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Micelles generated in water from most amphiphilic block copolymers are widely recognized to be non-
equilibrium structures. Typically, the micelles are prepared by a kinetic process, first allowing molecular
scale dissolution of the block copolymer in a common solvent that likes both the blocks and then grad-
ually replacing the common solvent by water to promote the hydrophobic blocks to aggregate and create
the micelles. The non-equilibrium nature of the micelle originates from the fact that dynamic exchange
between the block copolymer molecules in the micelle and the singly dispersed block copolymer mole-
cules in water is suppressed, because of the glassy nature of the core forming polymer block and/or its
very large hydrophobicity. Although most amphiphilic block copolymers generate such non-equilibrium
micelles, no theoretical approach to a priori predict the micelle characteristics currently exists. In this
work, we propose a predictive approach for non-equilibrium micelles with glassy cores by applying
the equilibrium theory of micelles in two steps. In the first, we calculate the properties of micelles formed
in the mixed solvent while true equilibrium prevails, until the micelle core becomes glassy. In the second
step, we freeze the micelle aggregation number at this glassy state and calculate the corona dimension
from the equilibrium theory of micelles. The condition when the micelle core becomes glassy is indepen-
dently determined from a statistical thermodynamic treatment of diluent effect on polymer glass transi-
tion temperature. The predictions based on this ‘‘non-equilibrium’’ model compare reasonably well with
experimental data for polystyrene–polyethylene oxide diblock copolymer, which is the most extensively
studied system in the literature. In contrast, the application of the equilibrium model to describe such a
system significantly overpredicts the micelle core and corona dimensions and the aggregation number.
The non-equilibrium model suggests ways to obtain different micelle sizes for the same block copolymer,
by the choices we can make of the common solvent and the mode of solvent substitution.

Published by Elsevier Inc.
1. Introduction solve in water and self-assemble into micelles when the surfactant
Classical surfactant molecules with short alkyl tails (typically
8–16 carbon atoms) as the hydrophobic part spontaneously dis-
concentration exceeds the critical micelle concentration. The for-
mation of micelles involves the dynamic exchange of surfactant
molecules between the bulk solvent and the micelles and between
micelles and micelles, ensuring that the micelles formed are truly
equilibrium structures. Because of the equilibrium nature of the
process, quantitative a priori theoretical predictions of the self-
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assembly behavior has been possible using phenomenological and
molecular thermodynamic approaches [1–6].

Paralleling the studies of classical surfactants, there has devel-
oped an extensive literature in the last forty years on the self-
assembly of block copolymer molecules. In a diblock copolymer
made up of repeating units A and B, the repeating units occur
as blocks, covalently connected to one another. If one block
(say, B) is hydrophilic while the other block (A) is hydrophobic,
the amphiphilic molecule can be expected to self assemble into
a micellar aggregate with a core of A blocks and a corona or shell
of B blocks swollen in water [7,8]. However, in marked contrast
to surfactants that spontaneously self-assemble in water, most
amphiphilic block copolymers do not spontaneously self-assem-
ble in water because of the large hydrophobicity and/or the
glassy nature of the A block. Typically, micelles are formed in
water using a widely practiced preparation protocol involving
solvent exchange. In this protocol, the block copolymer is first
dissolved in a solvent (referred to as the common solvent) that
is good for both A and B blocks so that molecular scale dissolu-
tion of the block copolymer occurs. Subsequently, water is added
to the system (water being the selective solvent for the hydro-
philic block and non-selective solvent for the hydrophobic block)
and the common solvent is gradually removed by evaporation or
dialysis. During this process of solvent exchange, the increasing
presence of the selective solvent (water) causes the hydrophobic
blocks to separate out and begin to interact with one another to
create a domain of their own resulting in micelle structures. Since
the micelle characteristics are influenced by the method of prep-
aration, namely the conditions of solvent exchange, these
micelles have been called ‘‘non-equilibrium’’ micelles in the liter-
ature [9]. The term non-equilibrium emphasizes the fact that the
dynamic exchange of the amphiphile between the bulk solvent
and the micelle or among the population of micelles is drastically
reduced if not eliminated. Although such non-equilibrium
micelles are more the rule than the exception, theoretical models
of block copolymer micelles have been limited to equilibrium
self-assembly process [10–13] and have no predictive ability with
regard to the non-equilibrium micelles.

The amphiphilic block copolymer micelles that have been
extensively studied using the solvent exchange protocol are the
diblock copolymer micelles formed from polystyrene–polyethyl-
ene oxide (PS–PEO), using tetrahydrofuran (THF) as the common
solvent. Research groups of Mitchell Winnik and Gerard Riess have
conducted pioneering studies to characterize the micelles gener-
ated from a wide range of block copolymer molecular weights
and compositions [14–20]. High molecular weight polystyrene
has a glass transition temperature of about 100 �C and therefore
at room temperature the block will be in glassy state. Since most
experimental data are available for this block copolymer, this
paper will focus on how one can predict the properties of non-
equilibrium micelles which have glassy cores prepared using tetra-
hydrofuran (THF) as the common solvent and a solvent exchange
protocol. The model can be readily applied to other glassy poly-
mers and common solvents that are used in current practice. The
problem is of significant interest since many of the block copoly-
mers that are actively being considered for drug delivery applica-
tions include hydrophobic polymer blocks that are glassy at
room temperature, such as poly(e-caprolactone) (PCL), polylactide
(PLA), poly(D,L-lactide-co-glycolide) (PLGA), and polymethyl meth-
acrylic acid (PMMA) [21–23].

It should be mentioned that a notable exception to such non-
equilibrium micelles are the micelles formed from the symmetric
triblock copolymer of polyethylene oxide–polypropylene oxide–
polyethylene oxide (PEO–PPO–PEO), available commercially under
the trade names of Pluronics, Polaxomer, etc. These triblock
copolymers are in the molecular weight range of 1000–13,000,
with block composition ranging from 20 to 80 wt% ethylene oxide.
Because of the weaker hydrophobicity of polypropylene oxide
compared to the hydrophobic blocks of most other block copoly-
mers investigated in the literature, the PEO–PPO–PEO block
copolymers are relatively easily dispersed into water and are able
to generate spontaneously self-assembled structures. Because of
their equilibrium nature, the aggregation behavior of these block
copolymers can be predicted using equilibrium theories. Indeed,
predictive models have been developed in our earlier work to
quantitatively estimate the properties of micelles formed, aggre-
gate shape transitions as well as the solubilization of hydrocarbons
by these micelles [24,25]. It is safe to assert that the PEO–PPO–PEO
triblock copolymers are an exception and in general, most amphi-
philic block copolymers cannot be dispersed into water because of
the strong hydrophobicity associated with the hydrophobic block,
even if the block length is small.
2. Approach to predictive modeling of non-equilibrium micelle

We develop an approach to predictive modeling by following
the experimental procedure commonly used to generate the
micelles. For example, let us start with diblock copolymers of poly-
styrene–polyethylene oxide (PS–PEO). The key stages in the self-
assembly process are schematically shown in Fig. 1. The block
copolymer is first dissolved in tetrahydrofuran (THF) which is a
common solvent for both PS and PEO blocks. The dissolution occurs
at the molecular scale and there is no driving force for self-assem-
bly at this stage (Fig. 1A). Then water, which is a selective solvent
for the PEO block and a non-selective (or poor) solvent for the PS
block, is added to the system, progressively. The changing solvent
composition induces the formation of block copolymer micelles in
the solvent medium by bringing PS blocks closer together to aggre-
gate (Fig. 1B). With sufficient water addition, a distinct micelle core
emerges consisting of PS with THF solubilized in the core and
water is excluded from the core (Fig. 1C). The corona region con-
sists of PEO blocks and the solvent mixture of THF and water, the
same as the surrounding bulk solvent. Since the good solvent
THF is present in the core, it acts as a diluent to reduce the glass
transition temperature of PS to experimental temperature or below
so as to allow the dynamic exchange of the block copolymer mol-
ecules between the micelle and the bulk solvent. Under these con-
ditions, the micelle is truly an equilibrium micelle formed in a
mixed solvent of THF + water incorporating one of the solvent
components (THF) as also the solubilizate in the micelle core. With
the addition of water and the slow removal of THF by evaporation
or dialysis, the THF composition in the bulk solvent as well as in
the micelle core decreases. At some critical volume fraction of
THF in the micelle core, the liquid to glass transition of PS occurs
at the experimental temperature. This critical volume fraction of
diluent (THF, in this case) is a function of the experimental temper-
ature, molecular weight of the PS block and the molecular volume
of the diluent. At this condition the dynamic exchange of block
copolymer molecules between the micelle and the surrounding
solvent ceases to exist. The micelle core may be considered frozen
in the sense that the number of block copolymer molecules in the
micelle cannot change any further beyond this liquid to glass tran-
sition point. Further removal of THF simply shrinks the micelle
core keeping the aggregation number unaffected. However the
dimensions of the corona region continue to be modified because
the changing core radius requires a corresponding change in the
corona thickness in order to maintain the lowest free energy state
for the system. On complete removal of THF, we have micelles in
water (Fig. 1D) which are referred to as non-equilibrium micelles.
Clearly, these micelles could not have been obtained by attempting
to directly dissolve the block copolymer in water.



Fig. 1. Schematic illustration of the process of forming block copolymer micelles by solvent exchange. Dark blue lines denote the hydrophobic PS block and the dark brown
lines denote the hydrophilic PEO block of the PS–PEO diblock copolymer. Blue circles denote the common solvent THF and the red circles denote the selective solvent water.
In A, molecular dissolution of both blocks occurs in the mixed solvent. In B, the addition of selective solvent begins to induce aggregation of the PS blocks. In C, a fully formed
micelle with the common solvent solubilized in the core comes into existence in the mixed solvent. In D, the common solvent is completely removed from the system to yield
the ‘‘non-equilibrium’’ micelle. For bulk solvent composition between C and D, the micelle core becomes glassy and the equilibrium micelles in C begin to be viewed as ‘‘non-
equilibrium’’ micelles in D. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The above description provides us a way to predict the proper-
ties of the non-equilibrium micelle making use of the available the-
ories of equilibrium micelles. Specifically, until the critical volume
fraction of the diluent (for the liquid to glass transition of core) is
reached we indeed have a true equilibrium process where the
equilibrium theory for micelles is applicable. With this recognition,
we propose the following approach to predict the size and shape of
non-equilibrium micelles with glassy cores:

a. First, we will use a thermodynamic treatment of diluent
induced glass to liquid transition to determine the critical
volume fraction of THF at which the transition occurs at
the experimental temperature. This critical volume fraction
/crit depends on the molecular weight of the PS block and
the experimental temperature selected.

b. Second, we require a theory for equilibrium micelles in the
mixed solvent which also takes into account the simulta-
neously occurring solubilization of THF in the micelle core.
Such a theory is readily developed here, by simple exten-
sions to our earlier models of micellization [13] and solubi-
lization [24,25]. Using this theory, for any given bulk solvent
composition (represented by volume fraction /T, with sub-
script T denoting THF), we can predict the volume fraction
g of THF in the micelle core as well as the core radius R(g),
the corona thickness D(g), and the aggregation number
g(g) of the micelle, all of which depend on g. We will per-
form such calculations for all values of /T starting from unity
until reaching the condition where the volume fraction g of
THF in the micelle core becomes equal to the critical volume
fraction /crit for liquid to glass transition of the PS block. At
this condition, the micelle core is considered frozen. The
micelle aggregation number g will remain unchanged at
g(g = /crit) and will be the aggregation number of the non-
equilibrium micelle.

c. Third, knowing g(g = /crit), we can calculate the micelle core
radius R when all THF is removed. This will be the core
radius of the non-equilibrium micelle. For such a micelle of
fixed aggregation number present in water, we will apply
our equilibrium theory of micelle to calculate the corona
thickness D that would minimize the fee energy to obtain
the corona size of the non-equilibrium micelle. The total
radius of the micelle, calculated as the sum of the core radius
R and the corona thickness D, can be considered as an
approximate equivalent of the experimentally determined
hydrodynamic radius of the micelle.

3. Estimating critical volume fraction of THF for glass to liquid
transition of polystyrene

Multiple treatments of diluent effects on glass transition tem-
perature of polymers are available in the literature [26–28] and
any one of them could be used for our purposes. We have chosen
to use the model developed by Chow [26] since the glass transition
temperatures of polystyrene, predicted by his model for 13 differ-
ent diluents, compare very well against experimental data. In
Chow’s treatment, in the framework of classical thermodynamics,



Fig. 2. Predicted volume fraction of THF corresponding to a glass to liquid transition
of polystyrene calculated using Eqs. (1) and (2). The points correspond to all the
diblock copolymers listed in Table 2.
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the glass transition temperature of a polymer in the presence of the
diluent is related to the glass transition temperature of the pure
polymer via the excess heat capacity and the configurational
entropy. The configurational entropy is then determined in the
framework of statistical thermodynamics using the Braggs-Wil-
liam approach, by calculating the number of configurations in
which the diluent molecules can be located around the polymer.
The resulting expression for the glass transition temperature Tg

in the presence of a diluent is dependent on the glass transition
temperature Tgo of the polymer in the absence of the diluent and
the concentration of the diluent (which can be expressed as site
fraction h, weight fraction x or volume fraction /).

ln
Tg

Tgo

� �
¼ b ð1� hÞ lnð1� hÞ þ h lnðhÞ½ �

h ¼ N
N þ L

¼ ðmd=MdÞ
zðmp=MpÞ

¼ 1
z

Mp

Md

x
1�x

¼ 1
z

Vp

Vd

/
1� /

; b ¼ zRmp

MpDCp

ð1Þ

In the above equation, DCp is the transition isobaric specific heat
increment of the polymer, z is the number of lattice sites where
the diluent can be accommodated next to the polymer segments
(taken equal to 2), R is the gas constant, Md is the molecular weight
of the diluent, Mp is the molecular weight of the polymer repeat
unit, Vd and Vp are the molar volumes of the diluent and the poly-
mer repeat unit respectively and md and mp denote the mass of
the diluent and of the polymer, respectively. The solvent induced
glass to liquid transition was calculated by Chow using for polysty-
rene, Mp = 104.2 g/mol, Vp = 101 cm3/mol, and the heat capacity Mp-

DCp/mp = 27 J/mol K. The predictions of the theory were found to be
in very good agreement with experimental data for a number of dil-
uents in PS including: methyl acetate, carbon disulfide, benzene,
methylene chloride, ethyl acetate, toluene, n-butyl acetate, chloro-
form, methyl salicylate, carbon tetrachloride, phenyl salicylate, b-
naphthyl salicylate.

In this study, we need to determine the volume fraction of THF
necessary to allow the PS block of the block copolymer (of block
size Mn) to be in a liquid state. In the absence of any diluent, the
glass transition temperature of polystyrene with number average
molecular weight Mn is calculated using the Flory–Fox relation tak-
ing the glass transition temperature of the infinite molecular
weight PS to be Tg1 = 373 K and the Flory–Fox constant
a = 1.7 � 105.

Tgo ¼ Tg1 �
/

Mn
ð2Þ

For THF as the diluent, taking Md = 72.1 g/mol and Vd = 81.7 -
cm3/mol, one can calculate using Eqs. (1) and (2) the volume frac-
tion /crit of THF necessary corresponding to a glass to liquid
transition for the PS block of any molecular weight. The calculated
results are plotted in Fig. 2 corresponding to all the block copoly-
mer molecules considered in this paper. One may observe that
for small polymer molecular sizes (repeat units of 10 and 16),
the polymer is in non-glassy state even in the absence of any dilu-
ent. Knowing /crit, we can now proceed to determine the charac-
teristics of the micelle that will have a volume fraction of the
solubilizate in the micelle core equal to /crit, using the equilibrium
theory of micellization and solubilization.
4. Size distribution of micelles in mixed solvent with one
solvent component solubilized

The thermodynamic treatment for micelles in a binary solvent
mixture with one of the components also being the solubilizate,
is built on our previous treatments of micelle formation [13] and
solubilization [24,25] in selective solvents and therefore is only
briefly described here, emphasizing mainly the changes made to
the earlier treatments. We consider a system composed of the
common and selective solvents, singly dispersed block copolymer
molecules, and micelles. The common solvent also acts as the sol-
ubilizate. The solvent chemical potentials are defined taking the
reference state to be pure solvents while the chemical potentials
of the micelle and the singly dispersed block copolymer are defined
as those corresponding to their infinitely dilute solution state in
the solvent. The size distribution of micelles is given by

Xgj ¼ Xg
1aj

T exp�
gDlo

gj

kT

� �
;

Dlo
gj ¼

lo
gj

g
� lo

1 �
j
g
l�T; aT ¼ XT exp vTWX2

W

� � ð3Þ

Here, Xgj is the mole fraction or activity of the micelle made up of g
block copolymer molecules and j molecules of the solubilizate
(THF), X1 is the mole fraction or activity of the singly dispersed
block copolymer molecule, aT is the activity of solubilizate THF
(denoted by subscript T), lo

gj is the standard chemical potential of
the micelle defined as that of an isolated micelle in the solvent mix-
ture, lo

1 is the standard chemical potential of the singly dispersed
block copolymer molecule defined as that of an isolated block
copolymer in the solvent mixture, and l�T is the standard chemical
potential of the common solvent THF defined as that of a pure sol-
vent. The variables XT and XW denote the mole fractions of THF and
water in the bulk solvent medium and vTW is the Flory interaction
parameter between THF and water. To calculate the size distribu-
tion of micelles, one requires an expression for the standard state
free energy change on aggregation, Dlo

gj. Since this depends on
the shape and size of aggregates, the geometrical variables describ-
ing the aggregates have to be defined as well.
5. Geometrical description of aggregates of various shapes

The treatment to predict self-assembly behavior is applicable to
all aggregate shapes and indeed calculations have been performed
comparing spherical, cylindrical and lamellar aggregates. However,
all the discussions below focus on spherical micelles since the PS–



Table 1
Geometrical relations for aggregates.

Propertya Sphere Cylinder Lamella

VC 4pR3/3 pR2 2R
VS VC [(1 + D/R)3 � 1] VC [(1 + D/R)2 � 1] VC [(1 + D/R) � 1]
g VC /A/(NAvA) VC /A/(NAvA) VC /A/(NAvA)
a 3 NAvA/(R/A) 2 NAvA/(R/A) NAvA/(R/A)
/B (NBvB)/(NAvA) /A

(VC/VS)
(NBvB)/(NAvA)
/A(VC/VS)

(NBvB)/(NAvA)
/A(VC/VS)

g 1 � /A 1 � /A 1 � /A

a Properties refer to: core volume (VC = g NA vA + j vT), corona volume (VS),
aggregation number (g), core surface area per block copolymer molecule (a), vol-
ume fraction of B segments in corona (/B), volume fraction of solubilizate in core
(g = jvT/(gNAvA + jvT), volume fraction of A segments in core (/A). The variables VC, VS

and g represent the entire aggregate for spheres, unit length for a cylinder or unit
area for a bilayer. R is the radius of spherical or cylindrical micelle or the half-
bilayer thickness while D is the corona thickness.
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PEO block copolymers selected for this study are found to generate
only spherical micelles. As defined earlier, A represents the hydro-
phobic block polystyrene while B represents the hydrophilic block
polyethylene oxide. NA and NB are the numbers of repeat units of A
and B in the two blocks. We use the variable R to denote the size of
the hydrophobic core (radius for spherical and cylindrical micelles
and half-bilayer thickness for the lamellar aggregate), D for the cor-
ona thickness, a for the surface area of the aggregate core per con-
stituent block copolymer molecule, VC for the micelle core volume,
VS for the corona volume and g for the volume fraction of the sol-
ubilizate molecules in the core. The numbers 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 micelles, quantities
per unit length in the case of cylindrical aggregates and quantities
per unit area in the case of lamellar aggregates. 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 = 1 � g), and /B for the volume fraction of the B seg-
ments in the corona. The geometrical relations describing block
copolymer aggregates are summarized in Table 1.

If any three structural variables are specified all the remaining
geometrical variables can be calculated through the relations given
in Table 1. For convenience, R, D and g (or /A) are chosen as the inde-
pendent variables. In Table 1, vA, vB, vT and vW, refer to the molecular
volumes of A and B repeat units, the common solvent THF and the
selective solvent, water. The variable vS is used to denote the effec-
tive molecular volume of the mixed solvent and is calculated as
the composition (mole fraction) averaged molecular volumes of
THF and water. The characteristic lengths are defined as LK ¼ v1=3

K ,
where K = A, B, T, W, S. Having defined the geometrical variables,
the calculation of the micelle size distribution requires knowledge
of the standard state free energy change on aggregation.

6. Expressions for the standard state free energy change on
aggregation

The expression for the standard free energy change on aggrega-
tion is formulated by identifying all physicochemical changes
accompanying micelle formation starting from the singly dispersed
amphiphile. First, the transfer of the singly dispersed copolymer
and the solubilizate to the micellar core is associated with changes
in the state of dilution and the state of deformation of A block,
including the swelling of A blocks in the core by solubilizate T.
The corresponding free energy change is calculated using Flory
theory for polymer solutions [29], Semenov theory for elastic
deformations in constrained systems [30] and de Gennes theory
for the conformation of a collapsed polymer [31]. Second, 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.
This is calculated using Flory theory for polymer solutions [29],
Semenov theory for elastic deformations in constrained systems
[30] and the Flory theory for swollen isolated polymer [29] with
modification suggested by Stockmayer [32]. Third, the formation
of micelle is associated with the generation of an interface between
the micelle core made up of A blocks and solubilizate T and the
micelle corona consisting of B blocks and the mixed solvent S.
The interfacial tension ragg characteristic of such an interface
between the core and corona regions is calculated using the Prigo-
gine theory for interfacial tension between two polymer solutions
[33,34]. Fourth, the formation of the micelle localizes the copoly-
mer such that the A block is confined to the core while the B block
is confined to the corona. This entropic effect is calculated using a
configurational volume restriction model. Thus, we can decompose
the standard state free energy change on aggregation to a number
of contributions:

Dlo
gj ¼ Dlo

gj

� �
A;dil
þ Dlo

gj

� �
A;def
þ Dlo

gj

� �
B;dil
þ Dlo

gj

� �
B;def

þ Dlo
gj

� �
int
þ Dlo

gj

� �
loc

ð4Þ

These free energy contributions are exactly similar to the tail
transfer free energy term (A block related two terms), head group
repulsions (B block related two terms) and the interfacial energy
term used to describe classical surfactant micelles [1]. Expressions
for each of the contributions appearing in Eq. (4) are briefly pre-
sented below.

6.1. Change in state of dilution of block A

In the singly dispersed copolymer, the hydrophobic A block is in
a collapsed state, possibly with some solvent trapped in the col-
lapsed globule. The segment volume fraction /A1 within the col-
lapsed globule (typically close to unity) is calculated using the de
Gennes theory [31] for the conformation of a collapsed polymer.
Then, knowing /A1, we calculate the chain expansion parameter
aA by noting the spherical geometry of the globule:

lnð1� /A1Þ þ /A1 þ vAS/
2
A1 ¼ 0; aA ¼ 6=pð Þ1=3N�1=6

A /�1=3
A1 ð5Þ

Here vAS is the Flory parameter describing A block – solvent S inter-
actions and is dependent on the composition of the bulk solvent
(volume fractions /T of THF and /W of water) and the Flory param-
eters for A block – THF (vAT), A block – water (vAW) and THF – water
(vTW) binary interactions.

vAS ¼ /TvAT þ /WvAW � /T/WvTW ð6Þ

The collapsed globule surface of the singly dispersed molecule
interacts with the solvent and the interfacial tension rAS between
the A block and the solvent mixture is calculated using the Prigo-
gine theory [33,34]. The theory considers the fact that the compo-
sition of the solvent mixture close to a surface is different from the
bulk composition of the solvent and provides a quantitative
method for determining the surface composition as well as the
resulting interfacial tension. Corresponding to the bulk solvent
composition /T of THF, the concentration /S

T at the interface is
determined by solving the implicit equation

ln
/S

T=/T

� �v W=v T

1� /S
T

� �
= 1� /Tð Þ

" #
¼ ðrAW � rATÞ

kT
v2=3

A þ 3
4
vTW ð1� /TÞ � /T½ �

� 1
2
vTW 1� /S

T

� �
� /S

T

� 	
ð7Þ

where rAW and rAT are the interfacial tensions of A block against
water and THF, respectively. These interfacial tensions are calcu-
lated from the corresponding Flory interaction parameters.
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rAW ¼
vAW

6

� �1=2 kT

L2
A

; rAT ¼
vAT

6

� �1=2 kT

L2
A

; LA ¼ v1=3
A ð8Þ

Once /S
T is determined, the interfacial tension rAS can be calculated

from the explicit equation

rAS � rAW

kT

� �
v2=3

A ¼ ln
1� /S

T

1� /T

 !
þ vT � vW

vT

� �
/S

T � /T

� �

þ vTW
1
2

/S
T

� �2 � 3
4

/Tð Þ
2


 �
ð9Þ

Considering now the aggregated state, the A block is in the
micelle core where it is mixed with the solubilizate THF.

Having defined the two end states of block A in the micelliza-
tion process, the standard state free energy change accounting
for the change in dilution state of A block can be calculated using
the Flory theory [29] for polymer solutions as:

Dlo
g

� �
A;dil

kT
¼ NA

vA

vT

1� /A

/A
ln ð1� /AÞ þ

vA

vT
ð1� /AÞvAT


 �

� NA
vA

vS

1� /A1

/A1
lnð1� /A1Þ þ

vA

vS
ð1� /A1ÞvAS


 �

� rAS L2
A

kT

 !
6N1=2

A

aA

ð10Þ

The first term accounts for the entropic and enthalpic contribu-
tions connected to the interactions between A segments and THF in
the core. The second term accounts for the entropic and enthalpic
contributions associated with the collapsed A block in the singly
dispersed copolymer. The last term accounts for the interfacial
energy between the collapsed globule of A block in the singly dis-
persed copolymer and the solvent mixture.

6.2. Change in state of deformation of block A

In the singly dispersed copolymer, the A block deformation is
determined by the chain expansion parameter aA and the free
energy of this state is represented by the Flory theory for an iso-
lated polymer molecule [29]. In the aggregate, the hydrophobic
domain dimension R determines the elastic deformation of the A
blocks and the free energy of this state is described by Semenov’s
theory for elastic deformation in constrained systems [30]. On this
basis, the free energy change corresponding to the change in elastic
deformation states of the A block can be calculated [24,25] from

Dlo
g

� �
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kT
¼ pp2

80

� �
R2

NAL2
A

" #
� 3

2
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A � 1
� �

� ln a3
A


 �
ð11Þ

The first term accounts for the A block in the aggregated state
while the second term corresponds to the A block in the singly dis-
persed state. In the first term, p is the shape dependent molecular
packing parameter, equal to 3 for spheres, 5 for cylinders and 10
for lamellae.

6.3. Change in state of dilution of block B

In the singly dispersed copolymer, the B block is swollen in the
solvent mixture and its conformational state is defined by the seg-
ment volume fraction /B1 within the swollen molecule treated as a
sphere and the chain expansion parameter aB. The chain expansion
parameter aB is calculated using the Flory theory for a swollen iso-
lated polymer molecule [29], incorporating in it a correction for the
numerical coefficient suggested by Stockmayer [32]; with this esti-
mate for aB, the segment volume fraction /B1 is calculated invoking
the spherical geometry of the swollen globule:

a5
B � a3

B ¼ 0:88 1=2� vBS

� �
N1=2

B ; /B1 ¼ ð6=pÞN
�1=2
B a�3

B ð12Þ

Here, vBS is the Flory parameter representing B block – solvent mix-
ture S interactions, which is dependent on the bulk solvent compo-
sition and the Flory parameters for the B block – THF (vBT), B block –
water (vBW) and THF – water (vTW) binary interactions (similar to
the consideration made earlier for vAS). It is calculated using the
relation:

vBS ¼ /TvBT þ /WvBW � /T/WvTW ð13Þ

In the aggregate, the B blocks are again swollen with the solvent
mixture but the state of dilution is different compared to that in
the singly dispersed state, with the volume fraction of B segments
in the aggregate corona being /B. The free energy of dilution of the
B blocks in the singly dispersed state as well as in the aggregated
state can be described by the Flory theory for polymer solutions
[29]. On this basis, the free energy contribution to account for
the change in the dilution state of B block is calculated as:
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6.4. Change in state of deformation of block B

In the singly dispersed copolymer, the B block conformation is
described by the chain expansion parameter aB and the free energy
of deformation of this state is represented by the Flory theory for
an isolated polymer molecule [29]. In the aggregate, the corona
dimension D determines the conformation of the B blocks and
the chain deformation in this state is described by Semenov’s the-
ory [30]. On this basis, the free energy change corresponding to the
change in elastic deformation states of the B block can be calcu-
lated [24,25] from
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where the first term represents the aggregated state and the second
term represents the singly dispersed state. Here, a is the surface
area per molecule of the aggregate at the domain A–domain B inter-
face, 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 the
lamellae.

6.5. Formation of core–corona interface

The formation of an aggregate is associated with the generation
of an interface between the hydrophobic core made up of A blocks
incorporating the solubilizate THF and the hydrophilic corona con-
sisting of B blocks and the solvent mixture S. The associated change
in free energy is written as the product of the area per molecule at
the core–corona interface and a characteristic interfacial tension
ragg defining that interface.

Dlo
g

� �
int

kT
¼ ragg

kT
a; ragg ¼ rAS/A 1� /Bð Þ þ rAB/A/B ð16Þ

The expression for the characteristic interfacial tension ragg is
written as a composition average recognizing that A segments in
the core interact with the bulk solvent S and the B block at the
interface. The THF present in the core also interacts with the bulk
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solvent S and the B segments at the interface and this is expected
to be negligible because THF mixes well with both the B block and
water. The interfacial tension between the A and B blocks, rAB is
estimated from the interaction parameter vAB.

rAB ¼
vAB

6

� �1=2 kT

L2
A

; LA ¼ v1=3
A ð17Þ
6.6. Localization of block copolymer

The A–B link in every copolymer molecule is confined to a nar-
row volume of the aggregate. The corresponding free energy
change is calculated using a configurational volume restriction
model [24,25].
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R 1þ D=Rð Þd

" #
ð18Þ

Here, d = 3 for spheres, 2 for cylinders and 1 for lamellae.

7. Estimation of molecular constants and computational
approach

In order to use the various free energy expressions developed
above to compute the properties of micelles, we need to specify the
values for all molecular constants appearing in these expressions.

7.1. Molecular volumes

The molar volume of repeating units of the hydrophobic A block
(PS) is 101 cm3/mol and for the hydrophilic B block (PEO) is
38.9 cm3/mol. The molar volume of the common solvent THF is
81.7 cm3/mol while that of the selective solvent water is 18 cm3/
mol. Based on these molar volumes, we calculate vA = 0.1683 nm3

for PS, vB = 0.0646 nm3 for PEO, vT = 0.1362 nm3 for THF and
vW = 0.030 nm3 for water.

7.2. Flory interaction parameters

All binary interactions are represented using the Flory solution
model in this paper, with a constant Flory parameter to quantita-
tively account for the interactions. It should be noted that for many
systems the fitting of the Flory solution model indicates that the
fitted interaction parameter is a function of the polymer segment
concentration in the solution, temperature and possibly also the
molecular weight of the polymer. That is certainly the case for
PEO–water system which also exhibits a closed loop phase behav-
ior. Such behavior typically occurs in systems where the molecules
exhibit specific interactions and/or display association behavior.
We refer the readers to the more fundamental work presented
by Dormidontova [35]. Such detailed thermodynamic behavior
cannot be represented by a simple Flory solution model with a con-
stant interaction parameter. Nevertheless, a simple Flory model is
used commonly in theoretical descriptions of block copolymer
micelles with the expectation that a constant Flory interaction
parameter could capture the essential features of the non-ideal
interactions relevant to the micellization process over a limited
temperature and composition range even though it is far from ade-
quate to describe the complete liquid–liquid and/or vapor–liquid
phase diagrams entirely. In our calculations, a constant Flory inter-
action parameter of vBW = 0.4 is assumed as suggested in the work
of Xu et al. [15]. For PS–THF interactions and PEO–THF interactions,
we have taken the interaction parameters to be vAT = 0.25 and
vBT = 0.25 since THF is a good solvent for both PS and PEO. For
the PS–PEO interactions, an estimate of vAB = 0.3 has been
suggested by Xu et al. [15]. As for the bulk solvent mixture, THF
and water are completely miscible at room temperature at all com-
positions. However, this system also exhibits non-ideal behavior in
the form of the closed loop phase diagram. Detailed thermody-
namic descriptions have been attempted considering the mutual-
association between THF and water as well as self-association
between THF molecules [36] but have resulted only in correlation
requiring three empirically fitted parameters. Since our attempt is
to obtain only some estimates for THF–water interactions rather
than represent the global thermodynamic behavior of this binary
solvent mixture in liquid and vapor phases, in this paper we have
used a constant interaction parameter vTW = 1.5 calculated using
solubility parameters [37]. For polystyrene–water interactions, no
experimental interaction parameters from solution studies are
available because water is a very poor solvent for polystyrene.
However, the contact angle of water on PS has been measured to
be near 85� and the PS–water interfacial tension has been mea-
sured to be near 35 m N/m [38]. These values suggest a PS–water
interaction parameter of vAW = 6.0 and this value has been used
in the computations.

7.3. Computational approach

The free energy minimizations are carried out using the FOR-
TRAN IMSL (International Mathematical and Statistical Library)
Subroutine ZXMWD which has been used in our previous theoret-
ical studies [5,24,25]. This minimization routine has performed
robustly for all self-assembly predictions where the number of
independent variables has ranged between 1 and 5. The aggregate
shape that yields the lowest standard state free energy change on
aggregation Dlo

gj is taken to be the equilibrium shape. For all block
copolymers considered in this paper only spherical structure is
favored. The specific computational steps are as follows:

First, we perform the minimization of Dlo
gj �

j
g ln aT for the sys-

tem in mixed solvent with respect to the three independent vari-
ables R, D and g. These calculations are done over the entire
range of the bulk solvent composition, /T from 0 to 1. For THF-rich
solvent compositions, above a certain value of /T, the free energy
change is positive implying there can be no aggregation. This is
because the THF-rich mixed solvent is a good solvent for both
blocks of the copolymer, thus eliminating any driving force for
self-assembly. The value of /T where the free energy change is zero
is thus the upper limit of the bulk solvent composition at which
micelle formation is still possible. For values of /T below this upper
limit, we predict values for R(g), D(g) and g corresponding to the
equilibrium micelles formed in the mixed solvent. The aggregation
number g(g) is calculated from the geometrical relations.

Second, we identify the value of /T at which the predicted value
of g becomes equal to the critical volume fraction /crit of THF plot-
ted in Fig. 2 for the specified block copolymer. This value of /T

defines the condition where the micelle core becomes glassy and
is thus the lower limit of the bulk solvent composition where the
micelles can still form. Between these two limits of the bulk sol-
vent composition, we have equilibrium micelles formed in the
mixed solvent.

Third, at the condition g = /crit, we have predicted the aggrega-
tion number g(g) for the equilibrium micelle. This aggregation
number g (g = /crit) of the micelle is frozen and corresponds to that
of the ultimate non-equilibrium micelle. Keeping g unaltered at
this value and making g to be zero (complete elimination of the
solubilizate), we recalculate from geometrical relations, the core
radius R of the non-equilibrium micelle. Knowing R for the non-
equilibrium micelle, we carry out a free energy minimization of
Dlo

gj as before but with the corona thickness D being the only inde-
pendent variable. The free energy expressions for this minimiza-
tion are those given in Eqs. (5)–(18), with the modification that
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THF is present neither as a solubilizate nor as a component in the
bulk solvent. From the minimization we get the corona thickness D
for the non-equilibrium micelle.

To compare against these predictions obtained for the non-
equilibrium micelles, we also calculate the properties of hypothet-
ical equilibrium micelles that could form in water without the sol-
vent exchange protocol. For this purpose, simple micelle formation
calculations are done by minimizing the free energy Dlo

gj with
respect to the two independent variables R and D. The free energy
expressions are those corresponding to Eqs. (5)–(18), with the
modification that THF is present neither as a solubilizate nor as a
component in the bulk solvent.
Fig. 3. Predicted volume fraction of THF as a solubilizate in the micelle core as a
function of the volume fraction of THF in the bulk mixed solvent for equilibrium
micelles of diblock copolymer S136E668 formed in the mixed solvent. The lower limit
of /T corresponds to the condition when the micelle core becomes glassy. The upper
limit of /T corresponds to the condition when micelle formation is not favored and
the molecules exist in their singly dispersed state.

Fig. 4. Predicted core radius and corona thickness of micelle and the area per block
copolymer molecule as a function of the volume fraction of THF in the bulk mixed
solvent for diblock copolymer S136E668. The micelles are all equilibrium structures
and contain THF in their cores.
8. Results and discussion

To illustrate the computational approach and the analysis of
results, the calculated results for the diblock copolymer S136E668

with 136 styrene repeat units in the hydrophobic A block and
668 ethylene oxide repeat units in the hydrophilic B block are
shown in Figs. 3–6. In Fig. 3 the volume fraction g of THF solubi-
lized in the micelle core is plotted against the volume fraction /T

of THF in the bulk solvent. The results in this figure correspond
to equilibrium micelles formed in the mixed solvent. For all of
the conditions plotted, dynamic exchange of molecules between
the micellar state and singly dispersed state is possible since the
volume fraction of THF in the core is adequate to ensure a non-
glassy micelle core. The calculated data are shown within two lim-
its of the bulk solvent composition. The lower limit of /T corre-
sponds to the condition when the volume fraction g of THF in
the core is equal to the critical volume fraction /crit corresponding
to the polystyrene block size for which the glass to liquid transition
is possible. Therefore, no results are shown for smaller values of /T

below this limit, since equilibrium micelles in the mixed solvent
are not possible under those conditions. The upper limit of /T cor-
responds to the condition when there is large enough presence of
the common solvent THF to eliminate the driving force for micelle
formation. This value for /T corresponds to the condition when the
standard state free energy change on aggregation becomes zero. No
results are shown for larger values of /T because at those condi-
tions the block copolymer molecule will remain singly dispersed.

In Fig. 4, the core radius R(g), corona thickness D(g) and the core
surface area per block copolymer molecule a(g) for the equilibrium
micelles of S136E668 formed in the mixed solvent are shown. The
core radius describes a core in which the solubilizate is present
and the volume fraction of the solubilizate g was already provided
in Fig. 3. Any of the equilibrium micelles formed over this range of
bulk solvent composition can be flash frozen to create a glassy core
by abrupt addition of water to the bulk solvent or by abrupt
removal of THF from the solvent. For the non-equilibrium micelles
generated at each of these bulk solvent composition values, the
predicted structural properties are provided in Fig. 5. The core
radius in Fig. 5 is smaller than that in Fig. 4 because of the removal
of THF from the core. This decrease in core radius is reflected in the
corresponding decrease in the area per molecule shown in Fig. 5
compared to Fig. 4. Further, the decrease in core radius also causes
the corona thickness to be modified in the non-equilibrium micelle
and it also decreases in magnitude. Therefore, compared to the
equilibrium micelles, the corresponding non-equilibrium micelle
generated from it will have a smaller core radius and corona thick-
ness, as a general rule.

The predicted aggregation number of the non-equilibrium
micelle is shown in Fig. 6. In general the aggregation number is
smaller if the non-equilibrium micelle is generated at higher THF
content in the bulk solvent. There is a non-monotonic behavior
seen over the composition range of the bulk solvent. This results
from competing interactions that govern the formation of the
micelle in the mixed solvent. The presence of THF in the micelle
core as a solubilizate and in the bulk solvent medium as a cosol-
vent, influences two dominant free energy contributions, leading
to two competing effects. First, as /T increases, the THF in the bulk
solvent lowers the interfacial tension rAS between the PS block and
the bulk solvent. This causes a decrease in the interfacial tension



Fig. 5. Predicted core radius and corona thickness of micelle and the area per block
copolymer molecule for non-equilibrium micelles of diblock copolymer S136E668 if
the micelle core is made glassy at the specified volume fraction of THF in the bulk
mixed solvent.

Fig. 6. Predicted aggregation number of micelles of diblock copolymer S136E668 if
the micelle core is made glassy at the specified volume fraction of THF in the bulk
mixed solvent.

Fig. 7. Calculated dependence of the Flory parameters for PS–mixed solvent
interactions (from Eq. (6)), PEO–mixed solvent interactions (from Eq. (13)) and the
interfacial tension between PS and mixed solvent (from Eq. (9)) on the composition
of the bulk mixed solvent.
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ragg between the micelle core and the corona and reduces the mag-
nitude of the free energy of formation of the core–corona interface.
Such a free energy change favors an increase in the equilibrium
area per molecule and a corresponding decrease in the micelle
aggregation number. Second, as /T increases, the amount of THF
solubilized in the core also increases. Any solubilization in the
micelle core will favor the micelle aggregation number to increase
and the larger the amount solubilized, the larger will be the
increase in the aggregation number. The net result of these com-
peting effects is the observed non-monotonic behavior in the
predicted aggregation number. At smaller /T the solubilization
effect dominates causing the aggregation number to increase. At
higher /T, the interfacial energy effect dominates making the
aggregation number smaller.

The calculated Flory parameters vAS representing A block–sol-
vent S interactions, vBS representing B block–solvent S interactions
as well as the interfacial tension rAS between the A block and sol-
vent S are shown in Fig. 7. The calculated mixed solvent properties
are shown over the entire composition range since this figure is
independent of the specific diblock copolymer and dependent only
on the solvent mixture. The two limiting values of the bulk solvent
composition marked on the figure apply to the case of the diblock
copolymer S136E668. The Flory parameter vAS decreases in magni-
tude as /T increases. Since the driving force for micelle formation
comes from solvophobicity of the A block (A block dilution term
in the free energy expressions), a decrease in vAS corresponds to
a decrease in the micellization tendency. Indeed, at the higher limit
of /T, micelle formation is not favored and the block copolymer
exists in the singly dispersed state. The Flory parameter vBS does
not change appreciably over the range of bulk solvent composition.
The interfacial tension parameter rAS has a non-monotonic behav-
ior between the two limits of /T shown, with a small initial
increase and then a larger decrease. The consequence of such a
change is an initial increase in the micelle size followed by a
decrease.

For the diblock copolymer S136E668, if the addition of water and
removal of THF is done very gradually, one can reach the limiting
condition corresponding to the lower limit on /T shown in Figs. 5
and 6 where g = /crit. These will be the structural properties of
non-equilibrium S136E668 micelles generated through a carefully
executed solvent exchange protocol. However, if we are at a bulk
solvent composition /T for which g > /crit, we can still generate
non-equilibrium micelles with the structural features shown in
Figs. 5 and 6 corresponding to that value of /T by abruptly chang-
ing the bulk solvent composition. This provides a way to make
block copolymer micelles of different sizes from the same diblock
copolymer simply by manipulating the solvent exchange protocol
or by changing the choice of the common solvent.



Table 2
Predicted structural properties of micelles based on non-equilibrium model and equilibrium model compared to experimental hydrodynamic radius of micelles.

Sample ID NPS NPEO Expta RH (nm) /crit Non-equilibrium model Equilibrium model

R (nm) D (nm) g R (nm) D (nm) g

34 152 557 20.4 0.135 8.4 13.5 97 20.0 25.7 1310
36 152 1318 22.8 0.135 6.5 22.2 46 16.3 41.8 709
30 136 668 20.6 0.132 7.3 14.8 70 17.6 28.2 994
31 136 1220 24.3 0.132 6.1 20.8 42 15.2 39.2 648
37 40 229 11.8 0.065 3.8 6.0 35 8.6 12.0 393
38 40 432 14.6 0.065 3.2 9.0 21 7.5 17.4 266
HH1 38 90 9.2 0.060 4.7 2.7 68 9.7 6.0 598
HH2 38 148 11.5 0.060 4.1 4.2 46 8.9 8.9 469
HH3 38 250 14.5 0.060 3.6 6.4 31 8.1 12.6 349
H19 486 1000 34.3 0.153 18.0 23.9 300 43.5 43.7 4220
H17 409 348 32.5 0.151 22.0 9.9 648 48.7 19.4 7040
28 301 1164 23.2 0.148 11.7 24.2 131 28.6 44.8 1940
29 301 1820 27.6 0.148 10.2 31.0 89 25.6 57.3 1380
35 152 5941 41.6 0.135 4.3 43.2 13 11.3 81.7 234
18 129 502 20.2 0.130 7.6 12.2 84 18.0 23.5 1130
H13 44 68 13.8 0.073 5.6 2.0 101 11.3 4.7 808
39 40 700 19.3 0.065 2.8 11.7 14 6.8 22.3 194
HH4 38 445 16.6 0.060 3.1 9.2 19 7.2 17.5 245
HH5 38 700 17.9 0.060 2.7 11.6 13 6.5 22.0 182
41 35 450 16.2 0.052 2.9 9.1 17 6.7 17.3 218
32 113 886 23.0 0.126 5.8 16.8 42 14.3 31.9 637
23 108 398 22.0 0.124 7.0 10.1 80 16.5 19.8 1040
41 35 450 19.0 0.052 2.9 9.1 17 6.7 17.3 218
40 35 236 15.0 0.052 3.5 6.1 29 7.7 12.0 324
JLM5 16 154 10.0 0.0 4.6 8.10 150 4.6 8.1 150
SE10-10 10 23 8.6 0.0 4.0 1.7 160 4.0 1.7 160
SE10-20 10 46 10.8 0.0 3.8 3.2 140 3.8 3.2 140
SE10-30 10 69 14.3 0.0 3.6 4.4 121 3.6 4.4 121
SE10-50 10 115 17.3 0.0 3.4 6.2 96 3.4 6.2 96
C-12 159 761 21.0 0.136 7.9 16.6 78 19.3 31.3 1120
C-13 202 284 21.0 0.141 13.1 8.1 271 29.1 16.3 3020
C-15 96 341 19.0 0.120 6.7 8.8 49 15.6 17.6 979
C-17 115 364 22.0 0.127 7.6 9.5 95 17.7 18.8 1200
C-20 77 2409 40.0 0.110 3.3 24.3 112 8.4 46.4 190

a All experimental hydrodynamic radii are from Refs. [14–20].

Fig. 8. Comparison of the predicted core radius R and the corona thickness D for the
equilibrium micelle model (assuming the micelle spontaneously forms in water)
and the non-equilibrium micelle model (considering micelle formation by the
solvent exchange process).
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For PS–PEO block copolymers of a wide range of block sizes that
have been experimentally investigated by Winnik and Riess
research groups, we have predicted the properties of non-equilib-
rium micelles. All the molecules investigated are listed in Table 2
where the critical volume fraction of THF required for glass to
liquid transition of the PS block (/crit) is also listed. For five of
the molecules listed in Table 2, the critical volume fraction of
THF is zero and therefore the equilibrium predictions describe
the micelles formed from these block copolymers. For all other
molecules, when the solubilizate volume fraction in the micelle
core equals this critical value (g = /crit) the non-equilibrium
micelles are considered to form. The core radius and corona thick-
ness of the diblock copolymer micelles corresponding to such a
non-equilibrium model have been calculated and plotted in Fig. 8
against the values of R and D calculated for the equilibrium model
assuming the diblock copolymer molecules can spontaneously
form micelles in water. Clearly both the core radius and the corona
thickness predicted using the equilibrium model are always larger
in magnitude compared to those calculated from the non-equilib-
rium model. In Fig. 9 we compare the experimentally measured
hydrodynamic radius of the micelle against the sum (R + D) pre-
dicted from the theory. Again theoretical predictions based on
the non-equilibrium model and the equilibrium model are com-
pared and there is reasonable agreement between the predictions
of the non-equilibrium model and experimental measurements.
We should note that the predicted results can change somewhat
in magnitude if the values estimated and used here for various Flo-
ry parameters are modified. However, the main conclusion that the
non-equilibrium model will predict appreciably smaller core and
corona dimensions compared to the equilibrium model always
remains valid.



Fig. 9. Comparison of experimental hydrodynamic radius of the micelle against
predicted values of (R + D) calculated for the non-equilibrium micelle model and
the equilibrium micelle model.

426 R. Nagarajan / Journal of Colloid and Interface Science 449 (2015) 416–427
The predictive calculations have been implemented in this
study taking polystyrene as the hydrophobic block and THF as
the common solvent. For other glassy polymers used in current lit-
erature, such as PCL, PLA, and PMMA, and the common polar
organic solvents such as dimethyl formamide, dioxane, dimethyl
acetamide and dimethyl sulfoxide, we can easily repeat these pre-
dictive calculations. The non-equilibrium model calculations also
show that for the same block copolymer of a given molecular
weight and composition multiple sizes of non-equilibrium micelles
can be generated by varying the common solvent and/or inducing a
glassy core by abrupt transitions at any arbitrary bulk solvent com-
position. This provides an interesting control over micelle size and
potentially the drug load it could carry for nanomedicine
applications.
9. Conclusions

We have proposed and implemented an approach to predict a
priori the properties of non-equilibrium micelles with glassy cores
generated using the solvent substitution technique. The approach
involves the application of the equilibrium theory of micelles in
two stages, closely tracking the micelle preparation technique.
First we calculate the properties of micelles formed in the mixed
solvent while true equilibrium conditions prevail, using an equilib-
rium theory for micelles in mixed solvent. Second, at the bulk sol-
vent composition where the liquid to glass transition point for the
micelle core is reached, we freeze the micelle aggregation number
at that point, allow the common solvent to be fully removed and
calculate the corona dimension in water as the solvent, again
applying the equilibrium theory. The liquid to glass transition
point for the micelle core was determined independently from a
statistical thermodynamic treatment of diluent effect on polymer
glass transition temperature.

The calculations have been done for diblock copolymers with
polystyrene as the hydrophobic block and polyethylene oxide as
the hydrophilic block, and tetrahydrofuran serving as the common
solvent, this being the most extensively studied system in the lit-
erature. The micelle core radius and corona thickness predicted
based on the non-equilibrium model are always smaller than those
calculated assuming a hypothetical equilibrium system of micelles
directly formed in water. The large body of experimental hydrody-
namic radius data in the literature is found to be in reasonable
agreement with predictions based on the non-equilibrium model.
The influence of THF which plays competing roles as the common
solvent and also as the solubilizate in the micelle core is reflected
in the non-monotonic behavior of the predicted aggregation num-
ber as a function of the solvent composition; THF promotes micelle
growth while acting as the solubilizate but reduces the micelle
growth while acting as the solvent. The predictive calculations
clearly show ways by which micelle aggregation number can be
manipulated for a given block copolymer through changes in the
choices of the common solvent and the conditions at which the
micelle core is induced to become glassy. The ability to predict
properties of non-equilibrium systems without having to develop
new theories but by simply applying equilibrium theories in a
novel way extends our predictive ability to the wide range of block
copolymer systems that have not been amenable to such analysis
previously.
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