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The dynamics of alignment of microstructure in confined films of diblock copolymer melts in the
presence of an external electric field was studied numerically. We consider in detail a symmetric
diblock copolymer melt, exhibiting a lamellar morphology. The method used is a dynamic
mean-field density functional method, derived from the generalized time-dependent
Ginzburg-Landau theory. The time evolution of concentration variables and therefore the alignment
kinetics of the morphologies are described by a set of stochastic equations of a diffusion form with
Gaussian noise. We investigated the effect of an electric field on block copolymers under the
assumption that the long-range dipolar interaction induced by the fluctuations of composition
pattern is a dominant mechanism of electric-field-induced domain alignment. The interactions with
bounding electrode surfaces were taken into account as short-range interactions resulting in an
additional term in the free energy of the sample. This term contributes only in the vicinity of the
surfaces. The surfaces and the electric field compete with each other and align the microstructure in
perpendicular directions. Depending on the ratio between electric field and interfacial interactions,
parallel or perpendicular lamellar orientations were observed. The time scale of the
electric-field-induced alignment is much larger than the time scale of the surface-induced alignment

and microphase separation. © 2006 American Institute of Physics. [DOL: 10.1063/1.2360947]

I. INTRODUCTION

It is well known that many self-assembled systems orga-
nize themselves in ordered morphologies, exhibiting long-
range orientation of mesoscopic morphologies such as lamel-
lar, hexagonally packed cylindrical, body-centered cubic
spherical, gyroid bicontinuous, etc. Examples are block co-
polymer systems,l’2 which are formed from several chemi-
cally different polymer blocks covalently attached at their
ends. The incompatibility of monomers gives rise to various
order-disorder transitions (ODTSs). Block copolymer liquids
have a strong tendency to segregate into ordered patterns of
microdomains. The size of ordered microdomains is deter-
mined by the polymer chain lengths of different blocks and
ranges between tens of nanometers. The morphology of a
block copolymer nanostructure depends mainly on the tem-
perature and the volume fraction of the polymer blocks.'?

Block copolymer materials are used in numerous indus-
trial applications. The production of a new material with cer-
tain desired macroscale properties requires modification of
the normal mesoscale phase behavior by external factors.
These factors can be surfaces,3 conﬁnements,‘l’5 and diverse
external fields such as magnetic fields,>’ hydrodynamical
ﬁelds,&9 electric ﬁelds,m*‘m and mechanical deformations.”*!

Recently, considerable attention has been paid to the ef-
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fects of electric fields on phase behavior of various poly-
meric systems, such as blends,42745 solutions,%f52 and
melts'®*" in the vicinity of phase transitions. Alignment of
block copolymer microstructure by an electric field has been
studied intensively,10_40 due to the possibility of tailoring the
spatial anisotropy in block copolymer morphologies. More-
over, applications of an electric field are used to investigate
the behavior of block copolymer materials near the ODT. For
example, Thurn-Albrecht et al>® used the electric field to
fabricate ultrahigh-density arrays of nanopores in a polymer
matrix by removal of one component of an electric field
aligned cylindrical microstructure. These regularly allocated
nanopores are filled by a metal in order to produce continu-
ous metal nanowires with well-defined properties and con-
trolled sizes. Also, well-ordered block copolymer micro-
domains are used as the templates in a block copolymer
lithography technique.54 A lot of theoretical and experimental
works have been devoted to bulk and thin copolymer films
subjected to an electric field.

From the experimental side, the melt microdomain align-
ment in thin films was investigated in a number of
studies. > Mansky et al. reported on a field-induced orien-
tation in thin films of asymmetric poly(styrene-block-methyl
methacrylate) diblock copolymer (PS-b-PMMA) melt with a
cylindrical morphology.23 Morkved et al.*** examined the
effect of an electric field on cylindrical microdomain orien-
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tation in thin films of asymmetric PS-b-PMMA melt. In their
research it was shown that cylindrical microdomains were
aligned parallel to the electric field with some defects. The
electrode thickness was rather small, so that the influence of
electrodes on a cylinder orientation was excluded. The com-
petition between interfacial interactions and the applied elec-
tric field was inspected by Thurn-Albrecht et al.*®? Samples
of asymmetric PS-b-PMMA melts with different thicknesses
were subjected to electric fields of different strengths. They
found that the threshold electric field strength must be ex-
ceeded to achieve a complete cylinder orientation parallel to
the electric field direction.”® The threshold field strength was
found to be independent of the thickness of the sample. De-
pending on the field strength, the parallel or perpendicular
cylinder alignment was observed. In Ref. 27, a strong orien-
tation of the cylindrical microstructure parallel to the sub-
strate surface under the influence of an external electric field
was obtained. It was shown that cylindrical microdomains
can be used to generate an array of ordered nanoscopic pores
with well-controlled size, orientation, and structure.”’ In Ref.
28, Thurn-Albrecht et al. investigated the electric-field-
induced orientation in a block copolymer melt with the co-
polymer in different initial states, using in sifu small-angle
x-ray scattering (SAXS). Beginning with a disordered co-
polymer, the electric field was found to orient composition
fluctuations in the disordered state, leading to a preferred
growth of well-aligned nuclei. Beginning with a microphase-
separated copolymer where the cylindrical microdomains
were oriented normal to the field, the domain orientation
became unstable at high field strengths, and the micro-
domains reoriented in a piecewise manner.”®

Thin film lamellar alignment was reported by Russell
and co-workers.”* The alignment of diblock copolymer
melt microdomains by an electric field was found to be de-
pendent on the segmental interaction between two blocks
and the difference in the interfacial energies of each block
with the substrate.” Complete alignment of the lamellar mi-
crodomains in the direction of the applied electric field was
found only when the interactions of the blocks with the sub-
strate were balanced. In all other cases, a mixed orientation
of the microdomains was obtained. In Ref. 30, the depen-
dence of the electric field alignment of a symmetric diblock
copolymer (PS-b-PMMA) was studied as a function of film
thickness using in situ small-angle neutron scattering
(SANS) and transmission electron microscopy (TEM). With
increasing film thickness, surface effects diminished with
distance, and the applied field oriented the lamellar micro-
domains in the center of the film in the direction of the
applied field. The results of this study indicated that the
lamellae locally broke up and then are reformed.*® The
electric-field-induced orientations of ordered, symmetric
poly(styrene-block-isoprene) diblock copolymer (PS-b-PI)
and PS-b-PI-b-PS triblock copolymer melts were investi-
gated in Ref. 31 by means of time-resolved SAXS. The scat-
tering patterns showed contributions corresponding to a state
of intermediate alignment with distinctly different peak
shapes.31 This indicated partial disordering of the copolymer
during reorientation. The use of two orthogonal, external
fields to control the orientation of lamellar microdomains in
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three dimensions in diblock copolymer thin films has been
reported in Ref. 32. An elongational flow field was applied to
obtain an in-plane orientation of the microdomains of the
copolymer melt, and an electric field, applied normal to the
surface, was used to further align the microdomains and,
thereby, produce a near single-crystal texture.

From a theoretical perspective, the alignment of block
copolymer microstructures in bulk was analyzed by Amund-
son ef al.'*™"* They surveyed the weak segregation regime by
minimizing the free energy of dielectric material. By this
static analysis the lamellar and cylindrical morphologies
were predicted as only existing in the presence of an external
electric field. Different alignment mechanisms were consid-
ered. The theoretical model was supported by experimental
investigations of lamellar alignment in the symmetric PS-
b-PMMA sample. Onuki and Fukuda'*'* studied the dynam-
ics of undulation instability of lamellar structures in weak
segregation limit. Also, they performed the numerical study
of such instabilities in two-dimensional systems. Matsen'"”
examined the stability of a lamellar layer of diblock copoly-
mer in a strong electric field by means of self-consistent field
theory (SCFT). Using SCFT, Lin et al.'® and Tsori er al."’
studied the structural changes of diblock copolymer melts in
bulk due to an external electric field. The structure of diblock
copolymer melts under a single external electric field or
shear field, as well as under combined orthogonal external
fields, was investigated by Feng and Ruckenstein'® using cell
dynamics algorithm. In these theories'®'® orientation under
an electric field is supposed to be caused by the electrostatic
interactions of block copolymer microstructures and compo-
sitional fluctuations. A very different approach to the inves-
tigation of a microphase separation of block copolymers in
an electric field was performed by Gurovich.”>* In this
theory the polymer chains are aligned individually, and or-
dered phase appears from disorder already aligned by an
electric field.

Most theoretical studies to examine thin film lamellar
and cylindrical alignments in melts were carried out in the
strong segregation limit. Pereira and Williams™ addressed
their study to lamellar alignment of a symmetric diblock co-
polymer melt thin film or bulk using a capacitor analogy. The
phase diagram exhibiting parallel, perpendicular, and mixed
alignment states was drawn up depending on electric field
strength, surface interactions with different blocks, and dis-
tance between two identical flat bounding surfaces. Ashok
et al.* took a similar approach by investigating both lamellar
and cylindrical morphologies again in the strong segregation
limit. Only parallel and perpendicular states were considered.
The threshold field between these two alignment states was
predicted to be dependent on a distance between electrodes,
different from Pereira and Williams’s finding. The transition
between spherical and cylindrical morphologies and their
stability in a diblock copolymer thin film in the intermediate
segregation limit were studied by Matsen."” The limit of
weak segregation, as well as strong segregation, in thin films
has been considered by Tsori and Andelman.** In the
strong segregation limit two critical electric fields for transi-
tions between parallel, perpendicular, and mixed lamellar
states were found. In the weak segregation limit one critical
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164716-3 Confined films of a diblock copolymer melt

electric field was calculated by minimizing the free energy.
Below this critical field, the perfect parallel to the surfaces
ordering has been predicted. The electric field just above the
critical field gave the intermediate lamellar morphology,
which was a superposition of parallel and perpendicular
lamellae. The higher electric field resulted in perpendicular
to the surface lamellae with residual small distortions. No
mixed phases were predicted in the weak segregation regime.

In contrast with above-mentioned static theories, we in-
vestigated a more general case of dynamics of morphology
alignment in confined films of diblock copolymer melts sub-
jected to an electric field in the framework of dynamic den-
sity functional theory (DDFT). The theory used here is ap-
plicable in the weak and intermediate segregation limits. The
confining surfaces (electrodes) and the electric field were
chosen to align the lamellar microstructure in perpendicular
directions. We quenched the homogeneous melt and applied
the electric field and surface interactions simultaneously. 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 field, the system exhibits a parallel or perpendicu-
lar orientation.

Il. THEORY: THERMODYNAMICS AND EQUATIONS
OF BLOCK COPOLYMER MORPHOLOGY
DYNAMICS IN AN EXTERNAL ELECTRIC FIELD

We consider a block copolymer system consisting of dif-
ferent polymer blocks. Each part of a copolymer exhibits
dielectric properties, and the whole system behaves as a
simple dielectric material. In such a case it is possible to
consider the electric field effects using a common theory of
dielectrics in an external electric field. The electric field po-
larizes the medium and orients polar moments. Different
constituents have different electric permittivities. Due to dif-
ference in permittivities of constituents, an applied field in-
duces charges on surfaces between regions containing excess
of one polymer component. The regions rich in one compo-
nent and poor in others have different forms and sizes up to
several tens of nanometers and always exist because of den-
sity fluctuations or macro- and microphase separations oc-
curring in a system. The surface charges reduce the magni-
tude of an electric field within a dielectric sample. These
electrostatic interactions contribute to the total energy of a
block copolymer pattern.

The expression for the total free energy F of dielectric
block copolymer sample, expressed as a volume integral
over the field, generally reads as follows: >

1
FeFy- - f () [E(r) P, 0
1%

where F|, is the free energy of the system in the absence of
an electric field, E(r) is the electric field inside a sample,
e(r) is the local electric permittivity of the material, and the
integral extends over the volume V of the sample.

For calculating the electric field part of the free energy
we have followed the method of Amundson er al.'' They

J. Chem. Phys. 125, 164716 (2006)

calculated the space-dependent electric field within the
sample and associated free energy for the case of an incom-
pressible system, where the one order parameter approxima-
tion is valid. For compressible systems considered here it is
necessary to derive the dependence of electric field and free
energy on order parameters for a multicomponent copolymer
system with many order parameters, which in general case
are independent.

Incompatibility of different blocks, adhesive and repul-
sive interactions with electrode surfaces or filler particles
within a system, and diverse fluctuations result in different
composition structures within a block copolymer sample.
The composition structures and, associated with them, space-
dependent local permittivity produce different patterns in an
electric field. As a consequence, we have electrostatic con-
tributions to the free energy depending on the composition
pattern.

The fluctuations in the local permittivity tensor may
arise from temporal and spatial fluctuations in the density (or
concentration) and temperature. Usually, the fluctuations in
the temperature (de/dT), are much smaller than fluctuations
in the density (de/dp)s, and can thus be neglected.57 As a
result, we consider only fluctuations in the local permittivity
tensor at constant temperature.

The anisotropic fluctuating part of the dielectric tensor is
assumed to be much smaller than its isotropic part. There-
fore, the anisotropic part of the electric polarizability tensor
of a polymer is skipped. In addition, we assume that an elec-
tric field directly follows the time evolution of fluctuations,
so that the time dependence of fluctuations can be neglected.

As a consequence, the local dielectric constant & of a
block copolymer melt is a scalar isotropic quantity. The per-
mittivity is a function of the compositional pattern, and it is
assumed to be expandable around the critical value of com-
position when the system is homogeneous. To describe com-
position patterns of a block copolymer system we use the
complete set of compositional order parameters ,(r), which
relate to concentration fields p,(r) as

(r) = py(x) - py, (2)

where index / denotes the component of a block copolymer;
the order parameter ;(r) is equal to the deviation of the
concentration p,(r) of one component of a diblock copoly-
mer from the average value p?.

We expand the dielectric constant to the first order in the
compositional order parameters,

e(r) =&+ X e yy(r), (3)
1

where all derivatives &; = de/dyy; are taken under conditions
y(r)=0 (Taylor’s expansion is about the homogeneous dis-
tribution of all components when p,(r)=p}), the sum is over
all components, and €° is the permittivity of the homoge-
neous state of a block copolymer material. The dielectric
constant £° also can be treated as a space-averaged dielectric
constant of the sample.
Solving the Maxwell’s equation
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V- [e(r)E(r)]=0 4)

in Fourier space gives us (see the Appendix) the anisotropic
part of electrostatic contribution F; to the free energy

1 1 2 rr k :
Fg= WEEO% Slejf (k) (= k)(; : e) dk, (5)
where k=|k|, Ey=|E| (the strength of the uniform applied

field), and e is the unit vector along the direction of the
external electric field.

In this derivation the effects of chain deformations on a
microphase separation due to anisotropy of the electric po-
larizability tensor of monomers are neglected. In a model for
block copolymers developed by Gurovich,”>** which is
based on Leibler’s random phase approximation (RPA)
method,”® an applied electric field polarizes the monomers,
interacts with induced polar moments, and orients them. It
has been shown by Onuki and Fukuda'® that for most poly-
mers the ratio of the strength of the electrostatic interaction
in Gurovich’s model and that of the induced dipolar interac-
tion considered here is much smaller than unity. Hence,
Gurovich’s mechanism of interaction between an applied
field and a nonionic block copolymer melt can be omitted.

To express the free energy F of a block copolymer melt
in the absence of an electric field we model the copolymer
melt as a slightly compressible system in a mean-field
environment.” Mean-field methods have been applied suc-
cessfully to the description of equilibrium and dynamical
properties of block copolymer melts.'>1?373858-60 ywe 4o not
account for density fluctuations, which are important in the
vicinity of the ODT.™ Since we consider a block copolymer
system in the intermediate segregation limit, far beyond the
ODT, the application of a mean-field description is well jus-
tified. We considered a diblock copolymer melt of the vol-
ume V which contains n diblock copolymer Gaussian chains,
each of length N=N,+Np. In such a system there are two
concentration fields p4(r) and pg(r), two external potentials
U,(r) and Ug(r) conjugated to the concentration fields py
and pp, respectively, and two intrinsic chemical potentials
ma(r) and ug(r). The type of A or B beads is marked by I.
The bead index number is [=1,...,N.

The free energy F is the intrinsic free energy functional

Fy[p] of the system, and it has the following form:>*"®!

Folp]=Fp]+ F"[p]

(Di’l
=-pg"! ln—'—zf U,(r)p,(r)dr
nrJy
1
N "
g JvJy
+2f f ers(|r —r'[)p/(r) ps(r')drar’
1 Jvly

s jv(; pite) =3 g ar. ©)

where B8 '=k,T, Ky is the Helfand’s compressibility param-
eter, v is the average volume of the statistical unit (the same
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for all beads), ® is the intramolecular partition function for
the ideal Gaussian chain in the external field U, ¢,(|r
—r'|)=¢€;(Jr—r’|) is a cohesive interaction between beads of
type I at r and J at r’, and €,(|[r—r’|) is a cohesive interac-
tion parameter between a bead of type 7 and the surface. The
first two terms in Eq. (6) comprise the entropic contribution
of ideal Gaussian chains in a mean-field environment. The
third and fifth terms account for the cohesive interactions
between beads and the excluded volume interactions, respec-
tively. The fourth term gives rise to the interaction of a poly-
mer with surfaces and contributes only in the vicinity of the
surface, which reveals the short-range nature of polymer in-
teractions with hard filler objects.

The surfaces inside the system, which represent elec-
trode surfaces of a real system, occupy the volume V°. The
constant concentration field pg in Eq. (6) is defined as
ps(r)=1if r e V% and py(r)=0 if r € V/V°. All surfaces are
supposed to have fixed stationary positions.

The relation between concentrations and the external po-
tentials is given by a density functional

N

pLU](r) = S(r)n> & Tr. T (R)Sr -R)), (7)
=1

where &;; is a Kronecker delta function, R; is the position of
the Ith bead, S(r) is a surface field, and I'(R;) is the single-
chain configuration distribution function

N
1

F(R1)=53XP[—IB<HG+E UI(R1)>:|, (8)

=1

with the Gaussian chain Hamiltonian
N

= R,-R, ). 9
ZBazg ( 1 [ 1) ( )

Here, a is the Gaussian bond length parameter. A surface
field S(r) is defined as S(r)=0 for r € V* and S(r)=1 for r
e VIV,

We assume that in the slowly relaxing polymeric system
the interactions do not depend on the momenta. Therefore,
the trace Tr.. is limited to the integration over the coordinates
of one chain,

N
Tr.(-) = )I1ar, (10)
=1

A3N W

where A is a normalization factor (see Ref. 59).

A cohesive interaction parameter between beads €;; has
the same Gaussian kernel as an ideal Gaussian chain Hamil-
tonian,

3 3/2 3
611(|r—r’|)5691<ﬁ) exp —ﬁ(r—r’)2 . (11)

The surface interactions €;¢ with diblock copolymer compo-
nents have similar kernels.

A pair of the concentration fields p and the external po-
tential fields U define a unique value of a free energy F, due
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164716-5 Confined films of a diblock copolymer melt

to the bijective relation between them. For every set of fields
{U}} exists only one set of fields {p;}. As a result of this, there
is a unique inverse density functional U,[p].

The density functional is calculated via the following
procedure (see Ref. 59 for details):

pi(r) = G/(r)o[ G ](x), (12)

where the set of once integrated Green’s functions G/(r) and
G,"™(r) are related by the recurrence formulas

Gi(r) =S(r)exp[- BU(r)]o{ G, ](r),
‘ ‘ (13)
G[™(r) = S(r)exp[- BU(r)1o{G}31](r),

with Go(r)zGianl(r)z 1. The linkage operator o=o{f](r) is
interpreted as a convolution with a Gaussian kernel,

3 3/2 3
ol f](r) = (27702) fv CXP[— Z—Clz(l‘—r')z}f(l")dl",

(14)

with the normalization o 1](r)=1. The employed Green’s
propagator method using path integral formalism to calculate
the density functional (7) gives an exact answer and yields
the realistic dynamics of concentration field evolution in
time.

The intrinsic chemical potentials u,/(I=A,B), defined as
the functional derivative of the free energy F with respect to
concentration fields p;, consist of following two parts:

SFlp]
dpy(r)

p(r) = (r) + py(r), (15)
where chemical potentials ,u(,)(r) in the absence of an applied
electric field have the form

p)(r) == Uylr) + 2 J (It —r')p,(r")dr’
J 1%
+ KHVZE p,(r). (16)
J

The electrostatic part of the chemical potential ,uf(r) has a
simple form in the Fourier space. Using Eq. (5) one finds the
following expressions for the Fourier transforms ,u,f(k) of
chemical potentials:

11 k 2
i) = - S L0 + g0 o)
TE k
1) = G Eol (o) Ys(= k) + e e (= k)](— : e) :
TE k

Here, the electrostatic parts of chemical potentials for a two-
component diblock copolymer system are made explicit. All
previous equations were written for multicomponent sys-
tems, containing, in principle, any number of components.
Further calculations will be derived for a two-component
copolymer melt.

Now we introduce the dynamic equations to describe the
diffusive dynamics of the concentration fields. We examine
the problem in the intermediate segregation limit. Since the
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considered length scale is much larger than the characteristic
end-to-end distance of chains, we can use dynamic equations
in the same form as those for critical fluids.**

Notice that we do not consider any hydrodynamic inter-
actions. Under these conditions of no hydrodynamic interac-
tions the phase separation is described by the modified time-
dependent Ginzburg-Landau equation. The model put in
practice is a generalization of model B according to Hohen-
berg and Halperin.62 We study the situation in which the
Onsager coefficients are local and constant. For this type of a
coarse-grained model it is legitimate to apply the Langevin
equations in the diffusion form

dp/(r)

ot :MA/.L](I') + 7]1(1'J), (18)

where M is the mobility coefficient and 7,(I=A,B) are the
thermal noise fields, distributed according to a fluctuation-
dissipation theorem (FDT),>%6364

<771(r’t)> = 09
(19)
(e, (' 1)) == 2871 M &1~ 1)V, - 8 = 1)V,

For the sake of simplicity, mobility coefficients are chosen to
be identical for all components.

Since we have the simple expressions for the electro-
static parts of the chemical potentials (17) in the Fourier
space, it is expedient to make a Fourier transformation of Eq.
(18). Finally, with the aid of Egs. (15) and (17), after making
an inverse Fourier transformation of the obtained equations,
the stochastic diffusion equations describing the mesoscopic
evolution of the concentration fields are expressed as

Ipa(r) 0 L1,
7 = MAu,(r) + M;TEEO
’ ﬁsz(r) ’ ’(92p (I')
X |:(8A)2 PE: +&,8p O.sz + mu(r,1),
(20)
Ipp(r) 0 L1,
7 = MApg(r) + METEEO
’ azpB(r) ror é)sz(r)
X [(83)27 + 8A837 + 7]B(I’,t).

While deriving these equations we have used relation (2)
between the compositional order parameters and the field of
concentrations. Equations (20) were written down on the as-
sumption that external electric field is applied parallel to the
z axis of the laboratory coordinate system, e=e,.

To estimate the values g,(I=A,B), which define the
change in a dielectric constant with composition changes, we
suppose the linear dependence of the dielectric constant of a
binary system on component concentrations,

E = VPyEQ + VPRER, (21)

where e, and ey are the dielectric constants of two pure
copolymer components A and B, respectively. This linear
approximation for a dielectric constant is a quite good one as
long as the variations of concentration fields are small, and
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there is a low difference in the dielectric constants of two
components.

Furthermore, since we consider only slightly compress-
ible systems one can use the following dynamic constraint:

v = pu(r) + py(r). (22)

The volume v occupied by one statistical unit is considered
to be a constant. Note that the molecular volume v is a con-
stant only for incompressible systems. In a case of slightly
compressible systems, which we investigated, it is conve-
nient to put it in practice to evaluate approximate values, in
order of magnitude.

Within the framework of these approximations the val-
ues g; are easily calculated as

e =—¢ep=v(e,—€p). (23)

The absolute values of derivatives & and ey are the same
and will be defined below as &', &' =|e}|=]|ey|.

In the present study we consider only a symmetric
diblock copolymer melt (the volume fractions of components
are half). From Egs. (21) and (22) one can calculate the
space-averaged dielectric constant £° of a symmetric diblock
copolymer melt,

g4t e
(0 tates (24)
2
For slightly compressible diblock copolymer melts Eqgs.
(20) turn into a set of two coupled equations

Ipa(r) 0 1 (e')* ,palr)
ﬁ—tzMAILLA(r)-'_MZT 20 E; 22 + a(r,1),
(25)
dpg(r) 0 1 (") 25'2133(1')
T=MA/,LB(I‘)+MZT 0 E; 022 + np(r,1),

which we already used in Ref. 37 to investigate the lamellar
alignment in bulk.

In the direction perpendicular to the electrode surfaces
we use rigid-wall boundary conditions, fulfilled by allowing
no flux through the surfaces™ ¢!

VILLI' n5=0, (26)

where ng is the normal to the surfaces, directed in this par-
ticular study along the z axis of the laboratory coordinate
system, ng==*e,. The rigid-wall boundary conditions in this
direction are also employed for the noise ;. In all other
directions periodic boundary conditions are applied.

lll. NUMERICAL PROCEDURE
AND CHARACTERISTICS
OF AN ORIENTATIONAL ORDER

Equations of motion (25) can be integrated efficiently on
a cubic grid by a Crank-Nicolson (CN) scheme, combined
with the steepest descent method for an iteration of the inner
100p.59’63’64 After discretizing the dynamic equations (25) we
obtain the following dimensionless CN equations for each
component / (A or B):

J. Chem. Phys. 125, 164716 (2006)

(91;— wlAnlfp - a)zATBﬁp
=6+ (1 - w)Am " + (1 - w)ATBf + 7"
(27)

Here, 7]’1‘; ! is the numerical noise, applied at each time step
and distributed according to FDT; zllj and f’p‘ denote the dis-
cretized diffusion parts at time £ and cubic grid position p,

Zp = E E da[DaDa]pqd)lq’
a q

(28)
fp = E E da[DaDa]pqelq'
a q

D, is the grid-restricted half-point discretized gradient opera-
tor in grid direction 7035 Al variables are dimensionless:
dimensionless concentrations ;= vp,, intrinsic chemical po-
tentials ¢, =Bu), time 7= B-'vMh~*t, electric field param-
eter B,

LE)

B=pv'— :
pv 27 &% 0

(29)
o, and o, are the CN parameters. In our simulations
=w,=0.5, and dimensionless time step Ar= B 'vMh=2At
=0.5, where £ is the mesh size of the physical grid.

We investigate the behavior of a symmetric diblock co-
polymer melt represented by a model diblock copolymer
AgBg. The cubic grid is L X L X L (L=32). For all simulations
the dimensionless parameters have been chosen (see details
in Refs. 59 and 63): The noise scaling parameter Q= v~'43
=100. The grid parameter d=ah~'=1.1543. The compress-
ibility parameter ;= Bkyv=30. In the numerics we have
three dimensionless exchange parameters ,362 g/v and
,862 Al V=B6%B/ v=0.0 (blocks of the same type do not inter-
act). The mobility coefficient is related to the diffusion coef-
ficient D as D="'vM. The interaction parameters between
blocks and the electrode surfaces Beyg/v and Beyg/ v are
different in different simulations. Notice that dimensionless
parameters allow us to apply the results to different systems.

The dimensionless electric field parameter B is actually
the ratio of the anisotropic part of the electrostatic energy (5)
to the thermal energy B!, and it can be approximately ex-
pressed for slightly compressible symmetric diblock copoly-
mer melts as

1 (84— 83)2
—gyA B

a EpxtéEp

B= E. (30)

A scaling analysis of the free energy and the dynamic
equations shows that the relevant parameter governing the
electric field effect is BN, similar to effective interaction pa-
rameter YN between different blocks (y is the Flory-Huggins
parameter).37 All simulations with these scaled effective pa-
rameters give the same outcome. For a typical experimental
system, N ~ 10° monomers, B~ 102 7L p~108 m—3 (mo-
lecular size), Ey~10° V/m, (g —ep)*/m(e +ep)~1 (for
example, epg=2.55 and epypa=3.78), ° and hence BN
~107"*" In our simulations we use BN=0.32.

The kinetics of the phase separation is monitored by the
volume-averaged order parameter P, defined as
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p=(F- (e°2>v——2 f - (dr. (1)

The order parameter P, which is the mean-squared deviation
from homogeneous state, cannot be used to depict orienta-
tional changes in a block copolymer microstructure. The or-
der parameter P is a reliable quantity to monitor the grade of
a phase separation of different blocks. It reflects changes in
the grade of phase demixing and does not capture the align-
ment kinetics of lamellae already phase separated, as chang-
ing of a lamellar orientation due to influence of an electric
field or surfaces does not involve a significant demixing of
copolymer species.

To characterize the alignment process of lamellar pattern
we use the orientational order parameter P, for two-
dimensional (2D) and three-dimensional (3D) systems ac-
cording to

P(22D)

=2(cos> y) -1, (32a)

PSP = X(cos? y) - 3, (32b)
where {(cos’ v) is the squared cosine of the angle vy between
the unit vector n(|n|=1) normal to the lamella and the unit
vector e, of an external electric field; the angular brackets
(++) denote an averaging over the probability distribution
function for the normals of the lamellae. By construction, for
random orientation of lamellae {cos> y) is 1/2 in 2D and 1/3
in 3D and hence P, is zero.

In the 2D case P(22D) ranges between —1 and 1. For per-
fect perpendicular alignment of the lamellae, i.e., alignment
along the direction of an external electric field (y=90°),
szD)=—1. For perfect parallel alignment (y=0°), i.e., all
lamellae are parallel to the surfaces (two parallel electrodes),
PYP=1.

In the 3D case P (3D) ranges between —0.5 and 1. The

value P(3D)— 0.5 corresponds to a perfect perpendicular
ahgnment where normals of all lamellae are directed parallel
to the electrode surfaces, i.e., all lamellae are oriented paral-
lel to the applied electric field. The value P(23D):1 refers to a
perfect parallel alignment with all lamellae planes lying par-
allel to the planar electrode surfaces.

Increasing the orientational order parameter means that
at this stage the alignment by surfaces prevails over the elec-
tric field alignment. Decreasing P, corresponds to the domi-
nation of alignment by an electric field. If P, takes negative
values, the lamellae are preferably oriented in the direction
of an electric field. Positive values of P, indicate that there
are more regions containing lamellae parallel to the surfaces.
It reveals the domination of electric field over the surface
effects.

The orientational order parameter P, is a relevant param-
eter to monitor the time evolution of orientational changes in
a block copolymer microstructure. However, one must note
that P, is only the second moment of the whole orientational
distribution of lamellae normals, and its averaged value
would correspond to different orientational distributions. In
principle, to distinguish these distributions one needs to use
higher moments of total distribution, and it can be that all
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moments would be necessary for a complete description of
orientations. But for block copolymer systems to explore me-
sophase orientations and to draw surface and electric field
alignments, it is enough to evaluate the second moment P,
displaying the rate and type of alignment.

To evaluate the orientational order parameter P, via the
concentration distributions, we suppose that the normal di-
rection to the lamellae planes in 3D or lamellae stripes in 2D
is the direction of a steepest change of concentrations. The
assumption that lamellae normals coincide with the gradient
direction is similar to an approximation of lamellae as isos-
urfaces in 3D (or as isolines in 2D) of a constant concentra-
tion. By definition, this means that the normal direction co-
incides with the direction of the gradient of concentration,

_ Vpa
|VPA|

For specificity, we have taken the concentration of the A
component of a diblock copolymer melt (using the concen-
tration of the B component yields the same result). This gives
the expression for cos vy as

(33)

Vsz
V4l
Substituting Eq. (34) into Eqgs. (32a) and (32b), and using the
relation |Vpa|[*=(V,p4)>+(V,p4)*+(V_p,)* (or a similar rela-
tion in 2D), one easily obtains the required expressions for
the orientational order parameter,

paD) _ < (Vsz)2 - (prA)2>

cos y= (34)

ST\ (Va2 5

pD) _ (V.pa)? = 5[(V.pa)? + (V)]
? (Vsz)2 + (VXPA)z + (VypA)z v

Here, we replaced the averaging over the probability distri-
bution function by spatial averaging over the volume of a
sample, assuming that it does not give an essential error in
calculations.

The spatial anisotropy of a block copolymer microstruc-
ture can also be displayed with the help of the set of param-
eters

Qaﬁ: <VapAV,BpA>V (0(,,3=X,)’»Z§a’ # ﬁ)’ (36)
65-67

(35b)

which are related to the stress tensor due to domains.
Again, for specificity, we have taken the concentration of the
A component. These anisotropy factors O,z represent the
domain contribution to the stress tensor arising from the
composition inhomogeneities; they do not represent the con-
tribution due to changes in chain conformations. The time
evolution of anisotropy factors Q,p, containing the z direc-
tion of an applied electric field, characterizes the growth of
microdomains and deformations in a distorted by the electric
field morphology. It also illustrates the alignment kinetics of
a copolymer microstructure. If all lamellaec are perfectly
aligned parallel to the z direction of the external electric
field, the factors Q,,=0. The homogeneous structure corre-
sponding to the situation of no phase separation in a system
(domain interfaces have not been formed yet) gives all pa-
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(d)r — 5000

(e)T = 10000

(g)T = 16500

rameters Q=0. In the 2D case the set of parameters Q is
reduced to one anisotropy factor Q...

IV. RESULTS AND DISCUSSION

In the present study, we consider only 3D systems of a
model symmetric diblock copolymer melt AgBg. In order to
depict different final morphologies and alignment kinetics
depending on competition between electric field and surface
interactions, we have performed a set of simulations with
different surface interaction parameters Be s/ v(Beys/v
=0.0). It means that bounding electrode surfaces are selec-
tive for copolymer blocks: surfaces are indifferent to B
blocks and interact with A blocks. The situation of two iden-
tical parallel surfaces is considered. The electric field param-
eter BN=0.32 was fixed for all simulations. The interaction
parameters between different blocks of a copolymer melt
were also kept to be constant for all simulations, and they
have been chosen to be ﬁEgA/V=,BEgB/V=0.0 and ,3633/1/
=3.0, so that yN==19.3. The cubic grid is 32X 32X32. We
quenched the homogeneous melt and applied the electric
field and surface interactions simultaneously.

In Fig. 1 results are shown for the surface related inter-
action parameter Begs/ v=0.7 (positive value of this param-
eter corresponds to repulsion between A block and surface),
corresponding to the adsorption energy of 0.28kzT per statis-
tical unit. Note that this adsorption energy is above the criti-
cal surface interaction (0.14kgT for this particular system)
below which the equilibrium lamellar morphology in the ab-

(h)r = 17000

J. Chem. Phys. 125, 164716 (2006)

FIG. 1. Isosurface representation of a
symmetric AgBg diblock copolymer
melt for vp,=0.5 and the z projection
of the 3D structure factor S(k) at dif-
ferent dimensionless times 7. The sur-
face related interaction parameter is
Belg/v=0.7 (Beys/v=0.0), corre-
sponding to the adsorption energy
0.28kpT per statistical unit.

(£)7 = 15000

sence of an electric field would be perpendicular to the sur-
faces because of entropic effects.™ In the present study, the
surface selectivity is always larger than its critical value, so
that the equilibrium lamellar morphology in the absence of
an electric field would be parallel. From Fig. 1 one can trace
the evolution of lamellae pattern and the z projection of the
3D structure factor S(k)={|p,(k)|?). Figure 1(a) shows a not-
yet-phase-separated microstructure at a very early time. One
can clearly observe that near the surface one layer starts to
form. This parallel to the surface layer is highly deformed,
with many holes, because of a relatively small interaction
with surfaces. The presence of two parallel to the surface
layers 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 lamellae locally correlated but globally
randomly oriented somewhat similar to a picture of phase
separation in bulk. The corresponding scattering function
shown in the kk, plane is an isotropic ring. The influence of
an electric field is not visible at this level of phase separa-
tion. Figure 1(b) represents the later stage in the evolution of
a still-phase-separating system. At this stage, formed earlier
lamellar layers parallel to the surfaces are hugely perforated
with no regularity, but they remain to be present. It is re-
flected in a scattering pattern: the central peak due to prefer-
ential surface alignment is still present, but the intensity of
the peak decreases. A decrease of the intensity of the central
peak is affected by the electric field influence. The effect of
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an electric field is also seen from the transformation of iso-
tropic ring in the k.k, plane to the anisotropic ringlike pattern
with very weak peaks corresponding to the lamellae, which
start to grow in the electric field direction. The stage of com-
plete prevalence of an electric field alignment over a surface
alignment is shown in Fig. 1(c). The lamellae parallel to the
surfaces were destroyed by the electric field. This corre-
sponds to complete annihilation of the central peak in the z
projection of the 3D structure factor. The mechanism of de-
struction of parallel lamellae is via the propagation of holes
in lamellae [see Figs. 1(a) and 1(b)] into a striped pattern
[Fig. 1(c)]. A structure shown in Fig. 1(c) consists of three
coexisting lamellae clusters (grains) with lamellae parallel to
the electric field, but oriented differently, perpendicular, to
the electric field xy plane. An accompanied scattering pattern
demonstrates four pairs of sharp Bragg peaks related to these
clusters. One of the pairs of peaks corresponds to the uni-
formly oriented necks between lamellae of one of the clus-
ters. The last lamellae cluster is highly undulated. The reason
of such undulations is because this cluster tries to match the
orientation of lamellae in a previous cluster. Upon three-
cluster formation, an annihilation of a middle cluster occurs
[see Fig. 1(d)]. The corresponding four distinct peaks in a
structure factor confirm the coexistence of two lamellae clus-
ters. The intensity of these peaks increased due to enlarge-
ment of the clusters. Two peaks have small satellite peaks
which can also be treated as broadening of the peaks due to
residual lamellae undulations. The amplitude of undulations
slowly decreases throughout the morphological evolution un-
til two coexisting clusters of straight lamellae become appar-
ent [see Fig. 1(e)]. The presence in a system of two twisted,
with respect to each other, clusters of perpendicular (parallel
to the electric field) lamellae is not likely due to additional
interfacial interactions between clusters. The grain boundary
region between the two lamellae, which can be treated as a
surface, the so-called intermaterial dividing surface (IMDS),
costs an energy to a 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
microstructure. The whole lamellae cluster can start turning
to coincide the orientation of a neighboring cluster. This
rigid-body-like mechanism of domain orientation involves
great energy and is very unlikely. Another mechanism of
selective disordering consistent with a melting of lamellae in
unfavorable orientations and reformation of lamellae in pref-
erable orientations is also very unlikely based on energetic
arguments.lo_12 The most convenient mechanism of me-
sophase reorientation in thin films conforms to defect move-
ment, which we already observed for bulk systems.37 With
regard to the monitored situation here, the IMDS moves in
the direction of an electric field, as it is shown in Figs.
1(d)-1(g), until only one set of perpendicular lamellae sur-
vives [Fig. 1(h)]. While moving a boundary between clusters
a volume fraction of one cluster increases with the decrease
of another one. The corresponding scattering peaks change
their intensity. From Figs. 1(d)-1(g) one can see the evident
decrease of intensity of two peaks related to the cluster con-
taining declined, with respect to box planes, lamellae. Such
changes in a structure factor can be experimentally observed
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F, (au)

FIG. 2. The part F,, of the total free energy of a diblock copolymer as a
function of time 7 for the surface related interaction parameter Be)y/v
=0.7.

with the help of small-angle x-ray scattering (SAXS) or neu-
tron scattering (SANS) measurements. The final morphology
in Fig. 1(h) consists of perfect perpendicular lamellae. A z
projection of the 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.

Now, we will clarify a driving force for moving a bound-
ary between lamellae grains shown in Figs. 1(d)-1(g). From
the evolution of the defect structures, we calculated the speed
of boundary movement which remains constant during the
reformation of lamellar microstructure, except in the initial
stage of creation of this grain boundary [see Fig. 1(c)] and
that of its disappearance [Fig. 1(g)]. 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 ten grid points. As the radius of gy-
ration R, of the polymers is about four grid points and one
unit of time is smaller than the polymer relaxation time, this
means that the polymer is in quasiequilibrium 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 ther-
modynamic force V,u? related to part F, of the total free
energy F of the sample without the electrostatic contribution
Fq.

The changes in a free energy F|, can be observed from
Fig. 2. Figure 2 shows that while moving the cluster dividing
surface there is no significant change (except thermal fluc-
tuations) in the energy of the system. After the annihilation
of the boundary nearly at 7=16 750 the free energy F, drops
down and reaches the lowest level, as shown in the inset of
Fig. 2. 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. Note
that in the vicinity of boundary disappearance, the free en-
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FIG. 3. The enlarged part of the two-cluster morphology shown in Fig. 1(e)
containing the region of cluster dividing surface (the z position ranges be-
tween z=17 and z=23). The region exhibits a doubly periodic array of
saddle surfaces.

ergy Fy slightly increases due to small lamellae undulations
shown in Fig. 1(g), leading to additional interfacial interac-
tions. Figure 2 also illustrates the reduction of the part of the
free energy F, related to the removal of the interfaces be-
tween 7=2500 and 7=5000 [see Figs. 1(c) and 1(d)] due to
annihilation of one lamellae cluster, disappearing of necks,
and suppression of lamellae undulations.

A peculiar effect is the shape of the surface between two
lamellae clusters [Figs. 1(d)-1(g)]. In order to lower the en-
ergy, a system tends to minimize the surface area. In Fig. 3
the cropped morphology of Fig. 1(e) containing the region of
the cluster dividing surface (the z position ranges between
z=17 and z=23) at time 7=10000 is shown at a different
view angle. As can be seen from Fig. 3, this region consists
of a doubly periodic array of saddle surfaces, similar to the
Scherk’s first surface twist boundary morphology.68 In our
case, this twist grain boundary (TGB) structure approximates
a minimal surface with respect to minimization of total free
energy F of a block copolymer sample in an electric field.
The minimal surfaces, which we observed in the present
study, allow a diblock copolymer lamellar phase to exclude
unfavorable polymer chain conformations. The minimal sur-
faces have been experimentally observed to form in layers of
block copolymers.ég’70 In the present paper, we do not dis-
cuss in detail the structure and motion of the TGB but rather
concentrate on the electric-field-induced alignment of a
diblock copolymer melt. A detailed analysis of the morphol-
ogy of the TGB and its dynamics was made in our earlier
paper,40 in which the results on the structure of the TGB are
compared to experiments of Gido et al.” and Gido and
Thomas.”

The IMDS of the twist boundary morphology between
two lamellae clusters at 7=10 000 [the same morphology as
in Figs. 1(c) and 3] can be better seen in Fig. 4, in which the
morphology scans through the neighboring xy planes are per-
formed. In Fig. 4 one can observe all intermediate lamellar
morphologies from one cluster of straight lamellae to an-
other. These doubly periodic lamellac morphologies, ob-
tained by cutting the microstructure at different positions of a
dividing surface, look different and can help to indicate the
presence of saddle surfaces in a microstructure for transmis-
sion electron microscopy (TEM) or scanning electron mi-
croscopy (SEM) measurements.

The evolution of lamellac orientations can be more
quantitatively characterized by the orientational order param-
eter P, shown in Fig. 5. During the nucleation of lamellar
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FIG. 4. The morphology scans through the region of cluster dividing surface
in the same ranges, as shown in Fig. 3. The morphologies shown are xy
orthoslices of two-cluster morphology from Fig. 1(e) at different z positions.
The regions containing more A blocks are colored black with linear gray
scale of the density vp, from 0.0 (black) to 1.0 (white).

Z—21

microdomains the surface-driven alignment prevails over the
electric field alignment, as can be seen from the sharp in-
crease of the orientational order parameter (we use an in-
verted vertical axis for the orientational order parameter) un-
til 7=50. Inserting surfaces into a system induces order in
the block copolymer microstructure and speeds up mi-
crophase separation. After 7=50 an electric field starts to
destroy a surface ordering, consistent with the decrease of
P,. At 7=400 the order parameter takes the zero value,
which corresponds to the competition of two effects. Then,
the electric field effect prevails and the orientational order
parameter smoothly decreases until it reaches the value P,
=-0.43 close to its minimum —0.5, corresponding to per-
fectly aligned lamellae along the electric field. Because of
the residual surface effects in the vicinity of the electrode
surfaces the orientational order parameter did not reach its
minimum —0.5. The disappearance of the IMDS between two
lamellae clusters at 7==16 750 results in a jump in the order
parameter. The region of 7=5000-15 000 shows a small de-
crease in P,. An in significant change in the orientational
order parameter during a boundary movement within these
ranges is consistent with the small orientational transforma-
tions of a structure. The IMDS with a profile shown in Figs.
3 and 4 migrates in the z direction of the applied field, but
the form of the profile does not change.

1 1
0 5000 15000

FIG. 5. Evolution of the orientational order parameter P, corresponding to
the morphological transformations shown in Fig. 1. The surface related in-
teraction parameter is B}/ »=0.7.
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FIG. 6. The time evolution of stresses in the morphology Q4 due to do-
mains Q,, (curve 1), Q,, (curve 2), and Q,, (curve 3).

The time evolution of stresses in the morphology O,z
due to domains is shown in Fig. 6. The sharp increase of Q,,
(curve 2 in Fig. 6) and 0,. (curve 3) as well as the decrease
of 0, (curve 1) until 7=100 correspond to the formation of
sharp lamellae boundaries. Further reorientation of lamellar
under the influence of an electric field causes a gradual de-
cline of Q,; and Q,. with some deviations. The xy compo-
nent of the stress tensor demonstrates more interesting be-
havior. The intense increase of Q,, is caused by growing of
lamellae clusters parallel to the electric field direction, but
twisted with respect to each other. Such a twist in the xy
plane costs a large stress compared with other components of
the stress tensor. While later disappearance of one of these
clusters from 7==4250 until the formation of the final struc-
ture at 7==17 000, from Fig. 6 it follows that the anisotropy
factor Q,, decreases. The final morphology of perfect per-
pendicular lamellae gives no contributions to the stress ten-
sor due to domain deformations, consistent with the zero
value reached by all anisotropy factors Q.

We also performed simulations with different surface re-
lated interaction parameters Be) /v, which led to the same
final structures of perfect perpendicular lamellae shown in
Fig. 7. Note that while increasing the surface related interac-
tion parameter Be,g/ v (electric field is constant), the cross-
over from parallel to perpendicular lamellae occurs at
Be)g/v=1.0 (the adsorption energy is 0.4kzT) due to more
dominating surface effects. Figure 7 shows an intermediate
structure of two coexisting lamellae clusters of perpendicular
lamellae and a final morphology in the case of interaction
parameters with the surfaces Be)s/v=0.5 [Fig. 7(a)], 0.7
[Fig. 7(b)], and 0.8 [Fig. 7(c)]. In Fig. 7 one sees projections
in the z direction of the external electric field. From Fig. 7 it
can be concluded that a film of a block copolymer material
exhibits uniaxial symmetry with respect to the applied elec-
tric 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 mor-
phologies, shown in Fig. 7, where lamellae can form in prin-
ciple different angles with x and y axes. In simulations we
observed only final morphologies with lamellae parallel to 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
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(c)

FIG. 7. An intermediate structure of two coexisting lamellae clusters of
parallel to the electric field lamellae and the final morphology for the surface
related interaction parameters (a) Beﬁs/v=0.5, (b) 0.7, and (c) 0.8. The
z-axis projections in the direction of the applied electric field of the mor-
phologies are shown.

fitting of lamellae spacing into the box size in these direc-
tions. Intermediate structures with two lamellae clusters con-
firm the best fitting of lamellae spacing in the case where
lamellae are parallel to one of the side box planes. In these
directions the integral number of lamellae matches the box
size. Notice that the distance between two opposite electrode
surfaces was chosen so that an integer number of lamellae
fits into the film. In such a case lamellae layers are un-
strained. From Fig. 7 one can see that inclined lamellae of
two-cluster 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 the system (see Fig. 6). 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 Fig. 7 it follows that lamellae of two coexisting
clusters can form different angles between their planes. It
also confirms uniaxial symmetry inherent in a system. In
general, the angle between the two clusters depends on a
pathway of mesophase formation. Particularly, the distribu-
tion of defects such as holes and necks and their develop-
ment in time affect the orientation of the clusters. One cluster
is usually parallel to a side box plane due to above discussed
reasons of lamellae fitting into the box.

The two coexisting lamellae clusters can be also treated
as stable and unstable phases. In this case, the movement of
a boundary between clusters is a propagation of a stable
phase into an unstable phase. The inclined lamellar phase is
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(a)T = 50

(c)T = 250

(e)T — 500

energetically unfavorable due to arguments of lamellae fit-
ting into a box, and therefore it is always unstable.

Finally, we provided a simulation for the surface related
interaction parameter Beﬁ s/v=1.2 (the adsorption energy is
0.48kgT) shown in Fig. 8. From Fig. 8 it follows that at the
early stage (7=50) the forming structure is different from the
growing lamellar pattern demonstrated in Fig. 1(a). The
stronger interactions with surfaces lead to the nondefected
adjacent to the surface lamellar layers. Instead of holes in
these lamellae, observed in previous simulations with
smaller surface interaction parameters, the residual undula-
tions of adjacent layers are present, as shown in Fig. 8(a).
While surfaces align lamellae, these undulations disappear
and the adjacent lamellae become perfect [Fig. 8(b)]. The
second pair of lamellae is already formed, but the lamellae
contain many holes and connecting necks [Fig. 8(b)]. As can
be concluded from Fig. 8, the mechanism of alignment is
defect movement via disappearance of necks. The necks are
annihilated in the direction from surfaces into bulk [Figs.
8(b)—8(e)]. After stretching and thinning, the necks break up
and create curvatures in lamellae. The curvatures are not
favorable for the system and are straightened during pre-
dominant surface alignment. In the end, the perfect lamellae
morphology with all lamellae parallel to the surfaces is seen
as a result of surface ordering [Fig. 8(f)].

The two orientational order parameters P, are plotted as
a function of time 7 in Fig. 9. The dashed curve in Fig. 9
represents the changes in lamellae orientations for the same
system, but without the electric field. As can be concluded
from Fig. 9, the applied electric field slows down the parallel
to the surface alignment by two to three times. The reason of
this is due to the fact that the necks connecting parallel
lamellae are in the favorable orientation with respect to the

J. Chem. Phys. 125, 164716 (2006)

(b)r — 150

FIG. 8. Isosurface representation of an
AgBg diblock copolymer melt for vp,
=0.5 and the x projections of the
lamellar morphology for the surface
related interaction parameter Be)g/v
=1.2(B€)s/v=0.0), corresponding to
the adsorption energy 0.48k,T per sta-
tistical unit.

(d)r = 400

(f)T — 600

electric field. As a result, the electric field tries to maintain
the necks and to stop the neck removal. The final values of
P, in the presence and in the absence of an electric field are
the same (P,=0.97) and are very close to unity, confirming
a perfect parallel alignment.

The small bump in the P, plot is observed at 7==75. This
bump is also present in the case of no electric field. The
nature of such behavior in lamellae orientations is a result of
a process of lamellae creation. The parallel lamellae start to
grow near the surfaces with further propagation inside the
film. The growth of each lamellae layer from the disorder
requires some time to rearrange polymer chains. During this
time the global orientation of the whole sample does not

0 300 600

FIG. 9. Time evolution of the orientational order parameter P, in the pres-
ence (solid line) and in the absence (dashed line) of an external electric field.
The surface related interaction parameter e, ¢/v=12is the same for both
cases.
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0 300 600

FIG. 10. Time evolution of stresses in the subjected to the electric field
sample, Q,g, due to domain transformations: Q,, (curve 1), Q,, (curve 2),
and Q. (curve 3). The transformations in stresses are related to morphologi-
cal evolution shown in Fig. 8.

change much. Even a small decrease in P, is observed due to
the appearance of additional necks during the new lamellae
layer formation. In the presence of an electric field the de-
crease of P, is more pronounced because the orientation of
the appearing necks between parallel lamellae is supported
by an electric field. The growth of a pair of adjacent to the
surface lamellae corresponds to the similar bump at 7=35,
which is hidden inside the region of the fast increasing P,.
Also, this bump is not clearly observable since its height can
be compared with an amplitude of fluctuations playing the
crucial role at this stage. The second bump due to formation
of the second pair of lamellae layers is more pronounced.
From all performed simulations we conclude that the posi-
tion of the bumps does not change with varying surface re-
lated interaction parameters and is not affected by the pres-
ence of an electric field. These bumps in orientational
evolution of lamellae morphology are purely an effect of
ordering due to surfaces.

The anisotropy factors corresponding to the morphology
evolution in Fig. 8 are plotted versus 7, as shown in Fig. 10.
Only the component Q.. (curve 2 in Fig. 10) exhibits large
fluctuations due to creation and annihilation of differently
oriented necks. The Q,, (curve 1) and Q,, (curve 3) increase
in an absolute value with creation of sharp lamellar bound-
aries until 7==175. Further relaxing these components to zero
is affected by the surface-induced alignment via the steady
removal of necks. The final structure of perfectly aligned
parallel lamellae is unstressed with all stress tensor compo-
nents O,z equal to zero.

Notice that the microstructure of perfectly aligned paral-
lel lamellae shown in Fig. 8(f) is the final morphology for all
simulated systems with different interactions with surfaces in
the absence of an electric field.

As it follows from the performed simulations, the time
scale of the electric-field-induced alignment is much higher
than the time scale of the surface-induced alignment. As we
observed for bulk systems,37 the electric-field-induced align-
ment is very slow due to the small electrostatic contribution
to the free energy of a melt. The electrostatic interactions are
long-range forces and can make an effect only on ordered

J. Chem. Phys. 125, 164716 (2006)

microdomains with rather distinct boundaries between me-
sophases of different dielectric properties. In contrast to elec-
trostatic interactions, the interactions with surfaces have a
short-range nature and lead to the growth of already oriented
lamellae directly from a disordered state. As a result of the
competition between these forces of different symmetries,
the final structures can demonstrate different predominant
orientations depending on the ratio of competing forces.
However, at the early stage of phase separation the orienta-
tion of a microstructure is controlled by surfaces. This is
confirmed by the persistent increase of the orientational or-
der parameter P, in the beginning of phase separation for
any realistic strength of an applied electric field.

V. CONCLUDING REMARKS

We have studied the alignment of microdomains in con-
fined films of diblock copolymer systems exposed to an ex-
ternal electric field using a dynamic mean-field density func-
tional method. In particular, the dynamic behavior of the
symmetric AgBg diblock copolymer melt has been investi-
gated. The electric field induces the appearance of a perpen-
dicular to the bounding surface lamellar microstructure. The
electrode surfaces induce a parallel alignment. The total free
energy of a copolymer material includes the short-range in-
teractions of a polymer with surfaces. The surface term con-
tributes only in the vicinity of the surfaces. The meaning of
the electrostatic term included in the free energy is the long-
range dipolar interaction taken as the dominant mechanism
of the electric-field-induced alignment of microstructure. The
driving force for the electric-field-induced alignment is the
anisotropic term in the free energy of a block copolymer
liquid. The mechanism of elongation and compression of
chains due to the anisotropic polarizability of monomers sug-
gested by Gurovich?*? is not taken into account because of
its limited effect. We examined the influence of both electric
fields and surfaces on the alignment kinetics in a 3D case.
The results have been obtained in the intermediate segrega-
tion limit.

We have considered the block copolymer system in one
initial state—a disordered (homogeneous) block copolymer
melt. Starting with a disordered copolymer, the pictures of
lamellar alignment in confined films in an external electric
field are found to be different from the similar bulk
systems.37 The bounding surfaces presented in the system are
selective for copolymer blocks and induce additional order in
the sample. The simultaneously applied electric and surface
fields between the block copolymer melt and electrode sur-
faces have different symmetries and compete with each
other. Depending on the ratio between electric and surface
fields, parallel or perpendicular lamellar orientations have
been observed. The corresponding final structures contain no
defects with no stresses due to domains.

As a consequence of the competition between the elec-
tric and surface fields, different types of alignment kinetics
with different time scales have been observed. The presence
of surfaces changes the kinetics of nucleation and reorienta-
tion of microdomains. There are three time scales inherent in
the system: the time scale of the electric-field-induced align-
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ment (relaxation time 7g), surface alignment (7,), and mi-
crophase separation (7,,). The interactions with surfaces have
a short-range nature and lead to the growth of already ori-
ented lamellae directly from the disordered state, so the time
scale of the surface alignment is much smaller than the time
scale of microphase separation, 7,<<7,,. In contrast with sur-
face interactions, the electrostatic interactions are long
ranged and can affect only ordered microdomains with rather
distinct boundaries between mesophases of different dielec-
tric properties. Therefore, the time scale of the electric-field-
induced alignment is much larger than the time scales of the
surface-induced alignment and microphase separation, 75
>7,> 7.

APPENDIX: ELECTRIC FIELD AND ELECTROSTATIC
ENERGY IN BLOCK COPOLYMER MATERIAL

To get an electric field pattern inside a dielectric copoly-
mer material as a function of compositional order parameters
y(r) we present the complete set of Maxwell’s equations
describing the behavior of an electrostatic field,

V-D(r)=0, (A1)

VX E(r)=0, (A2)

where the electric displacement is D(r)=&(r)E(r). Equation
(A1) is solved by a method of successive approximations
(perturbation method). Here, we carry out the procedure of
perturbations up to the first order. The electric displacement
and electric field are written as a sum of zeroth and first order
terms,

D=D(0)+D(1), (A3)

E=E(0) +E(1), (A4)

where the zeroth order terms are related as D(O)(r)
=£(r)E g)(r). The uniformly applied electric field Eg is con-
sidered to be a zeroth order approximation E . Then, sub-
stituting Eq. (A3) into Eq. (A1), we get the perturbed equa-
tion

V'D(])Z—V'D(O). (AS)

After substituting Eq. (3) into the right part of this equation,
it can be rewritten in the following form:

V-Dy(r)=-V- <2 g ¢1(I')E0>~

1

(A6)

Equation (A2) is equivalent to the statement that an electric
field is the gradient of a scalar potential ¢(r). The relation
between the first approximation D(l):soE(l) and the scalar
potential ¢(r) reads

D(;y(r) =’V ¢(r). (A7)

Equations (A6) and (A7) yield the following equation for the
potential ¢(r):

J. Chem. Phys. 125, 164716 (2006)

1
Agpr)=- -V - (2 el w,<r>Eo). (A8)
& I

The solution of this equation, which is the Poisson equation,
is well known and has the form

1 1 1, ,
o(r) = _J ; _02 g (r)Eydr’ .
)y r—r'| "5

(A9)

Applying the Fourier transformation of Eq. (A9) we obtain
for the Fourier transform of an electric potential,

o(k) = f explik - rle(r)dr,
14
the following expression:

11 ..
> &jikoEou (k).

<P(k)=—p—0 (A10)
A

Substituting the solution ¢(k) into the equation
E((k) = - ike(k),

we finally obtain the Fourier transform of the electric field in
a block copolymer material to the first order of block copoly-
mer order parameters,

Eg(k) = {% - 3%(1«)&124 eoEo, (A11)
I

where Eg(k) is the B component of the Fourier transform of

the electric field, Iga:ka/k is the @ component of the unit
wave vector, and e, is the @ component of the unit vector e
of the external electric field. Equation (A11) is the generali-
zation of Eq. (1.3) in Ref. 11.

Using Eq. (A11), the Fourier transformation of Eq. (3),
and Parseval’s formula, the part of the electrostatic energy in
Eq. (1) which contributes to the aligning process of a block
copolymer microstructure can easily be written down as Eq.
(5).

Notice that the electrostatic energy (5) coincides with the
induced dipolar interaction among the compositional fluctua-
tions in nonionic fluids near the critical point.”_73 Onuki and
Doi have predicted that for near-critical fluids the dominant
contribution to the Ginzburg-Landau free energy for density
fluctuations due to an electric field is the dipolar
interaction.”""?

In order to obtain the expression of electrostatic free
energs)sz 51;1 normal space we will write down the energy in the
form™

1
Fy= > f p(r)e(r)dr, (A12)
|4

assuming a continuous charge density distribution p(r),
which satisfies the equation
&0

p(r)=———Ag(r). (A13)
4
With the aid of Eqgs. (A8), (A9), and (A13) the free energy

F, is finally written in the bilinear order in the compositional
order parameters as
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1 (e Vij(r))le- Vijy(r')) |
Fam i eies ] [ TR

(A14)

where double summation covers all components, marked as /
and J, of a copolymer material. The electric field E, in all
equations can also be treated as the average electric field in a
dielectric.”® Because all relations were derived in first order
approximation there is no significant difference between
these two treatments of the electric field as the external elec-
tric field or as the averaged electric field in a sample.

Note that the presented approach can be employed for
dielectric block copolymer materials when an external elec-
tric field is much smaller than internal molecular fields. In
this case, the relation between the electric displacement and
the electric field can be supposed to be linear. Thus the ex-
pressions (5) and (A14) for the free energy are well justified.
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