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ABSTRACT: We consider the effect of micellization upon the equilibrium macroscopic interfacial tension between
A- and B-rich phases in a ternary mixture of immiscible A and B homopolymer with an AB diblock copolymer
surfactant, for systems in which spherical micelles can form in the A-rich phase. Self-consistent field theory
(SCFT) has been utilized to calculate the critical micelle concentrations (cmc’s) and macroscopic interfacial
tensions. The behavior of the systems of nearly balanced copolymers, which tend to form highly swollen micelles,
is discussed within the context of the Helfrich theory of bending elasticity, using elastic constants obtained from
SCFT simulations of weakly curved monolayers.

1. Introduction (equivalently) droplet microemulsiodd!* is based on the
Helfrich theory of interfacial bending elasticity. Allowing the
micelles to swell generally reduces the calculated free energy
dof formation of a micelle. This reduces the predicted cmc, and
thus it raises the limiting value of reached above the cmc. In
contrast to Leibler, we find that the concentration of free
copolymer needed to drive the interfacial tension to zero is
always greater than or (for balanced surfactants) equal to the

concentration of dissolved copolymer exceeds the critical micelle Predicted cme. We thus generally obtain a nonzero interfacial

concentration (cmc) in either phase, additional block copolymer tension above the cmc.

is used to form micelles, preventing further increase in the  Though detailed results are given only for systems in which

interfacial coverage of copolymer and any further decrease in spherical micelles form in one of two coexisting phases, we

the interfacial tension. also discuss when any of several competing structures might
Although micellization always competes with interfacial form instead. In addition, we discuss attempts to use the Helfrich

adsorption in immiscible blends, most theoretical studies of thesetheory to describe bicontinuous microemulsion phases, and how
phenomena have focused either on interfacial adsorption, whilethe formation of a bicontinuous (rather than droplet) micro-
ignoring the possibility of micellizatio&? or on predictions of ~ emulsion might affect the macroscopic interfacial tension.
the cmc in binary mixtures of copolymer in a single homo-
polymer>~10 The exception to this rule is a study by Leiblér,
who considered the saturation of interfacial tensjoabove
the cmc. Leibler used simple strong-stretching theory to describe
both micelles and an adsorbed monolayer, and calculated the We consider a ternary system of two immiscible homopoly-
macroscopic interfacial tension by equating the chemical Mers, A and B, and an AB diblock copolymer (denoted C),
potential of copolymer adsorbed to the interface with that in under condition for which system phase separates into two
the micelles. He came to the puzzling conclusion that the Phasesrichin A and B, respectively, with a small concentration
macroscopic interfacial tension in immiscible blends with nearly ©f copolymer C. LetNa, N, and Nc denote the degrees of
symmetric copolymers could be driven to zero at copolymer Polymerization of the two homopolymers and copolymer,
concentrations below the cmc, for copolymers with a rather wide respectively, andi denote the volume fraction of A monomers
range of valuega = 0.31-0.69 of the volume fractiofi of within the copolymer. Letta = Na/Nc, ag = Ng/Nc, andg =
the A-block. However, Leibler estimated the free energy of Na/Ns. For specificity, we consider the case in which, above
formation of a micelle using a model appropriate to a binary the critical micelle concentration, SpheriC&' micelles preferen-
System of Cop0|ymer in a h0m0p0|ymer matrix. He thus tla”y form in the A-rich phase. In the case of Symmetric
neglected the fact that a micelle in an A-rich phase that coexists homopolymers witf = 1 and equal statistical segment lengths
with an excess phase of nearly pure B homopolymer can swellba = bg, this corresponds to the cate> Y.
by emulsifying B homopolymer within its core. 2.1. PhenomenaThe dilute region of the ternary phase

In this article, we use numerical self-consistent field theory diagram for such a system is shown schematically in Figure 1.
(SCFT) to examine how the formation of swollen spherical The copolymer is assumed to form micelles in the A-rich phase
micelles limits the reduction of macroscopic interfacial tension. above the cmc line, shown by the dotted laaeb, which extends
Our description of the limit of very highly swollen micelles, or  from the cmc of the binary AC system (point) to the cmc

of an A-rich phase that coexists with a B-rich phase (pb)nt
* Corresponding author. E-mail: morse@cems.umn.edu. The dash-dotted tie line that intersects the phase boundary at
T E-mail: kchang@chem.umn.edu. pointb divides the two-phase region into a lower region of very

Diblock copolymers are often used as surfactants in blends
of immiscible homopolymers. AB diblock copolymers adsorb
at interfaces between the A and B homopolymer domains, an
they stabilize the dispersion of the minority homopolymer by
reducing interfacial tension, which promotes droplet breakup,
and by suppressing droplet coalescehtelThe extent of
interfacial adsorption is limited by micellization: Once the

2. Theory. Micellization
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Figure 1. Schematic phase diagram of a ternary system comprised of ¢cf
homopolymers A and B and diblock copolymer C, in which an A-rich
phase of swollen micelles (or, equivalently, microemulsion droplets)
coexists with a phase of nearly pure B. The dotted bre is a line

of the critical micelle concentration in a single A-rich phase. Micelles
are drawn above this line. A poitit corresponds to the cmc in two- ¢
phase ternary system. Figure 2. Concentration dependence of free copolyn:bérand of

copolymer within micellegc upon the total concentration of copoly-

low copolymer concentration in which neither of the two mer within the micellar phasgc, along the coexistence line.

coexisting phases contains micelles, and an upper region of
higher copolymer concentration in which a micellar A-rich phase
coexists with a micelle-free B-rich phase. Below this cmc tie-
line, the boundaries of the A-rich and B-rich phases are
reasonably well described by FleryHuggins theory. Above the
cmc, the solubility of B within the micellar phase becomes
higher than that predicted by FlornHuggins theory, as a result
of the solubilization of the B homopolymer within the cores of
swollen micelles. The slope of the phase boundary of the A-rich
phase above the cmc (the emulsification failure line) reflects
the ratio of surfactant to emulsified B within a micelle, which
yields a lower slope for more highly swollen micelles.

The chemical potentigkc of copolymer within the A-rich O,
phase is related by a dilute solution law,

se = pe + KT In(og/pe) (1)

He- p’co

Figure 3. Dependence of the copolymer chemical potential upon total
. ) concentration of copolymer within the micellar phase, along the
to the number concentratios}, of free copolymers dissolved  coexistence line. The dotted line shows the continuation of ideal solution
as single molecules (rather than within micelles) within the behavior beyond the cmc.

A-rich phase. Herep? is a standard state concentration, afd

is a corresponding standard state chemical potential for free To
copolymer dissolved in A. A similar relation exists between
the chemical potentialg of B homopolymer and the concentra-
tion of free B molecules dissolved in the A-rich matrix. Above
the cmc, the concentrations and the corresponding chemical
potentials of free B and C molecules within the A matrix in a
two-phase system always remain very close to those obtained
at the cmc. The resulting saturation p@ (or the volume
fraction d)fc) and uc to nearly constant values are shown
schematically in Figures 2 and 3. In a two-phase system,

Yeme

micelles generally form in only one phase (here, the A-rich 0 T

phase) because the saturatiorugfcaused by micellization in 0™, o

the A-rich phase preventg from ever reaching the higher value ¢

required for micellization in the B-rich phase. Figure 4. Schematic diagram of the macroscopic interfacial tengion

; ; [ vs the total volume fraction of copolymer within the A-rich micellar
Interfacial tensiony of a macroscopic interface between phase. As in Figure 3, the solid line shows the behavior of a micellar

_Coexisti_ng A- and_B-rich phases monotonically decreases with spjution, and the dotted line shows the continuation of ideal solution
increasing uc while the interfacial coverage of adsorbed behavior, in the absence of micelles.

copolymer increases. As shown in Figure 4, interfacial tension

extrapolates to zero at a saturation chemical potenfiar a Leibler estimated:¢ andug" from the free energies of flat
corresponding concentratigid of free dissolved copolymer. If  interfaces and spherical micelles using a simple strong-stretching
ue" is less than the saturation chemical potentigl theny calculation. Leibler founguga™ < ug for sufficiently asym-

will decrease only until the cmc is reached, and thereafter remainmetric copolymers, with fo — 0.5/ > 0.19, butul < uI™ for

very close to the nonzero valyemc obtained at the cmc. If more symmetric copolymers, with 0.32 fo < 0.69. These
ue" were somehow to exceed:, however, then it would be  calculations suggested that it should be possible to produce
possible to drive the interfacial tension to zero at a copolymer macroscopic interfaces with= 0 using block copolymers with

concentration below the cmc. a rather wide range of values df. The most important
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limitation of Leibler’s calculation, as noted in the Introduction, of equal volume and equal chemical potentials with no micelles.
is that he did not allow for the possibility of swelling of the These excess aggregation numbers are related to the corre-
micelle cores. The nearly symmetric copolymers for which sponding excess free ener@y" by the thermodynamic identity
Leibler foundug < g™, however, also form monolayers with
large spontaneous radii of curvature and thus would tend to form
highly swollen micelles. We show in what follows that, if the
micelles of nearly symmetric copolymers are allowed to swell
to their preferred sizeyc' always remains less than or equal In an incompressible fluid, the excess aggregation numbers for
to ug, causing the macroscopic interfacial tension to always the three species are related by the fact that the total number of
saturate to a nonnegative value. monomers are conserved regardless of the introduction of a
2.2. Thermodynamics.It is convenient to formulate both ~ micelle so that they must satisfy-8 ZNiM; for i = A, B, C.
the classical thermodynamics of this system and the correspond-This definition thus yields positive values for the copolymer
ing SCFT calculations in a grand canonical ensemble. The grandexcessMc, and (in an A-rich phase) for the excebt of
canonical free energ® of a system is given by the difference  solubilized B, but negative values for the “excebt of matrix

® = F — ZuM®, whereF is the Helmholtz canonical free homopolymer.

O™(T
VI UY))
Iy

4)

energy. Herey; is the chemical potential and | is the total 2.3. Critical Micelle Concentration. A useful approximation
number of molecules of species i in the system of interest, for for the critical micelle concentration may be obtained by
i = A, B, C. For any macroscopic system of volurieand neglecting the translational entropy of the micelles, and thus
pressureP, ® = —PV. The interfacial tensiory of a flat ignoring the logarithmic term in eq 2. In this approximation,

macroscopic interface between A- and B-rich phases is conve-the formation of micelles is favorable whenevef(T.) = 0.
niently expressed as an excess grand canonical free energy pefhe c¢mc line b—c) in Figure 1 thus corresponds in this

unit interfacial area. approximation to the set of chemical potentials for which
The grand canonical free energy of a dilute solution of om
micelles at a specified set of chemical potentials and a specified 0= (T, u) (5)

number densityp, of nearly monodisperse micelles may be

. The thermodynamic analysis of micellization in this approxima-
expressed as a function

tion is closely analogous to the analysis of a limit of solubility
® N " 0 of a solid in a di_Iute liquid _s_olution,_ ir_1 Which any material added
v = P M)+ pn[®(T, 1) + KTIn(or/ o €)] (2) beyond the limit of solubility precipitates into a second phase.
When the translational entropy of the micelles is taken into
whereP" is the pressure of a hypothetical homogeneous (i.e., account, the critical micelle concentration ceases to be a sharp
micelle-free) phase at the specified set of chemical potentials, phase transition. Instead, the cmc marks the position of a rapid
and ®M(T,x) is the extrapolated excess grand canonical free but mathematically continuous crossover, which approaches the
energy per micelle of a hypothetical micellar solution with a behavior of a true phase transition in the limit of infinitely large
standard state micelle concentratior. Here and hereafter, micelles. For finite micelles, the definition of the cmc is thus
we useu, with no subscripts, to refer to a set of chemical necessarily somewhat arbitrary. We choose to define the cmc
potentials: = {ua,us,uc}. The true equilibrium grand canonical  Of copolymer to be the concentration of free copolymers at the
free energy at a specifiell andu is obtained by minimizing ~ chemical potentiakg™, for which the concentration of un-

eq 2 with respect to variations in the number dengifyof imers is equal to that of copolymers within micelles, i.e., for
micelles, which yields which

Pm = P €XPE= @(T, 1)/KT] (3) P = pc = prMc (6)
Substituting this back into eq 2 produces a macroscopic pressureBy substituting this definition into eq 3, we find that
P = — ®/V = P"+ pnKT in which the micelles contribute a 0
small ideal-solution osmotic pressure @fkT. 0=®" + KT In(pd"7p,, M) (7

In eq 2, we have not attempted to account separately for
different “species” of micelles containing different numbers of at the cmc, wher@™(T ) is evaluated at the chemical potential
molecules of copolymer or solubilized B homopolymer. The for which P = pame.
free energy®™(T,u) should thus be understood to be an excess  In numerical SCFT calculations, in which™ is taken to be
grand canonical free energy of a micelle of fluctuating size and the result of SCF calculations of the excess free energy of an
composition. The numbers of copolymer and homopolymer isolated micelle, we take the standard state concentratifn
molecules within each micelle can fluctuate by exchanging to be the hypothetical state in which the volume fraction of
molecules between the micelle and the surrounding matrix. copolymer within micelles extrapolates to unity, i.pm’ =
Correspondinglypm is the number density of micelles of any  1/(vNcMc), wherevNc is the volume per copolymer chain. This
size or composition. This formulation assumes that it is possible choice is obviously somewhat arbitrary. The calculated cmc is,
to count the total number of micelles in any microscopic state however, found to be insensitive to all but enormous changes
of a micellar solution with little ambiguity, but it does not require  in the value ofp,’, or to the neglect of micelle translational
us to define conventions for deciding how many molecules of entropy entirely, for micelles of the size considered here. By
each type reside “within” each micelle, and how many are part using eq 4 and a linear approximation for the dependence of
of the surrounding matrix. ®™M on uc near the cmc, it is straightforward to show that the

Let the excess aggregation number of species i within a value obtained foc at the cmc by solving eq 7 differs from
micelle, denotedV;, be defined to be difference between the that obtained from approximation eq 5, in which we completely
average number of molecules of species i in a system (or neglect micelle translational entropy, by an amodut =~ KT

simulation) that contain exactly one micelle and that in a system In(pg"7pm°Mc)/Mc. The corresponding shift in the calculated
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cmc

cmc pa"™, vanishes in the limiMc > 1, and has been found to ~ requirement that
correspond to a very small fractional changepfi”® for the
systems considered here. L7 0 (11)

2.4. Interfacial Model. To relate the thermodynamics of a 3Cl
highly swollen micelle to the bending elasticity of the monolayer Equation 11 reflects the fact that, when the micellar phase

that surrounds the core of each such micelle, it is useful to coexists with an excess B-rich phase, the optimal radius for a

formally decompose the free energy of the micelle into core g o|ien micelle is that which minimizes the excess free energy
and interfacial components. For a spherical or cylindrical micelle per area of the curved monolayer around each micelle.

of radiusR, we imagine constructing a spherical or cylindrical It is also interesting to consider the case of a one-phase
Gibbs dividing surface of radiug and area\ around the center - mjcejlar solution, in the absence of coexisting homopolymer

of an isolated micelle. This surface separates an A-rich matrix phase. Combining eq 8 fabm, and eq 9 for the optimal radius
(region 1) from a B-rich core (region Il). When the core is large, yields

it has a composition similar to that of the coexisting B-rich

phase. The excess free ene@y = ® + PV of a micelle m_ A Ay
with a core region of volume/, = V — V, in a system & _a[V +C¥; 12)
containing one micelle in a total volumémay be expressed
as a sum whered = 3 for a sphere od = 2 for a cylinder. Applying the
simplified cmc condition™ = 0, to this yields the requirement
"= (P, = PV, + Ay (8) that
. . __c
of the excess interfacial free enerdy plus an excess bulk y=—C aC (13)

free energy of the core that arises from the difference between
the pressures in the core and matrix. The simplified criterion 4t the cmec. Substituting this back into eq 9 yields a pressure
for the cmc, which we use throughout this section, requires that difference

m = 0 at the cmc.

A criterion for the optimal micelle radius may be obtained P —p =— d 20y _ d . (14)
by requiring that eq 8 fo®™(R) be minimized with respect to L d—1-9C d—1"
changes iR at fixed values of all chemical potentials. The
resulting criterion is equivalent to the condition for mechanical €verywhere along the cmc line. In a one-phase micellar solution,
equilibrium of a curved interfac® and yields the preferred micelle radius is restricted by a stoichiometric
constraint on the amount of the available B homopolymer. This
c? s constraint causes the micelle interface to adopt a smaller radius,
P,—P,=Cy— q_ 15% 9) or higher curvature, than the spontaneous curvature that is
reached along the emulsification failure line. This leads to a
. . situation in whichdy/aC > 0, and in which a negative relative
whereC = (d — 1)/R is a mean curvature witl = 3 for a pressureP; < P, develops in the core of each micelle. Along
sphere ord = 2 for a cylinder. the cmc linep—c in Figure 1, the micelle radius is thus expected
In what follows, we approximate the macroscopic pressure to decrease, and the pressure differdhce Py to increase, as
in the A-rich micellar phase by the local pressure in the matrix. one moves away from poititon the emulsification failure line,
In doing so, we ignore the very small osmotic pressuskT at whichP, = Py, and toward point of the binary A-C edge.
that arises in a dilute micellar phase from the translational 2.5. Helfrich Theory. The above division of the excess
entropy of the micelles. This is consistent with our neglect of micelle free energyp™ into bulk and interfacial contributions
micelle translational entropy in the criterion for the cmc. Because is conceptually useful only for describing highly swollen
the chemical potentials of all components in the B-rich core of micelles. When the radius of a swollen micelle becomes
a swollen micelle must be the same as those in the coexistingsufficiently large, the curvature dependence of the interfacial
B-rich macroscopic phase, the local pres$®jravithin the core tensiony may be described by the Helfrich thedfyin which
of a micelle must be equal to that in the coexisting B-rich phase. an interfacial excess free energy is expanded to harmonic order
Because the pressures of the A- and B-rich phases must alsan powers of curvature. Here, we use a form of the theory
be equal, and the pressure in the A-rich phase is taken to bediscussed in more detail in another paffén which we expand
equal to that of the matrix, the pressures in the core of a micelle y about a flat saturated state (i.e., abGut 0, u = ug, andy
must thus also equal that in the surrounding matrix, whenever = 0) for a spherical surface to harmonic order in powers of a

the micellar phase coexists with an excess phase. curvatureC = 2/R and to linear order in the deviatio = uc
Combining the requirement thBt = P, with the requirement ~ — He- o . ) )
that®™ = 0 in eq 8 yields a requirement that Combining the Helfrich expansion of(C,uc) with eqs 10
and 11 yields
y=0 (10)

0=y =—1C+2c.C?— T*du — AduC  (15)
at the cmc of a two-phase system. Note that the vanishing 2
interfacial tension in eq 10 is that of the curved monolayer 9

surrounding a micelle, not that of the macroscopic interface 0= % =7+ x,C—Adu (16)
between A- and B-rich phases, which is generally nonzero.

Combining the conditiond?, = P, and y = 0 with the in which k4 = « + Y,k is the bending rigidity for a spherically
mechanical equilibrium condition of eq 9 yields the additional curved interface. In the limit of smatl, or small spontaneous
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curvature, eq 16 yields an equilibrium mean curvature
17

with corrections of(z?). In the same limit, eqs 15 and 16 yield
a chemical potential shift

—I*ou= 1'/<+C2

> (18)

that vanishes in the limit — 0, orC — 0.
The interfacial tensiorycmc of @ macroscopic flat interface

between a micellar A-rich solution and an excess B-rich phase

can be obtained by evaluating eq 15 w@&h= 0 and replacing
ou by eq 18. This yields a predicted interfacial tension

1
Yeme= — I*0u = §K+C2 (19)
Combining eq 19 with eq 17 fo€ yields
Vome = T12c,. (20)
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required in the formulation given here. The basic results are,
however, the same.

3. SCFT Methodology

To study the effect of micellization upon macroscopic
interfacial tension, we must conduct separate SCFT calculations
of the excess free energh™ of an isolated spherical micelle,
and of the interfacial tensiop of a flat interface. Both types of
calculations are carried out in the grand canonical ensemble,
using equal chemical potentials. In the micelle simulation, use
of the grand canonical ensemble allows the micelle to automati-
cally adjust its size, composition, and structure so as to minimize
the micelle free energgp™.

To locate the cmc angleme, @ series of calculations gp™
must be carried out for each system at increasing valugs.of
For each value ofic, the values ofia andug are chosen from
the Flory—Huggins theory, which is the homogeneous limit of
SCFT, so as to satisfy conditions for macroscopic phase
coexistence, with a pressupe= 0 in both A- and B-rich phases.

In this series of calculations, the composition of the A-rich phase
follows the linea—b in Figure 1 until the cmc is reached. Above
the cmc, the FloryHuggins predictions of the composition of
the A-rich phase corresponds to that of the micelle-free matrix

The macroscopic interfacial tension is thus predicted to vanish within that phase, which differs from the true macroscopic

at the balance point = 0 and to vary quadratically with or
spontaneous curvatu@ = t/k; near this point. Equation 20

composition when micelles are present.
Solution of the SCF equations for either a spherical micelle

for the interfacial tension is simply the free energy per unit area or a flat interface requires the numerical solution of a one-

required to flatten a monolayer with the curvat@e= 7/«
characteristic of an equilibrium micelle. As discussed by Sttey,

dimensional modified diffusion equation. This is obtained using
a finite-difference discretization of the radial coordinate in the

this is because the macroscopic interfacial tension is the micelle simulations and of the coordinate normal to the interface
derivative of total free energy with respect to the area of the in the simulations of a flat interface, as in ref 12.

flat interface, and the additional surfactant required to increase The excess free energp™ of a micelle in a spherical
the area of the flat interface must be provided by the destruction simulation cell of total volume/ is given by®™ = & + PV,

of micelles, thereby transferring surfactant from a curved
monolayer to a flat one.
For nearly balanced monolayerss expected to vary linearly

whereP; is the pressure in the matrix far from the micelle. The
predicted number density, of micelles at each value afc
may be calculated from eq 3, in which we use a standard state

with changes in any variable that can be used to tune monolayerconcentratiorp® = 1/(vNcMc). Values for the critical micelle
asymmetry. In systems containing nonionic surfactant, in which concentration are obtained from eq 6.

temperature is a convenient control variable, there exists a Figures 2-4, which were presented above as schematic plots,

balance temperatufg, at whicht =0, andc O T — T, for T
near T.2* In an isothermal series of homologous polymeric
mixtures with a specific pair of homopolymers, and a fixed value
for either the copolymer lengtNc or the lengthfgNc of the
core block, there will exist some copolymer compositftiﬁ'

for which t = 0. If the homopolymers are symmetric, wiki

= Ng andbs = bg, thenf% = 1/, Within such a series, for
values offs nearf E\a', we expect a linear variation= 7'(fa —
53, where the derivativer’ = d7/0fs is evaluated at the
balance point by slightly varying, while holdingfgNc or N¢
constant, as appropriate for the series of interest with fixgd
Ns, ba, bg, andy. Near the balance point, eq 19 may also be
approximated as a quadratic functionfgf

()
Yeme ™ z(fA —f gal)z (21)

wherex is evaluated afy = f,'ia'.

were actually generated from the results of a series of SCFT
calculations of bothb™ andy at increasing values ofc for a
system withfa = 0.635,fgyNc = 10, andNa = Ng = 100, for
which ¢¢"°= 0.0051. The change at the cmc in the derivatives
of uc and ¢fc with respect to total copolymer volume fraction

is continuous, but appears quite sharp, and gives an apparent
cmc that agrees well with that obtained from eq 6.

4., Results. Micelle Simulations

Figures 5 and 6 compare predictions for the micelle core
radius and the cmc, respectively, for both a ternary two-phase
system and for a corresponding binary mixture with no B
homopolymer. In both figures, the results are shown for systems
with symmetric homopolymers, witNy = Ng andba = bg, a
fixed lengthNcg = fgNc for the core block of the copolymer,
using three different values of the prodydtcg = 8, 10, 12.
Each line in either figure corresponds to a series of copolymers
with equal core block lengths and varying corona block lengths,

The above analysis of a droplet microemulsion in coexistence with fo > /> so that micelles form in the A-rich phase.

with an excess phase is a slight refinement of ones given

previously by Stre3# and by Palmer and Morsé These earlier

Figure 5 shows the extent of swelling by comparing core radii
of micelles at the cmc of the ternary two-phase system (point

analyses were both based on minimization of the Helmholtz b in Figure 1) to those of “dry” micelles at the cmc of the

free energyF, rather than ofb, and required some simplifying
assumptions of negligible surfactant solubility and/or negligible

corresponding binary system (poiatin Figure 1). Here the
micelle core radius is taken to be the radRisf a sphere that

curvature dependence of the interfacial coverage that are notcontains a volumeAR%/3 = [fgNcMc + NgMg] v, which is the
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Figure 5. Micelle core radius at the cmc for the ternary two-phase
system and binary system considered in Figure 6, vs volume fraction
fa of the corona block. The hollow and solid symbols represent the

radii of unswollen and swollen micelles, respectively.
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Figure 7. Macroscopic interfacial tensionmc at the cmc, normalized

by the valuey, for a bare interface, vs volume fractida of the
copolymer corona block, for the same parameters as those used in Figure
6. Leibler’'s prediction based on the unswollen micelle is shown with

a dotted line for comparison.

mixture is greatest for symmetric copolymers, where the
swelling is largest. The difference between these cmc values is
always modest, however, and is always less than a factor of 2
in the systems shown here.

This modest difference between the cmc's of swollen and
unswollen micelles has a profound effect on the predictions of
interfacial tensions. The dottedlashed lines in Figure 6 show
the saturation concentratigpf of free copolymer within the
A-rich phase at which macroscopic interfacial tension extrapo-
lates to zero (see Figure 4). The predicted valugdf for a
binary system is less that¢ for sufficiently asymmetric
copolymers, but exceedg: for fa near 0.5, in a manner
completely consistent with what Leibler found in a more
approximate strong-stretching calculation. The valuet aft

concentration of a two-phase ternary system (solid lines), and of a binarywhich ¢¢ = ¢¢ © are actually quite close to the value faf=

mixture of copolymer C in A (short dashed lines), vs volume fraction
fa of the corona block within the copolymer, for systems with
homopolymer sizesiayNc = agyNc = 10, for three values ofNce.

Also shown is the copolymer volume fractigid (dot dashed line) at

which the macroscopic interfacial tension of the two-phase system
extrapolates to zero. Note thgt always exceedag © of ternary two-

phase system, but drops belowga™ of the corresponding binary

system for nearly symmetric copolymers.

sum of the volumdsNcMcv occupied by the B blocks of the
excess numbdyic of copolymers per micelle, plus the volume
NsMgwv of the Mg emulsified B homopolymers. The core radii
have been calculated using typical experimental valuds, of
= bg = 6 A with a monomer reference volume of= 135 A3,
andNa = Ng = 100. Swelling of the micelles in the ternary
two-phase system is not significant fiarz 0.6, but the micelle
core radius diverges dg approached/s.

Figure 6 shows the effect of micelle swelling upon the cmc,
by comparing predictions for the copolymer volume fraction at
the cmc of the ternary system to that at the cmc of the binary

0.69 obtained by Leibler. The cmc of the ternary two-phase
system, however, always remains less than or equal to the
saturation concentratiope. This implies that the interfacial
tension will saturate to a nonzero value above the cmc. Leibler’s
prediction of a wide range of values faf for which ¢¢" > ¢¢

is clearly an artifact of his use of a two-component model for
the micelles. The apparent convergencepg™ and ¢¢ at fa

= 1/, is consistent with the prediction of the Helfrich theory
that y should vanish at the cmc for balanced systems.

In Figure 7, we show the SCFT predictions of macroscopic
interfacial tensiony.mc above the cmc for the same set of
systems as those considered in the two previous figures. As
predicted by eq 21, the interfacial tension converges to zero at
a balance pointfa = f,t}a' = 1/,, and exhibits a parabolic
dependence oia. For comparison, Leibler’s prediction is shown
as a dotted line. Values of the ratjemdyo, Whereyy is the
bare interfacial tension of the binary /B mixture, are
surprisingly insensitive to the value @Nc.

system. The cmc of the ternary two-phase system is always The value of copolymer compositidif®' at whicht = 0 is

lower than that of the corresponding binary system. This is a
result of the freedom of the ternary system to minimize the
micelle free energy by emulsifying the B homopolymer so as
to minimize the bending energy of the interface. The difference

affected by the choice of homopolymers. Figure 8 again shows
the interfacial tension v&, but for the systems with asymmetric
homopolymersf = 1). In each case, there is one valuefof

for which the interfacial tension extrapolates to zero, which in

between the cmc in the two-phase system and that in the binaryeach case corresponds to the vaﬁﬁé' at whicht = 0.



7752 Chang and Morse Macromolecules, Vol. 39, No. 22, 2006
0.6 , 0.014
/ &
/ SCFT(b) =
0.5 B=05 // 0012 | SCFT(t) 4
1 / Leibler ------ /!
2 v / LOW e
04 / 0.01 t
2 /
2 03 / ¢ A
5 0.008 r
/ £
0.2 /e = P
/ L L 0.006 e
01| S e ~
N S 0.004 k- e
N . ‘." v A
0 e i P aaA
0.3 0.4 0.5 0.6 0.7 0.8 At
¢ 0.002 |
A
Figure 8. Macroscopic interfacial tensionmc at the cmc, normalized
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Figure 10. Comparison of SCFT predictions for the cpg" of a

0 " ! .
10 ternary two-phase system (filled triangles) and a binary system (open
f =06 triangles) to the strong stretching predictions for the binary system by
A=0- SCFT(b) o Leibler (dot dashed line) and LOW (dotted line) for the systernfs
RN SCFT(t) ~ = 10 among the cases considered in Figure 6.
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Figure 9. Dependence of the critical micelle concentratigfi" on 00 e ; 2
XNBC = fBXNC for systems withfa = 0.6 andanNc = aBXNC = 10. 0 . L hd
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(filled triangles) and predictions for a binary system by SCFT (filled
circles) and by the approximate strong stretching LOW theory (open
triangles). The dashed line is a simple exponential funcGerNec,

with C = 376.

Figure 11. Comparison of micelle core radii obtained from direct
micelle simulations (hollow circles) and from Helfrich bending elasticity
(solid circles) as a function df. They are consistent fdx < 0.58 but
the latter starts to underestimate the radii for larfier Radii of
“unswollen” micelles in a binary mixture with no B homopolymer are
shown as open triangles.

Figures 9 and 10 both compare our numerical SCFT predic-
tions of the cmc’s of corresponding binary and ternary two-
phase mixtures to the predictions for binary mixtures of the
analytic models of Leibler, Orland, and Wheeler (LGVend 5. Results. Helfrich Theory
of Leibler!* The LOW theory is based on a simple strong  The structure and free energies of very highly swollen
stretching calculation of the free energy of a copolymer micelle micelles are best understood in terms of the Helfrich theory.
in the A homopolymer matrix, in which the density profiles  Numerical predictions can be obtained farnearf5?, where
are assumed to be uniform in the core and corona, but somegjrect simulation of highly swollen micelles becomes difficult,
penetration of homopolymer into the core and corona is allowed. by combining analytic predictions of the Helfrich theory with
The theory denoted “Leibler” is further simplified by neglecting numerical SCET calculations of the elastic parameterand
both homopolymer penetration of the corona (thus assuming a;, Qur calculations of the Helfrich elastic parameters are
dry brush) and micelle translational entroBy. discussed in a separate papeFigures 11 and 12 compare

In both binary or ternary systems, the cmc exhibits a roughly predictions obtained from numerical SCFT simulations of entire
exponential dependeneg:™ (1 e#Nes on the productyNcs, micelles (as discussed above) to more approximate predictions
and a much weaker dependence on the leNgghof the corona obtained by using numerically calculated values of the elastic
block. Both analytic theories capture the dominant exponential parameters in the Helfrich theory. Both figures show data for
dependence of the cmc giiNcg, shown in Figure 9, but they  system withyNcg = 10, with all other parameters identical to
predict values somewhat lower than those obtained from those used in Figures%.
numerical SCFT. Both analytic theories predict too weak a  Figure 11 compares values of the core radubtained from
dependence ofy, as shown in Figure 10. SCFT simulations of micelles to the valugs= 2«./t predicted
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Figure 12. Predictions ofycmdyo from direct micelle simulations
(hollow circles) and from the Helfrich theory, using eq 20 (solid circles)
vsfa. They are consistent fdg < 0.6 but start to deviate for largéy.
The solid line is the simple quadratic approximation given in eq 21
(solid line), witht' andx+ evaluated a€ = 0, which fits the results of
the direct micelle simulations suprisingly accurately.
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by the Helfrich theory. The core radii reported for the full
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Figure 13. Dimensionless quantit)/8 = 7'%8«.y, as a function of
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xNcg for several values of.. For D/8 = 1, the parabolic dependence

of yeme Uponfa nearfy = Y, would extrapolate tgq for fa = 1.

micelle simulations have been calculated as described in Figureapnroaches zero continuously dscs approaches its value at
5. The radius predicted by the Helfrich theory corresponds to {he Lifshitz point, §Ncg). = (1 + 202)/0.2° For o = 1, which

that of the Gibbs dividing surface which is used to calcutate
andz for each value ofa and for which there is no interfacial
excess concentration of A or B monomers.

The predictions of the Helfrich theory fé& agree well with
the results of full micelle simulations for nearly symmetric
copolymers, withfy < 0.58, for which the micelle radius

significantly exceeds that of an unswollen micelle (also shown).

For copolymers witha = 0.60, however, for which the micelle

is the value at which the Lifshitz point is first preempted by a
tricritical point, D presumably appears to diverge at the Lifshitz
point. The divergence appears because, &tl, k. approaches
zero (Figure 4 in ref 12) at the Lifshitz point, but appears
not to, and instead appears to approach a constant ferl
and to diverge foo. > 1 (Figure 10 in ref 12) At high values
of yNcg, far from the Lifshitz point, the value dD becomes
rather insensitive to changes iNcg, consistent with the

radius in the ternary system is similar to that obtained in the phepavior noted in Figure 7.

absence of the B homopolymer, the Helfrich theory predicts

too small a radius. The Helfrich theory thus appears to be g Other Possible Phenomena

accurate over a surprisingly wide range of equilibrium micelle
radii, extending almost down to that of a dry micelle, but only
a limited range of values dh.

Figure 12 tests the validity of the Helfrich theory predictions
for the ratio ycmdyo. Results of the full micelle simulations

Thus far, we have considered only the possibility of the
formation of swollen spherical micelles and its relation to
interfacial tension in ternary two-phase systems. There are,
however, several possible competing alternatives in the systems

described in the previous section (open circles) have beenOf interest here.
compared to two more approximate expressions: The closed 6.1. Cylindrical Micelles. It is possible for block copolymers

circles are obtained from eq 20, using the same valuesfQf
andz(fa) as those used in Figure 11, while the solid line is the
prediction of eq 21, which has been constructed valueg of
and x4 evaluated af Ra' = 1/,. Equation 20 agrees reasonably
well with the full SCFT results only fofa < 0.6. This is similar

in dilute solutions to form cylindrical, rather than spherical,
micelles. In binary systems of A homopolymer and AB
copolymer, analytic strong stretching calculations by Mayes and
de la Cru2® and numerical SCFT calculations by Mat&&and

by Janert and Schiék have predicted the formation of either

to the accuracy found in the analogous predictions of the core cylindrical micelle$® or highly swollen periodic hexagonal
radius. Remarkably, however, the simple quadratic expressionmesophasé$** in some systems of symmetric and slightly
of eq 21 is in nearly perfect agreement with the full simulations asymmetric copolymers.

over the full range offA = 0.5-0.75 explored here. This

In an analysis of the behavior of highly swollen micelles in

excellent agreement can also be observed in Figure 8 forternary systems, which was based upon the Helfrich theory of

asymmetric systems witNy = Ng.

Equation 21 implies that the dependence gf/yo onfa near
f,tia' = 1Y, for systems with symmetric homopolymers can be
approximated by a harmonic functidfsD(fa — f5%)2, with a
single dimensionless prefactor

D = (¢')*/(k470)

in which all of the variables are evaluated in a symmetric
reference state witf, = /.. The dependence of this prefactor
upon the producgNcg for the several values @f = Na/Nc in
this reference state is shown in Figure 13. For values of1,

for which there exists a stable Lifshitz point, the quanfity

(22)

weakly curved saturated interfaces, Safran and TurkéVich
found that spherical micelles are always preferred over cylinders
along the emulsification failure line in systems in whick: 0,

as found here by SCFT. Systems withr 0 would be unstable

to the formation of multiply connected surfaces of constant mean
curvature. In this theory, a transition from spherical to cylindrical
micelles can, however, be induced in a single-phase micellar
solution by decreasing the volume fraction of the B homopoly-
mer. The preference for spherical micelles along the emulsifica-
tion line is a result of the existence of a negative Gaussian
rigidity ¥ < 0, which favors the formation of spherical over
cylindrical surfaces. Along the emulsification failure line, both
spherical and cylindrical micelles can freely adjust their radii
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by transferring molecules from the coexisting excess phase, andoccurs at a copolymer concentration corresponding to the
in a system with a negative Gaussian rigidity, the free energy chemical potentiaks(T) of a saturated monolayer, at which
per unit area for a spherical micelle is always less than that for the interfacial excess free energy per apeaanishes.

a cylindrical micelle with the same mean curvat@e 6.3. Bicontinuous Microemulsions.Systems of balanced

The Helfrich theory is valid only for systems containing copolymers for which SCFT predicts a lamellar phase with an
monolayers with low spontaneous curvatures, which tend to Unbinding transition have been observed to form a transition to
form highly swollen micelles near the emulsification failure line. & bicontinuous microemulsion phases near the predicted unbind-
In the opposite limit of highly asymmetric copolymers, however, iNg transition. Bicontinuous microemulsion phases have been
we also expect spherical micelles to be favored over cylindrical OPserved to be stable in symmetric ternary mixtures over a
micelles, as a result of packing constraints. These considerationd!aToW range of copolymer concentrations near the predicted
suggest that spherical micelles will always be preferred over unbinding transition, and to exhibit three-phase coexistence with
cylindrical micelles in the micellar phase of a two-phase system. €Xcess phases of the A and B homopolyrteBy analogy to

The ab iderati | t that additi fth Bthe behavior observed in small molecule mixtures, the bicon-
€ above consicerations aiso suggest that adaition otthe By, 15 microemulsion phase is expected to be stable only for
homopolymer to a binary system that forms cylindrical micelles svstems with a limited ranae of valuesfafnearf @ The most
must generally cause a transition from cylindrical to spherical i% ortant limitation of thegtheor of d?o let rﬁiéroemulsions
micelles somewhere along the line of critical micelle concentra- P o . y ot drop .
tions that extends from the binary system to the emulsification prese_nted In this Paper1s th?t the_ region near '_[he balance point
failure line. We have not systematically pursued this idea. As |n_wh|ch the_ Helfrich theory is valid, and in which the d_roplet
an example, however, we have compared the cmc's for spherical |crcl)emuI3|on model pl’eIdICLS a veryhsrr;]all macroscopic w;te(;—
S T . X . acial tension, is precisely that in which one expects to fin
3\,?,[?] |}r;;|nl\|lte Eylllr(l)dg(rz]?jlam|c_ellss :)r:/:rs'an%l:r#:ar:;éngfiy ?grstem either a collapsed lamellar phase or a bicontinuous microemul-
BINC — A — 12 s

which we find that spherical micelles are narrowly preferred sion phase rather than a droplet microemulsion.
. P y P R. Strey has presented an analysis of the three-phase state in
over cylinders even in the absence of the B homopolymer.

Cvlindrical micelles would presumably be more favorable for which a bicontinuous microemulsion phase coexists with excess
y cal micefies would presumably be more favorable 1or o 4nq water phases. His analysis is closely analogous to that
symmetric copolymers with larger values gicg or o, for

hich th block d be | ; | len b given for a droplet microemulsion given in section 2.5, and
whic € corgna ock wou € less strongly swollen by captures some important aspects of the observed behavior of
homopolymer

the interfacial tension in systems that contain a bicontinuous
6.2. Lamellar PhasesThe model of noninteracting spherical  microemulsior?* Here we present a variant of Strey’s analysis,
micelles discussed above predicts an infinite micelle radius in using a grand canonical formulation analogous to that used in
a system with symmetric copolymer and homopolymers. This section 2.5, and discuss its predictions, limitations, and relation-
prediction is obtained only because we have neglected excludedship to experimental observations.
volume interactions between swollen micelles, which are  We consider an idealization of the interfacial surface in a
assumed to remain irrelevant even as the predicted micelle radiibicontinuous microemulsion phase as a multiply connected
diverge. In reality, systems with balanced surfactants are surface with a characteristic structural lengtta constant mean
expected to form either a lamellar phase or a bicontinuous curvatureC, and an average Gaussian curvatlkell 1/£2.
microemulsion. This surface divides internal space into two interpenetrating

Monolayers of symmetric block copolymers with molecular domains rich in oil and water, or rich in the A and B
weights less than that of either homopolymer are known to homopolymers. When a microemulsion coexists with two
exhibit a weak entropic attraction when separated by distanceshomogeneous phases, the local pressure within either of the
for which opposing copolymer brushes slightly overlap. This interpenetrating domains must be equal to the macroscopic
attraction can prevent swelling of the lamellar spacing, and lead, PressureP in either excess phase. If we take = 0 for
in a ternary system, to regions of three-phase coexistence of anathematical convenience, the grand canonical free enkrgy
copolymer-rich lamellar phase with two excess phases of Of @ bicontinuous microemulsion phase becomes equal to the
essentially pure A and B homopolyn@r.Thompson and  ©xcess free energp + PV of the interfacial surface. The free
Matser#?2 have used numerical SCFT to study the effective €nerdy of a microemulsion phase can thus be approximated by

interaction between symmetric monolayers within a ternary @ Surface integral

lamellar phase, and identified a line of valuesxds a function

of yNc at which the interaction between monolayers changes ® =— Al*Ou + fdA{l,(CZ —1C+ ,—CK} (23)
from effectively repulsive (at lowea) to attractive (at higher 2

o). This apparent critical value ef decreases very slowly with

increasingNc, varying fromo. ~ 1.3 near the critical point to K), in which A is the total interfacial area anglA is integral

= 0. Nc > 100. Symmetri ms wiita < 0.8 ar .
a. = 0.8 atyNc 00. Symmetric systems with < 0.8 are, over this area. The GausBonnet theorem states that the
however, not expected to form a collapsed lamellar phase. The.
. integral fdA K depends only upon the topology of the
attraction between brushes that can cause the collapse of a 3 N g .
._Structure?® Minimizing the bending energy for a structure of
lamellar phase could presumably also cause two-phase coexist;

ence between ordered dense crystals of spherical or ¢ IindricalﬁxeOI topology yields a surface of constant (i.e., homogeneous)
. . - Y P Y mean curvaturéC = t/x. For such a surface, the free energy
micelles, but the interactions between spheres and cylinders havep . .
. er unit area is
not been as carefully studied.

When the interactions between monolayers in a lamellar phase o 1 o, -
are repulsive, SCFT predicts that the lamellar spacimgay A~ ~Trou —5kC + kKD (24)
be increased with decreasing surfactant concentration dintil
diverges at an unbinding transition. The predicted unbinding Here, K= A1/ dA K is the areal average of the Gaussian

transition in a system with balanced copolymer monolayers curvature, which is negative for any multiply connected surface.

of the Helfrich expression for the interfacial tensip{T,0u, C,
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The condition for phase coexistencePat= 0 is that®/V = 0.
This implies that

1'KC2 — kKO

—I*ou = >

(25)

for a microemulsion in three-phase coexistence. Using eq 25
for ou, we find that the interfacial tension of any flat
macroscopic monolayer, witE = [K[O= 0, in a three-phase
system that contains such a microemulsion is

y = %Kcz — RIKD (26)

This relation is slightly different from Strey’s final result (his
eq 15)?* because he used the relatiGn= 7/«; appropriate to

a spherical surface (his eq 8), rather than setng 7/k. In
either variant, however, the relation is quite similar to eq 19
for the interfacial tension of a droplet microemulsion, and it
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fAbaI

Figure 14. Schematic diagram of the expected variation of interfacial
tension with volume fractioria of the A block through a region of
three-phase coexistence near the balance point, constructed by analogy

exhibits a similar quadratic dependence on the spontaneougo the behavior observed experimentally in mixtures of oil (a), water

curvatureC 0O 7. In the case of a multiply connected surface,
however,y extrapolates to a nonzero minimum valyg, = —
k [KOat the balance point, which is positive onlyxf> 0.

In the systems studied by Strey and co-workers, it is possible
to measure separately the interfacial tensignof the macro-
scopic interface between oil (a) and water (b) phases, the tensio
yacbetween the oil and microemulsion (c) phase, and the tension
ybe between the water and microemulsion phases in a three-
phase systemyac and ync approach zero continuously at the
upper and lower end critical temperaturég,and T, respec-
tively. In these systems, the eilvater ab interfacial tension
generally satisfies the inequalityap < Yac + Yne, SO that the
microemulsion phase does not wet the interface between oil
and water. The ab interface is thus believed to consist of a single
monolayer of surfactant. Equation 26 thus provides a prediction
for the interfacial tensioryap of this monolayer interface in a
nonwetting three-phase state. A scenario for polymer mixtures
analogous to that found by Strey and co-workers in these small
molecule mixtures is shown schematically in Figure 14.

The measured interfacial tensipg, in these systems is well
described by a quadratic functignp = ymin + B(T — Tm)2

(b), and nonionic surfactant (c). The upper and lower end critical values
of fy andf, at whichy,candyy continuously approach zero, correspond
to critical end points at which the middle microemulsion phase merges
continuously with the a- and b-rich phases, respectively. The interfacial
tensions are assumed to obey the inequalify+ yoc > yan SO that

the middle microemulsion phase does not wet the ab interface. The
dashed line that yieldg = 0 at the balance point is the prediction of

Mhe theory developed here for spherical micelles.

A consistent description of a bicontinuous microemulsion
phase must thus include physics beyond that contained in the
Helfrich theory. Two proposals have been made that are
consistent with the description of the interface in the micro-
emulsion as a surface of nearly constant mean curv&@ure
7/k that is stabilized by the existence of a positive Gaussian
rigidity.1® One is (like the Helfrich model) an essentially
mechanical model, while the other explicitly takes into account
of the free energy arising from interfacial fluctuations. The
mechanical model, due to Wennerstrom, Olsson, and co-
workers3%-32 generalizes the Helfrich model by including terms
higher than second order in the Taylor expansion of the
interfacial free energy density as a function of curvature. In this
model, the lengthf is determined by a balance between a

This is the form suggested by the above argument for systemspositivex, which favors the formation of a multiply connected

in whichC O T — T, near the balance point. Strey and co-
workers have used Strey’s model to extract positive values of
k from their interfacial tension data, by using the relationship
ymin = —kKOfor the minimum interfacial tension and an
estimate for the average Gaussian curvafiiie

Strey’s model provides an appealing explanation for the
observed quadratic dependenceyotipon distance from the

surface, and anharmonic terms that prevents the structure from
collapsing. In the fluctuation theory, the effects of interfacial
fluctuations are absorbed into renormalizations of the elastic
parameterg, k, andt of the Helfrich theory, yielding renor-
malized values that are found to vary logarithmically with
increasing structural length1317:33|n particular, the renormal-
ized Gaussian rigidity is found to increase with increasirgg

balance point, based on a generalization of the reasoning usedr decreasing surfactant concentration. The fluctuation model
in section 2.5 to describe a droplet microemulsion. Unfortu- predicts coexistence of a balanced bicontinuous structure with
nately, the analysis does not provide a consistent descriptionan excess homogeneous phase (in the original discussions of
of the thermodynamics of a bicontinuous microemulsion. In a binary surfactant/solvent mixtures by Golubd¥icand by
balanced system, with= 0, a model of a microemulsion as a Morse®) or two homogeneous phases (in a straightforward
minimal surface, wittC = 0, predicts an interfacial free energy extension to balanced ternary mixture) at a surfactant concentra-
per aread®/A = kKL in which [KUis a negative number that  tion for which kg has a small positive values ~ kT.

varies with structural length scafeas—[KOJ 1/£2. Assuming Sottmann and Stréyhave compared interfacial tension data
that k is positive yields a free energy for the microemulsion of different model surfactant mixtures, and found that the
phase lower than that of the lamellar phase, but it also leads tominimum interfacial tension obtained for many different sur-
a mechanically unstable structure: Wher 0 andr = 0, the factants varies with the structural length scatef the balanced
minimum possible free energy is obtained in the lifit- 0 of middle-phase microemulsion ag,n = AKT/E2, whereA is an

an infinitely dense minimal surface. As a result of this instability, apparently universal dimensionless prefactor. If interpreted as
Strey’s model cannot predict a value f&iin the three-phase  a purely mechanical phenomena, using Strey’s analysis, this
state, or a value foymin, without additional experimental input. ~ would suggest a universal positive valuexobf orderkT for
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