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ABSTRACT: We report an extensive computational investigation on the dynamics of a simple bead-spring
model for melts of diblock (AB) copolymers. Monomer displacements, end-to-end and bond reorientations,
as well as relaxation of chain normalmodes, are characterized both in the homogeneous phase and in the limit
of strong segregation. In the latter case, the B-blocks are aggregated into “micellar-like” spherical domains.
We investigate the case inwhich theB-homopolymer exhibits amuch higher glass transition temperature than
the A-homopolymer, and thus an intrinsically much slower mobility. In such conditions, the interplay
between a strong interfacial barrier suppressing diffusion and a highly mobile surrounding corona induces a
soft confinement effect on the B-blocks forming the spherical cores. The spontaneously formed spherical
phase is highly polydisperse in the micellar aggregation number. However, this is a minor source of dynamic
heterogeneity in comparison to the specific location of themonomer along the chain. The time scales for bond
reorientation exhibit extreme differences between bonds close to the micellar interface and those close to the
chain ends. The comparison of orientational correlators and normal modes for the B-component in the
diblock system and in the homopolymer state reveals scaling behavior. Results are rationalized within the
Rouse model, for intermediate time scales not probing the interface, through a change in the effective friction
with the temperature and the energy scale of the A-B interaction.

I. Introduction

Self-assembly of block copolymers is one of the most active
fields of research in soft matter systems.1-6 In concentrate
solutions and melt states, block copolymers of thermodynami-
cally immiscible components can exhibit microphase separation
into domains rich in one component and poor in the other. These
domains can be arranged in ordered periodic structures. The
transition from the disordered to the ordered state and between
the different orderedmesophases can be easily tuned by changing
control parameters as temperature, chain length, or monomer
fraction of each component. For the most simple case of diblock
copolymers, the equilibrium ordered phases include,1-9 for
increasing asymmetry in the composition, planar lamellae, hex-
agonal arrays of cylinders, and bcc lattices of “micellar-like”
spherical domains (in the following, we will refer to the spherical
domains as “micelles”). A bicontinuous gyroid structure10 can
also exist in reduced regions of the phase diagram between the
lamellar and cylinder phases. Ordered mesophases of block
copolymers have numerous advanced technological applica-
tions,11 as membranes, photonic materials or templates for
nanostructured systems.

Much of the theoretical and experimental effort dedicated to
block copolymers have focused on their phase behavior
and structural properties (see, e.g., the extensive reviews in refs
1, 7, 8, and 12). Concerning dynamic features of diblock
copolymers,13-16 most of the investigations in inhomogenous
phases have focused on the lamellar structure.17-34 A general
observation around the order-disorder transition is a bifurca-
tion of the diffusivity into two components parallel and per-
pendicular to the lamellar planes. It is worthy of remark that this

bifurcation is apparently not accompanied by a discontinuity in
the diffusivity around the order-disorder transition. For the
case of nonentangled chains, diffusion in the lamellar phase is
strongly anisotropic, with a strong reduction of the perpendi-
cular component.18,27-29 On the other hand, for entangled
chains differences between perpendicular and parallel diffusiv-
ities are strongly reduced.19,20,22,30 Concerning the local orien-
tational relaxation in the mobile block of lamellar phases with
large dynamic separation between the two components, strong
dynamic heterogeneity (gradient of mobility) is usually invoked
to understand the observed broad distributions of relaxation
times33.

Dynamic features in cylinder,23,35-37 gyroid,31,35 and spherical
micellar phases38-45 have received much less attention. In the
spherical case the interface forms a finite closed surface for the
minority component. The interfacial barrier induces a dramatic
reduction of the total diffusivity D in comparison to that in the
absence of any interactions, D0. Thus, the ratio D/D0 shows an
exponential reduction by increasing the chain length and the
energy scale of the cross-interaction.39,41,42,44,45 In this situation,
the minority blocks are confined within the micellar cores for
extremely long time scales, and chain diffusion esentially occurs
through hopping events with large activation energies.

Because of the long time scales involved for global diffusion
(in spherical micellar phases) or for diffusion along specific
directions (in lamellar and cylinder phases), the dynamics in
diblock copolymers at more local scales (including segmental
dynamics and chain end-to-end reorientation) show connections
with the problem of dynamics in confined systems.When the two
homopolymers forming the diblock exhibit similar intrinsic
mobilities (i.e., similar glass transition temperatures), the cou-
pling between the two blocks in the homogeneous phase is not
expected to induce relaxation time scales very different from*Corresponding author. E-mail: wabmosea@ehu.es.
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those of the homopolymers. Thus, one expects that in the
inhomogeneous segregated phase, dynamic differences with the
homopolymer state are esentially driven by the interfacial barrier
and/or confinement effects.

A different situation can be found if the two components have
very different glass transition temperatures in the homopolymer
state, and in particular for spherical phases in which the fast and
slow component correspond respectively to the micellar corona
and core. In this case one may expect that the large difference in
the intrinsicmobilities of the two components plays an additional
role. Strong fluctuations of the interface are now expected due to
the highmobility of the coronamonomers, so that themonomers
at the core experience a sort of “soft” confinement, different from
the usual “hard” confinement induced by static walls or stiff
interfaces.

A realization of this physical picture has been obtained by
Lund and co-workers46, in recent experiments by dielectric
spectroscopy on melts of asymmetric diblocks of poly-
(isoprene)-poly(dimethylsiloxane) (PI-PDMS). In the investi-
gated ordered phases the PI- andPDMS-blocks form respectively
themicellar core and corona. The glass transition temperatures of
the corresponding homopolymers areTg≈ 207K for PI andTg≈
147 K for PDMS. As a consequence, the two homopolymers
exhibit very different relaxation time scales (PI being much
slower) at the temperatures of the experiment (T ∼ 240 K). In
the micellar phase the PI-blocks exhibit a faster time scale, in
comparison to PI-homopolymers with the same molecular
weight. This is the case both for the segmental R-relaxation and
for the reorientation of the end-to-end vector.46 The observed
broader relaxation profile for the PI-blocks in the micellar phase
also suggests a broader distribution of relaxation times in
comparison to the PI-homopolymer.

In this article, we present a thorough characterization of local
relaxation features associated with the former scenario of soft
confinement. We have investigated, by means of molecular
dynamics simulations, a simple bead-spring model for diblock
copolymer melts in the disordered homogeneous and spherical
micellar phases. In particular, we have simulated diblock systems
for which the corresponding homopolymers show very different
intrinsicmobilities.The slowand fast homopolymers correspond,
in the diblock system, to the blocks forming respectively the
micellar core and corona. In thisway the general conditions of the
micellar systemswith soft confinement aremimiced in the present
model. We compute correlators probing translational and
orientational dynamics. The effect of the distance to the interface
is characterized by investigating the dependence of the former
correlators on the specific location of the monomers along the
blocks. This analysis reveals a strong dynamic heterogeneity for
bond reorientation. The role of themicellar size polydispersity on
dynamic heterogeneity is also studied. Finally, we discuss the
limits of applicability of the Rouse model for the blocks in the
micellar cores. The analysis of the chain normal modes (Rouse
modes) suggests that the Rouse model is still a good physical
picture for intermediate time scales not probing the interface.

The article is organized as follows. In section II, we describe the
investigated model and give simulation details. Static properties
and dynamic correlators are presented respectively in sections III
and IV. Dynamic features of the chain normal modes are
discussed in section V. Conclusions are given in section VI.

II. Model and Simulation Details

We have performed molecular dynamics simulations of a
system of Ncha = 1050 identical bead-spring diblock chains.
The blocks consist of NA = 61 A-monomers and NB = 9 B-
monomers.Thus, the fractionofB-monomers in the system is fB=
0.13, for which a spherical micellar phase is expected in the

ordered state.1,7,8 For simplicity the mass of both types of
monomer is set to m=1. For comparison with the dynamics in
the homopolymer case we have also simulated two pure systems
of A- and B-chains. The A-homopolymer consists of 1205 chains
of 61 A-monomers. For the highest investigated temperature T=
0.22, the B-homopolymer consists of 8167 chains of 9 B-mono-
mers. The latter exhibits, at a same temperature, a much slower
relaxation than the other investigated systems (see below). For
this reason we use, for T=0.08 and T=0.12, smaller systems of
600 chains for the B-homopolymer. All simulations are per-
formed at fixed density of monomers F=1.0. This density in
bead-spring models qualitatively corresponds to melt densities
in real polymers47.

The interaction between any two given monomers of the
species R and β ∈{AB} is given by a shifted Lennard-Jones
potential:
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for r< rc andVRβ(r)=0 for rg rc. By taking a value rc=21/6σRβ,
potential and forces are continuous at the cutoff distance. More-
over the potential is purely repulsive and has no local minima.
Thus, for a pure system it drives dynamic arrest only through
packing effects. In addition to the Lennard-Jones potential, two
connected monomers in a same chain interact through a finitely
extensible nonlinear elastic potential (FENE)47:
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withKF=15 andR0=1.5. The sum of the potential (2) with such
parameters and the potential (1) yields an effective potential
between connected monomers which shows a sharp minimum at
r=0.96σRβ and guarantees chain uncrossability.47

For simplicity we use identical interaction diameters σAA=
σBB=σAB=1.We use the energy scales ɛAA=0.35 and ɛBB=1 for
the self-interactions of the two components. For these selected
values, the two homopolymers show very different relaxation
time scales at fixed density and temperature (see below). In other
words, they have very different glass transition temperatures. In
particular, the homopolymer forming the micellar core (B)
exhibits a much slower dynamics than the homopolymer forming
the micellar corona (A). We investigate dynamic features for
different values of the cross-interaction energy scale, ɛAB, probing
both the homogeneous and strongly segregated limits. Namely,
we obtain an homogeneous phase for ɛAB=0.5, while for ɛAB=2
and 9, the system forms an inhomogeneous phase of spherical
micelles (see below).

In the following, temperatureT, monomer density F, time t and
distance will be given respectively in units of ɛ/kB (with kB the
Boltzmann constant), σBB

-3, σBB(m/ɛBB)
1/2, and σBB. Cubic

periodic boundary conditions are implemented. Equations of
motion are integrated in the velocity Verlet scheme48. For the
diblock system and for the B-homopolymer we use a time step of
δt=3�10-3 at T=0.22, and δt=4�10-3 at T=0.12 and 0.08.
For theA-homopolymerwe use δt=5�10-4 atT=0.22, and δt=
1� 10-3 at T=0.12 and 0.08. Computation time is reduced by
using a linked-cell method48 for calculation of interparticle
distances within interaction ranges.

The system is prepared by placing and growing the chains
randomly in the simulation cell, with a constraint that avoids
initial overlap of monomers within distances r< 0.8. The initial
monomer density is F=0.5. Equilibration consists of a first run
where the cell is rescaled periodically by a factor 0.99 < f < 1
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until the target density F=1.0 is reached, and a second isochoric
run at F = 1.0. Thermalization at the target temperature is
achieved by periodic velocity rescaling. We consider that equili-
bration is reached when thermodynamic quantities as pressure or
potential energy show no drift, and when relaxation of dynamic
correlators does not depend on the selected time origin. Once the
system is equilibrated, a microcanonical run is performed for
production of configurations of the system, fromwhich static and
dynamic correlators are computed. For each state point, the latter
are averaged over typically 20 equispaced time origins.

III. Static Properties

We compute radial distribution functions for static pair
correlations. In a first step they are normalized so that their
3-dimensional integral over a sphere of radiusRs is equal to ns/FR.
Here FR is the macroscopic density of R-monomers, and ns is the
number of β-monomers within the former sphere, centered
around an R-monomer (R, β ∈ {A,B}), with the R-β pairs
following the considered correlation (e.g., intrachain, interchain
or total). Figure 1 shows results for the intrachain radial
distribution function, gAA

inta(r), for correlations between pairs of
A-monomers belonging to a same chain, and averaged over all
the chains in the system. Data are shown for all the values of the
cross-interaction energy ɛAB. Results for the A-homopolymer are
also included for comparison. The normalization described
above is not still adequate for a proper comparison between the
homopolymer and the diblock system. This is only achieved after
rescaling the gAA

inta(r) of the homopolymer (computed with the
mentioned normalization) by a factor (Ncha

homNA- 1)/(Ncha
dibNA- 1),

whereNcha
hom andNcha

dib are respectively the number of chains in the
homopolymer and diblock system. Numerical data in Figure 1
follow this procedure. The coupling between A- and B-blocks
only induce weak perturbations of the correlations observed for
the A-homopolymer (note the logarithmic scale in the ordinate
axes of Figure 1). Namely, A-blocks exhibit stretching at large
scales (r J 6). The observed weak differences are consistent with
the computed values of the average end-to-end radii of the
A-blocks (Ree ≈ 9.7) and the corresponding A-homopolymers
(Ree ≈ 8.7). Similarly, we have computed gBB

inta(r) (not shown). In
this case differences between the B-blocks and the B-homopoly-
mer are negligible.

Figure 2 shows results, for cross-interaction ɛAB = 0.5 at
different temperatures, of the interchain radial distribution func-
tions gAA

inter(r), gAB
inter(r) and gBB

inter(r). The latter are computed for,
respectively, A-A, A-B, and B-B correlations between mono-
mers located at distinct chains. A rapid oscillatory decay to the
limit gRβ

inter(rf¥)=1 is observed, as expected for a homogeneous
phase with no long-range order. As usual, the growing of the
first maximum by decreasing T is a signature of increasing order
in the scale of nearest-neighbor distances. We also include

(bottom panel) the corresponding gBB
inter(r) for the B-homopoly-

mer at T=0.22. For an adequate comparison of short-ranged
correlations in the homopolymer and the diblock system at the
same T=0.22, the inset in the bottom panel shows the same data
for r < 3.5, but now gBB

inter(r) for the B-homopolymer is rescaled
by a factor. This factor is so that the 3-dimensional integral of
gBB
inter(r) from r=0 to the second minimum becomes equal in the
homopolymer and in the diblock. From this comparison, we
observe that B-B interchain correlations of the homopolymer
are just moderately perturbed, with increased disorder, in the
homogeneous diblock phase.

Figure 3 shows the same functions of Figure 2 for the case
ɛAB = 9. Rather different features are observed. Thus, the
interchain radial distribution functions gAB

inter(r) and gBB
inter(r)

exhibit now strong oscillations of large wavelength (see the
minima and maxima at r≈ 9 and r≈ 16), which are in antiphase
for A-B and B-B correlations and do not decay within the
simulation cell. This feature suggests a microphase separation
into strongly segregated domains rich in A- or B-monomers. The
absence of strong oscillations in gAA

inter(r) at long distances (see top
panel) suggests that the A-domains form a connected structure,
which strongly smooths the A-A correlation holes induced
by the B-domains. Likewise, the results displayed for gAB

inter(r)
and gBB

inter(r) suggest that the B-monomers are arranged in

Figure 1. Radial distribution function forA-A intrachain correlations
atT=0.08.Data are given for theA-blocks, at all the investigated values
of ɛAB, and for the A-homopolymer.

Figure 2. For ɛAB=0.5, T-dependence of radial distribution functions
for interchain correlations (top, A-A; middle, A-B; bottom, B-B).
The bottom panel also shows the corresponding results for the
B-homopolymer at T=0.22. The inset displays the same data sets at
short distances, though now data for the B-homopolymer are rescaled
for comparison with the diblock system at T=0.22 (see text).
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disconnected domains, leading to a spherical micellar phase. On
passing, we note that short-ranged B-B interchain correlations
in the micellar cores are, as in the homogeneous phase, rather
similar to those of the B-homopolymer at the same T (see inset in
the bottom panel).

The arrangement of the diblock chains in a spherical micellar
phase for ɛAB=9 is confirmed by representing snapshots of the
micellar cores.Wedefine amicellar core as the set ofB-monomers
belonging to a same cluster of chains. The used criterium for
clustering is that two distinct chains i and j belong to a same
cluster if there is at least oneB-monomer of i at a distance r< rmin

from at least one B-monomer of j. For the case ɛAB=9, we take
the value rmin=1.5,which corresponds to the firstminimum in the
interchain radial distribution function gBB

inter(r) represented in
Figure 3. In Figure 4, we show a typical snapshot of all the
micellar cores in the simulation cell for ɛAB=9 and T=0.08. For
clarity, we just represent the positions of the centers-of-mass of
the B-blocks. The cores are not arranged in an ordered structure.
Since the expected equilibrium structure is a bcc lattice, the
obtained phase is, in principle, metastable (see below). The
spontaneous formation of a crystalline lattice of spherical micelles
in simulation time windows is difficult even for semiconcentrate
solutions49, and would involve prohibitive time scales for melt
densities as in the present case. Having said this, we believe that

the presence or absence of long-range order does not have major
effects on the local dynamics of the B-monomers in the cores,
which are in principle dominated by short-range confinement
effects induced by the interface and by fluctuations of the latter.
Thus, we believe that the qualitative dynamic picture presented in
this work is also valid for the ordered bcc phase.

In order to demonstrate the metastability of the obtained
micellar phase, we compute the distinct part of the van Hove
correlation function for monomers located at different chains.
Figure 5 displays results for A-B and B-B interchain correla-
tions at fixed ɛAB=9 and T=0.22, for several times from t=0 to
the limit of the simulation window. As usually observed in glass-
forming liquids, structural relaxation leads to the decay of static
correlations at short length scales. However no signature of
relaxation occurs for correlations observed at larger scales r J
5, which probe the microsegregated domains. Similar results (not
shown) are obtained for ɛAB = 9 at the other investigated
temperatures, and also at all temperatures for the case ɛAB=2.
From these observations, we conclude that the spherical micellar
phase is metastable at least within the simulation time scale.

A total of 27 micelles are identified in the simulation cell
according to the criterium introduced above, with an average
aggregation number of Ænaggæ = 38.9 chains per micelle. The
aggregation number is strongly polydisperse (see also below),
with a large standard deviation, (Ænagg2æ - Ænaggæ2)1/2=22.5. This
strong polydispersity in the spontaneously formedphase is not, in
principle, expected for the equilibrium crystalline phase. Having
noted this, we will demonstrate in section IV that polydispersity
in themicellar size is just aminor source of dynamic heterogeneity
for relaxation of the B-blocks.

Themicelles donot change their identity during the production
runs. More specifically, no micellar fusion/fision or chain
exchange is observed, and the set of chains associated with a
givenmicelle (i.e., belonging to a same cluster as explained above)
is unchanged. Thus, chain diffusion is suppressed in the time scale
of the simulation and the B-monomers are effectively confined
within the micellar cores.

Figure 3. For ɛAB=9,T-dependence of radial distribution functions for
interchain correlations (top, A-A; middle, A-B; bottom, B-B). The
bottom panel also shows the corresponding results for the B-homo-
polymer at T=0.22. The inset displays the same data sets at short
distances, though now data for the B-homopolymer are rescaled for
comparison with the diblock system at T=0.22 (see text).

Figure 4. Typical snapshot of the simulation cell for ɛAB=9 and T=
0.08. Note the periodic boundary conditions. The cell axes are repre-
sented for clarity. The spheres represent the positions of the centers-of-
mass of the B-blocks. Different micellar cores are represented with
different colors.
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In order to obtain a qualitative characterization of the size and
shape of eachmicellar core, we compute the inertia axes of the set
of B-monomers directly linked to the A-blocks of the chains
constituting themicelle. Figure 6 shows the results of this analysis
for ɛAB=9 and T=0.22. In panel a, we represent the major
(Dmax), middle (Dmid), and minor (Dmin) axes of the 27 micellar
cores in the system.Micelles are labeled by increasing order of the
major axis and identical labels in the other panels of Figure 6
correspond to the samemicelle. The numerical values represented
in panel a are averages over 20 different configurations at
equispaced times. Panel b shows the corresponding standard
deviations. The ratios Dmax/Dmin and Dmid/Dmin are represented
in panel c. Finally, panel d shows the aggregation number of each
micelle. As mentioned above, the latter is strongly polydisperse,
with values from3 to 89 chains.As expected, the size of the inertia
axes, typically between 6 and 8 for Dmax, exhibits a clear
correlation with the aggregation number. However, no correla-
tion is apparently observed for the standard deviation of the
inertia axes. Panel c shows that the shape of the micellar cores is
close to the ideal spherical case. Thus, typical values of the ratio of
the major over the minor axis are smaller than 1.2. Results at
lower temperatures for the quantities displayed in panels a-d
show similar values.

IV. Dynamic Features

A. Orientational Dynamics. In this section we characterize
the relaxation of several dynamic correlators probing the
dynamics within the micellar cores, as well as the mobility of
the interface. Figure 7 displays results for the orientationl
correlator of the end-to-end vector of A- and B-blocks. The
latter is defined as the Legendre polynomium of first order
P1(θee(t))=Æcosθee(t)æ, whereθee(t) is the angle formedbetween
the end-to-end vector at t=0 and the same at the considered
time t. The average is done over all the considered blocks.Data
in Figure 7 correspond to all the investigated values of T and
ɛAB. Results for the corresponding homopolymers at the
same temperatures are also displayed for comparison. The

reorientation of the end-to-end vector of the A-block is clearly
slowed down in comparison to the A-homopolymer at the
same temperature. This effect becomes stronger by decreasing
temperature and by increasing the ɛAB parameter.

In agreement with the experiments by dielectric spectros-
copy on PI/PDMS cited in the Introduction46, the end-to-
end reorientation of the B-block is accelerated, in compar-
ison to the B-homopolymer at the same temperature, at short
and intermediate times for all the investigated cases. This
effect is spectacular for low temperatures T=0.08 and T=
0.12. Thus, the temperature dependence of the initial re-
orientation is much weaker for the B-block than for the
B-homopolymer.

Figure 5. For ɛAB=9 and T=0.22, time dependence of the van Hove
distinct functions for interchain correlations of A-B (top) and B-B
(bottom) pairs.

Figure 6. For ɛAB=9 andT=0.22, characterization of the size of all the
micellar cores in the simulation cell. Abscisas are labels for identifying
the different micelles. We assign the same label to each micelle in the
four panels. Vertical lines are guides for the eyes. For each micelle, data
in panels a-c correspond to averages over 20 configurations at
equispaced times. Panel a: major, middle, and minor inertia axes (see
text for definition). Note that labels are assigned by increasing order of
the major axis. Panel b: standard deviation for the inertia axes. Panel c:
ratios of major and middle axes over the minor axis. Panel d: micellar
aggregation number.



8548 Macromolecules, Vol. 42, No. 21, 2009 Moreno and Colmenero

The reorientation of the B-blocks at long times for the
highest investigated temperature T=0.22 shows two rather
distinct features for the homogeneous and micellar phases.
While in the homogeneous phase (ɛAB=0.5) the separation
between the time scales of the B-block and the B-homopo-
lymer is maintained until full relaxation is reached, in the
micellar phase an apparent plateau arises for reorientation at
long times. This plateau is higher for stronger cross-interac-
tion energy ɛAB.

From these observations a temptative physical picture
arises for the reorientation of both blocks. The coupling to
a block of very different intrinsic mobility strongly changes
the initial time scale for reorientation, which is slowed down
or accelerated in comparison to the homopolymer state at
the same temperature. This effect is particularly strong for
the B-blocks, which are strongly coupled to the dynamics of
the majoritary (note that fA=0.87) and intrinsically much
faster A-component. On the contrary, the effect is moderate
for the A-blocks, which are less affected by the presence of
the minority B-component (fB=0.13). Even if the time scale
is accelerated for theB-blocks, the presence of the interface in
the micellar phase frustrates full reorientation within the
time scale of the simulation, yielding a plateau in the
correlator. We expect that a plateau is present for both
components in themicellar phase at all temperatures, though
due to the limited time window of the simulation it is only
observed for the B-block at T=0.22.

Similar trends are observed for the case of the reorienta-
tion of bond vectors between consecutive monomers of a
same block. Figure 8 shows the corresponding correlators
P1(θb(t))= Æcosθb(t)æ. The latter are averaged over all the
bonds of type A-A or B-B. Reorientation of A-B bonds
will be discussed below. On passing, comparison of data for

the two homopolymers reveals a strong separation of their
time scales at the same temperature, with a much faster
dynamics in the A-homopolymer. In this way we confirm the
conditions that were aimed by the selected values of ɛAA and
ɛBB (see above). A long-time plateau is again observed for the
micellar phase. The amplitude of the plateau is smaller than
in the case of the end-to-end vector. Since bond reorientation
involves amuch smaller length scale than reorientation of the
end-to-end vectors, one might suggest that the former is less
affected by the presence of the interface, therefore leading to
a smaller plateau. However we show now that this idea must
be taken with care. Since presumably the presence of the
interface has a much weaker effect for bonds close to the
block ends than for bonds close to the interface (and in
particular for A-B bonds) the features presented in Figure 8
can arise as the average of a relaxationmapwhich is strongly
dependent on the bond location. This is indeed confirmed by
computing orientational correlators of single bonds. Thus,
by using the label i for the bond connecting the monomers
i and i þ 1, we compute the former correlators by averaging
over all the i-bonds of the different chains in the system. We
enumerate the bonds by starting from theA-end. In this way,
i=1 and i=69 correspond respectively to the terminal A-A
andB-Bbonds. TheA-Bbond is denoted as i=61. Figure 9

Figure 7. Top panel: Orientational correlator of the end-to-end vector
of the A- (top) and B-blocks (bottom). Data for the corresponding
homopolymers are included for comparison. Temperatures and ɛAB

parameters are given in the legend.

Figure 8. Orientational correlator for bonds between consecutive
monomers, both for the blocks and the corresponding homopolymers.
Top and bottom panels show data for respectively A-A and B-B
bonds. Temperatures and ɛAB parameters are given in the legend.
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shows, for ɛAB=9 and T=0.22, results for several selected
bonds. The data reveal that reorientation is strongly depen-
dent on the location of the considered bond along the chain.
As can be seen in Figure 9, reorientation of the A-B bond in
particular, and of bonds close to it in general, is extremely
slow in comparison to reorientation of bonds close to the
chain ends. Only for the latter full relaxation is observed
within the time scale of the simulation. This is true even for
the bonds close to the end of the B-block, which are confined
within the micellar cores. Such bonds are not, on average,
close to the interface, and the latter does not hinder their
reorientation. Note that just a very weak plateau is observed
for the bond i=68. For i=69 no plateau can be resolved
within statistics.

In the top panel of Figure 9 we show correlators P1(θb(t))
for B-B bonds i = 61 þ j (with 1 e j e 8) and the
corresponding “counterpart” A-A bonds which are located
at symmetric positions starting from theA-Bbond (i.e., i=61
- j). Note that data for A-AandB-B bonds are represented
respectively by symbols and lines, and with identical colors if
they are counterparts according to the former definition. At
short time scales the reorientation of a given B-B bond is
systematically slower than the reorientation of its A-A
counterpart at the other side of the interface. This can be
understood as a consequence of the higher mobility of the A-
monomers in that time scale, which still does not probe the
coupling between A- and B-blocks. At longer time scales, and
specially when the interfacial effects are probed, the opposite
trend is observed. Thus, the correlators of counterpart bonds
cross eachother and the reorientationof aB-Bbondbecomes
systematically faster than the reorientation of its A-A coun-
terpart. The separationof the time scales of counterpart bonds
becomes stronger if the B-B bond is closer to the end of the

B-block. Thus, at long time scales the influence of the intrinsic
mobility (which is higher for the A-monomers) is less relevant
than the distance to the chain end. The terminal B-bonds have
more freedom to rotate than inner A-bonds, and despite of
their lower intrinsic mobility in comparison to the A-bonds,
they exhibit a faster reorientation.

The bottom panel of Figure 9 also compares orientational
correlators for B-B bonds i (dashed lines) andA-A counter-
parts (solid lines with common colors), but now the latter are
defined as the bonds i0 = 70 - i. Hence we compare the
reorientation of a B-B bond at a given distance from the
B-block end, and that of an A-A bond located at the same
distance from the A-block end. Since the selected A-Abonds
are far from the interface, the latter does not influence their
reorientation and no plateau arises at long times. Thus, as a
consequence of its higher intrinsic mobility, they exhibit at all
times a faster reorientation than their B-B counterparts.

It is also interesting to compare the degree of dynamic
heterogeneity for bond reorientation in the micellar phase
and in the corresponding homopolymer state. By doing this,
new dynamic features are revealed. Figure 10 displays data,
at T=0.22, for P1(θb(t)) of selected B-B bonds, both in the
micellar phase with ɛAB = 9 and in the B-homopolymer.
Bonds in the homopolymer are labeled as i=1,2, ..., 8 from
one to the other chain end. Since as expected, results for the
bonds i and 9 - i in the B-homopolymer are, by symmetry,
identical within statistics, only data for ie 4 are represented.
A much weaker dynamic heterogeneity for bond reorienta-
tion is observed for the homopolymer in comparison to the
results in themicellar phase. For amore detailed comparison
with data for the B-block, we define now the counterparts of
a selected bond ie 4 of the B-homopolymer as those in the B-
block at the same position starting from the block ends.
More specifically the latter are the bonds i0=70 - i and i0=
61 þ i, which we respectively denote as the “outer” and
“inner” counterparts. Note that data for counterpart bonds
are represented with identical colors in Figure 10 (empty
symbols for bonds in the B-homopolymer, solid and dashed
lines for respectively the outer and inner counterparts in the
B-block). Comparison of results for counterpart bonds
reveal a nontrivial time scaling. Data for all the selected

Figure 9. For ɛAB=9 andT=0.22, orientational correlator for selected
bonds between consecutive monomers. Labels i in the legend denote
bonds between monomers i and i þ 1. Data for bond counterparts
(see text for definition) are represented in separate panels for clarity.

Figure 10. For the micellar phase with ɛAB=9 (dashed and solid lines)
and for the B-homopolymer (empty symbols), orientational correlator
for selected B-B bonds at T=0.22. Labels i in the legend denote bonds
betweenmonomers i and iþ 1. The time scale of the B-homopolymer is
divided by 11.7 to obtain superposition with data of the B-block. The
dotted lines are fits to KWW functions. The stretching exponents are
given in the legend.
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bonds of the B-homopolymer have been divided by a com-
mon factor 11.7 in order to demonstrate superposition with
data for the B-block. The scaling behavior is fulfilled at
intermediate times for each bond in the B-homopolymer and
its two counterparts in the B-block, and breaks when the
plateau regime associated with the interface (which is absent
for the homopolymer) is probed at longer times. The fact that
the decay prior to the plateau regime is strongly nonexpo-
nential suggests a nontrivial origin for the observed scaling.
Nonexponentiality is demonstrated by fitting the former
decay to an stretched exponential orKohlraush-Williams-Watts
(KWW) function, � exp[-(t/τ)β]. Hence, we obtain an
exponent β=0.69 for the end bonds i=1 and i0=69, and
β=0.55 for i=2 and i0=68.

In Figure 9, we have demonstrated that the specific loca-
tion along the chain is a source of strong dynamic hetero-
geneity for bond reorientation at long times. Thus, time
scales for reorientation can exhibit extreme differences
between bonds close the interface and those close to the
chain ends. It might be expected that the observed polydis-
persity in themicellar aggregation number (see above) is also
an additional source of dynamic heterogeneity. Now we
show that the latter has actually a small effect in comparison
to the specific location of the bond along the chain. The top
panel of Figure 11 shows results, for ɛAB=9 andT=0.22, for
orientational correlators P1(θb(t)) of B-B bonds of several
selected micelles. Thus, each correlator is computed by
averaging over all the B-B bonds belonging to a same
micellar core. The aggregation numbers of the selected
micelles are given in the legend and cover esentially all the
range of observed values (see Figure 6). Within statistical
uncertainties, the decay of the correlators shows a rough
dependence on the micellar size, being slower for larger
aggregation. However, the dispersion in the data sets is very
weak, in comparison to that observed in Figure 9 for
reorientation of specific bonds at the same temperature
and cross-interaction energy ɛAB. Analogous results for
A-A bonds (not shown) also exhibit a very weak depen-
dence on the micellar size.

Even by decreasing temperature (which enhance dynamic
heterogeneity of local reorientations in glass-forming poly-
mers50,51) we still observe a moderate dispersion in the
orientational correlators of selected micelles. This is demon-
strated in the bottompanel of Figure 11,which shows results,
for ɛAB=9 and T=0.08, for the orientational correlator
P2(θb(t)) for the B-B bonds. The latter corresponds to the
Legendre polynomium of second order. We represent this
correlator since it shows an almost full relaxation at this
temperature. Having said this, the corresponding data for
P1(θb(t)) (not shown) exhibit, within the simulation time
window, a similar dispersion.

Finally, we have computed analogous orientational
correlators for block end-to-end vectors of selected micelles
(not shown). We observe a similar moderate dispersion even
at low temperature.

B. Translational Dynamics. A similar analysis to that
above presented for orientational relaxation can be per-
formed for the translational dynamics. Figure 12 displays
results for the mean squared displacement, ÆΔr2(t)æ, of
A- and B-monomers for all the investigated values of
T and ɛAB in the diblock system. The corresponding data

Figure 11. For ɛAB=9, orientational correlators (see text) for B-B
bonds atT=0.22 (top) andT=0.08 (bottom).Eachdata set corresponds
to a different selected micelle. The corresponding aggregation numbers
are given in the legend.

Figure 12. Mean squared displacement. Top and bottom panels show
results for respectively A- and B-monomers. Data for the diblock
systems are represented with lines. Temperatures and ɛAB parameters
are given in the legend. Data for the homopolymers (symbols) at the
same temperatures are included for comparison. Filled squares
delimit representative regions of approximate subdifussive behavior
ÆΔr2æ ∼ t0.6.
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for the homopolymers at the same temperatures are included
for comparison. At this point, data are averaged over all the
A- and B-monomers in the system (results for selected
monomers will be discussed below). Comparison between
data of the two homopolymers show again a strong separa-
tion of the time scales at a same temperature, with a much
faster dynamics for the A-homopolymer. Mean squared
displacements in the diblock exhibit trends similar to those
observed for the orientational dynamics. Thus, the transla-
tional motion of the A- and B-monomers is respectively
slowed down and accelerated in comparison to results in
the homopolymer at the same temperature. This effect is
again impressive for the dynamics of the B-monomers,
specially at low temperatures, and moderate for the A-
monomers.

After the initial ballistic regime ÆΔr2æ ∼ t2 for t j 0.3, a
bending is observed in the mean squared displacement,
which becomes a plateau for low temperatures. The latter
is associated with the well-known caging regime charac-
teristic of glass-forming liquids, which originates from
the temporary mutual blocking between neighboring
particles. At longer times, the cage is broken and struc-
tural relaxation takes place, leading to an ultimate linear
diffusive regime ÆΔr2æ∼ t for simple fluids. This is not the
case of polymer systems, which usually exhibit several
subdiffusive regimes, ÆΔr2æ ∼ tz with z < 1, prior to the
final crossover to linear behavior at much longer times.
The observed power-law (see Figure 12) with z ≈ 0.6
is close to the prediction of the ideal Rouse model52,53,
z=1/2.

For strongly entangled chains ideal reptation theory52,53

predicts a crossover from Rouse behavior to a second sub-
linear regime with z=1/4. This ideal regime is approached
only for chains much longer than those of the present model.
For shorter entangled chains subdiffusive behavior with an
effective exponent 1/4 < z < 1/2 typically arises after the
Rouse-like regime47,54,55. This is the case for the A-homo-
polymer chains (z ∼ 0.45, not indicated), which are weakly
entangled;the entanglement length for similar bead-
spring homopolymers isNe≈ 35monomers47. Entanglement
effects are difficult to quantify in themicellar phase, since for
the time scales in which they are expected, monomer dis-
placements start to probe interfacial effects. Thus, for values
ÆΔr2æ≈ 3, data for the micellar phases (ɛAB=2 and 9) exhibit
a bending, presumably toward a long-time plateau regime.
The latter would originate, as that observed for the orienta-
tional dynamics, from confinement effects associated with
the interface. The role of the interface on entanglements, and
namely the effect on the diffusivity, has been discussed in
some studies of lamellar phases.19,22,28,29 Interfacial effects
on entanglements in the present micellar phases and its role,

Figure 13. For ɛAB = 9, mean squared displacement for selected
B-monomers at T=0.22. The average over all B-monomers is included
for comparison. The indicated power-law regimes are rough approx-
imations. They are just shown for quantifying deviations from diffusive
linear behavior.

Figure 14. For ɛAB=9 at T=0.22, mean squared displacement for
B-monomers (lines) and for centers-of-mass ofmicellar cores (symbols).
Each data set corresponds to a different selected micelle. The corre-
sponding aggregation numbers are given in the legend. Data for a same
micelle are represented with identical colors.

Figure 15. For ɛAB=9 andT=0.12, snapshots of the B-monomers of a
selected micelle (nagg=55) at different times, t=0, 3� 104, and 6� 104

(from top to bottom). In order to visualize characteristic interfacial
fluctuations, a few monomers are represented in different colors.
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if any, on the observed bending are beyond the scope of this
work and are not discussed here.

We investigate now the translational dynamic heteroge-
neity associated with the specific location of the monomers.
Figure 13 shows results for the mean squared displacement
of B-monomers in the micellar phase with ɛAB=9, at T=
0.22. Data are given both for the average over all the
B-monomers in the system and over B-monomers in specific
locations. In analogy with the bond labeling (see above), i=
62 denotes the B-monomer connected to the A-block and i=
70 the terminal B-monomer. A bifurcation of the data for the
different monomers is observed at ÆΔr2æ∼ 0.3, while for long
times the data tend to collapse again. At intermediate times,
mean squared displacements are larger for terminal mono-
mers. For the latter, deviations above the average grow up
significantly until displacements start to probe the interfacial
effects. At this point, the end monomers experience a strong
slowing down (note the rough power-law ÆΔr2æ ∼ t0.25) and
convergence to a common curve for all the monomers is
approached.

As previously done for the orientational dynamics, we also
investigate the effect of the polydispersity of the micellar
cores in the translational dynamic heterogeneity. Figure 14
shows, for ɛAB=9, results for the mean-squared displace-
ment of the B-monomers at T=0.22. Each data set corre-
sponds to a different micelle, and is computed by averaging
over all the B-monomers of the respective micellar core. We
have selected the same representative micelles as in the case
of the orientational dynamics (see Figure 11). As observed
for bond reorientations, polydispersity of the micellar cores
has a veryweak effect, at least in the simulation timewindow,
on the translational dynamic heterogeneity.

In the same figure, we also represent the mean-squared
displacement for the centers-of-mass of the same selected
micellar cores. Data for the smallest and largest one differ
just by a factor ofj4. As expected for an oscillatory motion
of the micellar centers, a plateau seems to arise at long times.
The amplitude of such oscillations are of about 1-2 mono-
mer diameters.

C. InterfacialMobility.To finish this section, we show that
the micellar interface exhibits a strong internal mobility.
Figure 15 shows snapshots of the B-monomers of a repre-
sentative selected micelle (nagg=55) at different times t=0,
3�104, and 6�104. The three frames are represented in the
reference system of the center-of-mass of the micellar core.
The coordinate axes (not shown) are fixed and equally
oriented in the three frames. The motion of a few B-mono-
mers directly linked to the A-blocks is visualized by repre-
senting them with different colors. Strong fluctuations for
the monomer positions as well as for their relative distances
are clearly observed.

A more detailed characterization of the interface mobility
is obtained by computing the van Hove distinct function for
the all the B-monomers directly linked to the A-blocks of the
selected micelle. Figure 16 shows the so-obtained results.
A clear relaxation of the short-ranged static correlations is
observed as a consequence of the internal motion of the
interface.

V. Discussion: Analysis of Rouse Modes

In the previous Sections we have presented a huge set of results
for the spherical micellar phase of an AB-diblock copolymer for
which the corresponding A- and B-homopolymers exhibit very
different mobilities. Specifically, the B-homopolymer, which
forms the cores in the micellar phase, has a much higher glass
transition temperature than the A-homopolymer. We have
provided evidence for a strong coupling of the dynamics of the
B-blocks to that of the A-blocks in the micellar phase. This leads
to a dramatic acceleration of the intermediate time scale of the
B-component, as well as to a high internalmobility of themicellar
interface.

These features may suggest that the dynamic coupling to
the A-blocks has a certain degree of stochastic character,
perhaps contributing through an effective friction. A strictly
stochastic coupling of a tagged chain to its surroundings, with
an effective friction, is the main assumption of the Rouse
model (see below), which provides a simple physical picture for
the dynamics of nonentangled polymer melts. Computational
tests for simplified bead-spring homopolymers as those investi-
gated here confirm the main qualitative predictions of the Rouse
model. In this Section we analyze the limits of validity of the
Rouse model for the dynamics of the B-blocks in the micellar
phase.

Now we summarize the main predictions of the Rouse
model52,53. A tagged chain is represented as a string of N beads
(monomers) of equal mass connected by harmonic springs of
constant 3kBT/b

2, with b the bond length. The effective interac-
tion experienced by the chain is given by a friction coefficient
ζ and a set of stochastic forces fj. Excluded volume interactions
are neglected. The corresponding equations of motion for each
monomer of the tagged chain are solved by introducing normal
modes (Rousemodes), of index p=1, ...,N- 1, which are defined
as follows:

XpðtÞ ¼ N -1
XN
j¼1

rjðtÞ cos½ðj-1=2Þpπ=N� ð3Þ

The Rouse modes follow the equations of motion

2NζX· p ¼ -kpXpþgp ð4Þ

with kp=24NkBTb
-2 sin2[pπ/2N]. The quantity gp is the external

force for the pth-mode and is given by gp(t)=2Σj=1
N

fj(t) cos [jpπ/

N]. Integration of the equations of motion yields

ÆXpðtÞ 3Xqð0Þæ¼ ð2NζÞ-2

Z t

-¥
dt0 e-ðt-t0 Þ=τp

�
Z 0

-¥
dt00 et

00=τq Ægpðt0Þgqðt00Þæ ð5Þ

for the correlators of theRousemodes. The relaxation time of the

pth-mode is given by

τp ¼ ðb2ζ=12kBTÞ sin-2½pπ=2N� ð6Þ

Figure 16. For ɛAB=9 at T=0.22, time dependence of the van Hove
distinct-correlation function for the B-monomers directly linked to the
A-blocks of a selected micelle (with nagg=55).
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The Rouse model fully neglects spatial and time correlation of
the stochastic forces. With this assumption the correlator of the
forces becomes

Ægpðt0Þgqðt00Þæ¼ 12NζkBTδpqδðt0 -t00Þ ð7Þ

The former two approximations yield respectively orthogon-
ality and exponential relaxation of theRouse correlators. Indeed,
by introducing (7) in eq 5 we find

ÆXpðtÞ 3Xqð0Þæ¼ b2

8N

 !
sin-2 pπ

2N

� �
δpqe

-t=τp ð8Þ

Orthogonality and exponentiality of the Rouse modes are the
two main predictions of the Rouse model, and are the basis for
the derivation of correlators probing relaxation of chain degrees
of freedom.52,53

We compute Rouse correlators for the B-blocks. This is done
according to eq 3 withN=9 by using only the coordinates of the
B-monomers. In this way, the effects of the coupling of the tagged
B-block to its corresponding A-block are effectively included, as
for the rest of the surrounding chains, through the friction
coefficient and the set of stochastic forces.

We first perform an orthogonality test for the so-defined
Rouse modes for the B-blocks, by computing for all the pairs
(p,q) the quantities ψpq=Æ[Xp (0) 3 Xq (0)]/[Xp (0)Xq (0)]æ. These
quantities are adequate for such a test since by construction
ψpq=ψqp andψpp=1. In Figure 17, we show results for ɛAB=9 at
T=0.08 and T=0.22. Data for the B-homopolymer at T=0.22
are also displayed for comparison. Since ψpp=1 only the off-
diagonal terms, p 6¼ q, are represented in an enhanced scale. We
obtain small values |ψpq| < 0.07 for all the cases p 6¼ q in the

diblock system. The latter are only slightly larger than those for
the B-homopolymer, |ψpq| < 0.05. Thus, we conclude that the
Rouse modes as defined above for the B-blocks are still, con-
cerning static correlations, good normal modes.

Figure 18 shows, at T=0.22, the p-dependence of the amp-
litudes of theRousemodes, ÆXp

2(0)æ, for all the values of ɛAB.Data
for the B-homopolymer are also included for comparison.Within
statistics, all data collapse in a master curve. This observation is
also fulfilled at the other investigated temperatures (not shown),
and is consistent with results shown above for the intrachain
radial distribution functions (see Figure 1), which in the diblock
systems are just weakly perturbed in comparison to the homo-
polymer state. Data follow an apparent power-law ÆXp

2(0)æ ∼
p-2.2. The latter is consistent with previous results in similar
bead-spring homopolymers56,57 and indicate moderate devia-
tions from ideal Gaussian behavior∼ p-2 in the intrachain static
correlations. Thus, from data in Figures 17 and 18, we conclude
that eventual novel dynamic features for the Rouse modes of the
B-blocks do not have their origin in their particular static
features, which are esentially identical to those of the B-homo-
polymer.

Figure 19 shows normalized Rouse correlatorsΦpp (t)=ÆXp(t) 3
Xp(0)æ/ÆXp

2(0)æ for the B-block with ɛAB=9 at T=0.22. Data are
shown for all the mode indexes p. Rouse modes of long wave-
length (i.e., small p) exhibit a long-time plateau, which is absent
both in the homopolymer state and in the homogeneous diblock
(not shown here, see Figure 23 below). This plateau, which is in
principle;as for the other correlators displayed in previous

Figure 17. Orthogonality test for the Rouse modes of the B-block. Big
filled and big empty symbols correspond toψpq-values (see text) for the
diblock systems (ɛAB=9) at respectively T=0.08 and T=0.22. Small
empty symbols correspond to the B-homopolymer at T=0.22. Same
color and symbol type corresponds to same values of (p,q).

Figure 18. At T=0.22, comparison between the amplitudes ÆXp
2(0)æ of

the Rouse modes for the B-block (for several values of ɛAB) and for the
B-homopolymer. The line is a power-law fit.

Figure 19. Rouse correlators of the B-blocks for ɛAB=9 at T=0.22.
Symbols are simulation data. Lines are fits to a KWW function.

Figure 20. At several temperatures, stretching exponents from the
KWW fits of Rouse correlators, for the B-homopolymer and the
B-block (ɛAB=9).
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sections;associated with the presence of the interface, is not
provided by the standard Rouse model, which predicts a simple
exponential decay (see eq 8). We suggested above that, due to the
high intrinsic mobility of the A-monomers, the effect of the
coupling to the A-block might be simply approximated as a
contribution leading to an effective friction and stochastic forces
acting on the tagged B-block, i.e., the ingredients of the Rouse
model. However, the presence of the long-time plateau reveals a
more complex physical mechanism.

In order to give account for the long-time plateau one might
temptatively modify the Rouse model by connecting the tagged
chain to an oscillating and/or fluctuating surface. Reorienta-
tional dynamics at large scales (e.g., of end-to-end vectors) for
blocks attached to surfaces is not, in principle, independent of the
geometry of the surface. Thus, we believe that the spherical shape
of the interface should also be explicitly included in a modified
Rouse model. The introduction and test of a model with the
mentioned ingredients is beyond the scope of this work. Still, we
can test to which extent, in time and length scales, the predictions
of the Rouse model are consistent with our simulations.

First we quantify possible deviations of exponentiality before
the onset of the long-time plateau. We fit data of the Rouse
correlators to aKWWfunction,� exp[-t/τp

K)β]. Appart from the
long-time plateau, we also exclude from the fit the first decay up
to t j 3. The latter corresponds to the microscopic monomer
dynamics (see also mean squared displacements in section IV),
which is implicitly coarse-grained in the Rouse model52,53.
Illustrative fits for ɛAB=9 and T=0.22 are shown in Figure 19.
Figure 20 shows the p-dependence of the obtained stretching
exponents β for ɛAB= 9 at all the investigated temperatures.
We also include the corresponding data for the B-homopolymer
at T=0.22. For T=0.08 and T=0.12 relaxation of the B-homo-
polymer is far beyond the simulation time window even for local
scales (see also section IV) and fits cannot provide reliable
parameters. Having said this, simulations of similar bead-spring
homopolymers report just a very weak T-dependence of the
β-exponents in the T-range for which relaxation is accessible56.
As observed in previous works56, Rouse correlators for the
B-homopolymer are nearly exponential (β J 0.85). The β-values
in the micellar phase are systematically smaller than in the
homopolymer, with stronger differences at small p.

Assuming than the standard Rouse model is still a good
approximation at intermediate time and length scales in which
relaxation is not still affected by the presence of the interface, one
may interpret the observed stretched exponentials as the result of
a distribution of intrinsically exponential processes. It is well-
known that this is always possible at least formally, i.e., even if
such processes are unphysical. From simple scaling arguments it
can be seen57 that if thementioned distribution has a real physical
origin, the obtained KWW times must obey the same scaling
behavior predicted by the Rouse model, i.e., τp

K � sin-2 (pπ/N)
(see above). Similarly, deviations from pure Rouse scaling will be
a signature of intrinsic nonexponentiality. Figure 21 shows the
p-dependence of the KWW times as obtained from the corre-
sponding fits. As previously observed for similar models of
nonentangled bead-spring homopolymers56, data for the
B-homopolymer follow approximate Rouse scaling, and hence
stretchingofRouse correlators esentially arise fromadistribution
of elementary exponential process. The origin of such a distribu-
tionmight be related to local structural heterogeneities leading to
different local frictions. In principle, this effect is expected to play
a more relevant role in the inhomogeneous micellar phase.
Assuming that this is the case, it is not the only source for the
observed nonexponentiality of the Rouse correlators of the
B-blocks. For modes p g 2 deviations from intrinsic exponenti-
ality are quantified through an effective power law � p-2.3 (data
for p=1are excluded since theirKWWtimes are strongly affected
by the presence of the plateau, see Figure 19). Still, these
deviations are rathermoderate in comparisonwith other physical
situations as, e.g., power laws with anomalous exponentsJ 3 for
entangled homopolymers58-60 or for the fast component in non-
entangled blends with strong dynamic asymmetry.57,61 Thus,
the intrinsic exponentiality of the Rouse modes (p g 2) of the
B-block can be viewed as a reasonable approximation.

Figure 22 shows Rouse correlators of the B-block, for ɛAB=9,
at all the investigated temperatures. The time scales for all the
mode indexes p at a common temperature have been divided by a
common factor. Time-temperature scaling is demonstrated by
the collapse of data from different temperatures. This apparently
includes the plateau regime for the time window of the simula-
tion, though the extent of the validity of the scaling cannot be
determined. Since data in Figure 21 roughly showRouse scaling,
time-temperature superposition suggests a general scaling of the
time scale as ∼ ζ sin-2 (pπ/N), with a temperature-dependent

Figure 21. At several temperatures, KWW relaxation times for the
B-homopolymer and the B-block (ɛAB=9). The solid lines are power-
law fits. The dashed line indicates theoretical Rouse scaling for N=9,
i.e., ∼ sin-2(pπ/18). Each data set has been multiplied by a common
factor to obtain data overlap at large p. The factor for the B-homo-
polymer is 1. For the B-block the factors are 0.1, 1.7, and 11.7, for,
respectively, T=0.08, 0.12, and 0.22.

Figure 22. Rouse correlators of the B-block in themicellar phase (ɛAB=
9), at several temperatures. The time scale of all the correlators at a same
T is divided by a common factor, in order to yield data overlap with
those at other T’s. The factors are 1, 17, and 117 for respectively T=
0.08, 0.12, and 0.22.
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effective friction ζ. This is the result which is expected from
assuming the standard Rouse model (see eq 8).

Figure 23 displaysRouse correlators, for fixed temperatureT=
0.22, both for the B-homopolymer and for the B-block at all the
investigated values of ɛAB. The time scales of all themode indexes
p for a common ɛAB have been divided by a common factor.
Again a collapse of all the data is observed for intermediate times.
Interestingly, this time-ɛAB scaling is analogous to that pre-
viously observed for bond orientational correlators (see
Figure 10). The scaling breaks at long times for low-order Rouse
modes, for which the plateau is present in themicellar phases (ɛAB=
2 and 9) and absent both in the homogeneous phase (ɛAB=0.5)
and in the B-homopolymer. By using similar arguments as above
suggested for intermediate scales not probing the interface (if
existing), the effect of the coupling to the A-block is to introduce
an ɛAB-dependent effective friction ζ for the tagged B-block.
Since according to eq 6 τp � ζ, the time scaling of Figure 23
suggests that, at fixed T=0.22, the effective friction for the B-
block, ζ(ɛAB), is reduced in comparison to that of the B-homo-
polymer, ζhom

B , by the used factors for time scaling. Thus, we find
ζ(ɛAB)/ζhom

B =0.048, 0.076, and 0.090 for respectively ɛAB=0.5, 2,
and 9. As mentioned above, relaxation times for the B-homo-
polymer are clearly beyond the simulation time window at T=
0.08 and T=0.12 (see also Figures 8b and 12b), so the ratio
ζ(ɛAB)/ζhom

B cannot be estimated at these temperatures. Having
said this, since Rouse mode times are accessible for the B-blocks
for all the investigated values of ɛAB and T, it is clear that
the former ratio at T=0.08 and T=0.12 is much smaller than at
T=0.22.

A global picture of the change of the effective friction with ɛAB

and T in the diblock systems is provided by Table 1. The latter
shows the ratio ζ(ɛAB,T)/ζ(ɛAB=9,T=0.22), which has been
again estimated from time scaling factors. The lowest and highest
obtained values for this ratio differ by a factor ≈ 220. This is a
small variation in the effective friction in comparison to that

observed for the B-homopolymer (which is far beyond the range
accessible by the simulation, see above).

In summary, the results of this Section suggest that chain
dynamics of the B-block is consistent, for intermediate time scales
not probing the interface, with the Rouse model. In this frame-
work, the effect of the coupling to the A-block enters through an
effective friction which depends both on the temperature and the
energy scale of the cross-interaction.

VI. Conclusions

We have reported a detailed characterization of the dynamic
features of a simple model for melts of diblock (AB) copolymers.
Molecular dynamics simulations of this model have been carried
out at melt density, and for values of the temperature and cross-
interaction energy corresponding to state points in the homoge-
neous phase and in the limit of strong segregation. In the strongly
segregated case, the system forms a spherical micellar phase, with
the A- and B-blocks forming respectively themicellar coronas and
cores. The parameters of the model have been selected in order to
induce a much slower intrinsic mobility of the B-homopolymer in
comparison to the A-homopolymer. In such conditions, the
interplay between a strong interfacial barrier suppressing diffusion
and a highly mobile surrounding corona induces a soft confine-
ment effect on the B-blocks at the spherical cores. By introducing
adequate correlators we have confirmed a strong internal mobility
of the micellar interfaces in the present model.

We have characterized dynamic features by computing mono-
mer displacements, end-to-end and bond reorientations, as well
as relaxation of chain normal modes. Inspection of dynamic
correlators reveals a shift of the intermediate time scales of the
A- and B-homopolymers to respectively longer and shorter times
for the blocks in the micellar phase. This effect is spectacular for
the B-blocks, for which intermediate time scales are faster than in
the B-homopolymer by many orders of magnitude. Having said
this, a plateau regime arises at long-times in the micellar phase,
which is associated with the mentioned suppression of motion
induced by interfacial effects.

We have investigated the effect of several sources of dynamic
heterogeneity in the averaged profiles exhibited by the computed
correlators. Even with a very broad distribution of aggregation
numbers, polydispersity in the core size has, as much, a moderate
effect on dynamic heterogeneity. A very different effect has been
found for the specific location of the bonds along the chain. The
latter induces extreme differences between the time scales for
reorientation of the bonds close to the interface and of those close
to the chain ends.

We have computed Rouse normal modes for the B-block. In
this waywe implicitly assume that the effect of the coupling to the
A-block andof the interactionswith the other surrounding chains
enters as an effective contribution to the friction coefficient and
the set of stochastic forces introduced by the Rouse model. As
observed for the dynamic observables mentioned above, the
Rouse correlators for the B-block in the micellar phase exhibit
a long-time plateau associated with interfacial effects. Still,
scaling laws predicted by the Rouse model are fulfilled at time
scales not probing the interface. The comparison of Rouse
normal modes for the B-component in the diblock system and
in the homopolymer state reveals scaling behavior.Wepropose to
rationalize this feature within the Rouse model, for time scales
not probing the interface, through an effective friction which
depends on the temperature and the energy scale of the A-B
interaction.
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Figure 23. At T=0.22, Rouse correlators of the B-homopolymer and
the B-block (for several ɛAB-values). The time scale of all the correlators
of a same system is divided by a common factor, in order to yield data
overlap with those of other systems. The factor for the B-homopolymer
is 1. For the B-block the factors are 0.048, 0.076, and 0.090 for
respectively ɛAB=0.5, 2, and 9.
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9 117 6.9 1
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