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Thermodynamics of a nonionic sponge phase
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Different suggestions for the mechanism governing the narrow stability df {lispongé phase have led to
a series of debates in recent years. There have been several models developed to describe such a mechanism
via thermodynamics. To date, experimental data are insufficient to test present theories. In this study, we revisit
the sponge phase with two series of thermodynamic data performed on the well-characterized
CsEs—n-decane—BHO system. These thermodynamic data sets stem from phase equilibrium and static light
scattering experiments designed to link system-specific parameters such as the temperature dependence of the
spontaneous curvatui¢, and the two bending moduk and s, which have only been loosely connected in
earlier experiments. The use of a well-characterized system is important in that it allows usage of molecular
descriptors from earlier studies to reduce fit parameters. Another advantage for using this system is that its
phase behavior is analogous to a two-component system which, from an experimental standpoint, is more
practical to perform accurate measurements and, from a theoretical standpoint, more simple to model. In the
present investigation, we use these tools to quantitatively test parameters obtained by different experimental
techniques and assumptions inherited in theoretical models designed to interpret them.
[S1063-651%9902210-2

PACS numbeps): 65.50+m, 05.70-a, 64.70-p, 78.35:+cC

I. INTRODUCTION physical phenomena surrounding theL; phase
[3,4,18,25,26 The success of these models relies on their
Since the discovery of an anomalous isotropic liquidability to provide adequate explanation for the unusually nar-
phase in the Aerosol OT-water-NaCl system by Fontell somgow stability range and transitions to neighboring phases. A
25 years agl], this phase has been found in a great varietyrecent mode]27], based on the elastic curvature energy con-
of amphiphilic system§2-5]. Today, it is referred to as the cept, has qualitatively captured these features. It, however,
L5 (or sponge phase, and its structure has been deduced blas been under intense debate due to exclusions of some
small-angle neutron scatteringBANS) [6,7], small-angle terms and oversimplification of the sampling system, viz,
x-ray scattering SAXS) [8,9], light scattering 10,11, con-  ignoring entropy and Gaussian curvature contributid-
ductivity [12,13, self-diffusion NMR[14,15, and visually ~ 31]. These issues form the basis of our present investigation.
confirmed by freeze fracture electron microscaiByEM) Taking the latter issue first, we begin our investigation
[16] to be a multiply connected bilayer structure that divideswith a well-characterized system that contains three compo-
a solvent into two interwoven labyrinths. Pictorially, it is nents: a nonionic surfacta(t;,Es), an oil (n-decang and a
envisioned as a spongelike fluid membrane. Its structure resolvent(watep [32]. The additive decane is water insoluble,
sembles the bicontinuous microemulsigmonolayer vs bi- thus yielding a similar phase behavi@yotropic phase se-
layen and cubic(ordered vs disorderg¢@nalogs; and useful quencg as its two-component analog, £5-H,0 [12] and
structural analogies have been made between figm19.  allowing it to be modeled as@seudebinary system. A cross
Early studies on the.; phase have focused on its unique section of this system is shown in Fig. 1 whefe=®
properties such as the absence of long-range ¢&fy ex- +®P, represents the total volume fraction of surfactant and
istence at high dilutiof12], Newtonian flow behavior at low oil at fixed surfactant/oil ratio®¢/®,=0.815). An equilib-
shear{21], and streaming birefringence at higher shear ratgium L; phase at various concentrations is highlighted in
[22]. filled symbols. A common observation in a two-dimensional
Recently, there has been a number of studies exploringhase diagram is that the; phase is found to be stable over
possible applications of the sponge phase, such as its use adroad concentration range this case, surfactant and gl
a model structure for studying intracellular membraeg., but has a narrow stability range perpendicular to the dilution
endoplasmic reticulurf23], Golgi apparatus, and related mi- path(in this case, typically less than 17C
crostructuresor as drug transport vehicl¢g4]. Despite the There are some important factors behind our decision for
broad research interests in thg phase, the fundamental using this three-component system. First, we chose a non-
thermodynamics that provides insights into its stability isionic system to avoid complications with long-range electro-
less understooéthere is an ongoing debatand, thus, war-  static interactiong33]. Secondly, the sponge phase at the
rants further investigation. selectedT-® cut occurs at lower temperatures as compared
There have been several models developed to explain the its binary counterpart, GEs-H,O. This is an advantage,
but is not our reason for choosing a nonionic system since
there are more compacted nonionic surfactants which form
*Electronic address: Thao.Le@fkeml.lu.se L; phases at a more suitable experimental temperature range.
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@ Experimental Section which describes the materials and ex-
perimental setups. We move next to the Result and Discus-

®, | Q/® =0.815 sion section where we briefly highlight key concepts of the
70 ' ' — T flexible surface approach, and lead from there to the revised
d form of the free energy which now contains the Gaussian

curvature and entropy terms. We then test this revised form
by using it to analyze the phase equilibrium and light scat-
tering data. We further test for self-consistency by perform-
ing comparative analysis between thg and L; phase
(formed at lower temperaturesFinally, we close the paper
with some concluding remarks.

II. EXPERIMENTAL SECTION

T (€O

A. Materials

Penta-ethyleneglycol monedodecyl etheC,,Es), with
a purity of +99% and a density of 0.9665 g crh was pur-
i chased from Nikko Chemicals Co(Tokyo, Japah
n-Decane, with a purity 0f+99% and a density of 0.730
gcm 3, was purchased from Sigma Chemicégteinheim,
. Germany. Both substances were used without further puri-
fication. Millipore filtered water, with low ion concentration
(2 uScm'}) and a density of 0.998 g cm, was used as the
diluent.

~N
~

B. Sample preparation

FIG. 1. T-® cross section of the GEs—n-decane—EO phase Samples were prepared by diluting a stock mixture of
prism (adapted from Ref[32]). The T-® plane is at fixed C,,Es—n-decane @./®,=0.815) with Millipore filtered
Ci.Es—n-decane ratio®/®,=0.815). The phases shown are the \y5ter. The samples were thoroughly mixed in theandL 5
L3 (spongg, L, (lamellay, L, (microemulsion, I, (cubio, andHy  phases. The sample tubes were then placed, fully submerged,
(hexagonal into a thermostatic water bath where we carefully look for

. . the L3/W and L;/L, phase boundaries. Crosspolarizers
Our compromise for a ternary system is that thgfg mono- were used to detect birefringence in thg-L, transition.

layer is simultaneously saturated in b.Oth oil anq water. Thisl'he bath temperature was raised and lowered in increments
would allow us to use data from the microemulsion to reduce

: : of =0.05°C a few times to confirm the phase boundaries.
the number of fit parameters. As well, it would allow us to Samples for the “fish” plot were prepared using equal
perform a comparative anaIyS|s bgtween thephase qnd volumes ofn-decane and water and varying concentrations
the well-studied droplet microemulsioh {) phase occurring

at a lower temperature range for the same systeme Fig, of C,,Es. The sealed sample tubes were fully submerged in a

1). It is well accepted that the spontaneous monolayer Curt_hermostatic water bath and allowed to equilibrate until
' ; P P y phase volumes remained constant over a period of time. As
vatureH, is strongly temperature dependent for these non

Se . fore, th h temperature was rai nd lower few
ionic surfactant$17,34]. For this ternary system, we can use before, the bath temperature was raised and lowered a fe

. ; ) times to confirm the phase boundaries.
the microemulsion to better characterize the temperature de- P

pendence; while in the binary system, the functional form is
more complicated and the temperature at whitj+0 can-
not independently be determinggb]. Static light scattering measurements were performed on a
With this system, we performed two series of experimentccommercial goniometer systemALV/DLS/SLS-5000F
designed to elicit thermodynamic information on thg =~ monomode fiber compact goniometer system equipped with
phase. The first is a series of phase equilibrium experimen@n ALV-5000 fast correlatgr There have been a number of
where we carefully examine its uniquely narrow stability modifications done on this setup, some of which included a
limits that extend over a broad concentration range. The sedroader temperature rande-6—220°GQ and an improved
ond is a series of static light scatteri@§LS) experiments temperature stability==0.01 °C for several houysTwo cy-
where we monitor the scattering intensity as a function of thdindrical scattering cell$8 and 4.2 mm inner diamebewere
scattering vectog, temperature, and concentration. Theseused to correct for sample transmission and to demonstrate
two data sets are designed to link together key systenthe absence of multiple scattering. Scattering cells were filled
specific parameters such &k,, x, and x, which we will  with a minimum amount of sampl@pproximately 10 mm in
discuss in detail later. Our objective here is to get all the datdeigh) and sealed with a Teflon plug that nearly touched the
on a quantitative level so that we can provide a self-meniscus of the sample. Such preparation minimizes the
consistent interpretation for these independently determinettmperature gradient in the cell—a necessary procedure to
data sets. get accurate light scattering measurements on the nadrgow
The outline of this paper is as follows. We begin with the phase.

C. Static light scattering
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Measurements were performed as a function of scattering
angle 6, from 15°<#=<150° in increments of 2°. Ten mea- Gc:f gcdA. (©)
surements in intervals of 10 s were averaged for each angle.
The data were then corrected for background scattéoel
and solventand converted to absolute scattering intensitie%f a free energy per unit volume for the sponge and balanced

via AR(q), the “excess Rayleigh ratio.” Toluene was used icroemulsion phases to be of the form
as the reference solvent. The excess Rayleigh ratio was caqj

culated using

In a series of papel7,37-39, we have argued in favor

GIV=azd3+agd®, (4)
2
. (1) where® is the volume fraction of the surfactant film. A term
linear in® is omitted since it can be included in the standard

—F QR
(Ief(a))
free energy. The leading cubic term emerges from the Porte
h Al d{l th d tter- .
where(Al(q)) and(le(a)) are the averaged excess scatter et al.[25] general scaling argument based on the length scale

ing intensity of the solution and the averaged scattering in; ! i
tensity of the reference solverR,o=39.6< 10 *m lis the Invariance of the curvature energy lt=0. In practice, to

; - _ be able to account for the finite swelling of the sponge and
Rayleigh ratio of tolueneg[ =n,,+®(dn/d®)] andn, are ; . :
yelg (=t )] ref {mcroemulsmn phase the; term needs to be negative and a

dn/dd(=0.11) is the refractive index increment, amg piosjtive higher-order.term, which by.symmetry is qui.ntic in
=4mn/\,Sin(@/2) is the magnitude of the scattering vector. ®, is needed to.prowde stability at_h_|gher concentratl_ons. In
This procedure was repeated at other temperatures insi Ee m|croe_muIS|on case, the coeﬁ|p|eig can be obtalned
theL5. For the most part, we initiated measurements at th y expanding the free energy density to fourth order in cur-
) vature. In the bilayer structure of the sponge phase, however,

lower phase boundary and stepped 0.05°C until tREW N : .
coexis?ence phase b)cl)undary \?vgs reached. The ?\No-phaééerm quintic ind is obtained by evaluating the free energy

boundary was confirmed by visual inspection at the meniscu ensity, Eq.(2), at the two oppositely oriented monolayers.

of the sample and by the distinctively different scattering he use of a monolayer Qescription for bilayer structures,
profiles. e.g., the sponge phase, might appear unwarranted but has in

fact several advantages. An important advantage is being

able to use the same formalism for all structures in the
. RESULTS AND DISCUSSION surfactant-oil-water phase diagram. This is very useful in
that a direct comparison between monolayer and bilayer
) o structures is possible and that the general behavioH pof

As outlined above, we have quantitative data from phasgecomes much more apparent. A possible weakness in ap-

equilibrium and from light scattering gxperlmen'ts for the plying Egs. (2)—(4) to the sponge phase may be that this
same system measured under compatible experimental cogpproach captures only one out of several unknown contri-
ditions. Both data sets are thermodynamic in nature and d&; tions to theas term. For the present system, these terms
pend on the free energy of the system. As such, we cagppear to be of minor importance, if not negligible.
interpret these experimental results by formulating a free en-" |, 4 previous papef40], we have proposed that the im-
ergy expression containing parameters relating to both datgsrtant driving mechanism for creating the sponge phase is
sets. This ap_proach, as we Wl_ll_show, allows the use of MOghat its complex topology, characterized by a negative
Iepular descriptors from the 0|I-|p-water droplet microemul- g5ssian curvature, is represented by a negative mean cur-
sion (L, phase, occurring at a slightly lower temperajute  yature at the polar-apolar interface. As such, the curvature
reduce the fit parameters. In principle, this phase can be d@nergy is minimized with respect to the mean curvature
scribed within the same model provided that the difference iRyhen the spontaneous curvatutg is negative. In this de-

spontaneous curvature is taken into account. scription, coefficientsi; andas are of the formg27]
We begin with a brief overview of the flexible surface

model. Its application to surfactant-oil-water systems basi- 24H

cally consists of an interfacial description focusing on a cur- az=— ° (5a)
vature free energy density of the polar-apolar interface. To '

lowest order in curvature, it is commonly written [86]

(Al(q))

n

AR(q)= ot
re

A. Free energy model

and
gc=2k(H—Hy)?+ %K, 2)
K
whereH andK are the local mean and Gaussian curvatures, a5=53: (5b)
respectivelyH,, «, andx are three system-specific param-
eters:H, is the spontaneous curvature(=0) is the bending
rigidity of the film, and «x is the so-called saddle splay ] 4
modulus—the sign and magnitude of which represent th Sb) arise _from a bilayer geometry modeled as parallel sur-
preferred topology of a curved surface. As a sign convention' 2¢&S: An |mportan't property heTe is that the mean curvature
we adopted the curvature towards oil as positive. For a giveft! the monolayers is concentration depende, i.e.,
film configuration, thetotal curvature free energ. is ob- 5
tained by integrating the curvature free energy density over (Hy~~— ‘i 6)
the interfacial area: 21

where 2 is the bilayer thickness. The terms in E¢sa) and
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From this basis, we extend the general form of &qj.to 21— I i
include a Gaussian curvature term and an entropy term. The
Gaussian curvature term has a similar scalingts and is
of the form[40]

40 - -
q)2
Ky~——. 7 r
(K== @) G T| 3 (Winsor IDY
o . < 8 =
Its contribution to thea; term is[41] [ ,
. 20 (Winsor 1)
K 8 '
a =— .
3,Gauss 213 8 36 - |
The entropy term is more difficult to determine. We, how-
ever, can approximate it using the ideal scaling argument .
which leads to ——t
0.04 005 006 007 008 009 010
TS Ae o
V- |_3(I) , ) s

WhereAe |S expected to have a negatlve Slgn Such that the FIG. 2. Kahlweit plot |”UStrat|ng an independent measurement
entropy density increases with increasing concentratio®f the temperatur&, whereH,=0.T, is found to be 38.3 °C at the
[38,42. This term is analogous to the undulation contribu-Phase-inversion temperatu(®IT) marked by a filled symbol. A
tion to the free energy of a lamellar phase, except for the Sigl_l?mellar phase_ com_m_only fqund at higher surfr_:lctant concentration
of the numerical coefficient. Parametes depends explicitly 'S MOt shown since itis outside the scope of this study.

on the elastic modulk andx and is expected to decrease in, . o
magnitude when increases—again analogous to the lamel-INdicate that this linear term adequately accounts for the tem-
lar phase. perature dependence Kdf,—covering as large of a tempera-

The addition of the Gaussian curvature and entropy termi!'® range as-20°C around the PIT.

to a, leads to the free energy density expression of the form_ With EQs.(10—(12), we can now group the phase equi-
[43] librium and light scattering results for a unified interpreta-

tion. There are four undetermined parametersg, «, and

T,) in these equations, all can be accessible by experiments.

K K
G/V=§g(4IH0+ a)q)3+§g(1)5, (10

C. T, determined at the phase-inversion temperature

h
where The value ofT, at whichHy=0 was independently de-

2A.— K termined from a Kahlweit{“fish” ) plot [44], where the

(1))  phase equilibria of the same system containing equal vol-
umes of oil and water was monitored as a function of tem-
perature and surfactant concentration. The experimental data

B. Temperature dependence oH, are shown in Fig. 2. Within the flexible surface model, the

We have performed experiments over a relatively narronMicroemulsion phase containing equivolumes of oil and wa-
temperature range between 39 and 43°C. In these expetfer has its maximum swelling &t,=0. For the present sys-
ments, the system is unusually sensitive to temperature; arf@m, this occurs at,=38.3°C.
this temperature dependence is reflected in the temperature
dependence of the free energy. A number of experimental D. Membrane characteristic length and volume fraction
studies[17,34 performed on nonionic systems containing o, curved monolayers, it is important to specify the in-
alkylpolyoxyethylene glycol eth?fs have demonstrated. thaferface where area and curvature are evaluated. Studies on
this temperature dependence is related to changes in thiysignic systems have demonstrated that the polar-apolar in-
spontaneous curvatute,. Over a small temperature range, (o506 separating the alkyl and penta ethylene oxide blocks
KT varies marginally and, thus, the temperature dependencg ¢ e 'is neutral, i.e., its area does not depend on the
in the first order of the elastic moduli can be neglected. urvature. Based on these findings, we define the effective

Z—F?IYFI)O;/ieeI)éganSion about the phase-inversion temperaturg,emprane(bilayen volume fraction for the present system
as

dH = =
oM =g | (To=T)+~B(Te=T), (12 Pn=0.50s+Po=0.7750, 13
TO

where®(=d,+ d ) and the subscripts denote the volume
where B is a temperature coefficient afig is the tempera- fractions of surfactant and oil, respectively. The termd&,5
ture at the balanced point whekg,=0. Phase equilibrium arises from the fact that the alkyl chain volume corresponds
and direct radius measurements of microemulsion droplet® about half of the total molecular volume of the,E;
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FIG. 3. TheL; phase investigated in this study is stable within ~ FIG. 4. Plot of T vs ®2. ExperimentalLy/W coexistence
a narrow temperature range. Beyond this stability range, the spond®undaries are represented by open symbols. The best fit using Eq.
phase coexists with a dilute solution at higher temperature, andl5) yields «=8.90<10"2 and 8=4.88<10PK 'm™! (dashed
lamellar phase at lower temperature. The membrane volume fradine), and the best fit using Eq17) yields II,y=2.06x 107 °%kT
tion @, is based on the description presented in Sec. Il D. (solid line).

molecule. For the present system, thg, in Eq. (13) is the ~ and solving Eq(14) for II=0 givesT, ,y as a function of
volume fraction that enters the free energy density expreshe bilayer volume fraction:

sion. The volume of a GE; molecule is approximately 700

A3, and the area it occupies at a defined polar-apolar inter- CIDﬁ1 a

face in the G,Es—n-decane—kEO system is 48 A For the T, w= 2" m"’To- (15
present surfactant/oil ratio, this results in a bilayer thickness

of 50 A; hence the value of that enters the free energy Equation(15) explicitly shows that a plot of, versus®,

density is 25 A. is expected to yield a straight line and that parameteasd
B can be obtained from a least-squares fit. Figure 4 illustrates

E. Thermodynamic data from phase equilibrium experiments such a plot, and linearitydashed lingis found over a sub-

L, phases are generally narrow as compared to otheftantial concentration range. The best fit yiedds 0.089 and
phases(Fig. 1). This is particularly true in our cut of the B=4.88x10PK 'm™.
C,,Es—n-decane—KL0O phase prism, where the; has a It is clear that there are deviations from linearity at lower
width of approximately 0.5 °@Fig. 3). Such narrow stability ~concentrations. This nonlinear behavior can be attributed to
requires careful and accurate determination of the equilibthe finite monomer solubility that prevents the phase from
rium phase boundaries such that the data collection in SLSwelling infinitely. If the surfactant monomer concentration
experiments could be optimized to yield a more accuratén the excess water pha¥éis slightly higher than in thé 5
value of «, i.e., through fits to a model. Another matter of phase, this results in an osmotic stress onlth@and pushes
importance is to keep the membrane composition constaribe phase boundary to a higher concentration. If we consider
for all experiments. This was done by preparing a stock soa constant excess monomer pressure in the water pagse,
lution containing a fixed ratio of GEs/decane and diluting We can solve for a more general case using
it with water to get different compositions. These procedures
are necessary for minimizing experimental errors so that the 1=2a,Pp+4as®p =11y, (16)

data from different experiments could be compared on a ) o
quantitative level and for checking consistency in their inter-from which the phase boundary temperature is given by

pretation. 2 )
As shown in Fig. 3, the upper temperature limit of the T _ 20+ @ ! oT (17)
phase is marked by a phase separation with predominately Ls/W 418 Wiakpos )

pure water. Equilibrium with pure water implies that the wa-

ter chemical potential of the sponge phase is equivalent to Substituting into Eq(17) the values fora and g from
that of the reference statpure watey. In other words, the above andk=2.5KT from static light scattering measure-
osmotic pressurél=Apu,,/v,, is zero. This is related to the ments(discussed beloweavesll,, as a single fit parameter.
free energy as The best fit (solid line in Fig. 4 yields Il,y~2.06
x10°° kTm™3 This value is small; and if we treat it as
surfactant monomers in an ideal solution, iHy=cKT,

Jd
=025 (GIV)=GIV, @4 e find that it corresponds to a surfactant concentratipn



PRE 60

=2x10 %M, which is an order of magnitude smaller than
the critical micellization concentratiotCMC) of the surfac-
tant, 6 10 °M. Thus, by factoring in the finite pressure in
the water phase we can account for the phase boundary over
the entire concentration range. The actual valuH gfis not

so important here since it is very small and that a small
amount of impurity can induce such an effect. What is im-
portant is that the overall result is clear: At low concentra-
tions, the osmotic compressibility becomes very high such
that the phase boundary becomes sensitive to minor pertur-
bations. This effect is expected to be dominated by the sur-
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0.10 ! | v T T T T T T T T T

0.09

0.08

1/AR (m)

0.07

factant solubility since it is close to two orders of magnitude
higher than the oil solubility in water.

F. Thermodynamic data from static light scattering
experiments

Static light scattering experiments were performed on five

different concentrations ranging fro®,,=0.071 to &,

=0.262. For each concentration, measurements were made

at four to six different temperatures inside thg phase.
Figures %a) and 5b) are two representative plots of
1/AR(q) versusq? for the most diluted and concentrated

samples, respectively. The data were fitted with the Ornstein-

Zernike form based on the Lorentzian scattering law

1

AR(Q)  AR(0)

=— —(1+q%¢), (18)

whereAR(0) is the excess Rayleigh ratio at zero wave vec-

tor (q=0), andé; is the static correlation length. For dilute

samples, linear fits were made using only data in the Guinier

(low g) limit, see Fig. %a). For concentrated samples, fits
were made using data in the fujlrange, see Fig.(5). Ex-
trapolated values cdAR(0) are presented as a function of the

temperature in Fig. 6. An important feature here is the strong

temperature dependence of scattered intensity.
There is a direct relationship betweAR(0) and the free
energy densityEq. (10)] i.e.,

F(GIV)] L
AR(0)= xkT| —p=| | (199
902
with
47m%n2 [ dn |2 195
X_)\—é dd,) (190

wheren,, is the refractive index of watedn/d®,, is the
refractive index increment, and, is the wavelength of the
incident light in vacuum. A value fodn/d®(=0.11) has
been determined previously at 25 P45] and is not expected
to vary significantly with temperature. We can use this valu
as follows:dn/d® ,,=(0.775) }(dn/d®). From Eqs(10)—
(13), (193, and(19b), we get the forward scattering intensity
as a function of temperature:

AR(T)= kT X|3
ol D= 3D+ 120 | B(Ty—T)+1003 |

(20

0.06

0.05

0.75 T A I IR B B |
0.70
0.65

0.60

1/AR (m)

0.55
0.50

0.45

0.40

(b)

FIG. 5. Static light scattering spectra plotted a&R/s g2. (a)
For dilute samples, fits using E@L8) were made in the lovglimit.
(b) For concentrated samples, linear fits were made over the entire
g range.

From SLS experiments, we obtained 25 independent mea-
surements of the scattering intensity.

Instead of making a global three-parameter fit, we choose
to implement our predetermined parameterand 8 from
the phase equilibrium experiments, which leavess the
only adjustable parameter. For five different concentrations,
the best fits using Eq20) yield a value ofk=2.5T (solid
lines in Fig. . An important feature here is that this single
fit parameter describes both the concentration and tempera-
ture dependence of the forward light scattering data. These
are nontrivial properties of the free energy expression, Eq.

e(10), and provide strong support for this approach. Earlier

light scattering measurements & phases were compli-
cated with large errors contributed by less precise experi-
mental conditions and, therefore, cannot be used to test free
energy expressions. In the present study, this matter has been
resolved as evidenced by the quantitative agreement between
parameters from phase equilibrium and light scattering ex-
periments.
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o711 "~ T T T better than 5%. In the free energy expression, this slope is
exclusively attributed to the temperature dependence of the
25 i spontaneous curvature through the coeffici@nthis is cer-
] tainly the dominant contribution, but in arriving at E{.5)
a @ =0071 we have made a number of assumptions which may intro-
duce some systematic errors ;1 We have littlea priori
0.091 | knowledge concerning contributions of the temperature de-
o 15 £ f n pendence t@; andag except for the fact that the effects of
! 0.137 ] H, dominate. However, if we make a simple assumption that
10k i these contributions are proportional 10 as is the entropy
| ] contribution, then we expect a 1% change over a 3° change.
6‘40 0.178 Factoring this error into both; andas, we get a correction
S 0 262— of less than 5%. There is also an experimental uncertainty in
aatf 0 the monolayer thickneds=(25+2) A, which is also a part
‘ : of the slope and needs to be considered. This error introduces
38 39 40 41 2 43 44 another 8% uncertainty i8. From this, we conclude that
T (°C) B(=4.88x10°P K tm™1) is reasonably accurate in that the
combined uncertainty is within:15%.

FIG. 6. Temperature dependence of the Rayleigh ratio at zero From the phase equilibrium data, we can also determine
scattering vectord=0). Shown are experimental data poif8ym-  the contribution ofa to the coefficientas. In Fig. 4, The
bols) and theoretical calculationsolid lineg. These calculations  nprimary fit parameter is the intercept of the straight line
are based on Eq20) where fits were individually performed for \yhere the numerical accuracy is within0.2 °C. To obtain
each concentration. The bending modulusvas determined from a, we use the balanced temperatditgfrom the microemul-
best-fit results to be 218 (=10%); andthis value was used to sion that was measured with an accuracy+df.1 °C. There
get the calculated curves. . S . . ) . .

is an assumption involved in treatirtdy, as a field variable;

The results up to now indicate that the free energy of Eqthat is, Ho is dependent only on temperature and not on
(10) coupled with the well-accepted linear temperature deOmpPosition. Considering the amounts of oil and water
pendence ofl, [Eq. (12)] successfully and self-consistently Present, the GEg monolayer is equally saturated with sol-
describes both the phase equilibrium with excess solvent antfNts In thel ; phase as it IS in t_he balanced mlcrqemulsmn.
the forward light scattering of the; phase. In the analysis of "€ temperaturd, determined in the balanced microemul-
these experiments, we obtained values doiB, and , the ~ SION'IS, therefore, not expectgd to differ S|gn|flcantly from
former of which contains both the Gaussian curvature andt the lower surfactant/oil ratio that we have in thephase.
entropy terms and was found to be small. This small valudience, we only expect a random uncertainty in the fitted
can be considered as a minor offset of the spontaneous cuparameter(=0.089) to be within=15%. _
vature. The omission of in previous studie§27,39 is, The bending rigidityx was determined from the light
therefore, not a serious error. scattering data to be X35, corresponding to 1210°2° J

We can now proceed and compare these results with prdOr @ mean temperature in the experimental range 39-43°C.
viously published data on the droplet microemulsidn )( The uncertainty in the fits is W|th|¢10%. The parameters
phase of the same system occurring at lower temperatur@nd S that enter into the expression faR(0) were deter-
Such a comparison would provide additional means to tegiined from the slope in Figs.(& and Sb) and do not give
the free energy and a complementary set of thermodynamidse to any substantial uncertainty i However,AR(0) is
data to determine the contributions @fand A, to the pa-  Proportional to the third power of which carries a 10%
rametera. Before proceeding with that, we need to analyzeUncertainty and, thus, introduces a 30% uncertaintyin
the uncertainties in the obtained parameters. This is imporAdditionally, there is a systematic uncertainty due to the

20

AR (m')
B>

tant when comparing between different experiments. choice of theas coefficient which can be obtained from a
more abstract analysis using the light scattering data. Other
G. Uncertainties in experimental methods contributions toag are expected to be positive such that the

- A . . value fork is smaller. At the present time, we do not have an
By combining the phase equilibrium and light scatteringc,rate estimate for the magnitude of this correction which
results, we have arnved_at a set of fitted parameters that entgrid lead to a more precise interpretationcof
the free energy expression. The accuracy of these parameters
depends both on experimental uncertainties and on assump-
tions inherent in Eq(10). The fact that we get a consistent
interpretation of the experimental data using E4O)
strongly indicates that the functional form is correct. There As shown in Fig. 1, this system has a microemulsion
remain, however, uncertainties in coefficierds and ag phase L) in the temperature range between 25°C and
which may introduce another uncertainty in the evaluated2 °C where the structure is sensitive to temperature, i.e., the
parameter values; these are needed for a quantitative intemean curvature is decreasing with increasing temperature. In
pretation. the vicinity of the lower phase boundary the structure is that
From the part of the curve in Fig. 4 which yields a straightof spherical oil droplets with an average radius of 7544,
line, we can determine the slope with a relative accuracya value measured at the neutral surféaeclosing oil and the

H. Comparative analysis with the droplet microemulsion
phase
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surfactant alkyl chains, see abgv&he spherical shape cor- value that is approximately two times the sphere radius, and
responds to the maximum curvature towards oil constrainedn approximate relationk+«x~kT. Substituting in «

by a constant area-to-enclosed volume ratio, i.e., at fixed=2.5T, we obtaink= —1.5T.

d /D, ratio. Below the temperature of 25 °C, the spontane- Consistency between the descriptions of thephase and
ous curvature is increased and phase separation occurs as the microemulsion droplet phase can further be tested. In an
result of spherical droplets decreasing their radius and expegarlier study, Rajagopalagt al. [49] have analyzed the in-
ling oil to the excess phase. This scenario was analyzed bijuence of charged droplets on the phase equilibria where it
Safran and co-workers and has since been referred to as thes found thatxB=(4=0.5)x10"*JK*m™ and 2«
emulsification failurd47]. We can draw an analogy between +%=(1.2+0.4)x 10 ?° J, corresponding to 2.8 kT at 314
the droplet/oil coexistence and the /W coexistence since K. The value for the produckgB obtained from the present
both regulate the monolayer curvature through the solverdinalysis of thelL; phase is slightly larger, (5:00.6)

concentration. X101 JKtm™%, but is in reasonable agreement consid-
Th_e free energy for a dispersion of spherical droplets carring the error involved. The value of«2- '« gives us an-
be written as other opportunity to estimate, i.e., subtracting 2=5.0kT

givesk=—2.2KT.

There is another experiment which contains information
on the elastic moduli. Sottmann and St{é@] have recently
éneasured the interfacial tensionbetween the droplet mi-
croemulsion phase and the excess oil phase for a large num-

GIV=G/V+Gpy !V, (21)

whereG. is the curvature energy part at},, is the mixing
or translational entropy. The curvature energy part is of th

form ber of systems including the present one. The lowest tem-
47 ® perature investigated was 28 °C, but can be extrapolated to
G, /V= [2k(1—RH,)?+x]. (220  25°C. Doing so, we obtairy=2x10"*Nm™. The sim-
mic plest quantitative interpretation of this interfacial tension in-

The droplets interact as hard sphefés], and from the volves a transformation from the spherical droplets of radius
Carnahan-Starling equation of state we Have R to the flat interface between the microemulsion and the oil

phase. Taking into account only the curvature free energy

~ OKT " 1+4¢>—3q>2} 23 [34],
. = n —_— — —— s
mix Vmic Vmic (1_(1))2 o
2k+ K
which reduces to ideal mixing at lowdr. Here,v,, and vy, YT TR (25

are the water and micellar volumes with the latter given by
vmic=4mR3/3. For simplicity reasons, we have ignored mi-

nor contributions from size and shape polydispersities. Thlém(.j inserting the va!ues foy andR yle!ds 2+ x=2.KT,
: : S -which agrees well with the value obtained from the study of
monodispersity approximation is analogous to the approxi- :
S . charged spheres. The curvature free energy is clearly the
mation in thelL ; phase analysis where the curvature proper- ; S ; : i ;
. . : dominant contribution to the interfacial tension, but is not the
ties are based on the assumption that the midplane of the X . . o
. . - only one since including the entropy of mixing in the analy-
bilayer lies on a minimal surface of zero mean curvature_. - . _
everywhere sis would lead to a slightly higher value ofk2 «. Our

For thelL; phase, the upper phase boundary is charactet”’-m""IySIS sh.ows that the t.WO values o.fQK’ obtained ffom
two very different experiments, are in agreement with one

ized by the zero water chemical potential. Analogously, the
. . : another.

lower phase boundary of the microemulsion phase is charac-

terized by zero oil chemical potential. Solving E¢81)—

(23) for u,=0 gives a relation between the sphere radius I. Final estimates of phenomenological parameters
and the spontaneous curvature at the emulsification failure By combining the present experimental results with pre-
boundary as vious investigations, we have arrived at estimates for the

< » 5] — @2 constantsB, «, and k. All these estimates contain errors
RHy=1+—+-——2 In( ) _W) + | contributed by experimental uncertainties and systematic er-
2k 167k Vmic 1- rors introduced by simplifying assumptions in theoretical

(24) models which relate, on a quantitative level, to the experi-

The temperature of the lower phase boundary oflthe mental data and constants yet to be determined.

phase has a very weak concentration dependence in the Cotrﬁ'e inr;fuer::;ilyé a ri)o;c?]reesnt E'r(g;reaﬁ??ergg;;v?ﬁgt Cx;n%'gl'ﬂg
centration range 0.64® < 0.4 arising from the fact that the PP '

entropic contribution toRH, is dominated by the slowly gather for this system, we can summarize by providing ob-

o L . . jectively best estimates for

varying ideal mixing part Ib. Numerical calculations show

a significant concentration dependence onlydsr0.01 and B=5X10°K tm1 (269
that in the range 0.64d < 0.4 the entropic contribution is
essentially a constant offset, which is approximately
—0.5kT/ k. Since the sphere radius is known, we can calcu-
lateH, at 25 °C using theg3 value obtained in the analysis of
the L; phase boundary. Doing so, we obt#dj =154 A, a k=—8x10"21J (—2kT at 298K, (260

k=1x10"%° J (2.5T at 298K), (26b)
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where the top two are reasonably accufat@0% while the
uncertainty ink is larger (-2x10 21J).

From the value ofk, we can also estimate the entropic
contribution A, to the az term of the free energy density.
This carries a large uncertainty over AQ. The parameter
a=(2A.— k) k was determined to be 0.089. This small
value implies thatA. and x are similar in magnitude, but
with k<2A, since « is positive. If we use the values
=2.5T and «=—2kT, we obtain an estimate foA.
—0.%T. This could be compared with the valu€d.0XT
obtained from a random mixing of lattice sites of side
whered~3l/® is the characteristic pore size of the mem-
brane structurg42]. The difference, although being an order

, AND SCHURTENBERGER
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that these phases can be described with the same set of pa-
rameters.

While there is a general agreement on the description of
the droplet microemulsion in terms of Eq21)—(23), there
has been a debate on the thermodynamics of the topologi-
cally more complex.; phase(and the analogous balanced
microemulsion. This debate has drawn considerable atten-
tion to the first correction term of th@®2 scaling and to the
sign of the prefactor. We have argued that the ideal scaling
term a; is negative and that the first correction term is pro-
portional tod®® with a positive prefactor, see E(). Other
investigatorg 26,51 have suggested that tleg is positive
and have included a logarithmic concentration dependence
term, i.e.,

of magnitude, can almost be accounted for by the experimen-

tal uncertainty. A more systematic study extending to other

systems is needed to better understand the entropyAgrm

IV. CONCLUDING REMARKS

The thermodynamics of a nonionic; phase has been
analyzed using the flexible surface concept. Thisphase
contains three components, but can be modeledmseade
binary system since the additivedecane is insoluble in wa-

ter, i.e., the solvent is a single component and the bilaye L . .
: 9 P y dhe renormalization mod¢Eq. (27)] against our experimen-

this plays an important role in the analysis of the phase equi
librium and static light scattering experiments using the fred’

energy density of the form shown in EG.0).

The present system also contains a droplet oil-in-wate
microemulsion [;) phase at a lower temperature range
where the spontaneous curvature is positive and where the

have been a number of independent investigations. O

analysis using the emulsification failure and interfacial ten-
sion data gave complementary information on the curvature
elasticity of the surfactant monolayer. A comparison be-

tween the properties of thke; and L; phases provided a

(27)

to ensure a finite swelling and equilibrium with excess sol-
vent (as,b;>0). Equationg4) and(27) arise from different
points of view. Equation27) reflects the view that stability

is governed by fluctuations; and the logarithmic correction
term was originally introduced through a renormalization of
the elastic constants. Equatiqd), on the other hand, is
based on the view that the important parameter is the mono-
pyer spontaneous curvature. We, unfortunately, cannot test

tal data. Such a test would require specific temperature de-

endence of the coefficients, which is lacking in E2j7).
Instead, we focused our attention on E4). and searched

for an internal consistency in the analysis of the phase equi-
ibria and light scattering data. Such a consistency was found

pot only limited to thelL 5 phase, but on a more global level
ince the analyses included also the droplet and balanced

icontinuous microemulsions.
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