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1. INTRODUCTION

Ternary liquid crystal (LC) phases are well-known for their
huge variety of ordering transitions at the interface between LCs
and aqueous phases embracing amphiphilic molecules, polymers,
and proteins.1 This interface is subjected to large-scale fluctua-
tions arising from self-assembly processes of surfactants in the
bulk for particularly at the phase transition from LCs to aqueous
phases. For this reason, it is an important task and great challenge
to develop effective and environmentally benign methods, which
allows rationalization and controlled phase transitions.2 In
principle, the phase transitions can be either temperature- or
laser-induced. Laser-induced self-assembly has been applied to
amphiphilic molecules on the gas-liquid interface,3 to organic
acids at the liquid-solid interface,3 and to the liquid-liquid
interface.4 Absorption of optical photons provides the means to
introduce and to control phase changes via light irradiation. A
prerequisite limiting these methods to certain special cases is the
optical activity of the system under investigation. Then coherent
excitation of matter, in order to avoid surface effects, can induce
macroscopic changes in the state of the system. So far, the
investigated phase transitions were either driven by laser heating
or by intermediate formation following optical selection rules.5

Photosensitization by means of dye systems extends the possi-
bility of photo inducing phase transitions to any arbitrarily
chosen matter, which might be inherently inert against optical
excitation. Furthermore, photosensitization allows the initiation
of phase transitions, which are driven by Stokes or anti-Stokes
optical excitation resulting in a heating or cooling of the
surroundings of the dye molecules. Collisional redistribution of
radiation or anti-Stokes excitation of a dye6 are methods

employing laser-irradiation in order to reduce the inner energy
of the system. We have introduced this concept showing that
ternary LC systems near thermal equilibrium could be easily
transformed from a microemulsion (ME) state to the liquid
crystalline state.6 In a subsequent study, the effect of chain length
increase of the hydrophilic molecule tail on the dynamics could
be elucidated. A longer chain length accounted for an extended
growth rate, which was clarified in terms of activation energy and
entropy.7 In the present study, we will demonstrate how to
switch an isotropically oriented solution to the liquid crystalline
state and investigate the influence of concentration effects on the
dynamics of such self-assembly processes.

The phase transitions under study are from the quasiternary
system C10E4, water, n-decane, and cyclohexane. Variation of the
surfactant mass fraction at equal volume fractions of water and oil
lead to the phase diagram depicted in Figure 1. Cyan represents
an area where two phases coexist, dark gray the ME phase, and
white the LC phase. The dots represent points of the phase
boundaries at specific concentrations c and temperatures T as
measured by the polarized screening technique. The arrows
indicate points in the phase diagram for which the ME/LC
phase transition has been photoinduced. The structures of the
microemulsion as well as LC phase are depicted in a schematic
manner in the inset. Their characteristic structural properties,
coherence length, and periodicity will be explained in the
following. In the two-phase region, the surfactant-rich oil phase
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ABSTRACT: A manifold of ordering transitions relevant to chemical and biological
systems occur at interfaces from liquids to self-assembled soft solids like membranes or
liquid crystals. In the present case, we were interested in understanding the phase transition
from the microemulsion phase to the liquid crystal phase in terms of their driving forces,
i.e., activation energy and entropy. The purpose of this work was to clarify the influence of
concentration effects of the amphiphilic molecules on the nature of these self-assembly
processes. By photosensitization of the model system (polyalkylglycolether (C10E4),
water, decane, and cyclohexane) with laser dyes, we could effectively induce and control
the phase transition through the absorption of optical photons. The photo transformation
conditions were chosen in such a way that the system was in thermal equilibrium. By
application of time-resolved photo small-angle X-ray scattering we could monitor the conversion process and demonstrate that the
surfactant concentration has a direct impact on the activation energy, which is observable through the length of the induction time.
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is in equilibrium with an aqueous oil poor phase.8 Temperature
changes the affinity of the amphiphilic molecules for the aqueous
and oil phases for a system based on nonionic surfactants. In the
microemulsion phase, the amphiphilic solutions appear macro-
scopically as one phase. In reality, the phase is separated on the
microscopic scale with the oil and water domains held in contact
by the surfactant molecules. At concentrations where the micro-
emulsion contains equal volumes of water and oil, a bicontinuous
microemulsion consisting of interpenetrating domains with
equal length scales is formed.9

At intermediate temperatures the formation of lyotropic LCs
with a long-range lamellar order and anisotropic behavior of
hydration water is favored.10 Interestingly, the macroscopic
appearance of the LC formed after optical excitation of the
solution is quite distinct from the one formed after temperature
reduction. Concomitantly to laser cooling, the laser field interacts
through the induced dipole moment of the molecule finally
resulting in preferred orientation. As a consequence of this
interaction, the resulting LC exhibits a unique texture (“oily
streaks”) over the whole volume of the capillary.

A temperature-induced phase transition, in contrast, leads to
the creation of isotropically distributed liquid crystalline do-
mains. Figure 2a shows a characteristic micrograph of such a dye-
doped microemulsion as the initial state. The differences of a LC
phase created by photo induction and a temperature-induced
phase transition are well visible in parts B and C of Figure 2. The
first displays long stripes along the direction of the capillary
whereas the latter (temperature-induced LC phase) shows a
mosaiclike pattern due to a random arrangement of the liquid
crystalline domains. All the photographs were taken with crossed
polarizers 20 h after the phase transition had been induced.
Figure 2 emphasizes the possibility to photo induce self-assembly
and furthermore to control the pattern formation as a result of
the self-assembly process. In the following, we will therefore
investigate the nature and the mechanism of this self-assembly
process which leads to such pattern structures in the LC phases.
We present our studies on the kinetic and structural origin of
such pattern formations, carried out by means of time-resolved
X-ray scattering. In the following, we will give an overview about
the preparation details and experimental procedure.

2. EXPERIMENTAL SECTION

2.1. Preparation. The systems were prepared as follows:
Tetraethyleneglycolmonodecylether (C10E4) and n-decane both
with 98% purity were purchased from Fluka, and no further
purification was done. The surfactant agent was dissolved in a
ternary solution at various concentrations. The first volume
fraction at R, defined as R = Voil/(Voilþ Vwater), was maintained
at R = 50%. The range of surfactant concentration at which the
phase transition was photoinduced was chosen to be close to
room temperature (24-25 �C). The solutions were prepared
from bidistilled water (polar solvent), n-decane, or octane (98%
purity, Fluka) (99% purity, Fluka) and cyclohexane (99% purity,
Merck). The dye Rh101, (99%, c = 2�10-5 M, Lambda Physics)
was added to the mixtures without further purification. The
mixtures were stirred at room temperature for 1 h in a thermo-
stat. Further preparation details are described in Petri et al.7

2.2. Methods. Time-resolved small-angle X-ray scattering
(TR-SAXS) is one of the most useful techniques to characterize
the lamellar structure and to investigate the emergence of
crystalline order. In the present experiment, the time-evolution
of a Bragg peak has been monitored as a function of concentra-
tion with a time resolution of t = 30 s. The SAXS experiments
have been performed on a home-based Kratky camera using Cu
KR (λ = 1.542 Å) and additionally at the cSAXS beamline of the
Swiss Light Source to which an optical laser (λ = 623.8 nm, p = 3
mW) was coupled. Details on the experimental setup can be
found elsewhere.11

3. RESULTS AND DISCUSSION

3.1. ME/LC Phase Transition. The following gives a detailed
analysis of the structural changes underlying the ME-LC phase
transition, which is depicted in Figure 1. Before light illumina-
tion, the ternary system was stabilized at higher temperatures.
Anti-Stokes excitation of the dye molecules photoinduces the
phase transition, which leads to an increase of the long-range
order liquid crystalline domains. The time evolution of the LC
phase has been followed by investigating its Bragg reflection in
the SAXS regime. Upon light illumination, the integral intensity
of the microemulsion diffuse scatter decreases meanwhile a LC
reflection appears and increases. In a three-dimensional plot,
Figure 3 shows the scattering data during the phase-transition
process with a surfactant concentration of γ = 45 wt %. It is
clearly seen that the system undergoes the phase-transition after
an induction time of t = 110 min. The induction time is referred
to as the time between the beginning of the irradiation of the

Figure 1. Phase diagram of the system C10E4, water, n-decane, and
cyclohexane at equal volume fractions of water and oil. Cyan represents
an area where two phases coexist, dark gray the ME phase, and white the
LC phase. The dots represent points of the phase boundaries as been
measured by the polarized screening technique. Arrows indicate the
concentrations at which the phase-transition has been photoinduced
from the microemulsion to the LC phase. Inset: schematical drawings of
the corresponding phases with the assignment of characteristic length
scales like correlation length ξ (ME) and distance d between the lamellae
(LC).

Figure 2. (A) Micrograph of the initial dye doped microemulsion. (B)
Polarized light micrographs of the lamellar phase after photo induction.
(C) Polarized light micrographs of the lamellar phase after temperature-
induced phase transitions.
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sample and the appearance of the first detectable scattering signal
of the LC Bragg reflection. The phase-transition itself is a much
faster process as depicted in the insert of Figure 3. Here it is
shown that a considerable increase of the Bragg peak occurs
within 1.5 min. Within t = 30 min, the Bragg peak reaches its
maximum intensity. Systems that are not dye sensitized neither
exhibit major changes with respect to their X-ray intensities nor
undergo a phase transition. To understand better the kinetics of
the self-assembly and its driving force, we will start with shedding
light on the initial and final states. The initial state is characterized
as the ME phase, the final state as the LC phase.
3.2.1. Initial State: Structural Properties of the ME.Despite its

lack of long-range order, the regular alteration of water and oil
domains in the bicontinuous structure of the microemulsion
generates a pronounced correlation peak of the scattering
intensity at wavevectors q = 2π/d. Here, d is the average distance
between neighboring oil-oil or water-water domains (see
Figure1). Fitting of the experimental data of the initial ME phase
with the well-known Teubner-Strey equation yields the char-
acteristic d spacing and the correlation length ξ for the
microemulsion.12 Regression fits to the experimental SAXS data
for the microemulsion phase according to the Teubner-Strey

equation are shown in Figure 4. Within the kinematic approach,
for every time point t the microemulsion diffuse X-ray scattering
signal is defined as

IðtÞ � 1
a2 þ c1ðtÞq2 þ c2ðtÞq4 þ IBKG ð1Þ

where IBKG = background scatter signal, a2 is a time-independent
scaling factor and c1(t) and c2(t) are the concentrations of the
two components oil and water. The photo induction of the phase
transition is thermotropic (vertical excitation in the phase
diagram Figure 1), resulting in a redistribution of the oil and
water components within the bulk. Therefore, c1 = c1(t) and c2 =
c2(t). From eq 1 the correlation length ξ(t) and the dispersion
d(t) with the quasiperiodic repeat distance d(t)/2π can be
extracted to
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The correlation length ξ, also visualized in Figure 1, is
attributed to the size of the adjacent water and oil domains of
the initial ME at an average interdomain distance d. The
Teubner-Strey model has been widely used to describe scatter-
ing from aqueousMEs stabilized by nonionic surfactants. TheME
peaks broaden and move to higher wavevectors q with increasing
surfactant concentration. This means that the size ξ and the
distance d of the oil and water domains decrease as the surfactant
concentration increases. Figure 5 demonstrates the variation of
the domain size as a function of surfactant concentration.
For a large number of bicontinuous microemulsions, ratios of

d/ξ ranging from d/ξ = 1.7 to d/ξ = 4 have been reported.9a This
ratio indicates the degree of ordering of the oil-water domains
induced by the self-assembled amphiphilic monolayers. The
smaller the ratio, the more ordered the system. Hence, minimal
values are adopted at a temperature where the oil-water inter-
face exhibits a pronounced minimum. Limits of the dispersion of
the domain size arise from the folding of the amphiphilic film.

Figure 4. Static SAXS pattern from the pure microemulsion phase for
surfactant concentrations of γ = 20 wt % (0), γ = 40 wt % (O), and γ =
60 wt % (Δ). The microemulsion peaks broaden and move to higher
wave vectors q with increasing surfactant concentration. The symbols
depict the measured data; the lines are regression fits according to the
Teubner-Strey equation.

Figure 5. Structural properties of theMEphase. The correlation length ξ
characterizes the size of the interpenetrating water and oil domains. It
exhibits an exponential decline for increasing surfactant concentrations.
Inset: The ratio d/ξ serves as a measure for the degree of ordering in the
systems. d is assigned to the interdomain distance. Surfactant-rich
microemulsions aremore ordered than their surfactant-poor counterparts.

Figure 3. Photoinduced ME-LC phase transition investigated by TR-
SAXS. The decrease of the ME and the concomitant increase of the
Bragg peak, which testifies the emergence of a lamellar structure, are
shown. The monoexponential nucleation and growth period is preceded
by a concentration dependent induction time. Inset: Traces of the LC
scattering pattern right after the lapse of the induction time.
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Very small dispersions of the domain sizes lead to a first-order
phase transition to the liquid-crystalline phase due to entropy
effects, whereas at large dispersions the fluctuations of the
amphiphilic film become so great that the bicontinuous micro-
emulsions break up and form a droplet structure. The d/ξ ratios
derived from the experimental data measured at temperatures
just above the phase transition temperature exhibit a decrease of
d/ξwith increasing amphiphile concentration as displayed in the
inset of Figure 5. At constant temperatures, for extreme surfac-
tant concentrations of γ = 20 wt % and γ = 60 wt %, d/ξ = 3.61
and d/ξ = 1.76 have been determined, respectively. This is an
indication that a higher surfactant concentration leads to a more
ordered structure. Monte Carlo simulations carried out for
surfactant concentrations ranging from γ = 20 wt % to γ = 40
wt % in chemically related systems are in accordance with our
observations.13 With these simulations taken into account, the
following picture arises for our data: at low surfactant concentra-
tions (e.g., γ = 20 wt %), the domain sizes of the oil or water
domains within the bicontinuous structure of theME adopt large
values of the correlation length with ξ= 70 Å. Concomitantly, the
characteristic repeat unit reaches up to d = 250 Åwhile the length
of the amphiphilic molecule is constantly around l ≈ 10 Å. This
means that the ensemble is dominated by a relatively low number
of spacious domains. In contrast, at high surfactant concentra-
tions these huge domains have made space for a large number of
small-sized domains characterized by low correlation lengths and
repeat distances.
3.2.2. Final State: Structural Properties of the LC. After the

photoinduced self-assembly process has come to an end,
almost the entire solution is transformed to the LC phase.
In the following, we will describe this final phase. To analyze
the structure of the liquid crystalline phase the remaining
scattering pattern contribution of the ME modeled by the
Teubner-Strey equation was subtracted. The isolated Bragg
reflection was further fitted within the framework of the Porod
equation, a first-order Bessel function.14 Their time-dependence
is defined as

q4Iðq, tÞ=I0 � sin2ðLðtÞq=2Þ sin
2ðNðtÞdðtÞq=2Þ
sin2ðdðtÞq=2Þ ð4Þ

where the parameters are defined as I 0 = 8π NcrystA(Fm-Fp)d,
N = number of lamellae, d = spacing, L = thickness, A = surface of
the lamellae, Ncryst = number of (identical) LCs, Fm = electron
density of the interlayer, Fp = electron density of the lamella layer.
On the basis of the assumption that the electron density changes as
a function of time can not be resolved by the resolution of the
scattering momentum they are kept constant.7 Figure 6 presents
the experimental X-ray scattering pattern in form of the so-called
Porod plot together with the regression fits according to eq 4. Two
fundamental trends are observed. First, the sharp LC reflection
shifts linearly to higher wavevectors in the reciprocal space from
q = 0.0359 Å to q = 0.132 Å for γ = 20 wt % and γ = 60 wt %
surfactant concentration, respectively. Hence, the interlayer dis-
tance between the lamellae decreases with increasing surfactant
concentration. Second, the number of lamellae increases mono-
exponentially as a function of concentration.
The distance and number of the lamellae in the crystallites

derived from this data evaluation strategy are summarized in
Figure 7. At the top, it is shown that the crystallites of the lamellar
phase with high surfactant concentrations consist of more
lamellae with smaller interlayer distances than those built from

solutions with low surfactant concentrations. Our observations
of a variation of the peak position as a function of concentration
are in good consistence with comparable aqueous lamellar phases
of C12E5

15 and C14E4.
16 The shift in position has been attributed

to a one-dimensional swelling of the lamellae. The effective
headgroup area as occupied by the surfactant is determined
according to eq 5

as ¼ Mq
πγNAF

ð5Þ

where M is the molecular weight of the LC, q the X-ray
scattering wavevector, γ the surfactant volume fraction, NA

the Avogardo constant, and F the surfactant density of the LC
phase. The effective headgroup area as of the amphiphilic
molecule increases in the range of γ = 20 wt % (as = 33 Å 2) to
γ = 40 wt % (as = 42 Å 2) while being constant at higher
concentrations as plotted in the bottom of Figure 7. We
propose that the lamellae are more swollen at higher concen-
trations since the interlayer distance is smaller and the water
molecules are tighter bound to the surfactants. At higher
concentrations, however, the hydration shell stops growing
due to steric reasons. Comparison of our finding to the
experimental data of Atkin confirms constancy of the

Figure 6. Porod fitting of the LC reflection allows for the determination
of several experimental structural parameters as a function of concentra-
tion such as the lamellar periodic unit d, the thickness of the lamella L,
and the number of the lamella N. The peaks are shifted to higher
wavevectors q with increasing surfactant concentration, i.e., the distance
between the lamellae decrease.
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headgroup area per molecule in the surfactant range of γ = 40
wt % to γ = 55 wt %. Interestingly, the headgroup area of the
aqueous lamellar phase of C12E5 as = 42.9 Å2 15-17 is as
capacious as for C10E4, indicating that only the first ethoxy
units strongly interact with the surrounding water. At low
surfactant concentrations, the water molecules assemble
loosely around the polar tail of the surfactants until covering
the total area.
Besides the investigation of structure, TR-SAXS allows to

investigate the dynamics of self-assembled systems and the
structural dynamics. After characterizing the initial and end states
of the phase transformation, we will now take a closer look on the
kinetics underlying the phase transition itself. To obtain a
complete picture, the study of the crystallization mechanism
covered all relevant time scales of this process. Coming back to
Figure 3, for each point in time, the scattering data have been
analyzed according to the Teubner-Strey equation (ME signal)
and a Gaussian shape (LC signal) regarding the relative con-
tribution of the ME and lamellar phase, respectively. The

background was determined based on the diffuse scatter in the
high q range (q = 0.16 Å) and mathematically treated as a
constant. Figure 8 visualizes the coexistence of the ME and LC
phase after 15 min of illumination. The integral intensities which
are proportional to the mass fraction of the two phases were
normalized for clarity’s sake. The diffuse scattering signal arising
from the ME phase is depicted in magenta and the LC scattering
contribution (Gauss shape) in green.
The integral intensities of the evolving LC scattering signal

for the entire conversion process are shown as a function of
time on hand of three exemplary surfactant concentrations in
Figure 9. This data set serves to demonstrate that an increase
in surfactant concentration provokes an extension of the
induction period. The representative growth time determined
as τLC = 22.4 min for a surfactant concentration of γ = 20 wt %,
follows a first-order kinetic law. The fits of this simplified
model are given in the Supporting Information. The char-
acteristic time constants for the exponential growth τLC = 22
min (γ = 20 wt %), τLC = 15 min (γ = 45 wt %), and τLC = 165
min (γ = 60 wt %) do not feature a trend that is correlated to
the surfactant concentration.
From Figures 3 and 9 it is clear that the monoexponential

nucleation and growth period is preceded by a pronounced
induction time which increases with increasing surfactant
concentration. Commonly, the induction time is referred to
as the time between the beginning of the irradiation of the
sample and the appearance of the first detectable scattering
signal of the very first clusters of supernucleus size. The
formation of nuclei is essentially a dynamic process dominated
by the competition between the reduced bulk free energy and
the increased surface free energy.18 Thus, the state of metast-
ability during which long-range density fluctuations occur is
directly represented by the length of the induction time with
long-range density fluctuations being the basic principle of the
occurring ordering phenomena. The close correlation be-
tween surfactant concentration and length of the induction
time is pointed out in Figure 10.
3.3. Dispersive Kinetics. A complete analysis of the transfor-

mation curves beyond the first-order kinetics law description was
performed using the dispersive kinetics model developed by

Figure 8. Coexistence of ME and LC phase at t = 15 min. The
experimental scattering data were fitted by applying a convolution of a
Gaussian function (describing the LC diffraction peak) with the
Teubner-Stey equation (describing the ME diffuse scatter signal).

Figure 7. Top: Variation of the number of lamella (left) and their
interlayer distance (right) as a function of surfactant concentration.
Crystallites of the lamellar phase having high surfactant concentrations
consist of a major number of lamellae with a minimal interlayer distance.
Bottom: Concentration dependence of the effective headgroup area of
the amphiphilic molecules.

Figure 9. Overlay of the transformation profile showing the concentra-
tion dependence of the photoinducedphase transition. After a charac-
teristic induction time, the normalized integral intensity of the LC
increases as a function of irradiation. The curves are regression fits of the
data according to the homogeneous dispersive kinetics theory allowing
the determination of the activation energy EA.
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Skrdla and Robertson.19 Dispersive kinetics are observed in
systems that exhibit renewing conditions in which diffusion or
mixing processes are rate limiting. The rate of molecular relaxa-
tion, the limited ability of a given reagent population to redis-
tribute thermal energy, governs the overall conversion rate. A
fundamental idea of this model is that molecular dynamic effects
due to the different speeds and path lengths between collisions
result in a dispersion in the activation energy. Instead of a single
activation energy a convolution of the Maxwell-Boltzmann
kinetic energy distribution and the traditional Arrhenius equa-
tion is used. The Maxwell-Boltzmann distribution, originally
describing the distribution of speeds in an ideal gas at thermo-
dynamic equilibrium, treats particles as distinguishable units
which experience different energies due to their different spatial
locations. A continuous depletion (via conversion) of the
molecules in the high energy tail of the distribution leads to a
subsequent redistribution of the remaining molecules in the bulk
which reform this tail. In consequence, even at isothermal
conditions, a varying number of molecules which are able to
transform are present. This redistribution of thermal energy in a
given chemical environment has a strong impact on the time scale
of the conversion creating a time dependence in both the rate
constant and the activation energy. The activation energy EA
depends on the transformation time according to

EA ¼ E0A þ RTβt2 ð6Þ
where EA

0 is a fixed potential energy barrier and β a fit parameter
that accounts for the time-dependent component of the activa-
tion energy. Here, R is the gas constant, T the absolute
temperature, and t the time. Microscopically, this distribution
of activation energies leads to a distribution of molecular rate
constants. As the transformation proceeds, the number of
converting molecules changes like the corresponding rate con-
stant. Macroscopically, a time-dependent rate constant k(t)
which is valid for one temperature can be observed for the whole
transformation process

kðtÞ ¼ 2Rβ expð- βt2Þ ð7Þ

In eq 7 and 9, the two fit parameters, R and β with units of
time-1 and time-2, have a clear physical interpretation. R
generally describes the induction period and the initial accumu-
lation of product, while β controls mainly the later stages of the
conversion.R is defined asR =An-1 exp[-EA(T)/RT] where EA
is the time-independent activation energy of the phase transition,
A the Arrhenius frequency, and n the dimension of the
conversion.20 β is related to the activation entropy ΔSq which

is time- and temperature- dependent

β ¼ ΔS‡

Rt2
ð8Þ

In dispersive kinetics, sigmoidal transformation curves which
are often asymmetrical about their inflection points showing
acceleratory or deceleratory behavior are frequently observed.
These differences in shape were taken into consideration by the
deviation of two cognatemodel equations. Skrdla et al. has shown
that acceleratory conversion profiles, i.e., profiles which are
characterized by a postinduction period in which the transforma-
tion speeds up are best described by

IðtÞ ¼ 1- expf½Rt�½expð- βt2Þ- 1�g ð9Þ
where I(t) is the product fraction of the transformation.20

Deceleratory processes in contrast, conversions in which the
rate constant for the transformation decreases as a function of the
reaction time, are modeled by

IðtÞ ¼ 1- expf½-R0=t�½expð- β0t2Þ- 1�g ð10Þ
The global kinetic parameters R0 and β0, are used analogously

to R and β in eq 9 under isothermal conditions. In close
relationship to the solid state, the formation of a LC can be
thought of as a layer-by-layer process where the monomers are
consecutively added at defect sides or grain boundaries. These
structural similarities allow to apply the dispersive kinetics model
to our observations of the investigated photoinduced phase
transition. In Figure 9, the product fraction of the LC phase is
expressed through the intensity increase I(t) of is Bragg peak. It
can be clearly seen that the regression fit of the dispersive kinetics
model renders a good description of the experimental data for the
phase transformation. As the surfactant concentration increases,
smaller values of R which indicate increasing activation energies
are determined. Hence, the extension of the induction time is a
direct consequence of the change in the activation energy
distribution. These findings are in turn explained by the con-
centration dependent properties of the initial ME. At small
surfactant concentrations, there exist large oil and water domains.
In contrast, in the case of high surfactant concentrations minor
domains featuring small correlation lengths and d-spacing dom-
inate the ensemble. The increased surface area of the small
domains appears to increase simultaneously the activation energy
for the phase transformation whereby the sharpness of this

Figure 11. The activation energy for the ME-LC phase transition for
various surfactant concentrations as determined according to the dis-
persive kinetics model. The values were extracted from regression fits of
the experimental transformation profiles as displayed in Figure 9.

Figure 10. The length of the induction period preceding the phase
transition from the ME phase to the LC phase exhibits a linear
dependence on the surfactant concentration of the system.
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distribution is linked to the domain size of the ME. Smaller
domains have a narrower distribution of energy states and a
greater surface area resulting in higher overall surface energies
than large domains. The opposite concentration dependence
exists for the end state. The final LCs created at high surfactant
concentrations are major sized consisting of a maximum number
of lamellae. We recapitulate, that large LCs with many lamellae
arise from a ME featuring a number of small domains. These
antipodal proportions constitute a strong obstacle for the
molecules, which needs to be overcome by diffusion processes.
Within a lamellar phase only a reduced number of conformations
are accessible and adoption of a preferred orientation of the
molecules is required. This point coupled with the observation
that the lamellae are most tightly packed at high surfactant
concentrations accounts for the increase in activation energy
which is demonstrated in Figure 11. Assigning a direct relation of
the induction time and the activation energy of the ME-LC
phase transformation according to Eyring leads to

ΔG�ðT, tÞ ¼ E0AðTÞ- 2RT - TΔS�ðT, tÞ
¼ ΔH�ðTÞ- TΔS�ðT, tÞ ð11Þ

According to the classical transition state theory, here, ΔGq is
the free enthalpy of the transition state, EA the activation energy,
ΔHq the transition state enthalpy, and ΔSq the transition state
entropy. It can be recognized that for an isoenergetical process
with ΔHq = constant, the activation energy EA increases when
the transformation entropy ΔSq decreases. The entropy via

DS‡

DT

 !
p

¼ V ð12Þ

is strongly connected with the temperature T and the activation
free volumeV around each monomer. Hence, the driving force of
the ME/LC self-assembly is the gain in activation free volume
during the self-assembly process. The large increase in transla-
tional entropy overcompensates losses in conformational and
rotational entropy due to a reduced number of accessible states.21

This is also reflected in the increased surface area as plotted in
Figure 7. Finally, the gain in activation free volume during the
photoinduced phase transition leads to an increase of the
transformation rate which expresses itself in the sigmoidal
behavior and the found concentration dependence of the trans-
formation kinetics.

4. CONCLUSION

In summary, we have demonstrated that the self-assembly
process of amphiphilic molecules at the aqueous and LC inter-
face can be induced by coherent optical radiation. Variation in the
surfactant concentration reveals a major impact on the induction
time and no significant effect on the period following the
nucleation. The ordering scenario is determined by the diffusion
process and the interaction of the dipole moment of the
molecules with the electrical field producing a specific texture.
The concentration dependence of the photoinduced phase
transition results in an entropy driving process. After an ultrafast
induction of the ME-LC phase transition, intrinsic dynamic
features of the ternary mixture system take over and determine
the rate constants of the process. The inherent thermal motion
and the size of the ME domains vary in the chemical system as a

function of surfactant concentration. This leads to changes in
the distribution of activation energies that in turn defines a time
dependent rate constant for the conversion and explains the
origin of the concentration dependence of the induction time.
Since the ME-LC phase transition is isoenergetic, the increase
of free volume due to a tighter packing is caused by a decrease of
rotational and translational degrees of freedom, decreasing the
entropy contribution and allowing the phase transition to
happen.
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