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The solubilization capacity of block copolymer aggregates
in aqueous solutions for hydrophobic guest molecules is
reviewed in this paper. Experimental results on the
solubilization of a number of hydrocarbons and mixtures
of hydrocarbons, and hydrophobic molecules with vary-
ing degrees of polarity are first summarized. We then
describe in detail a predictive molecular thermodynamic
theory of solubilization formulated in our earlier studies.
Explicit analytical expressions are provided for the
standard state free energy change associated with
solubilization of hydrocarbons in aggregates having
spherical, cylindrical and lamellar shapes. Utilizing these
free energy expressions and using only molecular
constants, the core size, corona thickness, and aggrega-
tion number of the polymeric aggregates and the volume
fraction of the hydrocarbon solubilized in the core have
been predicted. The characteristics of aggregates formed
from diblock and triblock copolymers and their solute
uptake capacity are compared and related to the molecu-
lar properties of the guest molecules and the block
copolymers. Further, theoretical results from a systema-
tic study of solubilization of several hydrocarbons by
aggregates formed of the family of Pluronic1 triblock
copolymers are discussed. Very interestingly, solubiliza-
tion is shown to induce a transition in aggregate shapes
from spheres to cylinders and then to lamellae. The origin
of such shape transitions is identified in terms of the
different free energy contributions. Finally, a few
applications of solubilization in block copolymer aggre-

gates are briefly mentioned. Copyright  2001 John
Wiley & Sons, Ltd.
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Block copolymer molecules consisting of hydro-
phobic and hydrophilic blocks aggregate in aque-
ous solutions, forming structures well-known as
micelles. In these micelles, the hydrophilic blocks
constitute the corona or the shell region while the
hydrophobic blocks form the core. This phenom-
enon is entirely analogous to the formation of
micelles by conventional low-molecular-weight
surfactants. The concentration at which themicelles
are first detected is known as the critical micelle
concentration (CMC). In the case of block copoly-
mers, because of the large size of the hydrophobic
block, the CMC is often too small to be measurable
when compared to the CMCs of low-molecular-
weight surfactant systems. One of the most useful
properties of the micellar aggregates is their ability
to take up hydrophobic guest molecules which are
otherwise only sparingly soluble in water. The
micellar core serves as a compatible micro-envir-
onment for the water-insoluble guest molecules,
thereby enhancing their solubility in water. This
phenomenon is referred to as solubilization. The
solubilization of guest molecules by block copoly-
mer micelles holds great potential for the develop-
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ment of aqueous block copolymer solutions as
environmentally benign substitutes for organic
solvents currently being used in applications such
as reaction media in chemical process industry, as
chemical extractants in separation processes, and as
industrial cleaning agents. Other potential applica-
tions such as drug delivery are also based on the
exploitation of the solubilization process.

Extensive studies of solubilization in aqueous
solutions of conventional surfactants have ap-
peared in the literature [1]. In contrast, there are
much fewer studies of solubilization of hydropho-
bic substances in block copolymer micelles. Experi-
mental results on the solubilization of aliphatic and
aromatic hydrocarbons in micelles formed of
poly(ethylene oxide)-poly(propylene oxide) (PEO-
PPO) and poly(vinyl pyrrolidone)-polystyrene
(PVP-PS) block copolymers were presented by
Nagarajan et al. [2] In this work, the selectivity in
the solubilization was also explored via measure-
ments on binary mixtures of hydrocarbons. Slocum
et al. [3] presented experimental results on the
solubility of a number of alcohols, ethyl esters,
ketones and aldehydes, all of which are typical
components present in food flavors, in PEO-PPO
block copolymer micelles. They also determined
the selectivity in solubilization of components of
orange oil in block copolymer micelles [4]. Hurter
and Hatton [5] have conducted a study of solu-
bilization of three polycyclic aromatics in solutions
of PEO-PPO-PEO triblock copolymers and four-
armed PEO-PPO star block copolymers of varying
molecular weights and compositions. The location
of solubilized benzene in micelles formed of the
above copolymers were identified by Nivaggioli et
al. [6] as the PPO core region of the aggregates. The
solubilization of xylene in PEO-PPO-PEO triblock
copolymer micelles and the changes in aggregation
number induced by the solubilizate were measured
by Chu and coworkers [7, 8]. They observed a
growth in the aggregation number and the hydro-
dynamic radius of the micelle on solubilization and
also concluded that xylene is present in the PPO
core of the micelle. The solubilization of fluorescent
probes in PEO-PPO-PEO triblock copolymer solu-
tions has been investigated by Kabanov et al. [9].

From a theoretical point of view, the solubiliza-
tion in PEO-PPO diblock copolymer micelles and
PEO-PPO-PEO triblock copolymer micelles were
treated using a mean-field approach by Nagarajan
and Ganesh [10, 11] considering spherical as well as
non-spherical shapes for the micellar aggregates.
They formulated [12] also an alternate treatment
based on the star polymer model using the scaling
approach and focusing on spherical micelles.
Similar scaling analysis of solubilization in diblock
copolymer aggregates applicable to spherical,
cylindrical and lamellar structures has been pre-
sented by Dan and Tirrell [13]. The solubilization
phenomenon has been treated using a self-consis-
tent mean-field approach taking into account
composition inhomogeneities inside the aggregate
structure by Cogan et al. [14], Hurter et al. [15, 16],
Linse [17] and Leermakers et al. [18]. The thermo-

dynamics of solubilizate uptake has been treated by
Lebens and Keurentjes [19] in terms of the enthalpy
and the entropy of interactions between the
solubilizate and the micellar core block, the energy
of creation of the interface and the two conforma-
tions proposed for the poly(ethylene oxide) and
poly(propylene oxide) chains [20].

This review emphasizes our own work for two
reasons. First, experimental results have been
obtained for a number of molecules by system-
atically varying the properties of guest molecules.
Second, our theoretical treatment of solubilization
is relatively simple. The main advantage of the
theory is that it allows the prediction of all micro-
structural features of micelles containing solubili-
zates with only minor computational effort.
Further, all free energy contributions are given as
explicit analytical functions directly linked to
physicochemical changes accompanying solubiliza-
tion, and involving only molecular constants and
geometrical variables. Such an explicit link between
the free energy of solubilization on the onehand and
themolecular properties of the guest molecules and
the block copolymer on the other hand, allows a
molecular interpretation of the uptake of guest
molecules by the block copolymer aggregates.

This paper is organized as follows. In the next
section, we discuss experimental results on the
solubilization capacity of block copolymer aggre-
gates for many guest molecules. This is followed by
a thermodynamic treatment of solubilization in
block copolymer micelles using the mean-field
approach in the section on Molecular Theory of
Solubilization. The free energy expressions are
presented in a general manner applicable to both
diblock and triblock copolymers and also to
spherical, rod-like and lamellar aggregates. The
Solubilization Ð Predictions of Molecular Theory
section summarizes the main results, with empha-
sis on the importance of the properties of the
solubilizates, comparison between the diblock and
triblock copolymers, and a systematic investigation
of structural transitions in Pluronic triblock co-
polymers induced by various solubilizates. The last
section refers to yet other types of guest molecules
solubilized in block copolymer aggregates and
their importance to practical applications.

CAPACITY OF AGGREGATES FOR
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The solute uptake capacity of block copolymer
micelles has been represented in the literature in
many forms. These include, micelle±water partition
coefficients (defined as the ratio between the
concentration of the solute inside the micelle and
the concentration of the solute that is molecularly
dispersed in the aqueous phase, the concentrations
being in mole fractions or molarities), the limiting
amount of solubilization (which occurs when the
aqueous solution of micelles coexists with an excess
solubilizate phase), volume fraction in the micelle
core and the molar solubilization ratio, MSR (which

Copyright  2001 John Wiley & Sons, Ltd. Polym. Adv. Technol., 12, 23±43 (2001)

24 / Nagarajan



is the ratio of the moles of guest molecules to the
moles of polymer molecules in the aggregate).

Solubilization of Hydrocarbons

The solubilization capacity of block copolymer
micelles for aromatic and aliphatic hydrocarbons
have been determined using the gas chromato-
graphic method [2]. Two block copolymer mol-
ecules, PEO-PPO having a molecular weight of
12,500 and containing 30 wt% PPO (corresponds
approximately to 200 ethylene oxide and 64
propylene oxide segments) and PVP-PS of unspe-
cified molecular weight having 60 wt% PS were
used in these experiments. The copolymers were
not well characterized with respect to their poly-
dispersity and there is some uncertainty as to
whether the PEO-PPO copolymer is a diblock or
triblock copolymer [5]. The extent of solubilization
of the guest molecules in aqueous solutions of 10
wt% PEO-PPO block copolymer or 20 wt% PVP-PS
block copolymer are listed in Table 1. Also listed for
comparison are the results obtained in solutions of
a conventional low-molecular-weight surfactant,
sodium dodecyl sulfate (SDS). The limiting
amounts solubilized are expressed as mmoles
solubilized per gram of the hydrophobic block of
the copolymer (or of the hydrophobic surfactant
tail). Also listed are some important molecular
characteristics of the solubilizates including their
molecular volume (vJ), their interfacial tension
against water (�JW), and their Hildebrand±Scatch-
ard solubility parameter (�J) values. The subscript J
is used to denote the solubilizate while W refers to
the solvent water. Subscripts A and B denote the
hydrophobic and hydrophilic blocks of the copo-
lymer, respectively.

The most notable feature of the results is the
large difference in the uptake capacity for aromatic
hydrocarbons compared to aliphatic hydrocarbons.
The four-fold difference between the solubilized
moles of benzene and hexane in the low-molecular-
weight surfactant SDS is replaced by a 17-fold
difference in the PEO-PPO block copolymer and by
a 40-fold difference in the PVP-PS block copolymer.

The amounts solubilized in conventional
surfactant micelles have been correlated [21]
with sufficient accuracy to the molecular volume
of the solubilizates (vJ), and also to a non-di-
mensional volume-polarity parameter defined as
��JWv2=3J =kT�where k is the Boltzmann constant and
T is the absolute temperature. In defining the
volume-polarity parameter, the solubilizate±water
interfacial tension is taken as a measure of the
solubilizate's polarity and the consequent inter-
facial activity. The correlations show that the
amount solubilized for a homologous family of
solubilizates decreases with increasing molecular
size of the solubilizate. The difference between the
aromatic and aliphatic solubilizates of similar
molecular volumes (toluene and cyclohexane, for
example) has been explained in terms of the
polarity and the consequent interfacial activity of
the aromatics and the correlation based on the
volume-polarity parameter has been found to be
quite satisfactory for many surfactants. [21]

In the case of polymeric aggregates, one can
expect the interactions between the core block A of
the copolymer and the solubilizate J to influence the
solubilization capacity. These interactions are
represented by the Flory interaction parameter wAJ

which can be estimated [2] from knowledge of the
Hildebrand solubility parameters of both A and J
via the relation �AJ = (�Aÿ �J)2 vJ/kT, where �A is
the solubility parameter for the core block. Taking
�A to be 19 MPa1/2 for PPO, 18.6 MPa1/2 for PS, and
15.94 MPa1/2 for the dodecyl tail of the SDS, and
using the molecular properties of solubilizates
listed in Table 1, we can calculate the Flory
interaction parameters for all the solubilizates.
The measured solubilization capacity has been
correlated with the Flory interaction parameter in
the form

MSR � a �ÿbAJ � a
��A ÿ �J�2vJ

kT

" #ÿb
�1�

where the positive constants a and b are dependent
on the block copolymer molecule. One can see that

TABLE 1. Solubilization Capacity of Block Copolymer Micelles for Aromatic and Aliphatic Hydrocarbons at 25°C and
Some Molecular Properties of the Solubilizates

Solubilizate

Molecular properties of solubilizates
mmoles solubilized per gram of

hydrophobic block

vJ (AÊ 3) �JW (dyn/cm) �J (MPa1/2) PEO-PPO PVP-PS SDS

Benzene 146 33.93 18.80 11.67 30 9.9
Toluene 176 36.1 18.19 6.33 14.8 8
o-Xylene 200 36.1 18.40 4.0 31.6 4.43
Ethyl benzene 204 38.4 17.99 5.67 26.7 Ð
Cyclohexane 179 50.2 16.76 1.97 3 4.6
Hexane 217 50.7 14.92 0.667 0.77 2.39
Heptane 243 51.2 15.13 0.567 0.47 Ð
Octane 270 51.5 15.53 0.5 0.18 Ð
Decane 323 52 15.74 0.387 0.072 1.18
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the aromatic solubilizates with the small wAJ values
are good solvents for the PPO and the PS blocks
and give rise to large MSRs. In contrast, the
aliphatic solubilizates are poor solvents for these
blocks and display low values for the MSR. The
above correlation has been used to describe the
solubilization data in also PS-poly(methacrylic
acid) (PS-PMA) block copolymer micelles obtained
for 18 different solubilizates including aliphatic,
cyclic and aromatic hydrocarbons, chlorinated
hydrocarbons and esters. [22] In this work, the
PS-solubilizate interaction parameters have not
been calculated from the solubility parameters but
have been obtained experimentally using inverse
gas chromatography.

The partition equilibrium constants K for
toluene, naphthalene and phenanthrene in PVP-
PS block copolymer solutions reported in the
literature, [23] are in accord with the first published
report [2] of the large solubilization capacity of
PVP-PS block copolymer micelles for aromatics.
The partition coefficient of naphthalene solubilized
in various PEO-PPO-PEO triblock copolymer mi-
celles [24] was found independent of the block
copolymer concentration. Its variation with the
molecular weight and the composition of the block
copolymer suggests that changes in the aggregate
size influence the partition coefficient. Solubiliza-
tion isotherms of toluene, benzene, chlorobenzene
and p-xylene have been obtained in a number of
PEO-PPO-PEO triblock copolymer micelles by
Gadelle et al. [25]. The partition coefficient, K, is
found to be strongly dependent on the amount of
solubilizate present in the micelles. At very low
solubilizate concentrations, an increase in K with
increasing amount of solubilizate is seen for low-
molecular-weight block copolymers suggesting
that the presence of the solubilizate is favoring
the aggregate formation. At higher solubilizate

concentrations, K decreases with increasing
amount of solubilizates similar to the behavior
shown by small surfactant molecules. Further, the
partition coefficients are found to depend on the
block copolymer concentration for the lower mol-
ecular weight block copolymers and concentration-
independent for higher molecular weight block
copolymers.

Studies on the solubilization of a drug molecule
estriol in a PEO-PPO-PEO triblock copolymer
showed [26] that the solubilization is driven by
favorable entropy changes as may be expected for a
very hydrophobic solubilizate. The estimated parti-
tion coefficient shows an increase in value beyond a
transition concentration of the block copolymer; the
transition has been attributed to a possible growth
in the aggregate. The increase in K with increasing
temperature has been attributed to a possible
decrease in wAJ and also to an increase in the
aggregate size. Similar increases in K have been
reported [9] for hydrophobic fluorescent probe
molecules in PEO-PPO-PEO triblock copolymer
micelles.

Solubilization of Alcohols, Ketones and Esters

Oxygenated compounds such as alcohols, esters,
ketones, aldehydes, phenols, ethers, etc., are pre-
sent in essential oils and are important as flavor
compounds in food and beverage industries. The
solubilization of these compounds in micellar
solutions offers a way of preparing flavor formula-
tions that are thermodynamically stable. Slocum et
al. [3, 4] have measured the solubilization capacity
of PEO-PPO block copolymer micelles for 2-
ketones, 1-alcohols and ethyl esters by the turbidity
method in solutions containing 3 wt% PEO-PPO
(30% PPO, MW = 12,500) and the results are
summarized in Table 2. Also listed are the aqueous

TABLE 2. Solubilization Capacity of PEO-PPO (30% PPO, MW = 12,500) Block Copolymer Micelles for Ketones, Alcohols
and Ethyl Esters at 25°C

Solubilizate J vJ (AÊ 3)
Solubility in water
(mole fraction)

mmoles solubilized
per gram of PPO

2-Heptanone 232.6 6.82� 10ÿ4 0.418
2-Octanone 259.7 1.6� 10ÿ4 0.604
2-Nonanone 286.8 4.74� 10ÿ5 0.877
2-Undecanone 340.9 2.39� 10ÿ6 0.57
1-Octanol 263.0 8.13� 10ÿ5 1.733
1-Nonanol 290.1 1.78� 10ÿ5 1.503
1-Decanol 317.1 4.17� 10ÿ6 1.089
1-Undecanol 344.2 1.14� 10ÿ6 0.572
Ethyl propionate 191.3 2.67� 10ÿ3 7.974
Ethyl pentanoate 245.4 3.19� 10ÿ4 0.517
Ethyl hexanoate 272.4 8.0� 10ÿ5 0.369
Ethyl octanoate 326.5 7.4� 10ÿ6 0.27
Ethyl nonanoate 353.5 2.87� 10ÿ6 0.495
Ethyl undecanoate 407.7 3.88� 10ÿ7 0.152
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solubility for these molecules. [27] Unlike the
aromatic and aliphatic hydrocarbons, the oxyge-
nated molecules are capable of interacting via not
only dispersion interactions, but also polar and
hydrogen bonding interactions. The measurements
show that the solubilization capacity of the 1-
alcohols decreases with increasing molecular size
as was observed for the hydrocarbon families.
Ethyl esters show a similar trend but the observed
solubilization capacity for ethyl nonanoate is much
larger than that expected based on the molecular
size dependence. For 2-ketones, the solubilization
capacities do not show a monotonic decrease with
increasing molecular size of the solubilizates. These
results clearly suggest that in addition to molecular
size effects, there must be competing interactional
effects also present leading to non-monotonic
solute uptake behavior.

Solubilization of Hydrocarbon Mixtures

The single component solubilization results in
Table 1 suggest that solubilization will be selective
for aromatic molecules when mixtures of aromatic
and aliphatic molecules are solubilized. This has
been demonstrated by experimental results [2]
obtained in the PEO-PPO and PVP-PS block
copolymer systems for binary mixtures of benzene
and hexane. To illustrate the results, the amounts of
each hydrocarbon solubilized as a function of the
composition of the bulk solubilizate phase that
coexists with the micellar solution are shown in Fig.

1 for the PVP-PS block copolymer. One can observe
that over the entire composition range, the amount
of hexane solubilized is very small. Such selectivity
for benzene over hexane was seen also in the case of
low-molecular-weight surfactants such as SDS.
However, in SDSmicelles the selectivity diminishes
when the size of the aromatic solubilizate increases
from benzene to xylene as shown by the data in
Table 1. In contrast, the block copolymer systems
display large selectivity for aromatic hydrocarbons
of differing sizes as can be seen from the results for
the PVP-PS copolymer in Table 1. In this case, the
compatibility of the various aromatic solubilizates
with the PS block of the micellar core results in high
selectivity for these molecules irrespective of their
molecular size variations. Such selectivity in the
solubilization behavior is of practical importance to
chemical separations.

MOLECULAR THEORY OF
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Experimental studies suggest that the measured
uptake capacity for the guest molecules is depen-
dent on their molecular sizes, their interactions
with the core forming block, and the size and
composition of the block copolymer. A quantitative
theory that can explain these observations has been
developed by Nagarajan and Ganesh [10, 11, 28, 29]
later. The model has been used to predict the
solubilization capacity of many block copolymers
with PEO as the hydrophilic block and PPO as the
hydrophobic block. Therefore, in the following text,
we identify the two polymer blocks to be PEO and
PPO, although the calculations can be performed
for any other type of block copolymer as well.

Size and Composition Distribution of Aggregates

One starts by considering the aqueous solution
which is made up of solvent molecules, singly
dispersed copolymer and solubilizate molecules
and micelles of various sizes and compositions (or
equivalently, various aggregation numbers and
volume fractions of solubilizates). Each of the
species in the solution, including micelles of
different sizes and compositions, is treated as a
distinct chemical component. The size and compo-
sition distribution of micelles at equilibrium is
obtained by minimizing the total free energy of the
system. In writing the system free energy, the
standard state of the solvent is defined as the pure
solvent whereas the standard states of all the other
components are taken as those at infinitely dilute
solution conditions. The standard chemical poten-
tials of the solvent water (W), the singly dispersed
copolymer, the singly dispersed solubilizate (J) and
micelles of aggregation number g containing j
solubilizate molecules, are denoted by �oW; �

o
1; �

o
1J

and �og , respectively. (Note that g and j refer to
the total numbers of molecules for spherical aggre-
gates, numbers per unit length in the case of cylin-
drical aggregates and numbers per unit area in the
case of lamellae.) Denoting the mole fraction of

FIGURE 1. Amounts of benzene and hexane solubilized in
the aqueous PVP-PS micellar solution as a function of the
composition of the hydrocarbon phase coexisting with it.
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species i by Xi, the micelle size and composition
distribution equation can be written in the form:

Xg � X
g
1X

j
1J expÿ

�og ÿ g�o1 ÿ j�o1J
kT

� �
�2�

In writing eq. (2), it is assumed that either
intermicelle interactions are not present or that
they do not affect the size distribution. Also the
system entropy of the multicomponent solution is
written as for an ideal solution. In dilute solutions
such as those of interest here, the intermicellar
interactions are not important. Therefore, one may
neglect the free energy contributions associated
with such interactions. The consequences of using a
few plausible models of system entropy in the
theory of micellization have been analyzed in detail
by Nagarajan [30] with the conclusion that the
structural features of aggregates are unaffected by
the choice of the models.

If one wants to calculate the saturation amount
of solubilization that is possible inside the micelle,
then the concentration of the singly dispersed
solubilizate X1J in water should be its saturation
concentration X�1J. This condition is defined by the
equilibrium relation

�HJ � �o1J � kT ln X�1J �3�

Since an excess solubilizate phase comes into
existence when the aqueous solution is saturated
with the solubilizate, the standard state �HJ of the
solubilizate refers to a pure solubilizate phase.
Denoting by f the fractional saturation of water
with the solubilizate (i.e. X1J=X�1J), the micelle size
and composition distribution equation becomes:

Xg � X
g
1f

j=g expÿ g��og
kT

� �
;

where ��og �
�og
g ÿ �o1 ÿ

j
g�

H
J

� �
The factor ��ogrepresents the change in the stan-
dard state free energy when a singly dispersed
block copolymer molecule in water and j/g solubi-
lizate molecules in their pure phase are transferred
to an isolated micelle in water. The solubilization
limit is achieved for f = 1, when the aqueous
micellar phase coexists with the pure solubilizate
phase. All predictions given in this paper are for
this condition.

Pseudophase Treatment of Solubilization

In order to reduce the numerical computational
efforts, the micelle containing the solubilizate can
be represented as a pseudophase in equilibrium
with the singly dispersed solubilizate and copoly-
mer molecules in solution. For aggregates exhibit-
ing narrow size and composition distribution, this
representation provides results practically identical
to those obtained from the detailed size distribution
calculations. The equilibrium characteristics of the

micelle in the pseudophase approximation are
obtainable from the condition:

@

@g

��og

kT

� �
� 0;

@

@j

��og

kT

� �
� 0 at g � gopt; j � jopt

�5�
where gopt and jopt refer to the numbers of block
copolymer and solubilizate molecules, respec-
tively, constituting the optimal or equilibrium
aggregate. The cmc in the pseudophase approxi-
mation is calculated from:

XCMC � exp
��og

kT

� �
at g � gopt; j � jopt �6�

The magnitude of ��og 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). An
expression for this free energy difference depends
on the geometrical features of the micelle, which
are specified later.

Structure of Aggregates

Two structural descriptions of aggregates can be
visualized as shown in Fig. 2, depending upon how
the solubilizate is contained inside the block
copolymer micelle. These two descriptions result
by analogy with the structural models employed
for simple solubilization and microemulsification,
respectively, in systems involving low-molecular-
weight surfactants. 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 solubilizate
domain is surrounded by the outer core region
consisting of the A block and the solubilizate J. The
corona of the micelle contains the B block and the
solvent W as in the type (a) structure. In the absence
of a pool of pure solubilizate J in the inner core, the
type (b) structure reduces identically to type (a).
Free energy calculations of the kind described
below showed for all block copolymers examined,
the condition of minimum free energy always
occurred corresponding to a zero size for the pure
solubilizate pool. Thus, the thermodynamic equili-
brium criterion always favored the occurrence of
the type (a) structure. Consequently, free energy
expressions corresponding to only the type (a)
structure are discussed here. Although Fig. 2
depicts spherical aggregates only, analogous struc-
tures can be visualized having cylindrical and
lamellar shapes.

(4)
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Geometrical Relations for Aggregates

The shape of the aggregate and the assumption of
incompressibility lead to the geometrical relations
summarized in Table 3 for different morphologies
[28]. We denote themolecular volumes of the A and
the B segments, the solubilizate and the solvent by
vA, vB, vJ and vW, respectively. The characteristic
lengths of the A and the B segments are denoted by
LA�� v1=3A � and LB�� v1=3B �. The variables NA and NB

refer to the number of segments of block A and

block B for the AB diblock as well as the BAB
triblock copolymers, implying that the BAB triblock
copolymer has two terminal blocks of size NB/2
attached to a middle block of size NA. We use the
variable R to denote the hydrophobic core dimen-
sion (radius for sphere or cylinder and half bilayer
thickness for lamella), D for the corona thickness,
and s for the surface area of the aggregate core per
constituent block copolymer molecule. The num-
bers of molecules g and j, the micelle core volume
VC, and the corona volume VS all refer to the total
quantities in the case of spherical aggregates,
quantities per unit length in the case of cylindrical
aggregates and quantities per unit area in the case
of lamellae. The core volume VC is calculated as the
sum of the volumes of the A blocks and the
solubilizate molecules, VC = g NA vA� j vJ. The
volume fraction of the solubilizate molecules in the
core is denoted by � (= j vJ/(g NA vA� jvj)). The
concentrations of segments are assumed to be
uniform in the core as well as in the corona, with
'A standing for the volume fraction of the A
segments in the core ('A = 1ÿ �), and 'B for the
volume fraction of the B segments in the corona. If
any three structural variables are specified all the
remaining geometrical variables can be calculated
through the relations given in Table 3. For
convenience, R, D and � (or 'A) are chosen as the
independent variables.

Model for Free Energy of Solubilization

An expression for the free energy of solubilization
��ogdefined in eq. (4) is formulated by visualizing
all the physicochemical changes accompanying the
transfer of a singly dispersed copolymer molecule
from the infinitely dilute aqueous solution state
and the solubilizate molecule from its pure phase to
an isolated micelle in the infinitely dilute solution
state. Firstly, the transfer of the solubilizate and the
singly dispersed copolymer to the micellar core is
associated with changes in the state of dilution and
in the state of deformation of the A block, including
the swelling of the A blocks inside the core by the
solubilizate J. Secondly, the B block of the singly
dispersed copolymer is transferred to the corona
region of the micelle and this transfer process also
involves changes in the states of dilution and
deformation of the B block. Thirdly, 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. Fourthly, the formation of

FIGURE 2. Schematic representation of a spherical
micelle containing the solubilizate. The darker lines denote
the hydrophobic block and the lighter lines, the hydrophilic
block. In (a) all of the solubilizate molecules interact with the
core block. In (b), a part of the solubilizate molecules are
present in a separate domain while the remaining interact
with the core block.

TABLE 3. Geometrical Properties of Spherical, Cylindrical and Lamellar Aggregates

Property Sphere Cylinder Lamella

VC 4pR3/3 pR2 2R
VS VC [(1� D/R)3ÿ 1] Vc [(1� D/R)2ÿ 1] Vc [(1� D/R)ÿ 1]
g Vc ('A/vA) Vc ('A/vA) Vc ('A/vA)
s 3 vA/ (R'A) 2 vA/ (R'A) vA/ (R'A)
'B (vB/vA) 'A (VC/VS) (vB/vA) 'A(Vc/Vs) (vB/vA) 'A(Vc/Vs)
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the micelle is associated with the generation of an
interface between the micelle core made up of A
blocks and solubilizate J and the micelle corona
consisting of solvent W and B blocks. All these
changes contribute to the free energy of solubiliza-
tion in the case of both diblock and triblock
copolymers. Further, in the case of a BAB triblock
copolymer, folding or loop formation of the A block
occurs ensuring that the B blocks at the two ends
are in the aqueous domain while the folded A block
is within the hydrophobic core of the micelle. This
provides an additional free energy contribution.
The overall free energy of solubilization can be
obtained as the sum of the above individual
contributions:

���og� � ���og�A;dil � ���og�A;def
� ���og�B;dil � ���og�B;def
� ���og�loc � ���og�int � ���og�loop �7�

Expressions for each of these contributions are
formulated below.

Change in State of Dilution of Block A. In the singly
dispersed state of the copolymer molecule in water,
the A block is in a collapsed state minimizing its
interactions with the solvent. The region consisting
of the collapsed A block with some solvent
entrapped in it is viewed as a spherical globule,
whose diameter 2R?A is equal to the end-to-end
distance of block A in the solvent. The volume of
this spherical region is denoted by V?A. The chain
expansion parameter aA describes the swelling of
the polymer block A by the solvent W.

V1A � 4�R3
1A
3 ; 2R1A � sAN

1=2
A LA;

�A � 6
�

� �1=3
Nÿ1=6A '

ÿ1=3
A1

where 'A1 (=NA vA/V?A) is the volume fraction of
A segments within the monomolecular globule.
The ®rst equality in eq. (8) follows from geometry,
while the second equality is based on the de®nition
of the chain expansion parameter aA, taking
�N1=2

A LA�as the unperturbed end-to-end distance
of block A. The third equality is obtained by
combining the ®rst two in conjunction with the
de®nition for 'A1. Applying the suggestion of de
Gennes [31], the volume fraction 'A1 is calculated
[32] from the condition of osmotic equilibrium
between the monomolecular globule treated as a
distinct phase and the solvent surrounding it.

ln �1ÿ 'A1� � 'A1 � xAW'
2
A1 � 0 �9�

In eq. (9), wAW is the Flory interaction parameter
between the pure A polymer and water. In the
micelle, the A block is con®ned to the core region
where it is swollen by the solubilizate J. We

consider this region to be uniform in concentration
with a volume fraction 'A of A segments and �
(=1ÿ 'A) of the solubilizate. A mean-®eld descrip-
tion is employed for calculating the free energy of
this region. The difference in the dilution of block A
from its singly dispersed state to the micellized
state makes a free energy contribution given by the
relation

���og�A;dil
kT

� NA
vA
vJ

1ÿ 'A

'A
ln �1ÿ 'A� � vA

vJ
�1ÿ 'A��AJ

� �

ÿNA
vA
vW

1ÿ 'A1

'A1
ln �1ÿ 'A1�

�
� vA
vW
�1ÿ 'A1��AW � �AWL2A

kT

� �
6

�AN
1=2
A

#
�10�

In this equation, the ®rst two terms account for the
entropic and enthalpic contributions arising from
the mixing of pure A block and the pure solubili-
zate J within the micellar core. They are written in
the form of the Flory expression for the swelling of
a network [33] by a solvent. The third and the
fourth terms account for the entropic and enthalpic
changes associated with the removal of A block
from its in®nitely dilute state in water to a pure A
state. These terms are written in the framework of
the Flory expression [33] for an isolated polymer
molecule. The last term accounts for the fact that
the interface of the globule of the singly dispersed
A block disappears on micellization. This term is
written as the product of the interfacial tension
(�AW) between pure A and solvent W, the surface
area of the globule �4�R2

1A�and the factor 'A1

(volume fraction of the polymer A in the globule) to
account for the reduction in the contact area
between the block A and solvent W caused by the
presence of some water molecules inside the
monomolecular globule. If the interfacial tension
�AW is not available from direct measurements, it
can be estimated using the relation �AW = (�AW/
6)1/2 (kT/L2), where L � v1=3W .Such a relation is
usually employed for the calculation of polymer±
polymer interfacial tensions.

Change in State of Deformation of Block A. In the singly
dispersed state of the copolymer, the conformation
of the A block is characterized by the chain
expansion parameter aA which is the ratio between
the actual end-to-end distance and the unperturbed
end-to-end distance of the polymer block. The free
energy of this deformation is written using the
Flory expression [33] derived for an isolated
polymer molecule. Within the micelle, the A block
is stretched non-uniformly, with the chain ends
occupying a distribution of positions within the
core while ensuring that the core has an uniform
concentration. The free energy contribution allow-
ing for non-uniform chain deformation is calcu-

(8)
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lated using the analysis of chain packing pioneered
by Semenov [34]. In the case of a BAB triblock
copolymer, the A block deformation is calculated
by considering the folded A block of size NA to be
equivalent to two A blocks of size NA/2. On this
basis, one obtains:

���og�A;def
kT

� q
p�2

80

� �
R2

�NA=q�L2A

� �
ÿ 3

2
��2

A ÿ 1� ÿ ln �3
A

� � �11�

where q = 1 for a AB diblock copolymer and q = 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, 5 for cylinders and 10 for
lamellae [34, 35]. In eq. (11), the ®rst term repre-
sents the A block deformation free energy in the
micelle while the second term corresponds to the
deformation free energy in the singly dispersed
copolymer.

Change in State of Dilution of Block B. In the singly
dispersed state of the copolymer, the polymer block
B is swollen with the solvent. As mentioned before,
NB denotes the size of the B block for the AB diblock
copolymer while for a symmetric BAB triblock
copolymer, the end blocks are of equal size NB/2.
We consider this swollen B block to be a sphere,
whose diameter 2R?B is equal to the end-to-end
distance of isolated block B in the solvent. The
volume of this spherical region is denoted by V?B

while 'B1 (=NB vB/V?B) is the volume fraction of B
segments within the monomolecular globule.

V1B � 4�R3
1B

3
; 2R1B � �B�NB=q�1=2LB �12�

The second equality in eq. (12) is based on the
de®nition of the chain expansion parameter aB,
which can be estimated using the expression
developed by Flory [33]. In the Flory expression
for aB, Stockmayer [36] has suggested decreasing
the numerical coef®cient by approximately a factor
of two to ensure consistency with the results
obtained from perturbation theories of excluded
volume. Consequently, one can estimate aB as the
solution of:

�5
B ÿ �3

B � 0:88�1=2ÿ �BW��NB=q�1=2 �13�

where wBW is the Flory interaction parameter
between the B block and water.

In the micelle, the B blocks are present in the
corona region of volumeVS. This region is assumed
to be uniform in concentration with 'B (=gNB vB/
VS) being the volume fraction of the B segments in
the corona. The free energy of the corona region can
be written using the Flory expression [33] for a
network swollen by the solvent. Therefore, the
difference in the states of dilution of the B block on

micellization provides the following free energy
contribution:

���og�B;dil
kT

� NB
vB
vW

1ÿ 'B

'B
ln �1ÿ 'B� � vB

vW
�1ÿ 'B��BW

� �

ÿNB
vB
vW

1ÿ 'B1

'B1
ln �1ÿ 'B1� � vB

vW
�1ÿ 'B1��BW

� �
�14�

The first two terms in eq. (14) describe the entropic
and enthalpic contributions to the free energy of
swelling of the B block by the solvent in the corona
region of the micelle while the last two terms refer
to the corresponding contributions in the singly
dispersed copolymer molecule.

Change in State of Deformation of Block B. In the singly
dispersed state, the B block has a chain conforma-
tion characterized by the chain expansion para-
meter aB. In the micelle, the B block is stretched
non-uniformly over the micelle corona so as to
ensure that the concentration in the corona region is
uniform. Semenov [34] has shown that the estimate
for the chain deformation energy assuming that the
termini of all B blocks lie at the distance D from the
core surface is not very different from that
calculated assuming a distribution of chain termini
at various positions within the corona. On this
basis, one can write [28, 29]:

���og�B;def
kT

� q
3

2

LBR

�s=q�'B
P

� �
ÿ q

3

2
��2

B ÿ 1� ÿ ln �3
B

� �
�15�

where s is the surface area per molecule of the
micelle core, q = 1 for AB diblock and 2 for BAB
triblock, as mentioned before, and P is a shape-
dependent function given by P = (D/R)/[1� (D/
R)] for spheres, P = ln [1� (D/R)] for cylinders and
P = (D/R) for lamellae [28, 29]. The ®rst term in eq.
(15) represents the free energy of deformation of
the B block in the micellar corona while the second
term denotes the corresponding free energy in the
singly dispersed copolymer molecule.

Localization of the Copolymer Molecule. On micelliza-
tion, the copolymer becomes localized in the sense
that the joint linking blocks A and B in the
copolymer is constrained to remain in the inter-
facial region rather than occupying all the positions
available in the entire volume of the micelle. The
entropic reduction associated with localization is
modeled using the concept of con®gurational
volume restriction. Thus, the localization free
energy is calculated on the basis of the ratio
between the volume available to the A±B joint in
the interfacial shell of the micelle (surrounding the
core and having a thickness LB) and the total
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volume of the micelle.

���og�loc
kT

� ÿq ln dLB

R�1�D=R�d
" #

�16�

Here, d refers to the dimensionality of aggregate
growth and is 3 for spherical micelles, 2 for
cylinders and 1 for lamellae [28, 29].

Formation of Micellar Core±Solvent Interface. When
micelle forms, an interface is generated between the
core region consisting of the A block and the
solubilizate J and the corona region consisting of
the B block and the solvent W. The free energy of
formation of this interface is estimated as the
product of the surface area of the micellar core
and an interfacial tension characteristic of this
interface. The appropriate interfacial tension is that
between a solution of block A and solubilizate J in
the micelle core and a solution of block B and
solvent W in the micellar corona. Since the corona
region is often very dilute in block B, the interfacial
tension can be approximated as that between the
solvent W and a solution of the A block and the
solubilizate J in the micelle core. Denoting the
polymer A±solvent W interfacial tension by �AW

and the solubilizate J±solvent W interfacial tension
by �JW, the free energy of generation of the micellar
core±solvent interface is calculated from:

���og�int
kT

� �agg
kT

s; �agg � �AW'A � �JW�1ÿ 'A�
�17�

Here, the interfacial tension of a polymer solution
of block A and solubilizate J against another
liquidW is approximated to be the composition-
averaged interfacial tensions of pure polymer A
and pure solubilizate J against the solvent W. The
volume fraction is used as the composition vari-
able. Such a simple dependence of the interfacial
tension on bulk solution composition is not
generally obeyed in case of free solutions of
polymers or of low-molecular-weight components.
The origin of the deviation from linearity lies in the
preferential adsorption or depletion of one of the
components at the interface, which causes the
surface composition to differ from the bulk
composition [37]. However, the micellar interface
is different from the interface of a free polymer
solution. Speci®cally, because of the localization of
the A±B link at the interface, the segments of the A
blocks are forced to be at the interface independent
of any selective adsorption or depletion. This
would diminish somewhat the difference between
the surface and bulk compositions in the micellar
core when compared to that in a free polymer
solution. Consequently, the composition-averaging
of interfacial tension expressed by eq. (17) is taken
as a reasonable approximation in the present
calculations. An alternate approach to estimating
the interfacial tension by calculating the interface

composition between two bulk solutions has been
explored in our study of solubilization in low-
molecular-weight surfactant micelles [35].

Backfolding in Triblock Copolymer. The backfolding of
the middle block in a BAB triblock copolymer
contributes an entropic term to the free energy of
solubilization. This contribution is absent for the
case of a diblock copolymer. Jacobson and Stock-
mayer [38] showed that the reduction in entropy for
the condition that the ends of a linear chain of N
segments are to lie in the same plane or on one side
of a plane is proportional to lnN. Therefore, the
assumption that the backfolding of the middle
block in the micelle follows the same functional
form is made. Hence, the backfolding entropy
makes the following contribution in the case of a
BAB copolymer.

���og�loop
kT

� 3

2
� ln �NA� �18�

Here, b is an excluded volume parameter which is
equal to unity when the excluded volume effects
are negligible and larger than unity when these
effects become important. In our calculations, b is
taken to be unity [28, 29].

Molecular Constants

To perform quantitative calculations, the values of
molecular constants appearing in eqs (8)±(18) are
needed. The molecular volumes of the solubili-
zates, their solubility parameters, and the inter-
facial tensions between the solvent and the
solubilizates are all listed in Table 1. Values for
the Flory±Huggins interaction parameters wAJ have
been estimated utilizing the solubility parameters.
Illustrative calculations have been carried out for
PEO-PPO diblock (EXPY) and PEO-PPO-PEO tri-
block (EXPYEX) copolymers. The molecular vol-
umes of the repeating units are taken to be 96.5 AÊ 3

for propylene oxide and 64.6 AÊ 3 for ethylene oxide
while the molecular volume of water is taken to be
30 AÊ 3. The molecular weights of the segments are
58 for propylene oxide and 44 for ethylene oxide
and these are used to calculate the number of PEO
and PPO segments in the block copolymers.

SOLUBILIZATION Ð PREDICTIONS OF
MOLECULAR THEORY WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWW

How Free Energy Contributions In¯uence
Capacity for Guest Molecules?

The various free energy contributions calculated
for an illustrative PEO-PPO diblock copolymer
with benzene as the guest molecule are plotted
against the aggregation number g in Fig. 3. The
remaining two independent variables D and � are
not kept constant but are chosen to be those values
which minimize the free energy of solubilization
per molecule ��og for each given value of g. The
importance of each free energy contribution to
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equilibrium solubilization behavior can be under-
stood from Fig. 3.

The formation of micelles in preference to the
singly dispersed state of the copolymer occurs
because of the large negative free energy contribu-
tion arising from a change in the state of dilution of
the solvent incompatible A block following solubi-
lization (curve a). In the absence of the solubilizate,
this free energy contribution is a constant indepen-
dent of the size of the micelle and hence does not
govern the aggregation number of micelle. How-
ever, in the presence of the solubilizate, this free
energy also accounts for the swelling of the A
blocks by the solubilizate J. This free energy
decreases with an increase in the aggregation
number g and is thus favorable to the growth of
the aggregates. A second contribution favorable to
the growth of the aggregates is provided by the
interfacial energy (curve b). In general, the surface
area per molecule of the micelle decreases with an
increase in the aggregation number. Consequently,
the positive interfacial free energy between the
micellar core and the solvent decreases with
increasing aggregation number of the micelle and
thus this contribution promotes the growth of the
micelle. The changes in the state of deformation of
the A and the B blocks (curves c and d) and the
change in the state of dilution of the B block (curve
e) provide positive free energy contributions that
increase with increasing aggregation number of the
micelle. Therefore, these factors are responsible for

limiting the growth of the micelle. More interest-
ingly, when solvent W is a very good solvent for the
B block, the positive free energy contributions
resulting from changes in the states of dilution
and of deformation of the B block outweigh the
contribution resulting from the changes in the state
of deformation of the A block. Under such con-
ditions, the B block related free energy contribu-
tions strongly influence the structural properties
of the equilibrium micelles. The free energy of
localization (curve f) is practically independent of g
and thus has little influence over the determination
of the equilibrium aggregation number. The net
free energy of the micelle per molecule is shown by
curve g. As one would expect, this free energy is
negative and shows a minimum at the equilibrium
aggregation number.

In Fig. 4, the various free energy contributions
are plotted as a function of the volume fraction of
the solubilizate � in the micellar core. The remain-
ing independent variables g and D/R are kept
constant at the values corresponding to the global
minimum of the free energy (i.e. with respect to g,D
and �) per molecule of the micelle. While Fig. 3
helps illustrate how the equilibrium aggregation
number is influenced by various free energy
contributions, Fig. 4 reveals the importance of
various contributions in determining the equi-
librium uptake of the solubilizate.

Curve a shows the large negative free energy

FIGURE 3. Dependence of various free energy
contributions on the aggregation number g for a PEO-PPO
diblock copolymer. The other independent variables D and
� assume values that minimize the free energy of
solubilization of benzene for each value of g.

FIGURE 4. Free energy contributions as a function of the
volume fraction � of benzene in the micelle core for a PEO-
PPO diblock copolymer. The other independent variables D
and g are assigned values corresponding to the global
optimum of the free energy of solubilization of benzene for
this block copolymer molecule.
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contribution provided by the change in state of
dilution of block A. This free energy decreases with
an increase in the volume fraction of the solubili-
zate. This factor thus favors the uptake of the
solubilizate within the micelle. One may note that
the magnitude of this contribution is larger if the
solubilizate±core block interaction parameter wAJ is
smaller and if the molecular size of the solubilizate
is smaller. Correspondingly, the capacity of the
micelles for such solubilizates (i.e. the equilibrium
value of �) will be larger. When micelles incorpo-
rate solubilizates, the radius of the micellar core
and the interfacial area per molecule of the micellar
core both increase. The former increases the
positive free energy contribution arising from the
increased deformation of the A block (curve c). The
latter increases the positive free energy contribu-
tion associated with the micellar core±solvent
interfacial free energy (curve b). Thus both these
factors serve to restrict the swelling of the micellar
core by the solubilizate and consequently, the
extent of solubilization. One may note that the
increase in the positive interfacial free energy
accompanying the uptake of solubilizates by the
micelles (shown by curve b) is also dependent on
the solubilizate±solvent interfacial tension �JW.
Therefore, given two solubilizates, the micellar
capacity � will be larger for the solubilizate
associated with a lower solubilizate±solvent inter-
facial tension �JW. Further, the increase in the
amount of solubilizate within a micelle of specified
aggregation number also changes the state of
deformation (curve d) as well as the state of
dilution (curve e) of the B block in the shell region
of the micelle. Of these two positive free energy
contributions, the former increases with �, thus
disfavoring solubilization while the latter decreases
with increasing �, thus favoring increased solu-
bilization. The free energy of localization (curve f)
is practically independent of � and thus has little
influence over the nature and extent of solubiliza-
tion. The net free energy of the micelle per molecule
is represented by curve g. The minimum in this net
free energy occurs at the equilibrium value for �.
All the results described in the following sections
can be interpreted in terms of the above-described
free energy variations accompanying solubiliza-
tion.

Size and Composition Dispersion of Aggregates

The calculated size and composition distribution
(namely, the dispersion in the values of variables g
and j around their most probable values) is shown
in Fig. 5 for benzene solubilized within diblock
PEO-PPO copolymer micelles. In constructing Fig.
5, the volume fraction of the solubilizate within the
micellar core � is chosen as the independent
variable in place of j. The point enclosed by the
closed curves corresponds to the most populous
micelles, that is those aggregates whose concentra-
tion in the solution is the largest. The three closed
curves surrounding this point are the loci of
micellar sizes and compositions corresponding to

which the micellar concentrations are respectively,
one, two and three orders of magnitude smaller
compared to the concentration of the most popu-
lous micelles. One can observe that the aggregate
concentrations fall off very rapidly when the values
of g and � deviate even slightly from those of the
most populous micelles represented by the central
point in Fig. 5.

Similar numerical calculations of the aggregate
size and composition distributions for many
systems considered here indicate that the micelles
are virtually monodispersed both in relation to the
number of constituent block copolymer molecules
as well as the number of solubilizate molecules.
Therefore, it is quite satisfactory to simplify the
calculations by invoking the pseudophase approxi-
mation and then estimating the micellar character-
istics by the minimization of the free energy per
molecule ��og of an isolated micelle with respect to
the three independent variables R, D and �.

Predictions for PEO-PPO Diblock Copolymer
Micelles

The predicted micellar structural parameters and
the solute uptake capacity in diblock PEO-PPO
copolymer E200P64 are summarized in Table 4. Also
shown within the parenthesis in Table 4 are the
measured solubilization capacities from Table 1
expressed as volume fractions within the micelle
core. In general, the agreement between the

FIGURE 5. Distribution of the aggregation number g and
the solubilization capacity � in the equilibrium micelles. The
closed curves are loci of sizes and compositions of
aggregates present at constant concentrations. The
calculations are for benzene solubilized in a PEO-PPO
diblock copolymer.
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experimental and measured values of � are reason-
ably satisfactory for all the solubilizates. Whereas
the theory permits the prediction of all the
structural features of the micelles such as g, R, D
and the CMC, experimental data for these variables
are currently not available and hence the corre-
sponding comparisons have not been possible.

Solubilization is found to increase the micellar
core radius and decrease the CMC. The larger the
solubilization capacity, the more significant are the
changes in R and the CMC. The increase in the core
radius R results not only from the incorporation of
the solubilizate but also because of the increasing
number of block copolymer molecules that are
accommodated within a micelle. This increase in g
is more dramatic for solubilizates whose uptake by
the micelles is large. The shell thickness D is not
very much affected by solubilization.

The various contributions to the free energy of
solubilization corresponding to the equilibrium
aggregate are listed in Table 5 for the different
solubilizate molecules. The extent to which the
guest molecules are solubilized within the aggre-
gates is reflected by the various free energy
contributions. First, the negative free energy con-
tribution due to the core block±solubilizate mixing

is largest for the guest molecule that is solubilized
most. The magnitude of this contribution is larger if
the solubilizate±core block interaction parameter
wAJ is smaller and if the molecular size of the
solubilizate is smaller. Second, the larger the
uptake of guest molecules, the larger the increase
in the radius of the micelle core and the core±
corona interfacial area per molecule. Consequently,
the positive free energy contribution due to the
deformation of the A block and the free energy of
formation of the core±corona interface both in-
crease. Third, the larger the uptake of guest
molecules, the larger is the volume of the corona
region of the aggregate which also becomes more
dilute in polymer segments. Correspondingly, the
free energy contribution due to the deformation of
the B and the dilution of the corona region increase.
Lastly, the free energy of localization is practically
independent of the uptake of the guest molecules.

Predictions for PEO-PPO-PEO Triblock
Copolymers

Table 6 lists the calculated results for the PEO-PPO-
PEO triblock copolymer, E100P64E100, in water at
25°C. A comparison with the results for diblock

TABLE 4. Predicted Core Radius, Corona Thickness, Aggregation Number, Solubilization Capacity and CMC of E200P64
Diblock Copolymer Micelles at 25°C

Solubilizate R (AÊ ) D (AÊ ) g �a ÿln XCMC

Benzene 92.7 135 279 0.478 (0.51) 64.3
Toluene 83.3 132 235 0.393 (0.40) 58.3
o-Xylene 79.4 131 216 0.357 (0.33) 56.0
Ethyl benzene 76.2 130 203 0.316 (0.41) 54.6
Cyclohexane 69.8 128 180 0.211 (0.18) 52.5
Hexane 58.1 120 122 0.069 (0.08) 48.3
Heptane 57.2 120 119 0.057 (0.08) 47.8
Octane 57.0 119 117 0.053 (0.08) 47.6
Decane 55.7 118 112 0.036 (0.06) 47.2
None 53.2 116 101 Ð 46.6

a Values in parenthesis are experimental data from ref. 4 summarized in Table 1.

TABLE 5. Calculated Contributions to the Standard Free Energy Change on Aggregation (in kT) for E200P64 Diblock
Copolymer Micelles at 25°C

Solubilizate ���o
g�A;def ���o

g�A;dil ���o
g�B;def � ���o

g�B;dil ���o
g�int ���o

g�loc

Benzene 1.87 ÿ116.10 17.56 27.63 4.74
Toluene 1.42 ÿ108.26 17.20 26.53 4.79
o-Xylene 1.24 ÿ104.87 16.89 25.94 4.81
Ethyl benzene 1.11 ÿ103.03 16.80 25.65 4.83
Cyclohexane 0.86 ÿ100.12 16.72 25.17 4.89
Hexane 0.45 ÿ91.19 14.82 22.70 4.94
Heptane 0.42 ÿ90.39 14.67 22.51 4.94
Octane 0.41 ÿ90.07 14.62 22.46 4.95
Decane 0.37 ÿ89.04 14.38 22.17 4.95
None 0.30 ÿ87.23 13.87 21.57 4.96
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copolymers of the same molecular weight and
composition (presented in Table 4) shows that the
micellar core radius R, aggregation number g, and
the shell thickness D are all considerably smaller
for the case of triblock copolymers. The solubiliza-
tion capacities are also somewhat reduced. The
CMCs are significantly larger for the triblock
copolymer compared to the diblock copolymer.
For identical copolymer molecular weight and
composition, the aggregation numbers of triblock
copolymer micelles are smaller than those of the
diblock copolymer micelles. This is because the A
block of the diblock copolymer is treated as being
equivalent to two A chains of half the molecular
weight each in the triblock copolymer. So is the case
with the B block in the micellar corona. Effectively,
the behavior of triblock copolymer E100P64E100 is

equivalent to that of the diblock copolymer E100P32

having half its molecular weight [30].

How the Block Size and Composition of
Copolymer In¯uences Uptake of Guest
Molecules?

To investigate how the size and composition of the
block copolymer affect the uptake of guest mol-
ecules, we have examined [39] the aggregation and
solubilization properties of the family of Pluronic
triblock copolymers, EXPYEX. The calculated aggre-
gation properties of the block copolymers in the
absenceof solubilizate are summarized inTable 7. In
performing these calculations, � appearing in vari-
ous free energy expressions is set equal to 0, the
solubilizate-related free energy terms are not rele-

TABLE 6. Predicted Core Radius, Corona Thickness, Aggregation Number, Solubilization Capacity and CMC of
E100P64E100 Triblock Copolymer Micelles at 25°C

Solubilizate R (AÊ ) D (AÊ ) g �a ÿln XCMC

Benzene 55.2 77.1 72 0.366 (0.51) 37.2
Toluene 50.2 75.7 61 0.279 (0.40) 32.0
o-Xylene 48.3 75.0 57 0.245 (0.33) 30.1
Ethyl benzene 46.7 74.5 54 0.208 (0.41) 29.0
Cyclohexane 43.7 73.7 49 0.124 (0.18) 27.2
Hexane 39.3 71.0 39 0.039 (0.08) 24.5
Heptane 38.9 70.8 38 0.031 (0.08) 24.2
Octane 38.7 70.7 38 0.027 (0.08) 24.1
Decane 38.2 70.3 37 0.016 (0.06) 23.8
None 37.4 69.8 35 Ð 23.5

a Values in parenthesis are experimental data from ref. 4 summarized in Table 1.

TABLE 7. Predicted Core Size R (AÊ ), Corona Thickness D (AÊ ), Shape and/or Aggregation Number g of Solubilizate-Free
Micelles

Trade name Structure R (AÊ ) D (AÊ ) g for Spheres Shape

L62 E6P35E6 7.5 19.2 L
L63 E9P32E9 14.5 13.9 L
L64 E13P30E13 34.1 (38 to 46) 16.6 (37 to 44) 57 (39 to 70) S
P65 E19P29E19 30.7 22.1 43 S
F68 E77P29E77 21.3 (25) 51.0 (53) 15 (22) S
P84 E19P43E19 42.2 22.5 75 S
P85 E26P40E26 36.3 (37) 28.3 (36) 53 (57, 37 to 78) S
F88 E104P39E104 25.0 63.9 17 S
F98 E118P45E118 26.7 70.3 18 S

P103 E17P60E17 38.6 21.5 C
P104 E27P61E27 51.0 29.8 94 S
P105 E37P56E37 43.9 37.3 65 S
F108 E133P50E133 28.3 (25.0) 76.6 (150) 20 (13) S
P123 E20P70E20 42.1 24.4 C
F127 E100P64E100 37.5 70.2 35 (15 to 45, 30) S

Sources of experimental data are cited in ref. 39 where the experimental conditions and methods are also
mentioned.
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vant and the free energy minimization is done with
respect to the two independent variables R and D.
The aggregate shape that yields the smallest free
energy of aggregation is taken to be the equilibrium
shape. The equilibrium aggregate morphology is
denoted in Table 7 by the symbols L, C, and S,which
refer to lamellar, cylindrical and spherical aggre-
gates. Also given are the dimensions of the core (R)
andthecorona(D),andtheaggregationnumber(g) in
the case of spherical aggregates. The numerical
values within brackets provided in Table 7 are some
available experimental data.

The calculations show that lamellar aggregates
are favored when the ratio of PEO to PPO is small
whereas spherical aggregates are favored when the
PEO to PPO ratio is large. Typically, for block
copolymers containing 40 wt% or more PEO, only
spherical aggregates form at 25°C. For block
copolymers containing 30 wt% PEO, cylindrical
aggregates are possible. Block copolymers contain-
ing 20 wt% or less PEO generate lamellae. One may
note that if the temperature is increased, the PEO±
water interaction parameter wBW would increase. In
the framework of the free energy model, this
increase would lead to a shifting of the shape
transitions to higher PEO weight percent. For
example, the P85 block copolymer which forms
spherical aggregates at 25°C will generate cylind-
rical aggregates at higher temperatures (corre-

sponding to a larger value for wBW), as has been
observed experimentally [40, 41].

The predicted volume fractions of hydrocarbon
solubilized in aggregate core are summarized in
Table 8 for six hydrocarbons and 15 Pluronic block
copolymers. The aggregate shape is indicated as
before by the symbols L, C and S. Also shown
within parenthesis are experimentally measured
solubilization capacities available in the literature
(also expressed as volume fractions in the micelle
core). In general, the agreement between the
experimental and measured values of � is reason-
ably satisfactory. We do observe that for F127, the
experimental values, determined in our earlier
studies [2], are consistently larger than the pre-
dicted values. We discuss later, various factors that
may be responsible for such a disagreement. In
general, the calculated results show that whenever
lamellar aggregates are formed, the solubilization
capacity of the aggregates is the largest. The
solubilization capacity progressively diminishes
as we move from lamellar to cylindrical and then
to spherical aggregates.

How Uptake of Guest Molecules Causes Shape
Transitions of Polymeric Aggregates?

Detailed structural information, namely the core
dimension R and the corona thickness D, predicted

TABLE 8. Volume Fraction of Solubilized Hydrocarbon in Micelle Core and Aggregate Morphology

Trade name Benzene Toluene Xylene Cyclohexane Hexane Decane

L62 0.384 (L) 0.315 (L)
(0.34)

0.287 (L) 0.179 (L) 0.064 (L) 0.033 (L)

L63 0.398 (L) 0.327 (L) 0.297 (L) 0.172 (L) 0.059 (L) 0.028 (L)
L64 0.414 (L) 0.236 (C)

(0.403)
0.207 (C)

(0.39)
0.107 (C) 0.029 (C) 0.011 (S)

P65 0.268 (S) 0.195 (S)
(0.46)

0.167 (S) 0.08 (S) 0.025 (S) 0.009 (S)

F68 0.203 (S) 0.13 (S) 0.105 (S) 0.038 (S) 0.011 (S) 0.003 (S)
P84 0.481 (L) 0.301 (C)

(0.40)
0.271 (C) 0.153 (C) 0.045 (S) 0.02 (S)

P85 0.32 (S) 0.243 (S) 0.213 (S) 0.11 (S) 0.036 (S) 0.014 (S)
F88 0.248 (S) 0.167 (S) 0.139 (S) 0.056 (S) 0.016 (S) 0.004 (S)
F98 0.268 (S) 0.185 (S) 0.155 (S) 0.065 (S) 0.019 (S) 0.006 (S)

P103 0.507 (L)
(0.441)

0.442 (L)
(0.375)

0.415 (L)
(0.305)

0.278 (L) 0.074 (C) 0.04 (C)

P104 0.538 (L) 0.362 (C)
(0.374)

0.331 (C) 0.177 (S) 0.061 (S) 0.031 (S)

P105 0.379 (S) 0.301 (S) 0.269 (S) 0.151 (S) 0.05 (S) 0.023 (S)
F108 0.286 (S) 0.201 (S) 0.169 (S) 0.074 (S) 0.022 (S) 0.007 (S)
P123 0.531 (L) 0.468 (L)

(0.382)
0.442 (L) 0.305 (L) 0.083 (C) 0.048 (C)

F127 0.366 (S)
(0.51)

0.279 (S)
(0.40)

0.245 (S)
(0.33)

0.124 (S)
(0.18)

0.039 (S)
(0.08)

0.016 (S)
(0.06)

Sources of experimental data are cited in ref.39 where the experimental conditions and methods are also
mentioned.
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for the various equilibrium aggregates containing
solubilizates are summarized in Table 9. Solubiliza-
tion is found to increase the micellar core radius
and also the aggregation number g; the larger the
solubilization capacity, the more significant are the
changes in R and g. Results for P65, P85, P105 and
F127 illustrate this point, where spherical aggre-
gates are present for all the solubilizates investi-
gated, and therefore the influence of solubilization
on aggregate structure can be compared in the
absence of a shape change. In contrast, the corona
thicknessD is not very much affected by solubiliza-
tion. The core dimension is also very strongly
influenced by the equilibrium shape of the aggre-
gate. In general, the core dimension R decreases
appreciably, whereas the corona thickness D only
marginally increases, when the aggregate morphol-
ogy changes from sphere to cylinder to lamellae.

To understand the origin of the solubilizate-
induced transition in aggregate shapes, one can
look at the various free energy contributions. In
Table 10, for illustrative purposes, the free energy
contributions to micellization (the case of no
solubilizate) and solubilization in the spherical,
cylindrical and lamellar aggregates are compared
for P84 block copolymer. Also shown are the
aggregate structural parameters R, D and � that
yield the lowest free energies for a given aggregate
shape. The first entry of free energies in each
subsection of Table 10 gives the results predicted
for the spherical aggregates. The second entry of
free energies in each subsection of Table 10
provides the difference between the free energy

contributions between a cylinder and a sphere, a
negative value representing a contribution favoring
the cylinder over the sphere. Similarly, the third
entry of free energies provides the difference in the
free energy contributions between a lamalla and a
sphere with a negative entry indicating a pre-
ference for lamellar aggregates. One can consider
the various contributions with respect to aggregate
shape by first reviewing the results for aggregation
in the absence of any solubilizate. We note that the
free energy contributions associated with A block
deformation (A,def) and formation of interface (int)
provide negative energy differences indicating that
these terms favor non-spherical aggregates. The
decrease in the A block deformation contribution
arises because of the smaller core dimension
consistent with cylindrical and lamellar geome-
tries. The decrease in the interfacial free energy
arises from the smaller area per molecule consistent
with the non-spherical geometries. These negative
free energy differences are, however, overcompen-
sated by the positive free energy differences
associate with the corona block deformation
(B,def) and mixing (B,dil) terms. The corona block
dimensions are not significantly altered by a
change in the aggregate shape. Therefore, the
concentration of the polymer segments in the
corona region increases when the sphere changes
to a cylinder or a lamella leading to a larger free
energy of mixing contribution for the corona.
Similarly, the stretching of the corona block
keeping the concentration in the corona region
uniform costs a larger free energy for the lamellar

TABLE 10. Difference in Standard Free Energies per Molecule (in units of kT) Between Non-Spherical and Spherical
Aggregates for the Solubilization of Hydrocarbons in P84 Block Copolymer

Shape

Contributions to ���o
g� Total

���o
g� � R (AÊ ) D (AÊ )A,def A,dil int B,def B,dil

SolubilizateÐ benzene
S 4.90 ÿ83.83 22.81 4.64 1.15 ÿ39.57 0.338 57.0 22.5
C-S ÿ0.61 ÿ1.02 ÿ0.41 0.40 0.99 ÿ0.66 0.376 41.5 23.6
L-S ÿ1.58 ÿ3.57 ÿ0.7 1.24 3.59 ÿ1.03 0.481 26.1 25.6
SolubilizateÐ toluene
S 4.28 ÿ79.16 21.8 4.75 1.24 ÿ36.32 0.265 53.6 22.7
C-S ÿ0.59 ÿ0.9 ÿ0.34 0.43 1.05 ÿ0.41 0.301 38.7 23.9
L-S ÿ1.54 ÿ3.17 ÿ0.41 1.34 3.86 ÿ0.09 0.41 24.0 26.0
SolubilizateÐ cyclohexane
S 3.49 ÿ74.48 20.59 4.94 1.39 ÿ33.28 0.132 48.7 23.0
C-S ÿ0.65 ÿ0.62 ÿ0.32 0.49 1.14 ÿ0.03 0.153 34.5 24.4
L-S ÿ1.74 ÿ2.38 ÿ0.25 1.62 4.47 1.52 0.221 19.8 26.9
SolubilizateÐ hexane
S 2.82 ÿ69.99 19.03 4.83 1.20 ÿ31.36 0.045 44.3 22.7
C-S ÿ0.66 ÿ0.19 ÿ0.40 0.46 1.10 0.22 0.051 30.6 24.0
L-S ÿ1.79 ÿ0.68 ÿ0.55 1.51 4.41 2.54 0.072 16.1 26.5
No solubilizate
S 2.52 ÿ67.95 18.28 4.76 1.09 ÿ30.57 0 42.2 22.5
C-S ÿ0.65 0 ÿ0.42 0.43 1.07 0.33 0 28.8 23.8
L-S ÿ1.74 0 ÿ0.62 1.42 4.32 2.95 0 14.5 26.2
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and cylindrical aggregates compared to spheres.
Since the overall differences in the free energy is
positive for cylinders and lamella, spherical aggre-
gates are favored in the solubilizate-free system.

When the solubilizate is added, the above
general features remain unaltered but there is an
additional negative free energy difference due to
the mixing of the solubilizate with the core block
(A,dil). The lower free energy of A block±solubili-
zate mixing in lamellae with respect to cylinder,
and for cylinder compared to sphere, arises from
the increasing volume fraction of the solubilizate as
the aggregate shape changes from sphere to
cylinder to lamella. This negative free energy
difference is small when hexane is the solubiliate
(consistent with a larger value for wAJ). Therefore,
the spherical aggregates continue to be the equi-
librium structures. When the solubilizate is cyclo-
hexane, the difference in the free energy term
becomes negative for cylinders indicating the
favorable formation of cylindrical aggregates.
When the solubilizate is toluene, the difference in
the free energy term is negative both for cylindrical
and lamellar aggregates. However, the magnitude
of the term for cylinder is larger (implying a lower
total free energy), thus cylindrical aggregates are
favored.When benzene is solubilized, as before, the
difference in the free energy term is negative both
for cylindrical and lamellar aggregates. However,
the magnitude of the term for a lamella is larger
than that for the cylinder and hence, lamellar
aggregates are favored.

One can observe that the main contribution
changing the behavior of the free energies corre-
sponding to the different solubilizates is the A
block±solubilizate mixing free energy. As the
interaction parameter wAJ decreases from hexane
to cyclohexane to benzene, the mixing free energy
progressively leads to higher volume fraction of the
solubilizate and a structural change from sphere to
cylinder to lamella.

A comprehensive summary of the equilibrium
aggregate shapes for various EXPYEX block copo-
lymers are summarized in Fig. 6, both in the
absence of any solubilizate and in the presence of
four hydrocarbons. In the Pluronic grids shown,
the weight fraction of PEO increases as one moves
to the right and the molecular weight of the PPO
block increases as one goes down. Therefore, the
molecules in the bottom left section of the grid are
more hydrophobic while those on the top right
section are more hydrophilic. In the absence of any
solubilizate, Pluronics in the 20 series (L62, L72,
L92, L122) form lamellar aggregates, Pluronics in
the 30 series form either lamellae (L63) or cylinders
(P103, P123) while Pluronics containing 40 wt% or
more of PEO form spherical aggregates. The
solubilization of hexane does not lead to any
aggregate shape transitions. However, when the
solubilizate is cyclohexane, a cylinder to lamella
transition is predicted for P103 and P123 while a
sphere to cylinder transition is suggested for L64
and P84. When toluene is the solubilizate, the
sphere to cylinder transition is extended to P104.

FIGURE 6. Equilibrium aggregate morphologies
generated by various Pluronic block copolymers in the
absence of any solubilizate and in the presence of hexane,
cyclohexane, toluene and benzene as the solubilizates. The
equilibrium structures are those that are predicted to occur
in the limit of saturation solubilization of the hydrocarbons.
The horizontal lines denote lamellar aggregates, the
honeycomb represents cylindrical aggregates and the
vertical lines refer to spherical aggregates.
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Finally, for benzene as the solubilizate, the cylind-
rical aggregates of P103 and P123 as well as the
spherical aggregates of L64, P84 and P104 all
undergo a predicted transition to lamellar aggre-
gates. It is evident that by choosing an appropriate
solubilizate and the amount of solubilization, one
can induce a desired type of structural transition in
the Pluronic block copolymer system.

Approximations in Modeling and Consequences

The quantitative prediction of aggregate character-
istics reviewed in this paper are influenced by the
simplifying assumptions that have been made in
constructing the model. Firstly, the model assumes
a sharp core±corona interface and does not allow
the penetration of water or of the hydrophilic block
into the hydrophobic core. It is of interest to relax
this assumption and examine how the model
predictions will be modified for the case of a
diffuse interface. Secondly, for solubilizates such as
benzene which are also good solvents for PEO,
there is the possibility that in addition to the
solubilizate being present in the micellar core, it
could also be present in the micellar corona. The
presence of any solubilizate in the micellar corona
can alter the predicted micellar dimensions and the
solubilization capacity. The model presented here
does not describe such a situation. Third, only
approximate estimates for the interfacial tension
�agg characteristic of the core±corona interface are
employed in the present calculations. To obtain
improved estimates of �agg, future developments in
the treatment of a constrained interface between
two solutions are necessary. Fourth, the PEO±water
interactions in corona region are described using
the Flory model and taking a constant value for the
PEO±water interaction parameter wBW. However, it
is known [42] that accurate representation of the
liquid±liquid phase equilibrium behavior of PEO±
water systems requires a wBW that is dependent on
temperature, composition of the solution and the
molecular weight of the polymer, if the Flory
equation is used. Therefore, a more fundamental
treatment of PEO±water system would be neces-
sary to more fully account for the interactions in the
corona region. All of the above features would lead
to changes in the magnitude as well as size
dependence of the free energy and thus have an
impact on all the predicted structural features of
aggregates including the extent of solubilization.
Finally, the PPO±water interactions are also repre-
sented in the model using a constant value for wAW,
obtained from vapor±liquid equilibrium studies.
Small changes in the estimate for this interaction
parameter will significantly affect the magnitude of
the free energy, but not its dependence on
aggregate size. Consequently, the calculated CMC
can be considerably modified by changes in wAW,
but all the predicted structural features of aggre-
gates would remain invariant. Considering the
experimental studies, all the results presented in
this work have been obtained on commercial
samples of Pluronics which may contain impurities

such as homopolymers PEO, PPO, and block
copolymers of differing molecular weights and
compositions. In contrast, all the predictive calcula-
tions have been performed for a hypothetical pure
block copolymer having the molecular weight and
composition specified for the commercial product.

Having enumerated the limitations of the
predictive calculations as above, one can still
recognize that the main advantage of the present
theory is that it allows the prediction of all the
microstructural features of micelles containing
solubilizates with only minor computational effort.
Another advantage of the theory is that all free
energy contributions are given as explicit analytical
functions directly linked to physicochemical
changes accompanying micellization and solubili-
zation, and involving only molecular constants and
geometrical variables. Since our attempt has been
to make predictions using well defined models and
molecular constants rather than to fit empirically
the experimental data, we can take advantage of the
observed contradictions between the predictions
and the experiments to improve or modify the free
energy expressions and to improve the estimates
for the molecular constants. Also new physical
effects such as those mentioned in the earlier
paragraph which are not included in the model
presently can be explored. However, to justify
meaningful future developments in the theory of
solubilization, it is essential to have more detailed
measurements of various microstructural charac-
teristics of micelles than are presently available. For
example, if we have the core and corona dimen-
sions, aggregate shapes and the amount solubilized
for at least a few block copolymers, we can test and
improve the model by stipulating that all of the
available structural features should be predicted
well. It is hoped that such experimental studies
would be undertaken in the future and facilitate a
critical evaluation and development of the theory
of solubilization.

Although the main theme of this paper has been
focused on hydrophobic low-molecular-weight
solubilizates, the Pluronic block copolymer has
also been used to solubilize both hydrophobic and
hydrophilic enzymes [43] and also a variety of
polar organic molecules like ketone, esters, alcohols
and aldehydes [3]. A theoretical treatment of the
solubilization behavior of such substances remains
to be developed. We had mentioned earlier that
both PEO and PPO blocks may serve as locus of
solubilization in the case of the hydrophobic
aromatic solubilizates. Such a situation may be
also relevant to the solubilization of proteins and
the polar organic solubilizates. Further experimen-
tal studies of solubilization of these types of solutes
by Pluronics will be useful in the development of
theories of solubilization governing such solutes.

SOLUBILIZATION Ð SOME
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The ability of block copolymer aggregates to host
guest molecules can be exploited for many applica-
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tions. Here we refer to a few recent studies where
the solubilization has been taken advantage of for
carrying out chemical separations, metal nanopar-
ticle synthesis, enzymatic biocatalysis and drug
delivery. The solubilization of naphthalene in three
PEO-PPO-PEO triblock copolymers has been stu-
died [19], with special emphasis on the influence of
temperature. It was found that the solubilization of
naphthalene can be appreciably increased by
moderate increases in the temperature. The solubi-
lization process was found reversible so that the
solubilizate which separates and crystallizes out at
a lower temperature can be readily separated from
the block copolymermicelles. This is very useful for
the recovery of solubilizates from the micelles and
for the recycling of the micelles in a process for
treating environmental pollutants like polycyclic
aromatics.

Novel block copolymers have been synthesized
[44] to allow the solubilization of metal salts in
block copolymer micelles having a polar core and a
non-polar corona formed in toluene. The diblock
copolymers were synthesized starting from com-
mercially available PS-polybutadiene block copoly-
mers. The polybutadiene block was subjected to
epoxidation and the resulting polyepoxide block
was subsequently modified by different types of
ring-opening chemical reactions to create blocks
with metal-complexing side groups. The lipophilic-
metalophilic diblock copolymer was used to
solubilize numerous metal salts of gold, silver,
palladium, rhodium, copper and zinc. The possi-
bility of preparingmetal nanocolloids through such
solubilization route has been demonstrated [44]
opening an important application of solubilization
by block copolymer micelles.

The solubilizates in block copolymer micelles
need not be limited to low molecular weight
hydrophobic substances. Homopolymers have
been solubilized in dilute solutions of block
copolymer micelles [45]. Also, high-molecular-
weight proteins have been solubilized in block
copolymer systems [43]. The use of the microdo-
main structure of block copolymer aggregates as an
effective enzymatic reaction medium was demon-
strated by solubilizing enzymes within the hydro-
philic domains of the block copolymer. The
immobilized enzyme reacts with water-insoluble
substrates that are solubilized within the hydro-
phobic domains acting as microreservoirs of sub-
strates. It is possible to use the block copolymer
microdomains profitably also in case of water-
soluble substrates, if the reaction product is water-
insoluble. In this case, the product is continuously
removed from the hydrophilic domains by its
transfer into the hydrophobic domains acting as
microsinks, thus the problem of product-inhibition
is avoided. Two enzymatic reactions were explored
[43]. In the first example, the enzyme cholesterol
oxidase was used to oxidize cholesterol to choles-
tenone. The advantage derived from the increased
solubility of cholesterol in the block copolymer
system (approximately 22,000 mM in the pure block
copolymer compared to the aqueous phase solu-

bility of 4.7 mM) is obvious. The second enzymatic
reaction involved horse radish peroxidase which
was used to catalyze the oxidation of pyrogallol to
purpurogallin by hydrogen peroxide. In this case,
the substrate has considerable water solubility
while the reaction product has a lower water
solubility. The dissolution of purpurogallin in the
hydrophobic microdomains removes it from water
as it forms, and helps overcome product-inhibition
from affecting catalytic activity. This reaction is of
interest to the treatment of phenolic wastes and for
the synthesis of polymeric products. The stability of
the enzyme cholesterol oxidase in the microdo-
mains was even better than that in the aqueous
medium and the enzymatic activity in microdo-
mains was retained over extended periods of time.

Block copolymer aggregates are finding impor-
tant new applications in the area of drug delivery.
Recent work in this area has been summarized in
ref. [46]. Applications such as tissue specific drug
delivery, delivery of anti-tumor agents, gene
transfection, diagnostic imaging, delivery of drugs
to central nervous system, use of biodegradable
and thermo-responsive micelles for drug delivery
are among the topics that have been explored.
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