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We investigate temperature induced phase transitions in mixtures of water, oil, and a nonionic surfactant. By
microcalorimetric measurements it is shown that the droplet-lamellar transition shows hysteresis so that it is
strongly first order. The position of this transition and of the emulsification boundary are quantitatively
described by an interfacial model which considers solely the temperature dependence of the spontaneous
curvature. There is no fit parameter in the model. Remarkably, the positions of both boundaries do not depend
on the bending moduli.@S1063-651X~96!01208-1#

PACS number~s!: 87.70.Kj, 64.70.Ja, 07.20.Fw

Mixtures of water, oil, and surfactant exhibit a variety of
thermodynamically stable phases@1–3#. This structural di-
versity is related to a large number of possibilities to divide
space into water and oil regions, where the domains are sepa-
rated by a monolayer of surfactant molecules. Within a large
composition and temperature range oil droplets in water
(L1), water droplets in oil (L2), and lamellar structures
(La) are formed@4–7#. Any of these phases can be in equi-
librium with an oil- (2f) or a water-rich (2f) phase. The
phase formed has to minimize the free energy, which de-
pends on composition and on properties of the interface, i.e.,
on the interaction of the surfactant molecules with oil and
water. These interactions are modeled by a spontaneous cur-
vature c0 and the bending modulik,k̄ of the interface
@8–12#, leading to the commonly discussed bending free en-
ergy density
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k

2
@c11c222c0~T!#21k̄c1c2 , ~1!

where (c11c2)/2 is the mean, andc1c2 the Gaussian curva-
ture of the interface.

There are indications in the literature@8,10,13# that some
temperature induced phase transitions can be described by
considering the temperature dependence ofc0 . However this
idea has not been worked out, in particular, because the tem-
perature dependence ofc0 has only been determined recently
@14#. In the present paper we argue that the temperature de-
pendence ofc0 is sufficient to explain significant parts of the
phase behavior. This will be demonstrated for the model sys-
tem H2O–n-octane–C12E5 ~n-dodecyl pentaneethylengly-
cole ether!. For this system all parameters in the free energy
density~1! have been determined experimentally@14–16# so
that the corresponding phase behavior can be calculated
without fitting any parameters. Furthermore, the interaction
of the surfactant with oil and water, respectively, is compa-

rable, leading to a nearly symmetric phase diagram for equal
volume fractions of oil and water.

Microcalorimetry. The specific heat of the solutions
is measured with a differential scanning microcalorimeter
~Setaram Micro-DSC II!. Thermograms are obtained at a
scan speed of 7 K/h. A heating curve is shown in Fig. 1
~solid line! for a mixture of H2O/n-octane/C12E5 of equal
volume fraction of water and oilfw5foil50.41, and a vol-
ume fraction of surfactantfs50.18. There are two nearly
2 K broad peaks. The width and the height of the peaks are
comparable, whereas the shape of the peaks differs slightly.
From the phase diagram Fig. 3~b! one verifies that the first
peak belongs to the transitionL1→La , and the second one
to the transitionLa→L2 . For scan speeds up to about 30
deg/h the width and the height of the peaks do not change.
The width constitutes a measure of the extent of the coexist-
ence range of a lamellar and a microemulsion phase@1# ~not
indicated in the phase diagram!, and the area a measure of
the latent heat connected to the transition. A slight increase
of the temperature within the temperature interval of coex-
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FIG. 1. Temperature dependent variation of the specific heat
DC(T) for fs50.18 andfoil5fw50.41. A thermogram of a heat-
ing curve is given by the solid line and the dashed line shows a
cooling curve on the same solution. After heating the solution was
tempered for 1 hour at 313 K. It was not stirred between the mea-
surements. To prevent phase separation the presented thermograms
are aborted before entering the two-phase regions.
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istence leads to changes of the relative amount of micro-
emulsion and lamellar phase. Since these changes occur con-
tinuously the related heat changes remain finite, even though
the transitionsL1→La and La→L2 are first order phase
transitions because the transition show hysteresis. This can
be seen~Fig. 1! from heating curves~solid line! and cooling
curves~dashed line! recorded on the same sample. Also in
the down scan two peaks of comparable width are visible.
The peak positions are close to those of the corresponding
heating curve, but the onset of the peaks is shifted towards
lower temperatures than the end of the corresponding peak in
the heating curve. The peaks in the up as well as in the down
scans all have about the same size. The areas under the peak
DQ[*DC(T)dT correspond to the latent heat of the phase
transitionL1→La andLa→L2 , respectively. Within the er-
ror margins~cf. Table I! its values coincide for all transi-
tions.

Theory.In the following we check how far these findings
for the latent heat can be understood from the free energy
~1!. We assume that the surfactant molecules are constrained
to the water-oil interface and are divided equally between the
oil and water domains. In our approach the symmetry of the
phase diagram at equal volume fraction of water and oil fol-
lows immediately from the bending free energy~1!. We start
our considerations by reviewing the parameters inf b. All of
them have previously been determined experimentally.
Based on measurements for shorter chain homologues@17#
one expectsk values of the order of or somewhat smaller
than kBT. In @16# it is argued on the basis of calorimetric
measurements thatk̄'2k/2520.4kBT̄. In Ref. @14# it has
been pointed out that to first order the spontaneous curvature
depends linearly onT̄2T

c0~T!5a~ T̄2T!S 11
k̄

2k D , ~2!

where a51.23105 K 21 cm21. The linear dependence of
c0 on T is compatible with the symmetry of the free energy;
T̄ corresponds to the symmetry line in the symmetric phase

diagram and takes the value 305.6 K for the present system
@Fig. 3~b!#. Since c0(T) is an asymmetric function in
T̄2T, the free energy is invariant under changing the tem-
peratureT→2T̄2T and exchanging simultaneously oil and
water. On account of the sign of the spontaneous curvature
the radius of the droplets is positive for oil droplets in water
Roil'3l s(foil1fs/2)/fs , and negative for water droplets in
oil Rw'23l s(fw1fs/2)/fs , wherel s is the length of the
surfactant molecules which is taken to be (1.360.2) 1027

cm according to Ref.@15#.
Having fixed all free parameters in~1!, we now calculate

the elastic free energies for droplet phase microemulsion and
for a lamellar phase as a function of temperature. Evaluating
the bending energy~1! for a microemulsion phase of mono-
disperse oil (FL1

b ) or water droplets (FL2
b ), and for a lamellar

phase without any undulations (FLa

b ) one finds for the free

energy per unit volume
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kfs

l sRoil
2 H @12Roilc0~T!#21

k̄

2k J , ~3a!
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In Fig. 2, FL1
b (T), FLa

b (T), and FL2
b (T) are plotted for

foil5fw50.41 andfs50.18. FLa

b (T) ~dotted line! is a

parabolic positive definite function that is symmetric with
respect toT5T̄. The free energies for droplet phase micro-
emulsions,FL1

b (T) andFL2
b (T) are also parabolic functions.

Forfoil5f w they are mirror images with respect toT̄ due to
the symmetry of the free energy.

The values for the latent heat of the transitions are given
by the difference of the slope of the free energy at the tran-
sition temperature@18#

TDSLi→L j
'2TS ]F j

b
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]T
, ~4!

where the labeli and j correspond to the phase before (i )
and after (j ) the transition. This leads to

DQ'TDSL1→La
5TDSLa→L2

'0.24 J/cm3, ~5!

TABLE I. Latent heat. Values for the latent heatDQ determined
from the calorimetric measurements. The values of the first column
yield the heat changes accompanying the transitionL1→La and
La→L2 and those of the second row to the transitionsLa→L1 and
L2→La . The errors are due to uncertainties in determining a base-
line. Sample composition is given by:fs50.18 and
foil5f w50.41.

DQ IncreasingT DecreasingT

L1→La 0.2360.03 J/cm 20.2260.05 J/cm
La→L2 0.2460.04 J/cm 20.2860.05 J/cm

FIG. 2. Bending free energies for a microemulsion phase of oil
droplets in waterFL1

b ,water droplets in oilFL2
b , and a lamellar

phaseFLa

b as function of temperature. The emulsification bound-

ariesT2f andT 2f are marked by arrows. Sample composition is
given by:fs50.18 andfoil5fw50.41.
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in close agreement with the experimentally determined val-
ues~Table I!.

Assuming that the width of the two phase coexistence
region of a lamellar and a microemulsion phase is small the
intersection ofFL1

b with FLa

b andFLa

b with FL2
b , respectively,

yield the phase transition temperatures. Inserting~2! in ~3!
and solving the equalitiesFL1

b 5FLa

b and FLa

b 5FL1
b for T

leads to the following expressions for the temperature-
dependent phase boundaries:

TL1→La
5T̄2

1

2auRoilu
, ~6a!

TLa→L1
5T̄1

1

2auRwu
. ~6b!

Analogously, one can calculate the emulsification bound-
aries. According to Safran, Turkevich, and Pincus@8# the
excess phase is formed when the radius of the dropletsR
exceeds its optimal radiusRopt, i.e., when uRu>uRoptu

5(11k̄/2k)/uc0(T)u. The optimum radiusRopt(T) is speci-
fied by ]FL1 ,L2

/]R50. Solving this inequality forT yields
the emulsification boundaries

T2f5T̄2
1

auRoilu
, ~7a!

T 2f5T̄1
1

auRwu
. ~7b!

As shown in Fig. 2 they do not coincide with the minima of
the free energies of the droplet phases, but lie closer towards
T̄.
Equations~6! and ~7! are our central result. They de-

scribe the temperature dependence of the boundaries be-
tween lamellar and droplet phases, and the emulsification
boundary, respectively. In the remaining part of the paper we
compare them to measured phase diagrams. Before, how-
ever, we want to stress a remarkable property of the equa-
tions: the positions of the phase boundaries do not depend on
the bending modulik and k̄. Except, forRw or Roil only
characteristics of the spontaneous curvature~2!, namely, the
parametersa andT̄ enter the expressions. It is also intriguing
that Eqs. ~6! and ~7! only differ by a factor 1/2 in the
second term. This is a consequence ofFLi

2FLa

5fs / l s(2k1k̄)c(c22copt), where i51,2, andc51/R is
the curvature of the droplets in the microemulsion phase: the
change from lamellar structures to droplets occurs at
R5Ropt/2, while R5Ropt corresponds to the emulsification
boundary.

Phase Diagrams:Figure 3 shows calculated~dashed
lines! and experimentally determined~circles! phase dia-
grams for three oil to oil-plus-water volume ratios
av5oil/oil1H2O as a function of surfactant concentration
and temperature. Forav50.5 @Fig. 3~b!# we observe the pre-
viously mentioned symmetry in the phase diagram, and for
all fs we find the phase sequence under increasing tempera-
ture. Even though there is no fit parameter in our result for
the phase boundaries, the values for the phase transition tem-
peratures are close to experimentally determined ones. Also
the broadening of the single phase channels upon increasing
fs is accounted for. Only, the formation of a three phase
region is not explained in this approach.

Figures 3~a! and 3~c! show calculated phase boundaries
for av50.26 @Fig. 3~a!# and av50.85 @Fig. 3~c!#, respec-
tively. Again, large regions of the phase diagram are pre-
dicted correctly. There is quantitative agreement when
c0(T) is directed towards the minor component, while it is
slightly worse whenc0(T) is directed towards the major
component. Still, the correspondence between theoretical
and experimental values in the latter case is remarkable be-
cause it is known that the underlying microstructure does not
conform to a droplet structure but to anL3 ~‘‘sponge’’! phase
@10,19#. This suggests that it is not expensive for the free
energy to form ‘‘necks’’ connecting droplets, and that the
spontaneous curvature need to be considered in the free en-
ergy of anL3 or other bicontinuous phases, too. In fact, the
former statement can be substantiated by observing that the

FIG. 3. Calculated temperature-dependent phase diagrams
~dashed line! as function of surfactant concentration and three
choices for the oil to oil-plus-water volume fractionav ~a!
av50.26; ~b! av50.5; ~c! av50.85. The circles show phase tran-
sition temperatures that are determined by visual inspection.
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free energies for droplet and cylindrical structures do not
differ significantly in the parameter range where single phase
bicontinuous structures are expected to occur.

In conclusion, we point out that by only considering bend-
ing contributions to the free energy of monodisperse spheres
and flat lamellar structures we achieve a parameter free de-
scription of significant parts of the temperature dependent
phase behavior of three component water-oil-surfactant mix-
tures. All free parameters in our model are known from pre-
vious experiments. The credibility of the model has been
substantiated by microcalorimetric measurements which
show that also the latent heat of the transitions is described
by the model, and which point out that the transitions are
strongly first order by showing that there is hysteresis. All

theoretical predictions quantitatively match experimental
findings. Remarkably, the results for the investigated phase
boundaries do not even depend on the bending moduli, but
only on geometrical parameters of the involved phases
~droplet radii! and characteristics of the spontaneous curva-
ture.
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