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We have studied the topological

transition of the

nonionic micelles of a penta-

ethyleneglycol mono n-dodecyl ether (C,, Es)/DL-a-phosphatidylcholine Dimyristoyl (DMPC) mixture
in water by light scattering and viscosity measurements. The topological transition concentration
decreases with an increase of the mixing ratio of DMPC to C;,Es. The topological transition point is
strongly affected by defect energies of the end cap (€;) and a threefold junction (€3) and is compared
with a recent theoretical study. This experimental study shows the first clear evidence for the
topological transition in a nonionic micellar system resulting from balancing the defect energies.
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Wormlike or rodlike micelles in aqueous solutions are
known to be living polymers and show various phase
behaviors as a function of the surfactant concentration.
The existence of intermicellar junctions has been of
interest since Porte’s [1] suggestion for the network of
branched wormlike micelles in order to explain the un-
usual rheological properties of micellar systems in a
semidilute regime [2,3]. Since then, the formation of
branched cylindrical micelles and their networks has
been investigated theoretically [4—7].

Recently Tlusty et al [8] predicted theoretically that
the topological transition, from disconnected cylinder to
interconnected structure having a threefold junction, is
caused by the decreasing spontaneous curvature. The
topological transition may be controlled by the tuning
of the spontaneous packing geometry (spontaneous cur-
vature), e.g., by changing the temperature, by changing
the concentration of added salt in an ionic system, and by
adding nonionic additives in nonionic systems. The topo-
logical transition gives us good insights into understand-
ing the rheological properties of micellar solutions
having junction defects and the phase behaviors of mi-
cellar solutions, and also the hierarchical assembly sys-
tems, which are characteristics of biological systems [9].

The branched micellar (or microemulsions) structures
have been studied mainly by Cryo-TEM. This micro-
scopic technique is a useful tool for direct visualization
[10—14], but it does not yield quantitative information on
locating the topological transition point. It is difficult to
define the transition point as a function of the concen-
tration or temperature by using Cryo-TEM observation.
Therefore, no experimental evidence that considers the
effect of topological defect (end caps and junctions) en-
ergies on the topological transition has been reported
until now. Light scattering is a powerful tool to inves-
tigate the topological transition points of solutions by
measuring the scattering intensity, which responds to
different topological structures.

In this Letter, we present the role of topological defects
on the topological transition for the first time in aqueous
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nonionic micellar solutions using light scattering and
viscosity measurements. In our earlier study [15], we
reported that the spontaneous curvature of micelles
made of C,Es decreased with the addition of DMPC
molecules and the end-cap energy of the micelles in-
creased (Fig. 1). Since mixtures of nonionic surfactants
(Cy,E5) and noncharged phospholipids (DMPC) form
mixed micelles with modifying end-cap energy as a
function of the molar ratio, m, this is an ideal system to
study the effect of defect energies (end-cap-defect energy
or junction-defect energy) on the topological transition.

We purchased C,E5 from Nikko Chem. Ltd. (Japan)
and the DMPC from Sigma Chem. Corp. The viscosity
measurements for the micellar solutions were carried out
using a Cannon-Fenske capillary viscometer.
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FIG. 1. End-cap energies of C;,Es/DMPC mixed micelle at
288 K. m = 100 means a micellar solution made of pure C,E5
and m = 99 is a micellar solution made of 99 mole of Ci,Ej5
and 1 mole of DMPC. The solid line is a linear fit, which gives
the relation Eepg cap = —1.29m + 141 (in units of kgT).
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The measured viscosities for the micellar solutions of
the C|,Es/DMPC mixture in water are shown in Fig. 2(a).
The viscosities increase very slowly at low concentra-
tions; then, above a certain concentration c;, which
presumably corresponds to the crossover from the dis-
connected cylindrical micelles to the branching of
micelles, they increase rapidly. These results can be in-
terpreted as the topological transition [16,17]. We
obtained c¢; ~2.66 =0.10, 1.64 +0.13, and 1.15 =
0.11 mg/ml in 100, 97, and 95 mol %, respectively.
Figure 2(b) shows the viscosity with concentration scaled
with c;. All the curves collapse in two regimes, indicat-
ing that all samples demonstrate the same topological
behavior according to the scaled concentration.

Dynamic light scattering (DLS) and static light scat-
tering (SLS) experiments were made on Brookhaven
Instruments using the BI-200SM and the BI9OOOAT digi-
tal correlator at the concentration range of 0.8 to
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FIG. 2. (a) shows viscosity vs ¢ for three different molar

ratios at 288 K and (b) is scaled with c,, resulting in universal
behavior. The solid lines in (a) are linear fits in two regimes and
the arrows indicate the transition point, c;. The dotted line in
(b) is meant as a guide to the eye.
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30 mg/ml in water. Experimental details are described
elsewhere [15]. DLS measures the time autocorrelation
function of the fluctuations in the scattered light from
micelles in solution. This allows determinations of the
hydrodynamic radius Ry from the Stokes-Einstein rala-
tion,

kyT

-t 1
"~ an.D. (1)

where kz and T are, respectively, the Boltzmann constant
and the absolute temperature. 1, and D, are the solvent
viscosity and the self-diffusion constant of aggregates,
respectively. Figure 3(a) shows the results of Ry as a
function of concentration. Again, two growth regimes
are identified for all solutions as in the case of the
viscosity data in the dilute regime (c/c; < 4). The esti-
mated values of ¢; are 2.75 = 0.20, 1.55 £ 0.23, and
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FIG. 3. (a) shows hydrodynamic radius vs ¢ at 288 K and
(b) shows the normalized Ry versus ¢ data in units of R, and
¢y, where the R, is the value of Ry for c — 0, R, ~ 2.7, 3.5,
and 3.9 nm for 100, 97, and 95 mol %, respectively. The arrows
in (a) indicate the transition point, c¢;. The solid line in (b) is a
linear fit in a log-log plot, which gives the power law L ~ c%%.
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1.08 = 0.13 mg/ml for 100, 97, and 95 mol %, respec-
tively, which are consistent with viscosity data. All the
curves nicely collapse together, and universal behavior is
observed in both sets of growth regimes. The second
regime corresponds to the branching micelle regime
based on the recent Cryo-TEM observations for the
branching micelles of C;,E5 micellar solutions [14]. In
the first growth regime, Ry is related to the molecular
weight by a simple power law for a flexible polymer,
Ry ~ M7, [18,19]. The average micelle length is a linear
function of molecular weight in the dilute concentration
regime due to the one dimensional growth and is also
given by [20]

M ~ L ~ c®exp(Ecy/2kpT). )

Since Ry ~ ¢®?, in the first growth regime ¢ < cjy,
av ~0.29 is obtained from the universal behavior of
Ry/R, in Fig. 3(b). From the SLS measurement, we
obtained the exponent values of v, 0.64 = 0.03 [21]. We
can obtain the exponent value of «, scaling as L ~ c¢,
0.45 = 0.03 (¢ < ¢y), which is in good agreement with the
theoretical power law (a ~ 0.5) predicted by the Flory-
Huggins lattice model for linear micelles. Therefore, for
¢ < ¢, the end defect is dominant and a uniaxial micellar
growth occurs. However, the micellar growth near the
critical point cannot be explained successfully by this
growth model due to a long range interaction, which gives
a very different power law with exponent o ~ 1.2 [22].

For ¢ > ¢y, it is worthwhile to note that the Ry/R,
follows a universal curve which departs from the simple
growth power law. This second growth regime shows the
formation of the branched point in previous Cryo-TEM
observations [14]. Furthermore, for ¢ >> c¢;, Ry decreases
as the concentration is increased as shown in Fig. 3. This
is similar to the semidilute concentration behavior of
living polymer solutions [23].

The general trends of Ry with the concentration can be
understood in terms of the number density of topological
defects, p,, which scales nonlinearly with the solute
volume fraction ¢ [24,25];

p, ~ e < 3)

for the end defect (end cap), z = 1 and for the junction
defect (threefold branching point) z = 3. €; and €5 are the
end defect and the junction defect, respectively. The val-
ues of c¢; estimated from 1 and Ry data are the points
where the number densities of cylindrical micelles with
free end caps and branching micelles with threefold junc-
tions are approximately the same.

Now, we confront the theoretical prediction with the
strong molar ratio dependence of the topological transi-
tion points c;. When ¢; is determined at p; = p;3, the
theory indicates that the topological transition occurs at
the value of r = ¢,R (c, is the spontaneous curvature and
R is the radius of a cylindrical micelle) at r,, with [7,8,26]
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where ¢; ( ~ c;) is a volume fraction of solute molecules
at a transition point. This theoretical prediction implies
that as the spontaneous curvature decreases, ¢ ; decreases
as r, ~ In¢,. This calculation from the familiar Helfrich
curvature energy is valid for small curvatures, such as for
microemulsions or vesicles. To account for the details of
the molecular interaction, the third term on the right-
hand side in Eq. (4) is added, so that Eq. (4) gives a
reasonable estimation of micelle properties, the bending
elasticity of the micelles, their tendency to form defects
(end cap and junctions), free energy of the micelles,
etc. [6,7,27].

Small amounts of DMPC molecules added into C;,Es
micelles decrease spontaneous curvatures of micelles due
to their molecular structure [15], leading to the decrease
of r, while R remains constant. Then, the value of ¢;
shifts toward a lower value by adding DMPC (Fig. 4).
Equation (4) can be reformulated with the relation of r,
and m [28], as follows:
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This can give us the quantitative prediction of topological
transition points as a function of m. The best fitted
experimental data with Eq. (5) in Fig. 4 gives us a3/a; =
—0.74 = 0.08, P = —73.2,and Q = —4.2 [29]. The value
of a3/« is similar to the theoretical value, ~ — 0.9 [7].
This indicates the values of ¢; obtained from the DLS
and the viscosity measurements are consistent with the
topological transition points. The branched micelles form
only when the micelles are extremely long, that is, when
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FIG. 4. Topological transition points ¢; vs m. The solid line
is the theoretical calculation. The inset is the junction-defect
energy estimated using Eq. (6).
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the micelle solution has less end defects because the local
curvature defect energy cost for forming a junction is
higher than that for forming a spherical end cap [4,6,7].
The micelles with a lower molar ratio are longer due to
their large end-defect energies and have a smaller energy
cost (Ae = €3 — €;) for forming junction defects. Then,
the micelles with a lower value of m show the topological
transition at lower concentrations.

Using these results and the relation of r vs m [26], we
estimated the junction-defect energy as a function of m
using the equation

& =—129%m + p. 6)

o
The junction-defect energies are shown as an inset in
Fig. 4. The pure surfactant micelle (m = 100) has the
energy difference, Ae, with 11.4kzT, which is in good
agreement with the theoretical prediction, about 10kgT
[6]. Junction energies decrease with the amount of DMPC.
This is the opposite tendency to the case of the end-defect
energy. Any change of conditions which increases the
end-defect energy decreases the junction-defect energy
simultaneously, since in a junction the curvature change
has the opposite sense to that of an end defect due to the

bilayer of a junction point [6,7].

In summary, we have shown for the first time that the
topological transition of the nonionic micellar solutions
(C1,E5s/DMPC/H,0) was strongly affected by defect
energies and spontaneous curvature. This finding is in
good agreement with theoretical calculations [8]. This
finding is important for understanding the rheological
problems of polymerlike micelle systems, and also obvi-
ously for the hierarchical nature of biological systems
(e.g., biogel, network of biopolymers, etc.).
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