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Micellization Kinetics in Block Copolymer Solutions: Scaling Model
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ABSTRACT: The kinetics of micelle evolution of diblock copolymers from unimers toward the equilibrium
state is studied analytically on the basis of consideration of the kinetic equations. The association/
dissociation rate constants for unimer insertion/expulsion and micelle fusion/fission are calculated by
applying Kramers' theory combined with a scaling approach. It is shown that the difference in the
intermediate results and the rate of association for the “unimer exchange” mechanism and the joint “micelle
fusion/fission + unimer exchange” mechanism is remarkable, with the latter being much more effective.
According to this mechanism, at the beginning of the micellization, after coupling of free unimers is
completed, fusion of micelles becomes dominant, whereas unimer exchange is effectively frozen by the
high activation energy required for unimer release. The later stages of micelle evolution involve both
unimer exchange and micelle fusion, which is considerably slowed with time as the average micelle size
increases. Micelle fission is also a relatively slow process that however plays an important role in micelle
reequilibration occurring with a decrease in the equilibrium aggregation number (as e.g., during T-jump
experiments). Applications of the theory to experimental results are discussed in detail.

Introduction

Micellization kinetics in block copolymer solutions has
attracted considerable interest during the past decade! 16
with a number of recent papers.5-16 Different experi-
mental techniques such as the stopped-flow method,!
temperature-jump experiments (T-jump), 12-14 nonra-
diative energy transfer and fluorescence-quenching
technigues,367 time-resolved light scattering,12-14 trans-
mission electron microscopy,'>1® and sedimentation
velocity methods for comicellization experiments*° have
been applied to obtain detailed information about the
kinetics of micellar formation or reequilibration. Despite
the extensive experimental data collected, a unified
scenario of micellar evolution has not been presented.
An analytical solution of this problem is attempted in

the present paper by employing Kramers’ theory and a Figure 1. Schematic picture of unimer exchange.
scaling approach for calculation of association/dissocia-
tion rate constants appearing in kinetic equations. In Unimer exchange is a rather fast process with the
addition, we discuss the applications of the scenario of corresponding relaxation time zynim:
micelle equilibration suggested by our theory to various
experimental situations. 1 k- k=
Up to the present time, experimental observations T o + gx(l +Cy) (2

concerning relaxation kinetics in block copolymer solu-
tions have been analyzed in terms of theoretical models
describing micellization kinetics in surfactant
systems.1’~2! Surfactant micelles differ in their struc-
ture and equilibrium properties from block copolymer
micelles, so it is natural to expect that micellization
kinetics in these polymer systems is different as well.
Two main mechanisms of surfactant micelle evolution
are distinguished. According to the unimer exchange
mechanism, micelle growth occurs by the consecutive
incorporation of unimers (schematically shown in Figure
1) according to the following equation:

where k™ is the unimer expulsion rate constant, Q is
the average aggregation number of the micelles, o is the
width of the micellar size distribution, X = (c—cyn/Cun),
is the relative fraction of micelles (compared to free
unimers of concentration cy), and C, is the average
relative concentration deviation from the equilibrium
among the micelles.1’~1° This model of unimer exchange
between surfactant micelles was proposed by Aniansson
and Walll7~1° for small deviations from the equilibrium
state. The model implies that the number of micelles
does not change during consecutive unimer association,
though occasionally surfactant micelles can dissociate

No-11 N; = Ng @) into unimers increasing the number of free unimers and

hence, facilitating subsequent association.
where Ng is the number density of micelles with According to the second mechanism of surfactant
aggregation number Q. association, the evolution proceeds via micellar fusion/
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Figure 2. Schematic picture of micelle fusion/fission.

fission (shown schematically in Figure 2) described by
the following equation:

No1+ Ngz = Noirqo )

Micellar fusion/fission is considered to be responsible
for the slowly relaxing component that is often observed

[ESUNPR <. S 4
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where f is a measure of the mean dissociation rate
constant. Like the unimer exchange model, the model
of micellar fusion/fission2°2! is based on the assumption
of small deviations from the equilibrium state, i.e.,
where there is a balance between association and
dissociation processes.

Despite the superficial similarity between surfactant
and block copolymer micelles, the latter differs consider-
ably from the former in the structure of micellar core,
where, instead of a surfactant’s relatively short alkyl
chain, long entangled polymer blocks are present.
Hence, the expulsion rate constants for block copolymer
chains must differ from those for surfactants. The
corresponding analysis of the unimer expulsion rate
constant for block copolymer micelles has been per-
formed by Halperin and Alexander.?2 The main conclu-
sion of their paper? is that unimer exchange is the only
mechanism for block copolymer micelle evolution. It is
necessary to note, however, the following: (i) The results
obtained? are valid only for small deviations from the
equilibrium state. (ii) The characteristic time for unimer
expulsion is underestimated, because the unimer has
to diffuse through the whole corona region (which is
much larger than the size of a blob neighboring the core,
E(Reore), as was considered by Halperin and Alexander?).
In addition, the time for insoluble block disentangle-
ment has not been taken into account, either. (iii) The
association/dissociation rates for micellar fusion/fission
have not been calculated. Therefore, any categorical
conclusion about the exclusive role of unimer exchange?
is not evident.

Some of the experimental results 568111314 tyrn out
to be inexplicable in the framework of a model that
considers only unimer exchange. The idea that micelle
fusion/fission might take place in block copolymer
solutions was suggested®2? and confirmed by computer
simulations.®10
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The objective of the present paper is to analyze the
micellization of block copolymers from a solution of
unimers by applying a scaling approach and Kramers’
theory for calculating the association/dissociation rate
constants for both unimer insertion/expulsion and mi-
celle fusion/fission. The analysis goes beyond the con-
sideration of small deviations from the equilibrium
state. On the basis of the kinetic equations, the scenario
of micelle evolution will be elaborated, and we will
compare the results obtained with experimental data.
The main qualitative ideas of this model have been
already applied for the interpretation of the experimen-
tal results presented by Esselink et al.1516

The present paper is organized in the following
manner. In the next section, the equilibrium free energy
analysis will be presented to illustrate qualitatively the
most efficient ways to reach the equilibrium state. In
the third section, the activation energy for different
micellization processes is considered in the framework
of Kramers' theory. In the subsequent section, the
association/dissociation rate constants for different mech-
anisms of micellization are calculated. In the fifth
section, the scenario of micelle evolution is elaborated
on the basis of kinetic equations. The sixth section is
devoted to the discussion of our analytical results in
comparison with available experimental data and the
results of computer simulations.

Free Energy Analysis

Model System. We will analyze the kinetics of
micellar evolution toward equilibrium starting from a
unimer solution with concentration exceeding the criti-
cal micellar concentration (cmc). Uncharged diblock
copolymers capable of micelle formation in a selective
solvent (good solvent for B-block and poor solvent for
A-block) are considered. The length of A block, Na, is
supposed to be smaller than that for B-block, Ng, (Na <
Ng). The incompatibility between A-block and solvent
(or the other block) leading to micellar formation is
characterized by the surface tension coefficient y, which
is assumed to be large, so the standard model of a hairy
micelle with narrow interface can be applied in the
strong segregation limit.2324 The present consideration
concerns mainly semidilute solutions rather than con-
centrated solutions or melts where relaxation processes
are rather slow or completely frozen.

We will start with a brief overview of the free energy
that describes the equilibrium properties of micellar
solution.

Free Energy of Micelle Solution. The free energy
of the micellar solution containing identical micelles
with aggregation number Q together with free unimers
in amount corresponding to the cmc can be written in
the following form (cf. Leiber et al2®):

F = Ngl[In Ng + F] +
(N = QNQ)[In(N — QNg) + F, )] + F¢ (5)

where F and F,, are the free energy per micelle and
per unimer, respectively, Ng is the number density of
micelles (i.e., number of micelles per unit volume), and
N is the initial polymer number density. The first and
the third terms describe the translational free energy
for micelles and free unimers, respectively, and Fs is
the contribution to the free energy from the solvent.
The free energy of a micelle with an aggregation
number Q and the surface tension coefficient y (ac-
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counting for both volume interactions between blocks
and between A-block and solvent) can be written in the
following form (in units of kT)23.24;

F = FSUr + FCOrOna + FCOI’e =
C1Q2/3(NAV)2/3V /kT + C2Q3/2+ C3Q5/3N;ll3 (6)

where v is the average volume per monomer unit (which
we assume to be the same for both types of monomers)
and C; are coefficients (whose exact values are normally
not important in scaling considerations).

The first term in eq 6 corresponds to the surface free
energy of a polymer micelle; the second and third terms
describe the block extension in the corona and core
regions, respectively. For polymer melts, the two latter
terms are of the same order, but for polymer solutions,
the B-block extension in the corona region is of more
importance in defining micelle properties, so that the
last term in eq 6 is normally negligible unless the
micellar size is very large; i.e., until Q < (C,/C3)%2 Na.
Thus, in the following, we will neglect the A-block
extension as a less important factor in comparison to
that for the B-block. (Note, however, that accounting
for the A-block extension does not change the main
results).

The free energy of a unimer consists mainly of the
surface free energy characterizing both A—B block
interactions and A-block—solvent interactions:

= (NAV)?%y/kT @)

The minimization of the free energy of the micellar
solution F (eq 5) with respect to Q leads to the following
well-known scaling law for the aggregation number of
the equilibrium micelle:2324

2C.\e/5 6/5
Qqq = (3—02) (NAv)“’S(%) (®)

The radius of the core and corona region can be
expressed in terms of the aggregation number and
A-block length as

R

- (QNAV)I/S R ~N Q(l V)2, U3 9)

core corona

where v is the Flory exponent for excluded volume (v =
3/5 for a flexible chain in a good solvent).

By using eq 8, the free energy per polymer micelle
(eq 6) and per unimer (eq 7) can be rewritten in the
following form:

F(Q)/Cz 5/6Q2/3 + Q3l2 (10)

= Q% (12)

The number density of free unimers in equilibrium
with polymer micelles, Nyn = (N — QNg) = cmc/(Na +
Ng), can also be obtained by the minimization of the
free energy (with respect to Ng)?®

Nyn = exp(—F, + F(Qgg)7 Qeq) =
EXp( QS/G

Until now, we neglected the polydispersity in the
micellar size distribution, which can be characterized

1/2) (12)

Macromolecules, Vol. 32, No. 22, 1999

by the standard deviation ¢, assuming a Gaussian size
distribution:?®

2 5/6
7= (NQ;)Q) NQM(Q%;) =

Although this estimate for o2 is fairly rough, it has the
correct qualitative dependence: the higher the average
aggregation number Q, the broader the micellar size
distribution.1516

Free Energy Variation under Micellar Associa-
tion (Dissociation). To analyze when micellar associa-
tion or dissociation is favorable, the free energy varia-
tion associated with the corresponding process can be
investigated. The difference in the combined free energy
of two “final” micelles with the aggregation numbers Q;
and Q, and the free energy of the “initial” micelle (with
the aggregation number Q = Q; + Q>),

AF=FQ,) + F(Qy) — F(Q) (14)

determines when micelle fission is favorable, i.e., leads
to a decrease in the total free energy.2 (Q; =1 or Q, =
1 corresponds to the unimer expulsion.)

When the increase in the surface free energy upon
fission exceeds the decrease in the free energy of B-block
extension, AF > 0, micellar (or unimer) association is
favorable, otherwise (AF < 0), micellar fission (unimer
expulsion) is preferable.

The free energy variation (in terms of C;) can be
rewritten using eq 10 in the following form (cf. Halperin
and Alexander?):

AF—g 56023[x23 + (1 — X)%% — 1] +

Q3/2[X3/2+ (1 _ X)3/2 _ 1] (15)
where X = Q1/Q. AF can be considered as a function of
X (with a variable parameter Q). The function is
symmetric with respect to replacement of X by 1 — X.
An extremum of the function corresponds to X = 1/,
which is a maximum for Q <= Q* = 0.75Q¢q and a
minimum for Q > Q*. For X = 1/,, the free energy
variation AF

AF|X:1/2 _ Q5/6 2/3[21/3 _ 1] + Q3/2[2*l/2 _ l] (16)

changes sign from positive to negative at Q = 2Q* =
1.5Qe¢q. Thus, for Q < 2Q*, fusion of two equal micelles
leads to a decrease in the total free energy, whereas for
Q > 2Q*, a micellar fission into two equal micelles
becomes favorable.

For Q > Q*, function AF(X) has, in addition to
minimum at X = 1/, two (symmetric) maxima at Xmax.
In the limit Q > Qgq, (Where Xmax < 1), Xmax decreases
with increasing Q: Xmax = (Qeq/Q)%?. The absolute value
of the free energy variation AF at X = Xpax also
decreases as Q increases: AF|x-x,,, ~ Qux/Q.

The plot of the function AF(X) is shown in Figure 3
for different values of micelle aggregation number Q.
For micelles with small aggregation numbers (Q < Q*),
AF is positive in the whole range of X values (Figure
3a), indicating that coupling of any micelles (or unimer
association) is favorable. The most “efficient way” for
micellar growth is the fusion of equal micelles, because
the free energy gain (through the decrease in the surface
free energy) is maximal in this case.
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Figure 3. Qualitative plot of the free energy variation for
micellar fission of small (Q < Q*) (a), intermediate (Q* < Q <
2Q%*) (b), and large (Q@>2Q*) micelles. X is the normalized (in
units of Q) aggregation number for one of the emitted micelles.

For Q* < Q < 2Q* (Figure 3b), AF is also positive for
the whole range of X values, implying that micellar
fusion is still favorable for all micelles of smaller size.
But now, the maximal gain of the free energy is achieved
at X = 1/,, which corresponds to the fusion of unequal
micelles. The reason is that for large micelles there is a
considerable increase of block extension that decreases
the relative free energy gain.

For Q > 2Q* (Figure 3c), there are regions of both
positive and negative values of AF. Indeed, on one hand,
fusion with small micelles (unimers) is still favorable
because it decreases the total free energy. On the other
hand, the most efficient way to decrease the total free
energy is fission into two equal micelles with the
aggregation numbers close to the equilibrium value
because it leads to the considerable decrease in B-block
extension. Any fission with formation of small micelle
or unimer is unfavorable because the increase in the
surface free energy is larger than the decrease in
B-block extension. For the same reason, micellar dis-
sociation into unimers is even more unfavorable because
this results in a considerable increase in the surface free
energy:

AFSS = QF(1) — F(Q) = QX(Q — Q% - Q¥ (17)

AF%S > 0 for micelles with an aggregation number
less than Qgﬁf. Thus, the dissociation into unimers
seems to be particularly unfavorable unless the initial
micelle is huge, Q > QZ.

Thus, the free energy analysis shows that the maxi-
mal free energy gain (and hence the most efficient way
to reach the equilibrium state) can be attained by (i)
fusion of equally sized micelles with aggregation num-
bers less than Q*/2, (ii) unequal micelles fusion when

the size for one of the micelles is larger than Q*/2, and

Kinetics in Block Copolymer Solutions 7633

insertion

unimer

expulsion

F(Q+1)

! R, or R

corona

( Tmicun ) ( Teore )

Figure 4. Schematic picture of the potential barrier for
unimer insertion/expulsion considered in the framework of
Kramers' rate theory.

(iii) fission into equivalent micelles when the aggrega-
tion number of the initial micelle is larger than 2Q* =

1.5Qeq.

Energetic Barriers

To estimate the association/dissociation rates, it is
appropriate to employ Kramers’ theory?6 for systems
with high viscosities. To this end, the knowledge of the
potential barriers, or more precisely activation energy,
for each process is required. The activation energy U
appears in the expression for the Arrhenius factor
exp(—U/KT), which is connected with the reaction rate
(velocity).?6 The activation energy U can be defined as
the highest energetic penalty that has to be paid by a
polymer system for the transition from one state to
another along the lowest energy pathway. In the next
sections, we will consider the activation energies for
different processes.

Unimer Insertion/Expulsion. The activation en-
ergy for unimer insertion U]}, can be defined from the
following considerations. For a unimer to enter the
micellar core, it has to pass through the corona region.
Taking into account that the polymer concentration in
the corona region (especially near the micellar core) is
higher than average, the penetration into this region is
energetically unfavorable and is the main contribution
to the potential barrier for unimer insertion. The value
of the activation energy U} is on the order of the free
energy of B-block extension in the corona of the micelle:

Uin = Q" (18)

Indeed, as a unimer approaches the micelle core, the
conformation of B-block of the unimer changes from coil-
like in intermicellar space (free unimer) into extended
chain of blobs?” in the corona region (associated chain).
(In the case of unimer coupling, the conformation of
B-blocks is not required to change, and hence, there is
no potential barrier for the process.) As soon as an
A-block of unimer merges with the micelle core, the total
of the free energies for unimer and micelle decreases
due to the decrease in the surface free energy (Figure
4).

The reverse process of unimer expulsion naturally
goes through the same stages as unimer insertion, but
in the reverse order. First, the A-block of the unimer
has to be released from the core region. As soon as it
assumes a globule-like conformation separated from the
donor-micelle core, the total free energy increases to a
value on the order of the surface free energy of a unimer,
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Figure 5. Schematic picture of the potential barrier for
micellar fusion/fission considered in the framework of Kramers’
rate theory.

which is the activation energy for unimer expulsion:

Ui = Q2 = (NJV)?y/kT (19)
As a unimer proceeds through the corona region (to
become free unimer), the extension of B-block decreases
and hence the total free energy decreases. The total free
energy change for unimer expulsion (which is equal to
the difference in activation energies for unimer expul-
sion and unimer insertion) is AF (eq 15 with Q; = 1).
Uih — Ul = AF = Qy — Q™ (20)

Micellar Fusion/Fission. The energetic barrier for
micellar fusion has the same origin as for that for the
unimer insertion: for two micelles to merge, one of the
micelles (with aggregation number Q) has to penetrate
the dense corona region of the other micelle (with
aggregation number Q, = Qj). The corresponding acti-
vation energy Uy, is on the order of the elastic free
energy for Q; chains associated into a larger micelle228

Ufus = Qngz (21)

The conformation of each B-block of the smaller
micelle (as soon as it merges with the larger one)
becomes more extended (with the free energy loss per
chain of ~Q}?), which leads to the total energy loss of
~Q1Q3?. Similar to unimer insertion, merging of mi-
cellar cores gives significant energetic gain through
decrease of surface free energy (Figure 5). The fusion
of very small micelles such as dimers or trimers occurs
without overcoming any potential barriers because
polymer concentration in micelle coronas is close to the
average for the solution. In general, the estimation of
the activation energy for micelle fusion (eq 21) is correct
for the micelles with relatively large aggregation num-
bers, for which the model of a hairy micelle with well-
defined core and corona region is applicable.

Micellar fission starts with the separation of micellar
cores, and as soon as this process is accomplished, i.e.,
when two new micellar cores appears, the total surface
free energy increases. The free energy increase corre-
sponds to the activation energy Usiss

Usss = QIQZ° + Q3° — (Q; + Q)1 (22)

The subsequent corona separation decreases the total
free energy through entropy gain for B-blocks (which
can assume a less extended conformation in the new
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corona regions). The total free energy change for micel-
lar fission (or in other words the difference between
activation energies for micellar fission and fusion) is
equal (to an accuracy of numerical coefficients) to AF
(eq 15.) We note that AF can also be negative if the
initial micelle is considerably larger than the equilib-
rium one, i.e., if Q > 2Q*.

Micellar Association from Unimers/Dissociation
into Unimers. In principle, it is possible to imagine
that a polymer micelle can be formed by the association
of Q free unimers all at once (although the probability
of such an event is vanishingly small). The activation
energy for this process is on the order of the total elastic
energy for B-blocks forming the micelle, i.e.,

ass

The simultaneous dissociation of a micelle into Q
unimers is also a very rare process, with an activation
energy on the order of the Q unimer surface free
energies

Ugis = Qo [Q — Q%] (24)

The difference in dissociation and association activa-
tion energies gives, as usual, the total free energy

A di
variation AF{(eq 17).
Association/Dissociation Rate Constants

To calculate the association/dissociation rate con-
stants for different mechanisms of micellar evolution,
besides the activation energy we need to know the
characteristic time 7 to reach the activated state. Then,
the rate constant (velocity) of the process can be
estimated in the framework of Kramers' theory?® (large
viscosity limit) as

r e exp(—U)

- (25)

The activated state can be defined as an intermediate
state for which formation of the final state or return to
the initial state are equally possible. The characteristic
times associated with different mechanisms of micelle
evolution are discussed in detail in the Appendix. Below,
we will use the expressions for activation energies and
characteristic times obtained to estimate association/
dissociation rate constants for different mechanisms of
association.

Unimer Exchange. Free-Unimers Association. Mi-
cellar evolution from unimer solution (c > cmc) natu-
rally starts from free unimer association. There is no
potential barrier for this process, because a polymer
chain is not required to enter the regions with a
concentration higher than the average concentration.
Hence, the association rate constant o’,, is defined by
the inverse time to reach the activated state, that is,
the diffusion time for unimers to reach each other
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un Tg:}
un sV (Ng + |\|A)2/?"\lg’/5 *
Tdif = kT (CV)ZIS forc<c
32
T = ZSTNQB/S(;) for c > c* (26)

As discussed in the Appendix, the unimer diffusion
time depends on the average polymer concentration, c,
chain length, and viscosity of the solvent, #s.

Unimer Insertion. Unimer insertion into a micelle
requires overcoming the potential barrier (eq 18),
because in this case the unimer has to travel into the
region with the polymer concentration higher than
average. There are two characteristic times associated
with unimer insertion: Tm.c and 7eore. rm,c is the time for
the unimer to penetrate the micelle corona (egs A4,A5),

un sV 9/5(1 — X*) 1- X*S/s)
Tmic = 1T (1- X*3)3/2
for Q < (cv)®°N3; X* = —onre
0

N~ 775 9/5 (1 X)2
mic kT ( - X )3/2

core

for Q > (cv)®*NZ; X = =

(27)

corona

whereas 7.re IS the characteristic time for an A-block of
unimer to enter a micelle core and to assume a stretched
conformation (eq A6):

_ N7/3Q4/3 C o

= (28)
pr

CO re

The details of calculation of rm,c and t¢ore are discussed
in the Appendix. Either 7. or tcore can be taken as the
time to reach the activated state, depending on which
value is larger. A more precise definition of the activated
state for unimer insertion would be a superfluous
complication as the difference in numerical coefficients
can hardly be distinguished in the framework of a
scaling approach. Hence, for the unimer insertion rate
constant we have

exp( Ulns NeXp(—Qllz)
un TUH tun

2 3 nN127/5

Ng

=T TQ< ("s 15’;) 7
v Na
2 \3n27/5

. 7/]sapr NB

Tun = Teore IfQ>( ,) (29)

o] N

The unimer insertion rate constant naturally de-
creases for longer polymer chains and for larger mi-
celles.

Unimer Release. To become a free unimer, a polymer
chain aggregated into a micelle has to pass through the
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same stages as those for unimer insertion, but in the
reverse order and with a different potential barrier to
overcome (eq 19). As discussed above, the potential
barrier originates from the increase in the surface free
energy when the unimer’s A-block separates from the
core of the micelle donor. The characteristic time to
reach activated state should be same as that for unimer
insertion, 7y (eq 29), according to the “definition” of the
activated state. Thus, the unimer expulsion rate con-
stant is

exp[—(N,V)?3y/kT]
T

_(exp Uz _
T

( QSIG) N

T

un

un un un

(30)

The larger the equilibrium micelle aggregation num-
ber Qeq (i.e., larger surface tension coefficient y or
A-block length), the larger is the energetic barrier to
be overcome for unimer release, and hence, the smaller
is Bun- The expulsion of unimer from larger micelles also
proceeds more slowly. The unimer insertion rate con-
stant is connected with that for unimer expulsion via
the following relation:

20 — exp(AF 31
Bor exp(AF) (1)

where AF is the free energy gain upon unimer insertion
(eq 15 with Q1 = 1). In fact, fu, can be considered as
the expulsion rate parameter k= for the Aniansson—
Wall unimer exchange model'’~1° (eq 2), which, how-
ever, is valid only for the final stage of micellar evolution
where a balance between unimer insertion and unimer
expulsion exists.

Micelle Association from Unimers/Dissociation
into Unimers. The rate constant for the simultaneous
association of Q unimers can be estimated as

exp( Uass) eXp(_QS/Z) (32)

Tun Tun

On the face of it, the association of Q unimers all at
once seems to proceed without a unimer entering a
dense region such as the micelle corona. Nevertheless,
Tun IS @ good estimate for the time to reach the activated
state, because the presence of Q polymer chains in a
small volume inevitably means a higher-than-average
polymer concentration, and hence, chains do travel
through the region with high polymer concentrations

comparable to cerona (the characteristic time is about
Tmio)- Then, A-blocks have to form a micelle core with a
characteristic time on the order of ter. The rate
constant for simultaneous micellar dissociation into Q
unimers is

1 5/6 2/3
g = OPUa)  ORCQRTQ Q™)

Tun Tun

The association and dissociation rate constants are
connected via

ass

ﬂdls
where AFﬂ'rf‘, is free energy gain that accompanies the

association of Q unimers (eq 17).

= exp(AFSS, (34)
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Micelle Fusion/Fission. Fusion of very small mi-
celles (dimers and trimers) is similar to free-unimer
association and occurs without overcoming any potential
barrier. The association rate constant is defined by the
corresponding inverse diffusion time for micelles to
reach each other

0 1
Oys = 5~
Tdif

o Y Q13/15(N + NA)2/3N3/5
it = )T 213,213

(c— Ccmc)

for ¢ < ¢*; Q < Qqq

sV
Tair = kST
forc = ¢* Q < Q, (35)

N9/5Q3/5(c /C*)3/2

75 can be obtained in a similar way as the unimer
diffusion time (egs Al and A2) by taking into account
that the average distance between micelles is on the
order of [Q(Ng + Na)Z(C — ceme)]¥3 for ¢ < ¢*, and it is
about the average micelle size RCorona =~ N¥PQU5v13 for
¢ > c*. 13 is only slightly larger 74i}.

For micelles with a large aggregation number, fusion
requires overcoming the potential barrier (eq 21). There
are three characteristic times associated with the fusion
process. 7o is the time for micelle diffusion in the
region with the average polymer concentration (eq A8).
Tt 1S the time for “deformation” of micelle coronas,
i.e., the time for cores of neighboring micelles to come
into contact (eqs A9—A11). 7re is the characteristic time
for micelle cores to merge. The characteristic times
mentioned above are calculated in the Appendix. rg“e'f is
the largest time among the three (unless we deal with

very dilute solution where 73 can be on the same
order as 7). Hence, 7 (+771° for Q < (cv)52N3) gives
the appropriate estimate for the time to reach the
activated state. As for unimer exchange, a more precise
definition of the activated state is not required.

The association rate constant for the fusion of micelles

with aggregation number Q; and Q; (=Q) is

exp(~Uns) _ eXp(— Q:Q7%)
fus = mic mic (36)
Tdef Tdef
T =~ ZSTN”’S Pev)?  for Q < (cv)*N3
Tt = kTN9’5 35 for Q > (cv)**N3 (37)

For fusion of micelles with relatively small aggrega-
tion numbers, 7 = (nv/kT) N5°Q3°Q,(cv)? (eq A10).
The potential barrier for the merging of micelles can
be somewhat smaller in this case, as we discussed in
the previous section.

afs decreases as the micelle aggregation number,
polymer concentration, or solvent viscosity increases.
For the case of Q1 < Q3, the process of micelle fusion is
similar to that of unimer insertion in the sense that the
smaller micelle has to diffuse through the corona of the
larger micelle, rather than simultaneous “deformation”
of micelle coronas occurring. The association rate con-
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stant for the fusion of micelles that strongly differ in
size Q1 < Qq is

2
exp(—Q,Q;?) . MV 1915 ~4/5~4/5

Qg = T with 74 = 1 =N Q1" Q;

I

for Q; < Q, (38)

T4if IS calculated in the Appendix (eq Al12).

Micellar Fission. Micellar fission naturally proceeds
through the same stages as micellar fusion, but in the
reverse order. The characteristic time to reach the
activated state is the same as that for micelle fusion,
Toet (OF Tgif for the case of very small micelle expulsion).
Taking into account that the activation energy for
micellar fission is Usiss (eq 22), we get for the micellar
dissociation rate constant

exp(—Usiss)

~

fiss — mic
Tdef
exp(—Qeq[ Q1 + Q5% — (Q1 + Q)™
mic (39)
Tdef

As for unimer exchange, the association and dissocia-
tion rate constants are connected via the relation

Ogys
ﬁfiss

where AF is the total free energy gain from micellar
fusion (eq 15).

= exp(AF) (40)

Micellization Kinetics

To analyze the time evolution of the micelle popula-
tion during equilibration process, starting from free
unimer solution, Kinetic equations (similar to that using
for chemical reactions) can be employed:

dN, i 3 . -
- Q;[Q(Q,Q ~ QNgNg¢ ~ A(Q, Q —Q)Ng] +

;}ﬁ((l Q- QN Q- ZQ(Q, Q)NQNQ+
%ss(Q)(ND)? — Buiss(QNg (41)

where Nq is the number density of micelles with
aggregation number Q. a(Q, Q) and B(Q,Q) are the
association and dissociation rate constants, respectively,
for fusion and fission of micelles with aggregation
numbers Q and Q. If Q = 1 or Q = 1, these are the
corresponding rate constants for unimer exchange.
Association/dissociation rate constants calculated in the
previous section for different micellization mechanisms
are collected in Table 1.

The first term in each line of eq 41 describes the
increase in the number density of micelles with ag-
gregation number Q due to the fusion of two smaller
micelles (or two unimers or a unimer and a micelle),
fission of a larger micelle (or unimer expulsion), or the
simultaneous association of Q unimers, respectively.
The second terms in these lines define the decrease in
the number density as a result of fission of the micelle
(or unimer expulsion), merging with another micelle (or
unimer insertion), and dissociation into Q unimers all
at once, respectively.
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Table 1. Association/Dissociation Rate Constants for Different Micellization Mechanisms

process type rate constant

time to reach activated state

un

free unimer coupling o, = 1/

unimer insertion aun = exp(—QY2)/ryn

unimer expulsion Bun = exp(—Qa)Tun

Q2 = (Nav)23y /KT

small micelle fusion o = Y15

micelle fusion tus = eXP(—Q1QY ) Tmic

79 & (vIKT)(Na + Ng)23N5(1/cv)?3
c<c*

741 & (PsVIKT)NE(S/ )32
c>c*

Tun ~ (7VIKT)QNO[(1 — X*)2(1 — X*5/3)/(1 — X*3)312
Q < (cv)¥?NE; X* ~ Reore/Ro

Tun & (7sVIKT)QNZ3(1 — X)2/(1 — X3)372
Q> (CV)SIZNZB; X~ Reore/Rcorona

Tun ~ (@v4f3/kTa2,)Q4’32N;’3
Q> (;75/;)3 aprv—lNB7 5N;7

5 & (psVIKT)QISNI®[(Na + NB)/(C — Come)V]¥3
c <c* Q < Qeq

0 ~ (nsVIKT)QISNG 3 (clc*)32
c> C* Q < Qeq

Tmic ~ (17sV/ kT)Ng/SQiISQ‘zus

Q1=Q2 Q1< Q2
Tmic ~ (7VIKT)NE" Q1 *Qa(cv)X(1 — X))
Q1= Q2< Qeq
micelle fission Briss = exp[~Qar (QF° + Q3° — Q23)/7mic zm.c~ (nsv/kT)N”/SQg/s(cv)z(l - X))
< (ev)52N3; X' = Ro/Reorona
Q=0Q1+Q2Q:1=Q2
e > (nsv/kT)N9’5 2"
(CV)5/2N2
micelle assoc. from unimers Oass = exp(—Q%*?)/tyn Tun as for unimer insertion/expulsion
micelle dissoc. into unimers Buiss = exp[— QEQG(Q — Q23)]/1un 7un as for unimer insertion/expulsion

At equilibrium, when dNg/dt = 0, there is a balance
between association and dissociation process

oQ, Q — Q)NQNQ@ =
BQ, Q — Q)Ng

where the micelle size distribution Ng is defined by a
Gaussian function with the standard deviation ¢ =
Y4 The value of the standard deviation can be ob-
talned either from the analysis of the equilibrium free
energy (eq 13) or using eq 42 and eq 40 (or eq 31):

for Q ~ Q. (42)

= — = AF) = ~
53, 0-0) TPAR TR RN TPl 2

As it follows from eq 15, AF ~ Q3 hence, we get
(from eq 43) ¢ ~ Q.7 in agreement “with the result
obtained from the equnibrium free energy analysis.
When all association/dissociation rate constants as well
as the initial micelle size distribution are known, the
set of kinetic equations can be solved numerically and
the micelle size distribution can be defined for each
moment of time. This is a subject for detailed consid-
eration at a later time. In the present paper, we are
interested mainly in the prediction of the general
qualitative features of the process that can be checked
experimentally.

Initial Micellization. To analyze the process of
initial micellization as well as to reveal the main
features of the equilibration process in general, we will
solve numerically the set of kinetic equations related
to small Q. We will start from a unimer solution (N1 =
1), and we will study the evolution of the population of
micelles with aggregation numbers 1 < Q < 35 toward
the equilibrium state (Qeq ~ 30). The set of Kkinetic
equations used is self-consistent in the sense that the

total number of chains is maintained constant (3> oQNg
= 1). Formation of micelles of larger size has been
allowed, but the fraction of micelles with Q > 35
remains negligibly small during the time of calculations.
The free unimer association constant, a(l, 1), was
chosen to be 0.5; the other association/dissociation rate
constants were defined to be consistent with the value
of a(1, 1) using egs 29, 30, 36, 39, and A10 (see also
Table 1). [It is necessary to note that in general the
activation energy for the association/dissociation of
small micelles or for unimer insertion into small mi-
celles is considerably smaller than the value that was
obtained in Energetic Barriers and that we used for the
calculations (to obey the correct ratio between associa-
tion and dissociation rates). In reality, the initial
micellization would proceed more quickly. So, we expect
our results to demonstrate the main trend of the
evolution process (accounting for smaller activation
energies leads to qualitatively similar results), rather
than give us the precise quantitative time dependence
of the process.]

The results of numerical solutions of the kinetic
equations for “unimer exchange only” (i.e., ass = 0 and
Priss = 0) are shown in Figure 6. The initial micellization
naturally starts from unimer coupling. The rate of the
process is defined by the initial unimer concentration
and the association constant aun, which is the inverse
diffusion time for unimers (zij})~*. Because the unimer
diffusion is relatively quick, the number fraction of
unimers decreases rapidly, and correspondingly, the
fraction of trimers, tetramers, and especially dimers
increases. When the reserve of free unimers is ex-
hausted, the association process becomes effectively
frozen due to the lack of free unimers. Indeed, the only
source of free unimers is the expulsion from micelles,
which is strongly disfavored because of the large in-
crease in surface free energy. As a result, the charac-
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Figure 6. Normalized number density of micelles, No/YoNg,
as a function of time for the micellization proceeding by unimer
exchange only. The results were obtained by numerical solu-
tion of kinetic equations for Qeq = 30, N1(0) = 1, and (xﬂn =
0.5.

Normalized N,

Figure 7. Normalized number density of micelles, No/3 oNog,
vs time for the micellization proceeding by both unimer
exchange and micellar fusion/fission. The results were obtained
by numerical solution of kinetic equations for Qeq = 30, N1(0)
=1, and o®,= 0.5.

teristic time for unimer expulsion is long
[~exp(Q§{f)], such that for a significant period of time
the polymer system remains in a quasiequilibrium until
unimer release becomes Kinetically important. Then, the
association processes becomes active again, and the
fraction of trimers, tetramers, and larger micelles
increase at the expense of dimers. The increase in the
aggregation number of micelles with the largest number
density is gradual: when the number of dimers de-
creases, timers become the dominant fraction, later
tetramers prevail, then pentamers, and so on. Hence,
each time the aggregation number of the dominant (in
number) micelles increases on a unit until the true
equilibrium is reached.

Now, let as consider the solution of the set of Kinetic
equations accounting for both unimer exchange and
micelle fusion/fission, which is presented in Figure 7.
The results are remarkably different from those of
unimer exchange only (Figure 6). Indeed, first of all,
there is no a period of quasiequilibrium, and the
association process goes smoothly and proceeds quickly.
In contrast to the unimer exchange mechanism, Figure

Macromolecules, Vol. 32, No. 22, 1999

— micelle fusionffission + unimer exchange
8 _ — — —unimer exchange only 4

<Q>

10" 10° 10" 10 10°  10*  10°  10° 107 10°
t
Figure 8. Average aggregation number of micelles as a
function of time for “unimer exchange only” (dashed curve) and

“micellar fusion/fission + unimer exchange” (solid curve). The
results were obtained by numerical solution of Kinetic equa-

tions for Qeq = 30, N;(0) = 1, and o2, = 0.5.

7 shows that dimers are dominant only for a relatively
short time, trimers never prevail, and it is the ag-
gregates of four unimers that increase most rapidly in
number as dimers decline. Then, tetramers gave way
to hexamers as a dominant micelle fraction for a short
time, and later, aggregates of eight unimers become
paramount. It is interesting to note that neither pen-
tamers nor heptamers prevail. As is seem from Figure
7, the main trend of the process is the association of
micelles with the largest number density. Indeed,
coupling of dimers gives rise to tetramers, which in their
turn can either merge together forming octamers or can
fuse with dimers (whose fraction is still considerable)
to form hexamers. The latter process has smaller
activation energy, and hence, it dominates. Therefore,
there are two main tendencies in micelle fusion. (i) The
association of averaged micelles is the first tendency.
In this case the initial size distribution is single Gauss-
ian-like, and at the end of the characteristic time step,
the average aggregation number duplicates (Q — 2Q).
(ii) The association of (growing in number) micelles that
will dominate at the next period of time with (decreasing
in number) micelles that were dominant at the previous
time interval is the second tendency. In this case, the
initial size distribution has bimodal character, which
is typical for the intermediate state of the above-
mentioned process of duplication in aggregation num-
ber. As a result, the average aggregation number
increases to a smaller value (Q1, Q2 — Q1 + Q2).

The difference in the intermediate results and the
rate of association process proceeding by “unimer ex-
change only” (Figure 6) and by “micelle fusion/fission
+ unimer exchange” (Figure 7) is even more clear from
Figure 8. As is seen from Figure 8, at the beginning of
the equilibration process, the average aggregation num-
ber Q changes in the same way for both mechanisms of
association. When Q reaches 2, unimer exchanges turns
out to be effectively “frozen” for a period of time, so the
average aggregation number remains constant for un-
imer exchange mechanism. During this time, only the
micelle fusion mechanism is active, and it proceeds
reasonably quickly: the average aggregation number
continuously increases. The inhomogeneity in the rise
of the average aggregation number confirms the steplike
character of the micelle fusion leading to the duplication
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Figure 9. Log—log plot for the number density of micelles vs
time for the unimer exchange model (dashed curve, calculated
on the basis of eq 45), for the model of averaged micelles fusion
(dotted curve, calculated on the basis of eqs 47 and 48) and
for the combined association (solid curve), Qeq = 256.

of the average aggregation number. When the unimer
exchange starts to influence the kinetics, the average
aggregation number for unimer exchange mechanisms
increases rapidly at a rate exceeding that for the joint
mechanism of association, which slows because of the
increase in activation energy for both micelle fusion and
unimer insertion into micelles with larger average
aggregation numbers.

Micellization Scenario. On the basis of the results
of numerical calculations considered above, we can
identify the general features of the micelle evolution
process. Let us consider first the unimer exchange
mechanism only. As it was discussed above, after the
initial formation of dimers, unimer insertion is limited
by the presence of free unimers, which can arise only
after their expulsion from a micelle. Because the activa-
tion energy for unimer release is large, the unimer

exchange begins to work only after considerable time,
~exp(Q3y). The characteristic step of the process con-
sists of the increase in the average aggregation number
on a unit. The Kinetic equation for averaged micelle is

the following:

dNo.,
Tat a(Q, 1)NgN; — BQ +1, DNgyy +

BQ + 2, 1)NQ+2 —o(Q+1, 1)NQ+1N1 (44)

The unimer number density Nj is in fact defined by
the cmc: Nun = exp(—QZ; + Qi) (eq 12). Then, the
characteristic time per step of unimer association (i.e.,
to have Q + 1 become the average aggregation number

if in the previous step it was Q) is on the order of

QH=Q+1
(45)

At ~ _L,Un exp[Q5/6 _ 1/2+ Q1/2]

mic eq eq

As is seen from eq 45, the time for each step of unimer
association depends strongly on Qeq, and it increases
with an increase of Q. The total time for unimer
association can roughly be estimated as a sum of
characteristic times for the successive steps of the
evolution. The time dependence of the average aggrega-
tion number for the unimer exchange mechanism (for
Qeq = 256) is presented in Figure 9 (dashed curve). The
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dependence is qualitatively similar to that obtained by
the numerical solution of kinetic equations (Figure 8):
a long period of “waiting” for unimer expulsion followed
by rapid unimer—micelle association.

If we wish to consider only the micelle fusion mech-
anism leading to duplication in the average aggregation
number, then the characteristic time for the evolution
step can be estimated from the Kinetic equation for
micelles with an aggregation number 2 times larger
than the average aggregation number

dN,o Q1
T = .ZD[Q(Q - 61 Q + 6)NQ76NQ+5 -
B@Q — 06, Q + O)Nyg] + %ﬁ(Q, Q—Q)Ng —

Q-1

;a(ZQ, Q)NpoNg = aZboL(Q — 3, Q+ 0)Ng_sNoys
(46)

The first term in the equation turns out to be the
largest one because the potential barrier for micellar
fission is rather large. The association of the micelle
(with aggregation number 2Q) with others is possible,
but the number fraction of the micelles is much smaller
than that for the average micelle (with aggregation
number Q). To make an estimation of the characteristic
time associated with this process, we have to know the
number density distribution Ng. As a rough approxima-
tion, we can consider normalized Gaussian distribution
(which is reasonably good in the vicinity of the equilib-
rium state!516.25) multiplied by the total number density
of micelles Nmic(t), which is proportional to the total
polymer number density N (less Nyn). The width of the
distribution can be estimated as o =~ Q%3Q_"** (eq 13).
Then, the characteristic time for the evolution step
leading to duplication in the average aggregation num-
ber is

23 [o-1 52\
At = ;o a(@—06,Q+ 6)exp(— —2) 47

B 5/12
N Qg o

For relatively small Q, the quickest time for associa-
tion step is achieved by association of the averaged
micelles (with 6 = 0). Thus,

Q2/3 mic
def

At~ =—5zexp(Q™)

eq

Q) =2Q  (48)

However, at later times, the contribution due to fusion
of micelles differing in size (6 = 0) begins to dominate.
The remarkable feature of the time dependences (eqs
47 and 48) is that for micelles with Q > (cv)52N3 (for
which gy is concentration-independent) the increase
in polymer concentration decreases the characteristic
time. This effect is most important in low-concentration
solutions.

As is seen from eqs 47 and 48 and Figure 7, each
successive step of the evolution takes a significantly
longer time. The logarithmic time dependence of the
average micelle aggregation number (obtained by sum-
mation of the characteristic times for the successive
steps) is shown in Figure 9 (dotted curve) for Q¢q = 256.
As is seen there, the increase in average aggregation



7640 Dormidontova

number considerably slows with time due to an increase
in activation energy for micelle fusion.

Accounting for both unimer exchange and micelle
fusion leading to the duplication in the average ag-
gregation number gives us the result presented as a
solid curve in Figure 9. From the beginning until the
time the unimer exchange becomes active, i.e., until the

average aggregation number is smaller than Qi{f, the
micellization proceeds via micelle fusion leading to
duplication in average aggregation number. Then, both
of the mechanisms act in parallel, and at the final stage,
the unimer exchange dominates. It is necessary to note
that the result presented in Figure 9 is oversimplified
due to inaccuracy in estimation of evolution time steps
and because it neglects the other mechanism of micelle
fusion characterized by a bimodal size distribution and
leading to the increase of the average aggregation
number as Q;, Q2 — Q1 + Q2. Both of the mechanisms
of micelle fusion act in parallel, and hence, to predict
the results analytically is a somewhat complicated task.
Accounting for unequal micelles fusion would most
probably make the dependence presented in Figure 9
more smooth because it increases the contribution of the
micelle fusion mechanism at later stages of equilibra-
tion.

Hence, it seems to be evident that micelle fusion is
the dominant (and in fact the only) mechanism that acts
until unimer expulsion becomes active. Later, both
micelle fusion of averaged and especially unequal mi-
celles together with unimer exchange contribute to the
evolution process. To distinguish the relative contribu-
tion of the different mechanisms of micellization and
to estimate the “transition point” at which unimer
association begins to dominate micelle fusion is fairly
difficult to do analytically. All of the processes act in
parallel, and the results can strongly be influenced by
the fluctuations in size distribution. Our main point is
that both mechanisms of micellization are important
and neglecting either of them would lead to erroneous
conclusions.

Qualitative Comparison to Experiment

The scenario of micellar evolution considered above
will now be discussed in context of real polymer systems
that have been investigated experimentally. However,
it is important to take into account that direct compari-
son between the analytical results and the experimental
data is not always possible because most of the block
copolymers studied experimentally are charged and the
presence of the electrostatic interactions might have an
additional influence on the micellization kinetics.

One of the methods applied to study the kinetics of
micellar equilibration is temperature-jump.81314 A re-
cent paper® contains a wealth of information, obtained
by using both types of T -jump experiments: with
decrease in temperature (increase Qeq) and that in the
opposite direction. T-quenching experiments resulting
in an increase of Qgq (decrease in the cmc) reveal that
for low polymer concentration and with a large temper-
ature change the average micellar molecular weight
increases somewhat faster than the average radius of
gyration, which first decreases and only later increases
at slow rate. Such behavior implies formation of new
micelles. For higher polymer concentrations and smaller
temperature jumps, both the average micelle molecular
weight and the radius of gyration gradually increase.
The increase in the average micelle aggregation number
(as well as in the width of size distribution o =~ Q)
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can be ensured by unimer coupling (followed by fusion
of small micelles) and unimer insertion into existing
micelles with the average aggregation number Qe (by
the asterisk we denote the parameters correspondlng
to the “original” state, i.e., before the temperature jump).
Unimer association with the averaged micelles is domi-
nant if

Tnice(Qeq) s

cmc un
dif

*

> o** =
cmc c =C

c—c Sexp(QiY)  (49)

Thus, for a high polymer concentration, with a
significant micellar fraction the fastest route to reach
new equilibrium is through the association of unimers
with already existing micelles. This conclusion is in
agreement with the observed difference between the
relaxation time for direct micellization and that for the
equilibration after a T -jump.8 The latter turns out to
be much faster, because in this case there is a reserve
of free unimers and there is no need to “wait” when a
unimer will be expelled from the smaller micelle to
associate with the larger micelle for equilibration to
proceed.

If ¢ — ¢l < c**, unimer coupling dominates over the
association with micelles. As soon as all unimers
exceeding the new cmc are associated, the average
aggregation number for new small micelles increases
as during direct micellization (Figure 7), i.e., according
to the scheme 2—4—6—38.... The formation and evolution
of new small micelles leads first to a decrease in the
average radius of gyration followed by slow increase,
as observed.® Of course, unimer exchange is also pos-
sible, and moreover, it becomes the fastest process when
the average aggregation number for small micelles
becomes larger than some critical value Q¢

exp(-Q) _  exP(—Qir) 50)
-1

chrg:}c(ch’ ch) Tmic(ch)

Then, further evolution proceeds by fusion and chain
exchange of new and “old” micelles (with a possible
decrease in the number of micelles due to micelle fusion)
until a new equilibrium is reached.

T-jump experiments with a temperature increase lead
to a decrease in Qeq (an increase in the cmc). For this
case, at the beginning, the average molecular weight
and the radius of gyration decrease in parallel,® mean-
ing that there is an increase in the number of micelles
accompanied by the decrease in the aggregation num-
bers. The phenomenon cannot be explained by unimer
exchange, which does not change the number of mi-
celles, and it has been assigned® to micellar dissociation
into unimers in accordance with Aniansson—Wall
model.1’~1° As we already discussed above, the rate
constant of micellar dissociation into unimers Sgiss ~
exp(—QQZY) is smaller than that for micelle fission fiss
~ exp(— Q2’3Q %). Hence, we can expect that micelle
fission rather than micelle dissociation into unimers is
responsible for the increase in the number of micelles.
This way also seems to be more natural, because the
micelles emerging after fission are closer to final equi-
librium state than unimers.

As we discussed above, the most efficient way to
decrease the free energy of the system is fission into
equal micelles, but the time associated with the process
is rather large. Micelle fission with expulsion of a small
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micelle is less effective in decreasing of the free energy,
but the rate is only somewhat smaller [=(8un)?*°] than
that for unimer expulsion (Bun). To estimate analytically
the relative contribution of micelle fission and unimer
expulsion is a rather complicated task because they act
in parallel and knowledge of micelle size distribution
at each moment is required.

During the later stages of the equilibration process,
the radius of gyration increases quicker than the micelle
molecular weight, this indicates a decrease in the
number of micelles with an increase in the aggregation
number.® This is most probably the result of coupling
of small micelles (initially expelled from the larger ones
or already existing). The comparison of the direct
micellization with reequilibration reveals that at low
concentration the reequilibration goes slower.® Again,
this observation seems to support the micelle fission/
fusion mechanism. As we discussed above, the charac-
teristic time step for micelle fusion (in diluted solution)
is inversely proportional (egs 47 and 48) to concentra-
tion, ~1/Ngosus (Whereas that for unimers is almost
concentration-independent). During direct micellization
from unimers, the fusion proceeds via fusion of the
micelles having the largest number density, but after a
T-jump, the concentration of expelled or already existing
small micelles is much smaller and hence the longer the
evolution time.

Similar behavior of micellar solutions has been ob-
served following a large dilution,'® leading also to the
decrease in the equilibrium aggregation number. It was
found that immediately after dissolution the average
micellar size rapidly decreases, with a distinguishable
increase in the fraction of micelles smaller than those
in the new equilibrium and almost 2 times smaller than
the initial equilibrium micelles.’> A quick increase in
the fraction of smaller micelles supports the micellar
fission mechanism (possibly with subsequent fusion).
Further micellar growth and reequilibration proceeds
in a manner similar to direct micelle evolution: mainly
via unimer exchange and to a lesser extent by micellar
fusion.

T-jump experiments in triblock copolymer systems?314
reveal that the micelle equilibration after a temperature
increase seems to follow a similar scenario as that for
diblock copolymers.® Despite the natural similarity
between di- and triblock copolymers, the latter might
have more complicated kinetics. First, consider unimer
release: both the characteristic time and the potential
barrier for B—A—B unimer release is larger than that
for an A—B unimer. Indeed, to relieve an A-block from
the core of a large micelle not only A but most likely
also one of the B-blocks has to move through the core
region. If the A- and B- blocks are incompatible, then
the additional potential barrier has to be overcome for
the B-block movement through the core. This complica-
tion can be less crucial for micelle fission: when a part
of the micelle core separates, only some of the separating
chains (not necessarily all) have to be disentangled, and
the potential barrier is smaller than that for chain
separation one by one. Hence, micelle fusion/fission
seems likely to be even more important for triblock
copolymer kinetics.'*

It is also worthwhile to compare the predictions of our
model with recent data from dynamic Monte Carlo
simulations.’® The semianalytical approach has been
applied to determine the relative contribution of the
different mechanisms of micellar evolution. The transi-
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tion-rates matrix (for three types of micelles, namely,
small, large, and medium, as well as for free polymer
chains) has been obtained on the basis of the data of
computer simulations. The calculations have been per-
formed at the dynamic equilibrium in the model polymer
system,1® and hence, the results are related to the final
stage of micellization evolution in dilute solutions. It
was found'® that for very dilute solutions (with polymer
concentrations slightly above the cmc) unimer exchange
is the dominant mechanism, whereas for somewhat
higher polymer concentrations (but still in dilute re-
gime), micellar fusion/fission takes over. This result
seems to be in agreement with our prediction that the
characteristic time for micellar fusion in diluted solu-
tions might decrease as the concentration increases (eqs
47 and 48), and hence, the contribution of micellar
fusion to the equilibration process increases. [However,
this is correct only for cv < (Q)¥5Ng*®; further in-
creases in concentration can have the opposite effect due
to the strong concentration dependence of 7gy.] It was
also found in the computer simulations'® that unimer
exchange is faster than micellar fusion/fission at nearly
equilibrated state.

The influence of the interaction parameter e (which
can be compared with the surface free energy for our
model y) and insoluble block length Na manifests itself
in an increase of the characteristic times for both
unimer exchange and micelle fusion/fission as e and Na
increase.1 This effect is rather natural as it follows, e.g.,
from the comparison of rate constants (see Table 1). This
phenomenon was also observed during the experiments
investigating mixed micelles formation.4516

One of the interesting features of the comicellization
process in the mixtures of originally small and large
micelles (with aggregation numbers Q; and Q, > Q1) is
that it always proceeds via the transport of chains from
large to small micelles.® On the first sight, it is a
surprising result because the rate of unimer expulsion
from micelles with smaller equilibrium aggregation
numbers is naturally higher than that for unimer
expulsion from a large micelle (especially if it is formed
by triblock copolymers). However, the unimer insertion
rate for entering a small micelle is also much higher
than that for entering larger micelles, and a unimer
expelled from a small micelle is very likely to enter a
small micelle again. Unimers or micelles expelled from
the larger micelle will also prefer to associate with small
micelles because the corresponding association rates
(see Table 1) are higher than those for a “return” to a
large micelle. So, the comicellization operates at the
expense of larger micelles, as was observed.5

During the set of experiments, the influence of the
aggregation number of the larger micelle Q, on hybrid-
ization kinetics was studied.5 It was found that if Q; is
reasonably large there are two sedimentation peaks
approaching each other with time. In this case, the
process of chain (or small micelles) transfer discussed
above can “visually” be observed. (The longer the time
required for the reequilibration, the larger the contribu-
tion of micelle fission to the process.) If Q; is larger, the
third sedimentation peak appears between the two
initial ones and grows at their expense. This effect can
hardly be explained in the framework of unimer ex-
change only, whereas micelle fission is the most prob-
able reason for it. As we discussed above, fission into
equal micelles is the most efficient way to decrease the
free energy, but it requires considerable time. Fission
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with emission of small micelles is quicker, and such a
micelle can merge with another small micelle. Both
types of fission can lead to formation of the third peak.
For a very large Q», no hybridization can be observed
during the experimental time. In this case, any dis-
sociation rates are probably so small that the Kinetic
process is effectively frozen. Yet, it is necessary to keep
in mind that hybridization is not always thermodynami-
cally preferable for the polymer system.® Nevertheless,
some of the micelle pairs that do not hybridize after
mixing the micelles do form hybrid micelles if the initial
solution contains only the corresponding unimers. In
this case, the association rates dominate, and evolution
proceeds via equal micelle fusion at the beginning, with
further “correction” of the micelle composition and size
distribution by unimer exchange and unequal micelle
fusion.

Conclusion

The kinetics of micellar evolution from unimer solu-
tion was studied analytically on the basis of a scaling
approach applying Kramers’ theory for the calculation
of the association/dissociation rate constants (see Table
1). The rates constants obtained can be used for the
direct numerical solution of the kinetic equations. By
analyzing the Kinetic equations, the scenario of micelle
evolution was elaborated.

The present model should be considered as the
complementary analysis to the traditional Aniansson—
Wall and Kahlweit Kinetic theories for surfactant mi-
celles, because it deals with nonequilibrium states and
we consider block copolymer micelles by taking into
account both unimer exchange and micelle fusion/fission
(the latter was neglected in the Halperin—Alexander
theory). The numerical solution of the Kinetic equations
for a small micelle population as well as analytical
estimations show that the intermediate results and
evolution rate for the mechanism of “unimer exchange
only” strongly differ from that for joint mechanism of
“micelle fusion/fission + unimer exchange”. The model
of “unimer exchange only” reveals that after free unimer
coupling is accomplished, unimer association becomes
effectively frozen for a long time due to the high
activation energy for unimer release. According to the
joint mechanism of association, the evolution proceeds
mainly via the fusion of micelles with the largest
number density until the average aggregation number
becomes larger than ngj’ (later, unimer exchange be-
comes kinetically important because micelle fusion/
fission has slowed). One of the mechanisms of micelle
fusion is the association leading to the duplication in
the average aggregation number (Q — 2Q). The char-
acteristic times for the evolution step for the micelle
fusion (and unimer exchange) is estimated. It was found
that micelle fusion is strongly concentration-dependent.
The other mechanism of micelle fusion is association of
unequal micelles. This process is active when the size
distribution has bimodal character. In this case, the
aggregation number increases as Qi, Q2 — Q1 + Q2.
Both mechanisms of micelle fusion together with unimer
exchange (which is the quickest process) contribute to
the final stage of association.

Micelle fission is a relatively slow process unless a
very small micelle is emitted. The influence of micelle
fission becomes important during reequilibration of
micelles with a decrease in the average aggregation
number such as occurs with a heating T-jump experi-
ment.
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The comparison of the predictions of the present
theoretical model with the data of T-jump experiments,
investigations of comicellization phenomena, and the
results of computer simulations shows that in all cases
considered there is a good qualitative agreement and
the model seems to be rather successful in the explana-
tion of the phenomena observed.
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Appendix: Characteristic Times for Unimer
Insertion/Expulsion and Micelle Fusion/Fission

Free-Unimers Association. To merge with other
unimer(s), a unimer has to diffuse an average distance
between unimers in solution. The corresponding dis-
tance is on the order of [(Ng + Na)/c]¥3 for solutions with
polymer concentration c less than the polymer overlap
concentration ¢* = 1/N¥'v. The diffusion coefficient
for unimer is Dy" = KT/nsNgv¥2.2° Hence, the charac-
teristic time for free-unimers association is

17sV (Ng + '\IA)Z/Q'l\lsL;,/5

un __ 'S
Taif = kT (CV)ZIB

forc <c* (Al

The unimer diffusion time increases with increases in
the chain length and viscosity of the solvent and with a
decrease in polymer concentration.

When ¢ > c*, the average distance for a unimer to
diffuse is on the order of a chain size, N;*5v3, and the
diffusion coefficient (for v = 3/g) is%0

DU" = KT/ NI*3(c/c*)*? (A2)

Hence, for ¢ > c*, the characteristic time associated
with unimer fusion is29:30

Y 32
T = ﬁ 95’5(0%) for ¢ > c* (A3)

Unimer Insertion into a Micelle. Penetration into
Micelle Corona. The initial state for the unimer insertion
is a unimer in contact with the corona periphery only.
The average distance between unimer and micelle can
be larger; however, the potential barrier appears (and
the diffusion time considerably increases) only when a
unimer enters the region of higher-than-average poly-
mer concentration. For Q < (cv)®2N3 this distance
is equal?” to Ro = v¥3QY%/(cv)?4, whereas for
Q > (cv)®2N3, this is the total radius of micelle Reorona-

To merge with a micelle with aggregation number
Q > (cv)52N32, a unimer has to pass through the whole
corona region, i.e., the distance Rcorona — Rcore. The
average polymer concentration increases as the micelle
core is approached, and hence, the diffusion process is
gradually slowing. To simplify the analysis, we will
assume, however, that the concentration in the corona
region is equal to the average concentration Ceorona =

QNB/(RS e — RZ.e)- Then, the diffusion coefficient is
equal to DY" (with replacement of ¢ by Ccorona), and the

diffusion time is
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1/3
un 775

Tmic = KT (Rcorona - Rcore)

sV NS (1 —-X)
KT (1— X3

ZNgS(C C*)3/2 —

corona

(for Q > (cv)**N3)

R 1/3 ~2/15
core __ 'NA
where X = o——= NEE (A4)

corona B

For insertion into the micelle with aggregation num-
ber Q < (cv)¥2N3, a unimer has to travel the distance
Ro — Rcore- Again, we will estimate the diffusion time
by assuming that the motion occurs in the medium with
the average concentration cmic = QNA/AV = Q23R,“?[1

~ (Reore/R0)™*] /[1 — (Reore/R0)*] [where Ng = Q~13(Rg®
— R33)) is the number of monomer units of B-block
inside the sphere of radius Rg]. Correspondingly, the
diffusion coefficient is equal to DY" (with replacement
of ¢ by cmic), and for the diffusion time we get the
following:

1/3

Tumr:c = ’%T(_T(RO - Rcore)2N3/5(Cmic/C*)3/2 =
MV (1 — X*¥)A(1 — X*°) 512012
KT < 'B (1 — x*3)32 (for Q < (cv)™"Np)
NY3(cv) ¥
where X* = —2¢ = _A (A5)
Ry Q'

un

Tmic INCreases with an increase in the aggregation
number, solvent viscosity, and chain length.

Penetration into Micelle Core. To accomplish merging,
an A-block of the unimer has to penetrate the micelle
core. The penetration proceeds through the reptation
motion of the A-block. Taking into account that the
average size of an A-block forming a micelle is on the
order of the micellar core size, the length of the primitive
path to be passed is lpr = RZ,/apr (Where ay is the step
length of the primitive path). a,r = v3N2?, where N is
the number of monomer units between entanglements.
Ne depends mainly on the presence of solvent inside the
micelle,3132 N ~ c v, (Ccore IS the polymer concentra-
tion inside the core). Because here we consider a strong
segregation limit by assuming the absence of solvent
in the core region, a,, will be treated as a constant. The
diffusion coefficient for this motion is Dyep = KT/NAG,
where ¢ is the monomer friction coefficient. Hence, the
characteristic time for A-block penetration is29:3132

2
pr_ NX3Q4/3£V_ (A6)

Teore INCreases with increases in A-block length and
the aggregation number Q. [For B—A—B triblock co-
polymers, the corresponding motion is even more com-
plicated: possibly one of the B-blocks has to pass the
same path as a middle A-block. The corresponding time

is large: Teore = NA“(Na + Ng)(C/KT)(v¥3/aZ,). Another
possibility is to wait for a period of tlme correspondmg
to “tube” reorganization, tr ~ TcoreN /Ne, which is how-
ever larger than zge.]?%32

Micelle Fusion/Fission. Micelle Diffusion for
Q > 1. The initial state for micellar fusion is two
micelles with corona regions in contact. The average
distance between micelles can be (much) larger, but
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because the motion in the dense regions inside the
corona is much slower than that in the intermicellar
space, this difference in the definition of the initial state
is not important. As we discussed above, for micelles
with Q < (cv)52N3 the region where the polymer
concentration is higher than average is the area inside
the sphere of radius Ry, whereas for Q > (cv)¥2N3, this
is the whole corona region Regrona. FUsion of two micelles
with aggregation numbers Q; and Q; (Q2 = Q) starts
with the interpenetration of the micelle coronas.

We note that if micellar diffusion is treated as the
diffusion of star polymers in a concentrated solution or
melt, then it is rather slow: 293435 7y, ~t3P, (Where 75y
is the reptation time for one branch (B-block) to ap-
proach the core and P ~ exp [Ng] is the potential barrier
for entering high polymer concentration region near the
star core). The reason is the large time for B-blocks
disentanglement. In the dilute or semidilute solutions,
micellar diffusion can proceed quicker because only the
tails of B-blocks outside the sphere of radius Rq are
strongly entangled. This means there is no need for
entering dense region near micelle core for B-block
disentanglement, and hence, there is no potential bar-
rier. So, micellar diffusion can be regarded as a motion
of a large sphere of radius Ry surrounded by B-block
tails in the region with the average polymer concentra-
tion c. The diffusion time is defined by the time required
for the tail disentanglement only, 7g.

The time for disentanglement of the B-block tail, g,
can be calculated in the following manner. Taking into
account that the conformation of the B-block tail can
be described as a chain of “concentration blobs”?? of size
& = (cv)~¥4v1R the motion of the tail to be disentangled
is in fact reptation along the corresponding tube of blobs.
The contour length of the tube is Lpr = (Reorona — Ro)#/&,
where & plays the role of the step length of the primitive
path. The diffusion coefficient for the chain of blobs is
Db = kT/Nmobemb = kT/?]sNbeE. The number of blobs in
the tail is on the order of Npjon = Ng/npi, where ny; is the
number of monomer units per blob,2’ ny = (ENVY3)LY,
Hence, for the diffusion coefficient we get

kT

TN T (A7)
nsvll?:N B(CV)I/Z

Dy, =

The characteristic time for the B-block tail disen-
tanglement and hence the time for the micellar diffusion
is
L2 (R - Ry)*
lef ~ TB ~ — ( corona 0) 775 | B(CV)llz

D, 52 kT
_ 17/5 ~4/5 X4
kT N (cv) 1-X9)
(fOI’ V= /5' X = RO/Rcorona) (A8)

Therefore, the diffusion time increases with an in-
crease of B-block length and concentration.

Corona Deformation. The next stage of micellar merg-
ing is penetration of the smaller micelle into the
“internal” corona region (inside sphere of radius Rg) of
the larger micelle. This process involves the reorganiza-
tion of the “inner” corona regions for both micelles,
which requires a decrease in solvent concentration and
the redistribution of B-monomer units among the blobs
with a decrease in blob size. The main conformational
modifications concern the chains belonging to the in-
terpenetration region of two micelles. The conformation
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of the chains of blobs in this region changes in a manner
similar to the electric field lines near charged spheres
as they approach each other. For the most of the chains
of blobs, the changes are manifested mainly in (coopera-
tive) rotation around the micellar center accompanying
by the blob compression.

The characteristic time for the corona deformation can
be estimated using the analogy between the motion of
the chain of blobs (inside the sphere of radius Ry for
larger micelle) and rotational motion of rod-like polymer
chains in semidilute solutions.?® The whole process can
be split into two parts: rotation inside the original tube
of blobs (the B-block conformation can be described as
an almost radially oriented chain of blobs increasing in
size as distance from the core increases?’) and the tube
relaxation. The angle through which a polymer chain
can rotate without being hindered by other chains is ¢
=~ &Ry = Q,™? (£ is the blob size at the distance Ro
from the core). To proceed further, the tail of the chain
should be disengaged. The characteristic time for tail
disentanglement is 7g (with Q = Q>), which plays the
role of the tube relaxation time. Hence, the character-
istic time associated with the corona deformation can
be defined as the inverse rotational diffusion constant?®

T
Tg:]? Dl =¢TBZ 17(3-'— N17/5 9/5(CV) (1 X)4

rot

for Q < (cv)*’NZ (A9)

The time for corona deformation, 7gy = Qrp,
evidently longer than that for micellar diffusion, 7y =~
7B.

When the aggregation number of merging micelles is
relatively small, corona deformation can proceed some-
what quicker, because polymer concentration in the
corona region is smaller and hence so is the degree of
entanglement. We can assume that chain entanglement
occurs mainly between the tails of B-blocks belonging
to different micelles while they are merging. To estimate
characteristic time for corona deformation, we still can
apply the ratio gy = tg/¢?, but now, tg is the time for
a tail disentanglement of the smaller micelle:

. T
rg:;;zj‘z TEINEQIQ, )1 — X)* (AL0)

For micelles with aggregation number Q > (cv)52N3,
the whole process of corona merging consists of only
corona deformation (unless Q; is very small, which we
will consider below). The characteristic angle for rota-
tion is on the order of ¢* = &corona/Reorona (Where Scorona
= N¥5Q-310y13 js the blob size at r = Reorona). Tube
relaxation time can be estimated as disentanglement
time for B-block 7}, = (nsv/kT)NZ°Q85, which can be
calculated in a manner similar to zg with replacement
of & by &corona @nd Rp by Reore. Then, the characteristic
time for corona merging is on the order of

*

T
Tmie ~ ;2 ZSTN% 135 forQ > (cv)*’N3  (A11)

If the aggregation number of one of the micelles is
much smaller than that for the other, i.e.,, Q1 < Qg,
micelle fusion proceeds by diffusion of the smaller
micelle through the corona of the larger micelle. The
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characteristic diffusion time can be estimated by using
eq A8 and assuming that the motion occurs in the
medium with polymer concentration equal to the aver-
age concentration inside the corona of the larger micelle,
Ceorona- AS @ result we get

sV T e Qs
Tgit = KT 1

Core Merging. The final stage of micellar merging is
penetration of A-blocks of the smaller micelle into the
core region of the larger one to form a new core. This
motion proceeds via collective reptation of A-blocks. The
characteristic time for the process is on the order of 7¢ore
(eq A6), with Q being the total aggregation number of
a new micelle, i.e., Q = Q1 + Qa.

forQ; «Q, (Al2)
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