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We used cryo-TEM and light scattering to study the micellar growth and subsequent network formation
in aqueous solutions of the nonionic surfactant C12Es. Cryo-TEM shows the first direct evidence for the
existence of connected topology in the vicinity of the critical point and the two-phase separation curve of
the CioEs/water micellar system. The coexisting phases within the two-phase region consist of one
concentrated and one dilute network of interconnected cylindrical micelles. These findings are consistent
with the recent theoretical explanation of criticality and phase separation in certain nonionic surfactant
systems as resulting from entropic attraction between network junctions. Away from the two-phase
separation curve, we have identified uniaxial micellar growth, with increasing temperature and
concentration, into long threadlike micelles. From the power-law dependence of the radius of gyration,
Rc 2z, and the hydrodynamic diameter, Dy, on the molecular weight (Rgz, D ~ My"), we find that these
threadlike micelles have properties resembling those of flexible polymers in a good solvent (v ~ 0.6). Static

and dynamic light scattering show that the mean micelle contour length L increases as c%° (c is the
surfactant concentration) in agreement with theory. Finally, we show that the end-cap energy E. increases
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linearly with temperature.

Introduction

An unresolved controversy concerns the relation be-
tween micellar growth, phase separation, and criticality
in binary nonionic micellar systems. The phase separation
and criticality have been the subject of many experimental
and theoretical works. In the past, they were explained
as resulting from interactions between small globular
micelles®? or due to increasing attraction between growing
micelles.® % Recently, Tlusty et al.® suggested that network
entropy alone can give rise to phase separation and
criticality in nonionic microemulsions. That theory was
recently supported experimentally by cryo-TEM observa-
tion of the Ci;Es/H,O/n-octane system.” It was also
proposed that the same arguments may be appropriate
for the explanation of criticality and phase separation in
certain binary nonionic micellar systems through the
coexistence of concentrated and dilute networks of inter-
connected (branched) cylindrical micelles.” The present
work shows by cryo-TEM the existence of micellar
networks in the vicinity of the critical point and two-phase
separation curve. These direct structural observations
corroborate the relation between criticality and phase
separation of binary systems and the existence of micellar
networks.

Branched threadlike micelles can be formed in dilute
or semidilute surfactant solutions depending on the
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magnitude of a control parameter such as temperature,
concentration of added salt, or cosurfactant.® Indeed,
unusual rheological behavior in the CTAB/KBr° and
CPCIO3/NaClO; systems®1° was related to the formation
of amulticonnected branched micellar network instead of
a semidilute solution of entangled threadlike micelles.
This supported the theories of Drye and Cates'' and
Bohbot et al.,”> who had proposed the formation of
networks of branched cylindrical micelles. It is difficult
to find experimental evidence to support the existence of
such branches. Scattering techniques (light and neutron)
cannot distinguish between entangled and branched
networks. The only available technique to unambiguously
distinguish between branched and unbranched micelles
is cryo-TEM.713715

In this work, we studied dilute aqueous micellar
solutions of the nonionic surfactant pentaoxyethylene
glycol mono-n-dodecyl ether, denoted Cy,Es. The temper-
ature has a crucial effect on the phase diagram of this
system in general and on the microstructures of the
micellar phase in particular.® For ¢, = 1.08 wt % (c. =
critical surfactant concentration in weight percent), this
system exhibits a critical temperature, T,=31.5°C, above
which the isotropic micellar phase (denoted by L,)
separates into two coexisting phases, poor (dilute; denoted
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Figure 1. Schematic phase diagram and lower miscibility gap
of the C1o.Es—water system (after ref 17). The dashed lines mark
the region in the phase diagram in which light scattering
experiments were conducted, and (x) marks the points where
cryo-TEM images were taken.

by L;")and rich (concentrated; denoted by L") in surfactant
(Figure 1).17

The effects of temperature and concentration on micelle
size, shape, and growth in the C;,Es/H,0O system have
been major issuesinearlier studies. Self-diffusion NMR*8
and dynamic light scattering (DLS)*?° measurements
carried out on dilute solutions showed that raising the
temperature induces micellar growth. In addition, for
higher surfactant concentrations, static (SLS) and dy-
namic (DLS) light scattering demonstrated that the
micellar solutions resemble semidilute solutions of en-
tangled flexible polymers.?! Based on those observations,
we have tried to determine whether this micellar growth
is indeed one-dimensional (uniaxial) under very dilute
conditions. Sufficient growth may lead to the formation
of threadlike micelles having some flexibility and proper-
ties similar to polymer molecules in solution. The existence
of polymer-like phases associated with the formation of
long flexible cylinders by surfactant aggregation in
aqueous solutions has been suggested by Porte et al.,?
and has been extended to microemulsions by Safran et
al.?®> Numerous experimental studies performed in the
semidilute regime have reinforced the analogy between
real polymers and polymer-like micelle solutions.?%:24-26
However, there is a major difference between polymer
solutions and threadlike micellar systems. This difference
is related to the self-aggregation nature of the formation
of cylindrical micelles, which leads to equilibrium “poly-
mers” with a broad distribution of micellar sizes.?67
According to theory, for neutral and screened ionic micelles
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the average contour length, L, depends on surfactant
concentration, c, as c*?, and exponentially on the ratio of
the end-cap energy, E;, and the temperature, as E./
2kgT.?627 In addition, their dynamics are quite different
from polymer solutions, since the micelles spontaneously
disassemble and reassemble in time.

We present here our studies of the effect of temperature
and surfactant concentration on micellar topology in
solutions of the C,Es/water binary system. We combined
three complementary techniques: cryo-TEM, SLS, and
DLS. SLS experiments provided information about the
size of the micelles, whereas DLS gave information about
hydrodynamic properties. Light scattering experiments
were performed in the Cy;Es concentration range of 0.1 to
0.5wt % and in the temperature range of 8 to 28 °C, where
the assumption of a dilute regime condition is valid.?*
Intermicellar interactions for such low surfactant con-
centrations are assumed to be negligible. Cryo-TEM
provides direct indispensable qualitative information for
the interpretation of the light scattering data. More
importantly, cryo-TEM enables us to visualize micellar
topology, branched network or disconnected cylinders,
close to the critical temperature and the two-phase
separation curve, and to assess the novel theory of phase
separation and criticality for certain nonionic surfactants.®

Here, we report the first direct evidence by cryo-TEM
imaging for the existence of networks in the proximity of
the critical point and the two-phase separation curve. The
coexisting phases within the two-phase region are con-
centrated and dilute networks of interconnected cylindrical
micelles. Away from the two-phase separation curve, we
have identified uniaxial micellar growth with increasing
temperature and concentration into long threadlike mi-
celles. These threadlike micelles were found to have
properties resembling those of flexible polymers in a good
solvent (v ~ 0.6). Static and dynamic light scattering show
that the mean micelle contour length L increases as ¢%®
in agreement with theory. Finally, we show that the end-
cap energy E. increases linearly with temperature.

Experimental Section

Materials. The surfactant C1,Es was purchased from Nikko
Chemical Co., Ltd. (Tokyo, Japan). It was stored in the dark at
—20 °C and used without further purification. Solutions were
prepared by adding Millipore water to weighed quantities of the
surfactant.

Cryo-TEM. Specimens were prepared in a controlled envi-
ronment vitrification system (CEVS),?8 at controlled temperature
and relative humidity to avoid loss of water. A drop of solution
was placed on a TEM grid covered by a holey carbon film. The
drop was then blotted with a filter paper to form a thin liquid
filmon the grid, which was then immediately plunged into liquid
ethane at its freezing temperature. The vitrified specimens were
observed in a Philips CM120 transmission electron microscope
at an accelerating voltage of 120 kV, at approximately —175 °C,
in an Oxford Instruments CT3500 cryo-specimen holder. Images
were digitally recorded by a Gatan MultiScan 791 CCD camera
at about 4 um underfocus to enhance phase-contrast.

Light Scattering. Ci2Es solutions were first centrifuged for
2 h at 2000g to remove dust particles. Each solution was then
transferred into a cylindrical scattering cell (diameter 2.9 cm)
which was placed in a “vat” filled with toluene as the optical
matching fluid. During the course of the measurements, the vat
was kept at constant temperature (+ 0.1 °C). The light source
was an argon ion laser (Spectra Physics, A = 514.5 nm), and
photons scattered by the sample were collected by an ITT PW130
photomultiplier tube mounted on the goniometer arm at angles
45° < 6 < 135° to the direction of the incident beam.
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SLS. The intensity data were corrected for background (cell
and water) scattering and converted into Rayleigh ratios (absolute
scattered intensities), R(q), using toluene as the reference
standard. The Rayleigh ratio was calculated using

A(g)L] ( n )2

R —_
Oy 0 NNy

R(q) = @)

where q = (47n/lg)sin(6/2) is the amplitude of the scattering
wavevector, 6 the scattering angle, and 1 the wavelength of the
incident lightinvacuum. AT(q) 3+ sei(q) = Opack(q)Cis the average
scattered intensity of the solution after background subtraction,
(ids the average scattered intensity of the toluene, R = 35.8
x 1074 m~1is the Rayleigh ratio of toluene,?° and n and ny, are
the index of refraction of solution and toluene, respectively.

DLS. The photoelectron count-time autocorrelation function
was measured with a Bl 2030AT (Brookhaven Instruments)
digital autocorrelator and was analyzed using the constrained
regularization algorithm, CONTIN.3°

Theoretical Background. In dilute solution, micellar size
can be probed by studying the scattering and hydrodynamic
properties of the system.3! The scattered light intensity is usually
expressed in terms of R(q):

R(q) = KeM,,P(9)S(q) @)

K is constant for a given system and is given by 4z2n2(an/ac)?/
Naldo*, where n is the refractive index of the solution. an/ac, the
refractive index increment used here, is given by 0.1346 —
(2.5e74)(T — 25), where T is the temperature in °C.32 N, is
Avogadro’s number, My, is the weight-average molecular weight
in g/mol, and c is the concentration of C1,Es in mg/cm3.33 P(q) is
the form factor of the particle, and S(q) is the structure factor.
In dilute solutions, in the limit g — 0, P(q) — 1, eq 2 becomes

R(0) = KcM,,S(0) =
KeMy (L1 — 2A,M,€ + ..) = KeMy, o0p (3)

where A; is the second virial coefficient. My, increases with
concentration for surfactant systems as c®, resulting in an increase
in R(0) ~ clt« This is in contrast to semidilute solutions, for
which it was previously shown that R(0) ~ ¢=0-31,34

In the limit of low angles (QRs < 1), P(q) has a Lorentzian
form and eq 2 becomes

ke _ 1 [, @R’
R(@ Myl 3

(4)

where Rg,., the z-average micellar radius of gyration, and the
apparent weight-average molecular weight, My, app, (See eq 3) are
obtained from the slope and the intercept, respectively, when
Kc/R(q) is plotted versus g2. The major problem encountered in
an accurate determination of micellar molecular weight, My,
arises from the effect of interactions which cannot be neglected
for ionic surfactants (even at high dilution) and which strongly
depends on the salt content. In the case of nonionic surfactants,
although this problem still exists it is assumed to be minor at
low enough concentrations. In “ordinary” polymers, this difficulty
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is overcome by extrapolating the experimental data to zero
concentration. This procedure cannot be applied to the case of
micellar solutions, since the molecular weight of the micelles is
an increasing function of the surfactant concentration.

Hydrodynamic properties of the particles in solution can be
characterized by DLS. With DLS, one measures the time
autocorrelation function of the fluctuations in the light scattered
from particles in solution:

9@, ) = A+ B(@g"(a, 1)) (5)

In eq 5, A is the baseline determined for the largest t when all
correlation is lost, B is an optical constant of the system, and
g®(q, t) for a polydisperse system is given by

g 9= [ ADe " dr )

where I' is a decay rate. The CONTIN method, developed by
Provencher? for calculating the Laplace transform of gi(q, t),
was used for the determination of I' and A(T"). The function A(T")
isconverted into an intensity-weighted distribution of the mutual
translational diffusion coefficients, D, of the scattering particles,
which is defined as I'/g? — D when g — 0. The resulting unimodal
distribution is characterized by the z-average diffusion coefficient,
D,. The average hydrodynamic diameter, Dy, is related to D, by
the Stokes—Einstein relation:3®

_ keT

"™ 6mn,D, 0

where T is the absolute temperature, kg is the Boltzmann
constant, and 7o is the viscosity of the solvent at temperature T.

In “real” polymer solutions, both the radius of gyration, Rg,
and the hydrodynamic diameter, Dy, are related to the molecular
weight by a simple power law:

D,~ M, and Rg ~ M, (8)

where v is 0.5 and 0.588 for a 6 solvent and a good solvent,
respectively.343¢ If asimilar relation can be found for the micellar
aqueous solution, this would reinforce the analogy already
suggested between the micellar and polymer solutions.
Elongated micelles are locally cylindrical aggregates, with two
smoothly connected spherical end-caps of radius larger than the
cylinder core.37-3° To find the dependence of the average contour
length, L, on ¢ and T for cylindrical micelles, we use My,app
obtained from SLS measurements. L (weight average) is calcu-
lated assuming (1) amicelle is made of acylindrical core of radius
rcwith surfactant area per headgroup Ag; (2) the possible presence
of branch points is neglected; and (3) values for the radius and
area per headgroup are r, = 1.55 nm, A; = 0.452 nm2.4041 The
mean aggregation number of the micelles, Nagg, is equal to My,app/
Mo, where M,, the surfactant monomer molecular weight, is 406
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use the familiar Helfrich curvature energy expression (see Helfrich, W.
Z. Naturforsch. 1973, 28c, 693) valid only for small curvature deforma-
tions, thus not valid for micelles. However, it was shown that this crude
approximation provides a reasonable estimation of micelle properties;
see May, S.; Bohbot, Y.; Ben-Shaul, A. J. Phys. Chem. B 1997, 101,
8648.
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g/mol. L is then given by
L=—22"° 9)

In this calculation, we have not taken into consideration the
spherical end-caps. This is reasonable since the fraction of
monomers that reside in the two spherical end-caps is negligible.

To find the dependence of L and Dy on the control parameters
of the system (the surfactant concentration and the temperature),
we recall some useful properties of threadlike micellar solutions
for neutral or screened ionic surfactants. The distribution of
aggregate lengths, p(L), resulting from thermal equilibrium of
the self-assembling threadlike micelles,?627 is given by

p(L) O exp(—L/L) (10)
where the average micellar contour length is given by
L ~ ¢“ exp(EJ2KgT) (11)

In eq 11, ¢ is the surfactant volume fraction (¢ ~ c), and a is
equal to 1/2.#2 It is also assumed that no rings or branches are
present. E;, the end-cap energy, is the difference in the free energy
of adding surfactant molecules to the cylindrical core as compared
to adding molecules to the two spherical end-caps of the micelle.
The end-cap energy is assumed to be independent of concentration
but is expected to increase when the spontaneous curvature, C,,
of the surfactant monolayer decreases, resulting in longer
micelles.10:38

In the opposite case, where there are no free cylinder ends but
only branching points exist, o equals —1/2.*1 In this case, the
energy cost to form branching points, E;, is lowered when C,
decreases because the curvature of such a junction can be lower
than that of the cylindrical core.103843

A similar analysis relates Dy to ¢ and T. If we assume that
Dy is proportional to My, (eq 8), and since M,, ~ L for cylindrical
micelles, we can show that

Dy, ~ ¢ exp(vEJ2kgT) (12)

Results and Discussion

Cryo-TEM. Figure 2 displays cryo-TEM images of a
0.5 wt % aqueous Ci;Es solution at three different
temperatures. At 8 °C (Figure 2A), coexistence of sphe-
roidal (arrowheads) and rather short (<50 nm) threadlike
micelles (arrows) is observed. We notice the absence of
short and medium length cylindrical micelles (i.e., length
a few times that of the diameter of a spheroidal micelle),
justaswas recently found for a cationic surfactant dimer.3®
Raising the temperature to 18 °C induces micellar growth,
as shown in Figure 2B. Here again, coexistence of
spheroidal (arrowheads) and cylindrical micelles (arrows)
is found, but the threadlike micelles are longer, typically
50 — 100 nm. The latter appear flexible and have a rather
broad size distribution, in agreement with theory.?6?” We
also observe a small number of three-fold junctions or
branching points (small arrow). The micelles are even
longer (>100 nm) at 29 °C (Figure 2C), again with arather
broad size distribution. One can easily identify many three-
fold junctions (large arrows) connecting these threadlike
micelles, thus forming a network. Although much less
numerous, one can find disconnected network fragments
that may be related to shearing during specimen prepa-
ration (small arrow). The few four-way “crossroads” mark

(42) When rotational contribution to the entropy is taken into account,
o is found to be smaller than 1/2; see McMullen, W. E.; Gelbart, W. M.;
Ben-Shaul, A. J. Phys. Chem. 1984, 88, 6649.

(43) Appell, J.; Porte, G.; Berret, J. F.; Roux, D. C. Prog. Colloid.
Polymer Sci. 1994, 97, 233.
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entanglement points or the rare four-fold junctions
(arrowheads).

Next, we show the dependence of micellar growth on
surfactant concentration. Figure 3 shows cryo-TEM im-
ages of three solutions at the same temperature of 18 °C,
at three different concentrations. At 0.25% C,,Es (Figure
3A), the coexistence of spheroidal (arrowheads) and rather
short (<70 nm) threadlike micelles (arrows) is observed.
Again, asin Figure 2A, we do not identify short cylindrical
micelles. Increasing the concentration to 0.50% (Figure
3B is the same as Figure 2B) induces micellar growth, as
explained previously for Figure 2B. The micelles grow
and become longer than 100 nm with a further increase
in surfactant concentration to ¢, = 1.08% (Figure 3C).
One can easily identify many three-fold junctions (large
arrows) interconnecting the cylindrical micelles, resulting
in a network. The few entanglement points or rare four-
fold junctions are marked by arrowheads. With raising
the temperature, networks were observed for ¢ = ¢, up to
T = 30 °C (not shown), which is just below T, the lower
critical point.

Figure 4 shows the coexisting micellar phases of a
system slightly above the critical temperature we mea-
sured (T, =32.6 °C), at T = 33.2 °C and ¢, = 1.08 wt %.
The dark blobs (about 50 — 70 nm in size) are frost
particles, occasionally seen on cryo-TEM images. In cryo-
TEM micrographs of both the lower (dilute, Figure 4A)
and the upper (concentrated, Figure 4B) phases, one can
identify three-fold junctions (arrows) interconnecting
cylindrical threads, thus forming a network. As before,
we find a few disconnected network fragments. A few
entanglement points or very few four-fold junctions
(arrowheads) are also observed. The two networks are of
equal cylinder radius, as can be observed in Figure 4, but
of different junction density. At higher temperatures,
where the dilute (lower) phase becomes extremely diluted,
we expect the network to break into individual micelles.

Light Scattering. In Figure 5, we present data from
SLS measurements performed on a solution of 0.25 wt %
of C12Es in water at 24 °C. Data for other solutions (0.1,
0.38, and 0.5 wt % C;,Es) were treated in the same way.
By plotting Kc/R(q) versus g? (see eq 4), Rg ; (=47 nm) and
the apparent M,, (= 1.39 x 10° g/mol) were extracted by
linear regression. The two data points at the highest g
values lie outside the range of validity of eq 4.

In Figure 6, a log—log plot of the Rayleigh ratio, R(q),
for g — 0, R(0) versus surfactant concentration (see eq 3)
is plotted for different temperatures. At all temperatures,
R(0) increases with c; this result confirms the assumption
of dilute regime conditions.** Notice also that R(0)
increases with temperature at constant surfactant con-
centration; this is a consequence of the micellar growth
with temperature, which is reflected in the increase of the
weight-average micelle molecular weight.

From DLS measurements, we were able to determine
the z-average mutual translational diffusion coefficient,
D,, of the particles in solution and consequently the
average hydrodynamic diameter, Dy, (see eq 7). A log—log
plot of Dy versus apparent M,, of the micellesin 0.1, 0.25,
and 0.5wt % aqueous Cy;Es solutionsis presented in Figure
7. This linear relation indicates a power-law dependence
of Dy ~ My,” with v of approximately 0.6 (see Table 1). For
¢ =0.25 and 0.5 wt % Cy,Es, we find that the power-law
dependence of Rg, ~ M,” also gives v ~ 0.6 (data not
shown). These results indicate a similarity in the behavior
of the micellar solutions and solutions of flexible polymers

(44) Buhler, E.; Munch, J. P.; Candau, S. J. J. Phys. Il (France) 1995,
5, 765.
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(arrowheads) and rather short (<50 nm) threadlike micelles (arrows) coexist. (B) At 18 °C, the coexistence of spheroidal (arrowheads)
and cylindrical micelles (arrows) is again identified. The threadlike micelles are typically 50 — 100 nm. Small arrow denotes
three-fold junction. (C) At 29 °C, the micelles are longer (>100 nm). Large arrows mark three-fold junctions, arrowheads mark
entanglement points or four-fold junctions, and small arrows mark disconnected micellar fragments.

in a good solvent (see eq 8), in agreement with a previous between 10 — 20 nm.*> For a rigid rod, it was found that
study on Cj;Es, conducted in semidilute conditions.?! Dy depends on M,,” with » ~ 0.85 — 1.6 From both SLS
However, note that for c = 0.1 wt % (Table 1), the power (Nagg) and cryo-TEM measurements (not shown), it ap-
vis0.7 £ 0.06. The reason for this behavior may be related

to the fact that the micelles have some rigidity; typical (45) Magid, L. J. J. Phys. Chem. B 1998, 102, 4064 and references

persistence lengths in similar nonionic systems vary therein.
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Figure 3. Cryo-TEM images of three solutions at the same temperature, 18 °C at three different concentrations: (A) at 0.25 wt
% C12Es, the coexistence of spheroidal (arrowheads) and rather short (<70 nm) threadlike micelles (arrows) is observed. (B) At 18
°C, spheroidal (arrowheads) and cylindrical micelles (arrows) coexist (Figure 3B is the same as Figure 2B). The threadlike micelles
appear flexible and are typically 50 — 100 nm. A small arrow marks a three-fold junction. (C) At c. = 1.08 wt %, the micelles are
longer than 100 nm. Large arrows mark three-fold junctions, and arrowheads mark entanglement points or four-fold junctions.

pears that the micelles are rather short (a few tens of
nanometers) but still locally cylindrical and thus rather
rigid. We explain the value of v = 0.7 as characterizing

(46) Harding, S. E. Biophys. Chem. 1995, 55, 69. Doi, M.; Edwards,
S. F. In The Theory of Polymer Dynamics; Oxford University Press:
Oxford, 1986.

an intermediate semiflexible state between classical rigid
rod and flexible chain.

We may conclude that C;;Es micelles in dilute aqueous
solution show a uniaxial growth (cryo-TEM) with both
temperature and concentration into cylindrical threads
with properties similar to those of flexible polymer
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Figure 4. Cryo-TEM images of coexisting micellar networks at T = 33.2 °C: (A) dilute (denoted by L,') and (B) concentrated
(denoted by L,") phases. In both images, one can identify three-fold junctions (arrows) and four-way “crossroads” that mark

entanglement points or four-fold junctions (arrowheads).

molecules (light scattering). To quantify the growth of the
micelles with temperature and concentration, the average
micelle contour length was calculated as described in the
theoretical introduction (see eq 9). We assume that the
very small minority of branched aggregates found in cryo-
TEM at low temperatures and surfactant concentrations
(see Figures 2A, 2B, 3A, and 3B), would not significantly
influence our calculation of the mean contour lengths of
micelles nor, consequently, of the end-cap energies E.. In

Figure 8A, the semilogarithmic plots of L versus the
absolute temperature (K) for four solutions of C;,Es are
found to be linear with slope “a” (values of “a” appear in
Table 1). Comparing this result to eq 11 leads to the
following relation between the end-cap energy, E., and
the temperature:

E(L) =2aT (13)
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Table 1. Concentration Dependence of Parameters Related to the Calculation of End-Cap Energies of C12Es Micelles in

Water
c[g/cm3] pa abP [1/T] be [l/T] EC(E)TzzggK [kBT] EC(DH)T:ZQsK [kBT]
0.001 0.7 +0.06 0.084 + 0.004 0.083 + 0.007 50 + 2 53+4
0.0025 0.61 +£0.03 0.089 + 0.003 0.093 £ 0.007 53+2 56 +£4
0.0038 0.57 £0.05 0.09 £0.01 0.095 + 0.004 54+6 57+2
0.005 0.57 £ 0.05 0.088 + 0.007 0.095 £+ 0.01 52+ 4 57+7

a y was found from the following relation: Dy~ M., (see Figure 7). ® The slope “a” was found from the dependence of L on the temperature
(see Figure 8A). ¢ The slope “b” was found from the dependence Dy on the temperature (see Figure 8B).
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Figure5. Plotof Kc/R(q) vs g2 for a solution of 0.25 wt % C1,Es
in water at 24 °C. Rg; and the apparent M,, of the micelles are

extracted from the slope and the intercept, respectively. Error
bars are rms values on the basis of seven replicates.
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Figure 6. Concentration dependence of the Rayleigh ratio

extrapolated to g = 0 R(0), for C12Es in water at T = 15.5 °C
(#), 18 °C (m), 20.5 °C (a), and 24 °C (@®).

where E¢(L) is given in units of kgT. Independently, we
looked for the temperature dependence of Dy. In Figure
8B, the semilogarithmic plot of Dy versus the absolute
temperature (K) for four solutions of C,,Es is found to be
linear, with a slope “b” (values of “b” appear in Table 1).
Comparing this result to eq 12 gives a relation between
the end-cap energy, E., and the temperature:

E.(D,) = (2bT)/v (14)

where E¢(Dy) is given in units of kgT. Notice that E¢(Dw)
and E.(L) are approximately equal within experimental
error (Table 1). The monotonic increase of E.(Dy) and E¢(L)
with T is in agreement with the behavior found in the

100

DHu [nm]

10
1.E+05 1.E+06 1.E+07
My,app [gr/mole]

Figure 7. Dependence of the average hydrodynamic diameter
Dy on the average molecular weight of the C12Es micelles in
water for c = 0.1 wt % (#), 0.25 wt % (M), and 0.5 wt % (®). (For
clarity the data points for ¢ = 0.38 wt % have been omitted from
the figure. These data points lie between those of ¢ = 0.25 wt
% and 0.5 wt %).

Ci-E¢/water micellar system34” and agrees qualitatively
with new theoretical calculations made by Tlusty et al.3®
These results may be explained by the following argu-
ments: the monolayer spontaneous curvature in the case
of CiE;j nonionic surfactant decreases linearly with in-
creasing temperature.*® By decreasing C,, or equivalently,
raising the temperature, itis less favorable for a surfactant
molecule to reside in the spherical end-cap than in the
cylindrical region of the micelle. The end-cap energy of
the micelle represents the excess free energy for a pair of
spherical end-caps relative to a threadlike region contain-
ing an equal number of surfactant molecules. In such a
case, we may conclude that E, varies with T inversely to
the variation of C,, in agreement with the experimental
results. Comparison of the values of E, for the different
solutions shows that there is no dependence on the
surfactant concentration (Table 1), as expected for nonionic
and screened ionic surfactants.?® Finally, we note that
the values of E.(L) and E.(Dy) (Table 1) at T =298 K and
0.25% Cy,Es are 53 £+ 2 kg T and 56 + 4 kg T, respectively.
This corresponds to relatively large end-cap energies when
compared with typical values in the literature, which range
between 25 — 52 kgT.497%2 This high value indicates a
strong tendency for micellar growth in our system.

(47) Strey, R.; Pakusch, A. Proceeding of the Fifth International
Symposium on Surfactants in Solutions; Bordeaux, 1984; Vol. 4, p 465.
Mittal, K. L., Bothorel, P., Eds.; Plenum Press: New York, 1986.

(48) Strey, R. Colloid Polym. Sci. 1994, 272, 1005.

(49) Blankschtein, D.; Thurston, G. M.; Benedek, G. B. Phys. Rev.
Lett. 1985, 54, 955.

(50) Kern, F.; Lequeux, F.; Zana, R.; Candau, S. J. Langmuir 1994,
10, 1714.

(51) Hassan, P. A.; Valanlikar, B. S.; Manohar, C.; Kern, F.; Bourdieu,
L.; Caudau, S. J. Langmuir 1996, 12, 4350.

(52) Candau, S. J.; Hirsch, E.; Zana, R.; Deslanti, M. Langmuir 1989,
5, 1225.
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Figure8. (A) Temperature dependence of the average micellar
contour length L, for C12Es in water at c = 0.1 wt % (#), 0.25
wt % (m), 0.38 wt % (a), and 0.5 wt % (®). (B) Temperature
dependence of the average micelle hydrodynamic diameter Dy,
for C12Es in water at ¢ = 0.1 wt % (), 0.25 wt % (M), 0.38 wt
% (a), and 0.5 wt % (@).
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Figure 9. Concentration dependence of the average micelle
hydrodynamic diameter Dy, for C12Es in water at T = 15.5 °C
(#), 18.1 °C (m), 20.5 °C (a), and 24 °C (®).

The last point treated was the concentration dependence
of Dy. Thisdependence is characterized by a simple power-
law behavior, as reflected in the linearity of the log—log
plot presented in Figure 9. For all the temperatures
plotted, the slope, 1, equals approximately 0.3 (Table 2).
Using the value obtained independently for v (Table 1),
we find that o is equal to 0.5, in agreement with theory
(egs 11 and 12). The same value of a was found using the
calculated value of L as a function of surfactant concen-
tration (not shown here).
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Table 2. Values of 4, Obtained from the Dependence of
Dy on Surfactant Concentration, at Four Different

Temperatures
T (°C) AR
155 0.3+0.1
18.1 0.3 +0.03
20.5 0.31 £ 0.05
24 0.32 £ 0.04

a Awas found from the dependent Dy on surfactant concentration
(see Figure 9).

Conclusions

Inthiswork we have used cryo-TEM and light scattering
to study the micellar growth and network formation in
aqueous solutions of the nonionic surfactant C,,Es. The
present work shows by cryo-TEM the gradual formation
of micellar networks from disconnected polymer-like
micelles as temperature is raised. The direct structural
observation by cryo-TEM substantiates the relation
between criticality of binary systems and the existence of
micellar networks.

Atvery low temperatures and surfactant concentrations,
well below the critical point, we have observed the
coexistence of short disconnected cylindrical and spherical
micelles. With increasing temperature and concentration,
we have identified uniaxial micellar growth into threadlike
objects having properties resembling those of flexible
polymers in a good solvent (v ~ 0.6). Static and dynamic
light scattering show that the mean micelle contour length
L increases as c%°, in agreement with theory.?627 We
suggest that the effect of temperature on micellar growth
can be explained through its effect on E;, the end-cap
energy of the micelles. We find E, to be linearly dependent
on temperature. This is in qualitative agreement with
recent calculations of Tlusty et al.®® and with the behavior
found in the Ci;E¢/water micellar system.347 It was
experimentally shown that the spontaneous curvature,
C,, of CiE; surfactant monolayers decreases linearly with
increasing temperature.*® Consequently, the energy pen-
alty for a surfactant molecule to reside in the spherical
end-cap incomparison to the cylindrical core, as is reflected
in E¢, should increase when the spontaneous curvature of
the surfactant monolayer decreases. As the temperature
is further increased, we observe branch formation.

The phenomenon of branching is observed in C,Es
micelles, except at the very lowest concentrations and
temperatures. The tendency of the surfactant molecules
to form branched micelles increases markedly as the
critical point and two-phase separation curve is ap-
proached because the energy cost to form end-caps in
contrast to branches increases with temperature. We have
clearly identified the existence of a network topology in
this region of the phase diagram. Moreover, we have shown
that at a temperature slightly above the critical point, the
two coexisting, concentrated and dilute, phases are of a
network topology. This supports the theoretical suggestion
that the same physics of entropic interactions within
semiflexible networks that govern swollen microemulsions
could also explain the criticality and phase behavior of
certain binary micellar solutions.”

Consistent with theory,'125 we found that the forma-
tion of those networks is not only temperature dependent,
but also concentration dependent. At T = 18 °C, we
observed a transition from threadlike micelles (c = 0.25%,
see Figure 3A) to individual branched micelles (¢ = 0.5%,
see Figure 3B), to a network of branched cylindrical

(53) Tlusty, T.; Safran, S. A.; Strey, R. Phys. Rev. Lett. 2000, 84,
1224.
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micelles (c = 1.08%, see Figure 3C). We have also shown
that branched cylindrical networks appear already at c =
0.5% for a temperature of T = 29 °C (see Figure 2C),
indicating that junctions at this temperature are ener-
getically much more favorable than end-caps. However,
at a very low temperature of T = 2 °C we observed only
the coexistence of spheroidal and threadlike micelles, even
at a concentration of ¢ = 1.5% (not shown). This in turn
shows that end-caps are energetically much more favorable
than junctions at T = 2 °C. Assuming that the junctions
and end-caps energies, E; and E., respectively, depend
linearly but inversely on temperature,® we conclude that
junctions are somewhat more energetically favorable than
end-capsat T =18 °C. According to theory,5 the transition
from unbranched to branched micelles depends on the
difference between the junction and end-cap energies: the

Bernheim-Groswasser et al.

more favorable Ej is over E., (i.e., the higher the temper-
ature for nonionic surfactants), the lower the surfactant
concentration at which this transition occurs. Indeed,
interconnected cylindrical micelles start to appear at lower
temperatures as surfactant concentration increases.
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