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ABSTRACT: The three-dimensional structure and motion of twist grain boundaries in lamella forming
diblock copolymer melts in the presence of an external electric field were studied by means of computer
simulations. The method used is a mean-field dynamic density functional theory with electrostatic
interactions incorporated into the model. The observed twist grain boundary structure consists of a doubly
periodic array of saddle surfaces, similar to Scherk’s first surface. We found that the twist grain boundary
interface remains unbroken, and the grain boundary structure keeps its profile constant during twist
grain boundary motion. This suggests that twist grain boundaries move via a mechanism in which only
diffusion parallel to the interfaces is necessary. The twist grain boundary motion is a specific case of a
more general mechanism of mesophase reorientation by defect movement. The width of a twist grain
boundary is found to be about the lamellar period for all the observed twist angles, corroborating the fact
that the twist grain boundary interface basically is built from one layer of diblock copolymer chains. The
existence of twisted lamellae grains causes a large domain contribution to the stress tensor arising from
the composition inhomogeneities. The results of our simulations demonstrate that the motion of a twist
grain boundary is not affected by the electric field, which differs from the movement of a grain boundary
under shear flow. Such a distinction in behavior originates from the difference in symmetry of shear and
electric field. In contrast with microphase-separated block copolymer in an electric field, in the sheared
systems, defects in microstructure are convected by the flow field. Because of the uniaxial symmetry of
a system with respect to the applied electric field, which facilitates the creation of twist grain boundaries
and suppresses tilt grain boundaries, an electric field is a perfect candidate to investigate twist grain

boundary motion.

I. Introduction

Block copolymers, in which two or more chemically
different subchains form a single macromolecule, are a
fascinating class of soft materials with unique struc-
tural, mechanical, and electrical properties.1 =3 Below an
order-to-disorder transition temperature, block copoly-
mers are able to self-assemble into a variety of ordered
structures with domain sizes in the nanometer range.
For diblock copolymers, these equilibrium structures
range from lamellar, hexagonal-packed cylinder, and
body-centered-cubic sphere phases to complex cubic
bicontinuous (gyroid) morphologies. The phase behavior
of diblock copolymer melts can be controlled by varying
the chemical composition of the diblock copolymer and
the segregation between blocks (via temperature or
molecular weight) or by applying external fields.

Self-assembling block copolymer systems that can
order into periodic arrays of nanoscopic structures have
potential use in applications from optics to microelec-
tronics.*® The use of block copolymers in photonic and
electronic devices requires the production of single
crystals. However, achieving uniform orientation in
these materials is not trivial. Without external fields,
a macroscopic size sample usually exhibits polycrystal-
line structure consisting of many block copolymer
domains (grains). The ordering of the domains is high
locally, but globally the orientation of the domains, on
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average, is random. It has been demonstrated that the
desired long-range microdomain orientation can be
achieved by the application of an external electric
field,526 shear field,27 36 or temperature gradient.37-38

The structure of the boundary regions between grains
influences mechanical, electrical, and transport proper-
ties of block copolymers to a great extent. The three-
dimensional (3D) continuity of each microphase at a
grain boundary, which is maintained across the bound-
ary, plays an important role in determining the material
properties of block copolymers.39~4! The presence of
grain boundaries as well as other topological defects
destroys the global long-range orientation of the block
copolymer morphology, which in turn changes the
properties of the system. Grain boundaries and other
topological defects in a microstructure are nonequilib-
rium, metastable morphologies, which structure and
especially kinetics are not yet well-understood. The
motion of grain boundaries plays an important role in
the global alignment of microdomains under an electric
field or shear. The mechanisms of grain boundary
motion can be different depending on the type of a grain
boundary and symmetry of the externally applied field.

Much experimental and theoretical effort has been
made to study grain boundary structures and their
motion.29732:34-36:39-54 Grain boundaries in 3D space
have five degrees of twist—tilt freedom.243 Lamellar
block copolymers, exhibiting one-dimensional symmetry,
have grain boundaries for which only two of those
degrees are important. Consequently, the grain bound-
aries in lamella forming block copolymers can be divided

© 2005 American Chemical Society

Published on Web 08/30/2005



Macromolecules, Vol. 38, No. 20, 2005

into two independent ones: the tilt (kink) grain bound-
ary and the twist grain boundary (TGB). In the tilt grain
boundary, the normals to the lamellae of two neighbor-
ing grains establish a plane which is perpendicular to
the boundary surface. Contrarily, in the TGB, this plane
is parallel to the boundary surface.

Tilt grain boundary structure and motion have
been investigated intensively both experiment-
ally?2:34-36:39,41,44-47 g theoretically.2920:35:46-50 Gido et
al.?? explored tilt grain boundary morphologies in poly-
(styrene-b-butadiene) lamellar diblock copolymers using
transmission electron microscopy (TEM). Matsen ex-
amined symmetric tilt grain boundaries in the diblock
copolymer lamellar phase by the application of self-
consistent-field theory (SCFT).*® The method introduced
by Matsen was later applied for calculation tilt bound-
ary structure and properties by Schick and co-work-
ers.4?50 The motion of a tilt boundary in a poly(styrene-
b-ethylene propylene) lamellar diblock copolymer was
studied in the presence of an external shear field by
Winey and co-workers.?+736 They characterized bound-
ary morphologies using TEM and small-angle X-ray
scattering (SAXS) measurements. In their experiments
it was observed that a tilt grain boundary moves via a
mechanism of lamellar rotation if the shear strain
exceeds a certain critical value. The motion of a tilt grain
boundary under oscillatory shear flow was examined by
Vinals and co-workers.?%30 Their mesoscopic model
utilizes an expansion of the free energy in an order
parameter, which evolution obeys a time-dependent
Ginzburg—Landau equation. They reported on the
detailed mechanisms of tilt grain boundary motion
which is propelled by the shear.

The structure of TGBs in lamellar diblock copolymer
melts has been analyzed by Gido et al.??4° Two types of
TGBs have been observed: the helicoid section bound-
ary at low twist angles and the doubly periodic mor-
phology approximating Scherk’s first surface.5! Scherk’s
first surface has been proposed as a model for high angle
twist boundary in lamellar systems by Thomas et al.52
The TGB has been also experimentally investigated by
Nishikawa et al.*! Both Gido et al.?9 and Nishikawa et
al.*! compared their experimental two-dimensional (2D)
TEM images with 3D computer simulations using
suitable mathematical models with no physical interac-
tions involved. A few theoretical studies have been
devoted to TGB structure.535* Duque and Schick applied
the SCFT of Matsen to TGBs of lamellar block copoly-
mer melts.?® They treated the TGB as an equilibrium
block copolymer morphology. They proposed the linear
stack of dislocations to be a better representation of the
TGB than Scherk’s first surface. Kamien and Lubensky
performed phenomenological calculations to show that
the TGB is not given by either the linear stack of
dislocations or Scherk’s first surface and that there is
no essential difference between the two descriptions.?*
To our knowledge, there are no studies on the motion
of a TGB in either an external electric field or shear.

The aim of the present study is to investigate 3D
structure and motion of TGBs in lamellae diblock
copolymer melts in an external electric field. The block
copolymer morphology evolution is examined in the
framework of a mean-field dynamic density functional
theory (DDFT).55:56 Since the grain boundary structures
are metastable defects, but not a thermodynamic phase,
the study of TGB motion requires dynamical consider-
ation. To this end, the SCFT is not applicable for
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investigation of grain boundary motion. By construction
DDFT generates metastable morphologies and gives a
possibility to track the structure and dynamics of a
single defect. An advantage of DDFT is that the method
is based on a molecular description of polymer liquids,
without any bias with respect to the morphology forma-
tion. The DDFT works well in three dimensions and
allows for the description of a specific complex polymer
liquid. Yet only mathematical software with no molec-
ular details has been used to mimic 3D images of grain
boundaries.?>4! Our study gives the 3D morphology of
a TGB and clarifies the mechanism of a TGB motion.

II. Theoretical Framework and Numerical
Evaluation

The block copolymer melt is modeled as a compress-
ible system of Gaussian chain molecules in a mean-field
environment. The free energy functional for a block
copolymer melt has the form?25.26

n

- @ mi
Flpl=—p" ln(z) - Z S ULx) pyx) dr + F[p] +
Fglpl (1)

where 71 = kT and @ is the intramolecular partition
function for the ideal Gaussian chain in the external
potential U;. We consider a diblock copolymer melt of
the volume V which contains n diblock copolymer
Gaussian chains, each of length N = N + Ng. In such
a system there are two concentration fields pa(r) and
oB(r), two external potentials Ua(r) and Up(r) conjugated
to the concentration fields pa and pp, respectively. The
nonideal free energy F™d describes the mean-field
interaction between chemically different blocks and the
interaction of a block copolymer with surfaces.?®=59 The
system is subjected to an external electric field Ej. The
electrostatic contribution F; to the free energy accounts
for the interaction between the melt and the electric
field.25-26

The time evolution of the concentration fields p;(r) in
the presence of an external electric field E, applied
parallel to the z-axis of laboratory coordinate system can
be described by a stochastic diffusion equation?>-26

dp,r)

i MV2d(r) + MB "BV 2o(x) + n,(rt) (2)

Here, 4} is the intrinsic chemical potential of the
system in the absence of the applied electric field, #; is
the thermal noise, M is the mobility coefficient, and v
is the average volume of the statistical unit (the same
for all beads). The dimensionless electric field parameter
B can be expressed as25:26

1, -’
B —ﬁVmEO (3)

where €a and ep are the dielectric constants of two pure
copolymer components A and B, respectively.

The equation of motion (2) was numerically integrated
by a Crank—Nicolson scheme. We consider 3D systems
of a model symmetric diblock copolymer melt AgBg
exhibiting lamellar morphology. The cubic grid is 32 x
32 x 32. The dimensionless parameters have been
chosen as (see details in refs 25, 55, and 56): the
dimensionless time step At = B~WwMh=2At = 0.5 (h is
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the mesh size of the physical grid), the grid parameter
d = ah™! = 1.1543 (a is the Gaussian chain bond
length%), the noise scaling parameter Q = v~143 = 100,
the compressibility parameter k' = fxgv = 30, and the
electric field parameter BN = 0.32 (Eq ~ 107 V/m). The
interaction parameters between different blocks of a
copolymer melt have been chosen to be ﬁegA/v = ﬁeOBB/v
= 0.0 and Be%p/v = 3.0, so that yN = 19 (y is the Flory—
Huggins interaction parameter). The interaction pa-
rameters between blocks and the bounding electrode
surfaces are feys/v = 0.0 and felg/v = 0.7 if not
indicated otherwise, corresponding to the adsorption
energy 0.28kgT per statistical unit. It means that the
electrode surfaces are selective for copolymer blocks: the
surfaces are indifferent to B blocks and repel A blocks.
The situation of two identical parallel surfaces is
considered.

In the direction perpendicular to the electrode sur-
faces we use rigid-wall boundary conditions, fulfilled by
allowing no flux through the surfaces:26:57

Vurng =0 4)

where ng is the normal to the surfaces, directed in this
particular study along the z-axis of laboratory coordi-
nate system. The rigid-wall boundary conditions in this
direction are also employed for the noise 7;. In all other
directions periodic boundary conditions are applied. As
initial conditions, we consider a homogeneous distribu-
tion of all components, pi(r) = p?.

We quenched the homogeneous melt, and applied the
electric field and surface interactions simultaneously.
The surfaces and the electric field compete with each
other and tend to align the lamellar microstructure in
perpendicular directions. The applied electric field
aligns lamellar planes parallel to the electric field
direction, whereas the surface field orients lamellae
parallel to the surfaces, i.e., perpendicular to the electric
field. Depending on the relative strength of the two
competing fields, the system exhibits parallel or per-
pendicular orientation. In the present study, polymer—
surface interaction parameters have been chosen to be
weak enough, so that the final lamellae structure is
always parallel to the electric field.

II1. Results and Discussion

In Figure 1 we present the time evolution of lamellae
pattern and the z-projection of the 3D structure factor
S(k) = Moa(k)]?0in a film of a symmetric diblock
copolymer melt in the presence of an external electric
field. Figure la shows a not yet phase-separated mi-
crostructure at a very early time. One can clearly
observe that near the surface a one layer starts to form.
This layer parallel to the surface is highly deformed,
with many holes, because of a relatively small interac-
tion with surfaces. The presence of two layers parallel
to the surfaces gives two reflections into a scattering
pattern, which are projected to one sharp central peak
in the k.k, plane. The regions inside a film, quite far
from the electrode surfaces, contain still growing lamel-
lae locally correlated but globally randomly oriented
somewhat similar to phase separation in bulk.?> The
corresponding scattering function shown in the .k,
plane is an isotropic ring. The influence of an electric
field is not visible at this level of phase separation. The
stage of complete prevalence of electric field alignment
over surface alignment is shown in Figure 1b. The
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Figure 1. Isosurface representation of a symmetric diblock
copolymer melt for vpa = 0.5 and the z projection of the 3D
structure factor S(k) at different dimensionless times 7. The
motion of a twist grain boundary of two-grain lamellar
morphology in an external electric field is shown. As time
evolves, one grain is invaded by lamellae of the other grain,
until a uniform lamellar configuration occupies the whole
system.

lamellae parallel to the surfaces are destroyed by
electric field. This corresponds to complete annihilation
of the central peak in the z-projection of the 3D structure
factor. A structure shown in Figure 1b consists of two
coexisting lamellae clusters (grains) with lamellae being
straight and parallel to the electric field, but oriented
differently in the xy plane perpendicular to the electric
field. An accompanied scattering pattern demonstrates
two pairs of sharp Bragg peaks related to these grains.
From Figure 1b one can see that the normals perpen-
dicular to the lamellae of the two grains define a plane
which is parallel to the plane of the boundary. Thus,
the observed grain boundary is a TGB. The presence in
a system of two lamellae grains twisted with respect to
each other is not likely due to additional interfacial
interactions between grains. The grain boundary region,
which can be treated as a surface, the so-called inter-
material dividing surface (IMDS), costs an energy to the
system. This surface is a defect in the microstructure,
and it is thermodynamically unstable. There are several
possibilities to remove a defect and to align a micro-
structure. The whole lamellae grain can start turning
to coincide the orientation of a neighboring grain. This
rigid-body-like mechanism of domain reorientation in-
volves a huge free energy barrier and is therefore very
unlikely. Another mechanism, that of selective disorder-
ing, consistent with a melting of lamellae in unfavorable
orientations and re-formation of lamellae in preferable
orientations, is also very unlikely on the basis of
energetic arguments.®~8 The most convenient mecha-
nism of mesophase reorientation in thin films conforms
to defect movement, which we already observed for bulk
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Figure 2. Enlarged part of two-grain morphology shown in
Figure 1b containing the twist grain boundary (the z position
ranges between z = 17 and z = 23). The region exhibits a
doubly periodic array of saddle surfaces resembling Scherk’s
first surface twist grain boundary morphology.

systems.? In regard to the situation monitored here,
the IMDS moves in the direction of an electric field, as
is shown in Figure 1b,c, until only one set of lamellae
survives (Figure 1d). The selection of survived and
annihilated lamellae is determined by the fitting of
lamellar period into the box and will be discussed later.
While moving a grain boundary the volume fraction of
one cluster increases with decreasing of another one.
The corresponding scattering peaks change their inten-
sity. From Figure 1b,c one can see the evident decrease
of intensity of two peaks related to the grain containing
inclined with respect to box planes lamellae. Such
changes in a structure factor can be experimentally
observed with the help of SAXS or small-angle neutron
scattering (SANS) measurements. The final morphology
in Figure 1d consists of perfect lamellae parallel to the
electric field. A z projection of 3D structure factor
exhibits two strong first-order Bragg peaks even with
visible peaks of second order and confirms a perfect
lamellae alignment in the applied electric field direction.

A peculiar effect is the grain boundary morphology
between the two lamellae grains (Figure 1b,c). In Figure
2 the cropped morphology of Figure 1b containing the
grain boundary region (the z-position ranges between z
= 17 and z = 23) at time 7 = 10 000 is shown at a
different view angle. As can be seen from Figure 2, this
region consists of a doubly periodic array of saddle
surfaces, similar to Scherk’s first surface twist boundary
morphology.5! In our case, this grain boundary structure
approximates a minimal surface with respect to mini-
mization of the total free energy of a block copolymer
sample in an electric field but is not exactly Scherk’s
minimal surface. Minimal surfaces are solutions to
mathematical problems involving only area minimiza-
tion. Physical solutions obtained by minimization of the
free energy functional, which contains the contribution
of chain conformational energies, cannot be exactly
minimal surfaces in many cases.?0762 Also, the electro-
static contribution to the free energy can also lead to
the deviation of the block copolymer grain boundary
interface from the minimal surface. The role of the
electric field will be addressed later.

The TGB morphology shown in Figures 1b and 2 can
be better seen in Figure 3, in which the 2D morphology
scans through the neighboring xy planes are performed.
From Figure 3 one can observe all intermediate lamellar
morphologies from one grain of straight lamellae to
another. These doubly periodic lamellae morphologies,
obtained by cutting the microstructure at different
positions of a grain boundary interface, look differently
and can help to indicate the presence of saddle surfaces
in a microstructure for TEM or scanning electron
microscopy (SEM) measurements.
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Figure 3. Morphology scans through the Scherk twist grain
boundary in the same ranges as shown in Figure 2. The
morphologies shown are xy orthoslices of two-grain lamellar
structure from Figure 1b at different z positions. In these gray
scale plots, the darker shading corresponds to larger density
of A blocks with linear gray scale of the dimensionless density
vpa from 0.0 black to 1.0 white.

Our simulations give a possibility to trace the dynam-
ics of every single defect in a microstructure and to
directly observe grain boundary motion and structure.
An important result of the simulations is that a TGB
interface remains intact, and a grain boundary structure
does not change its profile during TGB motion. This
result supports a hypothesis of Hu et al.,®3 based on
their very recent grain growth experiments, about the
mechanism of TGB motion. The hypothesis suggests
that, in contrast with tilt grain boundaries, TGBs move
via a mechanism in which the TGB interfaces are
unbroken,; i.e., only diffusion parallel to the interfaces
is necessary. Contrary, for tilt grain boundaries some
interfacial breaking and re-forming are required, i.e.,
diffusion of chains perpendicular to the lamellar planes.

Now, we will clarify a driving force for moving of a
boundary between lamellae grains shown in Figure 1b,c.
From the evolution of the defect structures, we calcu-
lated the speed of boundary movement which remains
constant during the re-formation of lamellar microstruc-
ture except in the initial stage of creation of this grain
boundary and that of its disappearance. The transversal
motion of the defect structure of one cell in the system
takes more than 10°? time units while the boundary
passes the distance approximately equal to 10 grid
points. As the radius of gyration R of the polymers is
about 4 grid points and one unit of time is smaller than
the polymer relaxation time, this means that the
polymer is in quasi-equilibrium with respect to the
defect structure. The anisotropic diffusion processes at
the IMDS propel the motion of the surface. A relocation
of the surface is not affected by an electric field. At least,
the influence of an electric field on boundary movement
is too small to be observed. The driving force of grain
boundary movement at this very late stage of almost
completely aligned lamellae in the direction of an
applied field is a thermodynamic force V/t? related to
part Fy of the total free energy F of the sample without
the electrostatic contribution F.

The changes in a free energy F can be observed from
Figure 4. Figure 4 shows that while moving of the IMDS
there is almost no change (except thermal fluctuations)
in the free energy of the system. It is consistent with
the fact that the TGB morphology is preserved in the
course of the grain boundary movement. After the
annihilation of the grain boundary nearly at 7 = 16 750,
the free energy F drops down and reaches the lowest
level, as shown in the inset of Figure 4. Thus, the small
energetic difference between the lamellar structures
with and without a grain boundary is the driving force
for the annihilation of grain boundaries.
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Figure 4. Part Fy of the total free energy of the diblock
copolymer without the electrostatic contribution as a function

of time 7. The graph shows changes in the free energy during
twist grain boundary motion.
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Figure 5. Time evolution of stresses in the morphology Qs
due to domains (the contributions due to changes in chain
conformations are not included): @, (curve 1), Q.. (curve 2),
and Q,, (curve 3).

The spatial anisotropy of a block copolymer micro-
structure can be displayed with the help of the volume-
averaged factors Qus = VopaVppalla, g = x, y, 2z; o0 =
pB), which are related to the stress tensor due to
domains.%47% For specificity, we have taken the con-
centration of A component. These anisotropy factors Qqs
represent the domain contribution to the stress tensor
arising from the composition inhomogeneities; they do
not represent the contribution due to changes in chain
conformations. The time evolution of stresses in the
morphology Qs due to domains is shown in Figure 5.
The sharp increase of @,. (curve 2 in Figure 5) and Q,.
(curve 3) as well as decrease of @, (curve 1) until 7 =
100 corresponds to the formation of sharp lamellae
boundaries. Further reorientation of lamellar under the
influence of an electric field causes a gradual decline of
Q.- and @), with some deviations. The xy component of
the stress tensor demonstrates more interesting behav-
ior. The intense increase of @,y is caused by growing of
lamellar grains parallel to the electric field direction,
but twisted with respect to each other. Such a twist in
xy plane costs a large stress compared with other
components of the stress tensor. While later disappear-
ance of one of the grains from 7 = 4250 until the
formation of final structure at r = 17 000, from Figure
5 it follows that the anisotropy factor ., decreases. The
final morphology of perfect lamellae gives no contribu-
tions to the stress tensor due to domain deformations,
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Figure 6. Intermediate structures of two coexisting grains
of lamellae parallel to the electric field twisted in different
angles with respect to one another and the final uniform
lamellar morphology for the surface related interaction pa-

rameters (a) feag/v = 0.5, (b) 0.7, and (c) 0.8. A view along the
direction of the applied electric field is shown.

consistent with the zero value reached by all anisotropy
factors Qqp.

We also performed simulations with different surface
related interaction parameter fer/v, which led to the
same final structures of perfect lamellae shown in
Figure 6. Figure 6 shows an intermediate structure of
two coexisting lamellar grains of lamellae parallel to the
electric field and a final morphology in the case of
interaction parameters with the surfaces Sels/v = 0.5
(Figure 6a), 0.7 (Figure 6b), and 0.8 (Figure 6¢). In
Figure 6 one sees projections in the z direction of the
external electric field. From Figure 6 it can be concluded
that a film of a block copolymer material exhibits
uniaxial symmetry with respect to the applied electric
field direction. The lamellae planes aligned by an
electric field contain the electric field vector, but they
can be oriented differently perpendicular to the electric
field plane (xy). All these states have the same energy.
This type of rotational symmetry is clearly observed
from the final lamellar morphologies, shown in Figure
6, where lamellae can form in principle different angles
with x and y axes. In general, the angle between the
grains depends on a pathway of mesophase formation.
Particularly, the distribution of defects such as holes
and necks and their development in time affects the
orientation of the grains. In simulations we observed
only final morphologies with lamellae parallel to the x
or y axis (to the side box planes) due to periodic
boundary conditions applied in x and y directions and
due to the best fitting of lamellar period into the box
size in x and y directions. Intermediate structures with
two lamellae grains confirm the best fitting of lamellar
period in the case where lamellae are parallel to one of
the side box planes. In these directions the integer
number of lamellae matches the box size. In such a case
lamellae layers are unstrained. From Figure 6 one can
see that inclined lamellae of two-grain morphology do
not fit well into the box in all slanted directions. In the
slanted directions a noninteger number of lamellae fits
into the box. As a result, large stresses are induced in
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the system (see Figure 5). The above arguments of
lamellae fitting into the box can be considered as those
which model a real multigrain structure. In an actual
block copolymer sample, a lamellar grain is confined
within other grains and fits into some directions better
than into others. Many of the grains will be oriented in
directions for which the fitting is not the best, resulting
in large stresses.

From real-space images of a TGB morphology shown
in Figures 1—3 and 6 we have found the dimensionless
width W/L of the Scherk grain boundary. The TGB
width W is about the lamellar period L for the investi-
gated degree of phase segregation, W/L = 1. This result
is in perfect agreement with experiments of Gido and
Thomas.*? The obtained by TEM micrographs of Scherk
surfaces having different twist angle displayed grain
boundary width of about a lamellar period. This result
implies that the TGB interface essentially is built from
one layer of block copolymer chains, so the distance a
grain boundary penetrates into two lamellar grains is
about 2R,. Also, we observed that the twist bandwidth
is constant with TGB movement.

We have used an external electric field to create TGBs
in block copolymer melts and to investigate the TGB
movement. The electric field suppresses tilt grain
boundaries and facilitates the creation of TGBs due to
symmetry reasons. Uniaxial symmetry of a system with
respect to the applied electric field direction results in
appearance of lamellae grains with lamellae parallel to
the electric field, which are separated by a grain
boundary oriented perpendicular to the field. In such a
case, the TGB has no tilt component. This makes the
situation less complex for investigation of diffusion
process at the grain boundary interface. The study of
the diffusivity of the block copolymer molecules can give
more information about chain dynamics in microstruc-
tured block copolymers.”-72 Since the TGB moves in
the direction of an electric field, only diffusion parallel
to the grain boundary interface is required.

The investigation of the dynamics of a TGB is of
interest itself. To our knowledge, only static theories of
TGBs in block copolymers have been developed.39:40.53,54
The dynamics of a grain boundary have been studied
only in the case of tilt grain boundaries subjected to a
shear flow.29:30,34-36 The shear flow has different sym-
metry than an electric field due to the presence of two
principal directions: the shear velocity and the shear
velocity gradient direction. As a result, it is difficult to
create a pure TGB in a shear flow. A TGB in a shear
flow most likely contains a significant tilt component.

The difference in symmetry of shear and electric field
leads to different mechanisms of grain boundary motion.
Vinals and co-workers??20 have found that the grain
boundary moves by the action of the shear. The results
of our simulations show that the movement of the TGB
is not affected by the electric field. The reason is in
different character of the defect annihilation mecha-
nism, which we already observed before.?> In contrast
with microstructured fluids in an electric field, in the
sheared systems, defects are convected by the flow
field.27:2833 As a result, we also did not observe the
mechanism of grain boundary rotation, which was
monitored in experiments of Qiao et al. in the case of a
tilt boundary.34~36 Because of difficulties in creation of
a pure TGB in a shear flow, TGB motion under shear
flow has not been investigated yet. It would be interest-
ing to compare a TGB kinetics in shear and in an
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electric field. We expect that the mechanisms of TGB
motion under shear will be different from those in an
electric field. Another attractive aspect of a grain
boundary kinetics is the mechanism of TGB motion
under the action of a temperature gradient, i.e., during
heat treatment (annealing) of a sample. Despite the
difference in nature of a temperature gradient and
electric field, in the case of alignment of a lamellar
morphology during heat treatment one might expect the
same driving force for the annihilation of grain bound-
aries due to the energetic difference between the lamel-
lar microstructure with and without a grain boundary.
A comparative analysis of the effect of temperature
gradient, shear, and electric field on TGB motion should
be a topic of further investigation.

Our computer simulations allow us to monitor 3D
block copolymer structures as well as 2D morphology
scans through the structures. In particular, the simula-
tions can give insight into a 3D grain boundary struc-
ture. Because of lack of 3D imaging techniques, little is
known about the structures of these defects. There is a
limited number of experimental methods to reconstruct
a 3D morphology from a series of 2D images, using laser
scanning confocal microscopy (LSCM)80-62.73,74 or gcan-
ning probe microscopy (SPM).” Therefore, our theoreti-
cal approach together with the method of inverse
mapping for 3D structure reconstruction from a 2D
morphology recently developed in our group can serve
as an additional powerful tool for studying 3D grain
boundary structures, which complements experiments
on 3D real-space volume imaging. Our computer simu-
lations of 3D images of block copolymer grain bound-
aries are one step further toward the hybrid modeling
in combinatorial polymer research.””

IV. Conclusions

We have studied 3D structure and motion of twist
grain boundaries in lamella forming diblock copolymer
melts in the presence of an electric field. The method
used is a mean-field dynamic density functional theory
with electrostatic interactions incorporated into the
model. The observed twist grain boundary structure
consists of a doubly periodic array of saddle surfaces,
similar to Scherk’s first surface, which was noticed in
many experiments.3974152 We have found that the twist
grain boundary interface remains unbroken and the
grain boundary structure keeps its profile constant with
twist grain boundary motion. This supports a hypothesis
of Hu et al.,%3 based on their grain growth experiments,
which suggests that twist grain boundaries move via a
mechanism in which the twist grain boundary interfaces
are intact; i.e., only diffusion parallel to the interfaces
is required. Since a grain boundary can be considered
as a defect in the microstructure, twist grain boundary
motion is a specific case of defect movement mechanism
of mesophase reorientation. We did not observe another
mechanisms of domain reorientation, such as selective
disordering and rigid-body-like mechanism of domain
rotation, in accord with earlier predictions.6-8:25.26

The results of our simulations show that the move-
ment of a twist grain boundary is not affected by the
electric field. At least, the influence of an electric field
on grain boundary movement is too small to be observed.
This contrasts with grain boundary motion under shear
flow. For tilt grain boundaries it was found that the
grain boundary moves by the action of the shear.29.30.34-36
Such a distinction in behavior is caused by the difference
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in symmetry of shear and electric field. In contrast with
microscopically phase-separated block copolymers in an
electric field, in the sheared systems, defects of all types
are convected by the flow field. Because of difference in
defect movement mechanisms, we expect that a twist
grain boundary movement under shear flow will be also
driven by the shear, changing the picture of a twist
grain boundary movement observed here.

An electric field is a perfect candidate for investigation
of twist grain boundaries and their dynamics. Uniaxial
symmetry of a system with respect to the applied
electric field results in suppression of tilt grain bound-
aries and creation of twist grain boundaries between
grains with lamellae parallel to the electric field, but
oriented differently in perpendicular to the electric field
direction.

The width of a twist grain boundary is found to be
about the lamellar period for all the observed twist
angles, in agreement with experiments of Gido and
Thomas.*? This validates the fact that the twist grain
boundary interface essentially is built from one layer
of diblock copolymer chains. The twist bandwidth stays
constant while twist grain boundary motion.

We have monitored the time evolution of the domain
contribution to the stress tensor arising from the
composition inhomogeneities (the contribution due to
changes in chain conformations is not considered).
Lamellae grains twisted with respect to each other lead
to a large stress tensor component due to domains in
the twist grain boundary plain. The results suggest that
in a real multigrain microstructure the existence of
twisted lamellae grains, which are confined within other
grains and might fit not in the best way, results in large
stresses in the system.

Because of lack of experimental techniques on 3D
real-space volume imaging and technical complications
in performing such experiments, little is known about
the grain boundary structures. Our theoretical approach
can provide information about 3D grain boundary
structures and their dynamics.
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