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ABSTRACT: We use self-consistent mean-field theory to investigate a system of A homopolymer, AB copolymer,
and C homopolymer, where there are attractive interactions between the B and C components. We calculate
volume fraction profiles and chemical potentials of formation for unswollen micelles, swollen micelles, and flat
interfaces using a theory that is generalized for multiple components and a general copolymer composition
distribution. We find that swollen spherical AB copolymer micelles form in the A matrix with a preferred radius
that controls the amount of C homopolymer solubilized in the center of the micelle and that they form at chemical
potentials lower than the chemical potential of micelle formation in the absence of C homopolymer. The swollen
spherical micelles are also preferred over a flat interface geometry because the copolymer changes the preferred
interfacial radius of curvature. The calculations also show that nanoparticles can be encapsulated in the center of
swollen micelles by introducing an attraction between the surface of the particle and the C homopolymer. These
results indicate that a nanocomposite could be formed by utilizing attractiv@ iBteractions to encapsulate C
homopolymer and nanoparticles in AB diblock copolymer micelles.

Introduction (2) A homopolymer (b) A+ AB © A+
Block copolymers of two incompatible repeat units are unique + AB copolymer : { W
because while the two components would normally macroscopi- ~ e Sl I 4 A,

cally segregate, the connectivity of the chains prevents it. |Particles

: ; . @ b O 2 2 4 5 8
Instead, the chains self-assemble to form microscopic domains I TR T
of a characteristic shape and size that depend on the length o
the chain, the interaction parameter and the ratio of the
amounts of the two components. Several techniques have beerfrigure 1. Formation of swollen micelle nanocomposites. (a) A layered
developed to control the formation of the domains so that they Sample is prepared by first depositing a layer of C homopolymer, then

- - layer of nanoparticles, and then a blend of A homopolymer and
have long range order, and these ordered films have been Wldelgsymmetric AB copolymer. (b) Upon annealing, favorable interactions

used as patterned templates for a variety of applicatioh®ne between B and C repeat units cause the copolymer to migrate to the
such application is the use of diblock copolymers as templates A—C interface. Attraction between the particle and the C repeat units
for organizing the spatial distribution of nanoparticles. Many causes the particles to diffuse into the C phase. (c) When the interfacial
theoretical and experimental studies have been conducted orfénsion is lowered by the copolymer, the interface develops curvature
. and micelles swollen with C form around the particles in the A phase.
these nanocomposites, on both the effect of the copolymers on
the position of the nanoparticles and the effect of the nanopar-
ticles on the conformation of the copolymér? Balazs and  copolymer accumulates at the interface and the interfacial
co-workers have published numerous theoretical papers ontension is lowered to near zero, the preferred interfacial curvature
diblock copolymer melts with filler particles that create highly changes, leading to the formation of a variety of possible
ordered nanocomposit&st’ In an experimental study, Chiu et morphologies, including micelles, swollen micelles, or a bicon-

C homopolymer c c

al. use poly(styrené-2-vinylpyridine) (PS-PVP) diblock co- tinuous microemulsioR3:38 42
polymers to precisely arrange PS- and PVP-coated gold nano- We consider a system of phase-separated A and C homopoly-
particles at specific locations within the diblock lamellae. mers and an asymmetric AB diblock copolymer, where the B

In this work, we address a different type of block copolymer block is the shorter block and the B and C repeat units have
mediated nanocomposite where the nanoparticles do not necesfavorable interactions, as shown in Figure 1. When the AB
sarily interact directly with one of the copolymer blocks, but copolymer segregates to the—& interface, the interfacial
instead with a homopolymer that is preferentially solubilized tension begins to decrease and the curvature begins to change.
in a diblock copolymer micelle. In a blend of incompatible |t is then possible to “pinch off” AB copolymer micelles with
homopolymers, it is known that the addition of a block C homopolymer solubilized in the center, creating droplets of
copolymer at the interface will lower the interfacial tenstre> C homopolymer in the A homopolymer matrix that are stabilized
which is particularly useful for blend compatibilizatiéfr.33 by the AB copolymer and the favorable interactions between
Introduction of hydrogen bonding or a similar favorable the C and B components. If, in addition, there is a layer of
interaction between two of the components in the system causeshanoparticles deposited at the interface between the homopoly-
an increase in the adsorption of copolymer at the interface andmers, the particles may also be emulsified in the swollen

an accompanying decrease in the interfacial ten¥ioH. As micelles and dispersed throughout the A homopolymer phase.
This process can be enhanced by using a particle that has
* Corresponding author: e-mail k-shull@northwestern.edu. favorable interactions with the C homopolymer.
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(a) Micelle (b) Swollen micelle (c) Flat interface Theoretical Formulation

A A P Bl A g O The theoretical formulation begins with the free energy per
-l’\_ A . . .
A ‘Ll unit volume for a homogeneous mixture of polymers, which
‘?7 @ ol HA can be written &$44
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Figure 2. Copolymer interfacial radius of curvature: (a) micelR, Yo

~ 2—3 timesRy; (b) swollen micelle, intermediate curvature; (c) flat o
interface,R approaches infinity. whereN andgy are the degrees of polymerization and volume

fractions of each componektandymnis the Flory interaction

An example of a hydrogen-bonding system that could be used parameter betweem andn repeat units. The volume fractions
to form these nanocomposites is one containing a polystyrene¢m andé¢, refer to the total volume fraction oh andn repeat
(PS) homopolymer, a poly(2-vinylpyridine) (PVP) homopoly- units. In our casek can beha, hc, or copfor A homopolymer,
mer, and a block copolymer of PS and poly(4-hydroxystyrene) C homopolymer, or AB copolymer, respectively, anaan be
(PHS), where the hydroxyl group in the PHS and the nitrogen a, b, or ¢, corresponding to A, B, or C repeat units. The
in the PVP can undergo hydrogen bond#g8373This system  subscriptsca and cb refer to the A and B blocks of the
differs slightly from some of the previous studies using these copolymer, respectively. The molecular volumes are normalized
polymers in that the PVP is the droplet phase instead of a blockby a reference volumey, and the interaction parameter is
of the copolymer. Using PVP as the droplet phase has thedefined in terms of the same reference volume, typically the
advantage that PVP interacts strongly with many inorganic volume of one of the repeat units.
materials. The addition of particles made from these materials  To find equilibrium volume fraction profiles that correspond
at the PS/PVP interface could allow the formation of a to each of the structures we are interested in, we must know
nanocomposite where each individual particle is coated with a the chemical potential of each polymer. The chemical potential
layer of PVP homopolymer and surrounded by copolymer, and Of each componentyuy, is derived from the free energy
the spacing between each particle can be controlled by the€xpression and can be writter&$t
dimensions of the polymeric components. 4 n

. . . . . Hy k
The important parameter in this system is the radius of —=In¢ +1- N"Z +—% wy()) 2)
curvature of the interface that is modified by the copolymer T N, KkTE

molecules’® There are three possible configurations of the
interface: a micelle, a swollen micelle, or a flat interface. with
Schematics of all three structures are shown in Figure 2. In an )
unswollen micelle, the shorter, incompatible B block forms the ~ W;(i) 1 ) )

core, while the A block forms the corona that is miscible with —— = — ‘Z{¢m = 0(M = P())} Amed én — 0(n = p(i))}

the A matrix, as shown in Figure 2a. The micelle can have keT 2 3)
spherical, cylindrical, or lamellar geometry, but we are primarily

interested in spherical structures formed from asymmetric wherej is an index that runs from unity at one end of the chain
copolymers with long A blocks and short B blocks. The to Ny at the other end of the chain, ap() is a if the jth repeat
copolymer interface in a spherical micelle has a small radius of unit is A, b if the jth repeat unit is B, and if the jth repeat unit
curvature; a typical spherical micelle has a radity that is is C. The delta functions are defined so thén — p) = 1 for
about 2-3 timesRy, the radius of gyration of the copolymer. m= pandd(m— p) = 0 for m= p. The first three terms in the
The other extreme in curvature occurs when the copolymer is chemical potential are entropic terms arising from the interac-
located at a flat interface, which is the situation when the AB tions between each kind of polymer, while the last term accounts
copolymer molecules have just started to localize at theCA for the enthalpic interactions between each type of repeat unit.
interface (Figure 2c). In this case the radius of curvature is For a binary system with only A and B repeat units, eq 3 reduces
infinite. Intermediate values of the radius of curvature are to Wa/ksT = yanpn? andWy/ksT = yaupa?. The reference state
achieved in the formation of swollen micelles. In swollen for which ux = 0 is a homopolymer melt with degree of
micelles, shown in Figure 2b, C homopolymer is solubilized in  polymerizationNy.

the center of an AB copolymer micelle. The radius of curvature  To generalize the theory for polymers of any composition
for a swollen micelle can vary from near the radius of a micelle distribution, we use the functiogm(j), which is the average

to much larger, depending on the strength of the interactions composition ofm at repeat unit along the backbone of a chain
and the relative lengths of the molecules. with N total repeat unité>46The overall fraction of repeat unit

As the amount of A-rich copolymer at the interface increases, ™ fm. is the average value @k
the preferred radius of curvature of the interface decreases from Ne
infinity to a lower, finite value. As the radius of curvature f :i 0 4)
decreases further, swollen micelles can pinch off of at the€CA m Nk]Z m
interface and move into the A matrix phase. If there are

nanoparticles at the interface, they can also be encapsulated, a$o account for this controlled composition distribution, the delta

long as the copolymer interface retains_its preferred_radius of functions inw, are replaced by the corresponding composition
curvature. In this paper, we use self-consistent mean-field theoryfunctions, g, and gn:

to calculate equilibrium volume fraction profiles for unswollen

micelles, swollen micelles, and flat interfaces in this A, B, C w,(j) 1
three-component system to find equilibrium radii and determine — == —Z{qﬁm = O} xmd @0 — 953D} (5)
the preferred state of the system. ke T 2=

Ccbv
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For a ternary system with A, B, and C repeat units, this becomesFor a spherical geometry(i) = (4/3)ri3, and for a cylindrical

W) _
E = —(#2 — 9 )Xan(® — ) — (Do — G)Xbd e — 9o) —
(¢a - ga)Xac(¢c - gc) (6)
The volume fractionsp,, and ¢, are obtained from the

probability distribution functionsju(r ,j) andai(r,j), which are
functions of the positiom and the repeat unjtand start from

geometryV(i) = .

Equations 8 and 9 are discrete representations of the modified
diffusion equation introduced by EdwaPdsind used by many
others?9.52.53

aq(r,n) _ &% a%a(r,n) , Caq(r,n)

o —g{ e w(r,n) g(rn) - (14)

ar

opposite ends of the molecule. We consider systems with planar,Where C = 0 for planar symmetryC = 1 for cylindrical

cylindrical, or spherical symmetry, where the positiocan be
described in terms of a single discrete distance variatfté’ 48
The width of each layei corresponds ta, the statistical

symmetry, andC = 2 for spherical symmetry. The variables
andn are the continuous forms ofandj.
The mean fieldsn(r,n) or w(i,j) are functions of both the

segment length of one repeat unit. This length is defined such!ocal composition of the chaing(j), and the surrounding

thatRyc, the unperturbed radius of gyration of a copolymer chain,
is equal to Neoy/6a)Y2

The two distribution functions describe possible configura-
tions of the molecule on either side of a point located along the
polymer chain backbone where the two functions meet. The
volume fraction of repeat unith in componenk at a position
i, oxnli), is given by summing over all possible junction points

of g andgy:
1 M
D) = — explu /KT — 1)qu1(i 1) Gl N1) 9() (7)
Ny =

In this expression, the distribution functions are multiplied by
on(j) to account for the specific composition distribution of the
molecule and are normalized by a factor that includes the
chemical potential and degree of polymerization of the com-
ponent2144.45,49

The distribution functions obey recursion relationships that
arise from the connectivity of the chaifs?*748

O (i) ={A_10q(i = 1j — 1) + Ao (i,j — 1) +
A1Oa (i + 1j — 1)} exp{ —w(i,j)/ksT} (8)

Oe(i) = {A 100l — 1) — 1) + AQ(ij — 1) +
Aol + 1) — 1)} exp{ —w(i,j)/ksT} (9)

with the initial condition thatgu(i,0) = ge(i,0) = 1. The
transition probabilitiesi-1, Ao, and 14+, are the fractions of
nearest-neighbor sites that lie in layer— 1, i, ori + 1,
respectively. For a simple cubic lattice,; = A+1 = 1/6 and

Ao = 4/6. The transition probabilities for systems with spherical
or cylindrical symmetry are obtained by assuming thatand

A+1 are proportional to the contact areas between the layers,

with Ao found by requiring the probabilities to sum to otfe:

740 = 256 — 1)LG) (10)
.40 = ZSLG) (11)
7o) = 1= 4_4(0) — A4 (12)

Here, (i) is the surface area between layemndi — 1 and
L(i) is the number of lattice sites within layerFor a spherical
geometryS(i) = 4xi?, and for a cylindrical geometr§i) =
27il, wherel is the length of the cylindeL.(i) is the difference
in the total volumed/ of systems with andi — 1 layers:

L) = V(i) — V(i — 1) (13)

composition in the layer, ¢(i). The expression we use fafi,j)
is based on the chemical potential and can be written as

0
W(ij) = wyi ) - kBTZ,:— — AW() + We i) (15)
k

with

Aw(i)

ke T

The first term in the mean field expressian(i,j), is from the
chemical potential and is the enthalpic contribution characterized
by they parameters (eq 5). It is now a function of baotandj
because the volume fractions are functions.ofhe second
term is the entropic contribution. The third termaw(i), is
associated with the incompressibility constraint, whérés
inversely proportional to the bulk incompressibility of the system
and is chosen to be high enough so that the results obtained are
indistinguishable from the incompressible limit corresponding
to § = 0.2144The final termwex(i j), accounts for any external
fields acting on the system, such as the attractive interaction
between the C homopolymer and the surface of a particle.

This set of mean-field equations is solved self-consistently
for the volume fraction profiles of each component using
boundary conditions corresponding to one of two cases. In the
first case, there is a reflective boundary condition &t 0, so
that q(0j) = q(1,). At the maximumi, imax there is a bulk
phase boundary condition that assumes the matrix phase is
homogeneous witAw(imay = 0 and contains only A ho-
mopolymer and AB copolymer. This situation corresponds to
an unswollen micelle (no C homopolymer) or a swollen micelle
(C homopolymer in the center of the micelle) with planar,
cylindrical, or spherical geometry (Figure 2a,b). In the second
boundary condition case, there is a bulk phase boundary
condition at bothi 0 andi = imax Again we assume
homogeneous matrix phases witlw(imay) = 0 andAw(0) =
0. We also assume that there is only A homopolymer and AB
copolymer present at= imaxand only C homopolymer present
ati = 0. Using planar symmetry, this corresponds to a flat
interface between the two bulk phases of polymer (Figure 2c).
In both cases, the equilibrium concentration profile is reached
when the chemical potential of each component is uniform
throughout the system.

The total free energy of the system can be written as follows:

F= anuk+ Fre

={1- Z¢k(i)} (16)

17)

The first term is the contribution from the chemical poten&%v
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Figure 3. Schematic of the excess free energy associated with micelle
formation, Fxs, as a function ofR, the radius of the micelle. At the
critical copolymer chemical potentiateme, Fxs = O at the equilibrium
radius.

of each component, and the second tdfgg, is the excess free
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energy in the system. This excess free energy is obtained byrigure 4. Radial volume fraction profile of an unswollen AB

summingAw over all of the lattice layers:

Foo= ZL(i) Aw(i) (18)

In the case of a swollen or unswollen micellgs corresponds
to the free energy associated with micelle formatidfmicelie.
The critical copolymer chemical potential for the formation of
micelles,ucme is the value at whichlAFmicele = Fxs = 0. TO
find scme teop is iterated until the solution giveAFmicele = 0
at the equilibrium radius, as shown schematically in Figure 3.
In the case of a flat interfac&xs corresponds to the interfacial
free energy, ory. The critical copolymer chemical potential,
Uy, is the value where the interfacial energy vanishesy er
0. The value ofu, is obtained in the same mannerag., by
iterating ucop to find the solution wherey = Fys = 044

After finding the volume fraction profiles, we can also find
the radii of the micelles. The radius of an unswollen spherical
micelle, Rmicelle, iS found by using volume and surface area
expressions and radially integrating the copolymer volume
fraction, ¢codr), from zero to the maximum layer while
subtracting the bulk valu@jcop().

SRt = 3 Goolt) = b’ (19)

The total radius of a swollen micell&qy, is found in a similar
manner by taking botkpcop and ¢nc into account:

TR = [ Doolr) + Irll) — Brf) — d{oo))Arar
(20)

While formally defined by eqs 19 and 2Bjcelie and Ryt also

copolymer micelle (Figure 2a) in an A homopolymer matiig, =
Ncop. fo = O-ZyXakJ\lcop = Goy,ucm(/kBT = 5.38, Rmicellelec = 2.63.

from these radii. For example, the number of C homopolymer
chains solubilized in a swollen micell€,, is found fromRxc
by dividing by the volume ba C homopolymer chain:

R

NheZo

Qe = (23)

Similarly, the interfacial excess of copolymet is related to
Fecop

= 4/3‘7'[Rtot3 - 4/37-“:21103 (24)

and the number of copolymer molecules in a mice@éup, is

o =z
cop
copUO

(25)
For a flat inten‘acle;op is the number of copolymer chains per
area.

As shown in Figure 1, it may be possible to solubilize a solid
spherical nanoparticle in the center of a swollen micelle by
taking advantage of an attractive interaction between the particle
and the C homopolymer, such as the attraction between PVP
and gold. To incorporate the particle into the mean-field
equations, the reflective boundary condition &t 0 is replaced
by a boundary condition corresponding to the surface of a solid
particle. The polymer distribution functions are required to equal
zero ati = 0 throughi = R,, the radius of the particle. To
account for a preferential affinity of the C homopolymer for
the solid surface, a termvey(i) is applied to the C repeat units

correspond to the radii at which the majority component changes angd set to a positive value at= Ry + 1, with wex(i) = 0 for

from the A block of the copolymer to the A homopolymer. The
radius of the C homopolymer in the center of the swollen
micelle, Ry, is written as

TR = [T 0ndD) — BNk (21)

all otheri and all other components.

Results and Discussion

Unswollen Micelles.A sample radial volume fraction profile
for an unswollen spherical AB copolymer micelle in an A
homopolymer matrix is shown in Figure 4, wheris the radial

and also corresponds to the radius where the majority componengirection from the center of the micelle. For this calculation,

changes from C homopolymer to the B block of the copolymer.
The thickness of the copolymer in the radial directiBgyp, is
defined as the difference betweBn: and Ry

Rcop =Rt = Rie

All of the radii are in units ofa, the width of one lattice layer,
and are typically normalized bRy Some other common

(22)

Nha = Neop: fo = 0.2, andyagNeop = 60. These parameters are
representative of a strongly segregated set of polymers where
¢cme IS still high enough for the system to equilibrate experi-
mentally. This system forms spherical micelles, as shown by
the micelle phase diagram calculated fedNcop = 60 in Figure

5. At each value ofNhd/Ncop andfy in the phase diagram, the
geometry with the lowest chemical potential of micelle forma-
tion, ucme IS the equilibrium geometry. Regions favoring

parameters used when describing micelles can also be foundspherical, cylindrical, and lamellar micelles are shown. At v&gv
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; ; ; _ ; Figure 7. Chemical potential of swollen micelle formationJ as a

Figure 5. Micelle phase diagram at.Ncop = 60 determined by the A ’ . . -

gegometry with the FI)owengtcmc:gsphe?%;al,mgylindrical, or Iamella)flxlha function ofRu/Ryc with varyingys.. The chemical potential of unswollen

andNop are the degrees of polymerization of the A homopolymer and mlce_llel\lforr?atlog '23 indicated 236 the dotted gge (- -Nn/Neop = 0.75,

AB diblock copolymer, respectively, arfdis the fraction of B in the ha = Neop fo = 0.2, aNeop = 60, yadNcop = 60.

copolymer. In this paper we consider systems in the spherical region, . . . . .

with Npa = Neop andf, = 0.2. Swollen Micelles. An intermediate copolymer interfacial
radius of curvature is achieved in the case of a swollen micelle,

where C homopolymer is solubilized in the center of a spherical

1 ,
' . AB copolymer micelle. While the radius of an unswollen micelle
08l A 1 is determined by the copolymer length, which is fixed, the radius
I \ of a swollen micelle is determined by the amount of C
06| | — na | homopolymer that is solubilized in the center. Because this
o || " Oca amount is easily varied, there are many self-cqnsistent solutions
04 i """ Ocb that all haveFys = 0. There are two contributions to the free
’ A Onc energy in eq 17: the contribution from the chemical potential
j \ andFys. If Fxs = 0, the total free energy will be minimized by
0.2 , \ . minimizing #eme assuming a constant number of molecules.
/"-;- N Thus, the equilibrium solution is the one with the lowgstc
0 = : = Figure 7 shows all of the solutions fd,¢/Ncop = 0.75 at three
o 1 2 3 ‘}R > 6 7 8 different values ofypdNep. The solutions occur at discrete
2/ g intervals inr due to the discretization method used to solve the
Figure 6. Volume fraction profile of an AB copolymer adsorbed ata  mean-field equations. The minimum in each curve is indicated
ﬂlat m,f,erface g: gure 29 between bglkA and C h_omOPOIVmNﬁS'Z by an arrow and represents the solution with the equilibrium
cop hc/Ncop =0.2,f,= O-Z,Xathop = 60,Xachop = 60, Xchcb =0, . .
1,/keT = 5.29. amount of C homopolymer in the center of the micelle. The
values ofucmc and Ry associated with this solution are the

equilibrium values of the chemical potential and radius. The
and the critical micelle concentratiofene, can be very high, volume fraction profiles for all three minima are shown in Figure

or even non-existent. The region whetgis greater than 10% 8- As the value ofbNey is lowered from 0 to-0.4 and—0.8,

is also marked in Figure 5. The parameters we are interested®Presenting an increasing attraction between B and C repeat

in, NndNeop= 1 andf, = 0.2, result in spherical micelles. These UNits, the equilibriumuenc is also lowered, indicating that the

micelles form aemdkeT = 5.38, which corresponds togame swalen m|celle_s become_ea5|er to f_orn_w. Also, the_ equ|I|b_r|um
Rncincreases with decreasingNe, indicating that an increasing

low values offy, the driving force for micellization is lessened,

near 0.001, with an equilibrium radius Bhiceid/Rye = 2.63, attraction causes more C homopolymer to be solubilized in the
where Ry is the radius of gyration of the copolymef\ . g
6a)Y/2 Rac 9y poly b/ micelle. Borukhov and Leiblét-55use theory and Brown et #l.
) ) . use experiments to show that in the case of a polymer brush
Flat Interfaces. The copolymer interface in an unswollen jymersed in a polymer melt an attractive enthalpic interaction
micelle has a radius of curvature that is typically 2 times (negativey) can change the conformation of the brush polymer

Rge- The other extreme, an infinite radius of curvature, can be fom g dry to a wet brush. In the wet brush, the polymer is
found when the copolymer segregates to a flat interface betweengyiended, and the degree to which the two polymers mix
two immiscible homopolymers. A sample volume fraction jncreases. In our study, the B block of the copolymer can be
profile for an AB copolymer adsorbed at a flat interface between thought of as a brush extending from the interface where the
bulk A and C homopolymers is shown in Figure 6, wheie A—B copolymer junction points are localized. With increasingly
the direction normal to the interface and corresponds to the layernegativey,,, a higher fraction of C homopolymer mixes with

i. As before, this calculation uses the paramebes= Ncop, fh the B block, which changes the volume fraction profig, as

= 0.2, andraNcop = 60. In addition, there are three parameters seen in Figure 8. All of the equilibrium values @fq for the
associated with the C homopolymeXhdNcop = 0.2, yadNcop = swollen micelles are below the chemical potential of unswollen
60, andyncNc, = 0. The interaction parametgg. is set equal  micelle formation, which is indicated by the dotted line in Figure
to xapin all cases. In this particular exampjeNgp is set equal 7. At this value 0fNhd/Ncop swollen micelles will form before

to zero, representing the case where the C homopolymer actsmicellization would occur in the absence of C homopolymer.
as a B homopolymer. These parameters givieT = 5.29, A sample radial volume fraction profile for an equilibrium
where we defing, as the copolymer chemical potential where swollen micelle with the same parameters used in Figures 5
the interfacial tension for a flat interface reaches zero. and 6 is shown in Figure 9. In this case, whéq/Ncop is low, CDV
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Figure 8. Volume fraction profiles of C homopolymer-swollen AB N Ry
copolymer micelles in an A homopolymer matrix corresponding to the 1 20
minima in Figure 7Nnha = Neop, Nng/Neop = 0.75,f, = 0.2, yatNoop = e IR Ry (,=015)
GO,XaJ\Icop 60. (a)Xchcb =0, (b) Xchcb =-04, (C)Xchcb =-0.8. 0 ----T ~~~~~~
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Figure 11. Swollen and unswollen radii as defined in eqs-22 as
sl functions 0fNnd/Neop for Nna = Neop, fo = 0.2, yaoNcop = 60, yadNcop =
: 60, andypNcp = 0. Ryc is also shown foff, = 0.15.
oer The radius of the swollen micelle also varies WNRy/Ncop,
¢ as shown in Figure 11. In this figur&®.o:, Reop and Ry are
04 plotted for a swollen micelle with the same parameters as in
Figure 9 but with varyingNnd/Ncop The total swollen micelle
0.2 radius,Ryt, is determined by the radius of the C homopolymer
core,Rn.. The copolymer has a preferred lengthReg, remains
o, nearly constant over a wide range M§J/Ncop The plot also

shows thaRc decreases with increasiigJ/Ncop As the length
r/Rge of the C homopolymer chains increases, confinement effects
Figure 9. Volume fraction profile of an AB copolymer micelle inan  cause solubilization of the homopolymer to be less favorable,
A homopolymer matrix with C homopolymer solubilized in the center  gg the radius decreases as less homopolymer is included in the
(_F'ggr;szb) '\fao N“°5kg1*‘.‘/ NC%POZOR? ,/flgg_ 02, KatNeop = 60, xadNcon micelle. In addition to the data fds = 0.2, Ry is also plotted
b = 5 fem e for a copolymer withf, = 0.15. With a shorter B block, the
copolymer micelle is no longer able to support long C
even withyyc = O there is a pure C homopolymer phase in the homopolymer chains in the core, 8. decreases to zero at
center of the micelle. This swollen micelle formsat,dksT large values oNnd/Ncop I this case, though it is not shown in
= 5.02 and has a radius Bo/Ryc = 4.21. The three examples the figure,R.op approache&micere, and when there is no longer
in Figures 5, 6, and 9 demonstrate that fg/Ncop = 0.2 and C homopolymer in the core, the swollen micelle becomes an
xbNep = O the swollen micelle has the lowest chemical potential unswollen micelle.
of formation, meaning that the swollen micelle will form before Nanocomposite A nanoparticle can be included in the center
the interfacial tension of a flat interface reaches zero and beforeof a swollen micelle by including an external field termy-

bulk micellization occurs. (i), in the expression for the mean field. This term creates a
These results are summarized in Figure 10 in a plot of the favorable interaction between the surface of the particle and
three critical chemical potentials as functionsMfy/Ncop for the C repeat units and forces a layer of C homopolymer to form
two different values ofjhcNco. At all values ofNhd/Neop, 1, is around the particle. Volume fraction profiles for three nano-
greater tham.mc for both swollen and unswollen micelles. For particle radii are shown in Figure 12. In Figure 12a there is no
2ocdNep = 0 and at low values oNnd/Neop, teme is lower for nanoparticle, and the volume fraction profile is the same as the

swollen micelles than for unswollen micelles. At a slightly one in Figure 9. In Figure 12b, all of the parameters are the
negativeyne xncdNew = —0.4, swollen micelles always have the same except there is a particle in the center with raBjiR,.
lowest chemical potential of formation. = 0.7. In this case, the particle is smaller than the regio%BK/
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preferred radius of curvature changes from infinite to a lower
value, and swollen micelles can pinch off and move into the A

o8 matrix phase. The swollen micelles have a preferred radius that
06 ’ controls the amount of C homopolymer solubilized in the center
0.4 i of the micelles. Wheny. is negative, the copolymer chemical
02 | potential in swollen micelles is always lower than the copolymer
' chemical potential in unswollen micelles, and micellization is
<1J promoted by the presence of C homopolymer. The copolymer
chemical potential required for micelle formatian.y can also
0.8 : be compared to the copolymer chemical potential where the
06 il interfacial tension of a flat interface reaches zerg).(In the
¢ region of the micelle phase diagrams where the equilibrium
04 iy micelles are spherical, curved interfaces are favorediane
02 ﬁ is less thanu,,.
0 Mean-field calculations also show that nanoparticles can be
1 encapsulated in the center of swollen micelles by including an
08 | external field term that creates an attraction between the surface
of the particle and the C homopolymer, such as the attraction
¢°-5 8 between PVP and gold. If the nanoparticle radius is smaller
0.4 i than the equilibrium radius of C homopolymer at the same
02 conditions without a particle, there is no change in the

concentration profile when the particle is incorporated into the
o swollen micelle. If the radius of the particle is larger than the
r/ Rge equilibrium radius of C homopolymer, a thin layer of C
) ) ) . . ) homopolymer forms at the surface of the particle and the other
g;g\f;ﬁolli ;{gé“m?greagte'?‘?e‘;fogggfézr:S"E')OH(%r)‘l;nJCRj:"is g\-/gh(;():z;\g:jles concentration profiles are shifted outward. These results indicate
¢ = 1.9. Nn/Neop = 0.2, Nna = Neop, fo = 0.2, 7aNeop = 60, zacNeop = that a nanocomposite could be formed by utilizing the attractive
60, %oNep = 0. B—C interactions to encapsulate particles and C homopolymer
in AB diblock copolymer micelles.
pure C homopolymer in the core, and the particle has no effect

on the volume fraction profile. In Figure 12c, the particle radius ~ Acknowledgment. This work was supported by the MRSEC
is Ry/Ry: = 1.9, which is larger than the core of pure C Program of the National Science Foundation (DMR-0076097)

homopolymer. In this case, there is still a thin layer of C at the Materials Research Center of Northwestern University,
homopolymer surrounding the particle, and the concentration @nd by a NSF Graduate Research Fellowship.
profiles of all the other components are shifted outward.
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