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ABSTRACT: Micelle formation from a solution of randomly dispersed diblock copolymers in a selective
solvent is found to be a three-stage process with a substantial contribution from kinetic processes involving
small aggregates (dimers, trimers, etc.) and micelle fusion/fission resulting in a bimodal aggregation number
distribution at intermediate times. Dissipative particle dynamics simulations were applied to study micelliza-
tion kinetics and equilibrium properties of micelle solutions. The critical micelle concentration, micelle
aggregation number distribution, and micelle structure were found to agree well with previous experimental
and theoretical studies. The time-evolution of micelles from unimers is found to follow three stages: unimer
consumption, equilibration of the number of micelles driven by the fusion/fission mechanism, and slow
adjustment of the weight-average aggregation number by micelle fusion, unimer and small aggregate
exchange. The effect of polymer concentration, hydrophobic interaction energy, and block length on the
kinetics of micellization are also considered.

Introduction

Themicellization kinetics of diblock copolymer solutions have
been actively studied during the past decade, with a noticeable
increase in the number of publications in recent years. This
interest is due to the fundamental importance of micellization
kinetics to understanding polymer self-assembly and various
industrial applications, such as dispersant technology and con-
trolled drug release.1 Various experimental techniques, such as
nonradiative energy transfer and fluorescence-quenching techni-
ques, time-resolved light, small angle neutron and synchrotron
X-ray scattering or stopped-flow have been applied to study the
process of micelle formation or re-equilibration induced by
sudden change in temperature (T-jump), pH, or solvent.2-13

Despite numerous reports, a complete understanding of micelli-
zation kinetics, including themechanism(s) ofmicelle growth and
the effect of various kinetic-controlling factors, is still lacking. In
this paper we apply the dissipative particle dynamics (DPD)
technique to model the process of spherical micelle formation
from a solution of short diblock copolymers and analyze the
contribution of different processes, such as unimer exchange,
micelle fusion/fission, etc. on micellization kinetics as a function
of different factors (oligomer concentration, interaction energy,
and block length).

Diblock copolymer micellization is a heterogeneous process,
which occurs on a different time scales, varying from nanose-
conds tomilliseconds for the initial stages of micelle formation to
hours, days, or even years for the final stage of micelle equilibra-
tion and strongly depends on the system composition, block
length, solvent quality and method of induction of the micelliza-
tion process. This creates several experimental challenges for the
investigation of the micellization kinetics. First, real-time detec-
tion of the micellization process, especially the very early stage, is
limited by the spatial and temporal resolution of current scatter-
ing techniques. Often the signal strength is insufficient to detect

either individual unimers, or small aggregates, such that only
reasonably large micelles can be monitored. Honda and co-
workers4 have studied the relaxation kinetics of micellization of
a block copolymer solution induced by a T-jump by monitoring
the time evolution of the apparentmolecularweight and radius of
gyration. The corresponding time constant associated with the
averagemolecularweight growth has been found to decreasewith
an increase of polymer concentration. Micellization depends
strongly on the experimental conditions, such that it is often
difficult to compare the results obtained using different measure-
ment techniques or methodologies for the induction of micelliza-
tion. In a series of rapidmicromixing homogeneous precipitation
experiments Johnson and co-workers6 found that the mechanism
of block copolymer self-assembly depends on the rate and
magnitude of the solvent quality change. They showed that using
high supersaturation for a low critical micelle concentration
produced frozen micelles, with the characteristic micellization
time decreasing with an increase of concentration, which is
consistent with the micelle fusion mechanism of micellization.
On the other hand, under the conditions of a slow solvent quality
change, both unimer exchange and micelle fusion take place
during the micellization process. Liu and co-workers studied di-
block copolymer micellization kinetics induced by a pH-jump7,9,10

or solvent-jump.11,12 Time-dependent light scattering has been
used to probe the pH-induced micellization kinetics of diblock
and triblock copolymers. In all cases the obtained dynamic traces
were well-fitted with a double-exponential function, with the fast
time ascribed to the formation of quasi-equilibriummicelles, and
the slow time associated with relaxation into the final equilibrium
micelles. For the triblock copolymer system it was found that the
slow process proceedsmainly via unimer exchangemechanism as
the corresponding relaxation time was concentration indepen-
dent.7 On the other hand, at elevated salt concentration the slow
process of triblock copolymer micelle relaxation proceeds via
micelle fusion/fission.9 In most cases for diblock copolymer
micelles, the slow relaxation time is found to be strongly concen-
trationdependent. The process proceeds viamicelle fusion/fission*Corresponding author. E-mail: eed@case.edu.
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with an estimated activation energy decreasingwith an increase of
hydrophobic chain length. For a shorter hydrophobic block
unimer exchange becomes active and dominates the slow relaxa-
tion process, with the relaxation time independent of polymer
concentration. In another series, a nonsolvent-induced micelliza-
tion of pyrene end-labeled diblock copolymers was studied via a
combination of stopped-flow light scattering and fluorescence
techniques.11 The dynamic traces of scattered intensity were
successfully fitted by double exponential functions with both fast
and slow relaxation times decreasing with concentration. This
indicates that both the formation of quasi-equilibrium micelles
and the slow relaxation into final equilibrium micelles proceed
primarily via the micelle fusion/fission mechanism. The excimer
to monomer fluorescence emission intensity traces fitting re-
quired a triple exponential function with the two longer relaxa-
tion times being the same (and presumably reflecting the same
processes) as obtained in the light scattering fit. The fast relaxa-
tion process, which could only be detected by the fluorescent
technique contributed about 75% of initial emission intensity
increase and was attributed to the fusion of small aggregates at
the early stage of micellization. Fluorescence is very sensitive to
small aggregates, while the corresponding scattering intensity
change was very small due to small size of the aggregates at early
times. Lund and co-workers13 recently applied the high resolu-
tion synchrotron X-ray scattering technique to study the time-
dependent aggregation number evolution following solvent
jump. They also found that micellization proceeds quicker at
higher polymer concentration and argue that there are multiple
time scales associated with the micellization process.

Various theoretical models14-19 have been developed to pre-
dict the diblock copolymer micelle growth mechanism in a
selective solvent. Most of the models are based on free energy
and potential barrier considerations. Some theoretical ap-
proaches14,16,18,19 favor the unimer exchange mechanism, in
which micelles grow mainly by the stepwise insertion of unimers
into micelles because the potential barrier for polymer micelle
fusion is considered to be too high compared to unimer exchange
to play any role in micellization.16,19 Since unimer exchange is
limited by unimer expulsion, which is concentration independent,
the corresponding relaxation time is concentration independent
aswell.According to the unimer exchangemodel, the aggregation
number distribution should continuously evolve in a self-similar
manner until equilibrium is reached. Semenov et al. pointed out
that the micellization process driven by unimer exchange should
be characterized by a continuous spectrum of relaxation times
and the final equilibrium structures may never form.19 Other
theoretical models15 favor the micelle fission/fusion mechanism,
according to which micelles grow mainly by fragmentation and
recombination of micelles. The micelle fusion probability in-
creases and the corresponding relaxation time of the process
decreases with an increase of polymer concentration as both the
number of micelles increases and characteristic distance to travel
before fusion decreases. One of us17 proposed a joint analytical
model for polymeric micelles that combines these two mechani-
sms. According to this model, the micellization process can be
divided into three stages: during the first nucleation stage free
unimers couple with each other very quickly; in the next stage
fusion of micelles of comparable size becomes dominant while
during the last stage micelles grow very slowly by both unimer
exchange and fusion/fission of strongly nonequal size micelles.
While these theoretical models shed light on the micellization
process and provide background for experimental data interpre-
tation, they often disagree on which kinetic mechanism is
dominant under different conditions and how their predictions
can be tested experimentally.

Computermodeling can provide the necessary background for
testing analytical model predictions and can address both the

large-scale macroscopic properties studied experimentally and
molecular details discussed in analytical approaches. Ideally,
both the micelle growth mechanism(s) and various kinetics-
controlling factors of micellization can be studied if one can trace
the movement of individual chains during the entire micellization
process. Up to now, most simulation studies have focused on
static properties of the micellar solutions, such as the critical
micellar concentration (cmc), average micelle aggregation num-
ber, and the structure of micelles. There are only a few reports on
the kinetics of micellization.20-24 Mattice and co-workers20 have
usedMonte Carlo simulations to study the evolution of dispersed
unimers to form micelles. They investigated the evolution of
number-average aggregation number and found that an increase
of interaction energy or soluble block length results in freezing the
self-assembly process at some metastable state.20 By monitoring
the change of unimer volume fraction, weight-average aggrega-
tion number and aggregation number of the largemicelles,Wang
and coauthors21 found that the unimer volume fraction decreases
very quickly to a stable level, while the weight-average aggrega-
tion number keeps slowly increasing before reaching a plateau
level and may become frozen if there is a high degree of
incompatibility between blocks. Pepin and co-workers22 have
analyzed autocorrelation times for chain extraction and exchange
as a function of interaction energy for diblock copolymermicelles
in the presence of a homopolymer solubilizate. Marrink and co-
workers23 applied atomistic molecular dynamics (MD) simula-
tions to study formation of a single micelle from 54 dodecylpho-
sphocholine (DPC) surfactantmolecules inwater. On the basis of
three simulation runs, the dynamic processes of formation of a
spherical micelle at low concentration of DPC molecules was
investigated bymonitoring the time evolution of the total number
of aggregates, emergence and disappearance of aggregates of
different size ranges during the spontaneous aggregation process.
It was found that during the micellization process single surfac-
tants frequently escape aggregates with a rate that is independent
of cluster size. Chen et al.24 recently applied a coarse-grained
Brownian dynamics (BD) simulations with an implicit solvent
model to study the self-assembly process of polystyrene-b-poly-
(ethylene oxide) copolymers into a single micelle in aqueous
solution, aiming to compare the simulation results with flash
nanoprecipitation experiments.6 The evolution of the number of
aggregates and the size of the largest aggregate in the course of
unimer-to-micelle conversionhas beenmonitored as a function of
the friction coefficient. The overall micellization time was found
to be considerably smaller than observed in experiments. The
cluster size distribution and the average cluster size were inves-
tigated as a function of polymer concentration and cooling rate
(which imitated the experimental rate of change of solvent
quality).

In this paper, we study the kinetics of micelle formation from a
randomly dispersed diblock copolymer solution using dissipative
particle dynamics (DPD), a simulation method that combines
MD and BD approaches.25 DPD allows simulations on meso-
scopic space and time scales, significantly exceeding the limits of
molecular dynamic simulations while accurately addressing hy-
drodynamic interactions.26,27 DPD has been successfully applied
to reproduce and predict the phase behavior and properties of
diblock copolymer melts and solutions, surfactant aggregates as
well as complex self-assembled structures such as multicompo-
nent micelles and polymersomes.28-31 It has been demonstrated
that DPD simulation can reproduce the scaling relationship for
relaxation time and diffusion coefficients of polymers in both the
melt and solutionswith a chain length as short as 5,27,32,33making
it possible to model the entire process of micellization with an
explicit solvent. Sheng et al.34 have recently applied DPD
simulations to study the equilibrium properties of diblock copo-
lymer micelles in dilute solution. They reported a polydisperse
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micelle size distribution and investigated themicelle shape change
and the scaling dependence of the average aggregation number
andmicelle radius on the soluble block length and the interaction
parameters between the blocks and between insoluble block and
solvent.

This paper is organized as follows. In the next section, we
describe the details of our simulation approach. In the following
section, we will discuss the equilibrium properties of the obtained
micelles, such as cmc, aggregation number distribution, the
average aggregation number and micelle structure as functions
of oligomer concentration, interaction energy and hydrophilic
block length. Thenwewill describe the general features and stages
of the micellization process as well as discuss the contribution of
different kinetic mechanisms of micelle formation. In the follow-
ing section we will analyze the effects of different factors
(oligomer concentration, interaction energy and block length)
on the micellization kinetics. We will summarize our findings in
the Conclusions.

Model and Simulation Details

To study the kinetics ofmicelle formation, we performedDPD
simulations of short diblock copolymers (oligomers) self-assem-
bling into spherical micelles in dilute solution. An oligomer was
represented as a coarse-grained linear bead-spring chain AmBx

with m hydrophobic (A) beads and x hydrophilic (B) beads.
Solvent molecules were modeled as single beads identical to the
hydrophilic block bead (B) in a model chain. All beads in our
simulations had the same mass m0 and diameter dp which will be
used as units of mass and length. All simulations were performed
under periodic boundary conditions in a cubic box (30dp� 30dp�
30dp) containing 81000 beads. This rather large box size was
selected to accommodate a larger number of oligomers (and
hence micelles at equilibrium) and to minimize the possible
influence of box-size effects on polymer chain diffusion coeffi-
cient.27 All monomers in a AmBx oligomer were linked by a
harmonic bond force fbond = k(rij - b0)rij/rij, where the force
constant27,32,33 is k = 100 kbT/dp

2, kbT is unit of energy (kb is
the Boltzmann constant, T is temperature), rij and rij is the
distance and vector between particle i and j, correspondingly
and the equilibrium bond length is b0 = dp. The pairwise
interaction forces betweendifferent beads included a conservative
force, fC, dissipative force, fD, and random force, fR:

f ij ¼ f ij
C þ f ij

D þ f ij
R

¼ ½- aijðrc - rijÞ-γwDðrij=rijvijÞþ σwRðζijðΔtÞ- 1=2Þ�rij=rij
for rij < rc ð1Þ

Here aij is the repulsion parameter, rij and vij are the distance and
velocity vectors of the particle iwith regards toparticle j, rc= dp is
the cutoff distance for the conservative force, γ = 3.0kbT/dp

2 is
the friction coefficient,26 σ = (2γkbT)

1/2 is the noise amplitude,
wD and wR are the weight functions (wD= (wR)2= (rc- rij)

2), ζij
is the Gaussian random number, and Δt is the time step. The
density of all beads including polymermonomers and solventwas
equal to 3dp

-3 and the repulsive interaction parameters between
same type of beadswere aAA= aBB=25kbT/dp

2 to reproduce the
compressibility of water at room temperature.26 In the following,
kbT/dp

2 will be omitted when referring to values of the interaction
parameter aij. On the basis of the aBB interaction parameter,
the B-block is in a good solvent with the Flory exponent 0.6
observed for the homopolymer radius of gyration and diffusion
coefficient.27,33 The repulsive interaction parameter between
different types of beads aAB was larger than 25 to reflect the
A-B hydrophobic interactions. Selection of absolute values of
aAB was made based on simulation test runs for different chains,

A2B3 and A4Bx (x= 4, 6, 8), to obtain spherical micelles, which
are not kinetically frozen (i.e., chain exchange between micelles
could be observedwithin the simulation time scale). For solutions
of A2B3 chains, we varied the repulsive parameter (aAB = 47.5,
50, 52.5, 55) and volume fraction of chains,j, from 9.3� 10-4 to
0.05 to study the kinetics of micelle formation. For solutions of
A4Bx chains, we kept the hydrophobic block length (NA=4) and
the volume fraction of chains (j=0.05) constant, and varied the
hydrophilic block length (NB = 4, 6, 8) and repulsive parameter
(aAB = 38, 40) to study the chain length and hydrophobic inter-
action energy effects on the kinetics of micellization. Taking into
account the relatively short chain lengths and low polymer
concentrations considered, we will be exploring in this paper
chain and micelle diffusion in solution (corresponding to Zimm
regime) and core-block diffusion in the micelle core
(corresponding to Rouse regime), both of which are well-repro-
duced using DPD.27,32,33 In all simulations the NVT ensemble
was adopted (kBT = 1) and the equations of motion were inte-
grated with a modified version of the velocity-Verlet algorithm35

with time step Δt = 0.04 time units of (m0dp
2/kbT)

1/2, which is
omitted below.26 We used a free-source code LAMMPS36 for the
DPD simulations on the HPC computer cluster at Case Western
Reserve University.

All DPD simulations started from a random dispersion of
model chains in the solution. Initially we applied the repulsive
parameter a=25 for all pair interactions between the beads and
after t=4� 104 all the chains were homogeneously dispersed in
the solution (Figure 1). Then the hydrophobic interaction was
imposed by increasing aAB to the desired value and the process of
micelle formation was monitored. The movement trajectories
were collected every 100 time steps for data analysis. We used
VMD37 for displaying movement trajectories and data analysis.
In all simulation runs, we observed that the originally randomly
dispersed free chains self-assemble into small aggregates very
quickly, and then large spherical micelles gradually form during
the course of simulations, as shown in Figure 1. To distinguish

Figure 1. Snapshotsof the simulationboxcontainingA4B8 chains (aAB=
40, j = 0.05) obtained in the course of micelle formation (the hydro-
phobic block is shown by connected balls, the hydrophilic block is
shown by connected bonds (i.e., balls omitted), solvent beads are not
shown, rendered by VMD).
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different aggregates, we used a general distance criterion.23 With
this criterion, any pair of chains within a certain cutoff distance
between the centers ofmass of hydrophobic blocks belongs to the
same aggregate. After testing the criterion on different systems,
we determined that the result does not depend on the precise
choice of the cutoff distance, and a general cutoff distance of 1.5dp
was used to distinguish different aggregates for all systems with
A2B3 chains, and cutoff distance of 1.8dpwas used for aggregates
composed of A4Bx chains. In this way, the instantaneous affilia-
tion of each chain, as well as the aggregation number and
composition of each aggregate, are clearly determined. With all
the aggregates identified, the number- (Mn) and weight-average
(Mw) aggregation number of micelles was calculated as

Mn ¼
X

i

niPi=
X

i

ni, Mw ¼
X

i

niPi
2=

X

i

niPi ð2Þ

where ni is the number of aggregates (including unimers) contain-
ing Pi oligomers. By monitoring the time-dependent weight-
average aggregation number, the equilibrium state of the micelle
solution was determined (when the average aggregation number
reaches a plateau level with deviations less than 15% of the
average value). The simulations were conducted for an additional
period of time to characterize the equilibrium properties of the
micellar solution. For solutions with A2B3 chains, the simulation
time for each system at equilibriumwas about t=3.2� 105, and
for systems with A4Bx chains, it was about t= 1.2 � 106. In the
polymer volume fraction range studied (j e 0.05), all final
micelles had spherical form.

Simulation Results and Discussion

We first characterize the equilibriumproperties of the obtained
micellar solution, including the critical micelle concentration,
micelle aggregation number distribution, and micelle structure,
for different oligomer number densities, hydrophobic interaction
energies, and chain lengths.

Equilibrium Properties

Critical Micellar Concentration. In a selective solvent di-
block copolymer molecules aggregate spontaneously into
micelles when the concentration is above the critical micelle
concentration (cmc). As micelle formation does not repre-
sent a phase transition, the definition of cmc is somewhat
arbitrary and may depend on the criteria applied.3,21,24,38-42

To determine the cmc for A2B3 micellar solution with
repulsive parameter aAB = 47.5, we calculated the weight-
average aggregation number and the volume fraction of
unimers and small aggregates in a range of system composi-

tions j = 9 � 10-5 to 0.05. The fraction of unimers (and
other small aggregates) increases with oligomer volume
fraction and reaches a plateau level at about j ≈ 3.7 �
10-3, as is seen in Figure 2. At that point, the weight-average
aggregation number starts to rapidly increase. Thus, based
on the behavior of both the unimer volume fraction21,40,42

andweight-average aggregation number, we determined that
cmc for this case is j≈ 3.7� 10-3. We note that the plateau
level for unimer volume fraction (about 1.9 � 10-3) is lower
than the cmc value because of the contribution of small
aggregates such as dimers, trimers, etc.42 Such small aggre-
gates exist (in addition to unimers) over the whole concen-
tration range considered and their volume fraction reaches
plateau levels at different oligomer concentrations (see Sup-
porting Information). Thus, the cmc represents an equilib-
rium between unimers, small aggregates and larger micelles
and can be identified by the appearance of large micelles in
the aggregation number distribution, as proposed by Ruck-
enstein et al.38 Indeed, comparing the aggregation number
distribution at oligomer volume fractions below and above
the cmc (j ≈ 3.7 � 10-3) we observe above the cmc the
appearance of a shoulder and/or a peak at higher aggrega-
tion numbers, whereas below the cmc the distribution shows
an exponential decay behavior (see Supporting In-
formation). It is worthwhile to note that the cmc depends
on the hydrophobic interaction energy parameter and chain
length: as aAB increases or corona block length decreases
(which leads to an increase of the average aggregation
number), the cmc decreases.21,41-43 For comparison, we
listed the unimer concentration at equilibrium for different
micellar systems considered in this paper (at j = 0.05) in
Table 1.

Micelle Aggregation Number Distribution. The number-
and weight-average aggregation number distributions were
calculated based on the occurrence probability of aggregates
collected over the entire time range of equilibrium micelle
state simulations. Figure 3 shows the weight-average aggre-
gation number distribution for A2B3 micellar solutions for
different interaction energies and for A4Bx micelle solutions
for different B-block lengths (aAB = 40) at oligomer volume
fraction j = 0.05. As is seen, all distributions are relatively
smooth and exhibit one minimum and one maximum, in-
dicating equilibriumbetween unimers (and small aggregates)
and larger micelles. The maximum of the distribution corre-
sponds to the thermodynamically preferable micelle aggre-
gation number under the specific conditions. For A2B3

micellar solutions at different oligomer volume fractions,
the preferable aggregation numbers and the corresponding

Figure 2. Weight-average aggregation number and unimer volume
fraction as a function of oligomer volume fraction in A2B3 micellar
solution (aAB = 47.5) (Lines are guides for the eye only). The vertical
line corresponds to the cmc at j ≈ 3.7 � 10-3.

Table 1. EquilibriumAggregationNumberDetermined fromNumber-
and Weight-Average Aggregation Number Distributions Mn,peak

and Mw,peak, Number- and Weight-Average Aggregation Number
Mnand Mw (Eq 2), and Unimer Volume Fraction uunimer, for A2B3

Micellar Solutions with Different Interaction Parameters aAB and
for A4B4, A4B6, and A4B8 Micellar Solutions for aAB=40 (u= 0.05

in All Cases)

oligomer aAB Mn,peak Mw,peak Mn Mw

junimer

(�104)a

A2B3 47.5 24( 7 26( 6 10( 1 25( 2 19.0( 0.6
A2B3 50 31( 6 33( 6 16( 1 32( 1 9.9( 0.5
A2B3 52.5 36( 6 37( 5 24( 3 38( 2 4.9( 0.1
A2B3 55 43 ( 8 43( 5 32( 3 41( 2 2.8( 0.4
A4B4 40 51 ( 6 55( 7 32( 5 54( 4 4.9( 2.9
A4B6 40 38 ( 4 40( 4 21( 3 38( 3 8.9( 3.3
A4B8 40 31 ( 4 34( 3 15( 2 31( 2 12.9( 4.3
aFor all A2B3 micelle solutions junimer was calculated for a given aAB

by averaging over different volume fractions, while for A4Bx micelle
solutions it was calculated by averaging over time.
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distribution peaks are nearly the same.39,42 For lower oligo-
mer volume fractions the probability of finding small aggre-
gates is slightly higher and the corresponding average
aggregation number is slightly lower (see Supporting In-
formation) as expected for micellar solutions well above the
cmc.3 With an increase in the interaction energy aAB the
equilibrium aggregation number for A2B3 micelles increases
and the peak position of the distribution shifts to higher
values (Figure 3a). An increase in aAB (which is related to the
interfacial tension3) implies the larger incompatibility with a
solvent (and corona block) that drives the chain self-assem-
bly to form largermicelles in order tominimize the interfacial
tension. The aggregation numbers at peak positionsMw,peak

andMn,peak of the weight- and number-average aggregation
number distributions were calculated by fitting the peak area
with normal distribution. Table 1 shows the results for A2B3

micellar solutions at the same oligomer volume fraction
(j = 0.05) for different interaction energies (aAB = 47.5,
50, 52.5, 55). As is seen, the values ofMn,peak andMw,peak are
rather similar for a given aAB value. For comparison, the
corresponding number-average Mn and weight-average ag-
gregation numbersMw (see eq 2) are also listed in the Table 1.
SinceMn includes all the aggregates and unimers, it is lower
than Mn,peak calculated by fitting the high-end of the aggre-
gation number distribution. With an increase in aAB the
minimum of the distribution becomes broader and the
probability of finding unimers or small aggregates decreases
(Figure 3a). The corresponding volume fractions of unimers
for the micellar solutions are listed in Table 1. As is seen,
increasing the hydrophobic interaction energy causes the
average aggregation number to increase and average unimer
concentration to decrease. Similar results have been ob-
served in DPD and Monte Carlo simulations of diblock
copolymer micelle solutions.34,40-42

To investigate the effect of hydrophilic block length we
have varied the B-block lengths, NB = 4, 6, and 8, while
keeping core block the same, NA = 4. The weight-average
aggregation number distributions for A4B4, A4B6 and A4B8

micellar solutions (j = 0.05, aAB = 40) are shown in
Figure 3b. As is seen, the longer the hydrophilic block length,
the smaller the equilibrium aggregation number43 and the

more narrow the distribution. The observed decrease in the
aggregation number is due to the larger loss in conforma-
tional and translational entropy for a longer chain to become
part of a large micelle. Qualitatively similar results were
observed experimentally12,44 and in computer simulations of
block copolymer micelles.34,42 The decrease in the average
aggregation number with an increase in B-block length
shown in Figure 3b is accompanied by the increase in the
fraction of unimers and small aggregates. Table 1 lists the
equilibriumaggregation numbers, weight- and number-aver-
age aggregation numbers and unimer volume fraction.

Micelle Structure. To characterize the structure of the
micelles obtained in our simulations, the density profiles of
the micelle core (hydrophobic blocks) and corona (hydro-
philic blocks) were calculated as a function of the distance
from the micelle center of mass. Figure 4 shows the density
profiles for A4B4, A4B6, and A4B8 micelles with the same
aggregation number P = 40, (aAB = 40, j = 0.05). The
density profiles for the core monomers are practically the
same for all three cases. The plateau value of the hydro-
phobic beads density inside the core is close to 3, implying
that there are no hydrophilic beads or solvent inside the core
(one can recall that the density in our simulations was equal
to 3dp

-3). The core/corona interfaces are very similar in all
cases with interfacial width being about dp (i.e., comparable
to the bond length). The main difference seen in the density
profiles concerns the monomer density in the corona: as the
hydrophilic block length increases, the monomer density in
the corona extends to a larger distance. The density profiles
of A2B3 micelles of the same aggregation number with
different interaction energies aAB do not show obvious
difference (see Supporting Information). Similar monomer
density profiles were obtained inMonte Carlo simulations of
diblock copolymermicelles.2,21,40-42 All micelles observed in
our simulations were of a spherical shape except for the
transient (nonstable) aggregates formed just after micelle
fusion or just before micelle fission.

Micellization Kinetics

We will first discuss using the example of a A2B3 solution the
general features and possible mechanisms of the micelle forma-
tion process from unimers and then investigate the influence of
different factors such as oligomer concentration, interaction
energy and block length, on the kinetics of the micellization
process.

Molecular Mechanism of Micellization. As discussed in
Model and Simulation Details, we studied the process of
oligomer self-assembly into sphericalmicelles starting from a
homogeneously dispersed unimer solution. This was accom-
plished by increasing the interaction energy aAB from 25

Figure 3. Weight-average aggregation number distribution for (a)
A2B3 micellar solutions with different interaction energies aAB =
47.5, 50, 52.5, 55 and (b) for A4B4, A4B6, and A4B8 micellar solutions
(aAB = 40) for oligomer volume fraction j = 0.05.

Figure 4. Monomer density profiles for core and coronaofA4B4,A4B6,
A4B8 micelles of aggregation number P = 40 (j = 0.05, aAB = 40).
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(neutral solvent/B-block interactions) to larger values (bad
solvent for A, repulsive interactions with B-block) at t = 0.
The progress of unimer self-assembly into micelles can be
characterized by monitoring the average micelle aggregation
number as a function of time, similar to what has been done
experimentally,4,13 starting from the very early stages of
micellization. Figure 5a shows both the number- and weight-
average aggregation numbers as functions of time during the
micellization process for A2B3 solution with aAB = 50 at
the oligomer volume fraction j= 0.05 for a typical simula-
tion run.

As is seenMn andMw quickly increase until reaching their
respective equilibrium plateau level.20,21,23,24,34 As will be
discussed below, equilibration of the number-average aggre-
gation number occurs quicker than Mw. Besides the macro-
scopic characteristics of the process we can also obtain from
our simulations the time-dependent population of different
aggregates.17,23 Figure 5b shows the time evolution of the
weight fraction of different aggregates, which for clarity were
grouped into size ranges. As is seen, early in themicellization
process the fraction of unimers decreases very quickly as they

merge into small aggregates and the average aggregation
number starts to increase. As time goes by, larger aggregates
start to appear while the fraction of small aggregates de-
clines. At this stage redistribution of chains occurs very
actively and the average aggregation number continues to
increase. At the later stages of micellization most of the
chains exist in large micelles and the number- and weight-
average aggregation numbers stabilize, dominatedmainly by
the contribution of large micelles.

In order to distinguish the contributions of different
mechanisms of micellization over the course of time, we
subdivide the micellization into three stages similar to our
earlier analytical model.17 During the first stage the unimer
concentration decreases very sharply and stabilizes at about
t ≈ 100- 200 (Figure 5b). During this stage unimers couple
with each other forming dimers, which can also merge with
each other or unimers. Figure 6 shows the time-dependent
aggregation number ratio between the smaller reactant (with
aggregation number Pa) and the large reactant (with aggre-
gation number Pb) in all aggregate addition reactions. An
aggregate addition reaction is defined as the process of
merging of two reactants (including unimers) a and b with
aggregation numbers Pa and Pb with the formation of a new
aggregate, which lasts for at least two statistical time intervals
(=200Δt). The smaller aggregate (which can be a unimer) in
the reaction is labeled as “a” and the larger one as “b”. If we
have reaction between reactants of the same size then the ratio
Pa /Pb will be 1. Thus, the smaller is the ratio the larger is the
disparity in the sizes of aggregates participating the reaction.

As is seen, during the first stage of micellization the
reactant ratio decreases from about 0.9, indicating mainly
the merger of equal aggregates, to about 0.55, where fusion
of aggregates of nonequal sizes starts to play a role. These
findings agree well with the scenario of micellization pre-
dicted in an earlier analytical model by one of us17 and with
the results of a recent experimental study on solvent-jump
micellization of a pyrene end-labeled diblock copolymers.11

In the latter study, it was found that the fastest relaxation
process, which contributed about 75%of the initial emission
intensity increase, is attributed to the fusion of small aggre-
gates at the early stage of micellization.11 As is seen from
Figure 5, during the first stage of micellization only rather

Figure 5. (a) Number- and weight-average aggregation numbers
and (b) weight-average fraction of aggregates in different size ranges
as a function of time during the process of micelle formation in
A2B3 solution (aAB = 50, j = 0.05). Vertical dashed lines indicate
the approximate boundaries between different stages of micellization
process.

Figure 6. Ratio of aggregation numbers of small to large reactants in
the micellization addition process of A2B3 (aAB = 50, j = 0.05,
corresponding to Figure 5) as a function of time. Vertical dashed lines
indicate the approximate boundaries between different stages of the
micellization process. The inset shows the average aggregation number
of the smaller reactant during the final stage of micellization as a
function of aAB.

Figure 7. Weight fraction aggregation number distribution during the
micellization process of A2B3 solution (aAB= 50, j=0.05, correspon-
ding to Figure 5). Curves with symbols for different time steps are the
running average. The equilibrium distribution is shown as a curve
without symbols. Horizontal dashed lines indicate the approximate
boundaries between different stages of micellization process.
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small aggregates are formed with the weight-average aggre-
gation number being about 10 by the end of this stage after
most unimers are consumed.

At the beginning of the second stage of micellization the
average aggregation number is far from the equilibrium
value and the weight-average aggregation number distribu-
tion exhibits just a single maximum around the average
aggregation number (of about 10), as is seen in Figure 7.
As time goes by, the fraction of small aggregates decreases
and large micelles start to form and become dominant. The
ratio of aggregation numbers between the reactants in the
aggregate addition reaction continues to decrease (Figure 6).
Micelle fusion between aggregates of nonequal sizes and the
increasing contribution of unimer exchange are the main
contributing factors. By the end of the second stage of
micellization, the number-average aggregation number
reaches its equilibrium level (Figure 5), indicating that the
total number of aggregates has equilibrated, while the
weight-average aggregation number continues to increase.
The ratio of aggregation numbers between reactants in the
aggregate addition reaction also reaches a plateau value
(about 0.4) by the end of the second stage (Figure 6) indicat-
ing that the process of active micelle growth is finalized. It is
interesting to note that by the end of the second stage the
weight fraction aggregation number distribution exhibits
two maxima, one below (P ≈ 27) and one above (P ≈ 50)
the equilibrium aggregation number, Peq ≈ 33, (Figure 7).

To investigate the growth pathways during the second
stage of micellization we trace all the micelles with the
characteristic aggregation number (25 < P < 35) at t =
1,000 back to the earlier times. The predecessor of a micelle
was defined as the micelle which contains more than half the
chains on the previous time step. The statistical interval was
chosen to be 100Δt to ensure correct counting of the instan-
taneous change of the micelles. In Figure 8, the time evolu-
tion of the aggregation number of some representative
micelles is shown during the second stage of micellization.
As is seen for all micelles, the aggregation number increases
mainly by a few fusion events, normally 3-4, between
micelles of comparable sizes, so that the instantaneous
aggregation number exhibit large jumps. Further refinement
of the aggregation number occurs via fission events involving

expulsion of a small aggregate or by unimer expulsion. The
bimodal weight-average aggregation number distribution
shown in Figure 7 is the result of such an active micelle
fusion process. If the micelle formation process involved
unimer insertion only then one would expect a smooth
evolution of the distribution to the final one without a
significant change of its shape or especially formation of
micelles of larger than equilibrium size.

A qualitatively similar micelle size evolution as shown in
Figures 7 and 8 was also observed for longer chains (A4Bx),
as will be discussed below (see also Supporting Information).
These results demonstrate the importance of the contribu-
tion of micelle fusion to the process of micelle formation and
are in accord with recent experimental observations.6,10,11 In
rapid micromixing homogeneous precipitation experiments,
Johnson and co-workers6 found that under the conditions of
a slow solvent quality change both unimer exchange and
micelle fusion take place during the micellization process.
The analysis of dynamic traces of light scattering intensity
obtained by Liu and co-workers in their study of diblock
copolymer micellization kinetics induced by pH-jump10 and
solvent-jump11 revealed that in many cases both the fast and
slow relaxation times decrease with concentration, indicat-
ing that both the formation of quasi-equilibrium micelles
and the slow relaxation into final equilibrium micelles pro-
ceed primarily via micelle fusion/fission mechanism.

We have also analyzed our data to characterize the
frequency of occurrence of different processes, such as
unimer exchange or micelle fusion/fission, during the second
stage of micellization. Strictly speaking unimer exchange
involves single chain insertion/expulsion or exchange be-
tweenmicelles and for the second stage of A2B3micellization
in solution (j=0.05, aAB=50) its probability of occurrence
was about 60%, as is seen from Table 2 while the rest (40%)
can be attributed to collective micelle fusion/fission events.
Thus, both processes make a considerable contribution to
micellization. At the same time if one considers the number
of chains exchanged by either of the processes, then unimer
exchange was responsible for only 24% with the majority
(76%) of chains being exchanged by collectivemicelle fusion/
fission. Hence we can conclude that contribution of micelle
fusion/fission was dominant in this stage of micellization, in
agreement with recent experimental findings.10,11

As discussed above, the cmc reflects not only unimers but
also small aggregates.We have separated the contribution of
small aggregates (2e Pe 4) into the micellization process in
Table 2. We note that the choice of the upper size boundary
for small aggregates was dictated by the position of the
minimum in micelle size distribution (Figure 3). As is seen
from Table 2 expulsion/insertion and exchange of small
aggregates between micelles contributed about 20% of
events and 20% of exchanged chains. It is worthwhile to
note that if one considers “unimer exchange” more broadly
and includes processes involving small aggregates, then it

Figure 8. Time evolution of the aggregation number P of selected
individual micelles during the second stage of micellization process of
A2B3 solution (aAB = 50, j = 0.05).

Table 2. Relative number of events (frequency) and fraction of chains
exchanged (contribution) in the events involving unimers, small aggre-
gates and micelles for stages II and III of the micellization process of
A2B3 micellar solution (u = 0.05, aAB = 50), averaged over several

simulation runs

stage II stage III

process
involving

frequency
(%)

contribution
(%)

frequency
(%)

contribution
(%)

unimers 61 ( 4 24 ( 6 69 ( 1 31 ( 2
small aggregates

(2 e P e 4)
21 ( 6 22 ( 7 22 ( 1 25 ( 2

micelles (P g 5) 18 ( 10 54 ( 12 9 ( 1 44 ( 4
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becomes the dominant process regarding the probability of
occurrence, but it contributes less than 50% to chain ex-
change. Processes involving small aggregates play an impor-
tant role in the micellization kinetics as will be discussed
below. The small aggregate contribution to micelle forma-
tion process has recently been detected for pyrene end-
labeled diblock copolymers studied via a combination of
stopped-flow light scattering and fluorescence techniques.11

Because of the high sensitivity of the fluorescent technique to
small aggregates a third relaxation time attributed to the
fusion of small aggregates has been determined (in addition
to the two slower relaxation times obtained from light
scattering) and is found to be concentration dependent.

At the beginning of the third stage (t ≈ 1000), the ag-
gregation number distribution reflects a bimodal population
of micelles (Figure 7) with aggregation numbers somewhat
larger (P≈ 50) or smaller (P≈ 27) than the final equilibrium
number (P ≈ 33). At this time the number-average aggrega-
tion number is practically equilibrated, implying that the
number of aggregates has reached the thermodynamically
preferred value, while the weight-average aggregation num-
ber is somewhat smaller than the equilibrium value. Thus,
the main development of the last stage of micellization
process is redistribution of chains among micelles to achieve
the equilibrium weight-average aggregation number distri-
bution. As is seen from Figure 6 the ratio of aggregation
numbers of reactants in aggregate addition reactions does
not appreciably change (compared to the previous stages of
micellization), but fluctuates strongly indicating participa-
tion of different size reactants in the process. Statistical
analysis of different events occurring during the last stage
of micellization shows that unimer exchange becomes more
dominant, with its probability of occurrence increasing to
about 70%. Exchange of small aggregates (2 e P e 4)
between micelles remains at a comparable level (about
20%) and the probability of micelle fusion declines (9%).
The latter is not surprising as the number of micelles is
considerably smaller and their size is bigger. Still, the con-
tribution of micelle fusion into overall chain redistribution
remains at considerable level- 44%of chains are exchanged
viamicelle fusion,which is larger than either the contribution
of unimer exchange (31%) or processes involving small
aggregates (25%). This is in agreement with experimen-
tal findings by Johnson and co-workers6 and Liu and co-
workers who studied the diblock (and triblock) copolymer
micellization kinetics induced by pH-jump7,9,10 and solvent-
jump:11 in most of the cases the slow relaxation time was
found to be strongly concentration dependent, indicating
thatmicelle fusion/fission plays an important role in the slow
relaxation into the final equilibrium micelles. The weight-
average aggregation number distribution, which still exhibits
a bimodal shape at the earlier times of the final stage of
micellization, gradually becomes unimodal with the peak
position corresponding to the final equilibrium aggre-
gation number (Figure 7). The analysis of time evolution
for individual micelles (similar to Figure 8) shows that
fusion of large micelles becomes rather rare (but still can be
seen even at equilibrium) and normally involves a fission
event immediately afterward. In general the dynamic fea-
tures of the last stage of micellization are rather similar
to the equilibrium chain-exchange dynamics of a micellar
solution.

It is important to note that micellization is a continuous
process, and our purpose in designating stages is merely to
distinguish the most representative pathways of micelle
growth. During the first two stages, which proceed notice-
ably quicker compared to the last stage, the major part

(about 75%) of micelle growth is accomplished by fusion
of small unstable aggregates. The probability of aggregate
encounter is high and the energy barrier for fusion is low,
such that the contribution ofmicelle fusion is considerable at
this stage. As the micellization progresses to the last stage,
the average size of micelles increases and their number
decreases to nearly the equilibrium value, making it less
likely for large micelle fusion to occur. Still, micelle fusion/
fission together with unimer and small aggregate exchange
all contribute to the slow process of weight-average aggrega-
tion number growth/adjustment. The boundaries between
different stages and the relative contribution of different
kinetic processes to micellization depend on the system
properties, such as block ratio, interaction between blocks
and solvent, polymer concentration, block length, etc. The
influence of some of these parameters on micellization
kinetics will be discussed below.

Concentration Effect. The time-evolution of the weight-
average aggregation number during the micellization pro-
cesses of A2B3 solutions (with interaction energy aAB= 50)
is shown in Figure 9 for different oligomer volume frac-
tions: j = 0.02, 0.05. As is seen, the growth of the weight-
average aggregation number occurs in a qualitatively simi-
lar way: a rapid increase in the beginning and gradual
saturation to a plateau level later on. Comparing the
time-scales of different stages of the process at different
oligomer volume fractions one can find that an increase in
oligomer content speeds up the micellization process: e.g. it
takes almost twice the time to reach stage 2 or stage 3 of the
micellization at j=0.02 (end of the first stage t≈ 400, end
of the second stage t≈ 2000) compared to j=0.05 (end of
the first stage t ≈ 200, end of the second stage t ≈ 1000).
Correspondingly equilibrium is reached noticeably quicker
at higher oligomer content. This observation is consistent
with the results of recent X-ray experiments13 and analy-
tical predictions.18 One of the reasons for this effect is that
the denser is the solution, the shorter the distance for chains
and aggregates to travel before they can merge with each
other. Also a larger number of aggregates increases the
probability of micelle fusion, which is one of the important
components of the micellization process. The frequency of
micelle fusion/fission during the second stage of micelliza-
tion increases by 50% and the fraction of chains exchanged
via micelle fusion/fission mechanism during the third stage
of micellization doubles upon an increase in oligomer

Figure 9. Time evolution of the weight-average aggregation number
during the micellization process of A2B3 solution (aAB = 50) for
different oligomer volume fractions j = 0.02, 0.05. Vertical shaded
lines indicate the beginning of the third stage of micellization for each
curve. The inset shows the average aggregation number of the smaller
reactant in addition reactions (similar to Figure 6) during the final stage
of micellization as a function of j.
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volume fraction fromj=0.02 toj=0.05 (cf. Table 2 with
Table S1 in the Supporting Information). The strong con-
centration dependence of the slowest relaxation time asso-
ciated with micelle fusion/fission has been observed in a
series of pH-jump7,9,10 and solvent-jump11 experiments as
well as computer simulations.45 Our simulations show that
for a low oligomer concentration the weight-average ag-
gregation number distribution exhibits primarily a single
maximum (not shown) evolving toward the equilibrium
value, which is consistent with a strong contribution of
unimer (and small aggregate) exchange in this case. The size
of the smaller reactant (which includes unimers) in addition
reactions consistently increases with an increase in oligomer
volume fraction, as is seen in Figure 9 (inset). Thus, an increase
in oligomer content enhances probability of micelle fusion/
fission events and speeds up the micellization process.

Hydrophobic Interaction Energy Effect. The time-evolu-
tion of the weight-average aggregation number during the
course of micellization of A2B3 solutions (j = 0.05) with
different interaction energies (aAB=47.5, 55) is compared in
Figure 10. At the very early times, the micelle growth occurs
following nearly the same pathway independent of the
interaction energy. The difference in the micellization pro-
cess lies in the later times, when micellization of oligomers
with higher interaction energies is noticeably slower (aAB =
47.5: end of the first stage t≈ 200, end of the second stage t≈
800, aAB=55: end of the first stage t≈ 200, end of the second
stage t ≈ 5000). We have also analyzed and compared the
micellization process for A4Bx systems with different inter-
action energies (aAB = 38 and 40). In all cases the corre-
sponding time windows for the first, second and third stages
of micellization noticeably expand with an increase in aAB.
One reason for this effect is that the higher interaction energy
implies higher equilibrium aggregation number (Figure 3
and Table 1), which requires a larger number of events
(unimer exchange, micelle fusion/fission). Also the potential
barrier for unimer expulsion or micelle fission is higher for
larger aAB,

16,17,19 which would slow down the micellization
process aswell. Similar observations have beenmade in stop-
flow experiments of nonsolvent-induced micellization11 and
in computer simulations20 as well as been predicted analyti-
cally.19 The analysis of the statistics of micelle evolution
(performed for both A2B3 and A4Bx systems) show that the
frequency of occurrence and contribution of unimer ex-
change to the micellization process generally increase with
an increase in aAB, especially during the final stage of
micellization. Correspondingly, the frequency and contribu-
tion of processes involving small aggregates decrease. The

frequency and contribution of micelle fusion/fission remains
practically unaffected by the increase in aAB. On one hand
the larger average micelle size achieved by the end of the
second stage of micellization for larger aAB can make fusion
somewhat less likely to occur, but on the other hand it ismore
efficient i.e. more chains are exchanged per event, as is seen
from Figure 6 (inset). The contribution of micelle fusion to
the last stage of micellization also does not appreciably
change with an increase in aAB for A4Bx systems.

Block Length Effect. Comparing the process of micelle
self-assembly from unimers for A4Bx and A2B3 solutions,
one can conclude that the overall process proceeds via the
same stages, as discussed above. In general the time window
for the different stages expands with an increase of oligomer
length, while the frequency and contribution of unimer
exchanges increases and probability of micelle fusion/fission
decreases (cf. Tables 2 and 3). The time evolution of
the aggregation number of selected micelles shows fewer
fusion/fission events, but otherwise is qualitatively similar to
Figure 8 (see Supporting Information). We note that the
oligomer volume fraction wasj=0.05 for all A4Bx systems,
implying a smaller number of chains and micelles at equilib-
rium (for similar average aggregation numbers) compared to
A2B3 micelle solution at the same polymer volume fraction.
The decrease in the number of aggregates is a contributing
factor to the overall micelle fusion/fission decrease. At the
same time, the fraction of chains exchanged by micelle
fusion/fission remains substantial (15-35%), as is seen from
Table 3 and Table S2 in Supporting Information, so that this
mechanism of micelle growth and chain exchange remains
active. Comparing the aggregation number distribution at
different time steps for A4B6 system we also observe a
bimodal distribution at intermediate time steps similar to
Figure 7 (see Supporting Information), which serves as an
additional confirmation of importance of micelle fusion in
the micelle growth process and the similarity of micelle
formation for A4Bx and A2B3 solutions. Another common
feature of the micellization kinetics in all cases is a noticeable
contribution of the processes involving small aggregates (2e
P e 4), which account for 20-30% of chains exchanged.

Comparing the micellization process for oligomers with
the same hydrophobic block and different hydrophilic block
lengths, one can expect that different kinetic processes may
be affected to a different extent. For instance, one can
imagine that micelle fusionmay become less likely as a larger
corona may prevent the core contact necessary for micelle
merging. Statistical analysis of micelle evolution (for both
aAB = 38 and aAB = 40) reveals that for systems with a
longer hydrophilic block the overall number of kinetic events
decreases, while the relative frequency of different events
remains at comparable levels (cf. Table 3 and Table S2 in
the Supporting Information). This is likely the outcome
of several counteracting factors: e.g., oligomers with a
longer hydrophilic block (which could negatively affect the

Figure 10. Time-evolution of the weight-average aggregation number
in the course of micellization of A2B3 solution (j= 0.05) for different
interaction energies aAB = 47.5, 55. Vertical shaded lines indicate the
beginning of the third stage of micellization.

Table 3. Relative Number of Events (Frequency) and Fraction of
Chains Exchanged (Contribution) in the Events Involving Unimers,

Small Aggregates and Micelles for Stages II and III of the
Micellization Process of A4B6 Micellar Solution (u = 0.05,

aAB = 40), Averaged over Several Simulation Runs

stage II stage III

process
involving

frequency
(%)

contribution
(%)

frequency
(%)

contribution
(%)

unimers 81 ( 2 52 ( 5 88 ( 2 68 ( 1
small aggregates

(2 e P e 4)
14 ( 2 21 ( 2 10 ( 2 18 ( 4

micelles (P g 5) 5 ( 1 27 ( 4 2 ( 1 14 ( 5
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likelihood of micelle fusion) will form smaller micelles in
equilibrium, as discussed above (which would make micelle
fusion easier). There is a slight indication that with an
increase in corona-block length the contribution of unimer
exchange to the micellization process may even decrease
while the fraction of chains exchanged via micelle fusion/
fission may slightly increase. In general, the size of the
smaller aggregates participating in aggregate addition reac-
tions decreases with an increase of hydrophilic block length
(see Supporting Information), while the ratio of reactants in
aggregate addition reactions Pa/Pb increases. The first two
stages of micellization process, i.e., consumption of unimers
and equilibration ofMn often proceed slower for the system
with longer hydrophilic block as a result of the lower diffu-
sion coefficient (see Supporting Information) and larger
distance to travel between unimers. At the same time the
overall micellization process can often take a comparable
time as oligomers with shorter hydrophilic block (such as
A4B4) are prone to considerable fluctuations in aggregation
number, which is larger at equilibrium (compared toA4B6 or
A4B8 cases). It is important to emphasize that the fractions of
chains exchanged via micelle fusion (15-35%) or processes
involving small aggregates (∼20%) in all cases add up to
32-60% (see Table 3 and Table S2 in the Supporting
Information) indicating the importance of these processes
in the kinetics of micelle formation.

Conclusions

Using the DPD simulation technique we studied both the
equilibrium properties and kinetics of micelle formation from a
randomly dispersed state to a well-equilibrated micellar solution.
In agreement with previous reports, DPD simulation is found to
be a very efficient simulation technique to study the equilibrium
properties of diblock copolymer micelle solutions.34 The cmc of
the block copolymer solution was determined in our simulations
by the shared transition point where the unimer concentration
stabilizes and the average aggregation number increases sharply
with an increase in j due to the formation of large micelles. We
found that the cmc exceeds the unimer concentration at equilib-
rium due to the contribution of small aggregates (dimers, trimers,
etc.),42 which were found to play a very important role in the
overall dynamics of micelle solutions, as discussed below. We
obtained the aggregation number distributions for micellar solu-
tions of A2B3 and A4Bx (x = 4, 6, 8) diblock copolymers. In all
cases the aggregation number distributionwas rather smooth and
exhibited one minimum and one maximum, indicating equilibri-
um between unimers (and small aggregates) and larger micelles.
We found, as is expected, that increasing the polymer concentra-
tion does not change the average aggregation number, while
increasing the hydrophobic interaction energy or decreasing the
hydrophilic block length causes the unimer concentration to
decrease and the average aggregation number to increase.

The kinetics of the micellization process was analyzed by
monitoring the time-evolution of the average aggregation num-
ber and fraction of aggregates of different sizes. We find that
micellization can be characterized as a three-stage process
(Figure 5). At the earliest stage, the unimer concentration
decreases sharply to a constant value due to the rapid coupling
of unimers into small aggregates. A close examination of the
aggregation number evolution of individual micelles during the
second stage (Figure 8) clearly indicates thatmicelles growmainly
by fusion of submicelles with intermediate aggregation numbers,
in agreement with an earlier analytical model by one of us.17 As a
result of the activemicelle fusion process the aggregation number
distribution starts to exhibit a bimodal character with two
maxima, above and below the equilibrium aggregation number

(Figure 7). As micellization progresses the ratio of aggregation
numbers between aggregates in addition reactions (including
unimers) decreases (Figure 6) indicating that fusion of unequal
size micelles or unimer exchange becomemore active. Analysis of
the frequency of different events indicates that the processes
involving small aggregates (dimers, trimers, etc.) play an impor-
tant role in the micelle growth process. This finding agrees well
with recent experimental data for pyrene end-labeled diblock
copolymers studied via a combination of stopped-flow light
scattering and fluorescence techniques.11 Micelle fission/fusion
is the most efficient mechanism of micelle growth during the
second stage (e.g., the number of chains exchanged by this
mechanism is the largest for A2B3 micellar solution, Table 2).
By the end of the second stage, the number-average aggregation
number equilibrates, which indicates that the number of aggre-
gates becomes stable. During the third stage the weight-average
aggregation number continues to increase very slowly due to the
adjustment of the aggregation number distribution. The weight-
average aggregation number distribution, which still exhibits a
bimodal shape in the earlier times of the final stage of micelliza-
tion, gradually becomes unimodal with the peak position corre-
sponding to the final equilibrium aggregation number (Figure 7).
Statistical analysis of different events occurring during stage three
shows that exchange of unimers and small aggregates with
micelles becomes more dominant and the probability of micelle
fission/fusion declines, although the contribution of micelle
fusion to the overall chain redistribution remains significant as
these multioligomer events are rather effective.

The boundaries between different stages and the relative
contribution of different kinetic processes tomicellization depend
on the system properties, such as the interaction energy between
blocks and solvent, polymer concentration, block length, etc. We
found that increasing the polymer concentration speeds up not
only the initial stage of unimer coupling, but also the whole
micellization process due to an increase of the probability (and
contribution) of micelle fusion/fission events. An increase the
hydrophobic interaction energy aAB dramatically slows down the
micellization process: while micelle growth at early times follows
nearly the same pathway independent of the interaction energy,
more events are required to achieve the larger final equilibrium
aggregation number and there is a higher potential barrier for
unimer expulsion or micelle fission. With an increase in the
interaction energy, the relative frequency of occurrence and
contribution of unimer exchange to the micellization process
generally increases, contribution of processes involving small
aggregates decreases, while micelle fusion/fission remains practi-
cally unaffected. Comparing the process of micelle self-assembly
from unimers for A4Bx and A2B3 solutions, we found that the
overall micellization process for A4Bx solution proceeds via the
same stages, but the time windows for the different stages
noticeably expand with an increase of oligomer length. We have
also investigated the effect of increasing the hydrophilic block
length and found that while the overall number of kinetic events
decreases, the relative frequencies and contributions of different
kinetic processes remain practically unaffected. The first two
stages of micellization take longer time for oligomers with a
longer hydrophilic block, while the ratio of reactants in aggregate
addition reactions Pa/Pb increases.

In conclusion, our simulation results show that the contribu-
tion ofmicelle fusion tomicellization remain substantial from the
beginning to the end of the micellization process and is respon-
sible for the observed bimodal distribution at intermediate stages
of micellization. Besides unimer exchange and micelle fusion/
fission, the processes involving small aggregates play an impor-
tant role (with a contributionof about 20% toall chain exchange)
and need to be taken into account while analyzing the kinetics of
micelle formation.



Article Macromolecules, Vol. 43, No. 7, 2010 3531

Acknowledgment. We are grateful to Dr. Hadrian Djohari
for useful discussions regarding DPD technique. This material is
based upon work supported by the National Science Foundation
underGrantNo. 0348302. All simulationswere conducted on the
High Performance Computing cluster of Case Western Reserve
University.

Supporting Information Available: Text discussing the
deterimination of the cmc, aggregation number distribution,
micelle structure, micellization kinetics data and diffusion coef-
ficients for A4Bx chains including figures showing plots of
volume fractions, aggregation number distribution, monomer
density profiles, time evolution of the aggregation number, and
average aggregation number during micellization and tables of
events and fractions of chains exchanged and diffusion coeffi-
cients. This material is available free of charge via the Internet at
http://pubs.acs.org.

References and Notes

(1) Riess, G. Prog. Polym. Sci. 2003, 28, 1107.
(2) Gohy, J. F. Adv. Polym. Sci. 2005, 190, 65.
(3) Zana, R. Dynamics of surfactant self-assemblies: micelles, micro-

emulsions, vesicles, and lyotropic phases; CRC Press: Boca Raton, FL,
2005.

(4) (a) Honda, C.; Hasegawa, Y.; Hirunuma, R.; Nose, T. Macro-
molecules 1994, 27, 7660. (b) Honda, C.; Abe, Y.; Nose, T. Macro-
molecules 1996, 29, 6778.

(5) Wang, Y.; Kausch, C. M.; Chun, M.; Quirk, R. P.; Mattice, W. L.
Macromolecules 1995, 28, 904.

(6) Johnson, B. K.; Prud’homme, R. K. Phys. Rev. Lett. 2003, 91,
118302.

(7) Zhu, Z.; Armes, S. P.; Liu, S. Macromolecules 2005, 38, 9803.
(8) (a) Lund, R.; Willner, L.; Richter, D.; Dormidontova, E. E.

Macromolecules 2006, 39, 4566. (b) Lund, R.; Willner, L.; Stellbrink,
J.; Lindner, P.; Richter, D. Phys. Rev. Lett. 2006, 96, 68302.

(9) Zhu, Z.; Xu, J.; Zhou, Y.; Jiang, X.; Armes, S. P.; Liu, S.
Macromolecules 2007, 40, 6393.

(10) Zhang, J.; Xu, J.; Liu, S. J. Phys. Chem. B. 2008, 112, 11284.
(11) Rao, J.; Zhang, J.; Xu, J.; Liu, S. J. Colloid Interface Sci. 2008, 328,

196.
(12) Rao, J.; Xu, J.; Luo, S.; Liu, S. Langmuir 2007, 23, 11857.
(13) Lund, R.; Willner, L.; Monkenbusch, M.; Panine, P.; Narayanan,

T.; Colmenero, J.; Richter, D. Phys. Rev. Lett. 2009, 102, 188301.
(14) (a) Aniansson, E.; Wall, S. J. Phys. Chem. 1974, 78, 1024. (b)

Aniansson, E.; Wall, S. J. Phys. Chem. 1975, 79, 857. (c) Aniansson,
E.; Wall, S.; Almgren, M.; Hoffmann, H.; Kielmann, I.; Ulbricht, W.;
Zana, R.; Lang, J.; Tondre, C. J. Phys. Chem. 1976, 80, 905.

(15) (a) Lessner, E.; Teubner,M.;Kahlweit,M. J. Phys. Chem. 1981, 85,
1529. (b) Lessner, E.; Teubner, M.; Kahlweit, M. J. Phys. Chem. 1981,
85, 3167. (c) Kahlweit, M. J. Colloid Interface Sci. 1982, 90, 92.

(16) Halperin, A.; Alexander, S. Macromolecules 1989, 22, 2403.
(17) Dormidontova, E. E. Macromolecules 1999, 32, 7630.
(18) Kuni, F.; Rusanov, A.; Shchekin, A.; Grinin, A. Russ. J. Phys.

Chem. 2005, 79, 833.
(19) Nyrkova, I.A.;Semenov,A.N.Macromol.TheorySimul.2005,14, 569.
(20) Rodrigues, K.; Mattice, W. L. J. Chem. Phys. 1991, 94, 761.
(21) Wang, Y.; Mattice, W.; Napper, D. Langmuir 1993, 9, 66.
(22) Pepin, M.; Whitmore, M. Macromolecules 2000, 33, 8654.
(23) Marrink, S.; Tieleman,D.;Mark,A.J.Phys.Chem.B2000,104, 12165.
(24) Chen, T.; Hynninen, A. P.; Prud’homme, R. K.; Kevrekidis, I. G.;

Panagiotopoulos, A. Z. J. Phys. Chem. B 2008, 112, 16357.
(25) (a) Hoogerbrugge, P.; Koelman, J. M. V. A. Europhys. Lett. 1992,

19, 155. (b) Koelman, J. M. V. A.; Hoogerbrugge, P. Europhys. Lett.
1993, 21, 363.

(26) Groot, R. D.; Warren, P. B. J. Chem. Phys. 1997, 107, 4423.
(27) Jiang, W.; Huang, J.; Wang, Y.; Laradji, M. J. Chem. Phys. 2007,

126, 044901.
(28) (a) Groot, R. D.; Madden, T. J. J. Chem. Phys. 1998, 108, 8713.

(b) Groot, R. D. Langmuir 2000, 16, 7493.
(29) Jury, S.; Bladon, P.; Cates, M.; Krishna, S.; Hagen, M.; Ruddock,

N.; Warren, P. Phys. Chem. Chem. Phys. 1999, 1, 2051.
(30) Xia, J.; Zhong, C. Macromol. Rapid Commun. 2006, 27, 1110.
(31) Ortiz, V.; Nielsen, S. O.; Discher, D. E.; Klein, M. L.; Lipowsky,

R.; Shillcock, J. J. Phys. Chem. B 2005, 109, 17708.
(32) Schlijper, A.; Hoogerbrugge, P.; Manke, C. J. Rheol. 1995, 39, 567.
(33) Spenley, N. Europhy. Lett. 2000, 49, 534.
(34) Sheng,Y. J.;Wang,T.Y.; Chen,W.M.; Tsao,H.K. J. Phys. Chem.

B 2007, 111, 10938.
(35) Allen, M.; Tildesley, D. Computer simulation of liquids: Oxford

University Press: New York, 1990.
(36) Plimpton, S. J. Comput. Phys. 1995, 117, 1.
(37) Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graphics 1996, 14,

33.
(38) Ruckenstein, E. N., R.; Nagarajan, R. J. Phys. Chem. 1975, 79,

2622.
(39) Floriano, M. A.; Caponetti, E.; Panagiotopoulos, A. Z. Langmuir

1999, 15, 3143.
(40) Milchev, A.; Bhattacharya, A.; Binder, K. Macromolecules 2001,

34, 1881.
(41) Kenward, M.; Whitmore, M. J. Chem. Phys. 2002, 116, 3455.
(42) Viduna, D.; Milchev, A.; Binder, K. Macromol. Theory Simul.

1998, 7, 649.
(43) Nagarajan, R.; Ganesh, K. J. Chem. Phys. 1989, 90, 5843.
(44) Willner, L.; Poppe,A.; Allgaier, J.;Monkenbusch,M.; Lindner, P.;

Richter, D. Europhy. Lett. 2000, 51, 628.
(45) Haliloglu, T.; Bahar, I.; Erman, B.;Mattice,W. L.Macromolecules

1996, 29, 4764.


