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of the most useful properties of micelles is their ability to
The solubilization of hydrocarbons by micelles formed of diblock enhance the aqueous solubility of hydrophobic substances.

and symmetric triblock copolymers in water are compared in the This phenomenon, referred to as solubilization, is made pos-
framework of a mean-field theory of solubilization. The block co- sible by the incorporation of the solubilizates in the hy-
polymers contain poly(ethylene oxide) as the hydrophilic block

drophobic microenvironment offered by the micellar coreand poly(propylene oxide) as the hydrophobic block and are desig-
(1–3). Because of the solubilization power of micelles,nated as EX PY EX or EW PZ (where E and P denote ethylene and
aqueous block copolymer solutions hold great promise aspropylene oxides and the subscripts denote the number of seg-
substituents for organic solvents in many industrial applica-ments) . In the presence of a variety of aromatic and aliphatic
tions.hydrocarbon solubilizates, the core radius, corona thickness, and

aggregation number of the micelle and also the volume fraction In an earlier paper (4) , we presented experimental results
of the hydrocarbon solubilized in the core are predicted. The calcu- on the solubilization of aliphatic and aromatic hydrocarbons
lations show that for identical molecular weights and block compo- in micelles formed of poly(ethylene oxide) –poly(propyl-
sitions, the diblock (E200P64) copolymer micelles have a much ene oxide) (PEO–PPO) and poly(vinyl pyrrolidone) –poly-
larger core radius, corona thickness, aggregation number, and vol- styrene (PVP–PS) block copolymers. Further, the selectiv-
ume fraction of the hydrocarbon solubilized in the core compared ity in the solubilization behavior was explored via measure-
with the symmetric triblock (E100P64E100) copolymer micelles. In

ments of the solubilization capacities of benzene and hexanecontrast, the diblock copolymer (E100P32) , having the same block
when their binary mixtures were solubilized. Interesting re-composition but half the molecular weight of the symmetric
sults displaying large solubilization capacities and high se-triblock copolymer (E100P64E100) , gives rise to micelles having the
lectivity for aromatics over aliphatics were obtained in blocksame core radius, corona thickness, and volume fraction of the
copolymer micelles compared with conventional low-molec-hydrocarbon solubilized as the micelles formed of the triblock

copolymer, and an aggregation number twice that of the triblock ular-weight surfactant micelles. Subsequently, we developed
copolymer micelle. q 1996 Academic Press, Inc. a theory of solubilization in block copolymer micelles using

Key Words: block copolymer micelles; solubilization in micelles; a mean-field approach (5) and compared the theoretical pre-
PEO–PPO diblock copolymers; PEO–PPO–PEO triblock copoly- dictions for the PEO–PPO diblock copolymer micelle with
mers; solubilization of hydrocarbons; thermodynamics of solubili- experimental solubilization data.
zation. In the context of the above-mentioned experimental (4)

and theoretical (5) studies, this paper has two principal
goals. The first goal is linked to the fact that many commer-

1. INTRODUCTION cially available block copolymers made of PEO and PPO
blocks are symmetric triblock copolymers. Therefore, it is

Block copolymer molecules consisting of hydrophobic of interest to predict the solubilization behavior in a triblock
and hydrophilic blocks aggregate in aqueous solutions, form- copolymer micelle and compare it against the predictions
ing multimolecular micelles. In these micelles, the hy- for a diblock copolymer micelle. The second goal stems
drophobic blocks constitute the core and the hydrophilic from the need to improve our earlier theory of solubilization
blocks along with the solvent water form the corona. One (5) which assumed uniform segment densities in the core

and the corona regions of the micelle while at the same
time treating the chains to be stretched uniformly along their1 To whom correspondence should be addressed. E-mail: rxn@psuvm.
length (uniform concentration–uniform deformation model).psu.edu.
However, to maintain uniform concentrations in the core and2 Present address: CE 406, Bldg. K-1, GE Corporate Research & Devel-

opment, 1 Research Circle, Niskayuna, NY 12309. the corona, it is necessary for the chains to be stretched nonuni-
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490 NAGARAJAN AND GANESH

TABLE 1 added to the system will form a separate hydrocarbon phase
Molecular Properties of the Hydrocarbon Solubilizates and Solu- coexisting with the aqueous copolymer solution.

bilization Capacity of Block Copolymer Micelles for Hydrocarbons Also listed in Table 1 are some important molecular char-
at 257C acteristics of the solubilizates: molecular volume (£J ) , in-

terfacial tension against water (sJW ), and Hildebrand–
Molecular properties of

Scatchard solubility parameter (dJ ) values. The subscript Jsolubilizates
denotes the solubilizate, W refers to water, and A and B

vJ sJW dJ mmol solubilized/g denote the hydrophobic and the hydrophilic blocks of the
Solubilizate (Å3) (dyn/cm) (MPa1/2) of PPO blocka copolymer, respectively. The Flory interaction parameter xAJ

accounts for the interactions between the core forming block
Benzene 146 33.93 18.80 11.67

A of the copolymer and the solubilizate J. This parameterToluene 176 36.1 18.19 6.33
is estimated (4) from knowledge of the Hildebrand solubilityo-Xylene 200 36.1 18.40 4.0

Ethyl benzene 204 38.4 17.99 5.67 parameters of both A and J via the relation xAJ Å (dA 0
Cyclohexane 179 50.2 16.76 1.97 dJ )

2
£J /kT , where dA is the solubility parameter for the A

Hexane 217 50.7 14.92 0.667 block, k is the Boltzmann constant, and T is the absolute
Heptane 243 51.2 15.13 0.567

temperature. Taking dA Å 19 MPa1/2 for PPO (4) and usingOctane 270 51.5 15.53 0.5
the molecular properties of solubilizates listed in Table 1,Decane 323 52 15.74 0.387
one can calculate xAJ for all the solubilizates.

a Experimental results obtained in our earlier study (4) using block copol- The experimental solubilization data obtained in Ref. (4)
ymer of molecular weight 12,500, with 70 wt% PEO and 30 wt% PPO. are empirically correlated via the relation

formly, as clearly enunciated by Semenov (6). Hence, the
MSR Å ax0b

AJ Å aF (dA 0 dJ )
2
£J

kT G0b

[1]second goal of this paper is to formulate the uniform concentra-
tion–nonuniform deformation model to predict the solubiliza-
tion behavior of hydrocarbons in block copolymer micelles.

for both block copolymers investigated. Here, MSR is theMicellar models based on such nonuniform chain stretching
ratio of the moles of hydrocarbon solubilized to the moleshave been developed by us for conventional surfactants (7).
of block copolymer in solution, and a and b are positiveAlternate micellar models allowing for concentration in-
constants dependent on the block copolymer molecule. In ahomogeneities in the corona region (7) or in both the core
recent study, such a correlation has been found to describeand the corona regions (8) have also been formulated in our
well the experimental solubilization data for aliphatic, aro-earlier studies. The former model is based on a mean-field
matic, cyclic, and chlorinated hydrocarbons and esters indescription, whereas the latter theory is based on a scaling
poly(styrene) –poly(methacrylic acid) block copolymerapproach exploiting the analogy between spherical micelles
micelles (10). This empirical correlation suggests that solu-and star polymers. Another approach is that of Hurter et al.
bilizate J–core block A compatibility (dA– dJ is small) , as(9) involving self-consistent field calculations, which allow
well as a smaller molecular volume of the solubilizate £J ,the prediction of composition profiles in the core and the
lead to significantly large amounts solubilized.corona regions of the micelle.

In contrast to an empirical correlation, a theory of solubili-
zation can a priori predict the volume fraction of the solubili-

2. SUMMARY OF EXPERIMENTAL RESULTS zate inside the micellar core region as a function of the
molecular properties of the copolymer, the solvent, and the
solubilizate. In addition, a theory can predict all the micro-The solubilization capacities of block copolymer micelles

for aromatic and aliphatic hydrocarbons reported in Ref. (4) structural features of the micelle as well, such as the core
radius, the thickness of the corona, and the aggregation num-were determined using the gas chromatographic method. The

block copolymer molecule employed was composed of PEO ber. Such a theory, applicable to both diblock and symmetric
triblock copolymer molecules, is outlined below. Predictionsand PPO blocks with a total molecular weight of 12,500 and

having 30% PPO (Polysciences Inc.). This corresponds to a of various microstructural features of micelles containing
solubilizates are given in this paper, although no experimen-polymer having approximately 200 ethylene oxide and 64 pro-

pylene oxide segments. The limiting amounts of solubilization tal data are currently available for comparison. Recent stud-
ies have begun to address this need; for example, the hydro-of a number of aromatic and aliphatic hydrocarbons in aqueous

solutions of 10 wt% block copolymer are listed in Table 1, dynamic radii of micelles containing solubilizates deter-
mined by light scattering are given for another blockexpressed as millimoles solubilized per gram of the hydropho-

bic PPO block of the copolymer. Any excess hydrocarbon copolymer system in Ref. (10). We note, however, that its
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491SOLUBILIZATION OF HYDROCARBONS

decomposition into core radius and corona thickness is not centration X *1J . This condition is defined by the equilibrium
possible in the absence of additional information on the ag- relation
gregation number of the micelles.

mH
J Å m0

1J / kT ln X *1J . [3]
3. THERMODYNAMIC THEORY OF SOLUBILIZATION

Since an excess solubilizate phase comes into existenceSize and Composition Distribution of Micelles
when the aqueous solution is saturated with the solubilizate,
the standard state mH

J of the solubilizate refers to a pureThe micelles present in solution may contain varying num-
solubilizate phase. Denoting by f the fractional saturationbers of copolymer and solubilizate molecules. The size and

composition distribution of micelles at equilibrium is ob- of water with the solubilizate (i.e., X1J /X *1J) , the micelle
tained by minimizing the total free energy of the system. size and composition distribution equation becomes
The system includes solvent molecules, singly dispersed co-
polymer, and solubilizate molecules and micelles of various

Xg Å X g
1 f j /gexp 0 S gDm0

g

kT D ,sizes and compositions. Each of the species in the solution,
including micelles of different sizes and compositions, is
treated as a distinct chemical component. The standard state
of the solvent is defined as the pure solvent, whereas the

where
standard states of all the other components are taken as those
at infinitely dilute solution conditions. The standard chemical
potentials of the solvent water (W), the singly dispersed Dm0

g Å Sm0
g

g
0 m0

1 0
j

g
mH

1JD . [4]
copolymer, the singly dispersed solubilizate (J) , and mi-
celles of aggregation number g containing j solubilizate mol-
ecules are denoted by m0

W , m0
1 , m0

1J , and m0
g , respectively.

The factor Dm0
g represents the change in the standard-stateDenoting the mole fraction of species i by Xi , the micelle

free energy when a singly dispersed block copolymer mole-size and composition distribution equation can be written
cule in water and j /g solubilizate molecules in their pure(7, 8) in the form
phase are transferred to an isolated micelle in water. The
solubilization limit is achieved for f Å 1, when the aqueous

Xg Å X g
1X j

1Jexp 0 Sm0
g 0 gm0

1 0 jm0
1J

kT D . [2] micellar phase coexists with the pure solubilizate phase. All
predictions given in this paper are for this condition since the
experimental data in Ref. (4) were obtained corresponding to
the solubilization limit. Our calculations have shown thatIn writing Eq. [2] , it is assumed either that intermicelle
the size and composition distribution of micelles is veryinteractions are not present or that they do not affect the size
narrow and it is reasonable to assume that the micelles aredistribution. Also, the system entropy of the multicomponent
all of a single size and composition (5) .solution is written as for an ideal solution. In dilute solutions

such as those of interest here, the intermicellar interactions
Pseudophase Description of Micellesare not important. Therefore, one may neglect the free energy

contributions associated with such interactions. The conse- To simplify numerical computational efforts, the micelle
quences of using a few plausible models of system entropy containing the solubilizates can be represented as a pseu-
in the theory of micellization have been analyzed in detail dophase in equilibrium with the singly dispersed solubilizate
in Ref. (11). It was found that for nonionic systems such and copolymer molecules in solution. For aggregates exhib-
as those considered here, the choice of a model for the iting narrow size distribution, this representation provides
system entropy has no influence on the micellar structural results practically identical to those obtained from the de-
parameters, but affects only the magnitude of the critical tailed size distribution calculations. The equilibrium charac-
micelle concentration (CMC). Further, the CMC predicted teristics of the micelle in the pseudophase approximation are
assuming one entropy model can be related via a simple obtainable from the condition
scale factor to the CMC that would result from another en-
tropy model (11).

If one wants to calculate the limiting (or maximum) Ì
Ìg FDm0

g

kT G Å 0,
Ì
Ì j FDm0

g

kT G Å 0
amount of solubilization of a compound that is possible in-
side the micelle, then the concentration of the singly dis-
persed solubilizate X1J in water should be its saturation con- at g Å gopt , j Å jopt [5]
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492 NAGARAJAN AND GANESH

where gopt and jopt refer to the numbers of block copolymer
and solubilizate molecules, respectively, constituting the op-
timal or equilibrium aggregate. The CMC in the pseudophase
approximation is calculated from

XCMC Å expFDm0
g

kT G at g Å gopt , j Å jopt . [6]

The magnitude of Dm0
g controls the CMC as shown by Eq.

[6] . In contrast, the equilibrium structural features of the
micelle are determined by how this standard free energy
difference depends on the variables g and j , as is evident
from Eq. [5] . To formulate an expression for this free energy
difference, the geometrical features of the micelle should be
specified.

Geometrical Properties of Aggregates

Two structural descriptions of spherical aggregates can be
visualized depending on how the solubilizate is contained
inside the block copolymer micelle (Fig. 1) . These descrip-
tions result by analogy with the structural models employed
for simple solubilization and microemulsification, respec-
tively, in systems involving low-molecular-weight surfac-
tants. The type a structure is analogous to that used for
simple solubilization. Here, the micellar core is made up of
the solvent incompatible A blocks and the solubilizate J.
The solvent compatible B blocks and solvent W are present
in the corona region of the micelle. The type b structure is
analogous to that used for droplet microemulsions, with the
core region separated into two parts. Pure solubilizate J is
allowed to exist in the inner core of the micelle. This solubili-

FIG. 1. Schematic representation of a spherical block copolymer mi-zate domain is surrounded by the outer core region consisting
celle containing the solubilizate. The darker lines denote the hydrophobicof the A block and the solubilizate J. The corona of the
block, and the lighter lines, the hydrophilic block. In the type a structure,micelle contains the B block and the solvent W as in the all of the solubilizate molecules interact with the core block. In the type b

type a structure. In the absence of a pool of pure solubilizate structure, a part of the solubilizate molecules are present in a separate
J in the inner core, the type b structure reduces identically domain while the remaining interact with the core block.

to type a. Free energy calculations of the kind described
below showed that for the systems considered in this paper,

We denote the molecular volumes of the A and the Bthe condition of minimum free energy always occurred cor-
segments, the solubilizate, and the solvent by £A, £B, £J , andresponding to a zero size for the pure solubilizate pool. Thus,
£W, respectively. The characteristic lengths of the A and thethe thermodynamic equilibrium criterion always favored the

occurrence of the type a structure. Consequently, free energy B segments are denoted by LA (Å£ 1/3
A ) and LB (Å£ 1/3

B ) . The
variables NA and NB refer to the number of segments ofexpressions corresponding to only the type a structure are

discussed here. block A and block B for the AB diblock as well as the
BAB triblock copolymers, implying that the BAB triblockWe note that nonspherical aggregate structures are not

considered in this paper. Such structures (cylinders, vesicles, copolymer has two terminal blocks of size NB/2 attached to
a middle block of size NA. We use the variable R to denoteor lamellae, for example) can come into existence depending

on the composition and molecular weight of the block copol- the hydrophobic core radius, D for the corona thickness, and
a for the surface area of the aggregate core per constituentymer. The formation of nonspherical aggregates has been

modeled in our recent study (12) from which we predict block copolymer molecule. The micelle core volume VC is
calculated as the sum of the volumes of the A blocks andthat for the molecules examined in this paper, only spherical

micelles result in aqueous solutions. the solubilizate molecules, VC Å gNA£A / j£J . The volume

AID JCIS 4557 / 6g19$$$662 11-20-96 08:57:05 coidas AP: Colloid



493SOLUBILIZATION OF HYDROCARBONS

TABLE 2 core of the micelle. This provides an additional free energy
Geometrical Properties of Spherical Aggregates contribution. The free energy of solubilization can be ob-

tained as the sum of the above contributions:
Property Geometrical relation

(Dm0
g) Å (Dm0

g)A,dil / (Dm0
g)A,def / (Dm0

g)B,dil / (Dm0
g)B,defCore volume (VC) 4pR3/3

Corona volume (VS) VC [(1 / D/R)3-1] / (Dm0
g)loc / (Dm0

g)int / (Dm0
g)loop . [7]Aggregation number of micelles (g) VC fA/(NAvA)

Area per molecule of core surface (a) 3NAvA/(RfA)
Volume fraction of B in corona (fB) (NBvB)/(NAvA) fA (VC/VS) Expressions for each of these contributions are formulated
Volume fraction of solubilizate in core (h) 1-fA below.

Change in State of Dilution of Block A
of the corona region is denoted by VS . The volume fraction In the singly dispersed copolymer molecule, the A block
of the solubilizate molecules in the core is denoted by h is in a collapsed state, minimizing its interactions with the
(Å j£J / (gNA£A / j£J ) ) . The concentrations of segments are solvent. We consider the region consisting of the collapsed
assumed to be uniform in the core as well as in the corona, A block with some solvent entrapped in it to be a spherical
with fA standing for the volume fraction of the A segments globule, whose diameter 2R`A is equal to the end-to-end
in the core (fA Å 1 0 h) , and fB for the volume fraction distance of block A in the solvent. The volume of this spheri-
of the B segments in the corona. The shape of the micelle and cal region is denoted by V`A. The chain expansion parameter
the assumption of incompressibility lead to the geometrical

aA describes the swelling of the polymer block A by the
relations summarized in Table 2. If any three structural vari- solvent W,
ables are specified all the remaining geometrical variables
can be calculated through the relations given in Table 2.
For convenience, R , D , and h (or fA) are chosen as the V`A Å

4pR 3
`A

3
, 2R`A Å aAN1/2

A LA,
independent variables.

Model for the Free Energy of Solubilization aA Å S6
pD

1/3

N01/6
A f01/3

A1 , [8]

An expression for the free energy of solubilization Dm0
g

defined in Eq. [4] is developed by considering all the physi-
where fA1 (ÅNA£A/V`A) is the volume fraction of A seg-cochemical changes accompanying the transfer of the solubi-
ments within the monomolecular globule. The first equalitylizate molecule from its pure phase and the singly dispersed
in Eq. [8] follows from geometry; the second equality iscopolymer molecule from the infinitely dilute aqueous solu-
based on the definition of the chain expansion parameter aA,tion state to an isolated micelle also in the infinitely dilute
taking (N 1/2

A LA) as the unperturbed end-to-end distance ofsolution state. First, the transfer of the solubilizate and the
block A. The third equality is obtained by combining thesingly dispersed copolymer to the micellar core is associated
first two in conjunction with the definition for fA1 . Thewith changes in the state of dilution and in the state of
volume fraction fA1 is calculated (5) from the conditiondeformation of the A block, including the swelling of the A
of osmotic equilibrium between the monomolecular globuleblocks inside the core by the solubilizate J. Second, the B
treated as a distinct phase and the solvent surrounding it, asblock of the singly dispersed copolymer is transferred to the
suggested by de Gennes (13):corona region of the micelle, and this transfer process also

involves changes in the states of dilution and deformation
ln(1 0 fA1) / fA1 / xAWf 2

A1 Å 0. [9]of the B block. Third, the formation of the micelle localizes
the copolymer such that the A block is confined to the core
while the B block is confined to the corona. Fourth, the In Eq. [9] , xAW is the Flory interaction parameter between

the pure A polymer and water.formation of the micelle is associated with the generation
of an interface between the micelle core made up of A blocks In the micelle, the A block is confined to the core region,

where it is swollen by the solubilizate J. We consider thisand solubilizate J and the micelle corona consisting of sol-
vent W and B blocks. All these changes contribute to the region to be uniform in concentration with a volume fraction

fA of A segments and h (Å1 0 fA) of the solubilizate. Afree energy of solubilization in the case of the diblock and the
triblock copolymers. Further, in the case of a BAB triblock mean-field description is employed for calculating the free

energy of this region. The difference in the dilution of blockcopolymer, folding or loop formation of the A block occurs,
ensuring that the B blocks at the two ends are in the aqueous A from its singly dispersed state to the micellized state makes

a free energy contribution given by the relationdomain while the folded A block is within the hydrophobic
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494 NAGARAJAN AND GANESH

of size NA to be equivalent to two A blocks of size NA/2.(Dm0
g)A,dil

kT On this basis, one obtains

Å NAF£A

£J

1 0 fA

fA

ln(1 0 fA) / £A

£J

(1 0 fA)xAJG (Dm0
g)A,def

kT
Å FqS pp 2

80 D R 2

(NA/q)L 2
A
G

0 NAF £A

£W

1 0 fA1

fA1

ln(1 0 fA1) / £A

£W

(1 0 fA1)xAW 0 F3
2

(a 2
A 0 1) 0 ln a 3

AG , [11]

/ SsAWL 2
A

kT D 6
aAN 1/2

A
G [10] where q Å 1 for an AB diblock copolymer and q Å 2 for a

BAB triblock copolymer having a middle hydrophobic
block. The parameter p is dependent on aggregate shape and
has the value of 3 for spherical micelles (7) . In Eq. [11],In this equation, the first two terms account for the entropic
the first term represents the A-block deformation free energyand enthalpic contributions arising from the mixing of pure
in the micelle, whereas the second term corresponds to theA block and the pure solubilizate J within the micellar core.
deformation free energy in the singly dispersed copolymer.They are written in the form of the Flory expression for the

swelling of a network (14) by a solvent. The third and the
Change in State of Dilution of Block Bfourth terms account for the entropic and enthalpic changes

associated with the removal of A block from its infinitely In the singly dispersed state of the copolymer, the polymer
dilute state in water to a pure A state. These terms are written block B is swollen with the solvent. As mentioned before,
in the framework of the Flory expression (14) for an isolated NB denotes the size of the B block for the AB diblock copoly-
polymer molecule. The last term accounts for the fact that mer, whereas for a symmetric BAB triblock copolymer, the
the interface of the globule of the singly dispersed A block end blocks are of equal size NB/2. We consider this swollen
disappears on micellization. This term is written as the prod- B block to be a sphere, whose diameter 2R`B is equal to the
uct of the interfacial tension (sAW ) between pure A and end-to-end distance of isolated block B in the solvent. The
solvent W, the surface area of the globule (4pR`A

2) , and volume of this spherical region is denoted by V`B, while
the factor fA1 (volume fraction of polymer A in the globule) fB1 (ÅNB£B/V`B) is the volume fraction of B segments
to account for the reduction in the contact area between within the monomolecular globule:
block A and solvent W caused by the presence of some
water molecules inside the monomolecular globule. If the

V`B Å
4pR 3

`B

3
, 2R`B Å aB(NB/q)1/2LB. [12]interfacial tension sAW is not available from direct measure-

ments, it can be estimated using the relation sAW Å (xAW/
6)1/2 (kT /L 2) , where L Å £

1/3
W . Such a relation is usually The second equality in Eq. [12] is based on the definition

employed for the calculation of polymer-polymer interfacial of the chain expansion parameter aB, which can be estimated
tensions. using the expression developed by Flory (14). In the Flory

expression for aB, Stockmayer (15) has suggested decreas-
Change in State of Deformation of Block A

ing the numerical coefficient by approximately a factor of
2 to ensure consistency with the results obtained from pertur-In the singly dispersed state of the copolymer, the confor-
bation theories of excluded volume. Consequently, one canmation of the A block is characterized by the chain expansion
estimate aB as the solution ofparameter aA, which is the ratio between the actual end-to-

end distance and the unperturbed end-to-end distance of the
a 5

B 0 a 3
B Å 0.88(1/2 0 xBW )(NB/q)1/2 [13]polymer block. The free energy of this deformation is written

using the Flory expression (14) derived for an isolated poly-
mer molecule. Within the micelle, the A block is stretched where xBW is the Flory interaction parameter between the B

block and water.nonuniformly, with the chain ends occupying a distribution
of positions within the core while ensuring that the core In the micelle, the B blocks are present in the corona

region of volume VS . This region is assumed to be uniformhas a uniform concentration. The free energy contribution
allowing for nonuniform chain deformation is calculated us- in concentration, with fB (ÅgNB£B/VS) being the volume

fraction of the B segments in the corona. The free energying the analysis of chain packing pioneered by Semenov
(6). In the case of a BAB triblock copolymer, the A block of the corona region can be written using the Flory expres-

sion (14) for a network swollen by the solvent. Therefore,deformation is calculated by considering the folded A block
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495SOLUBILIZATION OF HYDROCARBONS

the difference in the states of dilution of the B block on Localization of the Copolymer Molecule
micellization provides the following free energy contribu-

On micellization, the copolymer becomes localized in thetion:
sense that the joint linking blocks A and B in the copolymer
is constrained to remain in the interfacial region rather than
occupying all the positions available in the entire volume of(Dm0

g)B,dil

kT the micelle. The entropic reduction associated with localiza-
tion is modeled using the concept of configurational volume
restriction. Thus, the localization free energy is calculatedÅ NBF £B

£W

1 0 fB

fB

ln(1 0 fB) / £B

£W

(1 0 fB)xBWG
on the basis of the ratio between the volume available to
the A–B joint in the interfacial shell of the micelle (sur-
rounding the core and having a thickness LB) and the total0 NBF £B

£W

1 0 fB1

fB1

ln(1 0 fB1)
volume of the micelle:

(Dm0
g)loc

kT
Å 0q lnF dLB

R(1 / D /R) dG . [16]/ £B

£W

(1 0 fB1)xBWG . [14]

Here, d refers to the dimensionality of aggregate growth and
The first two terms in Eq. [14] describe the entropic and

is 3 for spherical micelles (12).
enthalpic contributions to the free energy of swelling of the
B block by the solvent in the corona region of the micelle, Formation of Micellar Core–Solvent Interface
whereas the last two terms refer to the corresponding contri-

When a micelle forms, an interface is generated betweenbutions in the singly dispersed copolymer molecule.
the core region consisting of the A block and the solubilizate
J and the corona region consisting of the B block and theChange in State of Deformation of Block B
solvent W. The free energy of formation of this interface is

In the singly dispersed state, the B block has a chain estimated as the product of the surface area of the micellar
conformation characterized by the chain expansion parame- core and an interfacial tension characteristic of this interface.
ter aB. In the micelle, the B block is stretched nonuniformly The appropriate interfacial tension is that between a solution
over the micelle corona so as to ensure that the concentration of block A and solubilizate J in the micelle core and a
in the corona region is uniform. Semenov (6) has shown solution of block B and solvent W in the micellar corona.
that the estimate for the chain deformation energy, assuming Since the corona region is often very dilute in block B, the
that the termini of all B blocks lie at distance D from the core interfacial tension can be approximated as that between the
surface, is not very different form that calculated assuming a solvent W and a solution of the A block and the solubilizate
distribution of chain termini at various positions within the J in the micelle core. Denoting the polymer A–solvent W
corona. On this basis, one can write (12) interfacial tension by sAW and the solubilizate J–solvent W

interfacial tension by sJW, the free energy of generation of
the micellar core–solvent interface is calculated from(Dm0

g)B,def

kT
Å Fq

3
2

LBR

(a /q)fB

PG
(Dm0

g)int

kT
Å sagg

kT
a ,

0 qF3
2

(a 2
B 0 1) 0 ln a 3

BG , [15]
sagg Å sAWfA / sJW (1 0 fA). [17]

Here, the interfacial tension of a polymer solution of block
A and solubilizate J against another liquid W is approxi-where a is the surface area per molecule of the micelle core,

q Å 1 for AB diblock and q Å 2 for BAB triblock, as before, mated to be the composition-averaged interfacial tensions of
pure polymer A and pure solubilizate J against the solventand P is a shape-dependent function given by P Å (D /R) /

[1 / (D /R)] , for spheres (12). The first term in Eq. [15] W. The volume fraction is used as the composition variable.
Such a simple dependence of the interfacial tension on bulkrepresents the free energy of deformation of the B block in

the micellar corona, whereas the second term denotes the solution composition is not generally obeyed in the case
of free solutions of polymers or of low-molecular-weightcorresponding free energy in the singly dispersed copolymer

molecule. components. The origin of the deviation from linearity lies
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in the preferential adsorption or depletion of one of the com- TABLE 3
Predicted Core Radius, Corona Thickness, Aggregation Num-ponents at the interface, which causes the surface composi-

ber, Solubilization Capacity, and CMC of E200P64 Diblock Copoly-tion to differ from the bulk composition (16); however, the
mer Micelles at 257Cmicellar interface is different from the interface of a free

polymer solution. Specifically, because of the localization
Solubilizate R (Å) D (Å) g ha 0ln XCMCof the A–B link at the interface, the segments of the A

blocks are forced to be at the interface independent of any Benzene 92.7 135 279 0.478 (0.51) 64.3
Toluene 83.3 132 235 0.393 (0.40) 58.3selective adsorption or depletion. This would diminish the
o-Xylene 79.4 131 216 0.357 (0.33) 56.0difference between the surface and bulk compositions in the
Ethyl benzene 76.2 130 203 0.316 (0.41) 54.6micellar core when compared with that in a free polymer
Cyclohexane 69.8 128 180 0.211 (0.18) 52.5

solution. Consequently, the composition averaging of in- Hexane 58.1 120 122 0.069 (0.08) 48.3
terfacial tension expressed by Eq. [17] is taken as a reason- Heptane 57.2 120 119 0.057 (0.08) 47.8

Octane 57.0 119 117 0.053 (0.08) 47.6able approximation in the present calculations. An alternate
Decane 55.7 118 112 0.036 (0.06) 47.2approach to estimating the interfacial tension by calculating
None 53.2 116 101 — 46.6the interface composition between two bulk solutions has

been explored in our study of solubilization in low-molecu- a Values in parentheses are experimental data from Ref. (4) summarized
lar-weight surfactant micelles (8) . in Table 1.

Backfolding or Looping in Triblock Copolymer
solutions of PEO and PPO (8). The molecular volumes of

The backfolding or looping of the middle block in a BAB
the segments are £A Å 96.5 Å3 (for PO) and £B Å 64.6 Å3

triblock copolymer contributes an entropic term to the free
(for EO) while for water, £W Å 30 Å3 . Since the molecular

energy of solubilization. This contribution is absent for the
weights of the segments are 58 for PO and 44 for EO, the

case of a diblock copolymer. Jacobsen and Stockmayer (17)
block copolymer of total molecular weight 12,500 with 30

showed that the reduction in entropy for the condition that
wt% propylene oxide employed in our experiments (4) con-

the ends of a linear chain of N segments are to lie in the
tains approximately 200 ethylene oxide segments and 64

same plane or on one side of a plane is proportional to ln
propylene oxide segments. All predictive calculations for the

N . Therefore, the assumption that the backfolding of the
diblock and triblock copolymers have concentrated on these

middle block in the micelle follows the same functional form
numbers of EO and PO segments. The predicted micellar

is made. Hence, the backfolding or looping entropy makes
structural properties are summarized in Tables 3 to 5 for

the following contribution in the case of a BAB copolymer:
three block copolymer systems. The various contributions
to the free energy of solubilization corresponding to the
equilibrium aggregate are listed in Tables 6 to 8 for the same(Dm0

g)loop

kT
Å 3

2
b ln[NA]. [18]

three block copolymer systems.
The predictions based on the uniform concentration–non-

Here, b is an excluded volume parameter which is equal to uniform deformation model are summarized in Table 3 for
unity when the excluded volume effects are negligible and E200P64 diblock copolymer micelles. Also shown within the
larger than unity when these effects become important. In parentheses are the measured solubilization capacities (from
the present calculations, b is taken to be unity. Table 1) expressed as volume fractions in the micelle core.

In general, the agreement between the experimental and
measured values of h is reasonably satisfactory for all the4. MODEL PREDICTIONS AND CONCLUSIONS
solubilizates. Whereas the theory permits the prediction of
all the structural features of the micelles such as g , R , DTo perform quantitative calculations, the values of molec-

ular constants appearing in Eqs. [8] to [18] are needed for and the CMC, experimental data for these variables are cur-
rently not available and hence the corresponding compari-PEO–PPO diblock and PEO–PPO–PEO triblock copoly-

mers, solvent water, and hydrocarbon solubilizates. The mo- sons have not been possible. The predicted results show that
the solubilization capacity is larger when the core blocklecular volumes £J of the solubilizates, their solubility param-

eters dJ , and the interfacial tensions sJW between water and A–solubilizate J interactions are favorable (small xAJ) , the
solubilizate–solvent interfacial tension (sJW ) is lower, andthe solubilizates are listed in Table 1. The Flory interaction

parameters xAJ are estimated using the solubility parameters the molecular volume of the solubilizate (£J ) is smaller.
Consequently, the aromatic molecules are found to displaydA and dJ as indicated in Section 2. The Flory interaction

parameters xAW and xBW have been estimated to be 2.1 and a larger solubilization limit compared with the aliphatic mol-
ecules. Solubilization is found to increase the micellar core0.2, respectively, based on available activity data on aqueous
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TABLE 4 TABLE 6
Predicted Core Radius, Corona Thickness, Aggregation Num- Calculated Contributions to the Standard Free Energy Change

ber, Solubilization Capacity, and CMC of E100P64E100 Triblock Co- on Aggregation (in kT) for E200P64 Diblock Copolymer Micelles
polymer Micelles at 257C at 257C

Solubilizate R (Å) D (Å) g ha 0ln XCMC Solubilizate (Dm0
g)A,def (Dm0

g)A,dil (Dm0
g)B,def / (Dm0

g)B,dil (Dm0
g)int (Dm0

g)loc

Benzene 55.2 77.1 72 0.366 (0.51) 37.2 Benzene 1.87 0116.10 17.56 27.63 4.74
Toluene 50.2 75.7 61 0.279 (0.40) 32.0 Toluene 1.42 0108.26 17.20 26.53 4.79
o-Xylene 48.3 75.0 57 0.245 (0.33) 30.1 o-Xylene 1.24 0104.87 16.89 25.94 4.81
Ethyl benzene 46.7 74.5 54 0.208 (0.41) 29.0 Ethyl benzene 1.11 0103.03 16.80 25.65 4.83
Cyclohexane 43.7 73.7 49 0.124 (0.18) 27.2 Cyclohexane 0.86 0100.12 16.72 25.17 4.89
Hexane 39.3 71.0 39 0.039 (0.08) 24.5 Hexane 0.45 091.19 14.82 22.70 4.94
Heptane 38.9 70.8 38 0.031 (0.08) 24.2 Heptane 0.42 090.39 14.67 22.51 4.94
Octane 38.7 70.7 38 0.027 (0.08) 24.1 Octane 0.41 090.07 14.62 22.46 4.95
Decane 38.2 70.3 37 0.016 (0.06) 23.8 Decane 0.37 089.04 14.38 22.17 4.95
None 37.4 69.8 35 — 23.5 None 0.30 087.23 13.87 21.57 4.96

a Values in parentheses are experimental data from Ref. (4) summarized
in Table 1. D , and solubilization capacities h are all considerably

smaller for the case of triblock copolymer compared with
radius and decrease the CMC. The larger the solubilization diblock copolymer. The CMCs are significantly larger for
capacity, the more significant are the changes in R and the the triblock copolymer compared with the diblock copoly-
CMC. The increase in the core radius R results not only mer. The measured h (shown in parentheses) are in poorer
from the incorporation of the solubilizate [as was assumed agreement with the predictions for the triblock copolymer
in Ref. (10) while interpreting the experimental data] , but micelles compared with the diblock copolymer micelles.
also because of the increasing number of block copolymer In Tables 6 to 8, the various free energy contributions to
molecules that are accommodated within a micelle. This solubilization of hydrocarbons in the three block copolymer
increase in g is more dramatic in the case of solubilizates micellar systems are summarized. All the free energies corre-
whose uptake by the micelles is large. In comparison, the spond to spherical aggregates favored at equilibrium whose
corona thickness D is not very much affected by solubiliza- dimensions have been specified in Tables 3 to 5. The contri-
tion. bution from the dilution of A block (including the swelling

Table 4 lists the predicted results for E100P64E100 triblock of the core by the solubilizate) is negative and is responsible
copolymer in water at 257C. A comparison with the results for the occurrence of solubilization. All other free energy
for diblock copolymer E200P64 of the same molecular weight contributions are positive. Of these, the free energy of local-
and composition (presented in Table 3) shows that the mi- ization has only a weak dependence on the aggregation num-
cellar core radius R , aggregation number g , shell thickness

TABLE 7
TABLE 5 Calculated Contributions to the Standard Free Energy Change

Predicted Core Radius, Corona Thickness, Aggregation Num- on Aggregation (in kT) for E100P64E100 Triblock Copolymer Mi-
ber, Solubilization Capacity, and CMC of E100P32 Diblock Copoly- celles at 257Ca

mer Micelles at 257C
Solubilizate (Dm0

g)A,def (Dm0
g)A,dil (Dm0

g)B,def / (Dm0
g)B,dil (Dm0

g)int (Dm0
g)loc

Solubilizate R (Å) D (Å) g ha 0ln XCMC

Benzene 2.84 0112.01 20.13 36.93 8.29
Toluene 2.28 0104.46 19.63 35.49 8.37Benzene 55.2 77.1 144 0.366 (0.51) 34.5

Toluene 50.2 75.7 122 0.279 (0.40) 32.0 o-Xylene 2.06 0101.32 19.28 34.79 8.40
Ethyl benzene 1.9 099.52 19.14 34.39 8.44o-Xylene 48.3 75.0 114 0.245 (0.33) 31.0

Ethyl benzene 46.7 74.5 108 0.208 (0.41) 30.4 Cyclohexane 1.60 096.59 18.92 33.69 8.51
Hexane 1.21 090.05 17.45 31.62 8.56Cyclohexane 43.7 73.7 98 0.124 (0.18) 29.5

Hexane 39.3 71.0 78 0.039 (0.08) 28.2 Heptane 1.17 089.36 17.31 31.42 8.57
Octane 1.16 089.04 17.24 31.33 8.57Heptane 38.9 70.8 76 0.031 (0.08) 28.1

Octane 38.7 70.7 76 0.027 (0.08) 28.0 Decane 1.11 088.27 17.05 31.07 8.58
None 1.05 087.23 16.75 30.68 8.58Decane 38.2 70.3 74 0.016 (0.06) 27.8

None 37.4 69.8 70 — 27.7
a Free energy contribution from the backfolding of A block is a constant

independent of the presence or absence of solubilizates and has the magni-a Values in parentheses are experimental data from Ref. (4) summarized
in Table 1. tude of 6.25 kT.
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ber and on the nature of the solubilizate; thus it has negligible TABLE 8
Calculated Contributions to the Standard Free Energy Changeeffect on the microstructural parameters. Similarly, the free

on Aggregation (in kT) for E100P32 Diblock Copolymer Micellesenergy contribution associated with looping of the A block
at 257Cin the triblock copolymer is a constant and has no influence

on the structural parameters. Both of these contributions,
(Dm0

g)B,defhowever, affect the CMC. In contrast, the contributions asso- Solubilizate (Dm0
g)A,def (Dm0

g)A,dil / (Dm0
g)B,dil (Dm0

g)int (Dm0
g)loc

ciated with the corona block B and the formation of the
micellar core-shell interface are dominant over the other Benzene 1.38 068.81 10.39 18.46 4.14

Toluene 1.09 065.04 10.15 17.75 4.19positive free energy contributions and influence all the struc-
o-Xylene 0.99 063.47 9.98 17.40 4.20tural characteristics of micelles.
Ethyl benzene 0.91 062.57 9.91 17.20 4.22The differing results obtained for the E200P64 diblock and Cyclohexane 0.76 061.10 9.80 16.85 4.25

the E100P64E100 triblock copolymers can be understood on the Hexane 0.56 057.83 9.07 15.81 4.28
basis of the free energy model developed. First, for the BAB Heptane 0.54 057.49 8.99 15.71 4.28

Octane 0.51 057.33 8.96 15.66 4.28triblock copolymers (where B refers to the hydrophilic and
Decane 0.49 056.94 8.86 15.53 4.29A to the hydrophobic blocks) , the A blocks are subjected
None 0.48 056.42 8.70 15.34 4.29to backfolding so as to exclude the B blocks from the micel-

lar core. This looping free energy contribution is a positive
constant dependent on the block copolymer molecular
weight and composition but independent of micellar size the free energy expressions (Eqs. [8] to [18]) one can

clearly observe that if NA/q and NB/q are identical for acharacteristics. Hence, its only effect is to increase the CMC
in the case of triblock copolymers compared with diblock diblock molecule and a symmetric triblock molecule, then

the expressions for the free energy of solubilization are iden-copolymers of identical molecular weight and composition.
In other words, it is more difficult to form micelles with tical (except for a constant term) for the aggregates formed

of these two kinds of molecules, for the same values for R ,triblock copolymers than with their diblock counterparts.
Secondly, in the case of a triblock copolymer, the backfolded D , h, and a /q . Therefore, the free energy minimization

yields the same values of these structural parameters for theA block in the micellar core is treated as being equivalent
to two A chains of half the molecular weight. Also, each B E100P64E100 triblock and E100P32 diblock copolymer micelles.

The geometrical relation for a spherical aggregate in con-block of the triblock copolymer has half the molecular
weight when compared with the B block of a diblock copoly- junction with the molecular packing requirement then dic-

tates that the aggregation number of the diblock E100P32 mi-mer of same overall molecular weight and composition. Con-
sequently, the aggregation number, core radius, corona thick- celle will be twice that of the triblock E100P64E100 micelle.

The quantitative prediction of aggregate characteristicsness, and volume fraction of solubilizate in the micelle core
are all appreciably smaller for triblock copolymer micelles discussed above is influenced by the simplifying assump-

tions that have been made in constructing the model. Forwhen compared with micelles of diblock copolymer having
identical molecular weight and composition. example, only approximate estimates for the interfacial ten-

sion sagg characteristic of the hydrophobic core–hydrophilicFrom what has been mentioned above, one can anticipate
that a triblock copolymer behavior is practically equivalent corona interface are employed in the present calculations.

To obtain improved estimates of sagg , future developmentsto a diblock copolymer having the same composition but
half its molecular weight in many respects. Indeed, the core in the treatment of a constrained interface between two solu-

tions are necessary. The model presented here assumes aradius, corona thickness, and volume fraction solubilizate
are identical for a triblock copolymer micelle and a micelle sharp interface and does not allow the penetration of water

or of the hydrophilic block into the hydrophobic core. It isof diblock copolymers having the same composition but half
the molecular weight. This is seen from the results summa- of interest to relax this assumption and examine how the

model predictions will be modified for the case of a diffuserized in Table 5 for E100P32 . Since the core radii are equal,
from geometrical relations one gets an aggregation number interface. For solubilizates such as benzene, which are also

good solvents for PEO, there is the possibility that in additionthat is twice as large for these diblock copolymer micelles
compared with the E100P64E100 triblock copolymer micelles. to the solubilizate being present in the micellar core, it could

also be present in the micellar shell. The model presentedIn addition to the structural features being comparable, one
can observe that the CMCs are not very significantly differ- here does not describe such a situation. The presence of

any solubilizate in the micellar shell can alter the predictedent in the two cases despite the vast difference in the sizes
of the A blocks. This is because of the compensation pro- micellar dimensions and the solubilization capacity.

The main advantage of the present theory is that it allowsvided by the corona free energy, interfacial free energy, and
looping free energy contributions (see Tables 7 and 8). From the prediction of all the microstructural features of micelles
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