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Phase separation in microemulsions:
stepwise change of the droplet size

Abstract The kinetics of phase sep-
aration is studied for a droplet-phase
microemulsion, where the phase
separation is induced by constant
heating. In that case the droplets
shrink in a stepwise manner at the
expense of a growing water-rich
phase. The parameter dependence of
the height of the energy barrier
preventing this phase separation is
discussed, and a general argument
for the stepwise decrease in the
droplet size is presented, which pro-

vides a quantitative description of
microcalorimetric data. Finally, a
superimposed structure on the signal
of the apparent specific heat is
explained by an argument which
underlines the importance of the
conservation of volume and of in-
terfacial area for the modeling of this
explicitly time-dependent kinetics.

Key words Microemulsion -
Calorimetry - Kinetics of phase
transitions - Nucleation

Introduction

Surfactant mixtures show fascinating kinetics upon
driving the system out of equilibrium. Typically, this
is done by mechanical treatment, by a sudden change
of composition, or by a temperature jump. The most
intensively studied mechanically induced transition in
surfactant mixtures is the formation of multilamellar
vesicles (onions), which occurs on shearing a lamellar
phase [1-4]. A sudden change of composition may
lead to the formation of myelins [5-8]. These
fingerlike structures occur when adding water (oil)
onto a water (oil) swollen lamellar phase. Mechanical
pinching of a cylindrical vesicle might lead to a
pearling instability, where incompressible hydrody-
namic flows in combination with the bending rigidity
of the flow lead to disintegration of the cylinder into
a row of equidistant monodisperse droplets. Finally,
temperature-jump experiments have been performed
to investigate the phase separation of a bicontinuous,
sponge, lamellar, or droplet phase, respectively, into
one or several coexisting phases with different mor-
phologies [9-11].

During the last few years significant improvement has
been made in the description of the kinetics observed in
these experiments, i.e., the dependence of the pathway to
the final state on the choice of the parameters and on the
setup of the experiment; however, in a few cases [12]
modeling of the kinetics starting from the equilibrium
thermodynamic potentials and the transport coefficients
could not be established. A major problem is that
frequently not even the thermodynamic properties of the
initial and final states are known. Although, some
relevant parameters entering the equilibrium free ener-
gies have been identified during the last few years
[13-20], in general, their precise values, as well as their
temperature and composition dependencies are only
roughly known.

In this article, we discuss an example where a
quantitative description of nontrivial kinetics is possible.
Driving a single phase (1®) of nanometer-sized water
droplets embedded in an oil matrix into a two-phase
(2®) region by applying a constant heating rate may lead
to a stepwise decrease in the size of the droplets and a
stepwise increase in the volume fraction of the water-rich
phase [21-23]. A schematic visualization of this process
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Fig. 1 Schematic drawing of the
temperature-dependent micro-
structure of a mixture containing
water droplets embedded in an
oil matrix. Increasing tempera-
ture leads to the formation of a
water-rich phase coexisting with
smaller-sized water droplets.
Under constant heating the size
of the droplets decreases step
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is given in Fig. 1. The reduction in the size of the
droplets is connected to a burst of nucleation of large
water droplets feeding the coexisting water-rich phase.
Since this stepwise change of the size of the droplets may
lead to oscillations in the turbidity of the sample and
its apparent specific heat, the temperature difference
between subsequent bursts of nucleation is called the
period of oscillations. We dubbed this phase separation
cascade nucleation to emphasize the generalization of
classical nucleation theory needed to describe this
kinetics. The origin of cascade nucleation, the compo-
sition and the temperature dependence of the period, as
well as the observation and the reason for a superim-
posed structure on the signal for the apparent specific
heat are discussed in the following sections.

In the next section we give basic information about
the experiments. Then, we discuss the height of the
energy barrier preventing a decrease in the size of
the droplets. This is followed by a description
of the mechanism leading to cascade nucleation under
constant heating. We then explain the reason for the
temporal variation of the time lag between steps in the
course of phase separation. Finally, the main results are
summarized.

Experimental findings
Microemulsions

Water and oil are immiscible. A sample containing water and oil
will phase separate into macroscopic water and oil domains, since
the surface tension of the interface between water and oil tends to
minimize the area of the interface. The interfacial tension between
water and oil domains decreases by several orders of magnitude
when surfactant molecules are added [17, 20, 24, 25]. These
molecules have a water-soluble polar head group and an oil-soluble
apolar tail separating the water and oil domains by a liquidlike
monolayer of fixed average area per surfactant molecule [26]. In this
case of very low interfacial tension, morphologies requiring a large
interfacial area may be thermodynamically stable. If, furthermore,

the mixture of water, oil, and surfactant is isotropic, transparent,
and of low viscosity it is called a microemulsion [27, 28].

At present, the thermodynamic properties of microemulsions
containing a strong non-ionic surfactant of the type of alkyl
polyglycol C;E; are being investigated very carefully. The phase
behavior has been extensively studied by Olsson and Wennerstom
[16], Kahlweit, Strey and coworkers [25, 28], and Vollmer et al. [31],
and detailed knowledge of the temperature-dependent and compo-
sition-dependent morphology is available [16, 17, 26, 31, 32, 33].

Materials

In the present article we restrict ourselves to mixtures of water,
octane (Merck, Darmstadt), and CpEs, ie., CH3(CH»),
(OCH,CH,);OH (Nikko Chemicals, Tokyo, Japan). Sample
compositions are given by the volume fraction of water, ¢,
octane, ¢, and surfactant, ¢,. The surfactant investigated has a low
critical micellar concentration in water and octane, i.e., to a good
approximation all surfactant molecules are located at the water—oil
interface.

Droplet size

A section through the phase prism of the mixture is shown in Fig. 2
for a fixed volume ratio of octane and Cj,Es and a varying volume
fraction of water. Within the 1® region the size of the droplets
is determined by the composition. Their average radius, R, can
be calculated from the conservation laws of their volume,
4/3nNRig = Vg = V(dy +0.5¢), and of their interfacial area,
4nNR3yls = Vg, where N denotes the number of droplets within a
volume element V', ¢4 the volume fraction of droplets, and /; the
average length of a surfactant molecule [17, 32, 33].! This yields

(1)

The effective thickness of the surfactant monolayer is found to be
s ~ 1.3 nm. The droplet radius is of the order of 2-20 nm, the total

'We define the volume of a water droplet to be the sum of the
volume of enclosed water and of the hydrophilic part of the
surfactant molecule. For mixtures of water, octane, and Cy,E;
the latter is roughly ¢,/2
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oil-water interfacial area is of the order of 100m? and 10'6-10'®
droplets are formed per cubic centimeter. Note that the radius R¢
does not depend on temperature.

In contrast, within the 2® region the radius R,y of the droplets
only depends on temperature and it is independent of composition
[17]. For temperatures sufficiently below the size of the reverse
micelles and several degrees above the phase-inversion temperature,
T = 32.5°C, the optimum radius has been determined to be [18]

1
=TT 2)
where a = 1.2 x 1073 K-1A™".

The change in the size of the droplets under varying composi-
tion and temperature, is sketched in Fig. 2. The 1® and 2® regions
are separated by a phase boundary denoted the water emulsifica-
tion boundary (WEB). At the phase boundary both radii are equal,
Rl(I) = Ropl [31’ 34]

Due to conservation of the enclosed volume and of the total
surface of all droplets, water droplets can only attain their
optimum radius above the emulsification failure, where they are
in equilibrium with the water-rich phase. This leads to a decrease in
the WEB towards lower temperatures under increasing ¢,, (Fig. 2).

Rop(T)

Equilibrium free energy

The equilibrium phase behavior of the mixture has been described
[31] by the bending free energy [35] of the interface between water
and oil, with the additional constraint that the area of the interface
and that of the enclosed volume are fixed by composition. Within a
mean-field approximation the bending free energy of N monodis-
perse droplets is given by [22]
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Fig. 2 Section through the phase prism for mixtures of water, octane,
and CH3(CH,);;(OCH,CH;)sOH for varying volume fraction of
water and fixed volume ratio of octane and Ci,Es. The solid line
shows the temperature dependence of the water emulsification
boundary (WEB) for ¢,/¢, = 5.7. The variation of the size of the
circles shows the composition and temperature dependence of the size
of the droplets. For temperatures below the WEB the mixture is a
single phase, whereas a water-rich phase coexists with a droplet-phase
microemulsion (ME) for temperatures above the WEB. The increase
in the volume fraction of the water-rich phase with increasing
temperature is indicated by the size of the dark area of the “test
tubes”. Due to the small size of the droplets the ME phase is
transparent within the 1® as well as within the 2® region

The parameters x and & are the bending and the Gaussian modulus
of the interface, respectively. R represents the radius of the droplets
either in the 1® region or in the 2® region. For droplets the
optimum radius corresponds to the curvature that minimizes the
free energy at a given interfacial area in the presence of surplus
water (and oil).

Phase-separation kinetics

Driving a mixture into the 2® region by constantly heating leads to
a periodic clouding and clearing of the mixture [21, 22, 36].
The succession of cloudings is due to strong threshold behavior in
the formation of aggregates (in this case water droplets) larger than
the wavelength of light. The change in the turbidity can, however,
only be investigated optically when the turbidity changes signifi-
cantly during an oscillation [21]. Due to a small signal-to-noise level
only two to four cloudings can be discerned optically for most
compositions and heating rates.

More detailed information about the kinetics of this phase
separation can be achieved from microcalorimetric measurements
[21]. In contrast to optical measurements, which are sensitive to
large particles in the system, the specific heat is sensitive to changes
in the curvature of the interface [19]; thus, it is affected by all
droplets and governed, in particular, by the vast majority of small
ones. For that reason, the values for the apparent specific heat
contain less noise and even give an oscillating signal when nothing
can be discerned any longer in the optical data. The microcalori-
metric data allow the oscillations to be investigated quantitatively.
The measurements were performed with a MicroCal VP-DSC
differential scanning microcalorimeter (Northhampton, Mass.,
USA). It consists of twin, coin-shaped, fixed-in-place cells each of
0.5 ml, mounted in an adiabatic chamber. Accuracies of about
50 uJ K=! em™3 for C™(T) are achieved.

The temperature-dependent variation for the signal of the
apparent specific heat C'(T) is shown in Fig. 3 for different
heating rates. For all heating rates about 15 oscillations are
discerned. The period, or the time lag, AT, between two succeeding
maxima increases with increasing vs. Previously, we showed that
AT o /05 [21, 23]. For a definition of AT and the height of the peak
AC,(T) see the inset of Fig. 3.
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Fig. 3 Temperature-dependent variation of the apparent signal for
the specific heat, C™(T), while entering the 2® region with three
different heating rates: (a) vs = 4 K/h, solid line; (b) vy = 14 K/h,
dotted line; (c) vs = 27 K/h, crosses. To avoid crossings, the data for
the apparent specific heat are shifted vertically. The sample
composition is given by ¢, = 0.1, ¢, = 0.33, and ¢, = 0.57. The
inset shows the definition of the height of a peak, i.e., of AC,, and of
the period of an oscillation, AT
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Fig. 4 Dependence of the time lag between two succeeding maxima,
AT, and of the height of a peak, AC,, on the number of oscillations N
(¢, =0.1, ¢, = 0.33,vs = 4K/h)

Both, AT and AC, change nonmonotonously with the number
of oscillations, i.e., with the temperature. These dependencies
become evident when the signal for the apparent specific heat
shows a pronounced superimposed structure. The close connection
between AT and AC, is supported by the similarity of the variation
of AT(N) (Fig. 4: filled squares, left axis) and AC,(N) (Fig. 4: open
squares, right axis) with N. Both AT(N) and AC,(N) first increase
with the number of oscillations, pass a maximum, and eventually
decrease for large values of N.

Mechanism of phase separation and energy barrier
Mechanism of phase separation

To understand the origin and the parameter dependence
of the kinetics we first discuss the mechanism of phase
separation. Figure 1 gives a schematic view of the
microstructure within a small volume element, V, at
different temperatures, with constant heating of the
mixture. At the WEB, T ~ Twgp (Fig. 1a), the mixture is
a single phase and consists of N nearly monodisperse
droplets of radius R. If the mixture were heated above
the WEB droplets want to decrease in size; however, this
is not easy since the mixture has to conserve its total
surface area and volume of water and surfactant.
Assuming that exchange of surfactant and water by
diffusion through octane is negligible on the experimen-
tal time scale, the droplets can only exchange water and
surfactant by collisions®. Therefore, the size of the
droplets does not change (cf. Fig. 1b) even though the
droplets are supersaturated after some heating. Only

2In contrast to this, Olsson, Wennerstréom and coworkers expect
that the dominant mechanism for mass transport is molecular
diffusion of alkane and surfactant through water for the phase
separation of oil droplets in water into an oil-rich phase coexisting
with oil droplets [9, 10]. We do not see, however, how to explain the
parameter dependence of the superimposed structure in the signal
for the apparent specific heat by a molecular diffusion mechanism
(see later)

when strongly overheating the mixture may a single
large droplet be formed within the volume element,
V, taking away the surplus water (Fig. 1¢). Note, that
the formation and growth of droplets larger than the
optimum size is always energetically disfavorable for
single droplets; however, large droplets may be formed,
allowing the majority of small droplets to attain their
optimum size. As a large droplet is energetically
“expensive’” the droplets need to pass an energy barrier
before moving closer to the equilibrium state. As soon as
the large droplet exists it will grow by taking up excess
water of the small droplets and will merge with larger
droplets until it finally sediments and merges with the
water-rich phase (Fig. 1d).

Energy barrier

The height of the energy barrier can be calculated
as the maximum value of the difference (AF,) of the
free energy, Fy(N,R), of the supersaturated state
(see Fig. 1b) and of F,(N’,R’) + F,(1, p) describing the
final state (Fig. l1c), where N’ particles of radius R'(R >
R' 2 Ropi) coexist with a single large droplet of radius

0 [22]:
AF, = Fb(N,,R/) + Fb(l,p) - Fb(N,R) . (4)

As soon as AF, <0, it is energetically favorable to
form N’ droplets of radius R’ and a single big droplet of
radius p. The dependence of AF, on the reduced size
of the large droplet, (p — R)/p, is shown in Fig. 5 for
N =1000 for different amounts of overheating, =
R/Ropt < (T — T). The monodisperse state corresponds
to (p—R)/p=0, whereas (p—R)/p—1 if p>R.
For small values of t(r =1.1) AF, always increases
with increasing reduced size of the large droplet. The

12 A i 7 i

0.4
(p-R)/p

Fig. 5 Dependence of the energy difference of the initial and final
states, AFy, as a function of the reduced size of a large excess droplet,
ie, (p—R)/p, for different degrees of overheating and fixed
N = 1000. Dotted line: ©=1.1; solid line: ©=1.15; dashed line:
=122
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monodisperse system is stable. On increasing the over-
heating a second minimum shows up. Only for 7 ~ 1.15
does the energy difference become negative when a
sufficiently large excess droplet is formed; however, the
mixture has to pass an energy barrier, AF"™*, of the
order of 10kgT. AF™* decreases towards a few kgT
for T =1.22 and AF, becomes negative for (p —R)/
p = 0.55, i.e., for p = 2R.

The dependence of the height of the energy barrier,
AF™*, on the reduced temperature 7, i.e., on R/Ropi(T),
is shown in Fig. 6. The solid line corresponds to the case
when N = oo droplets participate in forming the large
droplet. As shown in Fig. 6, the height of the barrier
decreases rapidly with increasing overheating. For
R = 1.2 Ropt it has decreased towards a few kg7 from
the diverging value taken at R = Rop;.

The dotted lines show the influence of the number
of droplets on AF™*. For every finite value of N, the
dotted lines terminate for a given degree of overheat-
ing. The minimum degree of overheating increases
with decreasing N. If the mixture is overheated below
this N-dependent minimum value, the droplets expel
too little water to build a sufficiently large droplet in
order for AF, to become negative (Fig. 5); however,
once the formation of a large droplet becomes
possible, i.e., AF, < 0, the height of the energy barrier
depends only slightly on N. Note, that energy barriers
of a few kgl require values for R/R.p~ 1.2 in
accordance with experimental observations [22]. This
implies that at least a few hundred droplets participate
in forming a single large droplet, implying that the
nucleation of large water droplets is a strongly
collective process.

Model for cascade nucleation

We now further discuss Fig. 1 in order to clarify the
origin of cascade nucleation in more detail (see also
Refs. [22, 23]). To this end we observe that for low
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Fig. 6 The line indicates the height of the energy barrier AF™* for
N = o0 as a function of the reduced temperature R/Rqpi. The dotted
lines terminated by dots show numerical solutions for the energy
barrier for different finite values of N

supersaturation (Fig. 1b, t < 1.15) nucleation is strongly
suppressed for energetic and kinetic reasons, while it
becomes very fast for larger values of 7, leading locally
to a structure as shown in Fig. lc. Typically, a large
droplet is nucleated by at most every few thousand small
ones, such that in a very short time a macroscopic
number of nuclei (above about 10'%) appear in the
sample. They are homogeneously distributed with
typical distances below a few hundred nanometers such
that they induce a rapid relaxation of the droplet size
distribution to a close-to-equilibrium state. At the same
time the nuclei grow in size and merge into water-rich
domains, whose mutual distance soon exceeds
10-100 um. By that time a typical neighborhood of
a water-rich domain contains a few thousand small
droplets and it looks very much the same as those
sketched in Fig. la. Due to the large distance between
the water-rich domains and the majority of small
droplets, water transport — no matter whether by
molecular diffusion of water through the oil or by
diffusion and collisions of droplets — from small droplets
to the water-rich domains is negligible on the time scales
of the experimental heating rates. Consequently, the
droplets cannot change their size upon heating, again
leading to supersaturation (Fig. 1b) and eventually to
nucleation (Fig. 1¢), but now for droplets with a slightly
changed radius and density. This is hinted at in Fig. 1 by
the arrow pointing back from pictures ¢ and d to picture
a. We conclude, that the stepwise decrease in the droplet
size was due to alternation between long periods of slow
heating and comparatively rapid relaxation after nucle-
ation arose in the system. Hence, cascade nucleation
involves at least two, typically quite different time scales:

1. The times scale # o (aRoptvs)_' characterizes the
change in the optimum droplet radii due to heating.
2. The time scale 1, is set by the inverse of the decay rate, 7,
of the number of big droplets in the system due to
coalescence, where the probability for coalescence
depends on the distance between large droplets, Dy,
and their diffusion speed, Zg;f, as t; Vo y o Dise/ D%ig.

For a theoretical discussion of this picture from a more
general point of view, we refer to Ref. [23]. Here, we
only remark that the bottom line of the arguments
presented in Ref. [23], is that the time AT /vs between
subsequent bursts of nucleation scales as the geometric
mean of the time scales #; and #,, leading to

Daie

()
— ] =— X a Vs —— .
AT A ) optsD%ig

(5)

Moreover, the distance Dy;, between large droplets can
be related to the composition of the microemulsion
by equating Dgig to the volume occupied by N small
droplets in the region of the sample containing only a
single large droplet,
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Combining Egs. (5) and (6) leads to the prediction
R
AT? ~ —S%us (7)
d

provided one assumes that Z4;r and N can be considered
constant. For the first oscillations after crossing the WEB
the radius of the droplets is still very close to its value in
the 1® region, Ropt = Ri4. In this situation, the prediction
of Eq. (7) agrees remarkably well with the experimental
data, as demonstrated in Fig. 7. When plotting AT
against Riovs¢y 3 on a log-log scale, the data for a
variety of compositions and scan speeds collapse onto
a single line with slope 0.5, as predicted by Eq. (7).

Temperature-dependent droplet—droplet distance

The dependence of AT? on v, R1¢¢;2/ 3 has been verified
for the first oscillations. This is not sufficient to explain
the dependence of AT on the number of oscillations,
which has been observed when the specific heat shows a
pronounced superimposed structure (Fig. 3).

To understand this dependence, the implications of
volume and surface conservation on the number of
droplets and on the average droplet—droplet distance,
Dgy_q have to be considered. According to Eq. (2) the
optimum size of the droplets decreases with increasing

1000

10 100

213
V.R, ¢ [K/hnm]

Fig. 7 Composition dependence of the square of the period of the
first oscillation AT? on vg Riy¢y”. The symbols show the results of
microcalorimetric measurements on nine different compositions with
typically three different heating rates per sample. The straight line is a

fit through the data points with slope 0.5. Sample compositions:

¢q = 0.096, R =58mm (V); ¢4=00%R=16nm (+)
¢4 =019, R=58nm (4); ¢4=0.19, R=68nm (@)
bg = 0.19, R I5Som (O);  ¢3=038, R=60nm (A),
¢4 =037, R=82nm (M); ¢4=038 R=11nm (O);
¢q =0.38, R=15nm (x)

temperature. This implies that the volume fraction of the
droplets also decreases (equating Eqs. 1 and 2),

bs
¢d 31 ROpt ? (8)
whereas the number density, n, of droplets increases
N
n=— L (9)
V  4nlR>

opt

The change in the optimum radius, and correspondingly
in Dy_4, upon increasing temperature is shown sche-
matically in Fig. 8. (The relation of the size of the
droplets is chosen to reflect the situations at the
beginning and the end of a typical experiment.) In
Fig. 8a a droplet configuration is given as it may exist at
the WEB T; = Twgg. The droplets take their optimum
radius Ropi(71) = Rio; D(T1) denotes the average dis-
tance between droplet interfaces. In Fig. 8b, at T'= T3,
the mixture is deep in the 2® region. The size of the
droplets has decreased towards R,n(7>) and, corre-
spondingly, the average droplet—droplet distance has
decreased towards Dq_q(73). Due to conservation of the
total interfacial area and of the volume fraction of
all components the number of droplets increased. The
excess water which could no longer be dissolved in the
smaller-sized droplets has been expelled into a water-
rich phase formed at the bottom of the test tube.

The average droplet—droplet distance can be calcu-
lated, assuming locally a close-packed arrangement of
droplets

1 (167" Ropi(T)
b= () S o
RY3
opt
x . (10b)
¢y/?

Dy_q decreases with increasing temperature and surfac-
tant concentration. For the collision frequency, how-
ever, not the average droplet—droplet distance, but the
average distance, D, between the interfaces between
neighboring droplets is relevant.

a) R{T: Ddam b)
g{Tz} OGD-HS{E}
0 QO
o ogo D(Tz)
00 (]
OOO 00900000
D(T;) 00000000
00000000

Fig. 8 Schematic drawing of the radius of the droplets, R, the average
droplet-droplet distance, D4q_q, and the average distance between
droplet boundaries, D, for two temperatures. At 7} = Twgp the
mixture is a single phase; Rip = Ropi(71) = R(T1). At T =15 the
mixture consists of two phases; Ropi(72) = R(72). The water not
emulsified by the droplets is expelled into a coexisting water-rich phase



734

D = Dy_g(T) — 2Ro(T) (11a)
N ANV R 1/3_ Ropt 1/3
[

The temperature dependence of Dyq_4(7) is compared to
the temperature dependence of D(T') in Fig. 9. Note, that
D(T) varies non-monotonically with temperature. First,
D(T) increases with increasing temperature, then
it passes a maximum at 7 = T,,, and eventually it
decreases with increasing temperature. The data points
indicate the corresponding temperatures of the peaks in
the measurements for the apparent specific heat (cf.
Fig. 3a for the raw data for C'(T) and Fig. 4 for the
dependence of AT and AC, on N). The nonmonotonic
temperature dependence of D(T) can be understood
from the interplay of the decrease in Rop(7) with
increasing temperature and the increase in the number of
droplets leading to a decrease in Dyg_4(7T). For T < Ty,
the increase in D results from a faster decrease in Rop(7')
than the decrease in Dyg_q(T). For T > T, the decrease in
Dy_4(T) due to the increase in the number of droplets
dominates the decrease in the size of the droplets,
leading to a decrease in D(T).

Figure 10 shows the N dependence of ATD 2vg 1/ 2,
where N is a measure for the temperature. The different
symbols denote different heating rates, while the com-
position of the mixture is kept equal: ¢, =0.1 and
¢, = 0.33. To achieve the data collapse the dependence
of AT on ,/vs [21, 23] is taken into account. Within the
error margin the data for ATD™%v; "/~ do not depend on
N any longer. The slight decrease in ATD %v; /'~ on
increasing the heating rate may be due to different
entracement of oil and surfactant into the water-rich
phase. This additional change of composition (on top of
the expelling of water) is more pronounced for high

40
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N { 3
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104—— ' 6

40 50 60
T[°C]

Fig. 9 The dependences of Dq_q (left axis, solid line) and D (right axis,
dashed line) as functions of temperature for ¢, = 0.1. Dy_q decreases
with increasing temperature, whereas D shows a nonmonotonic
temperature dependence. The data points denote the values for the
peaks observed in the measurements of the apparent specific heat (cf.
the curve for ¢, = 0.1 and v; = 4 K/h in Fig. 3)
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Fig. 10 Dependence of ATD v, 12 on the number of oscillations, N,
for ¢, =0.1 and ¢,, = 0.33. The data points correspond to four
different scan speeds: v; = 1.2 K/h (x); vs =4 K/h (A); vs = 13 K/h
(O), vs =27 K/h (O)

heating rates, because in that case the water-rich phase
has less time to relax towards a close-to-equilibrium
state, leading to more significant changes of composition
within the microemulsion phase. In any case, however,
the independence of ATD™? on N indicates that the
observed dependence of AT on N is due to the change in
the droplet—droplet distance with N. The square depen-
dence on D supports our assumption that mass transport
is via diffusion of the nanometer-sized microemulsion

droplets.

Conclusion

We have presented a model for cascade nucleation in the
phase separation of a droplet phase microemulsion
driven across the emulsification boundary by constant
heating. Beyond this phase boundary the droplets tend
to shrink, leading to the formation of a coexisting water-
rich phase; however, due to conservation of the overall
surface area of the droplets and of the volume fraction
of all components, nuclei can only be formed collectively
by a large number of individual droplets. The height of
the energy barrier shrinks with the degree of overheat-
ing. After having passed the energy barrier the majority
of microemulsion droplets rapidly shrink at the expense
of a few nuclei. The nuclei grow rapidly by taking up the
excess water. At the same time their number decreases
due to coalescence and sedimentation. The switching
between slowly increasing supersaturation due to heat-
ing and fast relaxation at strong supersaturation appears
to be the origin of cascade nucleation.

The experimental data suggest that the time lag
between bursts of nucleation depends on ,/vs. This
dependence not only holds for the whole range of
compositions, but remains valid during the whole phase-
separation process. The variation of AT with the number
of oscillations, or temperature, is found to be properly
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described by the temperature-dependent change of the
average distance between the respective surface of
neighboring droplets. D varies nonmonotonically with
temperature due to the interplay of a temperature,
induced decrease in the size of the droplets and an
increase in the number of droplets due to conservation
of the total interfacial area. The negligible dependence of
ATD=2 on N supports our assumption that interfacial
area is conserved although the system is far from
equilibrium and that mass transport is dominated by
droplet diffusion.

In conclusion, we would like to stress the determin-
istic behavior of the kinetics of this temperature-driven
phase separation. Although the system is heated for
several hours and is deep in the 2® region, the energy

barrier preventing nucleation and the period of the
oscillations can be described only by taking into account
the temperature dependence of the preferred curvature
of the surfactant monolayer, conservation of total
interfacial area and of the volume fraction of all
compounents, and a separation of time scales. It might
be expected that these parameters are also crucial to
describe the kinetics of surfactant mixtures for systems
driven out of equilibrium by other mechanisms.
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