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Branching and percolation in lecithin wormlike micelles studied by dielectric spectroscopy
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Lecithin water-in-oil microemulsions have been shown to form long polymerlike micelles. Dielectric spectra

of this system are characterized by two dispersions. The high frequency dispersion, related to the head-group
rotation of the lecithin molecule, displays a different dependence on water addition in the same two regimes
that show up differently in the dynamics measured with several other techniques. The low frequency dispersion
is due to a polymeric Rouse/Zimm type mode, which above a certain concentration starts to decrease and
shows the characteristics of percolation. In the high water regime the decrease of the relaxation time is
accompanied by an increase in conductivity, whereas in the low water regime the conductivity decreases.
These data are interpreted in terms of concentration induced percolation and water induced coalescence into a
connected network.S1063-651X98)05606-2

PACS numbgs): 82.70.Kj, 61.25.Hq, 77.22.d, 87.15.Da

[. INTRODUCTION In this paper we investigate possible branching in the sys-
tem of lecithin with trace amounts of water in iso-octane,
Among the various structures that form in surfactant sysusing dielectric spectroscopy. This system is suitable for a
tems, long flexible micelles of cylindrical shape have duringstudy by dielectric spectroscopy since it contains anisotropic
recent years received quite some attenfibhbecause their Structures with a high dielectric permittivity dispersed in a
physical properties, structure, and thermodynamic behaviotolvent with a low permittivity. We recently studied this sys-
are reminiscent of living polymer solutions. For example, ani€m by electro-optic birefringence for the same reascs).
overlap volume fractions* has been defined above which An advantage of dielectric spectroscopy, above other tech-
these micelles are believed to entangle so that their equiligidues that probe the dynamics of a system, is that it also
rium properties can be described by scaling thé@lyHow- ~ Measures the conductivity. The formation of a connected net-

ever, for wormlike micellesp* is not as well defined as for work containing water in oil structures can be expected to

. . have an impact on the electric conductivity, since it would
conventional polymer systems due to the broad micellar

lenath distribution. Nevertheless. at sufficiently hi hvolumeresemble the situation of percolation in, for instance, droplet-
gt - ' y hidt .~phase water-in-oil microemulsion4]. It will be postulated
fractions, experiments show perfect agreement with scalin

h f I uti ithouah th . ; at the coils or networks of wormlike micelles aggregate or
theory for polymer solutions. Although there are quite a feWeniangle upon increase of the concentration to ultimately

surfactants t_ha_t for_m these wormlike micelles_ in aqueoUsyrm a percolated network at a water-content-dependent
systems, lecithin with trace amounts of water is one of theitical value. Above a certain content of water the micelles
few systems that forms reverse wormlike micelles in organiG,ot only aggregate or entangle but also form junctions so that
solvents. In this system the agreement with scaling theoryhe percolating network becomes electrically conductive. It
has been demonstrated by static and dynamic light scatteringill be shown in this paper that such a percolation model is
[3]. More controversial are the dynamic properties of worm-able to describe the anomalies in the dynamics of this system
like micelles. A model that describes the dynamic behavioleported both here and in the literature.

of these so-calle@quilibrium polymersi.e., linear macro-

molecules that can break and recomtﬂlm/ers_ible scission Il. EXPERIMENTAL SECTION

has been developed by Cafd3. Many experimental obser-

vations on wormlike micelles are in agreement with this The soybean lecithin used in these experiments was ob-
model but there appear to be discrepancies as well. It itgained from Lucas MeyefHamburg, Germany type Epicu-
remarkable, for instance, that as a function of water contenton 200. It was used without further purification, which con-
in lecithin wormlike micelleg5], there initially is an enor- sequently means that it is a certain mixture of surfactants of
mous increase in the zero shear viscosity, in agreement witlifferent chain length and degree of saturatidb]. Iso-

the micellar growth observed by other technigues, but thaoctane was of analytical grade and purchased from Merck
above a certain water content the viscosity falls dramaticallfDarmstadt, GermanyWe identify the samples by their sur-
again. An explanation is that the micelles are fusing to formfactant volume fractior (taking for the density of lecithin

a connected network6]. This would reduce the viscosity p=1.056 kg/), which because of the negligible influence of
because the branch points are not chemical connections atite added water is also equal to the volume fraction of mi-
can slide along the branch§g] or act as a release of en- celles, andvg, the molar ratio of added water to surfactant.
tanglements via a transient branch pd®L In agueous sys- The abundance of water already present in the lecithin was
tems the existence of branched micelles has been demodetermined to be approximately 0.7 mol per mol of lecithin
strated by cryotransmission electron microscgpyl0,11. (by IR spectroscopy and Karl-Fisher titratjoriThis value
Unfortunately cryo-TEM experiments in organic solventsshould be added to thg, values as used here to obtain the
such as iso-octane are much more difficult to perfi@). actual water to surfactant ratio in the samples.
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Impedance spectra were recorded with an impedance ana 100
lyzer, HP4194A(Hewlett-Packard, San Diego, GAIn the e 1
high-frequency rangé100 Hz to 100 MHZ In the low- r
frequency rangéfrom 1 Hz to 10 kHz a lock-in amplifier,
SR510(Stanford Research Systems, Sunnyvale,)C#as 10
used in combination with an external signal generator,

HM3180 (Hameg GmbH, Frankfurt am Main, Germany
The analyzers were connected to cylindrical cells with vari-

ous electrode Sepal’atlons The measured Impedance was “ 1 cornl vl 2| Lol 3| Ll 4| Ll 5\ Ll 6| il 7| Lo s
terpreted in terms of a parallel circuit of a capacitance and a 110 107 107 107 10" 107 107 10
conductance, yielding both the dielectric permittivity and the (@) 14 (HZ)
conductivity versus frequency. The real parts of two different o

functions, which are both generalizations of the Debye func- [aaass o 0.0864
tion [16] describing the spectrum of a first-order relaxation (@S /m )| eeees o = 0.0036
process, were used to fit to the measured dielectric permit- i
tivity spectra. These are

(i) the Cole-Cole function

0.1

. n EsT €xn A
£ 8 l+(|(1)7')ﬁ ) v nl L sl L nl T
) _ _ 1 10 10° 10°
and (ii) the Cole-Davidson function
(b) v (Hz)

E5— €

e,t P FIG. 1. (a) Dielectric spectra fomwy=2.5 at two volume frac-
(1t+iwT) tions. In the spectrum fop=0.0864 the dispersion related 1g is
asymmetrical, and is more sharply curved at low frequengl®s.

Conductivity spectra fow,=2.5 at two volume fractions.

e=

with o the circular frequencyr the characteristic relaxation
time, andeg ande., the permittivity atwr<<1 andwr>1,
respectively. In general, if a distribution of relaxation times
is smooth and not too broad, the Cole-Cole function can b
used for an almost symmetrical distribution whereas th

Cole-Davidson function can be used in the case of a highl ; . . .
wo regimes is shown in the spectra of Figa)l For wy

asymmetrical distribution of relaxation times. In both func- . NG
tions, B describes the broadness of the distribution. The<2 the characteristic relaxation tinrg is almost constant at

higher 3 the smaller the distribution of relaxation times and W volume fractions and increases with approximately vol-
with B=1 the Debye function is recovered describing one'™€ frac“?“ squar.ed at hlgher volume fractlons_. Wy
single relaxation time. We also analyzed the spectra by af 2 there is a scaling regime at low volume fractions, see
inverse Laplace transformation routine. This did, however, @P€ I. Above a critical volume fractios, the dispersion

not give very satisfactory results since the variation in eX_becomes asymmetrical and the relaxation time decreases to-

perimental error resulted in an inconsistent way in which theVards a lower level. The increment in permittivity of this
so-called smoothness parameter had to be used in order fiSPersion scales with the volume fraction as wetie Table

obtain a regular variation of the relaxation time with volume!) @nd levels off aboves. see Fig. 20). The distribution of
fraction ¢. relaxation times in this dispersion is rather broad, with width

parameteB~0.5. In the regime of constant, 8 appears to
be constant and subsequently the distribution gets broader
with higher volume fractions, untilb,, where it becomes
Two typical relaxation spectra are shown in Figa)LIn  narrower again, see Fig(@. The volume fractiong, de-
the measured dielectric spectra we distinguish two disperereases wittw,, the molar water-to-surfactant ratio.
sions and a decrease of the permittivity at very low frequen- At high frequencies there is a dispersion that is symmetri-
cies. This decrease strongly depends on electrode spacingal and can hence be fit to the Cole-Cole function. The char-
Therefore it has to be due to the diffusion of charged paracteristic relaxation times,, for this dispersion does not
ticles over a distance comparable to this spacing, the sadepend on volume fraction but decreases wigh as is dem-
called electrode polarization; possible slower relaxation proonstrated in Fig. @). There appear to be two regimes, in
cesses will not be detected because of this electrodboth of which the relaxation time is a negative exponential of
polarization. This effect could be separated from the rest ofvy with a faster decay from 0.5 to 2 than from 2 to 4.5. The
the spectrum by choosing a sufficiently large electrode spadncrement in permittivity corresponding to this dispersion de-
ing as we proposed in Ref17]. pends linearly on volume fraction: see FighB The values
At low frequencies there is a dispersion that becomedor the width parameteg are always rather high, but clearly
asymmetrical at high surfactant volume fractions and highdifferent from 1 with a minimum fomw,=2 [Fig. 3(c)].
values ofwg. The volume fraction dependence of the char- The conductivity spectra display a plateau at low frequen-
acteristic relaxation timeg,, for this dispersion is shown in cies, see Fig. (b). The value of the conductivity at this pla-
Fig. 2(@). The closed symbols in this figure correspond toteau is shown in Fig. 4 as a function wf, and ¢. Again the

elaxation times obtained by fitting the asymmetrical Cole-
avidson function, whereas the others were obtained with
he Cole-Cole function. The qualitative difference in these

lll. RESULTS
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n TABLE |I. Fitted scaling exponents and interpretation of these
%g exponents in terms of polymer theory in combination with micellar
B 2'5 growth if Mo,

ac WO =

W, Regime T1 a, Ae; ap, o

05 ¢$<2x10°2 0.8
1.0 ¢$<2x1072 0 0 0.8 ~0 1.1
$>2x102 20 05 1.5  Conflict
1.5 ¢$<1x10? 0 0 1.1 ~0 07
1x107%< 23 065 1.7  Conflict

p<1x107?!
25 $<3x107? 22 06 2.0 Conflict 0
3.0 ¢<4x10°8 26 08 2.3  Conflict 0

107*

107

10~

two wy regimes can be observed. In the lewy regime the
conductivity increases linearly witkh at those volume frac-
tions wherer; is constanfTable |). At the point wherer;
starts to increase, the conductivity levels off and eventually
decreases. In the higl, regime the conductivity is almost
- constant for low volume fractions and increases more than
linearly with the volume fraction abové, .

We also measured the low frequency dispersiey) @nd
the conductivity atwy=2. The experimental error in these
measurements was significantly larger than for all the other
measurements, so we do not show the results here. We will
come back to this point in the discussion. Reg=0.5 the
low frequency dispersion could not be separated from the
electrode polarization in a reliable way.
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IV. DISCUSSION

=

!
,:"/ /D/Eﬂﬁ A. The low frequency dispersion

o At low volume fractions the mean relaxation time of the
0.1 ™g= 10‘—2 — "'1'6—1 — low frequency dispersion is of the order of 10s. This
(b) @ corresponds to the rotational diffusion time of a micelle with
a hydrodynamic radius such as has been determined in this
0.9 system by dynamic light scatterif@] and FRAP(fluores-
cence recovery after photobleachir[d.8], i.e., 300 A. At
higher volume fractions this relaxation time scales with the
volume fraction in approximately the same way as was ob-
served by the Kerr effecf19]. It is therefore obvious to
h 1] compare this dispersion with the rotational correlation time
of semi-flexible polymers, which can be described by the
leading mode in the model by Rouse and Zina®—22.
03 o= {07 o7 .~ Higher order modes are in the context of wormlike micelles
(c) ¥ unimportant since their effect on the distribution of relax-
ation times is smeared out due to polydispersity. For low
volume fractions this relaxation time is constant. For higher
FIG. 2. (a) The relaxation time related to the low frequency volume fractions] upon entering the semidilute regimE, p0|y_
dispersion. The straight lines indicate power law fits to the datgyer theory[23,24 predicts that the lowest order relaxation

(exponents displayed in Tablg The bended lines are guides to the jme picks up a lineary dependence with a prefactor that
eye. Open symbols are obtained by fitting the spectra to the Col epends on polymer mas, i.e.

Cole function whereas closed were obtained by the Cole/Davidson
function (see text (b) The dielectric increment related to the low m1=1(1+AM3 " 1g)
frequency dispersion. The lines indicate power law fits to the data

(exponents displayed in Table. I(c) The broadness parametgr . B
related to the low frequency dispersion. Lines are guides for thdVith A @ constant ana=3/5 the excluded volume exponent

eye. Note that the definition ¢ is different for the filled symbols, OF good solvents. To evaluate the full molar mass depen-
where instead of the Cole/Cole function, the Cole/Davidson funcdence in this equation, the relation between the molar mass

tion was used to fit the data. and 77 has to be added. From the Zimm model in good

©
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FIG. 4. The conductivity at the low frequency plateau. Straight
lines indicate power law fits to the dataxponents displayed in
Table 1. Bended lines are guides to the eye.
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with F a factor proportional to the segmentatduced di-

pole of the chain. Scaling theory can be used to derive the
relation between the mean squared end-to-end distance and
the molecular mass. In the dilute regime it is given[BY

0.1

<r2>ocM2V _ ASO(MZV_l(ﬁ
0.01

TTTT

| . and in the semidilute regime 45|
L0 1 L1k i T N R A1 1 1t
o) 10°° 107? 107! ® (1M @130 Agorplt@v=DI(1=3n)

1.0 The volume fraction dependence of the increment should
® hence change slightly from linear in the dilute regimepits*
- in the semidilute regime. Note that the increment should be-
o ® come independent of the molecular weight in the semidilute
62 - regime. These relations have been thoroughly tested on di-
electric spectra from solutions of various conventional poly-
- mers[26—29. In our case, at low volume fractions ang,
we observe a constant andAeg, which depend linearly on
0.5 5 i é 5 AIL 5 the volume fraction(Table ). However, at higher volume
(©) Wo fractions orwg both this relaxation time ande increase
. _ approximately with the volume fraction squared. Of course,
_FIG. 3. (@) The relaxation time related fo the high frequency o \vormlike” micelles the scaling predictions should be
dispersion. The line |nd|cates‘ an exponential fit Fo the data. FOFnodified since the average molar mass is supposed to be a
Wo=3 the mean value of all different volume fractions was t‘."‘ken’function of the surfactant volume fraction. In general, this
whereas fowy>3 the value at$p=0.144 was takencb) The di- . . o ) .
electric increment related to the high frequency dispersion. The Iinéunqtlon can be written asl = 4. In the mean-field approxi-
indicates a linear fit to the datéc) The broadness parametgr _matlon It Waslcalculated that=1/2[1,30). Avalue ofethat
related to the high frequency dispersion. is lower thans could be accounted for since the number of
degrees of freedom that a surfactant loses upon aggregation
is unknown[31,32. Values significantly higher thaf have
solvents it can be derived thafocM3”. The volume fraction  not been explained theoretically so far. In our case, however,
dependence of the increment related to the relaxation timghis approach does not lead to consistent results, since it
can be derived using scaling theory. The relation between thgields a different value for depending on both the regime
increment,Ag, and the mean squared end-to-end distanceand the specific parameter studi€thble ). A straightfor-
(r?), is given by[20] ward result can be obtained in the dilute regime where the
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micellar size seems to be concentration independent,i.e., of the dipole moment perpendicular to the chigt,27; (ii)
~0, regardless of which parameter is studied. This is cona surfactant motion due to the rotation of the zwitterionic
firmed by viscometry and Kerr-effect measurem¢B®, but  head group[41,47. It is improbable that in this case the

contradicted by light-scattering experiments interpreted byjipole moment would have a component perpendicular to the

renormalization group theor}34], for which one findse:  ¢hain since the cross section is likely to be of circular sym-
=1.2. It is also consistent with the observation that the low

frequency conductivity in this regime increases linearly Withmetry. Moreover, & polymeriike dispersion of this type
the volume fraction. If the mechanism behind the conductiv-m.)ugj. normlally. behrather l()jroad anct;l las?/nllmeg:cal,fwherea?
ity is the diffusion of micelles, this would mean that these 1> GISPEISION IS Sharp and symmetrical. 1t 1S Ineretore mos
micelles are constant in size and only interact weakly. Relikely that this dispersion is due to the rotation of the zwit-
gimes with low values forx have been observed in other terionic head group of the lecithin molecules. Such a head
surfactant systems, by using the Kerr effg85] and from  group motion was studied in aqueous solutions with dielec-
light-scattering experiments in very dilute solutidi3$]. tric spectroscopy by Kaatzet al. [41,42. In the lamellar

In the semidilute regime the determinationsofppears to phase they observed a Debye dispersioa., simple first
be ambiguous. The relaxation time would indicate that order relaxation procepsvith a relaxation time of about 25
~0.5 whereas the interpretation of the increment is in conns, a value that is very much like the relaxation time we

flict with polymer theory, which predicts scaling with an gpgerve for the high frequency dispersion just before phase
exponent off on ¢ and an independence with respect to theseparation occuriat wo~4.8; ¢=0.144.

molecular weight. The scaling relations used to obtain these Similar information about the freedom of head groups,

results could be modified slightly by the semiflexibility of . : : .
the chain or by interactions but these factors alone seem Wh'Ch supports the interpretation of this mode in terms of

be insufficient to give a consistent result, particularly sincg'€@d group rotation, were obtained using FT{H3] and
experimental results on polymers have been found to b&IMR [44] spectroscopy. FT-IR spectroscopy experiments
quite universal. Moreover, although it is expected thas  Show that the position of the peak in the region of the anti-
slightly higher in the semidilute than in the dilute regime SymmetricP=0 stretch vibration (1220—1260 cn) dem-
[37], a difference ina of more than 0.5 as observed here onstrates roughly the same dependencavgras this mode.
seems to be too large as well. The most striking result from NMR spectroscopy is the al-

Beyond the semidilute regime scaling is followed by amost twofold broadening of the water proton line below
maximum in the relaxation time at rather small volume frac-wy=2 indicating that the water gets more strongly bound
tions. For woy=3 this maximum already occurs ap.  [44].
~0.4%. At the same volume fraction the distribution of re-
laxation times becomes asymmetrical and the corresponding
dielectric increment levels off as a function of volume frac- C. Percolation; the conductivity
tion. These observations indicate the presence of a cutoff in ) . . ) ) .
the relaxation time distribution for long relaxation times. In this section we will combine the information from the
One could argue that this is due to the polymers gettindow frequency dispersion and the high frequency dispersion
entangled(¢* ~0.5%; static light scatterinf3]). However  With that of the conductivity and the indications for network
both experiment as well as theory for polymers show that foformation in the literature to show that all of this can be
dynamical properties the volume fraction at which this oc-explained using a percolation model. The high frequency dis-
curs forwg= 3 is far too low to pose a real restriction for the persion clearly shows that there are two regimes in which the
chains to relax via modes corresponding to length scaleaddition of water has a different effect on the head groups.
longer than the transient network correlation length. Even fofThe low frequency dispersion also behaves differently in the
much larger volume fractions one expects on the basis afame two regimes. Other techniques show different behavior
polymer theory that the relaxation time only shifts to mod-in these two regimes as well. Apart from the NMR linewidth
erately larger values as is calculated by the Muthukumamentioned before, the exponent by which the viscosity scales
theory[23,24. with the surfactant concentration is anomalously low in the

These observations together clearly show that polymepigh water regimg45,5]. At wy=1.5 this exponent is 3.7,
theory together with micellar growth cannot be used to exwhich is in good agreement with the “equilibrium polymer”
plain all aspects of the low frequency dispersion. One coulgnodel, provided that one takes into account a growth expo-
argue that the dynamic scaling relations are modified by minent of o= 1/2. The exponent is only 1.9 at,=2.5 and 3.
cellar kinetics(i.e., breakup, exchange of surfactantsow-  Apnormal behavior of a dynamic scaling exponent above
ever, if this would be the case relaxation through rotationaly,=2 has also been observed by measurements of the self-
diffusion would be almost single exponentigbstest and giffusion coefficient by FRAR(fluorescence recovery after
slowest relaxation time would at most differ by a factor of 3 photobleaching [18]. Similar phenomena have been ob-
[38,39. For this system, measurements on the complex Visserved in aqueous systems at high salt content and have been
cosity show that the terminal relaxation tintee., typical  ascribed to the formation of a connected netwpt®,47.
time for a combination of breakage and self-diffusion of apne would expect that the formation of such a network
micelle) is 0.2 s[40]. would have a strong impact on the conductivity of this sys-
tem, which is oil continuous. Fowy,>2 the conductivity
does indeed change its dependencepqust at ¢, wherer;

The high frequency dispersion could in principle have twoexhibits its maximum. The jump in conductivity is lower
origins: (i) a local polymerlike motion due to the component than what is observed in percolating water-in-oil droplets, for

B. The high frequency dispersion
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which the conductivity can increase 4 orders of magnitude The percolation picture can be related to the anomalous
[14]. This is, however, not surprising since the NMR line- behavior of the tracer self-diffusion coefficient by FRAP
width shows that at low water content the water is strongly{18]. Beloww,=2 the expected decrease of the micellar self
bound[44], so that the conductivity in the branches of thediffusion coefficient withw, and ¢ is observed. For the
micelles can be expected to be low. This is supported by thdependence the power law dependence compares very well
observation that the micelles appear to have long-lived diwith theory. Atwy=2.5, however, the diffusion coefficient

poles(at the time scale of seconds at lgd413]. does not vary with the volume fractidall measured volume
Now we could test the hypothesis of a percolation threshfractions< ¢, .) and the diffusion is ‘accelerated’ i.e., t"
old at ¢ for the other observations. The maximum g =(r2) with n>1. This could be due to the diffusion of the

seems to fit very nicely with the usual percolation picturetracer through a fractal structure like a percolating network.
[14]: At low volume fractions the rotational correlation time Although in general this would give rise to a deceleration of
gets slower due to the growth of clusters and due to interadhe diffusion[49], there are some cases in which an accel-
tions, which typically follows some kind of scaling law. €ration is observe@S0]. However, in another aqueous sur-

Then, at the percolation threshold, the biggest cluster sparjactant system, the anomalous diffusion was ascribed to the
the whole sample and the mean rotation correlation timéesudmg of the probe on smaller and smaller micelles due to

starts to decrease because only the smaller clusters are s .”‘.”mf’%' micellar k|net|c§51]. At Wo=3 _the qm‘usmn co-
efficient increases with the volume fraction, first steeply and

able to rotate and contribute to the spectrum. A consequencg oo steeply. For this, the diffusion coefficient was
of this mechanism is that the contribution of this relaxation ' 0 : .
measured at volume fractions just owgg. Obviously this

time to, for Instance, the dielectric spectrum decreases rathglo, 4 fit the percolation picture very well if the tracer dif-
rapidly, whereas in the present case the increment of the lo

Yises through the cluster. Finally &t =4 the diffusion co-

frequency dispersion only levels off. However, one musteticient is rather high and does not depend on the volume

keep in mind that the percolating structures here are not rigigaction. In this case probably at all volume fractions the
spheres but wormlike mlcelles_ Wlth polymerlike internal d?'network is fully percolated with the branch points at rela-
grees of freedom. One specific degree of freedom, WhICI{Iive|y close distances.
could still be active after percolation is sliding of branches At this stage we could try to interpret the observations on
within the network[7]. The fact that the relaxation time the fast moder,, which seems to be related to the surfactant
spectrum gets highly asymmetrical seems to support this pithead group rotation. In wormlike micellar solutions a large
ture: Only the slow parts of the spectrum freeze out uporfraction of the surfactant head groups should be in the cylin-
percolation, whereas the faster internal modes persist. drical regions of the micelles and a rather limited fraction
The percolation threshold decreases witf, which sug- constitutes the end caps=(L %), sothat the head groups in
gests that the number of junctions increases wigh Thisis  the end caps contribute negligibly to this relaxation time
supported by the decreased broadness of the maximum as@ectrum. This is confirmed by the fact that in toluene, where
the fact that the increment of the dispersion levels off athe micelles seem to be spherical, this relaxation time does
different values for different values @f,. From the obser- not appear at all, probably because the head groups are too
vation of 7; only, one could also argue that there is no quali-much restricted in their rotation. The decrease of the relax-
tative difference below and abowe,=2, and the curve is ation time in the region from 0sSw,=<2 is most probably
just shifted towards higher volume fractions. This seems talue to the release of head groups by the swelling of the
be supported by the fact that af,=1.5 7; also seems to cylinders. In the region from 2wy<4.5 the dependence of
exhibit a maximum at high volume fractions and that at thisthis relaxation time onv is clearly different, indicating that
¢. the spectrum becomes asymmetrical and the incremeitihe mechanism behind the release of head groups is different
levels off. However, the conductivity in this case decreasesis well. Apart from swelling, an obvious mechanism for the
and it thus seems more likely at this high volume fractionrelease of head groups is the formation of branch points. The
that the importance of entanglements is enough to explaihead groups of the surfactant molecules in the branch points
the freezing out of slower modes. The importance of theare less restricted in their motion because the surfactant layer
entanglements could be enhanced if the micelles in thesis locally less curved towards the water. Addition of water
entanglements would stick together and form junctions with-can have two distinct effects: the swelling of the branches of
out the water channels fusing. This is equivalent to whathe micelles and the increase of the number of branch points.
happens in spherical droplet phase microemulsions, where 8oth effects have their owm, dependence. The apparent
higher volume fractions the droplets stick together and forntrossover between the two decay modes of the central relax-
aggregate$48]. This could also be the key to explaining the ation time as a function ofvg, atwy=2 (see Fig. 2, could
discrepancies with polymer theory fef andAe, at lower  well be explained by the following: for low values @fj,
volume fractions anavy<2. In this case, both these param- one predominantly observes the water content dependence of
eters scale with anomalously high exponents on the volumthe head group motion of the surfactants in the branches. For
fraction. It is striking that these exponents are almost thénigher values ofv, the relative abundance of branch points
same as in the case wf,>2 belowg.. This is, however, to is sufficiently large so that the contribution of the surfactants
be expected since by rotational diffusion sticky connectionsn these regions dominates. Aty=4.5, the value of this
and branch points cannot be distinguished: the same kind a&laxation time is almost the same as in the lamellar phase,
aggregates are set in motion. For other parameters, such ahich could be a reflection of the fact that if the branch
the conductivity or shear viscosify5], this is not the case points are close to each other the curvature effectively van-
and clearly a different scaling is observed. ishes. The broadness of the distribution of relaxation times
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also depends ow,. This distribution is the broadest just at small networks rather than isolated branched micelles, be-
the crossovew,= 2. If this dispersion is a combination of cause preliminary NMR experiments show that the water
two relaxation times, corresponding to surfactants in the cylong time self-diffusion is much faster than the surfactant
lindrical parts and the branch points, respectively, which araliffusion.

too close to be resolved the distribution would be the broad- Theoretical predictions for the strand length seem to be in
est at the point were both relaxation times contribute equallyconflict with our data. The relaxation time of the fast mode is
The sharpness of the crossover between the two regimes canncentration independent. If our interpretation is correct
be explained by the fact that both the energies of forming aithis means that the number of branch points per cylindrical
end cap and of forming a branch point are much larger thatength and hence the strand length is concentration indepen-
KT. A relative small change of these energies due to the&lent. This would also explain why, in neutron scattering ex-
addition of water could change their relative magnitude scperiments, the local structuseross section radius and mass

that branch points are favored over end cgfis per length appears to be completely concentration indepen-
dent[34]. The conflict with theory might not be so surprising
D. Network structure considering the complexity of the system. One complicating

factor is that branch point energy and end-cap energy may

Drye and Cates were the first to study theoreticallynot be meaningful parameters in this case due to the special
branching in wormlike micellar systems; in their study theyrole played by water. The end-cap energy is increased by the
used an infinite end-cap enerf§]. Elleuchet al. [52] per-  addition of water, whereas the branch point energy seems to
formed a similar study taking a finite end-cap energy. Bothhe decreased at the same time. If this is true these two ener-
approaches led to two main conclusions. The first concerngies are related through water partitioning. These factors
the stability of the micellar solution: at hlgh volume fractions could have a rather drastic impact on the relation between
the branched micelles build up a network in which branchconcentration and strand length. Another factor, which has
points and entanglements coexist. This is called an unsatupot yet been taken into account in these theories, is the in-
ated network. Asp is decreased the network gets more satu+teraction between branch points via the strand. Given the fact
rated, i.e., the ratio of branch points to entanglements geigat branch points might actually take up quite a lot of space
smaller, until a certain value at which the number of branchhis might be important as well. This has recently been in-
points is of the order of one per blob. At lower volume corporated in a theory to explain the loop shape of the con-
fractions the system expels excess solvent and phase sepafigcted micellar phasén coexistence with other phages
tion follows. The second conclusion concerns the averagghe phase diagram for two component syst¢6a§. In prin-
strand length between branch points, This parameter is  ciple the strand length could also be estimated from the con-
expected to scale with volume fraction with an exponentcentration dependence of the slow mode. w=3 this
which depends on the number of branches that come togethgfode seems to become concentration independent. This
in a branch point. For threefold junctions it takes the formcould be taken as an indication that the strand length is con-
Lsx1//b. centration independent as well. One must, however, be cau-

Itis indeed observed that at high water content the systertious since the actual dynamics of a strand are governed by
phase separates upon dilution into a highly viscous solutiogomplicated interplay of the sliding of branch points, en-
on the bottom and a phase of almost pure isooctane on toganglement release, and network deformation. The interpre-
At room temperature this occurs far,=3.5[5]. However, tation of the fast mode is on the contrary more direct and the
at 6 °C we observe phase separation upon dilutiomv@t fact that this mode really is concentration independent is
=2.5. This seems to confirm the qualitatively different be-confirmed by IR measuremer|i3].
havior below and ovew,=2 as observed by other tech- At this stage it is interesting to combine the information
niques. It is consistent with the hypothesis that onlyvgt  from the two modes in order to get an idea of how the net-
>2 the system forms junctions that persist upon dilution.work looks and to check whether the information is mutually
The fact that phase separation is temperature dependent igensistent. The interpretation of the fast mode suggests that a
dicates that end caps still are still important in the regimeconsiderable amount of the surfactant moleculesl%)
2.5<wy<<3.5. In the case of finite end-cap energy, theoryare present in the branch points. The slow mode, however,
predicts that phase separation occurs in the temperature risdicates the formation of a connected network already at
gion where the branch-point energy is much larger tk@n rather small volume fraction$<0.5% atwy=3), which
[52]. Although beloww=3.5 end caps might be important, could be taken as an indication that the branch points are
the conductivity indicates that above,=2 the system per- quite far apart. For branching to have a considerable impact
colates to form larger water domains at higher surfactanbn the dynamics the distance between the branch points
volume fractions. This situation seems to be reminisent oEhould be at most the network correlation length at the over-
the networklike structures found by Monte Carlo simulationslap volume fraction, which can be estimated from static light
[53]. In this study the end-cap energy has a finite value and iscattering experiments to be 50 fi8]. One way to estimate
was shown that, if branching occurs, the occurrence of phashe average length between branch points at highgis to
separation critically depends on the ratio of spontaneous cutake the correlation length at the volume fraction at which
vature and bending rigidity. This study also shows the cruphase separation occufgp~5%, wy=4.5), since theory
cial role of ringlike structures, which could be important in predicts that the number of branch points at this concentra-
our system as well. It is also interesting to speculate abouion is about 1 per blop6]. At this volume fraction a corre-
the structure of the particles in the regime of 2W,<3.5at  lation length of approximately 10 nm was found by static
volume fractions belowp . It seems that these particles are light scattering 3]. These estimates for the strand length are
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realistic as is confirmed by cryoelectron micrographs from V. CONCLUDING REMARKS
other connected network systems, which show a strand . . .
The dielectric spectroscopy data presented here are in

length between 10 and 100 ri9,10,11. clear disagreement with the living polymer model. This does

To estimate the amount of surfactant molecules in thenot meanq[hat the livina pol mergrgogel i which' the mean
branch points we still need to know the size of a branCh\ength is a power law ogf] t?]e)::oncentratién does not apply to
point. Recent results by Blokhuis show that this size dependt%is system. It merely shows that there aré other factors like
on the bending elasticityk and the surface tensioor as '

(xlo) Y2 [55]. For a typical surfactant this would give a size clus.tenng and coal_escence that make it very d|ff|cul_t to _study
. , the influence of micellar growth on the concentration inde-
in the order of 1 nm. This could be very well somewhat

higher if one takes into account that the bending elasticity opencligntly.dlg ?rdfer to dlsentart]gl?] t.hese phenomgpa one
lipids can be rather high and the fact that the surface tensiop oU'd Need data from as many techniques as possible.
might be higher due to the hydration of the surfactant head
groups. This also seems realistic since the micellar diameter
is about 6 nm and it would mean thatvag=3 about 10% of The helpful discussions with T. Odijk, E. Blokhuis, and J.
the surfactants is in the branch points andvgt=4.5 about  Groenewold are gratefully acknowledged. We thank F. J. M.
50%. These values seem to be in reasonable agreement wigteijte for providing the computer programs for the analysis

the fast mode. of the dielectric spectra.
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