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Dynamics of the Self-Assembly of Unilamellar Vesicles

T. M. Weiss,1 T. Narayanan,1,* C. Wolf,2 M. Gradzielski,2,† P. Panine,1 S. Finet,1 and W. I. Helsby3

1European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France
2Lehrstuhl für Physikalische Chemie I, Universität Bayreuth, D-95440 Bayreuth, Germany

3Daresbury Laboratory, Cheshire, WA4 4AD, United Kingdom
(Received 7 May 2004; published 28 January 2005)
0031-9007=
We have studied the transient stages in the formation of unilamellar vesicles with millisecond time
resolution. The self-assembly was initiated by rapid mixing of equimolar amounts of anionic and
zwitterionic micelles and the transient micellar entities were probed by time-resolved small-angle
x-ray scattering. Within the mixing time, original micelles transformed to disklike micelles which evolved
further to a critical size and then closed to form monodisperse unilamellar vesicles within a second.
Subsequent growth led to an unexpected broadening of the vesicle size distribution.
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The equilibrium microstructure of a large number of
surfactant systems has been widely studied over the past
several decades [1,2]. Depending on concentration, tem-
perature and other physicochemical parameters, a variety
of structures such as spherical, cylindrical or disklike
micelles, bicelles, vesicles, and lamellar, cubic and hex-
agonal phases have been identified [1–4]. The transient
intermediate structures formed during the transition be-
tween two equilibrium phases have come to be the focus
of attention only recently [5–12]. The micelle to vesicle
transition is the classic example [3], where the final vesicle
phase can be a long-lived metastable state in lieu of the
equilibrium lamellar phase [7,12]. The rapid structural
transitions can be conveniently induced by mixing two
different micellar solutions in the millisecond time scale
[5,9]. Recently, the formation of vesicles has been studied
in situ but the exact route remains unclear though disk-
like intermediate states have been inferred [9,10,12].
Understanding the dynamical behavior of micellar self-
assembly is primordial in exploiting the self-assembling
properties of amphiphilic system in applications such as
encapsulation, controlled release, and nanoreactors [13].
However, the time scales of the underlying structural or-
ganization may range from a millisecond up to weeks
[3,14] and the very early transient micellar entities re-
mained inaccessible for structural studies.

In this Letter, we report millisecond time-resolved
small-angle x-ray scattering (SAXS) study of micelle to
vesicle transition in a novel zwitterionic-anionic micellar
mixture. The results revealed a transient state consisting of
disklike micelles which grew during the initial few hun-
dred milliseconds and then closed to form unilamellar
vesicles with a narrow size distribution.

Equimolar (50 mM) amounts of zwitterionic and anionic
solutions were mixed in a stopped-flow apparatus
(Biologic, SFM-3). The dead time of the mixing and the
transfer to the scattering capillary cell (diameter 1.6 mm
quartz and wall thickness �10 �m) was less than 4 ms.
Data acquisition was triggered at the beginning of the
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mixing phase that continued for 15 ms and then ceased
by a solenoid stopper. During this time the mixture was in a
quasicontinuous flow corresponding to a constant kinetic
time (t < 4 ms).

The time-resolved SAXS experiments were performed
at the ID2 beam line [15] of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. Most of the
SAXS measurements were made using the RAPID gas
detector [16] loaned from the Daresbury Laboratory in
the United Kingdom. The high brilliance of the source
together with a state-of-the-art photon counting detector
provided sufficient intensity statistics with an acquisition
time of 1 ms. Additional measurements were performed
using an image intensified charge-coupled device (CCD)
detector [15] to probe the vesicle formation and their final
state. The data presented here are averaged over 5 ms for
the initial growth and 50 ms at the later stages. The mea-
sured two dimensional scattered intensities were treated
using the standard procedure [15] to obtain the azimuthally
averaged, normalized intensities as a function of scattering
vector, q�� �4�=�� sin��=2��, with � the wavelength of
incident beam (�0:996 �A) and � the scattering angle. The
background scattering of the stopped-flow cell filled with
water was then subtracted and the resulting quantity is
denoted by I�q�.

The time-resolved scattered intensities were analyzed
using the scattering function, P�q; R�, of monodisperse
objects (disks or spherical shells) with radius (R) weighted
by a Schulz size distribution, f�R� [17]. The resulting
expression for the polydisperse case has the following
general form,

I�q� � N
Z 1

0
P�q; R�f�R�dR; (1)

where N is the number density of scatterers, and f�R� is
given by
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with Rm is the mean radius, and the polydispersity is
characterized by Z� 1 � 1=p2, where p is the polydis-
persity index [p2 � �hR2i=R2

m� 	 1]. For disklike objects p
refers only to the radius, and the bilayer thickness (H) is
assumed to be uniform. For randomly oriented disks of
radius R and thickness H, P�q; R;H� is given by the
following expression [17] involving the first order Bessel
function J1,

P�q; R;H� � V2��2
Z �=2

0

��
2J1�qR sin��
qR sin�

�

�

�
sin��qH=2� cos��
�qH=2� cos�

��
2
sin�d�; (3)

where V�� �R2H� is the volume of the disk, ��2 �
��B 	 �S�2 with �B and �S the scattering length densities
of the bilayer and the solvent, respectively, and � is the
orientation angle.

For spherical shell-like objects, P�q; R� can be expressed
[17] in terms of the scattering amplitudes of two spheres of
radii R1 and R2,

P�q; R1; R2� � 16�2��2fR3
2f0�qR2� 	 R3

1f0�qR1�g
2; (4)

where f0�x� � �sinx	 x cosx�=x3 is the scattering ampli-
tude of a solid sphere and R2 	 R1 is the bilayer thickness.

The surfactant mixtures were comprised of zwitterionic
tetradecyldimethylamine oxide [C14H29N�CH3�2O] and
anionic lithium perfluorooctanoate (C7F15COOLi). Both
surfactants were gifts by Clariant (Germany) and puri-
fied by repeated recrystallization from acetone and CCl4,
respectively. The fluorinated chains provided a higher con-
trast for x-ray scattering experiments. The initial zwitter-
FIG. 1. SAXS intensities for 50 mM solutions of
C14H29N�CH3�2O (M1) and C7F15COOLi (M2) together with
their mixture within the first 5 ms after rapid mixing. The
continuous line for the mixture (M1 �M2) corresponds to poly-
disperse disk scattering function. The inset schematically depicts
the corresponding micellar transformation.
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ionic micelle (M1) has short rodlike shape with radius
1.85 nm and length 15 nm (aggregation number 320) at
the given concentration [18,19], while the anionic per-
fluoro micelle (M2) is spherical with radius 1.0–1.2 nm
and average aggregation number 36 [20]. Figure 1 displays
the I�q� from an equimolar mixture of zwitterionic (M1)
and anionic (M2) micelles within the first 5 ms after mixing
(including the dead time). For a comparison, I�q�’s from
the original micelles are also shown, which over this q
range is primarily dominated by the micellar form factor
(except at small q range). The continuous lines for M1

and M2 correspond to rod and sphere fits, respectively,
but the fitted radius of the rods (M1) is relatively smaller
(�1:49 nm) presumably due to the very low x-ray contrast
of the their head groups in water. Evidently the original
micelles transformed to a new shape within the mixing
time. I�q� at the very beginning can be adequately de-
scribed by Eqs. (1) and (3) corresponding to disklike
objects with a radius 7.5 nm and a thickness 4.8 nm, which
is bigger than the estimated bilayer thickness of 3.9 nm
(twice the length of the stretched tetraalkylchains).
Furthermore, the observed size corresponds to a surfactant
aggregation number of 670, about twice the aggregation
number of the original M1 rodlike micelles. This indicates
that the initial mixed micelles may have formed from one
M1 micelle and the corresponding number of perfluoro
micelles to attain equimolar composition. Figure 2 shows
the growth of mixed micelles with time (t). The continu-
ous lines correspond to Eqs. (1) and (3) with a radius poly-
dispersity index 0.2 and demonstrate the existence of disk-
like intermediates in this self-assembly process. The fit
tends to deviate around 400 ms, suggesting the formation
of new structures.
FIG. 2. The evolution of I�q� indicating the growth of disklike
micelles over the first few hundred milliseconds after mixing.
The solid lines are fits to Eqs. (1) and (3) with polydispersity
index � 0:2 (t < 0:5). For clarity, successive curves have been
multiplied by the factor indicated in parentheses. The inset is a
cartoon of the underlying growth process.
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The time evolution of disk radius and thickness is de-
picted in Fig. 3. During the growth process, H decreased to
the expected value (3.6 nm) and R increased by an expo-
nential function. The continuous line represents

R � RM

�
1 	

RM 	 R0

RM
exp�	t=��

�
; (5)

with RM the final radius, R0 the radius of initially formed
disks at t � 0, and 1=� the growth rate. The exponential
time dependence depicted in Eq. (5) is the signature of a
growth process from metastable state [21]. The driving
mechanism is very likely the unfavorable edge energy
arising from the packing constraints characterized by the
line tension � [10,12]. To reduce the edge energy, the
floppy micelles coalesce until they reach a critical radius
denoted by RM.

The observed growth rate (1=� � 5 s	1) is orders of
magnitude smaller than that expected for a purely diffusive
process at the given concentration and size (1=� �
7800 s	1). This together with the exponential time depen-
dence suggests a reaction-limited process [22]. The floppy
micelles have to make several attempts before joining to
form a larger micelle—presumably in an edge-to-edge
conformation.

Figure 4(a) shows the transformation of the floppy mi-
celles to unilamellar vesicles. At intermediate times (400–
800 ms), I�q� is not adequately described by either Eq. (3)
or (4). This is due to a coexistence of disklike micelles and
closed vesicles. Figure 4(b) illustrates the formation of the
vesicles and their growth obtained from an additional
experiment using the CCD detector. The long time behav-
ior of the vesicles (�4:5 � 106 s) depicted in Fig. 4(b) is
derived from a separate ex situ experiment. The continuous
lines in Figs. 4(a) and 4(b) are fits to Eqs. (1) and (4) illus-
trating the formation of vesicles with a narrow size distri-
bution within a few seconds, as demonstrated by the well-
FIG. 3. Time dependence of the disk radius (R) and thickness
(H). The continuous line pertains to the exponential function in
Eq. (5) with RM � 15:1 nm, R0 � 6:6 nm, and � � 198 ms.

03830
defined fringes in I�q�. The deviation at low q is due to the
repulsive structure factor of the charged vesicles [17,23].
After a certain induction period (�30 s), the monodisperse
vesicles grow further as indicated by the shift in the first
minimum in I�q� to smaller q values. While the radius (RV)
increased from 13 to 28 nm in about 600 s, the poly-
dispersity index showed an unexpected increase from 0.1
to 0.29. The broadening of the size distribution is vividly
demonstrated by the gradual diminishing of oscillations in
I�q�, which is likely due to the tendency of larger vesicles
to coalesce. The time dependence of radius (t > 30 s) is
consistent with a power law, RV � t1=3, which together
with the observed single size distribution suggests that
the growth mechanism is reminiscent of a coalescence
process governed by diffusion [24].
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FIG. 4. Transformation of floppy micelles to unilamellar
vesicles and the subsequent growth. The solid lines are fits to
spherical shell using Eqs. (1) and (4). (a) Inset schematically
depicts the transformation. (b) The radius of the shell increased
from 13.2 nm (1.3 s) to 27.2 nm (542 s) and the polydispersity
increased from 0.106 to 0.29. For clarity, successive curves have
been multiplied by the factor indicated in parentheses.
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The vesiculation depends on the balance between the
unfavorable edge energy (2�R�) of the disks and the
bending energy required to form spherical structures which
is determined by the mean bending modulus  and the
saddle-splay modulus   of the amphiphilic bilayer
[8,10,12]. Above a critical radius (�RM) disklike micelles
become energetically unstable and this marks the onset of
vesicle formation. From the energy balance [8] the maxi-
mum disk radius RM � 4�2 �   �=�, whereas the mea-
sured RM�15 nm. Therefore, the ratio �2 �   �=��
3:8 nm, which is very reasonable since other experiments
yielded 2 �   � 3–5kBT and � � kBT=nm [8,10,12].

The fact that the initial RV (�13 nm) is comparable to
RM (�15 nm) suggests that the incipient vesicles are
formed from the closure of objects which in turn resulted
from the fusion of two disks of radius just below RM. These
newly formed objects with radius in the range RM < R<���

2
p
RM are energetically unstable (e.g., spherical caplike

intermediates) [10], and they close to form vesicles with
half the radius. The narrow size distribution of the vesicles
at the early stages is an indication of the sharpness of this
energy balance. The polydisperse vesicles formed at late
stages remain unilamellar and stable for months, as indi-
cated by the upper curve in Fig. 4(b) (final RV � 50 nm).
This increase of polydispersity is significantly different
from that observed in mixtures of cationic and anionic
surfactants where the final state has the sharpest size
distribution [9]. This difference may be attributed to
weaker attractive interaction in the zwitterionic-anionic
mixture. The energetic stabilization of a well-defined cur-
vature of the bilayer by attractive electrostatic interactions
is a key factor for the stability [8] of monodisperse uni-
lamellar vesicles that is significantly less pronounced in
zwitterionic-anionic (interaction parameter of 	12kBT)
than in catanionic surfactant mixtures (	21kBT).

The above results demonstrate that transformation of
micelles to vesicles is a multistep process. The tendency
for surfactant pairing and the comprehensive equimolar
mixing play a crucial role in the formation of initial floppy
micelles. The millisecond time resolution permitted prob-
ing the early stages of micelle-vesicle transition, most
notably the growth and transformation of floppy micelles
to vesicles. The measurement of the initial vesicle size
constitutes a good method to determine the ratio of the
mechanical moduli of surfactant bilayers which is not
easily accessible by other techniques. Millisecond time-
resolved SAXS is a powerful method to elucidate fast
structural dynamics in soft matter systems. The transient
structural properties of these complex systems can be
exploited in engineering hierarchically ordered nanostruc-
tured materials [25].
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