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ABSTRACT: Extensive molecular dynamics simulations are carried out to study static and dynamic
properties of symmetric diblock copolymer melts, both in the disordered and in the lamellar phases. The
lamellar phase is constructed using the natural lamellar spacing, determined from constant pressure
simulations. The non-Gaussian character of the chains in the disordered phase is demonstrated and
quantified. In the lamellar phase, the density profile of the separate blocks, as well as the interface
thickness are determined as a function of chain length N and AB interaction parameter ¢, and compared
with experiments and other theoretical results. Single chain and single block form factors indicate that
the chains in the lamellar phase are distorted into stick-like objects. Our results in the disordered phase
show a stronger dependence of the diffusion constant on the chain length than observed in previous
simulations. Diffusion within the lamellar plane for systems with chains of length N < 100 monomers is
found to be almost independent of ¢, in agreement with the predictions by Barrat and Fredrickson for
Rouse chains. Diffusion perpendicular to the lamellae is exponentially suppressed with increasing €.
Simulations with even longer chains (up to N = 400 monomers) indicate that, in the strong segregation
regime, chain stretching lowers the entanglement density and shifts the tube motion characteristic of
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the chain dynamics in homogeneous melts of long chains toward much longer chains.

I. Introduction

Melts of AB diblock copolymers containing linear
chains of incompatible A and B monomers (of length Na
and Ng respectively) joined chemically at one end
exhibit many interesting structures depending upon
their composition and temperatures.!=> Of these the
simplest is the lamellar structure, formed by symmetric
AB copolymers (Na = Ng) at temperatures below the
order—disorder transition (ODT) temperature. This
structure contains alternating layers, such that each
layer is richer in either A or B monomers.

Theoretical treatments of the diblock melts deal
mainly with two limiting cases: the weak segregation
limit, valid at temperatures near the ODT temperature,
and strong segregation limit (SSL) at temperatures well
below. For the weak segregation limit, Leibler® devel-
oped a mean field theory which predicts a phase
transition from a disordered melt to an ordered phase,
as the product yN crosses a critical value, which depends
upon f = Na/N, with N = Na + Ng. Here y is the
temperature-dependent interaction parameter charac-
terizing the AB incompatibility. For symmetric diblocks
(f = 1), the stable ordered phase has a lamellar
structure. In mean field theory, the transition is second-
order, occurring at yN = yoptN ~ 10.5. This theory
assumes that the individual chains remain Gaussian,
with their average squared radius of gyration satisfying
the scaling behavior Rg200 N on both sides of the
transition. As the transition temperature is approached
from above, the compositional structure factor S¢(q) is
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predicted to diverge at a characteristic wave vector g*
O Re™L. Just below the transition temperature, the
lamellar structure has a sinusoidal composition varia-
tion of wave vector g*. Inclusion of fluctuation effects,
as done by Fredrickson and Helfand,” changes the order
of the transition to first order and suppresses the
divergence in S¢(gq*). Fluctuations also give rise to an
N-dependent correction to yopr. Stepanow? has incor-
porated non-RPA corrections to this model and found
changes in the results of Fredrickson and Helfand,
including thermally induced chain stretching.

A different approach to include fluctuation effects has
been developed by David and Schweizer® and Guenza
and Schweizer.’® This work is based on the integral
equation polymer reference interaction site model
(PRISM) developed by Schweizer and Curro.l! One of
the main differences from the Leibler, Fredrickson, and
Helfand (LFH) approach is the underlying physical
origin of the fluctuation corrections. The nonlinear
feedback which changes the mean field second-order
phase transition to first order is driven by higher order
intramolecular interactions which are of single chain
entropic origin in the LFH theory. In the PRISM theory
the fluctuations are driven by connectivity induced finite
size coupling of local and long wavelength fluctuations
due to enthalpic intermolecular effects. This model has
been shown to give a very good, consistent description
of experimental data for the position of the ODT and
the compositional structure factor S.(q).° Recently
Guenza et al.»? have developed a microscopic theory of
self-diffusion for diblocks in the one-phase region based
on polymer mode coupling theory. Model calculations
indicate that as one approaches the ODT from above,
suppression of the diffusion constant is enhanced as
molecular weight increases.

Simulations316 as well as experiments!” have dem-
onstrated the Gaussian assumption to be unfounded,
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even at temperatures well above the ODT temperature.
The average squared distance [Rag?[lbetween the cen-
ters of mass of the A and B blocks, scaled by its value
for a homopolymer of identical length is found to
increase with increasing yN,'31416 while in the Gaussian
approximation Rag?(x,N)/Rag?(0,N) would be constant.
Simulations and scattering experiments have also shown
that g* varies with the distance from the transition
temperature, while the theory indicated it to be inde-
pendent of y.

The SSL theories'®20 treat the diblock copolymer
melts in the limit yN > yoptN. In this limit of a
symmetric diblock, the two halves of the chain are well
separated, with the lamellar layers containing only one
type of monomer, except inside a small interface layer
of width w O y~¥2. The periodicity of the layers d is
predicted to scale as N¥3y1/6, resulting from a competi-
tion between chain stretching that leads to a reduction
of the AB interaction energy and chain coiling that
maximizes the entropy.

In addition to these limiting theories, numerical self-
consistent field theories?1 =24 have also been applied for
intermediate values of the y parameter, resulting in
theoretical phase diagrams, as well as concentration
profiles and other equilibrium quantities of interest for
lamellae and for a number of structures with other
symmetries.

An important issue involving ordering in symmetric
diblock melts is that of self-diffusion. One question of
interest is how the diffusion is affected by the approach
to the ODT in the disordered phase. Another one is how
the lamellar ordering affects self diffusion. Barrat and
Fredrickson?®> modeled the self-diffusion of a Rouse
chain in a lamellar system as tracer diffusion of a chain
in a periodic potential varying in one dimension, per-
pendicular to the lamellar planes. Close to the ODT,
they applied perturbation theories, while far away from
it, they used activated process theory. The intermediate
regime was covered by numerical simulation of the
Rouse model. They found that diffusion within lamellar
planes is not affected by the periodic potential, while
diffusion perpendicular to the lamellae is slowed down
by an amount dependent upon the magnitude of the
concentration fluctuations. While at temperatures slightly
below the ODT the perpendicular diffusion constant D
is expected to be lower by about 40% compared to the
parallel diffusion constant Dy, it should decay exponen-
tially with yN further away from ODT. Our preliminary
simulations?® confirm these predictions. Leibig and
Fredrickson?’ studied the suppression of the diffusion
constant of unentangled chains due to fluctuations in
the disordered regime. Tang and Schweizer,28 extending
the polymer mode-coupling theory to diblocks, found
that concentration fluctuations can significantly slow
down diffusion near and below the ODT. Most experi-
ments on unentangled chains have been performed on
guenched, unoriented samples,?°-32 though there has
been one recent study by Hamersky et al.33 on a lamellar
polystyrene-polyisoprene diblock which has been ori-
ented by shear. All of these studies showed that there
is no discontinuity for the (isotropic) diffusion constant
at the ODT. Hamersky et al. showed that for temper-
atures below the ODT, the average D measured in
unoriented quenched samples is comparable to 2/3D; +
1/3Dg, and D/Dy decreased rapidly as the temperature
decreases.
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For well entangled chains, both components of the
diffusion constant have been measured for a number of
poly(ethylenepropylene)—poly(ethylethylene) diblock co-
polymers oriented with the application of oscillatory
shear.3* These experiments®43> showed less anisotropy
than predicted by the Rouse model. Near the ODT, D,
=~ Dp while 70 K below the ODT, D, = 3Dg. One
explanation for the fact that Do/Dy, is so close to unity
for entangled chains while it is much larger for unen-
tangled chains is based on the tube model (reptation).
If the motion of the chain is confined to a tube, then
diffusion both in the plane and between the planes
involve penetration of A monomers into the B-rich
domain and vice versa. However in the strongly segre-
gated regime, the activation barrier is expected to
exceed the entropic barrier of an alternative block-
retraction mechanism,3° similar to the arm-retraction
known from star polymers. This entropic barrier also
gives rise to an exponential decay of both D, and Dy with
increasing N, making an experimental distinction be-
tween the two mechanisms very difficult. However the
reptation concept is based on the topological constraints
imposed on a chain by its neighbor chains which are
also random coils, sharing the very same volume. In the
lamellar phase, chain orientation reduces the overlap
and fewer chains share the very same volume. Thus one
should expect at least a delayed crossover toward
entanglement-dominated motion.

An alternative interpretation of these results has been
put forward by Colby,36 who suggests that diffusion
perpendicular to the interface in a truly aligned sample
should be considerably slower than in the parallel
direction because of the free energy penalty of pulling
an A block through the B domain and vice versa. He
suggests that the samples of Lodge and Dalvi® are only
partially ordered, with a sufficient number of defects
that allow diffusion perpendicular to the lamellae
without requiring A blocks in the B domain. Unfortu-
nately, as we show below, the long time diffusion for
entangled systems is too slow to be measured at the
present time with computer simulations, so we cannot
address this interesting aspect of the problem directly.

There have been some simulation studies of chain
motion in the lamellar phase of diblock copolymers. Pan
and Shaffer3’ carried out a lattice Monte Carlo simula-
tion of diffusion in a strongly segregated symmetric (yN
= 45) diblock system. The stated purpose of this work
was to check whether the entanglement length Ne, as
determined from the variation of the diffusion constant
with the chain length, is different from N¢ in a ho-
mopolymer melt. They argue that N remains the same.
However, in view of our preliminary results,?® which
indicate a change in entanglement density with lamellar
ordering, their argument is questionable. Pakula et al.38
looked at relaxation of several single chain autocorre-
lation functions as a function of the temperature using
the cooperative motion algorithm.3® Hoffmann et al.
carried out bond fluctuation model*® simulations for
both symmetric!® and asymmetric*! diblock copolymers.
These simulations involved increasing y of a disordered
melt to above its critical value. In the time that they
could follow the systems, the ordered systems (lamellar
systems in case of symmetric diblock copolymers) were
always polycrystalline. These studies focused on the
scaling of both static and dynamic quantities with the
chain length and AB interaction parameter. Haliloglu
et al.*? calculated the mobility of chain ends and junction
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points in lamellar systems composed of relatively short
(N=20) chains.

Most of the previous simulation studies on symmetric
diblock copolymers in the lamellar phase were carried
out on lattices with predetermined dimensions.37:38:42-45
Since the equilibrium dimensions of the lamellar system
are not known a priori, these turn out to be incom-
mensurate with the lattice dimensions, resulting in
distortions of the lamellar structure in order to be
compatible with the lattice used. In this work, we use a
model developed by Grest et al.l* that avoids this
problem by carrying out simulations in the continuum
at constant pressure (variable simulation cell dimen-
sions) to determine the lamellar spacing for a system
of given chain length and AB interaction energy. The
resulting average lamellar spacing was then used in
constant volume simulations for the study of diffusion
behavior. Simulations in which the lamella spacing was
intentionally chosen to be too large resulted in a
distortion of the lamella structure so as to be more
compatible with the correct lamellar spacing. To com-
pare these results with those for disordered systems,
we also simulated several disordered melts on both sides
of the ODT.

In the following section we briefly describe the method
and give details of the systems simulated. We then
present our results for the collective and single chain
equilibrium properties in section Ill. In section IV we
present results for diffusion for both disordered and
lamellar systems. In section V we discuss the reduction
of entanglement effects in lamellar systems. Finally, in
the last section, we summarize our main results.

I1. Method and Methodology

We use a coarse grained bead-spring model similar
to that used in our earlier studies of polymer melts and
networks*é47 and tethered chains.*® In this model each
chain consists of N beads, which we refer to as mono-
mers, connected to form a linear chain. For diblocks,
the model is generalized to include two types of polymer
species, A and B, which are connected in a block of fN
monomers of type A connected to a block of (1 — f)N
monomers of type B. Here we consider symmetric
diblocks, f = 1/,. The interaction potential U,;(r) between
two beads of types I, J = { A, B} separated by a distance
r is taken as the repulsive part of a Lennard Jones 6:12
potential

where the cutoff distance r. = 2Y6g,;. Here, ¢;; and o3
are, respectively, parameters fixing the energy and
length scale for monomers of type I and J. Adjacent
monomers along the chains are coupled through an
anharmonic potential, Uh(r) given by

1 r\?
UCh(r) _ — EI(RO2 |n[1 — (R_O) ] r < RO (2)

00 I’>RO

The parameters k = 30¢/0? and Ry = 1.50 are chosen so
that unphysical bond crossings and chain breaking are
eliminated.*6~“8 Because all the interactions are short
ranged, the model is very efficient computationally. The
details of the method have been described elsewhere.46
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For symmetric copolymers, we set eap = €gg = €, and
eaple = 1 + €. We also set oaa = ogg = 0ag = 0, SO that
both types of monomers have the same molar volume.
The length, energy and time scales in this model are
determined by o, ¢, and T = o(m/€)¥2, with m being the
mass of both types of monomers. The simulations were
carried out at a temperature T = ¢/kg. We set kgT = ¢
= 1.0 and o = 1.0 throughout the paper.

The energy parameters are a special case of

- 1
€= |€aB — E(GAA + egg)|le 3)

which represents the type of interactions used in simple
lattice systems such as in Flory—Huggins theory. In ref
14, it was shown that this difference in the repulsive
interaction strength between like and unlike monomers
was sufficient to drive phase separation. Simply by
varying ¢, while leaving the temperature T constant,
one can induce a phase transition from a homogeneous
blend to a system with two segregated coexisting phases
and from a disordered diblock copolymer melt to one
with lamellar order.'* This approach also overcomes a
problem inherent in experimental studies: namely, the
dependence of the monomeric friction constant on the
temperature. It is reminiscent of recent experiments by
Gehlsen et al.*° in which the phase separation of binary
mixtures is studied as a function of the difference in
deuterium content between two otherwise identical
polymer species. This is an elegant way of studying
phase transitions in polymer mixtures while circum-
venting the rather narrow temperature range of access
between the glass transition and thermal degradation.
For a symmetric polymer blend, the critical interaction
strength & = 3.4/N. For very small ¢, we found that y
= 10¢. For N¢ 2 1.0, this simple relation begins to break
down and y increases more slowly with €. In many
simulations,1316:37 it is explicitly assumed, we believe
incorrectly, that y = z¢« € for all €, but this has not been
independently verified. Here ze is the effective coordi-
nation number. For more discussions on this point see
ref 14.

Our systems consist of M chains of length N. The
dynamics are studied by solving Newton’s equations of
motion using a velocity—Verlet algorithm> with a time
step At = 0.0137. The monomers are coupled weakly to
a heat bath.#647 Systems of two different symmetries
were considered, disordered and lamellar. In the former
case, we studied cubic systems at density p = 0.85072
as described in refs 46 and 47 for a homopolymer melt
(¢ = 0). The linear dimension L of the simulation cell is
determined by L = (N/p)¥3, where N = MN. The
disordered systems simulated consisted of chains of
length between 10 and 200, with the number of chains
varying from 1600 for the shorter chains to 200 for the
longest ones. A partial list of the systems simulated in
the disordered regime is given in Table 1. For the static
properties of the chain, some additional results from ref
14 are also included.

The lamellar state was constructed as described in
ref 14. We took the lamellar planes to be perpendicular
to the z axis. Since the lamellar spacing depends on the
interaction strength € and is not known a priori, we first
ran a constant pressure simulation!* at a pressure of P
= 5¢0~2 during which the dimensions of the simulation
cell, parallel Ly, and perpendicular Ly to the lamellar
plane, were allowed to vary independently®! for each
value of €. This value of pressure was chosen, since it
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Table 1. Simulation Details for a Disordered Melt of M Chains of Length N at a Monomer Density po® = 0.85 and
Temperature T = €/kg, in a Simulation Cell of Linear Size L&

M/N € L/o Tz Rg2[o? R2[1o? Rag2lo? 6D7/0?
100/10 0.0 10.6 1.30 x 10° 2.2 13.0 — 4.3 x 1072
1600/10 1.0 26.2 2.60 x 104 2.2 13.4 5.3 3.9 x 102
1600/10 2.0 26.2 1.30 x 104 2.3 13.9 55 3.45 x 1072
1600/10 3.0 26.2 2.60 x 104 2.3 14.2 5.6 3.1 x 1072
1600/10 4.0 26.2 1.30 x 104 2.4 145 5.8 2.85 x 1072
1600/10 6.0 26.2 1.30 x 104 2.4 15.1 6.0 2.55 x 1072
800/20 0.0 26.2 2.60 x 104 4.8 29.4 10.7 2.1 x 102
800/20 0.5 26.2 3.90 x 104 5.0 30.0 11.2 1.9 x 1072
800/20 1.0 26.2 2.77 x 104 5.1 31.1 11.7 1.6 x 1072
800/20 1.5 26.2 1.30 x 104 53 325 12.4 1.45 x 1072
800/20 2.0 26.2 1.30 x 104 5.4 33.7 12.9 1.3 x 1072
800/20 3.0 26.2 2.60 x 104 5.7 36.2 14.0 1.0 x 1072
800/40 0.0 335 2.60 x 104 10.4 62.9 22.2 8.9 x 1073
800/40 0.5 335 5.20 x 104 10.9 66.1 24.4 7.2 x 1073
800/40 0.8 33.5 5.20 x 104 11.6 72.0 27.3 5.2 x 1073
800/40 1.0 33.5 5.20 x 104 12.1 76.0 29.1 4.4 x 1073
800/40 1.25 335 2.60 x 104 12.5 78.7 30.4 3.8 x 1073
800/40 3.0 33.5 6.50 x 104 13.3 85.9 33.7 3.2 x 103
100/100 0.0 22.7 3.90 x 10° 27.7 167.3 57.2 2.1 x 1073
200/100 0.15 28.7 6.50 x 10° 28.0 168.9 60.0 2.0 x 1073
200/100 0.22 28.7 5.20 x 10° 28.9 174.6 63.8 1.8 x 1073
200/100 0.3 28.7 6.50 x 10° 30.7 187.8 71.0 1.3 x 1073
200/100 0.5 28.7 6.50 x 10° 32.4 201.4 77.6 9.5 x 1074
200/100 1.0 28.7 2.48 x 10° 36.5 233.3 92.2 8.0 x 1074
100/200 0.0 28.7 5.68 x 10° 60.4 345.7 116.6 5.5 x 1074
100/200 1.0 28.7 3.95 x 10° 68.2 396.9 158.2 2.6 x 1074

a Data were taken from runs of total time T; after equilibration. All the results are for one continuous run for a single ensemble.
Results for the mean square radius of gyration [Rg2[] the mean square end-to-end distance [R2[] the mean squared distance between the

center of mass of the A and B segments [(Rag2[) and the diffusion constant D are given. Some of the data for € = 0 are from ref 62.

Table 2. Simulation Details for a Lamellar System of M Chains of Length N at a Monomer Density po® = 0.85 and
Temperature T = e/kg, in a Simulation Cell of Length Ly Perpendicular to the Lamellar Plane and Cross-Sectional Area

|_”2 a
M/N € LD/O' LH/O' Tt/‘L’ [RGZMUZ [Rzlllaz DRABZMUZ D||‘L’/U2 DDT/UZ

800/40 0.9 57.3 25.8 5.80 x 10* 11.9 74.4 28.4 9.5 x 1074 7.5 x 1074
800/40 1.0 57.6 25.7 1.04 x 10° 12.2 77.0 29.5 9.1 x 1074 3.2 x 10
800/40 1.2 58.0 25.6 1.17 x 10° 12.4 78.3 30.2 9.2 x 107 8.0 x 1075
800/40 1.4 61.8 24.8 7.93 x 10* 131 83.2 32.2 9.2 x 1074 3.1 x10°%
800/40 3.0 68.9 235 7.44 x 10* 141 91.6 36.1 8.8 x 1074

800/40 9.0 74.8 22.6 5.20 x 10* 15.0 98.9 39.4 8.0 x 107

200/100 0.3 441 23.1 6.65 x 10° 31.8 197.9 74.6 2.1 x10* 6.5 x 10°°
200/100 0.5 49.5 21.8 6.50 x 10° 35.2 222.5 87.3 21 x10*

200/100 1.0 53.1 211 6.50 x 10° 37.2 238.0 94.5 2.1 x 104

200/100 3.6 64.7 19.1 6.50 x 10° 40.9 266.4 107.5 1.3 x 10

200/100 9.0 68.8 18.5 3.90 x 10° 45.6 302.0 123.8 1.6 x 104

200/200 0.2 73.9 25.2 8.83 x 10° 75.8 479.9 189.0 19 x 10°°

200/200 1.0 87.3 24.4 6.50 x 10° 85.0 540.0 225.0

200/200 9.0 109.8 22.2 2.16 x 10° 98.0 660.0 265.0

200/400 0.1 120.5 27.9 2.34 x 10° 148.5 943.8 366.8

200/400 9.0 169.0 23.6 2.60 x 10° 208.2 1396.2 579.5

a The number of lamellar layers in the simulation cell are 4 for N = 40 systems and 2 for longer chains. Data were taken from runs of
total time T after equilibration. All the results are for one continuous run for a single ensemble. Results for the mean square radius of
gyration [Rg2[] the mean square end-to-end distance (R[] the mean squared distance between the center of mass of the A and B segments
[Rag20) and the parallel and perpendicular components of the diffusion constant D are given.

leads to an average density of p ~ 0.85¢%. These runs
allow the determination of the appropriate simulation
cell dimension Ly commensurate with the lamellar
spacing d; and of the corresponding L;. Usually within
a (1-2) x 10%, Lg adjusts itself to the new €. The
fluctuations in L are about +20, both before and after
the change in €. The resulting lamellar spacing d; was
shown in ref 14 to scale very well with N%? as predicted
by self-consistent field (SCF) theory.20:52.53

The simulation cell dimensions were then fixed at an
equilibrium configuration corresponding to €, and very
long runs were carried out at constant volume to study
the dynamics in the lamellar phase. The results pre-
sented here are for M = 800 chains of N = 40 and M =
200 chains of N = 100, 200, and 400. The lamellar

systems contained 4 lamellar layers for N = 40 and 2
layers for N = 100.

Table 2 lists all the lamellar systems simulated. The
total simulation time for each system is also listed. This
time is much longer than any relaxation time of internal
motions of individual chains (such as the autocorrelation
time of radius of gyration fluctuations), and is long
enough (for all N = 40 and 100 systems) to measure
the diffusion constants. The dimensions of the simula-
tion cells, as given by Ly and L, are determined from a
constant pressure simulation, as described above. The
chain dimensions, quantified by the mean squared
radius of gyration [Rg2[] mean squared end-to-end
distance [R2?[J and the mean squared distance Rag?[]
between the center of mass of the A and B sections are
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Figure 1. Autocorrelation function of the time dependence

of various instantaneous chain dimensions, for a system of 200

chains of length N = 100 with € = 1.0, which is in the lamellar
phase.

averaged over configurations sampled 10 000 time steps
(1307) apart, with the number of samples determined
by the total length of the simulation. Also listed are the
diffusion coefficients, measured as described later.

We measured the autocorrelation functions Cx(t) of
several single chain properties for the lamellar system.
Results for N = 100, € = 1.0 are shown in Figure 1.
Cx(t) of a fluctuating variable X(t) is given by

X(t)X(0)O— XA

Cx0 = X20- X

(4)

Here the brackets stand for an ensemble average over
the chains, as well as over different starting times. In
Figure 1, X is replaced by Rg2, R? and their z contribu-
tions. Rg20and Re20have typical relaxation times
shorter than 5000z. The end-to-end dimensions have
even shorter autocorrelation times. Other N = 100
systems we studied exhibited similar relaxation times.
For N = 40 typical autocorrelation times are of order
10007. These relaxation times are small compared to
the total length of our simulations. Our results for chain
diffusion (section 1V) indicate that the time it takes a
chain to diffuse its own radius of gyration is also very
small compared to the total length of the simulations.
Therefore, our simulations are indeed long enough to
cover many equilibrium conformations of the chains.

We also simulated two additional systems which
initially had lamellar symmetry, namely N = 40, € =
0.8 and N = 100, € = 0.29. The starting states of these
were equilibrium configurations of system with N = 40,
€ = 0.9 and N = 100, € = 0.3, respectively. However,
both these systems showed signs of melting after a few
thousand 7, losing their lamellar structure. We could
thus determine the lower limit of the €opr for these two
respective chain lengths as 0.8 and 0.29, consistent with
the previous simulations!* that indicated éopt = 0.85
+ 0.05 and 0.28 + 0.03, respectively. For N > 200, we
do not have a good estimate for €opr. However the
results for our simulation at € = 0.2 for N = 200 showed
that this system is still lamellar but probably very close
to the ODT. We thus expect €opt for this chain length
to be slightly less than 0.2.

I11. Static Results

A. Structure of Disordered Systems. In the mean
field model of Leibler the local structure of the copoly-
mer melt is assumed to be indistinguishable from that
of a homopolymer blend. It has been clearly shown from
both experiment®175455 and simulation®16 that, even
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Figure 2. Ratio d(N,€)/d(N,0), where d = [Rag?[¥?/[R2(?, vs
the scaled interaction strength €N. Curves are for symmetric
diblock copolymers of total length N = 20 (a), 40 (O), and 100
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far above the ODT, the chains are locally stretched and
show significant deviations from a Gaussian behavior.
One direct way to see this effect is to measure the ratio
d of the average distance between the centers of mass
of the A and B blocks Rag, to the radius of gyration Rg
of the entire chain.’® For a Gaussian chain, d is

independent of N and is equal to v/2.% For diblock
copolymers however, d depends on N. This dependence
is presented in Figure 2 where the increase of d(N) with
éN clearly indicates a non-Gaussian behavior of the
chains. The range of €N covers and extends beyond the
ODT. Because the relaxation time becomes very long
near the transition, we find significant “supercooling”
at large €N of the disordered phase into the ordered
regime. These supercooled states are clearly not in
equilibrium and may explain why the results for dif-
ferent N separate for large €N in Figure 2.

Further evidence for non-Gaussian behavior is found
from the characteristic length scale of the fluctuations
in ¥ = (oa — pB)/p. This can be directly determined from
the position of the peak in the collective structure factor
Sc(q). For a symmetric diblock copolymer, S¢(q) is
defined by

Sq(q) = %Zeiq'r‘@(ri)cf(rj)ﬂ ()

The sum is taken over all pairs in the system and rj; =
ri — rj. The occupation factor o(r) = —1 for species A
and 1 for species B. Because of the periodic boundary
conditions only g values commensurate with the dimen-
sion of the simulation cell, q, = (27/Ly)n, where n = 1,
2, ..., are allowed. Figure 3 shows the results for
spherically averaged structure factor S¢(q) for N = 40
for six values of €. The solid line is a best fit to the data
as discussed below. Note that as € increases, the position
of the first peak g* shifts to smaller wave vectors and
the height of the peak increases.

For symmetric diblock copolymers, Leibler® has shown
that within mean field theory, S¢(q) has the explicit form

NS, (a) = F(aRg) — 2¢N (6)
where
X2 en X 3|7
F(X)ZEZ+eX/2_T_Z (7)

For all values of yN, S¢(q) attains its maximum value
at g*Rg = 1.95 and diverges at the ODT. Clearly from
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Figure 3. The spherically averaged compositional structure
factor S¢(g) vs g for N =40 and € = 0.10 (O), 0.20 (O), 0.30 (»),
0.50 (m), 0.60 (®) and 0.80 (a). The last value is close to the
ODT, where éopt = 0.85. Also shown as solid lines are the
curves fitted with eq 10.
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Figure 4. NS:(g*) vs €N for N = 20 (a), 40 (O), and 100
.

Figure 3, the position of the peak decreases as ¢, and
therefore y, increases in contrast with the mean field
prediction. Fredrickson and Helfand,” included the
Hartree corrections and found that

NSey (@) = NS_ (@) + Alze NI (8)
where 7ry is a solution of the equation

Tew = NSg (0%) = F(@*Rg) — 2¢N + A[TFHN]_U(ZQ)

and A is a constant. The Hartree corrections introduce
an explicit N dependence into the scaling form for
Sc(q). In this approximation, the order of the transition
changes from second order to first. For finite N, the
divergence in S¢(q) at the ODT is also suppressed.

Since we can only calculate S¢(q) at discrete sets of
values of g, we follow Fried and Binder!® and fit our
data for the structure factor to a fitting function which
has the same form as the predictions of Leibler® and
Fredrickson and Helfand:”

NSy (@) = 2[F(aRe) — 3] (10)

Here F(x) is given by eq 7. The three parameters o, 0,
and Rg = 1.95/g* are treated as fitting parameters and
obtained from a nonlinear least-squares fit to S.~1(q).

Figure 3 shows the best fit to the structure factor for
N = 40. In Figure 4, we show the value of the peak
height S.71(g*) vs €N for three values of N. In agreement
with earlier results of Fried and Binder,*® the results
scale very well with €N as expected from the theoretical
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Figure 6. Fitting parameter ¢, eq 10, vs €N for N = 20 (»),
40 (O), and 100 (O).

predictions. A comparable plot vs € does not scale, also
in agreement with Fried and Binder. The deviations
from the scaling for large €N are for supercooled states
with € > €opt. In mean field theory, Sc~1(g*) — 0 linearly
with Ny near the ODT. Extrapolating linearly the
results shown in Figure 4 for Sc(g*) to zero gives
Ne¥i; = 20.0. Since Nyyor = 10.5, this is another
indication that y = €, contrary to what is often assumed.
For N = 40, this gives ¢y5; = 0.5 compared to the
measured value of 0.85 4 0.05.14 For N = 100, the mean
field result is 0.20 compared to 0.28 + 0.03. As expected
the mean field result becomes more reliable with
increasing N.

The position of the local maximum g* multiplied by
the radius of gyration of the chain Rg is shown in Figure
5 for N = 20, 40, and 100. Note that the data scale
reasonably well with €N as suggested by Fried and
Binder.!® The large scatter is presumably due to the
small system sizes. A plot of g*Rg vs € shows that if
one had only the data for chains of length N = 20 and
40, as did Fried and Binder, it simply would not be
possible to say whether the data scale better vs € or €N.
However, after including data for longer (N = 100)
chains, we find clear indications that the data scale with
€N, and not with €. Because of the relatively large
scatter, we cannot rule out finite N corrections for these
small chain lengths. For € = 0, q*Rg = 1.95, the value
predicted in mean field theory® to within our uncer-
tainty. However, it decreases rapidly as € increases,
reaching a value of about 1.6 at the ODT, slightly larger
than the value 1.45 found by Fried and Binder.13 There
is no regime, even for small €, where g*Rg is constant.
The fitting parameter 6 shows very good scaling with
€N, as shown in Figure 6.

B. Structure in the Lamellar Phase. Figure 7
shows two snapshots of the simulation cell in two
lamellar systems, each containing 200 chains of length
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Figure 7. Top: snapshot of a system with 200 chains of length N = 100 for € = 0.3. The two types of the monomers are colored
red and green, with the free ends of the green monomers shown in yellow. In the course of the simulation, monomers that leave
the simulation box are folded back into the box through the use of periodic boundary conditions. Chains are plotted so that their
centers of mass are inside the simulation cell. Monomers that extend beyond the cell are plotted outside the cell to emphasize the
chain connectivity. The cell dimensions are Ly = 44.10 and L, = 23.10. Bottom: Snapshot for a system with the same chain
length but at € = 1.0, which is much further from the ODT. For this system, Ly = 53.1¢0 and L, = 21.10.

N = 100. Due to the periodic boundary conditions,
chains are plotted so that their center of mass is within
the simulations cells. Monomers that are out of the
simulation cell are not folded back into the cell in order
to show the connectivity. While the system with ¢ = 0.3
(closest to the ODT) has a very broad interface, with
monomers of one type interpenetrating into the domain
of the other, the interface in the system with € = 1.0 is
much better defined, with only few monomers penetrat-
ing the layer rich in the monomers of the other type.
It has been shown here in Figure 2, as well as in
previous simulations,1316:56 that chains extend beyond

their Gaussian dimension with increasing yN. In the
lamellar phase they are expected to extend in a much
more dramatic manner. The snapshots shown in Figure
7 demonstrate this extension qualitatively. For a more
quantitative analysis, we show in Figure 8 the equilib-
rium lamellar spacing d, scaled by NZ3 for all the
lamellar systems simulated. We note that the SCF
theories2%:5253 predict d; O N%3y6, The N scaling is
confirmed in the figure. For large € the chains are highly
stretched. As seen below the AB junctions are confined
to an almost microscopically thin interface. Thus,
further increase in the repulsive energy between the two
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Figure 8. Equilibrium lamellar spacing d, scaled by N22 as
a function of the excess AB interaction parameter &, for N =
40 (2), 100 (O), 200 (O), and 400 (@).
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Figure 9. (a) Kratky plot of the single chain form factor P(q)
for two lamellar N = 200 systems: € = 0.2 (dashed curves)
and ¢ = 9.0 (solid curves). The curves with small circles are
for wave vectors oriented in the lamellar planes, while the
curves without symbols are for wave vectors perpendicular to
the lamellae. The horizontal line indicates the slope expected
for Gaussian chains. (b) Same quantities except that the form
factor Paa(q) is for the A monomers only. Both the horizontal
and the vertical scales are expanded to emphasize the differ-
ences between the curves.

species affects d; only weakly, resulting in the leveling
off of the plot. In this regime y is no longer proportional
to € as discussed in the previous section.

Another interesting way to demonstrate the chain
stretching is by plotting the average single chain form
factor P(q) defined as

1 .
— IQ'I'ij
@) = (Fe e (11)

averaged over different orientations of g. The sum is
over all pairs in a single chain. The average is over all
the chains in the system and over different times. A
similar quantity Paa(q) is defined by summing only over
pairs of monomers which are both species A. Figure 9a
shows P(q) for g vectors in the lamellar plane and
perpendicular to it for two systems with N = 200. One
of the systems € = 0.2, is close to the ODT, while the
other, € = 9.0, is in the strong segregation limit. For g
vectors in the lamellar plane, P(q) of both systems only
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slightly deviate from the gq=2 behavior, corresponding
to that of Gaussian chains. Similar behavior is observed
for P(qg) in the disordered phase near the ODT, where
P(g) = g2 with an effective exponent a = 2.15. However,
for g vectors perpendicular to the lamellar plane, a
minimum appears, whose depth is significantly larger
for the higher ¢ system. The curve for the intermediate
(¢ = 1.0) system, not shown on the plot for the sake of
clarity, has a minimum of intermediate depth. The
position gm, at which this minimum appears corresponds
to a linear size 27/qm,. This size increases with increasing
€. For the system with € = 9.0, the minimum is quite
well defined and occurs at gm = 0.2307%, corresponding
to a size of 24.30. This is of the same order as the
average end-to-end dimensions of the chain. The ap-
pearance of such a minimum is reminiscent of an
elongated object of distinct boundaries. From the form
factor Paa(q) of only the A parts of the chain (Figure
9b), one again sees a difference between wave vectors
in the lamellar plane and in the perpendicular direction,
with both deviating from a Gaussian behavior. Thus it
seems that the stretching of the chains occurs both as
a result of distortion of each subchain and from the
separation of the subchains due to the interaction.

C. Concentration Profiles. Now we consider the
ordering within the lamellar phases. To that end, we
calculate the density profile of both A and B monomers
along the z axis (perpendicular to the lamellar plane).
This is done by dividing the z axis from z/Lp=0to 1
into small bins (of size 0.01) and keeping track of the
number of A and B monomers in each bin. This number
is calculated for a given system configuration and
averaged over a large number of configurations. To
account for the fact that the white noise term in the
equation of motion introduces a center of mass motion
of the whole system, we first remove this motion from
the coordinates of all the monomers before calculating
the density profile.

Figure 10a shows the density profiles of both types
of monomers for the system with 200 chains of length
N = 100 near the ODT (¢ = 0.3). The density of either
type of monomer never vanishes, so that there are no
pure A or pure B domains in this system. Also shown
in the figure are the density profiles of the free A and
B end monomers and of the junction point. These are
calculated in the same way as the overall density
profiles, except that the sums include only the mono-
mers at the free ends or the junction points, respectively.
These show that even the free A ends have a finite
density within the predominately B domains. The
junction points are also to be found everywhere within
the lamellae and are not constrained to a small interface
region for this case which is in the weak segregation
regime.

As ¢ is increased, the system becomes much more
segregated, as seen in Figure 10b for € = 1.0. Here the
lamellae have regions which exclusively contain mono-
mers of one type. However, the free ends still probe all
the region accessible to monomers of the same type; that
is, the density profile of the free ends vanishes only at
those values of z where the overall density profile of the
monomers of the same type vanish. Although the
junction points are now more localized, they still probe
a large volume. The width of the distribution function
is about five monomer units. Monolayer interfaces are
obtained only for larger values of €, as will be demon-
strated below. These results agree with SCF theory.??
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Figure 10. The number density of monomers of type A (the
tall solid line) and of type B (the tall dotted line) for a system
of 200 chains of length N = 100 at € = 0.3 (a) and 1.0 (b). Lg
= 44.10. The density due to the end monomers of the two types
(at the free ends of the chains) are shown as the lower full
and dotted lines, respectively. The thick line shows the density
of the junction points. The last three curves are multiplied by
10 for the sake of clarity.
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Figure 11. The order parameter for three N = 100 systems:
€ = 1.0 (solid line), 0.5 (dashed line), and 0.3 (dotted line).

The width of the interface can be quantified from the
variation of the order parameter y(z)

V(@) = (0a(2) — $(2)(@a2) + ¢5(2))  (12)

This function for N = 100 and for three values of € is
shown in Figure 11. The width of the interface region
increases with decreasing €. To measure this width, we
fit the interface width w to the form

Y(z) = tanh[2(z — z,)/w] (13)

Here z; is a point at which the order parameter
vanishes. Fitting the order parameter around z, to this
functional form, we obtain estimates for the interface
width, shown in Figure 12. It is tempting to associate
w with the interfacial width of the interface. However,
this averaging of the profile incorporates the effect of
the intrinsic interfacial width w, as well as other
perturbations broadening the interface, such as capil-
lary waves. To separate both effects uniquely, a sys-
tematic study of the interfacial profile for different
system sizes would be needed. Since this is prohibitive
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Figure 12. The width of the AB interface as a function of €
for systems of length N = 40, 100, and 200. The width is
determined from fitting the order parameter to the functional
form of eq 13. The lines are a guide to the eye only.

in terms of cpu time at this time, we instead estimate
the relative contributions of the two contributions to w
based on prior work on the interface between immiscible
blends for the same model.5” In capillary wave theory,58
the roughness of the zero of a sharp interface z,(x,y) in
the linearized regime of small distortions is given by

[Az,)’0= :ij; |n(q’“ax) (14)

qmin

where y is the interfacial tension between immiscible
homopolymers and gmin and gmax are the minimum and
maximum wave vectors of the fluctuations. For a
polymer blend in which the interfaces are far apart, qmin
is set by the lateral dimension of the interface L, and
generally taken to be s/L,. The upper cutoff qmax is
usually assumed to be driven by some correlation length
such as z/(c'w,), where ¢’ is a number on the order of
unity. However for lamellar diblocks the fluctuations
are reduced due to the presence of nearby interfaces.
Semenov®® suggests that the lamellar spacing d, sets
the scale for gmin. Lacasse et al.5” derived a general and
formal argument to add the roughening effect of capil-
lary waves to the intrinsic interfacial width. They find
that

T
2_ A28 ff T
AT= A v In(CQminAo) (1)

where A2 measures the total interfacial width and A,2
is related to wo2. This equation is quite general and does
not rely on any specific functional form to fit the
interface. If one uses eq 13 to fit the profile, then A2 =
T2W2/48.

Using the values of the interfacial tension measured
by Lacasse et al.5” in their studies of the interface
between symmetric blends, we can estimate the two
contributions to A. Using these results and setting qmin
= 7/d, as suggested by Semenov®® and ¢ = 13,57 we find
that the intrinsic width w, dominates over the capillary
contributions for the systems studied here. An interest-
ing future study is to vary the size of the simulation
cell and measure w to check these assumptions.

For high ¢, the width is small, and is of order
monomer size. It is also independent of the chain length,
in accordance with the SSL theories.’®~20 This is rea-
sonable, since in this case the junction point is not
influenced by the length of the chain, which is already
highly stretched. The interface thickness for N = 40 and
100 systems increase slightly as ¢ is reduced down to
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about its ODT value, at which point it increases sharply.
It is hard to determine where this increase occurs for
N = 200 due to the small number of data points; we
expect the interface for this chain length to increase only
mildly approaching € = 0.2, where the system is very
close to the ODT and increase steeply only for lower
values of €.

Anastasiadis et al.’° and Mayes et al.! have studied
the chain configurations in ordered symmetric PS—
PMMA diblocks by neutron reflectivity. By selective
labeling, they determined the monomer density profiles
for each of the two blocks®® as well as the center and
end monomers.®1 Their results are qualitatively similar
to our profiles. Far from the ODT, Mayes et al. find that
the center junctions are pinned to the interface but the
ends are well distributed throughout their respective
domains. Anastasiadis et al. fit their profiles to several
functional forms and found a hyperbolic tangent form
to describe the interface adequately. We also have found
this functional form satisfactory enough to calculate
interface thicknesses. Anastasiadis et al. found that the
interface width was independent of the distance from
the ODT. We, however, find that the interface width is
strongly dependent on the distance from the ODT. The
change in the interface thickness with the degree of
segregation, as seen in our simulations is also in
qualitative agreement with the SCF theory calculations
of Matsen and Bates?* in the intermediate segregation
regime.

1V. Diffusion

The diffusion coefficient of a chain in each of the three
Cartesian directions is calculated from the long time
behavior of the motion of its center of mass, gs(t). The
components of gs(t) are defined by

g3u(t) = [ﬂrcma(t) - rcmov,(o)]zt| (16)

with o = X, y, or z. Here r¢nq(t) are the components of
the center of mass of a chain and [--Odenotes both an
ensemble average over all chains and over many dif-
ferent starting states. At long times, gsq(t) — 2Dqt. Since
our lamellae are oriented (by construction) in the xy
plane, the diffusion constant in the lamellar plane is
given by D, = (Dy + Dy)/2, while perpendicular motion
is characterized by Dy = D,. The motion in the lamellar
plane is given by

Jai(t) = 9ay(t) + ggy (1) (7)

In the one phase region, the isotropic diffusion
constant D decreases with increasing interaction strength
¢, as shown in Figure 13. Here D is the average of the
three values of Dy, though the runs are sufficiently long
that the differences in the three values are quite small.
We denote the value for the homogeneous melt (¢ = 0)
as Do. For very short chains, N = 10 and 20, the chains
show Rouse-like scaling for small €. However as €
increases the chains become stretched and the diffusion
data, even for these very short chains, begin to deviate
from the Rouse scaling D O N™1. As N increases to 40,
there is already some signature of a crossover to slower
dynamics even for € = 0.4647 This crossover to slower
diffusion becomes enhanced as € increases. Hoffmann
et al.’® found using Monte Carlo simulations of sym-
metric diblock copolymers in the one phase region that
D(€)/D(0) scales with €N, with an effective exponent «
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Figure 13. Diffusion constant D in the disordered phase for
N = 10 (x), 20 (a), and 40 (O).
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Figure 14. gz(t) in the lamellar phase for N = 40 as a function
of time for various values of ¢, indicated in the legend. Also
shown are the same quantities for an homogeneous melt and
a disordered system near the ODT.

= 0.7. As seen from Figure 13, the effective exponent «
would have to be much larger in order to scale our data.
A value of ¥ = 1.5 works reasonably well though it is
not clear why the scaling exponent for the diffusion
should be so large. Hamersky et al.33 also found for short
PS—PI diblocks that the diffusion constant does not obey
simple Rouse scaling.

In the lamellar phase, the shortest chain system we
studied was N = 40, which is expected to obey Rouse
dynamics. Figure 14 shows the behavior of gg(t) as a
function of time, for various values of the interaction
parameter for N = 40. The figure includes curves for
several lamellar systems, as well as for the isotropic
homopolymer and for isotropic diblock near ODT (the
system with € = 0.8). In these later two cases, we plot
the motion in two directions, gax(t) + gay(t) for compari-
son. The corresponding Dy are calculated from the slope
of the curves in the diffusive regime. From log—log plots
of the same data (not shown) the regime in which gg(t)
depends linearly on t is reached rather quickly, within
about 10007, allowing rather accurate determination of
DH.

The motion of the center of mass of the chain in the
direction perpendicular to the lamellar layers is shown
in Figure 15 for N = 40. Contrary to the case of lateral
diffusion, here one sees a dramatic decrease in the
diffusion constant with increasing €. For € 2 1.4, gsn(t)
practically saturates at a constant value, corresponding
roughly to the square of the thickness of the interface.
For such cases, Dgis too small for us to measure without
prohibitively long runs. For small €, results for Dg can
be fit to an exponential decay, Do/Dg = 0.57 exp[—6.4(¢
— 0.85)]. Here Dg is the diffusion constant of the
homogeneous melt. Following the motion of the center
of mass of a single chain in the perpendicular direction,
we observe that this motion is not smooth. Rather, the
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Figure 15. The perpendicular component of gs(t) in the
lamellar phase for N = 40 as a function of time for various
values of €. Also shown are the same quantities for an
homogeneous melt and a disordered system at the ODT.
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D (v) for disordered N = 100 melt. The lines for the N = 40
systems are only a guide to the eye.
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Figure 17. gg(t) in the lamellar phase for N = 100 as a
function of time for various values of ¢, indicated in the legend.
Also shown is the same function for an homogeneous melt.

chain typically makes several attempts to move from
one layer to another before it finally crosses.

The results for all the measured diffusion constants
for N = 40 are presented in Figure 16. We find for the
homogeneous system an isotropic diffusion constant Dg
= 1.5 x 10730?/t. Near the ODT D drops to 8.6 x 1040/
7, about 40% lower than the diffusion constant in the
homopolymer. For the lamellar system closest to the
ODT (the system with € = 0.9), D; = 9.5 x 1074, slightly
higher than the diffusion constant in the isotropic phase
near ODT. In the lamellar phase, D, does not vary very
much with increasing €. Even for € = 9.0 (but shown in
Figure 16), which is deep in the strong segregation
regime (Né = 360), D, decreases only to 8.0 x 10™%¢?/7.

Results for gg(t) for four values of € are compared to
that for a homopolymer (¢ = 0) for N = 100 in Figure
17. Similar to the shorter chains, the changes in the
slope of the curves with increasing € are insignificant.
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Figure 18. gs(t)/t for a homopolymer melt with N = 100, and
for the lamellar system with € = 0.5. The flatting of the curves
at late times indicates the transition to the diffusive regime.

0

10

All the measured diffusion constants for N = 100 from
our simulations are also shown in Figure 16. For N =
100, the homogeneous diffusion constant is 3.5 x 10™%0?/
7. The isotropic diffusion constant of the disordered
phase decreases with increasing €, and reaches a value
of about 2.1 x 10™*¢?/r at the ODT. This corresponds to
a decrease of about 60%, similar to the decrease in the
N = 40 systems. The parallel diffusion constant in the
lamellar phase closest to the ODT is almost indistin-
guishable from the one in the disordered phase. At
higher values of €, D, decreases only slightly. At € = 3.6,
corresponding to Né = 360, D, decreases to 1.3 x 10~4¢?/
7, lower only by 40% from the value at the ODT.
Perpendicular diffusion was observed for N = 100 only
for € = 0.3. For this system, Dy was found to be 0.65 x
10~%0?/r. The ratio D/Dy at the ODT is then about /3,
significantly lower than the ratio of 0.8 for N = 40
systems. No measurable perpendicular motion could be
observed in systems with higher €.

These results on diffusion in the lamellar planes
confirm the Barrat—Fredrickson prediction that in a
system of Rouse chains (with no entanglements), the
parallel diffusion is unaffected by the amplitude of the
chain stretching. Our results for N = 40 clearly show
that Dy is practically constant from the ODT (Négpt =
34) all the way up to highly stretched chains with N¢ =
360. The situation is rather similar in N = 100 systems.
The decrease in D from near ODT to the system with
Né = 360 is about 40% only.

One effect of the chain stretching on parallel diffusion
is on the time scale at which diffusive motion sets in.
Only when the center of mass of the chain has moved a
distance comparable to Rg, the motion becomes dif-
fusive, gs(t) O t. Figure 18 shows gg(t)/t for a homopoly-
mer melt and a lamellar system with € = 0.5. It is clearly
seen that the transition to diffusive regime occurs
considerably later for the lamellar system than for the
homopolymer. Such delay is present to a lesser degree
in N = 40 systems. For N = 200, this delay is much
more prominent, and is the reason why we could not
measure D for the lamellar systems within reasonable
simulation times, although runs of comparable length
were sufficient to measure Dy for the homopolymer
melt.46.62

Theoretical treatment by Barrat and Fredrickson?®
estimates that for Rouse chains, the diffusion constant
in the direction perpendicular to the lamellar plane near
ODT will be lower by not more than 40% compared to
the isotropic diffusion constant in the disordered phase
at ODT. Our results for N = 40 are clearly consistent
with this prediction. For the N = 100 system near the
ODT (system with € = 0.3), we found a more significant
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reduction (about 70%). This is probably due to the fact
that chains of length 100 monomers are above the
entanglement length, and cannot be considered as
perfect Rouse chains any more. Barrat and Fredrickson
also predict that with increasing yN the perpendicular
diffusion constant should decrease exponentially with
%N, in agreement with the results given for N = 40 in
Table 2.

Of the three N = 200 systems, only the one with € =
0.2 exhibited a measurable diffusive motion. For this
system, which is closest to the ODT, Dy is about 4.9 x
1075¢?/t. However, even after t = 3.0 x 1057, gg(t) ~
9002, not much larger than Rg20 Therefore, the system
has barely entered the diffusive regime, and the diffu-
sion constant derived is not very reliable. The perpen-
dicular motion is too slow to determine Dpn. For higher
values of €, all the components of gs(t) reach values
considerably smaller than [Rg2[] with the motion being
in the sub-diffusive regime even at the longest times
simulated. Therefore we could not derive any diffusion
constants for these systems.

V. Entanglement Effects

In our previous letter,?6 we found that the slowing
down for short times results from the “caging” of each
chain within the volume formed by the surrounding
chains. Here we present additional evidence for the
reduction of entanglement density compared to ho-
mopolymer melts.

Reduced diffusion constants compared to an isotropic
melt can be for a variety of reasons. One would be an
increased monomeric friction constant of the monomers.
This would just shift the mean square displacements
but not alter the power laws. The other would be a
caging effect on the overall chain as a consequence of
the smectic structure of the layers. To understand the
origin of this reduced diffusion in ref 26, we followed
the motion of the individual monomers by measuring
the separate Cartesian components of the mean squared
displacement of monomer Kk, given by

g¥(t) = O o(D) — 1o (0)1°0 (18)

We observed that the transition to the diffusive regime
in the lamellar phase takes place significantly later as
€ and/or the chain length increases. We observed an
increased local friction of the monomers located near
the interface. More interestingly we observed a drop in
the slope (on the log—log plot) of gy(t) for the lamellar
cases before the t! regime sets in. This slowing down is
reminiscent of a caging effect, imposed by other stretched
chains on the motion of a given chain. As a result,
diffusive motion is delayed even further and the drop
in the magnitude of gy(t) becomes more pronounced.?%

We did not observe such an amplitude drop in gy(t)
for the outer monomers at short times since these beads
experience only a homogeneous environment of like
monomers. However, for later times a similar delay is
observed, as the outer monomers eventually have to
follow the slow motion of the inner ones. Therefore the
center of mass motion, which averages the behavior of
all the monomers, exhibits an overall delay in crossing
over to the diffusive regime, with increasing €. This
caging effect is not to be confused with the reptation
induced by entanglements in the homopolymer case, as
was done in ref 37. The slowing down is mainly
determined by the confinement of the middle part of the
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chain to the interface, but not due to entanglements.
The reduction of the entanglement density can be
estimated by the chains which interpenetrate. In a
homopolymer melt the volume of each chain is shared
by O(NY2) other chains, giving rise to O(N) topological
constraints. Employing scaling arguments for the elon-
gated chains would even suggest a smaller N depen-
dency for the chain—chain interpenetration. A first
estimate of the chain overlap is the number of distinct
contacts, meaning the number of different chains which
touch the test chain, within a lamella (contacts between
different lamellae are not relevant). In the strongly
segregated regime about 22 (N = 100), 30 (N = 200),
and 35 (N = 400) distinct chain contacts occur, signifi-
cantly below the homopolymer result (about 30 for N =
100 and above 50 for N = 350).

The motion of a chain inside its cage is best demon-
strated by visualization of the primitive chain (PC),*6
which can be constructed by continuously coarse grain-
ing along the chain. In this procedure we subdivide the
chain into N, = (N + 1 — N¢) subunits. The position of
the new monomers is given by

1 kN1
R, =— r; (19)

k NC £ i
This coarse graining is useful since it eliminates some
of the thermal fluctuations and allows one to visualize
the motion of the chain along its tube, if present. Here,
we take N = N = 35. In our earlier studies of the
dynamics of homopolymer melts,*¢47 following the mo-
tion of the inner monomers of the PC was very useful
in demonstrating that the chain is confined to a tube.

Figures 19 and 20 show the time evolution of the PC
for a N = 400 diblock in the strongly and weakly
segregated regimes, respectively. Note that as expected
from the previous analysis of the interface width, the
center monomers remains very near the interface in the
strong segregation limit (Figure 19), while in the weak
segregation limit (Figure 20), the central monomer
wanders quite far from the interface. The reptation tube
diameter obtained from the homopolymer melt is indi-
cated. For the time covered, the conformations in a
homopolymer melt would stay within a region of the
width of the tube diameter dr, diffusing up and down
the tube. Here, however, we have a clear confinement
of the center monomers to the interface, and the overall
motion of the chain parallel to the interface exceeds the
homopolymer tube diameter in the strong segregation
limit. If the entanglement density were not reduced, the
position would be confined to an area given by d? ~
2202, as found in the case of e.g. entangled polymer
networks. Here we find gy (t) = 4702 and 5602 and
g10(t) = 1.702 and 1.802 for the middle monomers at t =
1000007 and 2000007, respectively, in the strongly
segregated regime (¢ = 9.0) compared to homopolymer
melt where we find gi(t) = 8002 and 10502, dominated
by motion along the tube, for the same times. In the
weakly segregated regime (¢ = 0.1), gy(t) = 4602 and
5002 and gip(t) = 3202 and 3402 for the middle mono-
mers at t = 1000007 and 2000007, respectively. A chain
in the isotropic melt moves only somewhat farther than
a chain in weak segregated regime during this time
regime. Both move considerably farther than for a chain
in the strong segregation regime. The motion of center
beads for chains in the strongly segregated regime are
clearly confined to the 2—d interface as seen from the
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Figure 19. Visualization of the time evolution of a single
primitive path constructed from block copolymer of N = 400
and € = 9.0 with N, = 35. The system is in the strongly
segregated regime. The tube diameter dr ~ 50, as found in
the homopolymer melts, is indicated by the black bar. The total
time of the run is 2000007 with an increment of 65007 between
the different conformations shown. The cell which is plotted
here is only a fraction of the full simulation cell. The dimen-
sions of the cell here and in the next figure are Ly = 60.00
and L, = 30.00.

very small values for gip(t). Whether this continues for
the present N, or is just a signature of a reduced
entanglement density, can only be revealed by further
investigations.

A very stringent and direct test of the reptation
concept is to identify the motion along the contour
directly. Following the procedure described in ref 46,
we subdivided the motion of monomers in the PC along
the contour, §(t), and perpendicular to the contour
00(t) for each monomer k. For g (t) we explicitly construct
the motion along the primitive path, while §(t) mea-
sures the minimal distance for monomer k from any-
where along the primitive path. For an infinite reptating
chain, gn(t) should be a constant while §(t) should follow
the Rouse diffusion along the contour and thus follow a
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Figure 20. Visualization of the time evolution of a single
primitive path constructed from block copolymer of N = 400
and € = 0.1. The remaining details are the same as Figure 19.
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Figure 21. §o(t)/g(t) for the inner monomer (lower curve) and
the tenth monomer (upper curve) of the primitive chain
constructed using N = 35. Results are shown for N = 400 for
€ = 0.1 (short dashed lines) and ¢ = 9.0 (long dashed lines)
and for a homopolymer melt (¢ = 0.0) for N = 350 (solid lines).

t¥2 law up to the Rouse time of the inner monomers.
Figure 21 shows the ratio of these two quantities for
the two N = 400 lamellar systems and for a homopoly-
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mer melt of N = 350 chains.5? Note that the results for
the homopolymer and the weakly segregrated case are
nearly identical. The motion of the chains is strongly
confined to the tube. This is in contrast to the motion
for the strongly segregated regime in which the motion
for center monomers is equal parallel and perpendicular
to the tube. This supports our earlier findings that
strong chain stretching reduces the entanglements in
lamellar systems, compared to isotropic melts. At least
for the time regimes studied for chains of length N =
200 and 400, the chains in the strongly stretched regime
move more like soft elipsoids. We see no evidence for a
block-retraction mechanism though this mechanism
may play a role for long chains and/or longer times. For
these relatively early times, the motion in the strongly
segregated regime is dominated by the confinement of
the center to a nearly 2—d interface. In the weak
segregation regime, at least for short times, the motion
is strongly confined to a tube as in a homopolymer melt,
since the middle monomer connecting the two blocks is
not confined to the interfacial regime as seen in Figure
10.

VI. Summary and Conclusions

In this paper, we have presented our continuum space
simulations of symmetric diblock copolymers, both in
the disordered and the lamellar phases. For the lamellar
systems, we have used constant pressure simulations
in order to determine the equilibrium lamellar spacing,
so that the dimensions of the simulation cell are
commensurate with the lamellar spacing. We have
studied both equilibrium properties and diffusion be-
havior in both phases, using chains of length N = 10 to
400.

For disordered systems, the non-Gaussian character
of the chains is demonstrated. We also show that the
characteristic wavelength of the density fluctuations
increases as the ODT is approached. The functional
form of the structure factor corresponding to these
fluctuations is shown to be consistent with the predic-
tions of Leibler® and Fredrickson and Helfand.” The
lamellar ordering within the ordered phase is quanti-
tatively described and compared with theoretical and
experimental results. The changes in the chain confor-
mations are found to be reflected in the single chain and
single block (subchain) form factors. These indicate
formation of a sticklike object with increasing AB
interaction energy.

Our results for the self-diffusion constant D in the
disordered phase decrease as the interaction strength
€ increased as expected and are continuous through the
order—disorder transition. We observe a stronger de-
pendence of D on chainlength N than observed previ-
ously by Hoffmann et al.1® In the lamellar phase, we
find that, for short chains (of length N = 40 and 100),
D, below the ODT is essentially unaffected by chain
stretching. This is in accordance with the Rouse-like
motion of chains. Perpendicular diffusion is strongly
suppressed by the lamellar structure. Our results are
roughly consistent with ref 25. We find that the onset
of diffusive motion is delayed with increasing AB
interaction energy. This delay occurs for short chains
as well, although it becomes emphasized for longer
chains. We therefore could not measure the diffusion
constants of longer chains (N > 100) within a reasonable
simulation time. Observation of the motion of longer
chains (N up to 400) indicates that strong chain stretch-
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ing reduces the entanglements in lamellar systems,
compared to isotropic melts.
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