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Abstract

Melts of asymmetric sphere-forming diblock copolymers form a dense liquid of mi-
celles at temperatures above the order-disorder transition (ODT) temperature and
below a critical micelle temperature (CMT), above which micelles dissolve. Molecular
dynamics simulations were used to study how tracer diffusivity, the rate of chain ex-
change between micelles, and the rate of structural relaxation change with increasing
degree of segregation or decreasing temperature in this state. Results for tracer dif-
fusion and chain exchange are consistent with experimental results, and confirm that
diffusion in well-segregated systems occurs via hops of chains between neighboring mi-
celles. A structural relaxation time 75 is obtained from decay of the dynamic structure
factor S(¢*,t) at the peak wavenumber ¢*. The time 74 increases dramatically with
increasing degree of segregation, reaching values near the ODT of order 10? times the
homopolymer Rouse time, with larger increases for systems with lower invariant de-
grees of polymerization. A theoretical prediction of the micelle lifetime, based on a
model of stepwise micelle dissociation, yields an estimated lifetime of order 1037, near
the ODT, indicating that micelle birth and death may occur too slowly to be observed

in these simulations. The relationship to experimental evidence is discussed.



Introduction

When a complex fluid is perturbed from equilibrium, equilibrium is restored through a
variety of relaxation processes. For example, liquids of long homopolymers relax via relax-
ation of polymer conformations. Disordered materials that contain self-assembled micelles or
other supramolecular aggregates relax much more slowly via processes that generally involve
changes in both the positions and the number of such aggregates. In the present study, we
use large-scale molecular dynamics (MD) simulations of a coarse-grained polymer model to
study a variety of dynamical processes that occur in melts of compositionally asymmetric
AB copolymers that form a disordered fluid of spherical micelles, with the goal of providing
an understanding of the remarkably slow kinetics in these systems. 6

Diblock copolymers in selective solvents tend to form micelles or other aggregates, much
like small-molecule surfactants. Highly asymmetric AB diblock copolymers with a minority
B block immersed in a solvent that favors contact with A tend to form spherical micelles
with a B-rich core. Relaxation in a dense fluid of such micelles involves several dynamical
processes with disparate relaxation times. The fastest processes involve local relaxation of
chain conformations within micelles, which can occur over times comparable to the relaxation
times observed in homopolymer melts. Longer times are required for exchange of molecules
between micelles, due to the free energy cost of temporarily extracting the core block of
a copolymer from a micelle. Long relaxation times are also expected for processes that
rearrange the positions of micelles within a dense liquid, which is essential to the relaxation of
stress that is measured in linear rheological experiments. Processes that change the number
of micelles and the average micelle aggregation number may require even longer relaxation
times, due to the existence of particularly large barriers to micelle creation and destruction,
whether these processes occur by stepwise association and dissociation or by fission and
fusion.” !> While substantial attention has been focused on characterizing this entire range

5

of processes in micellar block copolymer solutions,'® somewhat less work has been done on

analogous problems in neat melts of compositionally asymmetric diblock copolymers. 2:6:16-18



Flory-Huggins Parameter

I

XNopT XNSBT

TopT TemT

Temperature

Figure 1: Structural changes of a compositionally asymmetric diblock copolymer melt as a
function of temperature or, equivalently, as a function of the segregation strength xN. Topr
and Toumr are the order-disorder temperature and the critical micelle temperature, respec-
tively. x Nopr is the segregation strength at the true order-disorder transition temperature.
XNSST is the order-disorder transition predicted by self-consistent field theory.

One-component melts of sphere-forming diblock copolymers pass through three different
structural states with increasing temperature or, equivalently, decreasing values of the prod-
uct YN of the Flory-Huggins y-parameter and degree of polymerization N. At sufficiently
low temperatures or high y/NV, micelles formed by neat diblock copolymer melts pack on a
lattice (Figure 1). Most systems form a body-centered cubic (BCC) lattice, and a small
region of close-packing is sometimes observed near the order-disorder transition (ODT).2022
Conformationally asymmetric systems with statistical segment lengths bg > by, however,
also form Frank-Kasper phases,?? with o and A15 formed at equilibrium?*2® and the C14
and C15 Laves phases accessible through thermal processing. #%2° As such a system is heated
through the ODT temperature Topr, crystalline order is disrupted and the Bragg peaks ob-
served in small-angle x-ray scattering (SAXS) in the ordered state are converted to the broad
peak characteristic of a disordered micellar liquid.*® Further heating causes a shift in the
peak wavenumber ¢* as the number of micelles changes,?%3! followed by disappearance of
micelles at the critical micelle temperature (CMT).

Equilibrium properties of diblock copolymer melts exhibit a universal dependence on the

parameters that control behavior in self-consistent field theory (SCFT) and the invariant

degree of polymerization N. Self-consistent field predictions for diblock copolymer with



monomers of equal statistical segment length b depend on the minority block volume fraction
f and the product Y N. The invariant degree of polymerization for such a system is given by
N = N(cb*)?, where c is the concentration of monomers.®? Theory and simulation suggest
that the CMT occurs at a value of YN very close to the ODT value predicted by SCFT, 3133735
and that the ODT occurs at a higher value of N that increases with decreasing N. The
width of the range of values of YN between the ODT and CMT in which a micellar liquid
exists thus increases with decreasing N. The width of this range is expected to vanish
in the limit N — oo, in which SCFT becomes exact, and in which the CMT and ODT
coincide. Most experiments are, however, performed on systems with N ~ 102 — 10*,36
in which the disordered micellar state persists over a sizable temperature range. Notably,
systems that have been observed to form Frank-Kasper phases have tended to have rather
low values of N and thus possess substantial disordered micelle regimes proximate to their
ODTs. The increase in the value of YN at the ODT with decreasing N is relevant to our
understanding of their dynamical behavior near the ODT, because systems with greater
values of YN exhibit stronger segregation, and correspondingly longer relaxation times for
all of the relevant dynamical processes in the disordered phase near the ODT.

Our interest in modeling the relaxation of the particle-forming diblock polymers is mo-
tivated in part by experimental evidence of anomalously long relaxation times observed in
experiments as micellar-forming systems crystallize and melt. It has been known for over
two decades that formation of a BCC crystal can take several days, and some systems may
not crystallize at all.! A particularly notable example of the slow ordering of BCC was ob-
served in experiments of Cavicchi and Lodge.? After first annealing either a poly(isoprene)-b-
poly(styrene) (PI-PS) or poly(ethylene-alt-propylene-b-dimethylsiloxane (PEP-PDMS) sys-
tem for several months to form BCC, the sample was then heated through Topr, with the
anticipated disordering. Subsequent cooling below the ODT restored the BCC ordering, but
at a larger primary peak wavenumber ¢* than the initially annealed sample. Moreover, this

higher ¢* only returned to the annealed value after 100 hrs for the PI-PS sample, and failed



to do so for the PEP-PDMS system after 2 months. Remarkably, the time scale for diffusion
over the unit cell in the latter system is only 10 s,'® two orders of magnitude smaller than
the annealing time and thus indicating that chain diffusion is not the rate limiting factor.?

Diblock copolymer melts that form Frank-Kasper phases and their related quasicrystals,
which possess much more intricate unit cells when compared to BCC, exhibit even more
remarkable dynamical behavior. The most salient examples are the thermal processing of
poly (isoprene)-b-poly(lactide) (PI-PLA) melts.®® When this system with minority block
volume fraction fp; = 0.15 is cooled directly from the disordered state, it first forms BCC and
then ¢ upon further cooling. Rapid cooling of the same polymer in liquid Ny and subsequent
reheating can instead yield a C14 Laves phase.* Remarkably, these systems appear to retain
memory of their crystal structure even after a crystal is destroyed by heating through the
ODT; the value of peak wavenumber ¢* obtained from SAXS from the disordered phase
after melting C14 differs by 15% from that obtained after melting a BCC crystal in the
same system, and this difference was observed to persist for at least 30 min.® Moreover,
C14 re-emerges after slow cooling of a disordered phase that was created by melting C14
back through the ODT.? Similar memory effects were also observed® with a cylinder-forming
PI-PLA system (fp; = 0.2), which produces C15 after thermal processing. *

The experiments of Kim et al.® have thus demonstrated that non-equilibrium values of
q* can persist in the disordered phases for surprisingly long times, of order 103 seconds or
more. Notably, these experiments were performed on systems of relatively low viscosity,
for which the terminal rheological relaxation time appears to be less than one second.®’
This observation indicates that the mechanism by which ¢* relaxes toward its equilibrium
value must be distinct from, and much slower than, the process by which stress relaxes.
Kim et al.® have hypothesized that micellar liquids at temperatures near the ODT might
be able to relax stress via comparatively rapid re-arrangements in micelle positions, but
that changes in ¢* may be controlled by much slower processes that can change the micelle

number concentration by creating or destroy entire micelles.



Patel et al.® have studied dynamics in disordered micellar diblock copolymer melts by
comparing measurements of linear viscoelastic moduli to results of x-ray photon correlation
spectroscopy (XPCS) experiments. These authors studied an asymmetric styrene-isoprene
(SI) copolymer at temperatures slightly above Topr, in a system that forms a hexagonal
phase at T' < Topt. Patel et al.® compared values of a structural relaxation time 7yuc that
characterizes the decay of the X-ray intensity-intensity autocorrelation function g»(q,t) at a
wavenumber ¢ equal to the peak wavenumber ¢* to the terminal rheological relaxation time 7,
obtained from measurements of linear viscoelastic moduli. Strikingly, these authors obtained
values of Tyue that are 1-2 orders of magnitude greater than 7,. Like the experiments of
Kim et al.,’ these experiments thus demonstrated the existence of a structural relaxation
time as detected by a scattering experiment that is significantly larger than 7., though the
disparity appears to be much less extreme than that observed in the experiments of Kim
et al.> Comparison of these experiments is complicated by fact that different properties of
the scattering signal were observed (i.e., relaxation of ¢* vs. an intensity autocorrelation
function), which may be sensitive to different types of structural relaxation.

The relationship between rheology and dynamic scattering has also been explored in
a prior simulation study of disordered symmetric diblock copolymers by Ghasimakhbari
and Morse.?® In that work, MD simulations were used to measure both the stress relaxation
modulus G(t) and the dynamic structure factor S(q,t). Near the lamellar-disorder transition,
the terminal rheological relaxation time 7, was found to be very similar to a structural
relaxation time 7y inferred from the decay of S(¢*,t) at the peak wavenumber. In fact, it was
shown there®® that the behavior of G(t) could be rather accurately predicted by using the
measured behavior of S(g,t) as an input to the Fredrickson-Larson (FL) theory®® of the effect
of composition fluctuations on linear viscoelasticity, while adding a Rouse-like contribution
to G(t) to the contribution arising from composition fluctuations that is predicted by the
FL theory.

In this work, we use molecular simulation in attempt to quantify some of the dynamical



phenomena underlying observations of sphere-forming melts, using well calibrated simulation
models that have been shown to yield universal equilibrium behavior.?64° Simulations and
experiments have complementary strengths and weaknesses. The strengths of simulations
include the ability to measure quantities that are not easily accessible in experiments, the
freedom to vary yN over wide ranges without encountering experimental constraints such
as thermal degradation, and the ease with which one can vary N independently of YN. The
limitations of simulations studies arise primarily from the need to study relatively small

systems over simulation times much less than corresponding times accessible in experiments.

Simulation Method

The methodology of the simulations reported here closely follows that of our previous
work3*35 on analysis of equilibrium properties of sphere-forming systems. All results re-
ported here are obtained from MD simulations of coarse-grained models of highly asymmet-
ric AB copolymers with a soft non-bonded interaction and a harmonic bond potential. All
potential energy parameters correspond to those of models referred to in earlier work® as
models S1 and S2. These are models in which a parameter that controls the strength of
repulsion between A and B beads can be adjusted to vary the effective xy parameter, while
holding all other model parameters constant, and for which the relationship between y and
this adjustable parameter is known from prior work. The two systems considered both have
N = 64 beads per chain and a volume fraction of fg = 1/8, or 8 beads in the minority B
block, but have different invariant degrees of polymerization N = 960 (model S1) and N =
3820 (model S2). We sometimes refer to these two systems by the labels S1-64 and S2-64.
Simulations of disordered phase for each model are performed over a range of y from y =0
(i.e., homopolymer melt) up to values for which an ordered state is stable. Simulations of
the ordered phase are performed using an artificially initialized BCC crystal, in which the

number of molecules is chosen so as to create a unit cell size that corresponds to an estimate



of the equilibrium value at each value of YN, with a 3 x 3 x 3 array of BCC unit cells
(54 micelles), as described in previous work.3435 At conditions near the ODT, resulting sys-
tems contained roughly 6000 molecules for model S1-64 and 9000 molecules for model S2-64,
which were simulated for 1-3 x10® MD steps (exact values are given in the supplemental
information for Ref. 35). Further details of the simulation methodology are provided in the

Supporting Information of this article and in previous related work. 343>

Chain Dynamics: Diffusion and Exchange

In this section, we characterize dynamics of individual chains by measuring tracer diffusivities
and rates of exchange of molecules between micelles. To characterize diffusion, we measure

the average mean-squared displacement
g(t) = (R(7 +t) = R(7)[)

of the center-of-mass R(t) as a function of time separation ¢ and fit the behavior at long
times to the expected linear behavior g(t) = 6Dt for a polymer with diffusivity D. Results
have been measured for both models of interest here over a range of values of YN in both
disordered and ordered phases. Examples of resulting data for g(t) are provided in supporting
information (SI), Figure S1.

Figure 2 summarizes the resulting values for D as a function of the segregation strength
xNg calculated using the minority block degree of polymerization Ng.!6!® The diffusivities
are made dimensionless by dividing them by the diffusivity Dy obtained in a system with
x = 0 or, equivalently, by the tracer diffusivity of homopolymers with the same degree of
polymerization.

Measured diffusivities for both models are nearly independent of yNp at values less
than the value (xNg)2@t at which SCFT predicts an order-disorder transition, and decrease

rapidly with increasing y/Ng at higher values. Previous simulation work has shown that
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Figure 2: Tracer diffusivity of a single chain D normalized by the diffusivity of a homopoly-
mer with the same chain length as a function of the product y/Ng, where Ny is degree of
polymerization of the core block. Circles and diamonds denote the diffusivity for simulations
having N = 960 and 3820 respectively. Open symbols represent results obtained in the dis-
ordered phase and closed symbols represent those obtained in an ordered BCC phase. The
vertical dotted line is the prediction of the ODT from SCFT. The dashed lines are regression
of the ordered state data to Eq. 1. For N = 960, D/Dy = 16.83 exp[—0.4552(xNg)] with a
correlation coefficient of R? = 0.9994, and for N = 3820, D/Dy = 8.914 exp[—0.4552(x Ng)]
with R? = 0.9947.

(xNB)2H approximately corresponds to the CMT, above which micelles appear.33® The
segregation of copolymers into micelles clearly has a profound affect on diffusivity. Crystal-
lization of micelles onto a lattice seems, however, to have no discernible affect; for both values
of N, we find no significant difference between values of D in the ordered and disordered
phases at values of y /Ny for which both phases remain stable over the course of a simulation.
This observation is consistent with the experimental observations of Cavicchi and Lodge, '®
who also found that D is continuous across the ODT.

In more strongly segregated systems, or higher values of YNy, D is well described by an

approximately exponential function of xNg of the form

D
F ~ exp(—AxNB) ) (1)

0

where A is a dimensionless O(1) prefactor, as found in prior experimental work.?1%1® Fitting



of results of simulation of the ordered phase to Eq. 1 yields the fits shown by dashed lines
in Figure 2, with a coefficient of A =~ 0.45 for both models. This value is roughly consistent
with the value of A obtained in the BCC phase for the high molecular weight PEP-PDMS
system studied by Cavicchi and Lodge,'® but substantially less than the value A ~ 1.2
used to fit the experimental data for BCC-forming poly(styrene)-b-poly(2-vinylpyridine)
(PS-P2VP).%16 The higher value of N = 3820 simulated here is comparable to that of
the PEP-PDMS 30-4 system studied by Cavicchi and Lodge,'® for which N = 3770. Hin-
dered diffusion with behavior consistent with Eq. (1) has also been observed previously in
Langevin simulations of individual chains diffusing in a static potential field that approxi-
mates the BCC structure.!” It is gratifying to instead see behavior consistent with that found
in experiments emerge here from direct many-chain simulations of a model in which micelles
can form spontaneously. One important difference between our simulations and experimen-
tal systems, however, is the fact that these simulations use soft pair interactions that allow
polymers to pass through each other, and thus exhibit unentangled Rouse-like dynamics,
while different experimental systems may be entangled to greater or lesser degrees.?

We characterize the exchange of polymers between micelles by measuring the average
number ny(t) of molecules that are in a particular micelle at any time 7 that remain in the
same micelle at a later time 7 4 t. The identification of micelles, and of which molecules
belong to which micelles, is performed using a cluster analysis that was described in our
previous work. 343> We have performed this analysis only in the BCC ordered phase, which
allows for the use of somewhat simplified rules to identify corresponding clusters at different
times. Let 7, denote the average time required to expel any specific polymer from within
a micelle, or the lifetime of a polymer within a micelle. We identify 7., by fitting data for

nr(t) to the functional form

10



in which @ is the average micelle aggregation number for a given value of N and YN, and ¢
is a small constant.

We use a functional form in Eq. (2) that allows ny(t) to approach a small nonzero value
nr(t) — ¢ in the limit ¢ — oo, rather than assuming that nz(t) — 0 in this limit, to account
for the fact that these simulations are carried out on a finite system of micelles with periodic
boundary conditions. In such a system, there is a small but nonzero probability of a polymer
returning to the same micelle even after an infinite delay. This argument predicts a value of
¢ = @Q/ny where ny, = 54 is the number of micelles in a system with 27 BCC unit cells. The
value of ¢ has been adjusted to fit the data, which yields fitted values of ¢ that are similar
to this prediction, but usually 10-30% larger.

In what follows, we non-dimensionalize values of 7., by a characteristic homopolymer

conformational relaxation time38

CN2?
oy (3)
67 ]CBT

To =
in which ¢ = kgT/(N D), where Dy is the measured homopolymer diffusivity for the model
of interest, kg is Boltzmann’s constant, and T is absolute temperature. This is the prediction
of the Rouse model for the terminal relaxation time of the end-to-end vector calculated using
bead friction coefficient ¢ that is inferred from the homopolymer diffusivity.

Figure 3 shows both an example of our analysis of ny, () and a summary of resulting values
for 7., in the BCC phase, normalized by 75. The inset of Figure 3 provides representative
examples of results for ny(t) for N = 960 at several values for YN, in which fits to Eq. (2)
are shown by dashed lines. Corresponding results for ny(t) for N = 3820 are provided in SI,
Figure S2. The main plot in Figure 3 provides the resulting values of 7, as a function of
XNV, shown as solid colored symbols connected by lines. Results for N = 3820 and N = 960
appear in different ranges of values of YN to accommodate the increase in (xN)opr with
decreasing N.

In a melt of strongly segregated micelles, diffusion might be expected to occur primarily

via rare events in which a molecule is expelled from one micelle, diffuses through the A-rich
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Figure 3: Main plot: Normalized chain exchange time 7., /7y vs. segregation strength YN
in simulations of ordered BCC phases, where 7y is the homopolymer Rouse relaxation time.
Solid diamonds and circles indicate measured values of 7, for N = 3820 and N = 960,
respectively. Open triangles show values of 7., that are inferred from values of the tracer dif-
fusivity D by assuming that chains hop between nearest-neighbor micelles. Inset: Examples
of data for the average number of polymers in a particular micelle, ny(t), vs. normalized
delay time t/7y that was fit to obtain measured values of 7. Dashed lines show fits to Eq.

(2).

region, and is absorbed into a neighboring micelle. To test the validity of this picture, we
have considered a simple model in which each molecule can hop randomly from its current
micelle to a micelle which is a nearest neighbor on a BCC lattice, with an average time
Tex between such hops, while assuming a Markov process in which subsequent hops occur
in statistically independent directions. This model gives a diffusivity D = r?/7, in which
r= \/ga/ 2 is the distance between nearest neighbors in a BCC lattice with a cubic lattice
spacing a.

To test the validity of this simple nearest-neighbor hopping model for diffusivity, we have
computed the value of 7., that would be inferred from the value of the tracer diffusivity D
(as determined by measuring mean-squared displacements) while assuming the validity of
this model. Values of 7., that were inferred from the diffusivity are shown as open triangles
in the main plot of Figure 3, while measured values obtained from the time-dependence of
ny(t) are shown as solid symbols. Agreement between measured and inferred values of 7
is excellent for the systems with N = 960 (S1-64) for which the data was taken at higher

values of YN (i.e., in more strongly segregated systems), and still reasonably good for N =
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3820 (S52-64). This agreement indicates that diffusion in the ordered phase is well described
to a first approximation by such a hopping process, particularly at higher values of xN.
Given that diffusivity appears to be unaffected by the appearance of order, we infer that the
diffusivity in the disordered micelle regime is also dominated by hopping between micelles
at conditions near the ODT. In systems with the higher value of N = 3820, and lower values
of YN, the inferred values of 7., are slightly greater than the measured values, indicating
that the measured diffusivity is greater than predicted by this model. This is consistent with
the existence of a small contribution to D by some other mechanism, such as, e.g., hopping
to next-nearest neighbors on the lattice. As y/NV decreases further, and the fraction of free
chains that remain outside of micelles increases, the physical picture underlying our model
is unlikely to remain valid at conditions sufficiently near the CMT. This hopping picture is

clearly inappropriate for states with xN < (xN)cwmr, in which there are no micelles.

Structural Dynamics: Dynamic Structure Factor

In a dense liquid of micelles, the dynamic structure factor provides information about col-
lective structural re-arrangements involving entire micelles. The dynamical structure factor

S(q,t) for a diblock copolymer is defined as an ensemble average*!

Sla.t) = (0" (@0i(a,0) ()

where V' is the simulation volume and ﬁ(q, t) is the spatial Fourier transform of the com-
position field ¥ (r,t) = [ca(r,t) — cp(r,t)]/2, in which ¢;(r,t) denotes the instantaneous
concentration of monomers of type ¢ at time t. Additional details on the computation of
S(q,t) are provided in the Supporting Information. At ¢ = 0, S(q,0) reduces to the static
structure factor measured by elastic small angle x-ray and neutron scattering. The rate of
relaxation of S(q,t) in an isotropic liquid depends on wavenumber ¢ = |q|, and is known

to be slowest for values of ¢ nearest the wavenumber ¢* at which the static structure factor
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Figure 4: Normalized dynamical structure factor at the peak wavenumber S(q*,t)/S(¢*,0)
vs. the normalized time t/7y, where 7y is the homopolymer Rouse relaxation time, for
simulations with N = 960 and three values of yN. Circle and square markers are used to
help distinguish between the different curves and are shown every 2000 data points. The
black dashed line is an example of exponential fit to the initial decay shown for y N = 58.8.

is maximum. The relaxation time of S(q,t) for ¢ ~ ¢* is thus expected to yield a terminal
relaxation time for structural re-arrangements in a micellar liquid.

Figure 4 provides several examples of the normalized dynamical structure factor S(q*,t)
in the disordered phase for N = 960 at several values of yN; similar data for N = 3820
are provided in SI, Figure S3. To obtain a structural relaxation time, we fit the early time
behavior of S(¢*,t) to an exponential decay. As the relaxation time increases with increasing
XN, our results for S(g*, t) become increasingly noisy, making it difficult for us to characterize
the final decay of this function within a feasible computational time at conditions near the
ODT. Our data quality is, however, sufficient to allow us to estimate the time constant for
the initial decay of S(¢*,t) to a factor of 3-5 times less than the initial value S(¢*,0). In
what follows, we use 75 to denote the time constant extracted by fitting this initial decay of
S(q*,t) to an exponential.

Figure 5 summarizes our results for structural relaxation times. For the homogeneous

state, the structural relaxation time is smaller than the self-diffusion time by a factor of three.
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Figure 5: Structural relaxation time 7, for simulations with N = 960 and 3820 normalized
by the homopolymers structural relaxation time 74 (i.e., the value of 74 at YN = 0)). We
find that 7,9 = 0.3347, for N = 960 and 74, = 0.31587, for N = 3820. Green circles and blue
diamonds correspond to N = 960 and 3820, respectively. The dotted vertical line shows the
SCFT prediction for x N at the ODT.

When micelles begin to appear at YN =~ yNSST, the structural relaxation time increases

sharply, with the rate of increase being faster for the larger N. Eventually, the curves in
Figure 5 will be cut off by the ODT and the system should crystallize, as observed previously
for lamellae-forming systems.®® As a result, the structural relaxation time for the smaller
N near its ODT is larger than that for the larger N at its ODT because compositional
fluctuations push the ODT to higher values of YN as N decreases. However, we do not
have a precise measurement of the ODT in either case because we have never observed
crystallization from an initially disordered state for these system sizes.?*3% At best, we have
previously established lower bounds for the ODT at yNopr ~ 44.2 for N = 3820 and
xNopt =~ 63.7 for N = 960 from the melting of initially ordered systems.®® Previous work
indicates that micellar crystals can be only slightly undercooled,***3 suggesting that these
lower bounds may be close to the true ODT.

This behavior of 75 shown in Figure 5 for BCC-forming systems is similar to that observed

in related simulations of compositionally symmetric diblock copolymer melts,?® but with
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somewhat longer time scale. Simulations of lamellar-forming systems yields a value of 7, /79 ~
28 near the ODT in simulations of the compositionally symmetric model S1-16, for which
N = 239. This is a model that is similar in most respects to the asymmetric model with
N = 960 considered here (asymmetric model S1-64), having a B-block of the same length
(8 beads), while differing only in the length of the A block (8 beads for symmetric model
S1-16 rather than 56 beads for the asymmetric model S1-64 studied here). Simulations of
corresponding symmetric copolymers with chains of 32 beads (model S1-32) and N = 478
gave Ty/Tp ~ 25. Given the observed trends, we would expect a slightly smaller value
of 7,/7 for a symmetric copolymer with N = 960. The corresponding value for sphere-
forming polymer with N = 960 near our best estimate of its ODT is 7,/7 ~ 100. For
an experimentally relevant value of N ~ 103, the value of 7, /7y for a BCC-forming system
with fg = 1/8 is thus 4-5 times that of a symmetric polymer with the same value of N.
This difference is notable, but not as dramatic as we one might have thought in light of

much more dramatic differences between lamellar- and sphere-forming systems in the rates

of crystallization and rates of equilibration of ¢* within the disordered phase.

Predicting Micelle Lifetime

Kim et al.® have showed that sphere-forming PI-PLA diblocks prepared by different routes
can show different values of ¢* that persist for surprisingly long times (at least 10% seconds)
even in systems with much shorter rheological relaxation times (less than one second).37
These authors hypothesized that ¢* is controlled by the number concentration of micelles,
and that persistence of non-equilibrium values of ¢* in a liquid might be a result of the rarity
of events that can create or destroy entire micelles.

In this section, we thus attempt to use the information obtained from our simulations to
construct a theoretical estimate of the characteristic time scale for changes in the number of

micelles in a micellar liquid. Changes in the number of micelles can occur either primarily by
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stepwise growth processes, in which micelles are created by stepwise association of unimers
and destroyed by stepwise dissociation, or by micelle fission and fusion. Early analyses of
kinetics in micellar solutions”™ %% focused on the stepwise growth mechanism, and assumed
negligible rates for micelle fission and fusion. A growing body of evidence from experiments
and simulations has shown, however, that fission and fusion sometimes dominate, particularly
in systems of very sparingly soluble surfactants. 315

We cannot be certain which of these two competing mechanisms dominates in the simu-
lation model considered here at conditions near the ODT. Comparison of parameters of the
models considered here with those used in a previous simulation study of the mechanism of

the slow process by Mysona et al.'314

suggests that a stepwise process is more likely. In that
study, the authors compared estimated rates of stepwise association/dissociation processes
to those of fission/fusion processes for micelles of AB asymmetric copolymers with 32 beads
per chain, fg = 1/8 and N = 480 dissolved in an A homopolymer solvent with the same
total number of beads per chain as the copolymer, using simulation models similar to those
considered here but with somewhat shorter chains. They found that stepwise processes ap-
peared to dominate for more weakly segregated systems, with y/Ng < 12, while fission and
fusion dominate for larger values of y/Ng. The systems considered here have yN < 70 at
the ODT, giving values of xNp < 9 throughout the disordered phase. If we assume that
processes that involve a single micelle (i.e., stepwise dissociation and fission) exhibit similar
rates in a dense melt as those found for AB micelles dissolved in A homopolymer at similar
values of Y Ng, then the comparison suggests that stepwise processes are likely to dominate
micelle birth and death within the disordered micellar state of the systems considered here.

In what follows, we consider a stepwise growth model to describe changes in the number
of micelles in a dense micellar liquid. Specifically, we attempt to estimate the average time
it would take an existing micelle to be destroyed by stepwise dissociation in the absence of
fission and fusion, and denote this time 74. Analysis of a stepwise growth model provides

an estimated upper bound for the true micelle lifetime, since we expect the overall lifetime
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to be significantly less than this stepwise dissociation lifetime 74 if and only if fission and
fusion actually dominate the slow process of interest.

Consider a micellar liquid with an equilibrium number concentration ¢, for micellar
clusters of aggregation number n, also known as “n-mers”. In a system with well defined
micelles, ¢, has a maximum at some equilibrium aggregation number n, and a minimum
at a transition state value ng, such that c,, > c,,. This is the behavior observed for both
of the models studied here at conditions near the ODT in our earlier work on equilibrium
properties.?+3% Let W, denote a corresponding formation free energy, defined such that

~Wp/ksT

cn(r) o e . The thermodynamic barrier to stepwise dissociation is given by the free

energy

AWy =W, —W,. =kgT ln(cne/cnt) (5)

required to “shrink” a micelle from the most probable value n. to the transition state value
ng via a sequence of stepwise expulsion events. The distribution of cluster sizes required to
compute this quantity is known for both models of interest from our previous work. 343
We consider a stepwise growth model in which the aggregation number of each micelle
changes via a Markov chain of insertion and expulsion events. Let r~ denote the rate for
expulsion of any chain from an (n + 1)-mer to create an n-mer. The corresponding rate r;
for insertion of one chain into an n-mer is related to this expulsion rate by the principle of
detailed balance, which requires that r;, ¢,.1 = r¢,. For simplicity, and in the absence of
data that would allow use of a more accurate treatment, we consider a model in which r, is

given by a constant r~ that is independent of n, which we approximate by

rm=Q/Tex (6)

where 7, is the average time before any specific polymer in a micelle would be expelled, and
@ is the average aggregation number.

The micelle dissociation lifetime 74 predicted by this model can be approximated in the

18



13,14,44

limit of a large dissociation barrier as a product

2M0.0¢

Tq ~ exp (AW, /kgT) . (7)

Here, o, is the width of the peak in ¢, near the value n = n, at which ¢, is maximum,
defined as a standard deviation, while oy is the corresponding width of the peak in 1/¢, vs.
n near the transition state value n = n; at which ¢, is minimum.

Values for the quantities @, exp(AW,/kgT), 0. and oy can be obtained from an analysis
of the equilibrium distribution of cluster sizes. Values for the fraction x,, of chains in clusters
of aggregation number n, or n-mers, have been obtained in a previous study of equilibrium
properties of the two models studied here.?> These can be converted into estimates for the
number concentration ¢, of n-mers, for which ¢,v. = x,/n, where v, is the average volume
per chain. The exponential factor is simply given by the ratio exp(AWy/kgT) = ¢,./cp, of
the local maximum and local minimum values of ¢,. The average micelle aggregation number
() may be adequately approximated by the most probable aggregation number n,. Values of
0. and oy have been estimated by fitting the behavior of ¢, near n, and the behavior of 1/¢,
near ng to a Gaussian distribution. An estimate of 74 may thus be obtained by equilibrium
data with a measurement of the exchange time 7.

For concreteness, we focus on the behavior of a system with N = 960 at a value of
YN = 68.5 near its estimated ODT. A plot of ¢, vs. n for this system is given in SI, Fig. S4.
For this system, we estimate 7., /79 =~ 90, and examination of the cluster size distribution
yields exp(AWy/kgT) = ¢, /cn, =~ 273, Q ~ 100, and o, ~ 17, oy ~ 8. Using these values in

Eq. (7) yields an estimated micelle dissociation time

Ta/To ~ 2 x 10° . (8)

This estimate is more than 3 orders of magnitude greater than the structural relaxation time

7s/To =~ 100 obtained for this system by examining the initial decay of S(q*,t).
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Slowly evolving fluctuations of ¢* that are related to slow changes in micelle number
concentration might be expected to create a weak, very slowly decaying tail in both the
intensity autocorrelation function and S(q,t) at long times. The strength of the resulting
feature might be expected to be particularly small, however, for ¢ near the value ¢* at which
S(q,t) is maximum, for which the change in intensity associated with a change in ¢* would
vanish to first order in an expansion in the change in ¢*. In light of the limited length
of our simulations, and of the large statistical fluctuations observed in our measurements of
S(q*,t) near the ODT, we think it is unlikely that we would have been able to observe such a
feature if it does exist, particularly if the time over which ¢* fluctuates is indeed comparable
to the value of 74 predicted above. We thus believe that our simulations do not rule out
the possible existence of a very slow relaxation mechanism that would not be detectable in
computationally feasible measurements of S(q,t).

In previous work on equilibrium properties of the models considered here, an analysis
of clusters formed in the melt showed that equilibrated melts exhibit frequent formation
and destruction of very narrow, short-lived “bridges” or “throats” of core block material
connecting neighboring micelles.®® We have not, however, seen any evidence of irreversible
fusion of small clusters into larger clusters via the formation these transient bridges. Instead,
the bridges between micelles that we observed all appeared to break shortly after they
were formed, rather than leading to formation of long-lived large clusters. We thus do not
think that our previous observation of very short-lived bridges between micelles necessarily
indicates that fission and fusion must dominate the slow process, or that these bridges
represent an effective pathway for micelle fusion. Instead, as already noted, comparison with
a previous simulation study of the slow process of copolymer micelles in a homopolymer

13,13 instead indicates that stepwise processes are likely to dominate in the disordered

matrix
phase at YN ~ (xN)oprt-
The fact that the above estimate of 74 is much greater than the measured value of 7

establishes the plausibility of the physical picture proposed by Kim et al.,® in which the slow
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relaxation of non-equilibrium values of ¢* in disordered systems with N ~ 10% near the ODT
is controlled by very slow changes in micelle number concentration.

Any attempt to more quantitatively compare our simulation results to experiments would
be complicated by the fact that different physical quantities have been measured in different
studies, and by differences in values of fz and N used in different studies. Specifically,
comparison to analyses of experiments that compare scattering and rheology measurements®
is complicated by the fact that we have not measured the stress relaxation modulus in these
simulations. The simplest view of the relationship between scattering and rheology would be
to assume that the terminal rheological relaxation time 7, and the time 74 associated with
the decay of S(¢*,t) are both controlled in a liquid of long-lived micelles by a characteristic
time scale for local structural re-arrangements, and that these two relaxation times should
thus be similar. This picture is consistent both with the behavior of dense simple liquids,

38 in which both relaxation

and with the results of simulations of lamellar diblock copolymers
times were measured. This picture is not, however, compatible with the results of Patel et
al.,% who instead obtained a structural relaxation time from XPCS experiments on melts
of asymmetric diblock copolymers that exceeds 7, by 1-2 orders of magnitude. We remain
unsure of the physical reason for this observation by Patel et al.® We note, however, that if
the terminal rheological relaxation time for the simulation model analyzed here actually is
substantially less than the structural relaxation time 7y measured here, that would imply a
value for the ratio 74/, that is substantially larger than the value of the ratio 74/7 that
we attempt to predict here. Any such increase in the estimated value of 74/7, would thus

bring our analysis of micelle lifetime into closer agreement with observations by Kim et al.,?

which suggest the existence of an extremely large value 74/7, near the ODT.
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Conclusions

Extensive molecular dynamics simulations have been used to quantify rates for several dy-
namical processes that occur in disordered melts of sphere-forming diblock copolymers near
the ODT.

Measurements of tracer diffusivity shows a dependence on x NV consistent with that seen in
experiments. Nearly equal diffusivities are obtained in disordered and ordered phases at equal
values of x NV under conditions near the ODT for which both phases can be observed. Analysis
of the relationship between diffusivity and rates of expulsion of polymers from micelles
confirm that, near the ODT, diffusion occurs primarily by random hopping of polymers
between neighboring micelles.

Structural relaxation has been probed by examining the decay of S(q,t) for ¢ ~ ¢*, which
we use to define a structural relaxation time 7. For a model with a value of N ~ 10% com-
parable to typical experimental values, the ratio of 74 to the homopolymer Rouse relaxation
time 7y reaches a value of 7;/79 ~ 100 near the ODT. This value of 7;/7 near the ODT
is roughly 4 times greater than that observed in previous simulations of symmetric diblock
copolymers with similar values of N near the disordered-lamellar transition. Symmetric and
highly asymmetric copolymers thus both show a signficant decrease in rates of structural
relaxation with increasing yN near the ODT. The relatively modest difference in the extent
of this decrease, as characterized by the value of 7,/7, does not, however, appear to us to
be sufficient to explain some of the dramatic reported differences in rates of crystallization
and structural relaxation observed in lamellar and sphere-forming systems.

One of the most surprising experimental observation involving sphere-forming diblock
copolymers is the observation by Kim et al.® of very long-lived differences in values of ¢* in
disordered phases that were created by melting different ordered structures. In an attempt to
understand this, we used information from our simulations to estimate the micelle lifetime,
using a simple model of stepwise micelle dissociation. When applied to a system with

N ~ 103, this model was found to predict a micelle lifetime near the ODT that is 3 orders of
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magnitude greater than the relaxation time 73 obtained from S(q*,¢). This estimate provides
support for the proposal of Kim et al.,> who hypothesized that the very slow relaxation of
q* observed near the ODT may be controlled by the rate of very slow changes in the number

concentration of micelles.
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I. METHODS

The methodology used here follows closely from our previous work [1, 2]. Briefly, we have
leveraged two existing models for diblock copolymer melts, referred to as S1-64 and S2-64
in Ref. 3. In the simulation presented here, each chain contains 64 beads, with 56 A beads
with 8 B beads, giving a minority block volume fraction fg = 1/8. Consecutive beads are

connected by harmonic bonds with a bond potential
K
Viena(r) = 572 (5-1)
with spring constant x. All pairs of beads of monomer types 7 and j interact via a non-
bonded potential of the form
y 2
Vir) =2 (1-2) (5-2)
for r less than a cutoff length o, and V;;(r) = 0 for r > . The parameter ¢;; governs the
repulsion between beads of type ¢ and j, with eapn = egg = 2bkgT’, where kg is Boltzmann’s

constant and 7" is the absolute temperature. The parameter

_ EAB — €AA i
a = T (S-3)

controls the tendency to phase separate. For models S1 and S2, values of the spring constant
r and pressure P in constant pressure simulations have been tuned in Ref. 3 to produce
invariant degrees of polymerization N = 960 (for model S1) and N = 3820 (for model S2).
Moreover, the relationship between the input parameter o and the effective Flory-Huggins
parameter x has been determined for these models fitting the structure of the disordered
state to the renormalized one-loop theory [3, 4]. As a result, we are able to leverage the
parameters of Ref. 3 to produce simulation data at two different values of N, and plot results
as functions of Y N.

Simulations were performed in the NPT ensemble using a Martyna-Tuckerman-Tobias-
Klein barostat-thermostat [5, 6] using HOOMD-blue [7, 8]. The number of chains in each
system were selected to match, as closely as possible, the preferred number to create a 3 x
3 x 3 BCC system, following the detailed discussion in the supporting information of our

prior work [1, 2]. To study dynamics of the ordered state, a guiding field was applied to

* dorfman@umn.edu

T morse012@umn.edu
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promote chain aggregation into micelles at the BCC lattice positions. The guiding field was
only used to create an ordered initial state, and then removed. The system sizes, o values,
number of molecules, and the number of time steps for each simulation are reported in the

Supplementary Material of Ref. 2.

To determine the exchange time for a micelle, we first identified isolated micelles using
the cluster identification algorithm reported in our prior work [1]. Then, using the positions
of these micelle singlets, we map micelles from a sampled configuration at time ¢ to a
configuration at a time ¢ + At and count the number of chains ny(t) that were retained. If
fluctuations in the micelle position relative to its BCC lattice site results in collision with a
neighboring micelle to form a multiplet at time interval At, that micelle is discarded from
the analysis. Throughout this analysis, we keep track of the number n,(¢) of labelled chains
retained within the micelle after a specified time interval ¢, and average this quantity over

all micelle singlets and all initial times.

II. POLYMER MEAN-SQUARED DISPLACEMENTS

Figure S-1 shows examples of results for mean-squared displacement ¢(t) of the polymer

center of mass vs. time for simulations with both values of N considered in this work.
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FIG. S-1. Mean-squared displacement g(t) vs. time ¢ for simulations having N = 960 (left) and N
= 3820 (right). Values for g(¢) and time ¢ in these plots are shown in simulation units of length
and time in which the range of interaction o, the thermal energy kg7 and the monomer or bead

mass my, are all taken to unity, i.e., in which ¢ = kT = my, = 1. The corresponding unit of time

is on/my/kpT.

III. CHAIN EXCHANGE

Figure S-2 shows examples of results for the number ny(¢) of chains that are in a micelle
at time ¢ = 0 that remain in the same micelle after time ¢, from simulations of the ordered
phase of systems with N = 3820. The dashed lines in the plot are the fits to an exponential
decay

ni(t) = Qexp (=t/7ex) + ¢

from which we have extracted values for 7, for each value of yN. Analogous data for

systems with N = 960 are shown in the inset of Fig. 3 of the main text.

IV. DYNAMIC STRUCTURE FACTOR

To obtain the dynamic structure factor, we define the composition field ¥(r,t) at a

position r and time ¢ as
ca(r,t) — cp(r,t)

¢(r’t) = 9 )

(S-4)
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FIG. S-2. Number of labeled chains np,(t) retained in a micelle vs. the normalized time delay t/79,
in the ordered phase of systems with N = 3820. The dashed lines show fits to an exponential

decay.

where ¢;(r, t) is the instantaneous concentration of particle type i. The Fourier transform of

this concentration field can be expressed as

~

¥(q,t) = /d?’r e (v, t) (S-5)

and can therefore be calculated as

dat) =5 e (5-6)

J
where j is a particle index, r; is the position of particle j and ¢; is +1 for particle type A
and —1 for type B.

The dynamic structure factor S(q,t) is then defined as the autocorrelation function of

~

¥(q, 1),

Stat) = (" (@0i(a,0) (57)

where V' is the volume of the simulation box and 1[1* is the complex conjugate of 1[1 For
a disordered phase, where there is no preferred direction, S(q,t) should be a function of
the scalar wavenumber ¢ = |q| and time ¢. The static structure factor of the melt can be
directly be obtained from equation S-7 by setting ¢t = 0.

The structural relaxation time for a given wavenumber ¢ is then calculated by fitting the

initial decay of the autocorrelation function S(g,t) to an exponential function. It has been
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FIG. S-3. Normalized dynamical structure factor S(¢*,t)/S(¢*,0) at the peak wavenumber ¢* vs.
normalized time ¢/7y, where 7y is the homopolymer Rouse relaxation time, for simulations having
N = 3820 and three different values of yN. Circle (xN = 34.8) and square (xN = 37.2) markers
are used to help distinguish different curves, but are not shown every data point: circles are shown
every 2000 data points and squares are shown every 1000 data points. The black dashed line is an

example of exponential fit to the initial decay shown for y N = 37.2.

shown that the maximum structural relaxation time or the terminal structural relaxation
time 7, corresponds to the value extracted from the dynamical structure factor S(g*,t) where
q* is the peak wavenumber [9].

Figure S-3 shows the decay in the normalized dynamical structure factor S(¢*,t)/S(¢*,0)
with respect to the normalized time t/7y at different values of yN for simulations having

N = 3820. Similar data for N = 960 appear in the main text.



V. CLUSTER SIZE DISTRIBUTION

Figure S-4 shows the normalized number concentration ¢, of clusters of aggregation num-
ber n for YN = 68.5 and N = 960 that was used in the estimate of micelle dissociation

lifetime presented in the main text.
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FIG. S-4. Normalized concentration of clusters c,v. of aggregation number n vs. n for YN = 68.5
and N = 960. Here ¢, is the number concenteration of micelles and v, is the average volume per

chain.
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