micelles, one expects to observe a behaviour qualitatively sim-
ilar with a fast cooperative mode and a g-independent slow viscoelastic relaxation. The latter
should be controlled by the stress relaxation process described in the preceding paragraph. In
particular we should observe a single exponential behaviour in the long time scale, followed
by deviations from exponentiality at times of the order of 7prear and eventually a mode cor-
responding to the Rouse relaxation. Inspection of Figure 1 shows that we can characterize a
typical frequency w. and therefore a characteristic time t. = 1/27w, beyond which the stress
relaxation can be approximated by a single exponential. This will be used in our analysis of
the experimental data.

3. Materials and Methods

The CTAB preparation, purification and characterization have been reported [53].

For light scattering measurements, the CTAB solutions were filtered through 0.22 pm Milli-
pore filter into the cylindrical scattering cell. The scattering vector g ranges from 3 x 10~ to
3 x 10~3 A-1, In Dynamic Light Scattering (DLS) experiments, we measure the normalized
time autocorrelation function g(®(q,t) of the scattered intensity:

@ . <I@0Ig) >
g7 < I(g,0)2 >

(15)

The latter can be expressed in terms of the field autocorrelation function or equivalently to
the autocorrelation function of concentration fluctuations g(!)(g,t) through:

9(g,t) =1+ BlgM (g, 1)) (16)

B is a coherence factor which in our experiments is equal to 0.90 — 0.98.

Static Light Scattering (SLS) and Dynamic Light Scattering (DLS) experiments were per-
formed by means of a spectrometer equipped with an argon ion laser (Ao = 488 nm), an ALV
5000 correlator and a computer controlled and stepping motor driven variable angle detection
system. In SLS experiments, we measure the excess of scattered intensity I(q) with respect
to the solvent. No correction into absolute scattering intensities AR(q) (i.e., excess Rayleigh
ratio) were made, as we were only interested in relative variations of the scattering intensity.

The rheological experiments were performed on a Carrimed CSL apparatus (controlled
stress). We used a plane-plane geometry, the diameter of the planes being 40 mm. A small
amplitude oscillatory shear flow is applied to the investigated sample. From the phase lag of
the corresponding shear stress and the ratio of the amplitudes of the imposed oscillation and
of the response of the solution are calculated the storage modulus G'(w) and the loss modulus
G"(w). By plotting G’ as a function of G" we obtain the Cole-Cole plot.

4, Experimental Results

4.1. DATA ANALYSIS

4.1.1. Stress relaxation. — Figure 3 shows typical experimental results relative to the frequency
dependence of the complex shear modulus for a CTAB solution at ¢ = 107! gem ™3 in presence
of 0.5M KBr at T = 30 °C. In the low-frequency range that corresponds to the left side of
the Cole-Cole plot, the data fit a half-circle centered on the horizontal axis, characteristic
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Fig. 3. — Experimental Cole-Cole normalized plot (filled circles). The dotted line represents the
calculated Cole-Cole plot disregarding non-reptative effects fitting best the experimental data ((=0.06).
Also represented is the osculating semicircle at the origin, ¢ = 0.1 gcm™2, [KBr]= 0.5M and T = 30 °C.

of a Maxwellian behaviour. At higher frequencies there are deviations from this behaviour
that are closely linked to the ratio { = Threak/Trep- TO determine the ratio ¢ we can use the
procedure described in reference [23] based on the superimposition to the experimental data of
the theoretical Cole-Cole plots that disregards non-reptative high-frequency effects, calculated
for different values of {. In Figure 3 we have plotted the osculating circle (full line) at the
origin and the theoretical Cole-Cole plot that fits the data best. From such a fit we determine
C = Tbreak/Trep = 0.06.

The low-frequency data or low-shear measurements yield the zero-shear viscosity n. An
estimate of the plateau modulus is provided by Gesc given by the maximum of the osculating
circle at the origin. In doing so, we slightly underestimate G, that should be measured
by extrapolation of the Cole-Cole data to the horizontal axis, but often this extrapolation is
delicate, due to the insufficient frequency range explored experimentally.

The stress relaxation time TR is obtained by combining the values of 7 and G/ according

to:
n~ G Tr (17)

Then by combining the values of Tr and ¢ we can determine both yep and 7ureax . For the
case of the 0.5M KBr CTAB solution at ¢ = 0.1 g/cm® and T = 30 °C, the results of Figure 3
lead to Tpreax =0.106 s.

In Figure 3 we do not see the clear dip in the Cole-Cole plots shown in the theoretical
plots of Figure 1 and associated with the Rouse part of the spectrum. However, the break
observed at high frequency is likely to correspond to the occurrence of Rouse modes. Taking
the corresponding value of G as Gy, and measuring G, by extrapolation of the Cole-Cole
data to the horizontal axis, we have G, /G.L, ~ 0.1 that according to equation (4) is also

et min
equal to Ale/L.
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The entanglement length [, can be estimated from the relation
G, = kpT/¢® = kpT/12/5, (18)

where it has been assumed that we are under good solvent conditions. From the above equation
l. is estimed to be 372 A for the sample at ¢ = 0.1 gem~3. By using equation (4) and assuming
A =1 we obtain L = 3720 A. This value must be considered only as an order of magnitude
because of both the approximations used in equations (4) and (18) and the uncertainty in the
determination of I./L.

Two other parameters that will be relevant for the discussion of the DLS results are the
frequency fmax at which G” goes through a maximum to which corresponds a characteristic
time Tmax = 1/27 fmax, and also the characteristic time ¢. at which the data depart from the
osculating circle. The data of Figure 3 lead to t. ~ 0.035 s.

4.1.2. Scattered Intensity. — Plots of c¢/I(q) versus ¢q*> were extrapolated to ¢ = 0 to give
intercepts ¢/7(0). In dilute solution, the average radius of gyration Rg was determined from
the intercept and the slope of these plots using a Lorentzian scattering law of the form:

c c ¢’Rg
I@>=Iw)P+ 3 ] (19)

In the semidilute regime, a similar expression allows one to determine the static correlation
length £ according to:

c __° 2,2

g~ 7o) e 20
4.1.3. Normalized Time Autocorrelation Function of Scattered Field. — Figure 4 shows log-log
plots of g*)(g,t) for 0.5M KBr solutions of CTAB at different surfactant concentrations and
at T = 33.2 °C. In the low concentration range g{!)(q,t) is a single exponential, whereas at
high concentration, the autocorrelation function of scattered field can be described by a sum
of two relaxations widely separated in time. As shown later on, the systems for which a single
relaxation process is observed turn out to be in the dilute regime, whereas the other systems
are semi-dilute solutions. The scattering angle dependence of g{!)(g,t) is illustrated in Figure
5a. Figure 5b gives the same correlation function in a representation where the time axis has
been multiplied by sin?(6/2). The inspection of Figure 5 shows clearly that the fast mode is a
diffusive one with characteristic time inversely proportioned to ¢?, whereas the slow mode is of
a viscoelastic nature, the characteristic time being independent of q. To analyse the data we
have used the following procedure. For dilute solutions, characterized by a single relaxation
mechanism, we have adopted the classical cumulant analysis [54]). This analysis provides the
variance of the correlation function and the first reduced cumulant (7¢?)~! where 7 is the
average relaxation time of g()(g,¢). The extrapolation of (rg%)~! to ¢ = 0 yields the values
of the mutual diffusion constant D. The latter is related to the average hydrodynamic radius

Ry of the micelles through

D= ksT

67no Ru

In the semidilute regime, characterized by two distinct relaxation processes, we proceed as fol-
lows: first we plot in semi-log coordinates the function g{*)(g, t) obtained by means of equation
(16). An example is given in Figure 6 relative to a 0.5M KBr solution of CTAB at ¢ = 0.1
gem™3. One clearly sees in the long time scale an asymptotic behaviour that can be described
to the first approximation by a straight line. This linear behaviour is obtained (for the exemple
presented in Fig. 6) at times ¢ >~ 10 ms. This corresponds roughly to the time range ¢t > t.

(21)
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Fig 4. — Log-log representation of g{*)(q,t) for different surfactant concentrations.

for which we observe a semi-circular shape of the Cole-Cole plot in rheological experiments
(see preceding paragraph). From the slope and the intercept of the straight lines we can de-
termine the slow relaxation time 7, and the corresponding relative amplitude A;. As for the
ﬁ(rs)t cumulant associated with the fast mode ¢, it can be obtained from the initial slope of
gM(g,1).

Another method to determine 7, and 7¢ is the Contin method developed by Provencher [55]
and based on the Laplace transform of g(*)(g,t). In the present case, this method can be
used quite safely as the two relaxation processes are widely separated in time. If the spectral
profile of the scattered light can be described by a multi-Lorentzian curve, then g(!)(g,t) can
be written as

0= [ ~ G(r)eTHdr 22)
0

where G(T') is the normalized decay constant distribution. Figure 7 shows a typical example
of results obtained by applying the Contin method to our data. We clearly distinguish the
slow and the fast modes and in most cases, like in the example of Figure 7 an intermediate
mode of small amplitude. The meaning of such a mode will be discussed later. From the fast
component of G(I') we extract the first cumulant. From the slow component we can determine
different averages of the slow relaxation times. As long as these relaxation times are not too
long we can measure up to 4 averages corresponding to the moments of the distribution of
order 0 to 3 and labelled 7,(? to 7,(3). It is then found with a quite good accuracy that 7,
coincides with the relaxation time obtained from the asymptotic behaviour of g(1)(g,t) at long
times shown in Figure 6. Thus 75(3) represents the longest time of the distribution. However,
as the relaxation times become very long, that is at high surfactant concentration and/or high
salt content, the determination of the high moments of the distribution becomes inaccurate
with large fluctuations in the values obtained from one experiment to another. In these cases
we restrict ourselves to the measurement of 7(%).
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4.2. CORRELATION LENGTHS AND OsSMOTIC COMPRESSIBILITY. — Figures 8 show the sur-
factant concentration dependence of £ and £ as measured according to the procedure described
in the section “Data analysis” for 0.5M KBr solutions of CTAB at T' = 33.2 °C. One observes
the behaviour already reported for other micellar systems [38] that is, first an increase of the
correlation lengths, that go through a maximum to decay at high surfactant concentration.
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Fig. 7. — Distribution function of decay times A(t) obtained by the Contin method.

The maximum of £ and £y corresponds to the crossover concentration c* between dilute and
semi-dilute solutions. Below c* the chains are separated from each other and the correlation
lengths ¢ and £ can be identified to the first approximation to Rg/ V'3, the radius of gyration
(cf. Egs. (19,20)) and Ry, the hydrodynamic radius, respectively. Both Rg and Ry increase



778 JOURNAL DE PHYSIQUE II Neg

1000 1000 -
(@) ] b) ~
] ® 2 .
<C ° °
~— o o I
wr )
] .
.
.
100 100
T e
10 102 102 10t 104 10° 102 10°
3
c (gcm-
c (gcm'a) (g )
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[KBr]= 05M, T = 33.2 °C The straight lines are the best linear fits to the data in the semi-dilute
regime.

upon increasing surfactant concentration because L ~ c!/2. Above c* the correlation lengths

are correlated to the “blob” size, i.e., the mesh size of the transient network that decreases
upon increasing concentration. The behaviour at ¢ > ¢* of £ and £y is described by power laws
€ ~c %51 and &g ~ ¢ 07, respectively. The latter is in good agreement with the theoretical
prediction of equation (9) derived for good solvent conditions. As for the static correlation
length, the domain of concentration investigated is not large enough to measure the exponent
of the power law with a good accuracy. It can also be pointed out that the variance is equal
to 0.1 in the dilute regime and decreases significantly in the semidilute regime to the value of
0.01. This behaviour already reported in previous studies [4-6] can be explained by the large
polydispersity in size of the micelles that affects the scattered signal only in the dilute range,
since in the semidilute regime one probes collective motions that depend only on £.

Further information on the concentration dependence of the correlation length is given by
the zero-q limit of the scattered intensity. The latter is related to the osmotic modulus through

-1
AR(0)=kK'K =kc (%EI-) kT (23)

. an\?
where k' is a constant for a given system k' = 472n? (—éz) Ao 4 and II is the osmotic pressure.

In the dilute regime, one can use a virial expression for the osmotic pressure and equation
(23) becomes

AR(0) ~ k'cMw(1 — 24; Mwe + ...) (24)

where M is the weight average molecular weight.

As Mw increases with concentration for surfactant systems, then AR(0) increases also.

In the semi-dilute regime, the scattered intensity becomes independent of the molecular
weight of the worm-like micelles and its concentration dependence can be described by a power



N°6 DYNAMICAL PROPERTIES OF WORMLIKE MICELLES 779

[ ]
& o
100
1 ®
S 1 =)
8 ]
— [ ]
=4
1 e
) ® [KBr]=05M
° O [KBr=2 5M
S
10+ 103 102 10
c (gem-3)
Fig. 9. — Effect of surfactant concentration on the scattered intensity extrapoled at zero-q, (@)

[KBr]= 0.5M; (O) [KBr]= 2.5M; T = 33 2 °C. The straight lines represent the best linear fits to the
data in the semi-dilute regime.

law of the form [38,47,56].
AR(0) —0.31
e "¢ (25)
still assuming good solvent conditions.

According to equations (24) and (25), the scattered intensity should go through a maximum,
in the vicinity of ¢*. This is what we observe in Figure 9. In the semidilute regime, the data
relative to the 0.5M KBr solutions fit a power law with an exponent —0.35, which within
the experimental accuracy is in agreement with the theoretical prediction (Eq. (25)). For the
solutions with 2.5M KBr, the best fit is obtained for a scaling exponent equal to —0.48. We will
discuss later on the behaviour of systems at high salt content. The temperature dependences
of the hydrodynamic correlation length for a 0.5M KBr solution of CTAB at ¢ = 0.1 gcm™3
is reported in Figure 10. One observes a slight decrease of this parameter with temperature.
This effect is however within the limits of the experimental accuracy.

The effect of the salt content on the hydrodynamic correlation length and on the zero ¢
scattered intensity is shown in Figures 11. One observes a net decrease of the scattered intensity
upon increasing the salt content whereas the hydrodynamic correlation length exhibits a small
minimum at [KBr]=2M.

4.3. LINEAR VISCOELASTICITY. — In Figure 12a are reported the variations with the tem-
perature of the different moments of the distribution of relaxation times 7,(*) measured from
the Contin analysis for a CTAB solution at ¢ = 0.1 gcm ™2 in the presence of 0.5M KBr. In
the same figure are reported the relaxation times 7Tmax Obtained from the maximum of the
Cole-Cole plots in rheological experiments. It can be observed that 7.,.x is rather close to
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7.3, that is, the longest time of the distribution. In fact, the different moments 7,(") exhibit a
similar behaviour as a function of temperature as shown in Figure 12a where have we plotted
the variations of 7, normalized at T = 33.2 °C Figure 12b. Figure 13 illustrates the effect of
the salt content on both 74(®} and 7ma,. One observes in both cases a maximum at 2M KBr.
The values of 7{®) are too large to be measured at high KBr concentration as explained in the
section “Data analysis”.

In Figure 14 is reported the variation with CTAB concentration of the measurable moments
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75() of the distribution of relaxation times in 0.5M KBr solutions. The ¢ dependence (from 0.09
to 0.15 gem™3) of 75(® can be described by a power law with an exponent 1.03. Scaling laws
were reported for the terminal time of the stress relaxation in the same systems at different
KBr contents [1,24]. The exponent appears to be dependent on the salt content and the result
obtained here is consistent with the previously obtained values.
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5. Discussion

5.1. CORRELATION LENGTHS AND OSMOTIC COMPRESSIBILITY. — The ensemble of the ex-
perimental results reported above provides a confirmation of the analogy between worm-like
micellar systems and polymer solutions. In this respect, the behaviour of the correlation lengths
and of the osmotic compressibility as a function of the surfactant concentration, that was al-
ready reported for other systems [1,4-7], is quite characteristic: the maxima of the correlation
lengths and of the zero-g scattered intensity observed in Figures 8 and 9 are the signatures
of the cross-over between the dilute regime where one probes the micellar size that increases
with surfactant concentration and the semi-dilute regime where the scattering is controlled
by the correlation length that is a decreasing function of the surfactant concentration. In
fact, the comparison of Figures 8 and 9 shows that the maximum of I; is shifted towards
higher concentrations with respect to the maximum of £ and £u. Such a behaviour, already
reported [4-6,57], can be explained if we consider the full expression of the zero-g structure fac-
tor S(0) for solutions of flexible chains derived by Ohta and Oono on the basis of conformation
space renormalization group theory [58]:

S(0)' =1+ % [9:1: -2+ gln—(lf—”’l] exp [i (% + (1 - x—I;:) In(1 + x))] (26)

where z = ¢/c”.
The excess of Rayleigh ratio AR(0) is given by:

AR(0) -
e < S0O)L (27)

For micellar systems the average length I varyes with surfactant concentration according to
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L ~ c!/2. The curve reported in Figure 15 is the best fit to the data of equations (26) and
(27), where the two adjustable parameters are ¢* and the constant in front of the right side of
equation (27). The best fit is obtained with c* = 3.4 x 1073 gem™3. It can be seen that c* is
smaller by a factor of ~ 3 than the concentration at which the scattered intensity is maximum,
and of the same order as that corresponding to the maximum of the correlation lengths (cf.
Fig. 8). The same approach has been used previously to analyse the light-scattering data in
polymer-like reverse micelles by Schurtenberger and Cavaco [59]. In the fit of Figure 15, the
effect of size polydispersity of micelles has not been taken into account. This would slightly
modify the crossover concentration ¢* and also the shape of the curve in the dilute regime.
Also the c!/2 micellar length dependence was derived by using a mean field model. A scaling
approach for semi-dilute solutions predicts a c® ¢ variation of L [30].

The effect of the temperature on the scattering properties in the semi-dilute range is also in
agreement with the theoretical predictions made for semi-dilute solutions of classical polymers
in good solvent. In the latter case £ can be written as [38,47,56]:

= o~ 1/4,-3/45-1/2 (28)

where v is the excluded volume parameter and a the length of the statistical unit, that is
the natural persistence length in the case of micellar systems. Here we have taken the Flory
value 3/5 for the exponent v giving the size R of one coil in a good solvent as a function of
the polymerization index N. The only effect of T on £ must be through the excluded volume
parameter and/or the persistence length £, of the micelle. The first effect leads indeed to a
decrease of £ but it must be very weak since it is generally assumed that the good solvent
is athermal with respect to the macromolecule conformation. However in micellar systems,
the excluded volume parameter should be taken rather as a phenomenological parameter that
takes into account a possible effect of ionic atmosphere. As for the effect of the persistence
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length it is also weak and acts in opposite direction since this parameter is given by [10]:

K.
€p ~ T (29)

where K, is an elastic constant.

Therefore only the increase of the excluded volume induced by an increase of temperature
can explain the observed very weak decrease of the correlation length £g.

Finally, considering the effect of salt content, illustrated in Figure 11, the observed behaviour,
that is, a decrease of both the hydrodynamic correlation length and the zero-q scattered in-
tensity upon increasing salt concentration is rather unexpected. According to equation (28),
a decrease of the correlation length or equivalently an increase of the osmotic pressure can be
produced by an increase of either the excluded volume parameter v or of the persistence length
&p- Tt is rather unlikely that the salt could induce such effects as generally the addition of salt
leads to a phase separation that is the signature of attractive interactions and therefore of a
negative excluded volume parameter. Another interpretation is based on the possible forma-
tion of branched micelles at high salt concentrations suggested first by Porte et al. [60]. Such
an effect has been suggested to interpret the results of rheological experiments [24, 25, 34, 35].
We shall discuss this point in the next paragraph. The enhancement of the osmotic pressure
by the polymer branching has been predicted theoretically [61] and found experimentally [12]
in solutions of classical polymers. In this case, however, the comparison concerned a system
of monodisperse linear polymers and a broad distribution of randomly branched polymers.
The increase of the osmotic pressure for branched systems was due to the presence of small
aggregates that were able to penetrate the big ones. Here we are dealing with a system that
transforms upon addition of salt from a solution of polydisperse linear micelles to a solution
of polydisperse branched micelles, the total micellar length being kept constant. The effect
of such a transformation on the osmotic pressure is not trivial. In any case the experimental
results of Figures 11 indicate without ambiguity that, if there is branching, it increases the
osmotic pressure. One must also note that the systems at high salt contents exhibit a larger
concentration dependence of the zero-g scattered intensity (cf. Fig. 9).

5.2. VISCOELASTICITY. — The main conclusion to be drawn from the analysis of the slow
mode is that the corresponding characteristic time is close to the terminal time of the stress
relaxation, in good agreement with the theoretical predictions. Another interesting confronta-
tion to the theory can be made by examing the behaviour of the relative amplitude A,ep of
the slow mode. According to equations (13) and (14) this amplitude depends only on the ratio
M, /K with a prefactor that is larger for ¢Rg > 1 than for gRg < 1. In our experiments we
observe a slight decrease of the amplitude of the slow mode upon increasing ¢. However, this
effect is not very significant as the measured amplitude can take into account part of the Rouse
contribution (that can vary with ¢) in addition to the reptational contribution. In this respect,
we can remark that for worm-like micelles the terminal time of the stress relaxation and the
Rouse time are closer than in classical polymers because of the breaking process that speeds
up the relaxation.

Furthermore, if we assume that both moduli exhibit the same scaling as a function of surfac-
tant concentration, we expect the relative amplitude at a given scattering angle be independent
of c. This is what is observed within the experimental accuracy for the data in Table I, relative
to systems with 0.5M KBr and T' = 33.2 °C.

The behaviour of A, with the salt content is more surprising. One observes {Tab. I) a
slight increase of A,., with [KBr] that suggests that the quality of the diluent becomes poorer.
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Table I. — Vartation of the amplhitude of the slow mode as a function of surfactant concentra-
tion, KBr concentration and scattering angle.

¢ (glem’) [KBr] M) 8 A, (%)
0.06 0.5 130 14.7
0.07 14.5
0.08 14.6
0.09 14.8
0.10 14.9
0.12 15.6
0.15 15.6
0.10 0.5 130 14.9
1 17 4
L5 170
2 18.7
2.5 18.0
0.10 0.5 60 17.2
90 16.2
130 14.9

This is coherent with the presence of attractive forces leading to the intermicellar branching
but does not explain the behaviour of the osmotic pressure.

The variations of the relaxation time associated with the slow mode as a function of surfac-
tant concentration, temperature and salt concentration are in agreement with the rheological
results.

Finally we come back to the observation mentioned in the paragraph “Data Analysis” that in
most cases we find an intermediate mode in the Contin procedure. According to the theory such
a mode is predicted and is associated to the Rouse contribution. Indeed the characteristic time
obtained experimentally, as in the exemple of Figure 7 is compatible with the Rouse process.
Also, the small amplitude is in agreement with the prediction of equation (13). However, the
experimental accuracy does not allow us to conclude unambiguously on that point.

6. Conclusion

The results presented in this paper show that the analogy between solutions of giant micelles
and of polymer molecules stands not only for the static properties but also for the dynami-
cal ones. In fact, the theoretical models describing the coupling of concentration fluctuations
to viscoelasticity are better verified in micellar systems than in real polymer solutions. The
behaviour of the slow relaxation process observed in DLS experiments as a function of temper-
ature, salt and surfactant concentration parallels unambiguously that of the stress relaxation.
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In this respect, the light scattering technique appears to be very powerful to analyse the vis-
coelastic behaviour of micellar systems mainly when the relaxation time is too short to be
measured easily by conventional rheological experiments. New experiments concerning this
point will be presented in a forthcoming paper.
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