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Abstract

Binary mixtures of amphiphiles in solution can self-assemble into a wide range of struc-

tures when the two species individually form aggregates of different curvatures. In this pa-

per, we focus on small, spherically-symmetric aggregates in a solution of sphere-forming

amphiphile mixed with a smaller amount of lamella-forming amphiphile. Using a coarse-

grained mean-field model (self-consistent field theory, or SCFT), we scan the parameter space

of this system and find a range of morphologies as the interaction strength, architecture and

mixing ratio of the amphiphiles are varied. When the two species are quite similar in archi-

tecture, or when only a small amount of lamella-former is added, we find simple spherical

micelles with cores formed from a mixture of the hydrophobicblocks of the two amphiphiles.

For more strongly mismatched amphiphiles and higher lamella-former concentrations, we in-

stead find small vesicles and more complex micelles. In theselatter structures, the lamella-

forming species is encapsulated by the sphere-forming one.For certain interaction strengths

and lamella-former architectures, the amount of lamella-forming copolymer encapsulated may
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be large, and the implications of this for the solubilization of hydrophobic chemicals are con-

sidered. The mechanisms behind the formation of the above structures are discussed, with a

particular emphasis on the sorting of amphiphiles according to their preferred curvature.

Introduction

Amphiphilic molecules such as block copolymers and lipids can self-assemble into many different

structures when dissolved in solution.1,2 This phenomenon has recently attracted a great deal of

attention,3,4 driven both by the potential applications of self-assembled amphiphile aggregates in

the encapsulation and delivery of active chemicals such as drugs and genetic material5,6 and the

insights gained into biological systems.7

For solutions of a single type of simple amphiphile, such as adiblock copolymer or simple

lipid, it is fairly straightforward to gain a basic understanding of which aggregate will form in

a given system.8,9 Although a variety of factors, such as the concentration8,10 and size11 of the

amphiphilic molecules, may play a role, the shape of the aggregates is most easily controlled via

the architecture of the amphiphile; that is, the relative sizes of its hydrophilic and hydrophobic

blocks. If the hydrophilic component is large (or appears large due to its interaction with the

solvent), then spherical micelles are seen. However, if thehydrophobic block is large, lamellar

structures such as vesicles form. For intermediate architectures, cylindrical micelles are observed,

either as isolated, worm-like structures,12 or branched networks.13

The experimental phenomenology is much richer in binary mixtures of amphiphiles,14 espe-

cially those that individually self-assemble into different aggregates.15–17Novel structures are ob-

served, such as undulating cylinders and branched, octopus-like aggregates.15 Binary mixtures

have been investigated in a wide variety of amphiphile systems. A great deal of work has been car-

ried out on lipid-detergent systems,18,19and over the past few years lipid7,20,21and block copoly-

mer12,15 mixtures have been widely studied. Lipid mixtures are of interest due to their presence

in cells and role in biological transport processes.22 In the case of block copolymers, on the other
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hand, the motivation for the use of two amphiphiles is that itgreatly increases the number of design

parameters and gives finer control over the self-assembly. The architectures and concentrations of

both species may now be varied, as may the stage in the self-assembly process at which they are

blended.12 A number of properties of the aggregates may be controlled, such as their shape,12 sta-

bility, 23 and ability to solubilize hydrophobic compounds.24 An interesting and recent example is

the addition of lamella-forming copolymers with a short hydrophilic block to a solution of longer

sphere-formers to increase the solubilization capacity ofthe resulting micelles while maintaining

their compact and stable spherical shape.23,24 In the current paper, we study a basic example of

such a system: a solution of sphere-forming diblock copolymers to which an admixture of diblocks

with a much shorter hydrophilic block is added. To study the problem in as simple a form as pos-

sible, we consider two copolymer species that are formed of the same species A (hydrophilic)

and B (hydrophobic), and have the same length hydrophobic blocks. We focus on the case where

the sphere-formers remain in the majority, and, using coarse-grained mean-field theory, investigate

how the small spherical aggregates formed are modified by thepresence of the shorter copolymers.

We perform a broad scan of the system’s parameter space, and study how the core composition and

radius of the micelles are affected by the interactions, concentrations and architectures of the two

polymers.

The paper is organized as follows. In the following section,we introduce the coarse-grained

mean-field theory (self-consistent field theory) that will be used. We then present and discuss our

theoretical results, and give our conclusions in the final section.

Self-consistent field theory

Self-consistent field theory (SCFT)25 is a coarse-grained mean-field model that has been used suc-

cessfully to model equilibrium26–28 and metastable29,30 structures in polymer blends and melts.

SCFT has several features that make it particularly suitable for the study of the current problem of

small binary aggregates. First, its general advantages arethat it is less computationally intensive
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than simulation techniques such as Monte Carlo, yet, for sufficiently long amphiphiles,31 provides

comparably accurate predictions of micelle size and shape.31–33 Secondly, as a relatively simple,

coarse-grained theory, it will allow us to model the broad phenomenology of the system clearly

and show how general the phenomena observed are likely to be.Furthermore, SCFT has a specific

feature that is especially useful in the current problem: itmakes no initial assumption about the

segregation of two copolymers of different architecture within the micelle, provided the two am-

phiphile species are formed from the same types of monomer. This will enable us to demonstrate

that effects such as the encapsulation of one polymer species by another within the micelle arise

spontaneously and do not require further assumptions to be made.

To make our discussion more concrete, we now outline the mathematical structure and main

assumptions of SCFT as applied to the current system. The theory considers an ensemble of many

polymers, which are modeled as random walks in space.34 The inter-molecular interactions are

modeled by assuming that the system is incompressible and introducing a contact potential between

the molecules,28 the strength of which is fixed by the Floryχ parameter.35 The computational

problem of solving the SCFT equations is then simplified by making a mean-field approximation28

that corresponds to neglecting fluctuations.

SCFT can be used to study a wide variety of polymer systems, including simple homopoly-

mers,36 more complex copolymers37,38 and mixtures of these.39 We model the system of two

amphiphiles in a solvent by a simple mixture of two types of ABblock copolymer with A ho-

mopolymer solvent. We take the lamella-forming species of copolymer to have a mean-squared

end-to-end distance ofa2N, wherea is the monomer length andN is the degree of polymeriza-

tion.28 This polymer containsNB hydrophobic B-monomers andNA = N−NB hydrophilic A-

monomers. To consider the effect of different lamella-formers on the self-assembly, we vary the

number of A monomers while keepingNB fixed.

We note that our use of the term lamella-former to refer to amphiphiles with long hydrophobic

blocks is not precise, as these molecules might precipitaterather than self-assemble in solution40

if not mixed with an amphiphile with a larger hydrophilic block such as a sphere-former.41 Fur-
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thermore, in aggregates formed from a mixture of sphere-formers and amphiphiles with a short

hydrophilic block, the presence of these latter molecules might lead to the formation of regions

of negative curvature rather than the zero-curvature regions that would be favored by a lamella-

former.

All sphere-formers considered containNB2 ≡ NB hydrophobic monomers, but their overall

length is necessarily greater and is given byαN, whereα > 1. As above, the number of A

monomersNA2 is varied withNB fixed in order to investigate the effect of sphere-former architec-

ture on the aggregate properties. For simplicity, the number NS of A monomers in a homopolymer

solvent molecule is also fixed atNB. Since we focus on spherical aggregates, we assume spherical

symmetry of the calculation box with reflecting boundary conditions at the origin and outer limit

of the system. The validity of this assumption will be discussed in detail later.

In this paper, we keep the amounts of copolymer and homopolymer fixed; that is, we work in

the canonical ensemble. Applying the procedure described above, we find that the SCFT approxi-

mation to the free energy of our system has the form

FN
kBTρ0V

=
FhN

kBTρ0V

− (χN/V)

∫

dr
[

(φA(r)+φA2(r)+φS(r)−φA −φ A2−φS)(φB(r)+φB2(r)−φB−φ B2)
]

− (φA +φB) ln(QAB/V)− [(φA2 +φ B2)/α] ln(QAB2/V)−φS ln(QS/V) (1)

where theφ i are the mean volume fractions of the various components. Theφi(r) are the local

volume fractions, withi = A or A2 for the hydrophilic components of species 1 and 2,i = B

or B2 for the hydrophobic components andi = S for the A homopolymer solvent. The strength

of the repulsive interaction between the A monomers (hydrophilic component and solvent) and

B monomers (hydrophobic component) is determined by the Flory parameterχ . V is the total

volume, 1/ρ0 is the volume of a monomer, andFh is the SCFT free energy of a homogeneous

system of the same composition. The architectures of the individual molecules enter through

the single-chain partition functionsQi , which are calculated from the propagatorsq and q†.28
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These latter quantities satisfy diffusion equations with afield term that incorporates the polymer

interactions. The polymer density profiles are computed from integrals over the propagators.28,42

The derivation of the mean-field free energyF also generates a set of simultaneous equations

linking the values of the fields and densities. In order to calculate the SCFT density profiles for

a given set of polymer concentrations, we begin by making a initial guess for the fieldswi(r) and

solve the diffusion equations to calculate the propagatorsand then the densities corresponding to

these fields. The newφi(r) are then substituted into the simultaneous equations to calculate new

values for thewi .43 The procedure is repeated until convergence is achieved.

The diffusion equations are solved using a finite differencemethod.44 To resolve the more com-

plex features of the micelle density profiles, it is necessary to use a relatively fine discretization: a

spatial step size of 0.028aN1/2
B (compared to a typical system size of 6−8aN1/2

B ) and a step size

for the curve parametersof 0.0025.

Until now, we have only considered isolated spherical micelles. We must now link the thermo-

dynamics of a single aggregate to those of a larger system containing many micelles. To do this, we

proceed as follows.45,46 Firstly, we calculate the free-energy density of a box containing a single

spherical aggregate surrounded by solvent. Since we assumespherical symmetry, the calculation

is effectively one-dimensional. The volume of the simulation box containing the aggregate is then

varied, keeping the total volume fractions of both types of copolymer constant, until the box size

with the minimum free-energy density is found. Provided thesystem is dilute, so that micelle is

surrounded by a large volume of solvent, this mimics the behavior of a larger system (of fixed vol-

ume and fixed copolymer volume fraction) containing many micelles. The reason for this is that

such a system minimizes its total free energy by changing thenumber of micelles and therefore the

volume (‘box size’) occupied by each. Minimizing the free energy density in this way locates the

micelle that would have the lowest free energy and hence be most likely to be observed in a sample

containing many aggregates. This approach allows many-micelle systems to be investigated using

inexpensive one-dimensional calculations on single aggregates, and its predictions on micelle radii

and shape transitions often agree well with experiment.45,46 It can also be extended to cylindrical
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and lamellar aggregates.46 We note that micellization can also be studied using SCFT in the grand

canonical ensemble.29,47 The present approach was introduced since it uses the total copolymer

volume fraction as input and this quantity can be directly measured in experiments.

Results and discussion

We divide the results section into five subsections. The firstof these discusses the stability of

spherically-symmetric mixed aggregates with respect to other structures for the parameter range

of interest. The following four sections focus on the effecton the micelle morphology of, respec-

tively, the lamella-former concentration, the strength ofthe interaction between the two species,

the lamella-former architecture and the sphere-former architecture.

Spherically symmetric mixed aggregates

Motivated by the possibility of forming compact structurescontaining a large fraction of hydropho-

bic material,23,24 we will focus in this paper on small, spherically-symmetricmixed aggregates.

Before presenting detailed calculations on these structures, we establish their stability. Most of our

calculations employ a particular pair of strongly mismatched copolymers: a lamella-former with

NA = NB/4 and a sphere-former withNA2 = 7NB. In our calculations for spherical micelles and

vesicles in the subsequent sections, we use a range of Flory parametersχ , but often concentrate on

two values:χNB = 22.5, where the interfaces between species A and B are relatively sharp, and

χNB = 15, where they are less well defined. These polymer parameters could be obtained in, for

example, a blend of polystyrene-polybutadiene copolymer and polystyrene homopolymer such as

that considered by Kinning et al.8 in their study of micelle shape transitions. Using the free energy

minimization method described above, we now calculate the free energy densities of spherical,

infinite cylindrical, and infinite bilayer structures for this polymer pair as the amount of lamella-

former is increased from 0 to 40% of all copolymer by volume, the composition range we will

consider in our later calculations. Figure 1a shows the results for χNB = 22.5 and Figure 1b those
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for χNB = 15. In both cases, we see that the spherically-symmetric structure has the lowest free-

energy density over the concentration range considered, even given the fact that our calculations

overestimate the tendency towards the formation of cylinders and lamellae due to their neglect of

end-cap and edge energy.46 Indeed, forχNB = 15 (Figure 1b), no bilayer can be found below the

highest lamella-former concentration considered, 40%. These calculations do not explicitly rule

out the formation of other small aggregates such as disks48 and short rods,12 which may indeed

coexist with the spherical structures, especially at higher lamella-former concentrations. How-

ever, the fact that these aggregates contain significant cylindrical or bilayer sections, both of which

are less energetically favorable than the sphere, means that they are unlikely to be the dominant

structure. Indeed, recent Monte Carlo simulations49 on a system such as those considered in this

paper (mixtures of lamella- and micelle-forming amphiphiles with matched hydrophobic blocks)

have found small spherical aggregates at even higher lamella-former concentrations than those

considered here.

We have now confirmed that the sphere has the lowest free energy of the three simplest self-

assembled structures for the mixture of lamella-formers with NA = NB/4 and sphere-formers with

NA2 = 7NB, the system studied in most detail in this paper. However, wewill also explore the

parameter space more fully, changing the architecture of both species and also the strength of

the repulsion between their hydrophobic and hydrophilic blocks. Many of these changes, such

as lengthening the hydrophilic block of the lamella-former, would be expected to lower the free

energy of the sphere with respect to the other structures,41 and in these cases we perform no

further calculations. However, when we make changes that might make the cylindrical or lamellar

aggregates more favorable, such as shortening the hydrophilic block of the sphere-former,21 we

check that the sphere still has the lowest free energy for themost extreme values of the parameters

considered.

It is also possible that the two species will form aggregatescontaining only one type of am-

phiphile, rather than the mixed aggregates considered above. Unfortunately, this question is dif-

ficult to address directly using our current approach. However, a considerable number of experi-

8



Martin J. Greenall et al. Simple and complex micelles in . . .

0 10 20 30 40

φ/
/φ

-1

-0.8

f/|
f C

|

0 10 20 30 40

φ/
/φ

-1.1

-1.05

-1

f/|
f C

|

(a) (b)

Figure 1: Free energy densities of spheres (marked with asterisks), cylinders (circles) and bilayers
(squares) in blends of lamella-formers (NA = NB/4) and sphere-formers (NA2 = 7NB) in homopoly-
mer solvent as a function of the ratioφ ′/φ of the volume fraction of lamella-formersφ ′ to the total
volume fraction of copolymersφ . All free energy densites are normalized with respect to that of
the cylinder.
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ments50–52have shown the formation of mixed aggregates in binary systems over a wide range of

mixing ratios and copolymer architectures. This phenomenon has also been predicted from scaling

theory.53 In addition, it is also possible to encourage the formation of mixed aggregates through

manipulation of the blending process,12,15 even when one of the species precipitates in solution

when not mixed with another amphiphile.41

Effect of lamella-former concentration

We now focus in more detail on spherically-symmetric morphologies. First, we consider the same

pair of copolymers as in Figure 1a: a lamella-former withNA = NB/4 and a sphere-former with

NA2 = 7NB. The Flory parameter is set to the relatively high value ofχNB = 22.5. We fix the

overall volume fraction of copolymer to 10%, to give a reasonable volume of solvent around the

micelle without making the simulation box so large that the calculations become slow.

Figure 2 shows a series of radial cuts through the density profile of the optimum spherical

aggregate as the volume fraction of lamella-former is increased from 5% to 35% of all copolymers

in steps of 10%. For the lowest of these lamella-former concentrations (Figure 2a), the sphere-

formers and lamella-formers are homogeneously mixed in thecore, and a simple mixed micelle,

sketched in Figure 3, is formed. Note that this sketch, and the others in this paper, are intended

to show the composition of the various layers of the micelle as clearly as possible, rather than to

give a precise representation of the density profile. In particular, the density of the core is much

more uniform in the radial direction than the sketch implies(see Figure 2a). This simple micelle is

little different from that which would be formed in a system of pure sphere-forming amphiphiles:

the concentration of lamella-formers is not yet sufficiently large to have a strong effect on the

micelle morphology. Indeed, for such low lamella-former concentrations, mixed micelles may not

be present,53 with pure aggregates of the two species forming instead.

However, as more lamella-forming molecules are added (Figure 2 b), their influence on the

core composition of the micelle becomes clear. A polymer with a large hydrophobic component

that naturally forms flat bilayers or even structures of negative curvature is in an energetically
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Figure 2: Cuts through the density profiles of the spherically-symmetric aggregates formed in a
solution of lamella-former withNA = NB/4 mixed with a sphere-former withNA2 = 7NB. The
Flory parameter is set to the relatively high value ofχNB = 22.5. The volume fractions of lamella-
formers as a percentage of all copolymers are (a) 5%, (b) 15%,(c) 25% and (d) 35%. Sphere-
formers are shown with thick lines, lamella-formers with thin lines. The hydrophobic components
are plotted with full lines, the hydrophilic components with dashed lines, and the solvent with a
dotted line.
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Figure 3: Sketch of a simple mixed micelle. Sphere-formers are shown with thick lines, lamella-
formers with thin lines. The hydrophobic components are plotted with straight lines, the hy-
drophilic components with zig-zag lines, and the boundary of the hydrophobic core is marked
with a dashed circle. This structure is seen for weakly mismatched copolymers at allχ parameters
considered.

highly unfavorable state in a small, positively curved micelle. In consequence, these molecules

segregate to the center of the aggregate, where they form a tightly-wrapped bilayer. This structure

is sketched in Figure 4. The polymers in the inner leaflet of this bilayer are in a more favorable

negative curvature state, with their hydrophilic components pointing in towards the center of the

micelle. Those in the outer leaflet are also in a more favorable state than at lower lamella-former

concentrations: they are no longer forced into the core of a compact micelle, but sit in a shell on the

outside of the new core region. Here, they are mixed with the sphere-formers, which can no longer

form their preferred simple micelle structure, but strongly prefer the positively-curved surface of

the new spherical aggregate to its core. The new micelle therefore has an inner core of hydrophilic

A-blocks, an outer core of hydrophobic B-blocks, and a hydrophilic A corona.

As the lamella-former concentration is increased still further, to 25% by volume of all copoly-

mers (Figure 2c), solvent penetrates into the core of the micelle, as the inner bilayer of lamella-

formers becomes more dominant in fixing the micelle morphology and expands towards the planar

12
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Figure 4: Sketch of a complex ABA mixed micelle with a hydrophilic A inner core, a hydrophobic
B outer core and a hydrophilic A corona. Sphere-formers are shown with thick lines, lamella-
formers with thin lines. The hydrophobic components are plotted with straight lines, the hy-
drophilic components with zig-zag lines, and the boundaries of the two cores are marked with
dashed circles. This structure is seen for largerχ parameters.

Figure 5: Sketch of a small vesicle composed of a solvent center, a layer of hydrophilic A-blocks,
a layer of hydrophobic B-blocks and a hydrophilic A corona. Sphere-formers are shown with
thick lines, lamella-formers with thin lines. The hydrophobic components are plotted with straight
lines, the hydrophilic components with zig-zag lines, and the boundaries of the various regions are
marked with dashed circles. This structure is seen for larger χ parameters.
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state. This process continues in Figure 2d, where 35% of all copolymers are lamella-forming.

Here, a number of the sphere-formers have mixed with the inner leaflet of the lamella-former bi-

layer, meaning that the overall structure has the form of a (very) small bilayer vesicle (see the

sketch in Figure 5).

These small vesicle structures have indeed been seen in recent Monte Carlo simulations by Ji

and Ding49 on systems of binary amphiphiles with different hydrophilic block lengths but matched

hydrophobic blocks, the system considered in the current paper. They were found to form even

when the shorter of the two copolymer species formed larger bilayer vesicles. Indeed, some of the

small vesicles observed in these simulations contain such asmall number of solvent molecules that

they correspond more closely to the ‘ABA’ structure sketched in Figure 4. The segregation of the

two amphiphile species between the inner and outer leaflets shown in Figure 2b-d is also clearly

visible in the results of Ji and Ding.49

Furthermore, small vesicles with a preferred radius have been seen in experiments on mixtures

of sphere- and lamella-forming amphiphiles.7,54 Their existence has also been predicted in recent

lattice SCFT calculations by Li et al.55 Our current work considers a different region of parameter

space to these lattice-based calculations, which focus on weakly mismatched amphiphiles and

(usually) higher lamella-former concentrations. In consequence, the mechanism by which the

preferred vesicle radius is selected appears to be rather different in the two studies. In our work,

strong segregation of the two species occurs and the compositions of the inner and outler leaflets

of the bilayer are quite different, as in the simulations of Ji and Ding.49 The small vesicle structure

forms as it accommodates both the preference of the shorter copolymers for a bilayer structure and

that of the longer, sphere-forming amphiphiles for positively-curved surfaces. This is in contrast

to the results of Li et al.,55 where the vesicles are larger and the two bilayer leaflets have similar

compositions. The individual vesicles therefore have no preferred curvature, and coexistence with

a high concentration of mixed micelles is found to be necessary for vesicle size selection to occur.

Highly-curved mixed bilayers may also be seen as the end sections of larger tubular vesicles,56

and have also been investigated using molecular dynamics simulations.57 Our current work gives
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some broad guidance as to how the system parameters might be varied in order to encourage or

discourage the formation of these structures.
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Figure 6: Cuts through the density profiles of the spherically-symmetric aggregates formed in a
solution of lamella-former withNA = NB/4 mixed with a sphere-former withNA2 = 7NB. The
Flory parameter is set to the relatively low value ofχNB = 15. The volume fractions of lamella-
formers as a percentage of all copolymers are (a) 5%, (b) 15%,(c) 25% and (d) 35%. Sphere-
formers are shown with thick lines, lamella-formers with thin lines. The hydrophobic components
are plotted with full lines, the hydrophilic components with dashed lines, and the solvent with a
dotted line.

We now turn our attention to a system in which the two polymer species have the same archi-

tectures as before (NA = NB/4 for the lamella-former andNA2 = 7NB for the sphere-former), but

a significantly weaker interaction strength ofχNB = 15. The difference between the two systems

can be seen even at only 5% lamella-former (Figure 6a). Here,the radial segregation of the two

polymers according to their preferred curvatures is already clearly underway. Before, it was pre-
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vented at lower lamella-former concentrations by the energetic cost of mixing the hydrophilic A

blocks with the hydrophobic B core. As more lamella-former is added to reach 15% (Figure 6b),

the behavior of the two systems diverges still further. In the system with stronger repulsive inter-

actions discussed earlier, the A and B blocks demix in the core, leading to the ABA structure seen

in Figure 2b and sketched in Figure 4. In the current system, although some demixing does indeed

occur (Figure 6b), the effect is much weaker, and A- and B-rich regions can no longer be clearly

separated. This structure is sketched in Figure 7. For even larger concentrations of lamella-former

of 25% and 35% (Figure 6c and d), the small vesicle structure seen before is absent. Instead, since

the A and B blocks may mix much more freely than before, the core of the micelle is formed of a

nearly homogeneous melt of lamella-former.

Figure 7: Sketch of a complex mixed micelle with a weakly structured core formed of lamella-
formers and the hydrophobic blocks of sphere-formers. Sphere-formers are shown with thick lines,
lamella-formers with thin lines. The hydrophobic components are plotted with straight lines, the
hydrophilic components with zig-zag lines, and the boundaries of the hydrophobic core is marked
with a dashed circle. This aggregate is seen for lowerχ parameters.

To make our study of the concentration dependence of the binary system more quantitative, we

calculate the core radius and composition as a function of the ratioφ ′/φ of the volume fraction of

lamella-formersφ ′ to the total volume fraction of copolymersφ . We define the core boundary as
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the radius at which the volume fraction of hydrophobic blocks is equal to 0.5, and plot this quantity

in Figure 8a for both systems considered above. The core radii of both species grow steadily and

almost identically as the lamella-former concentration isincreased. In the case of the system with

χNB = 22.5, the growth is associated with the expansion of the micelleto form a small vesicle,

while in the system with weaker interactions (χNB = 15), it arises from the fact that the core is

gradually filling with lamella-former. The only appreciable difference in radius is seen in the final

point, where 40% of all copolymers are lamella-forming. Here, the radius of theχNB = 22.5

system has begun to grow more rapidly, as the system moves towards the planar bilayer state.

For lamella-former fractions greater than 40%, the influence of the sphere-forming copolymers is

weak, and we were no longer able to find free-energy minima corresponding to small spherical

aggregates.

The contrast between the high and low interaction strength systems emerges more clearly if we

consider the amounts of the different species in the core defined above. The upper two curves in

Figure 8b show the fraction of the core that is composed of A-blocks for each of the two systems,

while the lower two curves show the fraction of the core that is composed of homopolymer solvent.

In theχNB = 15 system, the amount of A-block in the core grows steadily asthe amount of lamella-

former is increased, as in this case the lamella-forming copolymer is simply encapsulated in the

center of the micelle. For low lamella-former concentrations, theχNB = 22.5 system forms simple

micelles with a clear interface in between the core and corona, and so has less A-block in the core

than does theχNB = 15 system, where some mixing of A and B blocks occurs in the core. In

contrast, for larger amounts of lamella-forming copolymer, the fraction of A-block in the more

strongly-interacting system grows more and more rapidly asthe preferred aggregate changes from

a closed micelle to an open vesicle.

The clearest difference between the two systems is seen in the behavior of the amount of solvent

in the core as the lamella-former concentration is increased (see the lower two curves in Figure 8b).

In theχNB = 15 system, where the core is largely composed of copolymers,the fraction of solvent

remains fairly constant at around 0.02-0.03. The fact that this value is a little higher than might be
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Figure 8: Core radius and composition of the spherically-symmetric aggregates formed in a so-
lution of lamella-former withNA = NB/4 mixed with a sphere-former withNA2 = 7NB. (a) Core
radius as a function of the ratioφ ′/φ of the volume fraction of lamella-formersφ ′ to the total vol-
ume fraction of copolymersφ . Points corresponding to simple micelles (Figure 3) are marked by
closed circles, ABA aggregates (Figure 4) or small vesicles(Figure 5) are marked with open cir-
cles, and weakly-structured aggregates (Figure 7) by asterisks. The data for the system with a Flory
parameter ofχNB = 15 are connected with dotted lines; those for the system withχNB = 22.5 by
dashed lines. (b) Fraction of the core that is composed of A-blocks for each of the two systems
(upper two curves), and fraction of the core that is composedof homopolymer solvent (lower two
curves).
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expected from the density profiles in Figure 6, and also varies slightly, can be attributed to the fact

that our simple definition of the core radius means that a thinshell of solvent is always included

as part of the core. In the system with stronger repulsion between the A and B components, the

core solvent fraction starts at a similar small value, remaining close to this as the lamella-former

volume fraction is increased and the morphology of the system changes from a simple micelle

to the ABA structure shown in Figure 4. However, as the fraction of lamella-formersφ ′/φ is

increased towards 40%, the fraction of solvent in the core grows very quickly as the aggregate

expands towards a vesicle.

We have checked a selection of these calculations for a much more dilute system with an overall

copolymer volume fraction ofφ ≈ 1%, focusing in particular on those lamella-former volume

fractions where the aggregate changes from one morphology to another. Such a dilute system

may be more appropriate for observation of the small spherical structures considered in this paper,

since a more concentrated solution might form larger aggregates such as worm-like micelles. We

therefore wish to check that the form of the optimum spherical aggregates is not strongly sensitive

to concentration (although the likelihood of their formation with respect to larger aggregates may

of course depend on the concentration).

Indeed, little change in the form of the aggregates is observed. The most significant difference

is that, in the dilute case, the transition between the simple micelle and the ABA structure in

the χNB = 22.5 system occurs whenφ ′/φ is between 15% and 20%, rather than between 10%

and 15% in theφ = 10% system. This preference for small spherical micelles inmore dilute

systems is in line with the known concentration dependence of block copolymer solutions.8 Similar

small shifts in the morphology transitions as the overall copolymer concentration is varied, or

no appreciable shifts at all, are observed in all the systemsconsidered in this paper, where the

polymers considered aggregate reasonably strongly and thefree-energy minima associated with

the various micelle shapes will be relatively sharp. This isnot the case for shorter or more weakly-

interacting polymers, where the concentration dependencemay be quite strong.
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Effect of interaction strength

In the results discussed in the preceding subsection, we found a clear contrast in phenomenology

between two systems with different levels of repulsion between their hydrophilic and hydrophobic

components. To investigate this effect in more detail, we take a system with the same copoly-

mer architectures as considered above (NA = NB/4 for the lamella-former andNA2 = 7NB for the

sphere-former), fix the lamella-former fractionφ ′/φ to 25%, and varyχNB. Figure 9 shows a

series of cuts through the density profiles of the small spherical aggregates formed asχNB is in-

creased from 15 to 30 in steps of 5. For the smallest of these values, shown in Figure 9a, we find a

weakly-structured aggregate of the kind shown in Figure 6. Very similar results are also found for

the even smaller value ofχNB = 12.5. Below this value, no self-assembly takes place.

As χNB is increased to 20 (Figure 9b), the segregation between hydrophilic and hydrophobic

blocks has become much stronger, and the ABA aggregate of Figure 4 is seen, with some pene-

tration of solvent into the core region. On further increaseof χNB, the boundaries between the

various layers become sharper and sharper as the repulsive interaction between the A and B blocks

increases in strength. The radius also increases, and the aggregate opens out to a small vesicle. Fi-

nally, in Figure 9d, whereχNB = 30, the layers are very clearly defined, and the calculated density

profile resembles very closely the vesicle sketched in Figure 5.

Effect of lamella-forming architecture

In the two previous subsections, we considered the effect ofblending two strongly mismatched

copolymers, to demonstrate the effects of segregation on the micelle morphologies as clearly as

possible. We now investigate how the micelle shapes change as the mismatch between the two

polymers is decreased. Specifically, the hydrophilic blocksize of the lamella-former is gradually

increased from the small valueNA = NB/4 used in the preceding calculations until we reach the

symmetric molecule withNA = NB. The same sphere-former architecture as before is used, with

NA2 = 7NB. Since we wish to focus specifically on the effects of the lamella-former, we use a

slightly higher fraction of these molecules than in the preceding section, and setφ ′/φ = 33.3%.
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Figure 9: Cuts through the density profiles of the spherically-symmetric aggregates formed in a
solution of lamella-former withNA = NB/4 mixed with a sphere-former withNA2 = 7NB. The
lamella-former fractionφ ′/φ is set to 25%. The Flory parameterχNB is varied and takes the
following values: (a) 15, (b) 20, (c) 25 and (d) 30. Sphere-formers are shown with thick lines,
lamella-formers with thin lines. The hydrophobic components are plotted with full lines, the hy-
drophilic components with dashed lines, and the solvent with a dotted line.
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Figure 10: Cuts through the density profiles of the spherically-symmetric aggregates formed in
a solution of sphere-former withNA2 = 7NB and lamella-formers of varying architecture. The
Flory parameter is set to the relatively low value ofχNB = 15. The lamella-former fractionφ ′/φ
is set to 33.3%. The hydrophilic block lengths of the lamella-forming molecules are (a),NA =
NB/4 (b) NA = 3NB/7, (c) NA = 2NB/3 and (d)NA = NB. Sphere-formers are shown with thick
lines, lamella-formers with thin lines. The hydrophobic components are plotted with full lines, the
hydrophilic components with dashed lines, and the solvent with a dotted line.
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To begin, we setχNB = 15, and first consider the strong lamella-former withNA = NB/4.

This is the system of Figure 6, and, as there, we find large micelles with a weakly-structured core

(see Figure 10 a). A sharp change is observed when the length of the hydrophilic component of

the lamella-forming copolymer is increased toNA = 3NB/7 (Figure 10b). Here, the AB inter-

faces within the core become well-defined, and the ABA aggregate sketched in Figure 4 is seen,

with some penetration of solvent into the core. This indicates that the formation of the weakly-

structured aggregate seen in Figure 10a requires not only a relatively smallχ parameter between

the hydrophilic and hydrophobic blocks, but also a short hydrophilic block of the lamella former.

If the length of this block is increased, the effective strength χN of the interaction between the A

and B blocks of the lamella-former becomes larger35 and the two blocks can segregate within the

core.

As the length of the hydrophilic block of the lamella-formeris increased still further, toNA =

2NB/3, the mismatch between the two species decreases and the aggregate shows the first signs

of approaching the small micelle favored by the sphere-formers. Specifically, the core radius de-

creases slightly, and the solvent begins to be expelled fromthe center of the micelle (Figure 10c).

This process is complete in Figure 10d, where the lamella former is symmetric andNA = NB. Here,

a simple mixed micelle is formed, with no segregation of the two species.

We now consider a system with the same sequence of polymer architectures as above, but with

a larger repulsive interaction strengthχNB = 22.5 between the A and B blocks. For the shortest

lamella-former, withNA = NB/4, a small vesicle forms (Figure 11a), in contrast to the weakly-

structured aggregate seen for this architecture for the smaller value ofχNB (Figure 10 a). As the

hydrophilic block length of the lamella-former is increased, and the degree of mismatch between

the two copolymer species lessens, the vesicle contracts (Figure 11b and c) until a simple mixed

micelle is formed (Figure 11d).

As in our discussion of the dependence of the micelle morphology on lamella-former con-

centration, we now plot the aggregate core radii and composition as a function of lamella-former

architecture for the two systems studied in this section. InFigure 12a, we show the decrease of the
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Figure 11: Cuts through the density profiles of the spherically-symmetric aggregates formed in
a solution of sphere-former withNA2 = 7NB and lamella-formers of varying architecture. The
Flory parameter is set to the relatively high value ofχNB = 22.5. The lamella-former fraction
φ ′/φ is set to 33.3%. The hydrophilic block lengths of the lamella-forming molecules are (a),
NA = NB/4 (b) NA = 3NB/7, (c) NA = 2NB/3 and (d)NA = NB. Sphere-formers are shown with
thick lines, lamella-formers with thin lines. The hydrophobic components are plotted with full
lines, the hydrophilic components with dashed lines, and the solvent with a dotted line.
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micelle radius as the length of the lamella-former hydrophilic block is increased. The lower line

shows the behavior of the radius of the system with the smaller Flory parameterχNB = 15. The

sharpest change in the radius occurs between the first two points, when the aggregate changes from

the weakly segregated structure plotted in Figure 10a to an ABA micelle with the form shown in

Figure 10b. This latter structure then gradually contractsas the lamella-former is lengthened until

we arrive at the simple mixed micelle plotted in Figure 10d. This steady contraction with in-

creasing lamella-former length is also seen in theχNB = 22.5 system. The small vesicle/ABA

morphology is especially robust here, being formed not onlyfor the short lamella-former (which

formed a weakly-structured aggregate forχNB = 15) but also for all other lamella-formers apart

from the longest withNA = NB.

The fraction of the core that is composed of A-blocks displays especially interesting behav-

ior as the lamella-former hydrophilic block length is varied. In the system with the smaller Flory

parameterχNB = 15, the A-block fraction has a rather high value of around 0.125 for the short

lamella-formers withNA = NB/4. This is because the system forms a weakly-structured aggre-

gate (Figure 10a) here, with a core composed of lamella-forming copolymers (Figure 7). As the

hydrophilic blocks of the lamella-formers are lengthened,solvent enters into the core and the A-

block fraction falls slightly. Further increase of the lamella-former hydrophilic block length causes

the fraction of A-blocks in the core to rise steadily. The reason for this is that, as the aggregate

shrinks and solvent is slowly expelled from the center of theaggregate, the amount of A-blocks

changes relatively little. These blocks therefore come to constitute a larger fraction of the core. As

the lamella-former A-blocks are lengthened still further,we observe a sharp drop in the fraction of

hydrophilic material in the core, as the system contracts toform a simple mixed micelle.

Some aspects of this behavior are also seen in theχNB = 22.5 solution. Here, the weakly-

structured aggregate of Figure 10a is not present, and the system forms a small vesicle in the case

of the shortest lamella-formers. As the A-block length of these molecules is increased, the amount

of solvent in the core of the aggregate decreases, and the fraction of A-blocks in the core rises,

as in the case of theχNB = 15 system. For the largest A-block lengths studied, the fraction of
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Figure 12: Core radius and composition of the spherically-symmetric aggregates formed in a so-
lution of sphere-former withNA2 = 7NB mixed with lamella-formers of various architectures. The
lamella-former fractionφ ′/φ is set to 33.3%. (a) Core radius as a function of the hydrophilic
block length. Points corresponding to simple micelles (Figure 3) are marked by closed circles,
ABA aggregates (Figure 4) or small vesicles (Figure 5) are marked with open circles, and weakly-
structured aggregates (Figure 7) by asterisks. The data forthe system with a Flory parameter of
χNB = 15 are connected with dotted lines; those for the system withχNB = 22.5 by dashed lines.
(b) Fraction of the core that is composed of A-blocks for eachof the two systems (upper two
curves), and fraction of the core that is composed of homopolymer solvent (lower two curves).
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hydrophilic material in the core is much smaller, as the system has formed a mixed micelle with a

predominantly hydrophobic core.

To reinforce the above arguments, we also show in Figure 12b the volume fraction of the core

that is composed of solvent as a function of lamella-former hydrophilic block length. For the

solution withχNB = 15, the core solvent fraction initially rises as the weakly segregated structure

is replaced by an ABA structure with some solvent in the core.It then falls gradually as the

aggregate contracts to form a mixed micelle. A similar steady fall is observed in the more strongly

segregatedχNB = 22.5 system, as the small open vesicle observed for smallNA closes to form a

micelle.

Effect of sphere-forming architecture

To conclude the scan of our system’s parameter space, we now investigate the effect of the ar-

chitecture of the sphere-former on the morphology of the aggregates. In the above results, we

focused on strongly mismatched copolymers and so used a highly asymmetric sphere-former with

NA2 = 7NB. We now vary the length of the hydrophilic block of the sphere-forming copolymer

over a wide range, starting from a short molecule withNA2 = 3NB and increasing the number of

A monomers untilNA2 = 9NB. The architecture of the lamella-former is fixed, withNA = NB/4,

and, as in all the above cases, the total copolymer volume fraction is kept constant at 10%. Three

quarters of these copolymers are sphere-forming, so thatφ ′/φ = 25%. As in our studies of the

effect of copolymer concentration and lamella-former architecture, we consider two values of the

Flory parameter:χNB = 22.5 andχNB = 15.

In Figure 13a to d, we show cuts through the density profiles ofthe optimum aggregates formed

whenNA2 = 3NB, 5NB, 7NB and 9NB for χNB = 15. Despite the wide variation in the number

of hydrophilic monomers, roughly similar small vesicle structures are formed in all cases, with

particularly little change in morphology being observed betweenNA2 = 5NB and 9NB. Provided

the two copolymer species are sufficiently strongly mismatched to segregate within the aggregate,

there is indeed no reason to suspect that increasing the sphere-former A-block length further should
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Figure 13: Cuts through the density profiles of the spherically-symmetric aggregates formed in a
solution of lamella-former withNA = NB/4 and sphere-formers of varying architecture. The Flory
parameter is set to the relatively high value ofχNA = 22.5. The lamella-former fractionφ ′/φ
is set to 25%. The hydrophilic lengths of the sphere-formingmolecules are (a),NA2 = 3NB (b)
NA2 = 5NB, (c)NA2 = 7NB and (d)NA2 = 9NB. Sphere-formers are shown with thick lines, lamella-
formers with thin lines. The hydrophobic components are plotted with full lines, the hydrophilic
components with dashed lines, and the solvent with a dotted line.
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cause major qualitative changes to the form of the aggregate, as the sphere-formers have already

reached the outer surface and can move no further. In fact, the differences between the four panels

of Figure 13 can be attributed mainly to the fact that increasing the length of the sphere-former

hydrophilic block at constantφ ′/φ gradually reduces the amount of sphere-former hydrophobic

block, with the result that the hydrophobic core becomes more and more dominated by the lamella-

former. In consequence, the core radius of the aggregate increases somewhat, as the lamella-

formers push outwards towards their preferred flat state.
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Figure 14: Cuts through the density profiles of the spherically-symmetric aggregates formed in
a solution of lamella-former withNA = NB/4 and sphere-formers of varying architecture. The
Flory parameter is set to the relatively low value ofχNB = 15. The lamella-former fractionφ ′/φ
is set to 25%. The hydrophilic lengths of the sphere-formingmolecules are (a),NA2 = 3NB (b)
NA2 = 5NB, (c)NA2 = 7NB and (d)NA2 = 9NB. Sphere-formers are shown with thick lines, lamella-
formers with thin lines. The hydrophobic components are plotted with full lines, the hydrophilic
components with dashed lines, and the solvent with a dotted line.
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The dependence of the aggregate shape on the hydrophilic block length of the sphere-formers

is similarly weak for the smaller Flory parameterχNB = 15. Here, aggregates with the same basic

form of an outer layer of sphere-forming copolymers encapsulating a weakly-structured core of

lamella-formers are seen forNA = 3NB, 5NB, 7NB and 9NB (Figure 14a-d). As in theχNB = 22.5

case, rather little difference in morphology can be seen as the sphere-former hydrophilic block

length is increased from 5NB to 9NB, save for a fall in the density of the outer sphere-former layer

of the core and a slow growth in the core radius. The explanation for these changes is also the

same as in the system with a higher Flory parameter. Specifically, the gradual fall in the amount

of sphere-former hydrophobic block means that the core becomes predominantly composed of

lamella-forming copolymers, which also causes it to swell.

The relative insensitivity to sphere-former architectureobserved in both the systems discussed

in this section can clearly be seen from plots of the core radius and composition as a function of

the sphere-former A-block length (Figure 15). The growth ofthe core radius shown in Figure 15a

is clearly weaker than that seen in the corresponding plots of Figure 8 and Figure 12. Furthermore,

the fraction of the core composed of A-blocks (upper lines) or solvent (lower lines) remains rather

close to constant, although a weak growth in the amount of solvent in the open structure of Fig-

ure 13 can be seen. This is in line with the relatively unchanging morphologies plotted in Figure 13

and Figure 14.

Conclusions

Using a coarse-grained mean-field approach (self-consistent field theory) we have modeled sev-

eral aspects of the formation of small, spherically-symmetric aggregates in a solution of sphere-

forming amphiphile mixed with a smaller amount of lamella-forming amphiphile. By varying the

interaction strength, architecture and mixing ratio of theamphiphiles, we have found a range of

morphologies. When the two species were similar in architecture, or when only a small admixture

of lamella-forming amphiphile was added, we found simple spherical micelles with purely hy-
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Figure 15: Core radius and composition of the spherically-symmetric aggregates formed in a solu-
tion of lamella-former withNA = NB/4 mixed with sphere-formers of various architectures. The
lamella-former fractionφ ′/φ is set to 25%. (a) Core radius as a function of the hydrophilicblock
length. Points corresponding to simple micelles (Figure 3)are marked by closed circles, ABA ag-
gregates (Figure 4) or small vesicles (Figure 5) are marked with open circles, and weakly-structured
aggregates (Figure 7) by asterisks. The data for the system with a Flory parameter ofχNB = 15 are
connected with dotted lines; those for the system withχNB = 22.5 by dashed lines. (b) Fraction of
the core that is composed of A-blocks for each of the two systems (upper two curves), and fraction
of the core that is composed of homopolymer solvent (lower two curves).
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drophobic cores formed from a mixture of the B-blocks of the two amphiphiles. For more strongly

mismatched amphiphiles and higher concentrations of lamella-former, we found complex micelles

and small vesicles. Specifically, as the concentration of lamella-former was gradually increased

in a strongly mismatched system with a relatively highχ parameter, the simple micelle formed at

low lamella-former concentrations gradually expanded, first forming a more complex micelle with

both A- and B-blocks in the core and then a small vesicle. For similar systems with lower Flory

parameters, the addition of lamella-former resulted in theformation of a intriguing micellar struc-

ture in which a large and relatively unstructured core of lamella-former is surrounded by a layer of

sphere-forming copolymers. Were this structure able to be stabilized in experiments, it could prove

to be useful for the solubilization and delivery of hydrophobic compounds, since it contains a large

amount of hydrophobic blocks while retaining a relatively small size. The formation of these ag-

gregates was shown to require not only a relatively weak interaction between the two copolymers,

but also for one of the species to have a very short hydrophilic block. The other complex micelles

and small vesicles were present over a much wider range of lamella-formers. The architecture of

the sphere-formers was found to have a rather weak effect on the aggregate morphology.

The work presented here provides several examples of the wide range of aggregates that may

be formed when two amphiphile species that individually self-assemble into aggregates of different

curvatures are mixed, and gives broad guidance as to how the polymer parameters might be varied

in order to form a given structure. Furthermore, several of the structures shown here show the

segregation of amphiphiles according to curvature.7,20 Specifically, in many cases, the sphere-

forming amphiphiles move to the positively-curved surfaceof the aggregate. Effectively one-

dimensional aggregates such as those considered here are among the simplest possible systems in

which this phenomenon could take place.

Several possible extensions of the current work suggest themselves. First, given the potential

for the solubilization of hydrophobic chemicals of the large micelles with lamella-former cores,

more realistic interaction parameters and modeling of the polymers (if necessary by more micro-

scopic simulation methods) could be carried out in order to search for an experimental parameter
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range in which these structures could be formed. Such a studycould also investigate further the

formation of small monodisperse vesicles7 and bilayers of preferred curvature56 in binary systems.

A first step in this direction using Monte Carlo methods couldbe to take the system simulated by Ji

and Ding49 and vary the polymer architectures and interaction parameters. Insight would then be

gained into how sensitive to the details of the polymers the small vesicles and ABA micelles seen

in these simulations are, and whether the weakly-segregated structures with a hydrophobic core do

indeed form at lower values ofχ . Such a study would also allow the effect of our assumption ofa

polymeric solvent to be investigated and, eventually, a more realistic solvent to be included. The

self-consistent field theory study could also be extended toother structures and the free energies

of competing structures such as rods and small disks calculated.12

On the experimental side, the closest system to our theory would be a blend of block copoly-

mers and homopolymer such as the polystyrene/polybutadiene system of Kinning et al.8 discussed

above and already modeled quite well by SCFT.45,46 In fact, one of the copolymers investigated

by Kinning et al. (labeled SB 10/10) is very close both in architecture and interaction strength to

the longest lamella-former studied in Figure 10. In aqueoussolution, PEO-PCL might be used, as

binary mixtures of these copolymers have been found to form mixed aggregates over a wide range

of concentrations,12,41even when one of the polymers has such a long hydrophobic section that it

precipitates if not mixed with another amphiphile.41

Further, the study could be extended to mismatched hydrophobic blocks, to allow comparison

with recent experiments.52 Finally, an analogous investigation could be performed forthe binary

triblock copolymer blends23,24 of current interest in drug delivery applications, where large mi-

celles in mixed systems are indeed seen.23
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