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ABSTRACT: The equilibration of spherical micelles formed by polystyrene-poly(2-vinylpyridine) (PS-
PVP) diblock copolymers in toluene is studied by means of cryo electron microscopy. The evolution of
the micelles in order to reach the equilibrium state involves the transformation of their structure and
size and requires a considerable time. The micellar size distribution, which is relatively narrow after
dissolution, becomes broader with time. The micellar structure changes with time toward a spherical
form with narrow interfacial zone between the core and corona regions. The possible scenario of the
equilibration process is discussed. The influence of the dilution on the micelles’ evolution toward the
equilibrium is investigated. It is found that strong dilution can lead to a decrease of the final size of the
micelles. The reasons for this phenomenon are discussed.

Introduction

Due to their rich phase and structural behavior, block
copolymers have received much attention from many
research groups in the past.1-11 Block copolymers are
also important because of their scientific challenge and
industrial relevance. This type of polymer has drawn
the attention of the polymer scientists over the last 40
years with a much intensified activity over the last 10
years. In some respects, the diblock copolymers can be
compared with surfactant molecules since they are
capable of reducing the interfacial tension between two
immiscible (homopolymer) phases.12-15 Similarly to
surfactant molecules, consisting of a polar headgroup
and an apolar tail, dissolved in water, diblock copoly-
mers also form micelles in a selective solvent.1,16 Study-
ing the behavior of these micelles can give much insight
into the phenomena taking place in blends of a ho-
mopolymer and a diblock copolymer, and it can also help
one to understand the genesis of the ordered morphol-
ogies of a diblock copolymer.
In this paper we discuss the behavior of a polystyrene-

poly(2-vinylpyridine) (PS-PVP) diblock copolymer in
toluene. Since the PS block is incompatible with the
PVP block and toluene is a selective solvent for the PS
block, spherical micelles consisting of a core built from
PVP blocks and a corona built from PS blocks can be
formed. The initial micelles formed directly upon dis-
solution do not necessarily correspond to the equilibrium
ones. The process of reaching the equilibrium micellar
size and structure can take a considerable time. It is
accompanied by an increase of the average micellar size
and may also involve structural transformations. The
equilibration process can be influenced by many differ-
ent factors such as block lengths, polymer concentration,
quality of solvent, degree of incompatibility between the
blocks, and so on. Thus the dilution of the solution can
change considerably the equilibrium state of the mi-
celles formed. The main aim of the present paper is to

analyze the phenomena occurring under evolution of the
system toward the equilibrium state, taking into ac-
count the influence of dilution.
The block copolymer solutions are studied with the

help of transmission electron microscopy (TEM), allow-
ing one to have a direct view of the micellar structures
formed. This direct observation is a considerable ad-
vantage compared to the information that can be
obtained by other experimental techniques. For in-
stance, static and dynamic light scattering give an
average value of the sizes of the micelles and, with the
help of a model, information about the structure. TEM,
however, due to the direct imaging, allows one to obtain
more detailed information about the structure and the
size distribution of the micelles.
This paper is organized in the following manner. In

the next section the details of the experimental proce-
dure and the results obtained are presented. Then, the
possible scenario of the equilibration process will be
proposed based on the experimental data and taking
into account both dynamic and structural aspects of
micelle formation. Finally, the effect of dilution on the
equilibrium structures will be addressed. The reasons
for the experimentally observed micellar size reduction
upon dilution are analyzed theoretically, taking into
consideration the effect of the translational entropy of
the micelles.

Experimental Section

The diblock copolymer we used in this study consists of a
polystyrene (PS) block which is deuterated and has a molecular
weight of 75 000 and a poly(2-vinylpyridine) (PVP) block which
is hydrogenated and has a molecular weight of 102 000. The
overall polydispersity is 1.14. This diblock copolymer is
dissolved in toluene to a concentration of 1 wt % and is
subsequently stored in a sealed bottle at 4 °C. After storage
for 19 months at this temperature, a part of this solution was
diluted by a factor of 10 and another part was diluted by a
factor of 100. The solutions obtained were then stored at
-80 °C.
The solutions were all studied with the help of cryo-

TEM.17-19 For TEM it is necessary to have a very thin film of
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the material of interest. Here we use special “holey” carbon-
coated grids. These grids have a noncontinuous support film
that looks like a spider web and contains holes of different
sizes. For the preparation of the samples, the holey grids were
covered with a droplet of the solution and subsequently blotted
with filter paper to obtain a thin film of the solution. Directly
after blotting, the grids were rapidly cooled to a temperature
close to -196 °C by plunging them into liquid nitrogen. The
preparation of these samples was normally performed inside
a controlled environment vitrification system (CEVS)20 in order
to prevent the fast evaporation of toluene just before freezing.
Furthermore, this CEVS makes it possible to prepare the
samples at a specific temperature. More details on the cryo-
TEM technique can be found in ref 19.
To enhance the contrast between the polymer and the

toluene, the solutions were stained in situ by means of iodine,
which selectively stains the PVP blocks by reacting with the
pyridine rings, forming a pyridinium salt and thus creating a
higher electron density in the PVP domains. This staining
was in all cases done just before putting the solution on the
grid.
The micrographs were taken with a JEOL 1200-EX trans-

mission electron microscope operated at 100 kV, while the
temperature of the specimen was kept at -170 °C.

Results

In Figure 1 a micrograph of a thin film of a “fresh”
1 wt % PS-PVP diblock copolymer solution in toluene
is shown. Clearly visible are the holes formed by the
carbon support layer. Inside these holes polymolecular
micelles are visible as small spheres. These micelles
are surrounded by a frozen amorphous layer of toluene.
The thickness of the film is of the order of the diameter
of the micelles as explained in ref 18. The micelles are
confined to a small volume bounded by the toluene-air
interfaces and the carbon support surrounding the film.
Only the interior of the micelles is visible as explained
in refs 18 and 19. The average diameter determined
from the micrograph for this interior part of the micelle
is about 45 ( 5 nm, corresponding to an aggregation
number of about 300. In the micrograph (Figure 1) we
observe a hexagonal packing of the micelles, common
for globules in two dimensions. The typical intermicel-
lar distance is determined to be 60 ( 5 nm. This value

can be interpreted as a total micellar diameter. The
large black objects in Figure 1 are frost particles which
are commonly seen in cryo specimens.

Figure 2 shows a micrograph of a thin film of a PS-
PVP diblock copolymer stained with iodine in toluene.
The contrast is enhanced, and the interiors of the
micelles are now more clearly delineated from the
surroundings. The sizes of the micelles are similar to
that determined in Figure 1.

Figure 3 shows a micrograph of the same solution as
in Figure 1, after aging for 18 months in a sealed bottle
at 4 °C in a dark room. The first striking observation
from this figure is that the micelles have grown con-
siderably in size. On closer inspection, however, we see
that the average size of the micellar cores has increased
to about 51 ( 5 nm. Besides the appearance of larger
micelles, also much smaller micelles are visible. The
larger structures that are visible seem to be less
spherical and slightly deformed within the holes.

Figure 1. Cryo electron micrograph of a “fresh” solution of
PS-PVP diblock copolymer in toluene. The scale bar indicates
200 nm.

Figure 2. Cryo electron micrograph of a solution of PS-PVP
diblock copolymer in toluene. The PVP block was stained with
iodine. The scale bar indicates 200 nm.

Figure 3. Cryo electron micrograph of a solution of PS-PVP
diblock copolymer in toluene after aging for 18 months at 4
°C. The scale bar indicates 200 nm.
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Figure 4 shows a histogram of the size distributions
obtained from cryo-TEM micrographs of a 1 wt % PS-
PVP solution in toluene after aging for 1 day, 18 months,
and 26 months. The width of each histogram bar is 5
nm. It is clear that in the course of time the average
size increases, which is accompanied by a broadening
of the size distribution. After long-time aging, the sizes
are in the range of about 20 to 70 nm.
Figure 5 shows a cryo electron micrograph of the

diblock copolymer in toluene aged for 26 months. The
average size is determined to be about 50 nm. In this
case the solution has been stained by adding a small
amount of iodine after aging. As was the case in Figure
3, a rather broad size distribution is visible. However,
the micelles are more spherical compared to those
visible in Figure 3.
Figure 6 shows a micrograph of the 100-fold diluted

solution after 2 more days of aging at -80 °C. The

average size for the micellar cores is reduced and
determined to be about 42 nm. This size compares to
the size of the polymolecular micelles in the original
preparation shown in Figure 1.
In Figure 7, histograms of the size distributions for

the 100-fold diluted solution after 2 days and 6 months
are shown. From this figure it is clear that the sizes of
the micelles are reduced compared to those of the aged
undiluted solution (Figures 3-5) and that the width of
the size distribution has decreased. The 10-fold diluted
solution did also show a small reduction in the micellar
size but, due to the experimental error in size determi-
nation and statistical limitations, a precise value cannot
be given.
Figure 8 shows a cryo electron micrograph of the 100-

fold diluted solution. The solution was aged for 13.5
months at -80 °C after dilution. In this case the PVP
blocks were stained with a small amount of iodine. We
can compare Figures 3 and 5 with Figures 6 and 8,
respectively. In both cases, stained and nonstained
solutions, there is a clear change in size distribution

Figure 4. Histograms showing the size distribution for a 1 wt % PS-PVP solution after aging for 1 day, for 18 months, and for
26 months at 4 °C.

Figure 5. Cryo electron micrograph of a solution of PS-PVP
diblock copolymer in toluene after aging for 26 months at
4 °C. The PVP block was stained with iodine. The scale bar
indicates 200 nm.

Figure 6. Cryo electron micrograph of a 0.01 wt % solution
of PS-PVP diblock copolymer in toluene obtained by dilution
of the 18-months-aged solution shown in Figure 3. The scale
bar indicates 200 nm.
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upon dilution. In the case of the stained solutions,
however, the micelles seem to have a more spherical
shape than in the unstained ones.

Discussion
The Genesis of Micelles and Their Evolution. As

discussed above, the driving force ensuring the forma-
tion of the PS-PVP micelles in solution is the incom-
patibility of the blocks on one hand and the incompat-
ibility of PVP block with the solvent on the other hand.
As a result, PVP blocks tend to aggregate in order to
minimize the contacts with both PS blocks and solvent
(toluene). Due to chemical connectivity of PS and PVP
blocks, ordinary macrophase separation is impossible,
and the tendency to segregate can be resolved by the
formation of micelles.
The micelles formed directly after dissolution will be

unimolecular micelles. The internal structure of these
micelles depends on many factors: one of them is the
degree of incompatibility between the blocks and be-
tween the insoluble block and the solvent. For instance,

if the monomer units of the insoluble block prefer to
have contact with solvent rather than with the other
block, as is the case for PVP-PS diblock copolymer in
toluene, the initial unimolecular micelle resembles a
surfactant molecule with a dense headgroup formed by
the PVP block and a tail formed by the PS block swollen
in toluene. The structure of these unimolecular micelles
differs considerably from the “classical” model of a
micelle with a clearly defined core and corona region.
The latter structure is formed as a result of the
equilibration processes. As a matter of fact, the solution
of unimolecular micelles is only the very initial state of
the evolution process. Since the number of unfavorable
contacts between insoluble block and solvent is large
in a unimolecular micelle, the aggregation of unimers
resulting in a decrease in the number of unfavorable
contacts becomes the leading process:

Of course not only two, but also three or more
unimolecular micelles can merge. This merging process
is schematically drawn in Figure 9a. However, the
probability of a collision between a large number of
unimers is rather small. Hence the initial aggregation
probably proceeds via successive incorporation of uni-
molecular micelles. Unimer aggregation is a very quick
process starting just after unimer formation. As a
result, a micelle size distribution will arise very soon
after dissolution. This is the size distribution observed
in PS-PVP solutions almost immediately after prepara-
tion (Figures 1, 2, and 4).
As soon as there are different micelles in the solution,

the further evolution toward equilibrium proceeds
through the collisions between and merging of micelles.
The frequency of collision, ω, between two micelles with
aggregation numbers Q1 and Q2 can be estimated as

where ni is the number of polymer micelles with

Figure 7. Histograms showing the size distribution for a 0.01 wt % PS-PVP solution after aging for 2 days and for 6 months
at -80 °C.

Figure 8. Cryo electron micrograph of a 0.01 wt % solution
of PS-PVP diblock copolymer in toluene obtained by dilution
of an 18-months-aged solution and further aging for 13.5
months at -80 °C. The PVP block was stained with iodine.
The scale bar indicates 200 nm.

M1 + M1 f M2 (1)

ω ∼
nQ1

v

V

nQ2
v

V
(2)
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aggregation number i in the system, υ is the volume
per monomer unit, and V is the volume of the system.
The larger the number of micelles with given aggrega-
tion number, the larger the probability that they will
come into collision with the same or other micelles and,
consequently, participate in the micellar growth process.
The number of unimolecular micelles is large at the
beginning of the evolution process. However, with time
their number decreases considerably. As a result, the
process of micellar growth visible in Figures 3-5 occurs
mainly by fusion of polymolecular micelles:

Merging of micelles is schematically shown in Figure
9b. To form such a combined micelle, the cores of two
micelles taking part in the collision must come into
contact. This implies the deformation of the soluble
blocks forming the corona regions of the micelles. This
energy of deformation can be estimated as the free
energy of chain extension in the corona region:21-24

where κ is a numerical constant.
It is worth noting that eq 4 is obtained for the model

of “classical” micelles with a well-defined core and
corona region with a narrow interface between them.
As mentioned above, this does not necessarily apply to
unimolecular micelles or to micelles with a small
aggregation number. For these micelles only a small

part of the surface between soluble and insoluble blocks
can be covered by junction points. The rest of the
surface can be covered by solvent (see Figure 9a). This
facilitates the contact between the cores (“headgroups”)
of the (unimolecular) micelles. As a result, the energy
of deformation is rather small for unimers or micelles
with small aggregation numbers, and the initial ag-
gregation occurs very quickly. When the aggregation
number increases, the structure of a micelle becomes
more similar to the “classical” picture with core and
corona regions and a narrow interface (Figure 9b). For
such micelles the energy of deformation may be large,
in accordance with eq 4.
As discussed above, equilibration is a rather slow

process. The average time required to form the micelle
with an equilibrium aggregation number Qeq can be
estimated as8,18

The larger the aggregation number of a micelle, the
more collisions between micelles have to occur and,
hence, the more time will be needed to reach the
equilibrium state. The “equilibration” time depends on
the frequency of collisions, which is a function of the
number of micelles in solution. Due to fusion reactions,
the number of micelles (and hence the probability of
collisions) decreases with time, slowing down the equili-
bration process.
According to the experimental observations, the “ini-

tial” size distribution, probably formed mainly by fusion
of (unimers and/or) small micelles, appears very quickly,
while the further evolution of the distribution occurs
rather slowly. The only discernible features of the
equilibration process are the increase of the average
aggregation number and “broadening” of the size dis-
tribution. This latter phenomenon can be explained by
collisions between micelles of different sizes. The larger
the number of micelles of a given type is, the larger the
probability of collision in which such micelles are
involved. Since the fraction of small micelles is not large
in comparison with that of micelles having an average
size, the probability of collisions in which they partici-
pate will be small, and as a result, small micelles will
exist for a relatively long time. It is one of the reasons
why the size distribution remains broad (Figures 3-5).
In later stages of the evolution process, additional

obstacles for micellar growth arise. Indeed, upon the
fusion of micelles, the common surface between core and
corona region (and hence the number of unfavorable
contacts) decreases. On the other hand, the soluble
blocks become more extended in the corona region. The
balance between these two tendencies determines the
equilibrium size. When the average size of micelles in
solution becomes comparable with (but is still smaller
than) the equilibrium size, the collision of such average
micelles can result in the formation of one large micelle
with an aggregation number (much) larger than that
for the equilibrium one. The free energy of such a
micelle is larger than that for the equilibrium micelles,
since the latter corresponds to the minimum of the free
energy. As a result, such a large micelle will tend to
decrease the aggregation number (size) by chain trans-
fer to another small micelle via a collision process.
Thus, the collision between a large micelle and a smaller
micelle can lead to a redistribution of the chains in such
a way that the final sizes of both micelles are closer to

Figure 9. Evolution of micellar sizes: (a) formation of poly-
molecular micelles from unimers; (b) fusion of polymolecular
micelles; (c) redistribution of block copolymer chains over
polymolecular micelles.

MQ1
+ MQ2

f MQ1+Q2
(3)

U ∼ κQ3/2 (4)

teq ∼ (1/ω) exp(κQeq
3/2) (5)
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the equilibrium size.

This is schematically shown in Figure 9c. At the same
time, small micelles tend to increase their size by the
collisions with other micelles. Thus, the collisions
involving small micelles seem to be the mechanism
toward the equilibrium in the final stage of the micellar
evolution.
The scenario of micellar evolution considered above

started from the picture of surfactant-like unimolecular
micelles. However, the structure of initial unimers can
be different depending on the incompatibility param-
eters. For instance, if the incompatibility of the in-
soluble block with solvent is stronger than with the
other block, a unimolecular micelle can be formed in
such a way that the “surface” of the micelle is completely
covered by the soluble block only in order to screen the
interactions between solvent and insoluble block. In
this case a relatively broad intermediate layer between
core and corona regions, formed by both sorts of blocks,
can arise. The structure and the density distribution
of the insoluble blocks of such a “fluffy” micelle is shown
schematically in Figure 10 and compared with that of
a micelle emerging from the “classical” picture. Fusion
occurs more easily for “fluffy” micelles than for “classi-
cal” ones, since the corona region and hence the defor-
mation energy are smaller for a “fluffy” micelle. On the
other hand, the fusion of surfactant-like micelles (con-
sidered before) can occur more easily than that of “fluffy”
ones, since the cores of surfactant-like micelles can come
into contact with minimal (or without any) deformation
of soluble blocks.
It is worth emphasizing that both these models of

surfactant-like and “fluffy” micelles are applicable only
to unimers or small micelles formed in the first stage
of the equilibration process. As soon as the aggregation
number of a micelle becomes large enough, the micelle
structure corresponds to the “classical” picture with a
well-defined core and corona region with a narrow
interface.
Besides the above-mentioned collision scenario, it is

also possible to think of the micellar growth proceeding
via a second scenario, consisting of a two-step process

during which a polymolecular micelle expels one (or
more) block copolymer chain(s) which is (are) then re-
absorbed by a second polymolecular micelle.25 However,
this latter scenario involves the diffusion of copolymer
chains out of the polymolecular micelles into the solu-
tion. This implies a considerable increase in surface free
energy, due to the formation of a small (possibly
unimolecular) micelle. Thus, the second scenario is less
favorable than the first one.
Effect of Dilution on the Size of Aged Micelles. Let

us consider the phenomena taking place when the
polymer solution is diluted. Under the conditions
described in the Experimental Section, the PS-PVP
solution stored for 18 months was diluted 10 and 100
times. After dilution these solutions were stored at -80
°C. Figures 6-8 suggest that a reequilibration process
occurs, i.e., the size distribution obtained after 18
months aging before dilution is changed by 100-fold
dilution in such a way that the average micellar size
decreases and the size distribution becomes more nar-
row (Figures 6-8). For the 10-fold diluted solution, no
noticeable changes in the distribution occurred. The
conclusion which can be drawn on the basis of these
observations is that upon dilution a completely new
equilibrium is established. The equilibrium size of the
micelles in the diluted solution is certainly smaller than
in the undiluted case. To reach the new equilibrium,
chain exchange between the micelles has to occur in
such a way that upon collision of a small and a large
micelle, the latter tends to decrease its aggregation
number by chain transfer to the small one. This is also
schematically represented in Figure 9c. During the
equilibration process induced by dilution, the influx of
(unimolecular) micelles is smaller than the outflux:

Thus, in contrast to the micellar growth discussed
above, the opposite process of micelle “dissociation”
takes place until the new equilibrium is reached.
Now, let us discuss the factors leading to a decrease

of the average micellar size. First, it is important to
note that besides dilution, cooling of the solution took
place. Both of these factors could influence the final
micellar size. Indeed, cooling leads to a decrease in the
compatibility of the soluble block with the solvent.
However, the 10-fold solution shows no substantial
changes in micellar size distribution. This means that
toluene is still a good solvent for PS blocks. Hence, the
main difference between the 10- and 100-fold solutions
is only the degree of dilution, which therefore is the
reason for the micellar size reduction. This phenom-
enon can be connected with the phase behavior of the
micellar solution.
To analyze the phase behavior, let us consider the

solution of identical micelles with the aggregation
number Q. Such a system can be a model of a real
system if Q corresponds to the average aggregation
number of the micellar distribution. The free energy
of the model system can be written in the following form:

Figure 10. Plot showing the structure and segment density
(F) of insoluble blocks of (a) a “fluffy” and (b) a “classical” block
copolymer micelle.

MQ1
+ MQ2

f MQ1+x
+ MQ2-x

(6)

influx: Mn-x + Mx f Mn (Figure 9b)

outflux: Mn f Mn-y + My

or

Mn + Mx f Mn-y + Mx+y (Figure 9c)
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Here, Q and φ are the average aggregation number and
volume fraction of the block copolymer micelles respec-
tively, NPVP (NPS) is the number of monomer units per
PVP (PS) block, and ø is the interaction parameter
between PS blocks and solvent. The terms containing
ln φ and ln(1 - φ) in eq 7 correspond to the translational
entropy of the block copolymer micelles and solvent,
respectively. The last term describes the volume inter-
actions between PS blocks and solvent molecules.
fmic(Q) is the micellar free energy:26

where γ is the surface free energy, υ is the volume per
monomer unit, and ci are numerical coefficients (c2 ≡ κ,
eq 4).
Dilution, i.e., a decrease in micellar volume fraction,

can lead to instability of the system unless the aggrega-
tion number of the micelles changes. Indeed, the model
polymer system becomes unstable with respect to mac-
rophase separation in the region where ∂2F/∂ 2φ < 0.

As can be seen from eq 9, the instability region becomes
broader when the aggregation number of the micelles
increases. The critical point of the spinodal, i.e., the
point corresponding to the minimum values of ø and φ
at which the system becomes unstable, also depends on
the aggregation number:

A qualitative plot of the spinodal curve for a solution
of identical block copolymer micelles is given in Figure
11 for two values of the aggregation number. For the
solution of micelles with smaller aggregation number,
the region of instability is smaller. A decrease in the
aggregation number results in an increase in the
translational entropy of the micelles, which can lead to
stabilization of the system as a whole. The critical point
shifts to larger values of polymer volume fraction and ø
parameter.
Thus, a decrease in the aggregation number of mi-

celles may be preferred for polymer systems in very
dilute solutions. In this region, the translational en-
tropy of micelles can become important enough to
influence the value of the equilibrium aggregation
number. In contrast to the ordinary situation occurring
in dilute (or semidilute) regions when the equilibrium
value of the aggregation number is defined by the
balance of surface free energy and elastic free energy,26
i.e., by the competition of the tendencies to minimize
unfavorable contact and chain stretching, the additional

factor of translational entropy of micelles comes into
play in the very dilute region. Minimization of the free
energy (eq 7) with respect to the aggregation number
of micelles yields the following expression for the
equilibrium aggregation number:

Here Q0 ≈ (NPVPv)4/5γ6/5 is the aggregation number
obtained without taking translational entropy into
account and c is a constant.
According to eq 12, dilution can really result in a

noticeable reduction in the micellar size if the micellar
volume fraction becomes smaller than some critical
value. The smaller the micellar volume fraction, the
more important the influence of translational free
energy and the smaller the equilibrium micellar size.
In the experimentally studied case, the 100-fold

diluted solution yields a polymer volume fraction at
which the decrease of the average micelle size became
clearly visible (Figures 6-8). For the 10-fold diluted
solution, no such decrease in micelle size was found,
suggesting that the concentration is still too high for
the translational entropy to become an important factor
and reduce the micellar size.

Conclusions
In the present study, the evolution of PS-PVP diblock

copolymer micelles has been investigated with the help
of cryo transmission electron microscopy (TEM), which
is an effective tool to observe changes in micellar
structure, average size and especially in size distribu-
tion with aging. On the basis of the experimental
results obtained, the following scenario of micellar
evolution toward equilibrium is proposed.
The process of equilibration of polymer micelles can

be subdivided in three main stages. In the first stage
(almost immediately after dissolution) the initial mi-

Figure 11. Plot of the spinodal curves for solutions of block
copolymer micelles for large and small aggregation number.

Q ≈ Q0(1 + c ln φ
Q0

3/2) (12)

F ) φ

Q(NPVP + NPS)
[ln φ + fmic(Q)] +

(1 - φ) ln(1 - φ) + øφ
NPS

NPVP + NPS
(1 - φ) (7)

fmic(Q) ) c1(NPVPvQ)
2/3γ + c2Q

3/2 + c3Q
5/3NPVP

-1/3 (8)

∂
2F
∂
2
φ

) 1
Qφ(NPVP + NPS)

+ 1
1 - φ

- 2ø
NPS

NPVP + NPS
< 0

(9)

φcr ) 1

1 + xQ(NPVP + NPS)
(10)

øcr ) 1
2
NPVP + NPS

NPS (1 + 1

xQ(NPVP + NPS))
2
(11)
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cellar distribution is formed. In this stage micellar
formation occurs mainly through aggregation of unimers
(Figure 9a). Since unimer aggregation practically does
not involve any deformation (elongation) of the soluble
blocks, the process of initial micellar formation is rather
fast and the micellar size distribution observed almost
immediately after dissolution is rather narrow (Figures
1, 2, and 4).
The second stage of micellar evolution involves fusion

of micelles (Figure 9b) through a collision mechanism,
where the cores of the two micelles participating in the
collision have to come into contact to form a large
micelle. To this end, the soluble blocks of the corona
regions have to be deformed, implying that some
energetic barrier has to be overcome. The rate of
micellar growth in this stage depends on the probability
of collisions and on the size of the micelles. As a result,
the larger the final size of a micelle is, the longer the
time that is required for its formation. The micellar size
distribution formed after multistage collisions involving
micelles differing in size, can be rather broad (Figures
3-5). The larger the equilibrium micelle size, the
broader the size distribution that can be expected.
In the last stage, the equilibration process involves a

redistribution of chains between the micelles with a size
exceeding the average size and smaller micelles (Figure
9c). This is an even slower process than micellar fusion,
since it involves a large energy of chain deformation.
Furthermore, the number of relatively small micelles
is rather small.
Besides an increase of micellar size, the evolution

process can also be accompanied by structure transfor-
mations. The structure of unimers (or even small initial
micelles) may be surfactant-like (Figure 9a) or may
correspond to a “fluffy” micelle structure (with a broad
interface region formed by both blocks between the core
and the corona) (Figure 10a). With an increase in the
micellar aggregation number, the micellar structure
becomes more and more similar to the “classical” micelle
model with a well-defined core and corona region with
a narrow interface (Figure 10b).
Dilution of the micelle solution influences the evolu-

tion process, resulting in the decrease of the average
micellar size (Figures 6-8). In contrast to micellar
growth, the opposite process of micellar “dissociation”
takes place until the equilibrium state is achieved.
During this dissociation process, micelles tend to trans-
fer chains to smaller micelles. The final size distribu-
tion is more narrow than for the undiluted case.
According to theoretical calculations, the reason for the
equilibrium micelle size reduction is the translational

entropy that is gained upon dilution. The translational
entropy of micelles becomes especially important in the
very dilute region, where a decrease in the average
micelle size prevents the instability of the micellar
solution.
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