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I. INTRODUCTION

Diblock copolymers of thermodynamically immiscible com-
ponents can exhibit microphase separation in domains rich in one
component and poor in the other. The domains can be arranged
in ordered periodic structures, leading to phases with, e.g.,
lamellar, cylinder, spherical or gyroid morphologies.1�6 The
transition from the disordered to the ordered state and between
the different ordered phases can be easily tuned by changing
control parameters as the temperature, chain length, or mono-
mer fraction of each component.

Several dynamic features in ordered phases of diblock
copolymers have been investigated in cylinder,7�11 gyroid,8,12

spherical,13�20 and mostly lamellar morphology.7,12,21�43 In
lamellae-forming systems the diffusivity exhibits a bifurcation,
around the order�disorder transition, in two components
parallel and perpendicular to the lamellar planes. This bifurcation
is smooth, and the diffusivity shows no discontinuity. For the case
of nonentangled chains, diffusion in the lamellar phase is strongly
anisotropic, with a strong reduction of the perpendicular
component.22,32�34 On the other hand, for entangled chains
differences between perpendicular and parallel diffusivities are
strongly reduced.23,24,27,35

Concerning the local segmental dynamics, i.e., theR-structural
relaxation associated with the glass transition,44,45 a general ob-
servation is that the R-relaxation times in the lamellar phase are
close to those of the corresponding homopolymer.30,36,38,40,41,43

Usually, the former are slightly shifted to shorter or longer values
than in the homopolymer if the segmental dynamics of the other
block is respectively faster or slower, i.e., if the other block has a
lower or higher glass transition temperature Tg. Despite the
similar values of the R-time scales, the dynamic response in the
lamellar phase exhibits a strong broadening in the low-frequency
side (long times) in comparison with the corresponding homo-
polymer. This effect is particulary visible by means of broadband
dielectric spectroscopy (BDS),36,38,41,43 which reveals a progres-
sive broadening by several frequency decades on decreasing
temperature. This feature is usually rationalized in terms of
dynamic heterogeneity. It is assumed that the segmental relaxa-
tion in the center of the lamellar domains is esentially the same as
in the corresponding homopolymer. However, the former is
strongly perturbed as the lamellar interface is approached, leading
to gradients of mobility.38 The density jump occurring at the
interface induces such a strong perturbation that propagates into
each phase. This proposed microscopic picture has connections
with the scenario observed for dense polymer brushes,46,47

polymer melts confined in slits,48,49 and free-standing or sup-
ported polymer thin films,50�53 where density jumps at the
interface are even more abrupt than in lamellar phases of diblock
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ABSTRACT: By means of computer simulations, we investigate the seg-
mental dynamics in the lamellar phase of a simple bead�spring model of
diblock copolymers. We characterize the dynamic heterogeneity in the mean-
squared displacements and bond reorientations. This characterization is made
as a function of both the position of the monomers along the chain and the
distance to the nearest interface between consecutive domains. Both char-
acterizations of the dynamic heterogeneity reveal moderate gradients of
mobility in the investigated temperature range, which qualitatively probes
relaxation time scales of up to hundreds of nanoseconds. Namely, the
obtained distribution of relaxation times spreads over about 1 decade.
However, the extrapolation of the former analysis to lower temperatures
leads to an increasing spread over several time decades. The spread mostly
arises from monomers located at the immediate neighborhood of the inter-
face. Beyond such distances the structural relaxation approaches that of the homopolymer. Thus, the observed dynamic
heterogeneity is esentially an interfacial effect. It does not originate from gradients of density over the domains. Indeed such
gradients are absent, and the local density within the domains is identical to that of the corresponding homopolymers.
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copolymers. More generally, it has connections with dynamic
features of the structural relaxation in confined fluids.54�56

In this article we present a detailed characterization of the
heterogeneity of the segmental dynamics in lamellar phases. We
study this feature by means of molecular dynamics simulations of
a generic bead�spring model of diblock copolymers. Aiming to
mimic usual experimental systems,21,25,30,37,38,41 the correspond-
ing homopolymers exhibit very different intrinsic mobilities, i.e.,
different glass transition temperatures. The simulations are
performed in the strongly segregated regime, with a well-defined
lamellar morphology. We characterize the dynamic heterogene-
ity as a function of both the monomer location along the chain
and the distance to the nearest interface between consecutive
domains. Both characterizations of the dynamic heterogeneity
reveal moderate gradients of mobility, of about one time decade,
in the investigated temperature range, which qualitatively probes
relaxation time scales of up to hundreds nanoseconds. However,
the extrapolation of the results to lower temperatures leads to an
increasing spread over several time decades. This spread origi-
nates mostly frommonomers located at the immediate neighbor-
hood of the interface. Beyond such distances the structural
relaxation approaches that of the homopolymer. Thus, we con-
clude that the observed dynamic heterogeneity is esentially an
interfacial effect. It does not originate from gradients of density
over the domains. Indeed such gradients are absent, and the local
density within the domains is identical to that of the correspond-
ing homopolymers.

The article is organized as follows. In section II we describe the
investigated model and give simulation details. In section III we
characterize static and dynamic properties of the lamellar phase.
In section IV we discuss and compare our simulations with
experimental results in the literature. Conclusions are given in
section V.

II. MODEL AND SIMULATION DETAILS

We simulate polymer melts of identical bead�spring chains of
N = 350 monomers. The simulation box contains Ncha = 136
chains. The diblock systems have symmetric composition. Thus,
each diblock chain consists of NF = NS = 175 monomers of
respectively the species F (“fast”) and S (“slow”). The interaction
between any two given monomers of the speciesR and β∈ {F,S}
is given by a shifted Lennard-Jones potential:
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for r < rc and VRβ(r) = 0 for rg rc. By using a value rc = 21/6σRβ
for the cutoff distance, the potential is purely repulsive and has no
local minima.Moreover, potential and forces are continuous at rc.
In addition to the Lennard-Jones potential, two connected
monomers in a same chain interact through a finitely extensible
nonlinear elastic potential (FENE):57
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with KF = 15 and R0 = 1.5. The sum of the potentials (1) and (2)
yields an effective potential between connected monomers which
shows a sharp minimum at r = 0.96σRβ and guarantees chain
uncrossability.57 We use identical monomer masses mF = mS =
m = 1 and interaction diamaters σFF = σSS = σFS = σ = 1. In order

to obtain different mobilities for the two species, we use different
values for the energy scale of the self-interaction, εFF = 0.35 and
εSS = 1, which leads to faster dynamics for the F-component (see
below). For the cross-interaction we use εFS = 9. With this strong
energetic penalty for the F�S interactions and the used long
chains, the diblock system is expected to be in the strongly
segregated regime at temperatures of interest.34 In spite of the
used symmetric composition NF = NS = 175, the different self-
interactions εFF = 0.35 and εSS = 1 lead to a certain asymmetric
character of the copolymer (unlike in e.g., ref 34, where the
parameters for both self-interactions are identical). However, the
system clearly remains inside the lamellar region of the phase
diagram (see below).

In the following, temperature T, pressure P, monomer
number density F, time t, and distance will be given respectively
in units of εSS/kB (with kB the Boltzmann constant), εSSσ

�3,
σ�3, σ(m/εSS)

1/2, and σ. Simulation units for distance and time
can be qualitatively mapped to real units as σ ∼ 5�10 Å
and σ(m/ε)1/2 ∼ 1�10 ps (see the discussion in, e.g., refs 48
and 57).

For the homopolymer systems we use a cubic simulation box
with periodic boundary conditions. Computation time is reduced
by using a linked-cell method58 for calculation of interparticle
distances within interaction ranges. We perform an initial run in
the isothermal�isobaric (NPT) ensemble at external pressure
Pex = 3.0 by using the Nos�e�Hoover algorithm.58 A further
equilibration run is performed at constant volume under periodic
velocity scaling, according to the target temperature. Finally, a
run is performed in the microcanonical ensemble for production
of configurations,59 from which we compute the static and
dynamic observables presented below. Equations of motion are
integrated in the Martyna’s scheme58,60 for the NPT runs and in
the velocity-Verlet scheme58 for the other runs. We use typical
integration time steps of 2 � 10�3 e δt e 4 � 10�3, according
to the investigated temperature. The latter covers the range
0.14 e T e 0.30. The corresponding equilibrium densities for
Pex = 3.0 cover the range 1.06 g F g 0.98 and 1.00 g F g 0.92
for respectively the F- and S-homopolymer. These are typical
melt densities for similar bead�spring models of polymer
systems.48,57

A different equilibration procedure is needed in the case of
the lamellar phase of the diblock system. Except for rather short
chains at high temperature, the spontaneous formation in
the melt state of well-ordered mesophases, by starting from a
disordered configuration, is unfeasible within simulation time
scales.19,29,34,61 Thus, spontaneous evolution generally leads to a
metastable microsegregated phase, which may exhibit the ex-
pected geometry of the segregated domains at short and even
middle length scales, but lacks of large-scale order.19,29 The usual
strategy for obtaining ordered phases is actually to equilibrate the
system by starting from a configuration with the expected
geometry.34,62�64 Thus, we have followed a procedure based
on the method proposed by Schultz et al.64 The simulation cell is
orthoedric, of sides Lx = Ly 6¼ Lz, with z the coordinate
perpendicular to the lamellar planes. We first set four equidistant
F�S interfaces in the simulation cell. Then, starting from the
parallel planes representing the interfaces, S- and F-blocks are
constructed by chain grow-up. Thus, all the S-blocks linked to a
same interface grow up over the same z-direction, and the respec-
tive F-blocks grow up over the opposite one. Blocks of the same
species and linked to consecutive interfaces grow up over
opposite directions, leading to a sequence of blocks SF-FS-SF-FS...
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along the z-direction (see Figure 1). A constraint is imposed in
the grow-up procedure in order to avoid core overlap of new
monomers with previously inserted ones. The same number of
chains, Ncha/4, is constructed at each interfacial plane.

We select a volume V = LxLyLz for the initial simulation box
in order to get an initial density F=NchaN/V∼ 0.5. Thenwe start
a run in the NPT ensemble as described above, at the same
Pex = 3.0. Since volume fluctuations are isotropic in this method
(i.e, the three cell axes are rescaled by the same factor58), it is clear
that the correct equilibrium lamellar spacing can only be achieved
fortuitously. Thus, isotropic volume fluctuations will in general
produce an unbalance between the components of the internal
pressure, ÆPxæ = ÆPyæ 6¼ ÆPzæ. In order to balance the three
components, we periodically apply a box length search algorithm,64

which maintains the instantaneous volume, but rescale the
z-coordinate by a factor 1� |ξ|e fe 1 + |ξ|, and simultaneously
the x,y-coordinates by a factor f�1/2. We use f > 1 when ÆPx,yæ0 <
ÆPzæ0 and f< 1when ÆPx,yæ0 > ÆPzæ0. Here Æ...æ0 denotes average over
a certain interval prior to the next rescaling. We initially take
|ξ| j 0.01 and progressively decrease its value as the pressure
balance ÆPxæ = ÆPyæ = ÆPzæ = Pex is approached. Once this is
achieved we perform, as described above, a further equilibration
run at constant volume under periodic velocity scaling, and a final
production run in the microcanonical ensemble. We investigate
the same temperature range 0.14 e T e 0.30 as for the
homopolymers. The obtained equilibrium densities of the la-
mellar domains are equal, within statistics, to those of the
respective homopolymers (see section III).

Typical simulation times for both equilibration and produc-
tion runs are of 30 million integration time steps. In absolute
units the latter typically cover up to time scales of t∼ 105, which
qualitativey correspond in real systems to several hundred
nanoseconds (see above). Static profiles (see below) are averaged
over configurations at typically 100 equispaced times. Dynamic
observables are averaged over 20 equispaced time origins.

III. RESULTS

A. Static Properties.The top panel of Figure 1 shows a typical
snapshot of the lamellar phase. The combination of isotropic box
fluctuations with periodic anisotropic scaling (see section II)

produces structures with well-defined order. We obtain stable
ordered lamellar structures at all the investigated temperatures.
The bottom panel of Figure 1 shows two typical conformations
of the F-blocks, extending over a same F-domain and linked
to different S-domains. The blocks do not show Gaussian
conformations but are strongly stretched. In spite of the asso-
ciated entropic penalty, stretched conformations are favored by
the strong reduction of energetically unfavorable contacts be-
tween distinct blocks. This is a well-known feature for strongly
segregated lamellae.21,25,62,65

We characterize local density profiles of each species (F and S)
along the direction perpendicular to the lamellar planes. For this
we introduce the quantity F(z) = n(z)/[LxLyδ], with bin size
δ = 0.1σ and n(z) the number of monomers of the considered
species which are located in the interval (z � δ/2, z + δ/2).
Figure 2 displays the local density profile at T = 0.15. Sharp
boundaries are observed between the F- and S-domains, as
expected for the strongly segregated regime. The domain size
at T = 0.15 is about 33σ, which qualititatively corresponds
to about 15�35 nm in real systems (see section II). As observed

Figure 1. Top: typical snapshot of the lamellar phase. F- and S-mono-
mers are represented respectively in blue and green. Bottom: typical
conformations of two F-blocks (blue, center of the figure). The S-do-
mains (green) to which they are linked are partially represented at the left
and right sides of the figure. Light and dark F-blocks are respectively
linked to light and dark S-domains.

Figure 2. (a) Local density profiles F(z) for the F- and S-monomers in
the direction perpendicular to the lamellar planes, at T = 0.15. Filled
symbols (higher data sets) correspond to data for all monomers of each
species. Empty symbols (lower data sets) correspond to data for end
monomers, namely for the 10% closest to the chain ends (i < 18 and
i > 333). Note that accordingly, the statistical noise is enhanced by a
factor 10 in comparison with data of all monomers. (b) For clarity, data
of all monomers in (a) are shown only for two selected layers. Also
included are the macroscopic densities Fhom of the F- and S-homo-
polymers (thick dashed lines) at the same T. The vertical dotted line
indicates the interface position. The arrow extends from the interface to
a distance Δz = 3σ.
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in previous investigations on strongly segregated lamellar
phases,33,34 the local density profiles exhibit, within statistics, a
flat structure from the immediate neighborhood of the interface
to the center of the domains (see Figure 2b). This is similar to the
observation in free-standing films.51,53,66,67 It is instead rather
different from the layering behavior observed near rigid smooth
walls, for both free48,49,53,67 and grafted chains.68,69 There, the
local density profiles exhibit strong oscillations along the z-
direction, of increasing amplitude on approaching the wall. As
in free-standing films, the mobile and irregular character of the
interface seems to frustrate layering in the lamellar domains,
leading to the observed flat profiles in Figure 2.
With the used normalization for F(z) (see above), we can

directly estimate differences between the local density within the
domains and the macroscopic density Fhom of the respective
homopolymers. This comparison is shown in detail in Figure 2b.
We define the z-position of the interface, zint, as the crossing
point of the density profiles F(z) of the respective F- and
S-domains. We only observe clear differences between F(z)
and Fhom in the immediate neighborhood of the interface, at
distances Δz = |z � zint| j 3σ. By mapping to real units (see
section II), the latter corresponds to an interfacial half-width of
about 1.5�3 nm, in qualitative agreement with experimental
values in strongly segregated phases.20,30,38 In the rest of the
domain we find that, within statistics, F(z) = Fhom. Therefore,
Figure 2 clearly demonstrates that gradients of density (defined
as variations of F(z) along the domains) are absent and that the
density of each homopolymer is unperturbed in the lamellar
phase of the diblock system.
Now we identify the type of monomers located near the

interfaces. We label the monomers along the chain as i = 1, 2, ...,
N, from one chain end to the other one, and starting from the
F-end. By defining the interface positions zint as above, we can
obtain the distribution p(i) of interfacial monomers. For this we
compute the histogram of i-monomers which are at a distance
Δz < 2σ from the nearest interface. Results are presented in
Figure 3. Not surprisingly, p(i) displays a sharpmaximum around
N/2 = 175. This just reflects the fact that monomers close to the
F�S bond (in the following denoted as junction monomers) are
preferentially located in the immediate neighborhood of the
interface. There are other types of monomers which also follow
the criterium Δz < 2σ. Such monomers are those close to the
block ends34,70 (in the following denoted as end monomers), as

indicated (see Figure 3) by the two secondary peaks of p(i) in the
ranges ij 50 and iJ 300. The presence of these secondary peaks
is easily understood by inspection of the bottompanel of Figure 1,
which shows that stretched blocks extend from one interface to
the next one. The contribution of end monomers to the total
population of interfacial monomers is significant. Indeed, we
estimate such a contribution, by simple integration of p(i), as
about a 25% of the total. Having noted the significant fraction of
end monomers at the interface, these can be also found at any
region of the domains. This is demonstrated by representing the
corresponding density profiles F(z) of end monomers (see
Figure 2a).
Still, the results presented in Figures 2 and 3 for the distribu-

tion of end monomers should be taken with care. It must be
noted that full equilibration at large scales is extremely difficult
for the long investigated chains, even by preparing the system in
the lamellar geometry. This is evidenced by representing the end-
to-end orientational correlator Ce(t) = ÆR(t) 3R(0)æ/ÆR

2(0)æ,
with R the vector joining the junction and end monomer of each
block. Figure 4 shows results of Ce(t) for both F- and S-blocks at
the investigated temperatures. Not surprisingly for the simulated
long chains, Ce(t) shows very weak relaxation; i.e., block reor-
ientations are far from being completed in the time scale of the
simulation. Thus, large scale equilibration cannot be guaranteed
even by using the box length search algorithm (see above). Full
reorientations within the simulation window could only be
achieved by simulatingmuch shorter nonentangled chains, which
however would lead to domain sizes much smaller than the
experimentally relevant values investigated here. Having noted
this, we believe that, because of the achieved balance of the three
components of the pressure (see above), the obtained structures
should be reasonably close to the real equilibrium ones. Thus,
minor differences between the obtained chain conformations and
the equilibrium ones would have no significant effects on the
qualitative trends observed at local scales for the segmental R-
relaxation.
B. Dynamics.Nowwe discuss dynamic features in the lamellar

phase. Panel a of Figure 5 displays results for the T-dependence
of the mean-squared displacement, ÆΔr2(t)æ, of F- and S-mono-
mers in the diblock system. The corresponding results for
the orientational correlator, P(t), of F�F and S�S bonds are
shown in panel b. The bond orientational correlator is defined as
P(t) = Æcos θ(t)æ, with θ(t) the angle between the orientations of
the bond at t = 0 and at the considered t. As usual in two-
component polymer systems,71 a progressive dynamic separation

Figure 3. Distribution of interfacial monomers (see text for definition)
at T = 0.15.

Figure 4. End-to-end correlator at the investigated temperatures.
Empty and filled symbols correspond to F- and S-blocks, respectively.
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between the F- and S-components is observed as temperature
decreases. Estimating structural relaxation times τ as those for
which ÆΔr2(τ)æ = σ2 or P(τ) = e�1, we observe a separation of
about 1 decade in τ at the lowest investigated T = 0.14 (see
Figure 5). For comparison, we have included the corresponding
data for the F- and S-homopolymers at the two lowest investi-
gated temperatures T = 0.14 and T = 0.15. Small differences are
observed between the blocks and their respective homopolymers
(also for the data at the other temperatures, not shown for the
homopolymers). The coupling to a block of lower or higher
intrinsic mobility has a different effect on the F- and S-compo-
nents. Thus, the segmental relaxation in the F-blocks is slightly
slower than in the F-homopolymer, in agreement with the usual
experimental observation in blocks coupled to a slower
component.30,36,38,40,41,43 In the case of the S-blocks the opposite
effect is observed for the mean-squared displacement, which is
slightly sped up in comparison with that of the S-homopolymer.
However, no clear differences are observed between the orienta-
tional correlators of the S-blocks and the S-homopolymer.
After the initial ballistic regime a plateau arises in both ÆΔr2(t)æ

and P(t), at t≈ 1, for T < 0.22. The plateau extends over longer
time scales as temperature decreases. This feature is a well-known
manifestation of the caging regime, i.e., the temporary trapping of
each particle by the surrounding ones, which is characteristic of
glass-forming liquids on approaching the glass transition
temperature.44,45 The plateau regime (or the ballistic one at high
T) is not followed by a crossover to an ultimate diffusive regime
ÆΔr2(t)æ ∼ t. It is well-known that prior to it homopolymers
exhibit subdiffusive behavior over several time decades, corre-
sponding to Rouse-like dynamics of the internal chain degrees of

freedom.72 Even further subdiffusive regimes, usually assigned to
reptation dynamics,72 arise in the case of long chains as those
simulated here, of lengthN = 350 beyond the entanglement value
(Ne ∼ 60 for bead�spring models73). How the former pictures
for chain dyamics are affected in the lamellar phase, and in
particular the effect of the coupling of each block to other with
very different mobility, are questions which are beyond the scope
of this article and will be discussed elsewhere.
As mentioned in the Introduction, the segmental relaxation of

each component may be expected to exhibit dynamic hetero-
geneity in the lamellar phase. Having noted this, the latter may be
moderate at the investigated temperatures. Thus, the mobility of
the junction monomers may be enhanced by the surrounding
end monomers, which are intrinsically faster and coexist with the
former ones near the interface (see Figure 3). This effect may
reduce significantly dynamic differences between junction and
end monomers. In order to elucidate this point, we show in
Figure 6, at fixed T = 0.14, the mean-squared displacements of
some selected monomers. These results provide a comparison
between the dynamics of end monomers (i = 1, 3, 348, and 350)
and junction monomers (i = 173, 175, 176, and 178). We also
include results for i = 80 and 255, corresponding to monomers
located at the center of the blocks (in the following denoted as
central monomers). Moreover, in order to characterize the ani-
sotropy of the monomer motions, we show the components of
the displacements parallel, ÆΔrxy2(t)æ = ÆΔrx2(t) + Δry

2(t)æ, and
perpendicular, ÆΔrz2(t)æ, to the lamellar planes. For a correct
comparison between both components, data for the parallel
component have been rescaled by 1/2. We have selected a
reduced set of i-values for clarity of presentation of Figure 6.
Having noted this, the former are representative and cover all the
spread observed in the distribution of relaxation times. In
particular, the different sets of data in the range 10 j i j 160
for the F-monomers and 210j ij 320 for the S-monomers are

Figure 6. For the diblock system at T = 0.14, components of the mean-
squared displacement of selectedmonomers (of index i, see legend). Empty
and filled symbols (of identical color for a same i) correspond respectively
to ÆΔrxy2(t)æ/2 and ÆΔrz2(t)æ. (a) F-monomers; (b) S-monomers.

Figure 5. Temperature dependence of the mean-squared displacement
of the R-monomers (a) and the orientational correlator of the R�R
bonds (b). Large empty symbols and solid lines correspond respectively
to R = F and S in the diblock system. Temperatures for solid lines are,
from top to bottom, the same as for large empty symbols (see legend).
We also include, as small circles (T = 0.14) and small squares (T = 0.15),
the corresponding data for the homopolymers (empty small symbols:
F-homopolymer; filled small symbols: S-homopolymer). Dashed and
dashed-dotted lines in (a) are power laws∼t0.65 and∼t0.45, respectively.
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hardly distinguishable from respectively the sets i = 80 and 255
represented in Figure 6. In other words, we only observe a
significant dynamic spread for the interfacial monomers, i.e., for
the junction and end monomers.
Dynamic heterogeneity as a function of the location along the

chain exhibits different trends for the F- and S-components. For
the F-blocks, the junction monomers are slower than the central
and end monomers (Figure 6a). This effect is especially visible
for the F-monomer directly linked to the S-block (i = 175) and in
particular for the perpendicular component of the motion, which
is strongly slowed down in comparison with the parallel one. No
significant anisotropy of the motions is observed for the central
and end F-monomers within the length scale for the displace-
ments explored in the simulation time window.74

The former dynamic features for the junction F-monomers
can be attributed to their coupling to the dynamics of the
neighboring S-monomers, which exhibit an intrinsically slower
relaxation. Translational motions of the S-monomers show
different trends (Figure 6b). In this case the central S-monomers
exhibit slower dynamics than the end and junction S-monomers
which, according to the distribution p(i) of Figure 3, are close
(and then dynamically coupled) to faster monomers of the
F-domain. It is not clear whether the observed anisotropy in
the decaging regime of the central S-monomers (see set i = 255
for tJ 102 in Figure 6b) is an statistical artifact. It emerges only
at the two lowest investigated temperatures, for which the
R-relaxation of the central S-monomers is not fully completed
within the simulation window, i.e., ÆΔr2(t)æ < σ2. Central
F-monomers do not show anisotropic motions but note that in
this case ÆΔr2(t)æ>σ2 for all the investigated temperatures. Thus,
it might be that the anisotropic motion of central monomers in
the uncompleted R-relaxation is a precursor of the anisotropy of
vibrations in the glassy state. The stretching and freezing of the
chains in the glassy lamellar structure might favor vibrations of

slightly larger amplitude in the lateral direction than in the
perpendicular one.
In analogy with the former discussion, Figure 7 shows results

for the orientational correlators P(t) of selected bonds, at fixed
T = 0.15. The bond i is defined as that connecting the monomers
i and i + 1. Thus, i = 175 denotes the bond connecting the F- and
S-blocks. Reorientation of the junction, end, and central bonds
follows similar trends to those exhibited by the monomer
translations of both F- and S-species. Not surprisingly, the F�S
bond connecting the two blocks exhibits a much slower relaxa-
tion than the rest of the bonds. Thus, the reorientation of the
F�S bond is strongly hindered by the large activation energy
produced by the contact between the different species.
The results of Figures 6 and 7 reveal, for the investigated

T-range, a moderate heterogeneity in the segmental dynamics as
a function of the location along the chain. Similar results are
obtained as a function of the distance to the nearest interface.
We introduce the layer-dependent mean-squared displacement
ÆΔr2(zmin < Δz < zmax, t)æ, defined as the average over the
R-monomers (R∈ {F,S}) which are initially (i.e., at t = 0) located
in a layer at a z-distance zmin <Δz< zmax from the nearest interface.
Each data set for R-monomers (R ∈ {S,F}) is averaged over two
layers, both at a distanceΔz of one of the two interfaces delimiting
the corresponding R-domain. Obviously 0 e |Δz| e d/2, with
d the domain size. Positive or negative values ofΔz correspond to
monomers initially located in domains of respectively their same
or the other species. Likewise, we introduce the orientational
correlator P(zmin < Δz < zmax, t) for R�R bonds. We consider
that a bond is initially located at a given layer if its center-of-mass
fulfills at t = 0 the condition zmin <Δz < zmax. By introducing the
former observables for layers perpendicular to the lamellar
planes, we characterize the dynamic heterogeneity as a function
of the distance to the nearest interface.

Figure 7. For the diblock system at T = 0.15, orientational correlators
for selectedmonomers (of index i, see legend). Results for F�F and S�S
bonds are respectively displayed in (a) and (b). Panel (a) also includes
the data for the F�S bond (i = 175).

Figure 8. (a) Symbols are mean-squared displacements of F-monomers
for different layers (see text). Positive and negative values of Δz
correspond to monomers located at t = 0 respectively in the F- and
S-domains. All data correspond toT = 0.14. (b) Same as (a) for the layer-
dependent orientational correlators P(Δz,t) of the F�F bonds
(symbols). Lines in both panels are the data for the F-homopolymer.
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Figure 8 shows results, at T = 0.14, of ÆΔr2(Δz,t)æ for the
F-monomers (a) and of P(Δz,t) for the F�F bonds (b). A
moderate dispersion, over about 1 decade, is again observed in
the respective relaxation times. Not surprisingly, the relaxation of
the F-monomers and F�F bonds initially located at layers within
the slow S-domain is slower than the relaxation of those located
at the center of the F-domains, with a monotonic crossover
between both limits. The dynamics of the F-homopolymer is
recovered as the center of the F-domain is approached. Thus, for
distances Δz J 4σ from the nearest interface the data for the
F-blocks are almost indistinguishable from those of the F-homo-
polymer. Figure 9 shows, for T = 0.15,75 the corresponding
results of ÆΔr2(Δz,t)æ and P(Δz,t) for the S-monomers and S�S

bonds. In this case the structural relaxation is slowed down and
approaches that of the S-homopolymer on moving from the
interface to the center of the S-domain.

IV. DISCUSSION

As for the global bond correlators P(t), we define the relaxa-
tion times τ for the layer-dependent correlators as the times at
which P(Δz,τ) = e�1. We have fitted the so-obtained relaxation
times for the F�F bonds to an empirical Vogel�Fulcher�
Tamann (VFT) law, τ = τ∞ exp[E/kB(T � T0)]. The latter is
usually invoked in the analysis of the structural relaxation in glass-
forming systems.44,45 Figure 10 shows some representative fits
for F�F bonds close to the interface and at the center of the
F-domains. The fit parameters τ∞, E, and T0 are displayed in
Figure 11 as a function of the layer position.76 For comparison,
we include the results for the global correlator P(t) (i.e, averaged
over all the F�F bonds), both for the F-blocks in the lamellar
phase and for the F-homopolymer.

The values of the VFT parameters for P(Δz,t), obtained from
the fully free fits, vary with the distance to the interface. The VFT
parameters are strongly coupled, and descriptions with the same
quality of Figure 10 can be achieved by means of slight variations
of those obtained from the fully free fits (see error bars in
Figure 11). This is the case by leaving T0 as the only free
parameter and fixing the values of the attemp period τ∞ and

Figure 9. As in Figure 8 for S-monomers and S�S bonds. All data
correspond to T = 0.15.

Figure 10. Symbols: relaxation times of the correlators P(Δz,t) for the
F�F bonds in three selected layers. Lines: fits to an VFT law τ = τ∞
exp[E/kB(T � T0)].

Figure 11. Horizontal lines: VFT parameters for the relaxation times of
the global correlators P(t) for the F-blocks (solid lines) and the
F-homopolymer (dashed lines). Symbols: VFT parameters for the
relaxation times of the layer-dependent correlators P(Δz,t) for the
F�F bonds. Data in (a), (b), and (c) correspond respectively to τ∞,
E, and T0. Filled symbols are data obtained from fully free fits. Vertical
lines are typical error bars. Empty symbols in (c) are data obtained from
VFT fits with free T0 and fixed values of τ∞ and E. Namely, we fix τ∞ =
12.4, i.e, the value obtained for the global P(t) of both the F-homo-
polymer and the F-blocks [see panel (a)]. For the VFT activation energy
we fix E = 0.300 (squares) and E = 0.306 (triangles), which are
respectively the values obtained for the global P(t) in the F-homo-
polymer and in the F-blocks [see horizontal lines in panel (b)].
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the VFT activation energy E. Namely we fix τ∞ = 12.4, i.e., the
value obtained for the global P(t) of both the F-homopolymer
and the F-blocks in the lamellar phase (Figure 11a). For the
VFT activation energy we select two fixed values E = 0.300 and
E = 0.306. These very similar values are those obtained for the
global P(t) of respectively the F-homopolymer and the F-blocks
in the lamellar phase (Figure 11b). Not surprisingly, this fitting
scheme with fixed τ∞ and E yields a smoother layer-dependence
of T0 than in the fully free fit (see Figure 11c). The so-obtained
T0(Δz) decreases by moving from the interface to the center of
the F-domain. Initially, it shows a sharp decay, until a distance
from the interface of about 4σ, for which the T0 of the F-homo-
polymer is already approached. This is consistent with the
relaxation of P(Δz,t) observed in Figure 8b, which is similar to
that of the F-homopolymer forΔzJ 4σ, while it is slowed down
on approaching the interface (as expected from an increasingT0).

Figure 12 shows the corresponding VFT parameters for the
correlators of the S�S bonds. The parameters obtained from
fully free fits show opposite trends to those of Figure 11 for
the F�F bonds. It is noteworthy that the interfacial effects for
T0(Δz) seem to emerge again in the range Δzj 4σ. A forced fit
by fixing the values of τ∞ and E to those of the S-homopolymer
seems less justified than in the case of the F�F bonds. Indeed the
so-obtained values of T0(Δz) exhibit, near the interface, a much
weaker variation than those obtained from fully free fits. Having
said this, it must be noted that, unlike for the F�F bonds, at
T = 0.14 the orientational correlators for the S�S bonds do not
decay to e�1 within the simulation window, and therefore the
corresponding relaxation times τ at T = 0.14 are not available for
the corresponding VFT fits. For this reason the VFT parameters
from fully free fits in Figure 12 have larger uncertainties than
those for the F�F bonds in Figure 11, and the discrepancies
between the different sets of T0(Δz) in Figure 12c must be taken
with care.

In the following we discuss the results obtained for the fast
F-component in comparison with experimental observations. In
particular, we construct layer-dependent VFT curves according

to the analysis performed by Lorthioir et al. in ref 38 for BDS data
of the structural relaxation of poly(dimethylsiloxane) (PDMS) in
the diblock lamellar phase with poly(styrene) (PS). It must be
noted that PDMS (Tg ≈ 145 K) has a lower glass transition
temperature than PS (Tg ≈ 370 K), and therefore the F-homo-
polymer in the present model qualitatively plays the role of the
PDMS. By taking the values of T0(Δz) for fixed τ∞ = 12.4 and
E = 0.300 (empty squares in Figure 11c), we construct for each
layer the corresponding VFT curve extrapolated to low tempera-
tures, below the range investigated by simulations. Indeed, the
analysis of ref 38 is equivalent to assume, as in our case, values of
τ∞ and E constant and identical to those of the corresponding
homopolymer and leaving T0(Δz) as the only layer-dependent
parameter.

The extrapolated VFT curves for the reorientation of the F�F
bonds are shown in Figure 13. The set of curves (not shown)
constructed with the VFT parameters obtained from fully free fits
(filled symbols in Figure 11) exhibit the same qualitative trends.
The relaxation times for the different layers progressively spread
as temperature decreases. Thus, by assuming the validity of the
extrapolation, we observe atT = 0.113 a variation in the relaxation
times of about 5 decades from the interface to the center of the
F-domains. At the former temperature the relaxation time in the
immediate neighborhood of the interface is 1014, which roughly
corresponds to 102�103 s in real systems (see section II), i.e., the
usual time scale for defining the laboratory glass transition
temperature.44,45 Consistently with the observations in Figures 8b
and 11c, the observed spread in the relaxation times esentially
emerges at distances from the interface smaller than about 4σ.
Note that the small differences in the extrapolated VFT curves at
large values of Δz originate from the statistical error in the used
values of T0(Δz) (see Figure 11c).

The results of Figures 8, 11, and 13 are consistent with the
physical interpretation of the experiments of ref 38, which
proposes the existence of gradients of mobility originating from
gradients of VFT temperatures, T0(Δz). The dynamic range
probed by the global response of the PDMS segments in ref 38
extends over frequencies lower than 105 Hz. By using the
conversion factors from simulation to real units (see section II),
the former dynamic range qualitatively correspons to tempera-
tures for which the relaxation time of the global P(t) is τJ 107. At
such temperatures the layer-dependent times of Figure 13 spread
over at least 3 decades. This is qualitatively consistent with
the distributions of times τ(Δz) obtained from the experimental
analysis of ref 38. There it is also proposed that the gradients
of mobility extend from the interface to some distance d,
beyond which the PDMS segments in the lamellar domains

Figure 12. As in Figure 11 for the S-component.

Figure 13. VFT curves for the reorientation of the F�F bonds,
extrapolated to low temperatures (see text for details).
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esentially follow the same dynamic behavior as in the PDMS
homopolymer. The estimated spatial extension of the gradients is
d ∼ 4 nm.38 This value is qualitatively consistent with the
distance, Δz ≈ 4σ, at which the VFT temperature T0(Δz) and
layer-dependent dynamic observables approach those of the
F-homopolymer in our simulations (see Figures 8, 11, and 13).

According to the interpretation of ref 38, the gradients of
mobility, which are directly related with the obtained gradients of
VFT temperatures T0(Δz), originate from gradients of density.
Inspection of Figures 2 and 11 suggests that the latter is esentially
an interfacial effect. Thus, F(Δz) and T0(Δz) become constant
(layer-independent) and equal within error bars to the values
for the F-homopolymer, at similar distances from the interface.
These distances areΔzJ 3σ for F(Δz) (Figure 2) andΔzJ 4σ
for T0(Δz) (Figure 11).

V. CONCLUSIONS

We have performed simulations of a simple bead�spring
model for strongly segregated lamellar phases of diblock copo-
lymers, with blocks of different mobility. We have characterized
the heterogeneity of the segmental dynamics associated with the
glass transition. This has been done by computing monomer
translations and bond reorientations as a function of both
the location along the chain and the distance to the nearest
interface. This analysis reveals moderate gradients of mobility in
the investigated temperature range, which qualitatively probes
time scales of up to hundreds of nanoseconds. Thus, the obtained
distribution of relaxation times spreads over about 1 decade. This
result is relevant for the interpretation of experiments probing
the former dynamic window, e.g., by means of neutron spin-echo
techniques,77 suggesting that strong gradients of mobility and
broad distributions of relaxation times should not be invoked in
the data analysis.

However, the extrapolation of the simulation results to lower
temperatures (i.e., to much longer time scales) suggests an
increasing dispersion over several time decades. The extrapo-
lated results are consistent with the interpretation of BDS
experiments, which relate gradients of mobility with gradients
of the VFT temperature. The simulations reveal, for the fast
block, a decrease of the VFT temperature on moving from the
interface to the center of the lamellar domain. The opposite
effect is observed for the slow block. The structural relaxation
and VFT temperature within the lamellar domains approach
those of the respective homopolymers at a distance from the
interface of about 2�4 nm, in agreement with proposed values
from BDS experiments. This distance roughly corresponds to
the interfacial thickness. Therefore, gradients of mobility
emerge esentially as an interfacial effect. They are not related
with long-range gradients of density along the lamellar domains.
The latter are indeed absent, and the density of the correspond-
ing homopolymers is only perturbed in the interfacial region.
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