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ABSTRACT: Self-assembly of block copolymers into interesting and useful
nanostructures, in both solution and bulk, is a vibrant research arena. While
much attention has been paid to characterization and prediction of equilibrium
phases, the associated dynamic processes are far from fully understood. Here, we
explore what is known and not known about the equilibration of particle phases
in the bulk, and spherical micelles in solution. The presumed primary
equilibration mechanisms are chain exchange, fusion, and fragmentation. These
processes have been extensively studied in surfactants and lipids, where they
occur on subsecond time scales. In contrast, increased chain lengths in block
copolymers create much larger barriers, and time scales can become
prohibitively slow. In practice, equilibration of block copolymers is achievable
only in proximity to the critical micelle temperature (in solution) or the order−
disorder transition (in the bulk). Detailed theories for these processes in block copolymers are few. In the bulk, the rate of chain
exchange can be quantified by tracer diffusion measurements. Often the rate of equilibration, in terms of number density and
aggregation number of particles, is much slower than chain exchange, and consequently observed particle phases are often
metastable. This is particularly true in regions of the phase diagram where Frank−Kasper phases occur. Chain exchange in solution
has been explored quantitatively by time-resolved SANS, but the results are not well captured by theory. Computer simulations,
particularly via dissipative particle dynamics, are beginning to shed light on the chain escape mechanism at the molecular level. The
rate of fragmentation has been quantified in a few experimental systems, and TEM images support a mechanism akin to the anaphase
stage of mitosis in cells, via a thin neck that pinches off to produce two smaller micelles. Direct measurements of micelle fusion are
quite rare. Suggestions for future theoretical, computational, and experimental efforts are offered.
KEYWORDS: block copolymer, micelle, chain exchange, fragmentation, fusion, Frank−Kasper phase, kinetics

I. INTRODUCTION AND SCOPE
Block copolymer (BCP) self-assembly is a versatile route to
nanostructured materials, both in solution1−4 and bulk.5

Advances in controlled polymerization have enabled a rich
palette of monomers to be readily enchained into di-, tri-, and
multiblock architectures. Concurrently, theoretical approaches
have built an impressive ability to predict equilibrium
structures, primarily in terms of block degrees of polymer-
ization (N) and interaction parameter (χ). For example, self-
consistent field theory can discriminate among delicately
poised competing nanostructures in the bulk,6−9 including the
recently discovered Frank−Kasper (FK) phases.10−14 In
solution, equilibrium micellar structures have in principle
been understood for some time, initially by scaling argu-
ments15−18 and then more quantitatively.19−22 The same free
energy competition dictates structure in both cases, namely the
entropy penalty for chain stretching versus the energy penalty
of forming an interface; however, the packing of chains into
micelles in solution is not subject to a space-filling constraint,

and consequently diblock amphiphiles overwhelmingly form
spheres, worms, and vesicles (polymersomes). Such nano-
structures are of immense interest across a broad spectrum of
applications, including viscosity modification for motor oil,
drug and gene delivery vehicles, imaging and contrast agents,
nanoreactors, and food and agricultural formulations.23−27

While the equilibrium packing in self-assembled BCPs is
relatively well understood, the dynamic processes by which
such structures evolve are not.28 Among the complicating
issues are the roles of (a) energetic barriers for one block to
pass through domains rich in the other or through a poor
solvent; (b) strongly temperature- and composition-dependent
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segmental dynamics (typically tied to the glass transition,
which is likely spatially inhomogeneous); and (c) the extent of
entanglement of the (inherently) tethered blocks. These
phenomena are relevant for all concentration regimes, but
for micelles in solution, and with suitably chosen core blocks,
the energetic barriers are the primary concern. While BCP
micelles share many attributes with low molar mass surfactant
and lipid analogs,29,30 one key difference is that the former are
much more likely to be nonequilibrium structures. The
primary obstacle is readily identified. For a nonionic surfactant,
it costs just over 1 kBT to drag each −CH2− group into
water.29 For a C10 alkyl tail, the resulting barrier E ≈ 11 kBT is
readily overcome, but for a C20 surfactant, rapid equilibration
becomes an issue.31 In BCPs, the number of repeat units in the
core block, Ncore, is more typically in the range of 102−103.
While the energy penalty per repeat unit (i.e., χ) can be made
much smaller by choosing a less-selective solvent than water, it
is still common to encounter a barrier to chain escape E ≫
10−20 kBT. This barrier is also strongly dependent on Ncore, as
will be discussed in detail. The same argument also rationalizes
a very small concentration of free chains, and an anticipated
critical micelle concentration (CMC) that is typically too low
to detect. Furthermore, chain escape and exchange between
micelles is necessary to achieve equilibrium in general, but is
usually far from suf f icient.
In this Perspective, we will restrict our focus to nominally

spherical particles; Figure 1 presents a cartoon of the various

structures of interest in the melt.32 These correspond to
materials that self-assemble into body-centered cubic (BCC),
face-centered cubic (FCC), hexagonally close-packed (HCP),
and the various Frank−Kasper phases (particularly σ, A15,
C14, and C15). However, some comparisons will be drawn
with lamellar (LAM), hexagonal (HEX), and network phases,
such as double gyroid (GYR). In solution, we will focus on

“classical” core−corona spherical micelles, with some remarks
about worm-like micelles and vesicles. We will also confine the
discussion to AB diblock copolymers, with a few references to
ABA triblocks. The principles discussed can certainly be
extended to ABC terpolymers and to other, more elaborate
architectures. We will also assume very narrowly distributed
polymers in terms of composition and molar mass, recognizing
that in some circumstances dispersity can play an important
role in stabilizing one ordered phase over another. We will
define the core- and corona-forming block volumetric degrees
of polymerization as Ncore and Ncorona, respectively. In the bulk,
the relevant interaction parameter is χAB; in solution, it is χAS
between the core block and the solvent that drives
micellization. However, χAB can still play a role; the combined
effects of both interactions can be subsumed in an interfacial
energy, γ, at the surface of the core. The key characteristic of a
spherical particle is the mean aggregation number Q, and its
distribution; the equilibrium value, Qeq, depends on the
relevant χ or γ, and is therefore a function of temperature, T.
The (in)ability of Q to adjust to changes in T often determines
whether a particle system can equilibrate.

II. OVERVIEW OF EQUILIBRATION MECHANISMS
Figure 2 provides an illustration of the canonical mechanisms
of micelle equilibration. These include creation, in which chains

or small clusters of chains nucleate and grow into a new
micelle; annihilation, whereby a cascade of exchange and/or
fragmentation and fusion events eliminates one micelle; chain
exchange, in which an individual molecule escapes from one
aggregate, diffuses through the medium, and inserts into a
different particle; f ragmentation, or f ission, in which a particle
spontaneously divides into two (or more) smaller micelles;
fusion, in which two (or more) micelles merge into one. Note
that a fragmentation event could create “daughter” micelles of
quite different sizes, Q1 and Q2; in the limit that Q1 → 1, chain
exchange can be seen as a subset of fragmentation and fusion.
The kinetics of these processes were first modeled in detail

for surfactants by Aniansson, Wall, and co-workers.33−35

Subsequent experimental studies for surfactants and some
BCPs (Pluronics, in particular) have confirmed many aspects
of this picture;36−39 much of the pioneering work has been
summarized in detail by Zana.30 In this approach surfactants
are pictured as falling into three states: single molecules, or
very small aggregates (oligomers); “proper” micelles, with a
core−shell structure; and a small population of intermediate
aggregates. The system responds to a perturbation in two
stages. The first, relatively rapid process, corresponds to

Figure 1. Schematic representation of known packings of nominally
spherical particles of BCPs in the bulk.32 These include the most
prevalent body-centered cubic (BCC) and two close-packed phases:
face-centered cubic (FCC) and hexagonally close-packed (HCP). In
these three phases, all particles are equivalent. In the σ, A15, C14, and
C15, phases, however, there are 5, 2, 3, and 2 distinct particle sizes,
respectively, as indicated by the shaded Wigner−Seitz cells.

Figure 2. Schematic cartoon of five equilibration processes discussed
in the text
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surfactant exchange, whereas the slower one relies on reaching
a new equilibrium between micelles and oligomers, mediated
by stepwise association/dissociation of single surfactants with
intermediate aggregates. As the population of the aggregates is
so low, this step is slow. Also, as fusion relies on encounters
between two aggregates, it was assumed to be negligible (at
least at low overall surfactant concentrations). For BCP
micelles, the first detailed dynamical theory was proposed by
Halperin and Alexander;40,41 they emphasized chain exchange,
arguing that neither fusion nor fragmentation were probable, at
least when close to equilibrium. Dormidontova took a broader
view,42 and offered scaling predictions for all three processes,
and their relative contributions under different conditions.
Nyrkova and Semenov focused on creation and annihilation
processes, and especially the response to abrupt changes in
conditions (e.g., temperature).43 Of particular relevance is their
prediction that large barriers could exist for both of these
processes, even when the overall process was strongly favored,
and that experimentally one might find micellization only
observed at a critical aggregation concentration (CAC) far above
the expected critical micelle concentration (CMC). They also
called into question some of Dormidontova’s results.
II.A. Creation/Annihilation

While most of the work on micelle dynamics focuses on
equilibration of already-formed micelles, it is also interesting to
consider their creation and annihilation. Block copolymer
micelle creation from free amphiphiles is expected to be a
rather chaotic process. The theoretical framework is the
extended Aniansson−Wall−Teubner−Kahlweit model.44,45,33
Two processes are proposed−one faster, where individual
chains associate and dissociate from each other, and one
slower, where aggregates of chains encounter one another and
fuse into micelles. This behavior is comparable to the
understanding of the creation of surfactant micelles. Kahlweit
and Teubner discuss a variety of detection methods for
analyzing micelle formation in surfactants.44 Specific electrical
conductivity can be used to track micellization in the ionic
case. Below the CMC, the solute behaves like a strong
electrolyte. However, at the CMC, a new species appears,
which behaves more like a weak electrolyte. Ultrasonic
absorption is caused by pressure-induced volume change,
and only the fast relaxation process can be detected, specifically
ones that are accompanied by a volume change and therefore a
change of the monomer concentration.46

Far away from the CMC or CMT, micellization is typically
too rapid to be studied experimentally. Honda and co-workers
chose poly(α-methylstyrene)-b-poly(vinylphenethyl alcohol)
in benzyl alcohol, which has a CMT just above room
temperature.47 They used time-resolved light scattering to
follow micellization, and compared the apparent molecular
weight and radius of gyration to determine whether growth of
micelle size or aggregation number dominates. They
determined that first the number of micelles increases until
the unimer concentration is quite low, at which point chain
expulsion/insertion increases the overall size of the micelles
but decreases the number of micelles. This interpretation
assumes, therefore, that some micelles completely disappear.
More recently, Jensen and co-workers used a stopped-flow
small-angle X-ray scattering method to study formation of
surfactant micelles.48 They used a system of dodecyl maltoside
(DDM) in dimethylformamide (DMF) and added water to
induce micellization. The micelles formed and grew by

stepwise insertion/expulsion of single surfactant molecules;
they did not see evidence for premicellar aggregates as
evidence of fusion/fragmentation in their system. Lund and
co-workers took a similar approach with block copolymers, and
used poly(ethylene-alt-propylene)-b-poly(ethylene oxide)
(PEP-PEO) in water/DMF solvent mixtures.49 With the
stopped-flow SAXS apparatus, they observed a two-step
association, of primary micellization followed by unimer
exchange (Figure 3). Their results are in broad agreement
with the Aniansson−Wall mechanism.

Micelle annihilation has also been studied. Kreshek et al.
used temperature-jump spectrophotometric studies of dode-
cylpyridinium iodide surfactant micelles in aqueous solution to
determine the rate of dissociation.50 They found that, slightly
above the CMC, both the fast step and a subsequent slow step
can be observed in kinetic measurements. Far above the CMC,
only a slow step is observed, and below the CMC, only the fast
step is observed. In this case, the “slow step” is a relaxation
process because of an imbalance in the unimer/micelle
equilibrium with a temperature perturbation, while the “fast
step” is because of the perturbation of the ion pair and charge
transfer equilibrium. Theoretical treatment of annihilation by
Nyrkova and Semenov predicts that dissociation depends on
the concentration of unimers, not that of micelles.43 When the
unimer concentration is above that of a critical dissociation
concentration, annihilation will be slow. These predictions
have not been extensively examined experimentally.
II.B. Micelle Preparation Routes
As will be emphasized throughout, BCP micelles are often far
from equilibrium, because the solvophobic block is long, and
the product χNcore is large. Consequently, the critical micelle
concentration (CMC) is very small, and almost always
experimentally inaccessible, that is, in the vicinity of the
CMC the analytical signal is too low to measure reliably. This
strong segregation presents a challenge in terms of how to
prepare micelles at finite concentrations, a challenge that is
rarely present for surfactants. Several strategies have been
adopted, each with its accompanying advantages and
disadvantages. One approach is direct dissolution, where the
copolymer and the solvent are mixed, stirred, and possibly
heated. This can be time-consuming and is not viable if the
core block has a high Tg, such as polystyrene (PS) or
poly(methylmethacrylate) (PMMA). It is also worth noting

Figure 3. Time dependence of the mean aggregation number, Pmean,
detailing the two-step nature of the formation of micelles, reproduced
with permission from ref 49. Copyright 2009 American Physical
Society.
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that, in most cases, the bulk copolymer is in the ordered state.
A variant of direct dissolution that can exploit this fact is to
cast a thin copolymer film from a volatile good solvent. Then,
exposure to the desired selective solvent can result in
penetration into the ordered corona block domains, followed
by pinching off into spherical micelles. In some cases this
approach can yield a relatively narrow distribution of initial
micelle sizes, which can be useful; of course, a narrow micelle
size distribution by itself says nothing about how far the
aggregation number may be from equilibrium. An alternate
approach is to use a volatile cosolvent. This is particularly
convenient for nonvolatile or high boiling point target solvents,
such as ionic liquids51 or hydrocarbon oils.52 In this approach,
the resulting micelle size is often smaller than the equilibrium
value, because micelles are first formed at some critical
cosolvent content; further removal of cosolvent increases the
interfacial tension but the aggregation number may not be able
to grow rapidly enough to keep pace. A related approach is to
slowly add a BCP solution in a cosolvent dropwise to a bath of
the target solvent, such as water. Micelles appear immediately
upon mixing, and the relatively small amount of cosolvent can
be removed by dialysis. Under favorable circumstances, it is
possible to go directly from a BCP solution to a micellar
solution by a change in temperature, if the core-forming block
has an accessible theta temperature. Examples have reported,
for both upper critical and lower critical solution behavior, that
is, micelles form on cooling or heating, respectively.2,53,54

These transition temperatures may be designated as upper and
lower critical micelle temperatures, UCMT and LCMT,
respectively. However, one consequence of the general
inaccessibility of a homogeneous solution of block copolymers
is that it is difficult to study the kinetics of BCP micelle
formation from an initially homogeneous state.
Once BCP micelles have been prepared, how close to the

CMT must one be to enable equilibration of Q on a reasonable
time scale? An example is provided in Figure 4, where

symmetric polystyrene-b-polyisoprene (PS-PI) BCPs with total
M ≈ 30 000 kDa were directly dissolved at high temperature in
a PS-selective solvent, diethyl phthalate, and a PI-selective
solvent, tetradecane.55,56 In each case the core block was
perdeuterated, to enable detailed characterization by small-
angle neutron scattering (SANS). The primary peak position,
q*, from SAXS is shown as a function of temperature upon
slow cooling. At high temperatures the micelles are sufficiently
small and few in number, but near 90 °C the micelles grow and
impinge upon one another, and pack onto a BCC lattice below
an order−disorder transition. Further cooling leads to the
expected increase in Q and a corresponding decrease in the
unit cell size, such that a BCC to FCC order−order transition
emerges. Then, around 50 °C, both systems depart from
equilibrium, as q* remains fixed. Importantly, this occurs in
both systems, and therefore reflects a thermodynamic barrier;
the two different micellar cores have Tgs that differ by almost
200 °C, so that is not the origin of the onset of nonergodicity.
Detailed analysis of these data is complicated by the fact that
the amount of solvent in the micelle core is also a smoothly
decreasing function of temperature, with the cores becoming
almost “dry” near room temperature (based on SANS
measurements with labeled solvent).56

III. EQUILIBRATION OF PARTICLE PHASES IN THE
MELT

There are two aspects to this process. One is chain exchange,
which can be captured by measurements of tracer diffusion.
The other is changing the number density of micelles, for
which chain exchange is not sufficient. The long-range
diffusion of individual chains in ordered block copolymer
melts has been studied experimentally for a variety of chemical
systems and ordered structures.57−67 For sphere phases, it is
sufficient to consider a single isotropic tracer diffusivity D. For
lamellae, hexagonally packed cylinders, and network phases
such as the double gyroid, two distinct diffusivities apply: one
parallel to the interdomain interfaces, Dpar, and one
perpendicular, Dperp. The latter corresponds to D for particle
phases, such as those shown in Figure 1. In all cases, one can
express the diffusivity in terms of a “bare” value, D0, which
reflects the hypothetical value for an equivalent molecule (in
terms of N, monomeric friction, ζ, and degree of entangle-
ment) but in the absence of nanostructure, and a barrier E
arising from the nanostructure:

D D E k Texp /o B= [ ] (1)

The case of diffusion along an interface is interesting, as it is
highly sensitive to the degree of entanglement. In the
unentangled, Rouse regime, chains can move along the
interface without additional intermixing of blocks, and there
is no new barrier. This situation is analogous to lipids moving
along a bilayer. On the other hand, a well-entangled diblock
will diffuse by reptation, which requires that one block enter
the other domain to a significant extent, leading to a barrier
proportional to χN/Ne, where Ne is the entanglement degree of
polymerization. This picture was confirmed by extensive forced
Rayleigh scattering (FRS) measurements of diffusion in well-
aligned lamellae and cylinder phases.57,58,60,61,63,67

For Dperp, or for D in particles, the distinction between
unentangled and entangled is primarily contained in D0, and
the experimental barrier is proportional to χNcore. This has
been demonstrated in multiple systems; Figure 5 shows two
particular examples. Cavicchi and co-workers used FRS forced

Figure 4. Primary peak position from SAXS measurements of 15%
perdeuterated PS-PI (15−15) in tetradecane (lower trace), and 25%
PS-perdeuterated PI (15−15) in diethyl phthalate (upper trace)
versus temperature. Both solutions transition from a disordered
solution of micelles to a BCC phase, and then to an FCC packing; the
monotonic decrease in q* reflects increasing segregation and growth
of micelle aggregation number, Q, with cooling in these UCMT
systems. However, both systems depart from equilibrium near 50 °C.
Reproduced with permission from ref 55. Copyright 2009 American
Physical Society.
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Rayleigh scattering (FRS) to follow diffusion of poly(ethylene-
alt-propylene)-b-poly(dimethylsiloxane) (PEP−PDMS) in
BCC-forming melts, with the results showing a clear crossover
to D/D0 ∼ exp(−χN) with increasing N and with decreasing
temperature (increasing χ), as shown in Figure 5a.66 Yokoyama
and Kramer used forward recoil spectrometry on polystyrene-
b-poly(2-vinylpyridine) (PS-P2VP) diblocks in the BCC
phase,62 and the results between the two systems and the
two techniques are quantitatively consistent (Figure 5b). The
linear dependence of the barrier on N is not an obvious result.
The theory of Halperin and Alexander assumes collapse of a
core block into a globule on entering the “foreign domain”,
leading to a barrier varying as Ncore

2/3.40 Dormidontova’s
theory is also consistent with this result.42 Interestingly,
Helfand proposed an alternative mechanism for Dperp in a
lamellar phase, whereby one block “hyperstretches” to traverse
the other domain while exposing a minimal number of
monomers at any time.68 However, this model also leads to a
barrier increasing with Ncore2/3.
Collectively, these results permit a reasonable estimate of the

chain exchange time for any ordered array of spherical
particles, using the sphere-to-sphere distance (e.g., from
SAXS or SANS) and the diffusivity. The latter can be
estimated from D0 (which can be obtained from any
measurement of D in the disordered state, and scaled
appropriately with N and T) and the barrier. This chain
exchange time sets a lower bound for how rapidly a sphere

phase can adjust its mean aggregation number and domain
spacing, upon changes in temperature. And, given that chain
exchange alone cannot readily change the number density of
micelles, this lower bound may still be orders of magnitude
shorter than the equilibration time. An example of this
phenomenon is provided in Figure 6.65 Figure 6a shows the
position of the primary peak (q*) for a PEP−PDMS sample in
the BCC phase. The sample was first annealed for many
months, yielding a value for q* below 0.025 Å−1 at 40 °C. The
sample was then heated to 180 °C and q* increased
monotonically, consistent with the expected reduction in
mean aggregation number Q and concomitant increase in
micelle number density. The sample was then cooled back to
40 °C, and q* (black squares) stopped decreasing near 120 °C.
(The temperature dependence of q* was corrected for changes
in density, ρ(T)). The black diamonds correspond to a sample
annealed at 180 °C, then quenched quickly to 40 °C, before
heating. Clearly, the sample at 40 °C was far from equilibrium,
even though it retained the BCC structure. The sample was
then annealed at 40 °C for about three months, yielding the
plot in Figure 6b. Even on this time scale, the sample did not
achieve equilibrium (indicated by the dashed line). FRS
measurements of D gave an exchange time of about 10 s at 140
°C and 1000 s at 40 °C,66 values that are about 2−3 orders of
magnitude shorter than the equilibration time implied by
Figure 6b. Note that a lamellar sample of comparable
molecular weight showed complete reversibility for q*(T)

Figure 5. Tracer diffusion (D) of sphere-forming diblock copolymers in the melt, normalized to the diffusivity in the absence of structure (D0), as a
function of χ times the degree of polymerization of the core-forming block: (a) PEP−PDMS. Reproduced with permission from ref 66. Copyright
2003 American Chemical Society. (b) PS-P2VP. Reproduced with permission from ref 62. Copyright 1998 American Chemical Society. The
straight line in each panel is the same, indicating the quantitative equivalence of the results.

Figure 6. (a) Primary peak position q* for PEP−PDMS diblocks in the BBC phase. The sample was annealed for many months at room
temperature before the trace marked “heating”. The sample was then cooled back (black squares) and departed from equilibrium below 150 °C.
The sample in diamonds was quenched from 180 to 40 °C before heat. (b) Long-term annealing for q* for the sample in panel a, after cooling to 40
°C. Reproduced with permission from ref 65. Copyright 2003 Wiley.
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over the same temperature range and that the glass transition
temperatures of both blocks are well below 0 °C and, therefore,
play no role. Note also that the phenomenon revealed by
Figure 6 is a close analog to the solution data presented in
Figure 3. These results also imply that, for any BCP system
that is cooled from disorder into the BCC phase, the sample is
unlikely to achieve equilibrium in terms of Q(T) or q*(T),
unless annealed for substantial amounts of time.
The process by which the BCC phase is able to equilibrate

relatively rapidly upon heating is not entirely clear. Ejection of
individual chains from micelles is relatively rapid, and has the
additional benefit of lowering the free energy of the remaining
micelle. The increase in free chain population could then favor
nucleation of new micelles. On the other hand, individual
spheres could also undergo “asymmetric” fragmentation,
ejecting small clusters of chains that could serve as nuclei for
new micelles, while leaving behind a micelle that is closer to
the equilibrium aggregation number.
A fascinating recent development in melt block polymer self-

assembly has been the discovery of Frank−Kasper (FK)
phases, in which diblocks self-assemble into micelles of
multiple distinct sizes, before packing onto a more elaborate
lattice than BCC (see Figure 1).10,69−73 For example, the sigma
(σ), A15, C14, and C15 phases involve unit cells containing x
spheres of y distinct sizes, where x = 30, 8, 12, 24 and y = 5, 2,
3, 2, respectively. Often, these phases emerge on cooling from
a BCC phase, with nominally equivalent micelles. Therefore,
there must be a new dimension to the required equilibration
processes, involving redistribution of chains among micelles in
addition to changes in total micelle number density. An
example of this is shown in Figure 7, for the same low Tg

system PEP−PDMS studied by forced Rayleigh scattering.74 In
this case, the sample undergoes an order−disorder transition
from BCC near 130 °C, and an order−order transition into the
σ phase near 105 °C. However, the σ phase can take many
months to grow in, depending on annealing temperature. In
the indicated time−temperature−transformation diagram, it is
possible to supercool the BCC phase, and then the system
develops a liquid-like packing (LLP) without a clear lattice
symmetry. Upon annealing, a dodecagonal quasicrystal phase

appears as a metastable intermediate on the path to σ. Also
shown on the diagram is a dashed line indicating the
temperature-dependent chain exchange time, but multiplied
by a factor of 106. The similarity in slope is very suggestive that
the barrier to equilibration tracks chain exchange but on much
longer time scales. Furthermore, the large discrepancy between
the time scales for chain exchange and full equilibration echoes
the results in Figure 6. In any case, the emergence of FK phases
and the associated prevalence of metastability underscores the
need for more careful study of relaxation mechanisms in these
systems.

IV. CHAIN EXCHANGE IN SOLUTION

IV.A. Surfactants

The theoretical model of Aniansson and Wall33,34 predicts the
rate of the fast relaxation process k1 to increase linearly with
the total surfactant concentration well above CMC, which is
one key relationship that tests the validity of the theory. The
consistency of the fast relaxation time τ1 associated with
insertion/expulsion of a single surfactant molecule to/from
micelles with the experimental observations35,44,75 is generally
satisfactory for both ionic and nonionic surfactants, even
though the theoretical model treats amphiphilic molecules as
nonionic. However, the rate of the slow process k2 is predicted
to initially increase with total surfactant concentration,
reaching a peak value slightly above the CMC, followed by a
decrease with concentration well above the CMC. This
nonmonotonic dependence of the rate of slow process on
concentration is only in qualitative agreement with the
experimental results.35,44 In particular, the decrease in k2
with concentration is found to be much steeper in experiments
than predicted by the model, for most ionic systems
investigated. Since the model has been developed for nonionic
surfactants whereas the experimental systems involve ionic
surfactants, the discrepancy has been attributed to the
influence of electric charges of the headgroup and counterions.
However, even for nonionic surfactants, such as Triton-X-100,
the experimental results for k2 are inconsistent with the
theoretical predictions at high surfactant concentrations.44

Lessner et al.76 treated ionic micelles as charged colloidal
particles interacting by DLVO forces. This model predicts a
steeper decrease in k2 with concentration, consistent with
experiments. This theoretical analysis is in good agreement
with experiments with ionic surfactants at both low and high
counterion concentrations. Using the colloidal particle treat-
ment of micelles as proposed by Lessner et al.,76 Kahlweit has
quantified the theoretical model and summarized the
comparison of its predictions with the experimental results.77

Overall, he concluded that for the ionic surfactants, the slow
process occurs primarily by stepwise association and
dissociation route at low ionic strength and by fusion and
fragmentation mechanisms at sufficiently high ionic strength.
For nonionic surfactants, the slow process is dominated by
fusion and fragmentation mechanisms.
Several techniques have been utilized to study surfactant

micelle relaxation behavior, such as temperature-jump,
pressure-jump, shock tube, stopped-flow, synchrotron small-
angle X-ray scattering, light absorption, fluorescence, solute
exchange, and conductivity measurements.35,75,78,48,79 In order
to gain an understanding of the kinetics of micellization, the
evolution of micelle shape and size during equilibration has
been investigated in real-time using SAXS in combination with

Figure 7. Time−temperature transformation diagram for a PEP−
PDMS diblock subject to long-time annealing after various temper-
ature quenches. The equilibrium phases are BCC and σ, but the latter
takes increasingly long times to emerge at lower temperatures. This is
attributed in part to slow dynamics; the red dashed line indicates the
estimated chain exchange time. Reproduced with permission from ref
74. Copyright 2021 American Chemical Society.
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the stopped-flow mixing technique (see Figure 3).48 The
exchange of surfactant molecules between two types of micelles
occurs at the time scale of 0.01−0.1 s resulting in mixed
micelles. These spherically shaped mixed micelles are unstable
and, therefore, undergo a fusion process to equilibrate toward
cylindrical-shaped mixed micelles on the time scale of 0.1−1
s.80 The ultrasonic relaxation method was used to investigate
the kinetics of the exchange of surfactants between micelles
and the bulk phase.79 These results were also consistent with
the theory of Aniansson and Wall.33,34

As noted in section II, surfactant exchange is a fast process.
The bare relaxation time for a surfactant molecule in water
(e.g., estimated from the Stokes−Einstein−Debye equation) is
typically below 1 ns. A barrier on the order of 11 kBT, say for a
10-carbon tail, would give an exchange time on the
submillisecond time scale; even a 20-carbon tail, where
equilibration is known to be more delicate, should still
exchange on the order of seconds. Such rapid processes have
been quantified by a variety of clever experimental techniques,
particularly by taking advantage of a stopped-flow apparatus.
Of particular relevance to this Perspective, the linearity of the
exchange time on carbon number m has been well-established.
Examples for several systems, couched in terms of the average
residence time of a single surfactant in a micelle, are shown in
Figure 8.

Atomistic molecular dynamic simulations were performed to
study the aggregation behavior of two types of surfactants−
short-chained and comparatively long-chained surfactants.
Short cationic surfactants comparatively showed faster
monomer exchange.81 A phenomenological free energy-based
approach was proposed to model the kinetics of surfactant
micellization.82 This approach provides a more unified
description of the kinetics rather than considering different
stages as separate processes. Several relaxation processes, such
as nucleation, growth, and final stage are captured as pathways
on a single free-energy landscape. The growth of nuclei occurs
at fast time scales, around 10−6−10−5 s, which are similar to the
fast relaxation time for the single monomer exchange process
in classic models.

IV.B. Block Copolymer Exchange

The theory presented by Halperin and Alexander is the most
thorough treatment of chain exchange in BCP micelles.40,41

They also considered fragmentation and fusion but concluded
that these processes would be much slower than exchange for a
micelle close to, or at, equilibrium. For chain exchange, escape
from the micelle core is assumed to be rate-limiting, with the
key assumption that the core block collapses into a globule as it
enters the corona, in order to shield unfavorable contacts with
the surroundings. They then applied Kramers’ rate theory to
consider the trajectory of the core globule across the corona.
Their key result is that

a N k Texp( / )esc
2

core
2/3

B (2)

where γ is the interfacial tension and a is the monomer size.
The dependence of the barrier on Ncore

2/3 is a direct
consequence of the assumption of a collapsed globule. The
unspecified prefactor in eq 2 incorporates a dependence on the
corona block length (scaling as Ncorona

9/5) for “star-like”
micelles (Ncorona > Ncore), which is the more typical
experimental situation.
Prior to the advent of time-resolved SANS, time-resolved

and steady-state fluorescence measurements were used to
study chain exchange rates (these techniques are described in
Wang et al.83). In 1991, Cao et al.84 used fluorescence probes
clustered around the core−corona interface of the micelle in a
PMMA-b-PS-b-PMMA triblock system and found that the rate-
limiting step for molecular exchange was escape of the core
block out of the micelle, confirming the assumption by
Halperin and Alexander. Subsequent fluorescent experiments
by Smith and Liu allowed them to formulate a model to
describe the chain insertion process.85 Wang et al. proceeded
to measure an activation energy for chain exchange on the
order of 102 kJ/mol for a polystyrene-b-poly(oxyethylene)
system, slightly smaller than (but on the same order of
magnitude as) the activation barrier for fragmentation.86 Using
nonradiative energy transfer, Prochazka et al. determined that
the chain exchange rate was several orders of magnitude lower
when the micelles were close to equilibrium, compared to
systems with larger perturbations from equilibrium.87 They
attributed this effect to impaired chain mobility in the micelle
core. Work by Creutz and co-workers88 in diblock and triblock
copolymer systems found that the exchange of chains between
BCP aggregates is 109−1011 times slower than in surfactant
systems and that by changing the hydrophilic/hydrophobic
balance of the copolymers they could tune the chain exchange
rate by a factor of 20.89 Several groups followed up on this
work by conducting studies of factors that tune the chain
exchange rate. Underhill et al. determined for a polystyrene-b-
poly(2-cinnamoylethyl methacrylate) in THF/cyclopentane
system that increasing the corona block length led to an
increase in the chain exchange rate.90 They also studied the
system-specific effects of changing Ncorona/fcore, temperature,
and solvent content. Rager et al., using poly(acrylic acid)-b-
poly(methyl methacrylate) BCPs in mixtures of water/organic
solvents, determined that changing the solvent to be
chemically similar to the corona block did not affect the
chain exchange rate but made the aggregation number Q
smaller.91 Further, van Stam et al. conducted a comprehensive
study using a poly(styrene-b-sodium methacrylate) and
poly(tert-butylstyrene-b-sodium methacrylate) systems in
aqueous solution. They lowered the chain exchange rate

Figure 8. Residence time of individual surfactants in micelles for a
variety of systems, as a function of carbon number m. Figure
reconstructed from Figure 3.8 in ref 30.
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using various methods: reducing the temperature, increasing
Ncore, and adding an unfavorable cosolvent.92 Additionally,
they use cosurfactants to perturb core/corona interfaces of the
micelles.92

IV.C. Time-Resolved Small-Angle Neutron Scattering

There is no question that the advent of TR-SANS brought a
uniquely powerful and quantitative means to examine chain
exchange processes.93,94 The basic approach is illustrated in
Figure 9a. Two equivalent micelle populations are prepared:
one with a “normal” core block and one that is deuterium-
substituted to some extent (typically perdeuterated). The
selected solvent is also an isotopic mixture with zero-average-
contrast, meaning that the scattering length density of the
solvent is exactly halfway between that of the normal and
labeled cores. The two micelle populations are then mixed,
forming a “post-mixed” sample, which exhibits significant
scattering from both micelles. The sample is then annealed at a
target temperature; as the exchange process randomizes the
labeled chains, the intensity decays monotonically to zero. If
the micelle size and shape remain approximately constant
throughout the process, the functional form of the coherent

intensity I with respect to the wavevector q remains constant;
all that changes is the contrast factor. This is illustrated in
Figure 9b for poly(methyl methacrylate)-b-poly(n-butyl
methacrylate) (PnBMA-PMMA) diblocks in an ionic liquid.95

A normalized relaxation function, R(t), is obtained as

R t
I q t I q
I q I q

I t I
I I

( )
( , ) ( , )
( , 0) ( , )

( ) ( )
(0) ( )

= =
(3)

where the initial intensity I(0) corresponds to the postmixed
sample and I(∞) reflects the fully equilibrated mixture.96 As a
check, the latter can be obtained from a “pre-mixed” sample,
where the micelles are initially prepared from a 50:50 blend of
normal and deuterated samples (shown as “t = ∞” in Figure
9b).
Measurements of R(t) are performed at selected temper-

atures where the exchange is significant on the SANS time
scale (typically 1−200 min; longer times can be accessed by
annealing outside the beam). An example is shown in Figure
9c, for the same system; note the logarithmic time axis. With
increasing temperature the relaxation is more rapid, as one
might expect. However, this is an LCMT system, so increasing

Figure 9. (a) Schematic illustration of the time-resolved SANS experiment, where red denotes a deuterated core block, blue a normal core block,
and purple a solvent containing sufficient deuterium to contrast-match a 50:50 deuterated:normal core. (b) SANS traces as a function of time, after
blending two micelle populations (in this case, PMMA-b-PnBMA in [C2mim][TFSI]). Note that the infinite time data correspond to a sample in
which the deuterated and normal BCPs were blended in advance. The fact that this SANS trace does not match the solvent is due to residual
scattering from the PMMA coronas. (c) Relaxation functions R(t) for equivalent blended samples at different temperatures. (d) Master curve
obtained by horizontal shifting of the data in panel c with Tref = 35 °C. The dashed curve is a fit to the model described by eq 4. Data reproduced
with permission from ref 95. Copyright 2016 American Chemical Society.
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temperature accelerates dynamics but also increases the
barrier, due to the increase in χ; the effect on dynamics is
greater. The curves obtained at different temperatures can then
be shifted horizontally to obtain a master curve, by time−
temperature superposition (tTs); the result in this case is
shown in Figure 9d. The use of tTs is just as useful as it is in
rheology, potentially extending the dynamic range of TR-
SANS to over 12 decades.97 This occurs in systems, such as
polystyrene-b-poly(ethylene-alt-propylene) (PS-PEP) with PS
cores, where the glass transition of the PS controls the
segmental dynamics of an escaping chain.
In contrast to the prediction of the Halperin−Alexander

theory but in agreement with the melt self-diffusion results
discussed in section III, the barrier to chain exchange is found
to increase linearly with Ncore. An example is shown in Figure
10, for PS-PEP in squalane.98 Two values of Ncore were used,

which only differed by a factor of about 1.5; the larger polymer
exchanged almost 4 orders of magnitude more slowly. Both
R(t) curves were described by the model summarized below,
with a consistent value of an apparent χ ≈ 0.04 and a core
block dispersity Đ ≈ 1.08. A similar conclusion with respect to

the Ncore dependence was reached by Zinn et al.
99 and by Ma

et al.95 The model proposed by Choi et al.98 invoked a
convolution of a single exponential decay for a monodisperse
polymer with the chain length distribution of the core block, as
shown in the equation
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where the time constant for the decay τesc includes the barrier,
and thus, the overall function represents an exponential of an
exponential in Ncore, yielding the hypersensitivity to dispersity
observed in Figure 10 (note the logarithmic time axis). Zinn et
al. provided a direct confirmation of this interpretation; a
monodisperse core block yields a single exponential decay for
R(t), in this case for an alkane(C24)-PEO copolymer in
water.99 In eq 4, the barrier is written as f(χ)Ncore, although this
is often simplified to χNcore. One possible explanation for the
linear dependence of the barrier to exchange with respect to
Ncore will be discussed subsequently.
The dependence of the exchange rate on corona block

length is also interesting. The theory of Alexander and
Halperin predicts that an increase in corona length will retard
exchange, as the collapsed core block is presented with a wider
foreign domain to traverse. Measurements by Zinn et al., on
alkane-PEO diblocks in water are consistent with this
expectation (see Figure 11a).100 On the other hand, early
fluorescence measurements by Underhill et al. led to the
opposite conclusion.90 More recently, TR-SANS measure-
ments by Wang et al. also showed an acceleration of exchange
in PS-PEP micelles with longer PEP coronas (Figure 11b).101

Both groups attributed this result to the relief of corona chain
stretching upon escaping a micelle, which would lower the net
barrier to expulsion relative to the contribution from the core
block.
The dependence of the barrier on the strength of the

interaction between the core block and the surrounding
medium is likely more complicated than in the melt case
discussed in section III; in other words, f(χ) in eq 4 is not
simply equal to χ. Presumably the barrier increases with the
core−solvent interaction, embodied in the Flory−Huggins

Figure 10. TR-SANS relaxation function for two PS-PEP samples,
with fits to eq 4. The extracted value of χ is independent of N if the
barrier is taken as increasing linearly with Ncore. Figure reconstructed
from data in ref 98.

Figure 11. Effect of Ncorona on chain exchange: (a) C24−PEO in water and (b) PS-PEP in squalene. The two systems show opposite trends. Figures
reproduced with permission from ref 100, copyright 2016 American Chemical Society, and ref 101, copyright 2018 American Chemical Society,
respectively.
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interaction parameter χcore‑sol, or equivalently with the
corresponding interfacial tension γ. However, the quantitative
details are more complicated because, in order for micelles to
form, it is necessary that χcore‑sol > 0.5. Therefore, there must be
an offset, such that the barrier becomes very small as the
critical micelle temperature is approached. This idea has been
explored in two studies, illustrated in Figures 12a and 12b,
corresponding to PnBMA-PMMA in [C2mim][TFSI] and PS-
PEP in mixtures of squalene and phenyldodecane, respec-
tively.95,102 In both cases an approximate attempt is made to
relate the observed barrier to an independently determined
χcore‑sol, with some promise. However, this is definitely an area
where more theory could be useful.
The preceding discussion has emphasized the dependence of

chain exchange on intrinsic molecular variables (Ncore, Ncorona,
χ). However, extrinsic factors can also play a role, including
micelle concentration, aggregation number, and shape. In the
dilute micelle regime, TR-SANS measurements on several
systems have confirmed no dependence for τesc on
concentration, consistent with the standard assumptions that
(a) chain expulsion is the rate-limiting step and (b) fusion/
fragmentation processes play a very minor role. One study
extended the measurements into the more concentrated
regime, where the PS-PEP micelles adopted a BCC macro-
lattice.103 The results indicated a significant slowing down of
exchange, which was attributed to the overlap of the corona
chains removing any entropic benefit to liberating a corona
block from a micelle. This conclusion was supported by
separate measurements in which free PEP chains were added
to an otherwise dilute micellar solution and which yielded a
comparable slowing down of exchange.104 Nevertheless, more
extensive measurements of the concentration dependence of
exchange, even all the way to the melt, would be welcome.
This is challenging to accomplish with TR-SANS, due to
difficulties in preparing random mixtures of labeled and
unlabeled micelles on ordered lattices. Self-diffusion measure-
ments, for example by forced Rayleigh scattering, could be one
promising route.
Measurements by Zhao et al. indicate that chain exchange

also depends on the micelle size.105 By using two different

preparation routes, direct dissolution and cosolvent evapo-
ration, as described above, the authors created micelles of two
distinct sizes from the same diblocks. They further confirmed
that the micelle size did not change over the time scale of the
TR-SANS measurements. The exchange time was a factor of 3
larger for the larger micelles, an effect that was tentatively
attributed to the denser corona in the larger micelles.
There have been almost no measurements of chain exchange

in nonspherical block polymer aggregates (e.g., vesicles or
wormlike micelles), although a great deal is known about
dynamics of lipid vesicles. A pioneering study by Lund et al.
found that exchange was slightly faster for a given PEP-PEO
copolymer in spherical micelles compared to worm-like
micelles, although it should be noted that the sphere-to-
cylinder transition was effected by increasing χ.106 Further TR-
SANS measurements for given BCPs in different micellar
structures would certainly be warranted.
Chain architecture can play a huge role, as illustrated in

studies of chain exchange in PEP-PS-PEP versus PS-PEP-PS
triblocks.107 In the former case, the PS core block was kept
constant, and a second PEP block was added to the chain. The
resulting micelles were, as expected, significantly smaller than
for a matched diblock with the same PS and PEP block
molecular weights. Similarly, the triblocks underwent chain
exchange more than 3 orders of magnitude more rapidly than
the diblocks, an effect that surely transcends the role of core
size. This result also indicates that, while the penalty for
placing the core block into the solvent is still the major
contributor to the barrier, it is far from the only important
factor. The PS-PEP-PS triblocks, on the other hand, formed
predominantly “flower-like” micelles at low concentrations.108

The rate of exchange was much slower than a diblock with the
same PS block, and a full 10 orders of magnitude slower than
the inverse polymer. The fact that these measurements could
be accomplished underscores the power of time−temperature
superposition in this context. Yokoyama et al. had previously
considered the diffusion of triblocks in BCC melts, and
proposed a “chain walking” mechanism, whereby each end-
block pulls out independently, and inserts into a neighboring
micelle.64 Based on the diblock exchange, Lu et al. could

Figure 12. (a) Dependence of barrier divided by Ncore, αf(χ), on the independently determined χ, for PnBMA-PMMA in [C2mim][TFSI]. (b)
Enthalpy penalty of chain expulsion for SEP micelles in binary mixed solvents, comparing the fitted results from TR-SANS ( f(χ)⟨Ncore⟩) and
calculated values by the Flory−Huggins theory (a(χ − v2/v1) ⟨Ncore⟩. Figures reproduced with permission from ref 95, copyright 2016 American
Chemical Society, and ref 102, copyright 2020 American Chemical Society, respectively.
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estimate the rate of triblock exchange;107 the comparison
indicates that there is a slightly enhanced probability for the
second core block to escape once the first block has succeeded.
Another interesting aspect of the PS-PEP-PS case is its relation
to the dynamics of physical gels formed by thermoplastic
elastomers. In this case, surprisingly, the pull-out time implied
by TR-SANS is much longer than the stress−relaxation time
measured on PS-PEP-PS gels by rheological means. This
apparent discrepancy has been explored in some detail by
Peters.109 The Choi group has also recently initiated an
interesting new direction, the study of chain exchange in
bottlebrush BCPs.110

IV.D. Simulations of Chain Exchange

Coarse-grained polymer simulations have played an important
role in understanding chain exchange between micelles.
Dissipative particle dynamics111 (DPD) is the most common
methodology, following the pioneering work by Li and
Dormidontova applying DPD to micellization kinetics.112

The key advantages of DPD relative to other dynamical
simulation methods112 are that (i) DPD correctly incorporates
hydrodynamic interactions through an explicit solvent, which
are likely relevant for distinguishing between Rouse diffusion of
the hydrophobic block when it is inside the micelle core and
Zimm diffusion of the chain when it is released into the
solvent,113 and (ii) DPD uses relatively soft interaction
potentials, which permit large time steps111 that can access
the time scales relevant for unimer exchange that would be
infeasible using the potentials required for atomistically
detailed simulations. Even with a soft potential, however,
rather high degrees of coarse graining are needed to simulate
micelle dynamics. For example, multiple DPD simula-
tions112−115 use two or four DPD beads to represent the
hydrophobic block. If this model is intended to describe a
typical experiment (e.g., polystyrene with 250 or 400 repeat
units98), each bead represents ca. 100 repeat units.
The most common application of DPD simulations directly

mimics the TR-SANS experiment, artificially “labeling” chains
in the simulation as deuterated and then computing the
contrast relaxation from the coordinates of those labeled
chains. Such TR-SANS simulations have been performed for
AB diblock copolymers,113,115,116 linear BAB triblock copoly-
mers with solvophobic middle blocks116,117 and the corre-
sponding branched AB1B2 triblock copolymers,

117 mixtures of
linear diblocks, and tadpole diblocks with circular solvophobic

blocks,118 and tadpole diblocks with circular solvophilic
blocks.119 An especially notable outcome of these simulations
was the observation3 of a single exponential decay with an
exponent that is linear in the solvophobic block length,
consistent with experimental data and in contrast to the
predictions of the scaling theory of Halperin and Alexander.40

However, one should view this conclusion as potentially arising
from a limitation of the DPD model and the small (NA = 4)
core block size; much larger N would be necessary to create
the dry, collapsed globule in the Halperin and Alexander
theory.120 Such large-scale simulations that further capture
micellization are feasible but expensive;121 the lower bound for
DPD simulations of the coil−globule transition corresponded
to at least 80 beads, substantially larger than any core block
used for micelle exchange.120 The presence of artifacts due to
the small discretization, especially in connection to solvopho-
bic-block collapse, is suggested by the escape of small
aggregates in these DPD simulations,113 which could be
shielding the solvophobic blocks in manner that is not
captured by a very coarse-grained model that cannot provide
globular collapse of a single block.
In addition to directly simulating an experimental observ-

able, such as the relaxation in TR-SANS, simulations are
powerful for probing features that cannot be readily observed
in experiments. A natural starting point is interrogating chain
conformations during the escape process, for example how the
configurations of escaping BAB triblocks, which form looped
solvophobic blocks that simultaneously pull out of the micelle
core, differ from their AB diblock counterparts, which escape
bead-by-bead.117 An even more powerful application is to
directly measure the free energy barrier for unimer escape114

through a combination of umbrella sampling122 and a
weighted-histogram analysis method (WHAM),123 following
analogous work for small molecule surfactants.124 In this
approach, a stiff biasing potential is applied to the junction
point in an AB diblock polymer to constrain its location near a
fixed distance relative to the micelle core. Combining
simulation data obtained for many such fixed distances with
WHAM provides a measure of the full free energy landscape
for chain escape. As seen in Figure 13a, the biasing in the
simulations allows access to very large free energy barriers, ca.
10−20 kBT, that are comparable to those extracted from TR-
SANS measurements,98 that is, one can thus probe the
experimentally relevant limit where chain exchange is slow

Figure 13. (a) Free energy of a single A4B8 BCP as a function of the distance between the block junction and the micelle center-of-mass, as a
function of the core−solvent energy. Data reported in ref 114, corrected for the entropy of the spherical shell.124 (b) Stretching of the core block as
a function of position. Figure reproduced with permission from ref 114. Copyright 2021 American Chemical Society.
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compared to the segmental diffusion time. In addition to
demonstrating that the free energy barrier is linear in the AB
interaction energy, these simulations also provide information
about the conformation of polymer chains at the transition
state, which is neither fully stretched nor collapsed (Figure
13b).114 Intriguingly, upon first departing the core, the core
block stretches, and only collapses once it is past the transition
state. This is in direct contrast to the globule assumption, and
offers a potential explanation for the linear dependence of the
exchange barrier on Ncore. However, as a cautionary note, the
extremely coarse-grained nature of the DPD approach may not
be suitable to assess conformations of real polymers; as noted
above, a 4-bead block cannot really adopt a globular
conformation. Umbrella sampling methods have also been
deployed to understand the relative rates of single chain
exchange and micelle fusion and fission, leveraging a semigrand
ensemble to identify both the most probable aggregation
number and the kinetic rates for chain exchange. The latter
work is an outstanding example of the power of biased
sampling methods for micelle dynamics, probing seven orders-
of-magnitude in rate constants.125−127

In addition to DPD simulations, Mackie and co-workers
have used a dynamical single-chain in mean-field (SCMF)
simulations to model the dynamics of chain exchange in an
array of micelles formed by triblock copolymers, again
mimicking the TR-SANS experiment.128−130 A remarkable
outcome of their calculations is the presence of a logarithmic
decay despite their simulations using a monodisperse
polymer.129 They argue that the logarithmic behavior emerges
from a degeneracy in the states available to the solvophobic
midblock in the micelle core that is destroyed when that block
escapes from the micelle core. The escape of the triblock
polymer from the micelle in these SCMF simulations involves
a subtle change in the radius of gyration that corresponds to
neither complete stretching nor globular collapse,128 similar to
observations of the transition state in umbrella sampling of the
escape of a diblock copolymer from a micelle.114

V. FRAGMENTATION/FUSION IN SOLUTION

V.A. Surfactants and Lipids

Fusion and fragmentation processes in lipid membranes and
surfactant micelles have been extensively studied, in part
because they are considered essential processes in a spectrum
of pivotal biological/chemical functions.131−133 Several meth-
ods have been used to monitor these processes in equilibrium
surfactant micelles; stopped-flow fluorescence, pressure-jump
(p-jump), temperature-jump (T-jump), SAXS, dynamic light
scattering (DLS), and ultrasonic relaxation time-scan measure-
ments. Of these the use of fluorescence-based techniques is
most notable. For example, if micelles are prepared that
contain either an insoluble donor or an insoluble acceptor, the
growth of donor−acceptor fluorescence with time requires
fusion to have taken place; the rate should be second-order
with respect to micelle concentration. Similarly, if one begins
with some micelles containing more than two excimer-forming
fluorophores on average, mixing with identical empty micelles
will lead to a drop in excimer fluorescence due to
fragmentation. This process, in contrast, should be first-order
in micelle concentration. In both cases, a constant average
micelle size guarantees that the rates of fusion and
fragmentation are balanced.

Since fusion and fragmentation are expected to be relatively
slow, they are often triggered by introducing salts, surfactants,
and ions, or by applying light or heat to perturb the system
away from equilibrium. The pioneering work on fusion and
fragmentation between two surfactant micelles were summar-
ized by Zana.134 Pyrene excimer formation in nonionic
surfactant micelles followed second-order kinetics in micelle
concentration, corresponding to fusion accompanied by
fragmentation. Lowering the solubility of the solute in water
by using triglyceride-substituted pyrene inhibits the direct exit/
reentry of solutes into micelles, which otherwise competes with
micelle fusion/fragmentation for solute exchange. Rharbi and
co-workers examined exchange of the insoluble solute between
nonionic surfactant micelles at high concentrations of
surfactants,37 at elevated temperatures,135 or upon addition
of salt.136 In particular, they proposed that the increasing
counterion concentration reduces electrostatic repulsions
between adjacent headgroups, helping the headgroups to
come into close contact, resulting in accelerated fragmentation.
According to the proposed mechanism, a higher fraction of
charged molecules in micelles slows both fusion and
fragmentation.37 However, the dominating mechanisms for
fusion and fragmentation are still subjects of debate.80,133

Fusion and fragmentation processes can also be directly
visualized, as shown by Menger and Balachander with giant
vesicles by light microscopy.137 Vesicles with radii of 10−200
μm were made from a cationic amphiphile at 17 °C. Under
high salt concentration, the giant vesicles eject smaller vesicles
by a budding process, followed by fusion of two of small
vesicles, which could be captured in the act of coupling.
Computer simulations of fusion and fragmentation were

conducted by Pool and Bolhuis.138 The formation of an
interdigitating stalk prior to fragmentation was suggested by
Sammalkorpi et al.,139 and three intermediate stages for fusion
were suggested by Li et al.:140 (1) molecular contact, (2)
formation of a neck between two micelles, and (3) growth of
this neck, making one particle. Fragmentation was examined in
detail by Gao et al.141 More recently Ghosh et al. reported
“solute-induced” budding and fragmentation processes of small
lipid nanovesicles (<50 nm) by using coarse-grained MD
simulations.142 This simulation reveals a mechanism that
reflects the interplay between membrane elasticity and solute-
mediated membrane adhesion.
V.B. Block Copolymer Fusion and Fragmentation

As mentioned previously, Dormidontova presented a broad-
ranging scaling analysis of the fusion and fragmentation
processes for block copolymer micelles.42 An example of the
schematic reaction coordinate for fusion is provided in Figure
14. While the respective barrier height depends on the
aggregation numbers of the merging micelles, Q1 and Q2, the
time constants are very sensitive to the time scales of corona
chain dynamics. Few of the resulting predictions have been
subject to systematic experimental examination.
Rharbi and co-workers pioneered research into the fusion

and fragmentation of polymeric micelles.143 By using
fluorescence decay methods, Rharbi showed that fusion and
fragmentation occurred between micelles made by poly-
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) (PEO-PPO-PEO) at a rate about a factor of 106 slower
than chain exchange, and also more than 106 times slower than
surfactant micelles.134 An example of this approach is shown in
Figure 15, which illustrates how the measured decay of
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fluorescence as a function of empty micelle concentration
yields a first-order rate constant, associated with fragmentation,
and a second-order rate constant, assigned to fusion. In this
more recent study, the authors particularly focused on the role
of the PPO block length.144 Somewhat surprisingly, the rates of
fragmentation differed by up to 5 orders of magnitude for
triblocks that do not differ greatly in molecular weight or
composition. Furthermore, the apparent activation energies
range from −80 to +100 kJ/mol, which is hard to reconcile
with the expectation that these micelles follow the same
mechanisms.
More recently, fusion events between small, nonequilibrated

micelles of polybutadiene-b-poly(ethylene oxide) (PB-PEO)
were monitored by Kelley et al.145 Small polymeric micelles
prepared by the cosolvent method grew through dialysis from
the less selective THF into more selective water. A distinctly
bimodal size distribution was taken as evidence for the micelle
fusion process, as provided by a powerful combination of DLS,
TEM, and SAXS measurements. They proposed the energy
barrier to fuse two micelles as the steric repulsion or the elastic
energy of the corona block. In a follow-up paper, it was clearly
demonstrated that solution agitation and the accompanying
air−water interface could markedly accelerate equilibration.146
The fusion and fragmentation of polymeric micelles can also be
directly imaged by microscopy. Polymer vesicles, especially
branched-polymersomes generated from an amphiphilic multi-
arm copolymer (HBPO-star-PEO) in water, were the first

example where the BCP fusion process was viewed by optical
microscopy.147 The entire fusion of two vesicles took about 1.5
min, which is much longer than the fusion time of liposomes
(seconds) and biomembranes (milliseconds). More recently,
liquid-cell transmission electron microscopy (TEM) enabled
direct observation of the fusion of individual amphiphilic block
copolymer micelles in solution.148 These observations revealed
growth and evolution occurring by both unimer addition
processes and by particle−particle collision-and-fusion events.
An intriguing example is shown in Figure 16, reproduced from
Parent et al.148

Meli et al. pioneered a quantitative study of fragmentation in
micelles prepared from PB-PEO copolymers in imidazolium-
based ionic liquids (ILs).149,150 By using the direct dissolution
protocol, spherical micelles could be prepared that were
significantly larger than the equilibrium size. The nonvolatility
of the IL enabled prolonged annealing at elevated temper-
atures, and ultimately even direct imaging in liquid-phase
TEM. The evolution of micelle size and size distribution was
followed by a combination of DLS, SAXS, and TEM, all of
which gave consistent results. An example of the use of
synchrotron SAXS is given in Figure 17a; the spherical form
factor of the core is clearly apparent, and the first minimum
(indicative of Rcore) evolves steadily over the course of 2
days.151 The data can be described by a relaxation function
which is a compressed exponential, defined by

R t
R t R
R R

t( )
( ) ( )
(0) ( )

exp( / )x x

x x

n= = [ ]
(5)

where Rx is the corresponding radius (i.e., Rcore from SAXS, Rh
from DLS) and n is an “Avrami” exponent. Often, it is found
that n ≈ 2, rather than the expected n = 1; the reasons for this
functional form remain to be fully elucidated. An example is
shown in Figure 17b, where the relaxation function is shown
for a given polymer in five different ILs (with different γ).152 In
all cases, the data are well-described by eq 5 with n ≈ 2.
Furthermore, the time constants in the various solvents are not
drastically different, suggesting that the fragmentation barrier
does not involve exposure of the core to the solvent (which
would presumably confer a sensitivity to γ, which varies by a
factor of at least three over this sequence of solvents). The
fragmentation rates are also independent of micelle concen-
tration, as expected for a unimicellar process. The rates of
fragmentation are strongly dependent on total molecular

Figure 14. Schematic “reaction coordinate” for fusion/fragmentation,
for micelles of sizes Q1 and Q2; fusion is favored in this case, as ΔF >
0, following Dormidontova.42 The barrier increases as Q1Q21/2; the
time for one corona to penetrate the other to a distance L provides
τfrag,0.

Figure 15. (a) Relaxation rates kdecay versus the concentration of P103 empty micelles for various temperatures: 21, 23, 26, and 30 °C. The
concentration of micelles is given by ([micelles] = ([P103] − cmc)/Nagg. (b) Rate of fragmentation kfrag (□) and the rate of fusion kfus (■) vs the
inverse of the absolute temperature for P103. Figures reproduced with permission from ref 144. Copyright 2021 American Chemical Society.
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weight and independent of technique, as illustrated in Figure
18.153 The observed power law exponent (9/5) is consistent
with the Dormidontova theory, although strictly the prediction
applies to Ncorona rather than Ntotal.
As emphasized above, the negligible vapor pressure of ILs

allows in situ liquid-phase TEM measurements. Examples of a
time series for PB-PEO at 170 °C are shown in Figure 19.151

The time indicates when the images were taken during
annealing; actual exposure times are necessarily only a few

seconds to avoid beam damage. Nevertheless, it is possible to
capture transient structures, such as ellipsoidal micelles and
“peanut-shaped” particles that are reminiscent of the anaphase
state of a cell undergoing mitosis. A series of cartoons is
provided to represent the process. These images are
appealingly consistent with the earlier DPD simulations of
Gao et al.141

An alternate route to insight about fusion and fragmentation
mechanisms and rates is by monitoring the time-dependent
transformation of one particle shape into another. Of particular
interest are order−order transitions between BCC spheres and
hexagonally packed cylinders in the bulk and shape transitions
between worm-like and spherical micelles in solution. The
former were anticipated by the pioneering theoretical work of
Leibler6 and have since been observed in multiple systems.
One study in particular focused on the reversibility and
heating/cooling rate dependence of the BCC⟨−⟩HEX
transition in a PS-PI-PS triblock, which had an OOT at 196
°C.154 The sample was shear-aligned in the HEX phase, which
resulted in highly organized BCC phase above the OOT. The
cylinder-to-sphere transition in this case proceeds through
anisotropic fluctuations (with BCC symmetry) imposed on the
cylinders. The hysteresis loop on successive heating and
cooling cycles was monitored, and full reversibility was
approached for rates below ±0.1 °C/min. TEM was used to
examine intermediates during the cylinder-to-sphere transition,
but not the inverse. Consequently, it was not possible to say
whether the cylinders emerged by a uniaxial fusion of particles,
or not. Nevertheless, this system apparently exhibits has the

Figure 16. Liquid cell TEM images of a phenyl-b-peptide-co-hydroxyl amphiphilic BCP undergoing fusion in aqueous media. Reproduced with
permission from ref 148. Copyright 2017 American Chemical Society.

Figure 17. (a) Synchrotron SAXS for 0.25 wt % BO(25−22) in [C2mim][TFSI] at 170 °C; (b) normalized ⟨Rcore⟩ from SAXS upon T-jump to 170
°C for 0.5 wt % BO(8−7) in 1-alkyl-3-methylimidazolium [TFSI]-based ionic liquids. The curves are shifted vertically for clarity. Solid lines
represent the fits to the relaxation function shown in eq 5 with an Avrami exponent of n = 2. Figures reproduced with permission from refs 151,
copyright 2020 American Chemical Society, and 152, copyright 2019 American Chemical Society, respectively.

Figure 18. Fragmentation times for symmetric BO diblocks in
[C2mim][TFSI] as a function of total molecular weight, with the best
fit power law. Reproduced with permission from ref 153. Copyright
2021 American Chemical Society.
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appropriate combination of time scales and temperature to
allow more detailed examination of the mechanisms of OOTs.
A system that showed similarly thermoreversible micellar

shape transitions in solution was reported by Abbas et al.155 A
PS-PDMS diblock dissolved in dialkyl phthalates showed
vesicles, worm-like micelles, and spheres as a function of
solvent composition, and as a function of temperature at a
given composition. As the low-Tg PDMS block formed the
micellar cores, chain motion was relatively facile, and the
sphere-to-worm transition was thermally fully reversible on a
time scale of minutes. Presumably the relatively short PS
corona block (M ≈ 4 kDa) enabled the rapid fusion of
spherical micelles. In a similar vein, Landazuri et al. followed
the kinetics of the sphere to worm transition in a PEO-PPO-
PEO triblock solution subjected to temperature jumps.156 The
authors concluded that the dominant process was a random
fusion-fragmentation process, akin to a step-growth polymer-
ization, as opposed to a nucleation-and-growth process, akin to
chain-growth. Cornel and co-workers took the approach of
blending two populations of poly(lauryl methacrylate)-b-
poly(methyl methacrylate) micelles and following the
approach to an equilibrium population of hybrid micelles by
SAXS.157 They concluded that a combination of chain
exchange and fusion/fragmentation were operative. Lund et
al. followed the reverse process, of cylindrical micelles
fragmenting into spheres, by both SAXS and SANS.158 They
found that the cylinders fragmented directly into spheres, but
the resulting particles then coarsened to achieve the
equilibrium Q.
These studies demonstrate the feasibility of studying fusion/

fragmentation processes in detail through shape changes. It
should be noted that in these examples the experiments were
conducted relatively close to the corresponding ODT or CMT.
One might expect, therefore, that contributions from chain
exchange could be substantial and that it might be difficult to
resolve the rates of “pure fusion” or “pure fragmentation”
cleanly. However, this difficulty persists in almost all studies of
these processes, so the promise of this approach is not
diminished.

VI. SUMMARY AND OUTSTANDING ISSUES
In comparison to their low molar mass amphiphile analogs,
BCPs are notoriously slow to adopt equilibrium nanostruc-
tures, in both solution and bulk. This is a direct consequence
of large barriers to drag one block through a domain rich in the
other, or through an unfavorable solvent. While high glass
transition temperatures and high degrees of entanglement can
retard equilibration even further, they are not required for a
given system to be deeply metastable. Empirically, the rate of

equilibration of particle phases and associated micelle
aggregation numbers Q decreases rapidly as a system moves
further away from the order−disorder transition (in bulk) or
the critical micelle temperature (in solution). While the
mechanisms available to self-assembling BCPs have been
known in principle and considered for decades, a quantitative
understanding of rates in terms of molecular variables is still
lacking.
VI.A. Equilibration in Bulk Particle Phases

Issues of metastability and difficulties in forming well-ordered
three-dimensional macrolattices are prevalent for BCPs in the
bulk. This is particularly true for particle phases, where the
system has both a preferred packing symmetry and a preferred
Q (or more than a single Q for Frank−Kasper phases). The
fact that Q is a function of temperature requires changes in
particle number density on heating or cooling, which may be
prohibitively slow even when chain exchange is relatively rapid.
In contrast, lamellar and cylindrical phases can readily adjust
domain spacings without enforced mixing of the two blocks.
Further studies in which chain exchange (e.g., by tracer
diffusion) and the kinetics of particle phase evolution are both
measured on the same system would be highly desirable, in
parallel with theoretical studies aimed at describing the
mechanisms by which particle number densities can be
adjusted.
VI.B. Chain Exchange in Solution

The TR-SANS experiment has provided direct, quantitative
access to the rate of chain exchange, as a function of both
molecular and micellar variables. Interestingly, the results are
systematically different from the expectations of the Halperin−
Alexander model. This includes the dependence of the barrier
on Ncore, the sign of the dependence on Ncorona, and the
complete functional dependence on the core−solvent inter-
action parameter. These issues might best be resolved by
simulation, or even by new analytical models. Further
experiments, particularly in terms of molecular architecture,
micelle morphology, and higher copolymer concentration,
would be welcome.
VI.C. Fragmentation in Solution

Measurements of micelle fragmentation for BCPs in ionic
liquids have shown (a) a strong dependence on total N,
possibly consistent with theory, (b) independence of
concentration, as expected, and (c) independence of interfacial
tension, suggesting a transition state dictated by corona
crowding at a pinch-off point in the neck between two
budding fragments. However, measurements across techniques
(DLS, SAXS, TEM) reveal a compressed exponential time

Figure 19. Time evolution of micelle cores for BO(25−22) in [C2mim][TFSI] annealed at 170 °C directly in the TEM instrument.151 Suggested
pathway for fragmentation is shown below the images. Reproduced with permission from ref 151. Copyright 2020 American Chemical Society.
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dependence, with an Avrami exponent typically ca. 2; this
observation has not been satisfactorily explained as yet. In
these systems, the initial micelles are significantly larger than
the equilibrium size (Q/Qeq > 1.5), and chain exchange has
been shown not to contribute. On the other hand, fluorescence
measurements on PEO-PPO-PEO triblocks have accessed
information about fragmentation near equilibrium, albeit
convoluted with concurrent fusion and chain exchange. The
use of liquid-phase TEM offers an opportunity to image the
process in real time, if a system with suitably rapid
fragmentation can be designed.
VI.D. Fusion in Solution

Although numerous studies have determined that fusion events
take place, there have been very few quantitative studies, i.e.,
those in which fusion rates have been directly related to
molecular variables. For high N BCPs and with modest micelle
concentrations, one may anticipate vanishingly low rates of
fusion. One promising approach could be to prepare micelles
with Q/Qeq < 0.5, so that fusion becomes a significantly net
downhill process (albeit with a significant barrier). This is also
a process that is challenging to simulate under realistic
conditions, e.g., such that the corona concentration profile is
both sufficiently long-ranged and sufficiently dense.
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