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ABSTRACT: We study kinetic pathways of phase transitions in thin films of block copolymers subjected to an
applied electric field by means of dynamic self-consistent-field calculations. We consider structures ranging from
spheres to lamellae. We find that the kinetic pathway taken by a system near a phase transition is very different

from the one far from a phase transition.

I. Introduction

Block copolymers are fascinating materials capable of form-
ing a large variety of soft nanostructures depending on the
chemical composition of blocks and the architecture of relatively
simple molecule$.A challenging task for the application of
block copolymers in nanomanufactured devices is to form

the dynamics of the pattern evolution. Recently, such a method
has been proposé&for a block copolymer system under an
electric field. It employs an approximation to the model in ref
29. The authors of ref 29 were the first who numerically solve
the Maxwell equation for polymer melts under electric field.

In contrast to most of the static theoretical studies, experi-

by the application of an external field to a block copolymer
sample. Examples of such fields commonly used in experimental
practice are shear floh? electric field>® and temperature
gradients

Often experimental samples are thin fil&Recently we have
shown that the phase behavior of cylinder-forming block
copolymers in thin films is extremely complex even without
external fields like shear and electric fieRiBoth the transition
dynamics and the equilibrium behavior in the experimental
situation are found to be well explained by means of dynamic
self-consistent-field theory.2 We note that both in our
calculations and in the experiments the observed equilibrium
behavior may represent long-living metastable phases and ca
therefore differ from theoretical predicted equilibrium phases.

In the presence of an electric field, an orientation of
microdomains parallel to the external electric field is energeti-
cally favored due to the different dielectric properties of the
two blocks. For lamellar and cylindrical systems this effect
counteracts any interfacial alignment due to preferential attrac-

tion to the electrode surfaces. For spherical systems, this effect
leads to an elongating of the spheres in the direction of the pa

electric field.

Several theoretical groups have studied electric-field-induced
orientational and order-to-order phase transifiérid and
compared with experiments:2” Most of the theoretical analysis
is based on the calculation of an extra contribution to the free
energy due to electrostatics for different orientation of structures

and then comparing the energies of the static patterns. As to
the dynamic behavior, Onuki and Fukuda examined the dynam-

ics of lamellar undulation instability induced by the electric
field.’> To answer the questidmowa phase transition proceeds

pathways of electric-field-induced phase transiti&hs?3 Since
direct observation of the three-dimensional structural evolution
details is not within reach of most experimental methods, they
often focus on the kinetics of average structural properties or
the time scales at which a transition takes place. It was observed
that the initial stage of the process history prior to the application
of an electric field is an important factor in the transition
kinetics. When a block copolymer system is not or poorly
microphase separated prior to the application of the electric field,
composition fluctuations can already be oriented by the electric
field,22 and the orientation of microdomains takes place directly
after cooling through the ordedisorder temperature. In an

fnitially ordered system the rearrangement dynamics depends

on the defect density and on the degree of microphase
separatiort® which determine the growth of undulation instabil-
ity to a great extent. Herthe degree of microphase separation
simply denotes the strength ofA blocks interaction in AB
block copolymers (in theoretical studies, the valueyd),
leading to various microstructures like spheres, cylinders,
lamellae, etc. We will use this notion in the remainder of the
per.

An electric-field-induced thin film sphere-to-cylinder (S-to-
C) transition was observed experimentally by Ting et’dbr
a sphere-forming system. In this system, cross-sectional TEM
snapshots of the intermediate stages of the alignment process
indicated that spherical microdomains were first deformed in
ellipsoids under an electric field and then interconnect in
cylindrical microdomains oriented in the direction of electric
field.

Electric-field-induced reorientation of a cylinder-forming
block copolymer (G-to-C) was studied by Thurn-Albrecht et

further in time, one needs to develop an approach to examineal.zs’szfor different initial situations. The electric field was found
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to orient composition fluctuations in the disordered state,
resulting in a preferred growth of oriented nuclei. An electric

field applied to a microphase-separated copolymer led to a
disruption of grains into smaller pieces that were able to rotate.
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This disruption occurred via the growth of undulations at the ibility of the system, ang’ is the mean concentration of the
cylinder interfaces. I-block (where the average is taken over the sample volume
For lamellae forming block copolymer the electric-field- V). Fork — o the system becomes incompressible. The external
induced alignment kinetics has been studied by many groups.potentialsU; and the concentration fielgs are related via the
Amundsen et a324 proposed two mechanisms: selective density functionaf® The polymer chains are modeled as so-
electric-field-induced disordering and alignment through move- called Gaussian chains, where the single-chain Hamiltonian
ments of defects. Only the latter mechanism was supported bydescribes a set of connected harmonic springs:
their experiments, and the fundamental process was found to

be the movement of edge dislocatidAdn ref 33 an in-situ 3 X )
SAXS alignment study of an ordered lamellar block copolymer H=kT— Z(Rs —Rsy) 3)
melt in an electric field was found to indicate that reorientation 2a° &

of lamellar domains goes via a disruption or disordering of the . . . .
original structure, leading to a substantial loss of long-range With @ being the Gaussian chain bond lengttthe number of

order. In the intermediate stage the system tends to reduce th€2ds in the chain, arfs the coordinate of beasl The time
grain sizes so the rotation of domains can occur. Similarly, Ting €volution of the system as described by eq 1 assumes that the
et al3! showed that the dominant mechanism is one where SYStem s in quasi-equilibrium, so that there exists a free energy
lamellae are locally disrupted and reappear in the direction of functional, eq 2. This free energy functional does not explicitly
the applied field. Bker et al3® identified two distinct micro- epend on time. On every time instance of the systems
scopic mechanisms of electric-field-induceg@tb-L transition evolution, eq 1, aII.'lntramoIecha.r degrees of fre?dom are
in a concentrated diblock copolymer solution: nucleation and @ssumed to be equilibrated. This is a good approximation in

growth of domains and grain rotation. This behavior was initially €35 that t_he internal_ dynamics of a single chain_ is faster than
attributed to the difference in viscosity due to the different the collective dynamllcs. of the er)semble of chaln§. AIthough
solvent concentrations. It was later arg#fed-3*that viscosity the free energy description, eq 2, incorporates spatial resolution
may play a role but that these mechanisms are intrinsic to theOn the Ie_vel of beads _Of chains, the time evolutlon_ described
degree of microphase separation of the system. by eq 1 !s.coarse-gramed, anq the smallest ph_yS|caI volume
The objective of this work is to consider the detailed kinetic ehr]ter|r1|g itis the VO(Ijume 01;33 single [l)olymer.chiamwe use
transition pathways of order-to-order (S) and orientational (C thiS volume to introduce a dimensionless variaple= v(pa —

0 . . . . .
and L) phase transitions induced by an electric field and to Pa)- HereA stands for A-blocks. One variable is sufficient in

identify unifying mechanisms. the case of incompressible copolymer melts with only two block
types, which we will consider in the remainder of the paper.
Il. Model Therefore, we will drop the subscripts for block types. The

variabley is an order parameter, which is the local deviation
of the volume fraction of block# from their uniform distribu-
tion. It is small for weakly segregated systems.

In the presence of an electric fielt(r) the chemical potential

Dynamic self-consistent-field theory is used to describe the
block copolymer syster#f:3° The time evolution of the system
is modeled by diffusion dynamics

ap, ) can be split into two term&
- = MV, + g, @
ot el E2 9
u=p0tud, E=t= (4)
where p; is the concentration of blocks of type I, which has v 8 oy

dimensions of inverse volume, is chemical potentialM is ) ) ) ) )
constant mobility, andy, is thermal noise, which is related to  WhereE = |E|, &(r) is the dielectric constant of the dielectric,
M via the fluctuation-dissipation theorer®f An extensive and the CGS system of units is used. The electric field inside
description of relevant dynamical models can be found in ref the material can be expressed via an auxiliary potegtiak

37. We use the most simple model for M, which is just a = Eo = Vg, whereEo = (0, 0, Eo) is the uniformly applied
constant. A more elaborate model can be found in ref 38. The €lectric field along the-axis. We model the dielectric constant

chemical potentiaky = 6F/dp can be found from the free  PY €(r) & € + exy(r), which can be seen as the first two terms
energy?6:39 of a series expansion ef{y(r)) abouty(r) = 0. The electric

part of chemical potential, eq 4, can be writterfas —e;(Eq?
o) — 2EoVp + (V@)d)/8x. It is assumed thaty/e < 1. Therefore,
Fo[p] = —kTIn{—] — ZLU,(r) p,(r) dr + |Vgl|/Eo < 1, and we omit the last term in our treatment. Note
n! that the second term vanishesMf,p = 0. This happens in a

n

1 , , , structure that is fully aligned with the field direction (the very
EZI\/ZQJW = ') py(r) py(r') dr dr’ + last stages of alignment process), which is of no interest here.
’ Using the Maxwell equation divE = 0, we find in the leading
Zf\ﬂe,M(H = 1']) py(r) py(r') dr dr’ + powers of Vg andy: eV2p(r) = Ege1Vap. Finally, we arrive
at

= [US b6 — ol (2)

- r)y— r

P00 - Doz, ©)

4 € *

where nought aF indicates that the free energy is calculated

for the system in the absence of any external fields. The and for the time evolution of the order parameter

Boltzmann constant is denoted kyT is the temperature) is )

the number of polymer molecules in the voluMeccupied by Y= bAuO +aAy +7 (6)

the system, an@ is the intramolecular partition function for

ideal polymer chains. The parametedetermines the compress- whereb = Mv is the mobility in the Einstein senééassociatedCDV
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Figure 1. Diagram of structures as a function of the electric field
strengthd. for a bulk AsB1,A3 block copolymer melt witheag = 5.9 5 O O O O OOm | |
(kJ/mol). The box size is 32 32 x 32 grid points (shown completely

only for the lower row). The upper rows are details taken from the 4| 0O O O OEEEN H N
total simulation volume. All simulations were performed for 6000 time
steps in absence of an electric field and consequently 6000 time steps

with an electric field. Each square corresponds to one simulation. 0.05 0.07 0.09 015027
Structures here and everywhere in the remainder are isodensity surface 0
for f = 0.5. C)

with the volume of one polymer chaim, = bvge, A is the
Laplacian,A; = 3%92?, and7 is the properly redefined noise SM
term. The coefficienge describes the strength of the electrostatic
contribution to the free energy of the system and can be also

L|

found in ref 15: 3 O O O g
- _— 2 O 0o o o
= (47€) e, "By (CGS), g.= e "6, °Ey (SI) (7)
! ¢ 141 o o o o
wheregg is the dielectric constant of vacuum. In the numerical ! L ! . "
simulations the electric field strength is parametrized by the 0.05 0.07 0.09 011 0.15 0.2
dimensionless variable 04

Figure 2. Diagrams of structures in a block copolymer film for varying

celE2 electric field strengtld and surface interaction: () spheres 4B1,A3
=2 =201 ° (SI) (8) block copolymer witheag = 5.9, (b) cylinders AB1,A3 block copolymer
ka e with eag = 6.5, and (c) lamellae 8, block copolymer witheag = 7.
Open squares denote parallel structures and full squares perpendicular
wheree = ¢€|,—0 ande; = de/dy| o structures. The box size is 32 32 x 20 grid points, with electrodes

; PR ; atz = 1, 20. All simulations were performed for 2000 time steps in
The purpose of the present simulation is to determine generalthe absence of an electric field and consequently at least 2500 time

features of the kinetic pathway of the transitions and not t0 gteps with an electric field. Here and further, the electrodes at the top
search the parameter space for exact values. Nevertheless, it iand bottom of the simulation box are not displayed.

instructive to estimate whether our parameters are in reasonable

experimental reach. We choose the experimental system frommolecular weight 151K and average PMMA volume fractfon
our previous study’ the most recent detailed experiments for = UpPMMA = 0.1. Using the values for the molecular weight of

a block copolymer melt available, for which estimates of the the monomerdlpyma = 100 g/mol andMps= 104 g/mol and
electric field strength also have been made in several otherpolymer densities 1.1 g/chfor PMMA and 1.04 g/crafor PS,
theoretical studie®>? We emphasize that the outcome of this one finds the volume occupied by one polymer chain equal to
exercise only applies to the model system of ref 27. The v = 240 nn¥.21 We model the dielectric constant by= epmvaf
particular dimensionless valuéshat we find for the transitions ~ + epg1 — f) (wheref = vppuma = f + ), which givese =

in the systems in the present article (see the section Systems oépymaf + ep1 — f) ande; = epmma — eps With respect to the
Interest and the diagrams in Figure 2) should be compared tovalues of the dielectric constants the experimental literature is
the actual values in dedicated experiments. Dedicated experi-not very clear. We consider the values for dielectric constants
ments for our sphere- and cylinder-forming ABA block co- of pure components from refs 20 and @&lva = 6 andeps =
polymer melts do not exist at the present moment. However, 2.5, which are the same as the ones stated in ref 27; in ref 42
an estimation along the same lines as below for the system ofthese constants are given by 5.2 and 3, respectively. In ref 27,
ref 27, combined with the results of Figure 2, provides a valuable we studied two values of the dimensionl€ss the onset of a
tool for the estimation of the electric field necessary for a sphere-to-cylinder transition (sphere elongation) was observed
transition in future experiments. The experimental system in for & = 0.1 and a full transition fot = 0.5 (all simulation

ref 27 was a P®PMMA diblock copolymer melt with results in that article were obtained for this value). Usinggﬁv
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expression for the parametérin Sl units, eq 8, we find that  shown earlier that one simulation time step is &®s for the

for the experimental temperatufe= 170 °C the electric field specific system studiel!. Nevertheless, it is instructive to

is 8 Vlum for & = 0.1 and 18 Vim for & = 0.5. The estimate this value here. Using the notation for the diffusion
experiments in ref 27 were performed at 40ul. If we coefficientD = kTh, we get for the time step introduced above
alternatively consider the values of earlier work of Amund¥on, At = 0.37&?%D. We give an estimate for the same system as
epmma = 3.8 andeps = 2.5, we obtain 20 \W/m (for & = 0.1) above?” As the majority component (90%) is PS, this block
and 55 Vim (for @ = 0.5), which are closer to the experi-  will be the limiting block in the molecular diffusion of the PS
mentally reported electric fieléf. The theoretical work of ref PMMA block copolymer. We take the value for the diffusion
21 reports a value 79 ¥ as minimal required for sphere-to- of hydrogenated PS (hPS) reported in ref 44 by means of
cylinder transition at 157C. (A calculation for the experimental ~ dynamic secondary ion mass spectrometry. For hPS material
temperaturd = 170°C of ref 27 would result in 80 \W/m and with molecular weight of 150 K at temperature scaled to 150
therefore not make much difference.) We conclude that the range°C, the bulk diffusion was found a ~ 5 x 1071 cn¥/s.

of our different estimates for the electric field includes the However, as the temperature in ref 27 was 1C0the diffusion
experimental electric field of Ting et &l.All estimates, except ~ would be somewhat higher, while, on another hand, the block
one, are somewhat lower than the experimental value. This copolymer molecule diffusivity would decrease due to presence
experimental value was overestimated by the theoretical predic-of microphase boundaries. Moreover, there will be a difference
tions of Lin et al?! The origin of the differences remains a in diffusion between hPS and the PS used in ref 27. On top of
challenge for future work. However, some comments can be all this, the diffusion in thin films (the systems of our study)
made here. (i) A direct comparison with the static calculations slows down by about 1 order of magnitude as reported in ref
in ref 21 is not possible as our structures are often not in 44. The above value is therefore only a rough estimate, which
equilibrium. In some cases the starting structures (prior to the we shall employ in the derivation of the time step. Our model
application of an electric field) are frozen-in metastable states, in the work’ is a Gaussian chaina810, which gives a volume
just like in experimental situations, giving rise to a decrease of fraction of theA-block equal tof = 0.167 and chain lengtN

the electric field necessary for the transition. In the remainder, = 12. To estimate the Gaussian bond lengttve compare the
this distinction is often highlighted. Moreover, we argue in the experlmental value for the first-order peak positicor ~ 0.174
results section that this will only affect the electric field nm™*with the analytic expression fér= 0.167: g* ~ 2.19R
necessary for the transition, but not the peculiarities of the (whereR? = a?N/6).** Substitution leads ta ~ 8.9 nm. Again,
transition pathway itself, which are the subject of this study. this is a rough estimate, as Leibler's expression is not a good
(i) Independent investigations of Feng et*ateport orienta- approximation for such short chains. Finally, all estimates
tional transitions in lamellar and cylindrical systems under combined in the expression for the time step giMe~ 60 s,
combined (steady shear and electric) external fields for the samewhich is well within the experimental range.

range of electric fields as in our study. Their model is a  We model confined systems by positioning two solid sur-
combination of Oono’s cell dynamics algorithm and our faces in the simulation box, representing the electrodes. Both
electrostatic model; their dimensionless electric field parameter surfaces span the box in thxeandy direction completely; in
(kin ref 43) was taken equal to 0.2. (iii) As discussed in ref 21, the vicinity of surfaces rigid wall boundary conditions apply.

a full solution of the Maxwell equation gives a somewhat higher The energetic interactions are fully parametrized by the interac-
value for the electric field required. This could bring our lower tjon parameteg% (bead-bead) andfloM (bead-surface), which
estimates a bit closer to the experimental value. However, we are the weights of the Gaussian kernels in the expressions for
believe that the approximations made in the derivation of our ¢, in eq 2 and are given in kd/mol as in all our previous
model are well justified in most cases. (iv) As we showed, the works3® We omit zero superscripts in the following for
estimates are very sensitive to the values of dielectric constantssimplicity. These parameters are directly related to the more
used. The model with dielectric constants of pure components familiar Flory—Huggins interaction parametgr= ¢/(NakT),
might be not good enough for block copolymer melts. (v) Our whereN, is Avogadro’s numbe# Although we will operate
model has essentially one free parametée physical volume  with ¢ in the remainder of the paper, we will provide the
of the problem, which we took as the polymer chain volume. correspondingN value for all systems under consideration. For
A 2-fold increase of the electric field (from 20 to 40 Am), the surface interaction in AB and ABA systems the strength is
keepinga constant, would lead to a decrease of effective radius characterized by the value efy and egy. In line with our

of the physical volume by 37%. Physically, this means that the previous work, we introduce an effective interaction parameter
polymer chain configuration is affected by the electric field on ¢y = eaw — egw Since only the difference counts in the
a characteristic size comparable with polymer blocks rather than calculation of the chemical potenti# For all simulations we
the chain as a whole, and the theory proposed by Gurovich setegy = 0. The sign ofy shows the preferential attraction of
should be reexaminéd:.4 A-beads (negative) or B-beads (positive) to the surface.

The dimensionless time stepAs = kTbh2At = 0.5, where Minkowski Functionals Method. Modern integral-geometry
h is the numerical grid spacing and the value 0.5 is chosen to morphological image analysis provides the tool to assign
ensure stability of the numerical schefi&he Gaussian bond  numbers to the shape and connectivity of patterns formed by
length parametes, eq 3, and the grid spacirigare related via pixels of 3-D images, by means of additive image functionals.
a so-called grid scaling parametagn~! = 1.15, the value of Examples of such additive image functionals are the Minkowski
which is chosen from numerical considerations as wellbAs  functionals, which describe the morphological information
andt enter the simulations only as the product, all simulations contained in an image by numbers that are proportional to very
can be done in dimensionless time without specifying either of simple geometrical and topological quantities: the volume,
them explicitly. Determining the exact value of the time step is the surface area, the mean curvature, and the Euler character-
a difficult problem which is out of scope of the present paper. istic. Our implementation of the numerical calculation of the
By comparing details of experimentally observed kinetics of Minkowski functionalé’ is adapted from the work of Michielsen
phase transition in block copolymers with simulations, we have et al#84° The Euler characteristic can be understood aséB?/
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Table 1. Systems of Study

system chain bulk
no. architecture eps, kJ/mol xN morphology
1 AsB1oA3 5.8 30.4 S
2 AsB12A3 5.9 31 S
3 AsB12A3 6.1 32 C
4 AsB1oAz 6.5 34 C
5 AsB4 7.0 16.3 L
6 AsB4 8.0 25.7 L

Macromolecules, Vol. 39, No. 8, 2006

undergo an orientational transition, a-to-Ly and G-to-Cy
transition, respectively. For spherical systems, the system
responds to the applied electric field by elongating in the
direction of the electric field, the amplitude of which depends
on the strength of the electric field. For spheres the threshold
value of interest is the electric field strength at which a S-to-
Cp transition occurs.

For all film simulations, the electrode surfaces have a
preference to the B-block, the strength of which depends on

number of connected components minus the number of tunnelsthe value of the effective surface interaction parameygerin

(holes) plus the number of cavities. For instance, it is 1 for a
solid sphere, 2 for a hollow sphere, 0 for a torus, aridfor an

o shape which has two holes. Because of the additivity, we
can use this knowledge for the determination of the topology
of the majority part of the local structures from the Euler

characteristic. For AB and ABA block copolymers, the amount
of amenable mesostructures is limited to spherical, cylindrical,

sphere-forming systems we consider two cases: the thin film
system and a bulk system. The phase behavior for a bulk
spherical system under an electric field is summarized in Figure
1. The initial structure was obtained after 6000 time steps of
simulation without the electric field, starting from homogeneous

mixture of components. The spheres are well developed but
poorly ordered in space. The simulation time is not sufficient

bicontinuous, or lamellar morphologies. This observation leads to achieve perfect ordering (see ref 36 for a detailed discussion).

to a few very simple rules for the interpretation of structures:

We see that a S-to-C transition exists in bulk. The threshold

a very positive Euler characteristic can be interpreted as aelectric field strength for the electric field inducing this transition

majority of spherical or (compact) cylindrical structures and a

is aroundd = 0.02. For small values @i the spheres elongate.

very negative Euler characteristic as highly connected structuresUpon an increase of the electric field strength, the spheres merge

with many tunnels. From the Euler characteristic it is impossible
to distinguish between spheres and cylinders of finite length.

lll. Objective of the Study

A. Systems of Interest.The same ABA triblock copolymer
A3B12A3 as in our previous studies was chosen to study the
electric-field-induced transitions in spherical (S) and cylindrical
(C) systems. The behavior of the cylindrical morphologies in
confinement was extensively studied for both the symmetric
film —surface interactio$!and the asymmetric caséwe can
use this knowledge to our advantage. Moreover, the bulk
diagram of AB1,A3 was simulated in detall, and we found
the following structures as a function of the energetic interaction
eag (in kJ/mol): eag < 5.75, disorder; for 5.8 eag < 6.0,
A-rich spheres (S); for 6.k eag < 6.5, hexagonally packed
A-rich cylinders (C); and fokag = 6.6, A-rich bicontinuous
structure (Bic). For electric-field-induced transitions in a lamellar
system we have chosen the same symmetric diblogisA

into short cylinders. We found coexisting morphologies of
spheres and cylinders (an example is shown as a crop of the
simulation box ford = 0.018 in Figure 1), where the cylinders
are not precisely aligned along the field lines. Even higher values
of electric field strength lead to ordered cylindrical domains
along the field direction. The same type of transition was
observed in refs 20 and 21. The difference with those works is
that their transition is abrupt: below the threshold electric field
strength there are only elongated spheres and above this value
only cylinders. The discrepancy can have several grounds. First,
as we emphasized above, our structures are obtained by a
simulation method that incorporates dynamics, and therefore
they can be metastable. The results of refs 20 and 21 are
obtained by static calculations, where all structures are in
equilibrium. Moreover, as their calculations are done for Fourier
modes, only energies of pure morphologies were compared.
Coexisting morphologies are simply no natural subset of the
structures considered by their methods.

which was already considered in refs 26 and 28. For this diblock The phase behavior of block copolymer systems confined in

we observe a disordered state in bulk §gg = 6, while ateap
> 7 we observe well-defined lamellar domains. In Table 1 we
present a list of chain architectuegg, ¥N, and bulk morphology
for the systems studied in this article.

B. Transitions of Interest. In the presence of surfaces

a thin film is presented in Figure 2. Each square represents one
simulation. For all thin films no coexisting morphologies were
observed in the parameter space studied. For a spherical system
confined in a thin film (Figure 2a) all relevant parameters are
the same as in system from Figure 1. The threshold depends

(electrodes), microstructures will experience surface effects dueon the strength of the surface interaction: the stronger the

to commensurability and surface energetics. For lamellar
systems the selective surfaces, (= 0) induce a parallel
orientation and nonselective{ = 0) a perpendicular orientation
of the lamellae in the vicinity of the electrod&Bor cylindrical

preference of one of the blocks to the surface, the larger the
strength of electric field required for the order-to-order transition.
Below the threshold value the middle layer of spheres is
considerably elongated while layers next to the surface are

structures, the same is true albeit that the perpendicularflattened. We see that the threshold values for the confined

orientations are found at a nonze#g value due to a different
balance of energetic and entropic contributions to the free

system with neutral surfaces (interpolatedefp= 0) and the
bulk system are roughly in the same range~ 0.02). The

energy*¢ For spherical systems, the presence of surfaces leaddine for ey = 3 is absent in Figure 2a as for this valuesgfthe

to the formation of layers of spherés.
In the presence of an electric field, an orientation of

confinement induces aGtructure in the whole simulation box.
For cylinder- and lamellae-forming systems the results are

microdomains parallel to electric field lines (perpendicular to Shown in parts b and c of Figure 2, respectively. We see that
the electrodes) is energetically favored due to the different @bove the threshold electric field strength all structures swap
dielectric properties of the two blocks. For lamellar and _thelr orientation. The _depende_nce of_ this threshold on the surface
cylindrical systems this effect counteracts the interfacial align- interaction is approximately linear in both cases.

ment. In consequence, a minimum electric field strength  We note that the diagrams presented here are essentially not
(threshold electric field strength) is required to overcome the phase diagramsas the structures are pathway dependent. In
parallel interfacial alignmerf€ Above this threshold, L and C  our case, the electric field is applied to an already W&IBV
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developed microstructure. Even the situation where in all
simulations the electric field is applied from the beginning would
not be the same as in the case of the static phase did§msn,
the surface-induced microphase separation (initiated by the
presence of the electrodes) will play a role as well. This is a
fundamental difference between static calculations aimed at
deriving equilibrium morphologies and our dynamic simulations.
The phase boundaries in our diagrams exhibit hysteresis. The
boundaries depend on the history of the sample: the sequence
of applying an electric field and the temperature quench. In the
following sections we concentrate on the kinetics of the
transitions.

IV. Sphere-Forming System

System 1 witheag = 5.8 (YN = 30.4) is a spherical system
close to the orderdisorder transition (ODT) while system 2
with eag = 5.9 (yN = 31) is further away from ODT. Although
the morphology is spherical, the influence of surface field on
the spheres in layers next to the surface can be seen from the
fact that these spheres are slightly flattened in the direction
parallel to the electrodes. The electrode surfaces have a
preference to the B-block.

A. Results. 1. S-to-G Transition: Far from DisorderWe
start with a spherical system close to the ODT boundary (system
1in Table 1). The box was chosen to be large enough in both
lateral directions to avoid the influence of periodic boundary
conditions in these directions. First the system was quenched
from a homogeneous melt for 4000 time steps to form a film
of three layers of spheres (see Figure 3a, left, time step 4000).
At this point an electric field was applied for another 6000 time

steps. The final stage after 10 000 time steps is shown in Figure _;j{m%% H/ T@F -
T B0l g ) A
2 I AL e

> I '-'309\3'-"5' Ce
Y SRPIOETEC D ¢
a -t ! e ®

“»

3a (right). We see that on its way to the final cylindrical state
the system passes through the disordered state. The formation
of cylindrical structures proceeds via a nucleation and growth Figure 3. Structural evolution of a 4812A3 block copolymer film with
mechanism, as there is still a rather large disordered region (grayeas = 5.8 andey = 4 in a 256 x 256 x 20 simulation box, with
in Figure 3a) in the middle of simulation box at time step 10 000. electrodes az = 1, 20. (a) Top view of structure at time steps 4000

; : (at which time an electric field witlk = 0.05 was applied) and 10 000.
A more detailed look at the top view of the system after 4000 Details of simulation boxes are shown as insets. (b) Details of the phase

time steps (Figure 3a, left) shows equally sized spheres (dotS)ransition dynamics of the system from (a) shown in selected areas of
with grain boundaries between different patches; the inset (detailthe simulation box: top and side views at corresponding time steps.

of the larger box) shows that the structure is indeed spherical
in all three layers. The top view of the system after 10 000 time cylinders. The interconnections are not oriented in the field di-
steps (Figure 3a, right) shows thinner dots (indicating perpen- rection but, rather, are dictated by the proximity of the ellipsoids.
dicular cylinders, as seen from the inset) with a much better The undulations in the newly formed cylinders decay. Short
lateral ordering than the initial spheres and fewer grain cylinders rotate as a whole by diffusion. At the end the cylinders
boundaries. Because of limitation of computational time, we are perpendicular to the electrodes (similar to thesGown
stopped our simulation when the tendency of this transition was top-right in the diagram of Figure 2a and therefore not shown).
Clear. Just below the threshold electric field strength the elongation

The details of transition are shown in Figure 3b. From this in the direction of the electric field is not sufficient to form
figure we see that the layers next to the electrodes melt almostperpendicular cylinders. We analyzed the degree of elongation
completely upon application of the electric field while the middle  for a constant surface field by plotting the aspect ratio of one
layer melts only partly, leaving a small patch. Thesbructure  sphere as a function of the electric field strength (Figure 4b).
grows from the remaining and partially melted spheres in the The selected sphere is taken from the middle layer where all
middle layer. Several of these seeds (like the one showed inspheres are equally elongated. We note that no coexistence of
detail in Figure 3b) remain in the full simulation box after spheres and cylinders is observed in any of the confined
melting, being the source of the grain boundaries where the simulations. The aspect ratio of spheres is approximately linear
emerging G clusters meet. The overall structure shows a for the values ofi below the threshold. The aspect ratio drops
hexagonal ordering. when the S-to-€ transition takes place, indicative of a

2. S-to-G Transition: Far from Disorder.The second discontinuous process. The difference with the bulk sphere
example is a sphere-forming system further away from ODT simulation, where a coexisting morphology is observed (Figure
denoted by one of the squares in Figure 2a (system 2 in Tablel), can be attributed to the confinement and the small thickness
1). Figure 4a shows details of the pathway of S-tek@nsition. of the film accommodating three layers of spheres. The abrupt
When the electric field is applied on a microphase-separatedtransition seen in Figure 4 is very similar to the one earlier
melt, the spheres first elongate and become ellipsoidal in shapereported by static calculations in ref 20 (compare their Figure
Subsequently, the elongated spheres merge to form undulatingl; see also the discussion of our Figure 1). CDV
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Figure 4. (a) Structural evolution of a 81,A3 block copolymer film
with eag = 5.9 andem = 4 in a 32x 32 x 20 box, with electrodes at _ - ) )
z =1, 20. An electric field & = 0.04) was applied after an initial ~ Figure 5. Structural evolution of a 81,A3 block copolymer film with

2000 time steps. The right column shows side views at corresponding €as = 6.1 andem = 4 in a 32x 32 x 20 box, with electrodes at=

time steps. (b) Aspect ratio of a sphere as a function of electric field 1, 20. The electric field@ = 0.06) was applied between 2000 and
strength. The spheres were taken from the middle layer of the simulation 6000 time steps. Structures between 3000 and 3400 time steps are
box. The cylinder lengthb for & = 0.035, 0.04 is finite due to  shown as parts of the total simulation box (right column).
confinement.

Experimentally, the electric-field-induced sphere-to-cylinder

B. Discussion of the Kinetic Pathways of S-to-€ Transi- transition in thin films was observed in detail for a diblock
tion. When a system is close to ODT (system 1 in Table 1), systen®’ In ref 27 a direct comparison of our method with
the S-to-G transition proceeds via partial melting into the experimental TEM and AFM snapshots for a diblock copolymer
disordered phase in thin film, as illustrated in Figure 3. In the melt and one value of bloekblock interaction showed a1
vicinity of surfaces there are two opposite tendencies: the correspondence of the transition pathway, including the coexist-
surface field tends to elongate spheres along the surface, anaence of spheres and cylinders during the merging process. Here
the electric field tends to elongate spheres along the field lines.we show that these details are also observed for an ABA
Close to ODT, this competition leads to partial disordering triblock. We conclude that the transition pathway is most
(melting) of the system. For the thin film the remaining or sensitive to the degree of microphase separation, and rather
partially melted spheres in the middle layer serve as a nucleusindependent of the polymer architecture.
for a new G phase. The overall mechanism can be characterized
as a nucleation and growth mechanism. As the surface field is V- Cylinder-Forming System
of short rang@;“ﬁ its influence on the microstructure is the In the phase diagram' the Cy"nder-forming System is sur-
strongest in the vicinity of electrodes. This explains why we rounded by the spherical (lowerN) and the bicontinuous
observe melting in the layers next to the surfaces. To verify (higheryN) phase. System 3 from Table 1 withg = 6.1 &N
this statement, we performed a simulation for a twice thicker = 32) is close to the phase boundary with the Spherica] phase
film and smaller lateral dimensions (32 32 x 40, results not while system 4 witheas = 6.5 (yN = 34) is close to the
shown here). After application of the electric field the layers houndary with bicontinuous phase.
next to the surface melt while spheres in the middle of the film A simulations were performed in a simulation box that
elongate and connect into perpendicular cylinders. No melting accommodates three parallel layers of cylinders. The electrodes
was observed in the middle of the film. have an energetic preference to the B-block.

In a system further away from ODT (system 2 from Table 1,  A. Results. 1. C-to-C; Transition: Close to Sphere&or
illustrated by Figures 2a and 4), the competition of surface field system 3 the electric field was applied between 2000 and 6000
and electric field does not lead to melting, but to the elongation time steps only. The transition kinetics is shown in detail in
of spheres in the direction of the electric field; the shape dependsFigure 5. The starting structure is three layers of parallel
on the balance between the ponderomotive force and surfacecylinders at 2000 time steps. Upon application of an electric
tension. field the parallel cylinders start to undulate with a Wavelengislv
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roughly equal to the distance between the cylinders (time step b
2200). At the next stage the system breaks up into well- a) 2550 ) 4000
Qs

distinguished spheres in the whole box (time step 2800). Upon
comparing the time evolution of the sphere-forming system from
Figure 4 (time steps 2206€4200) and the cylinder-forming *
system from Figure 5 (time steps 3068400), we see that the
next stages in the to-C5 transition follows exactly the same
route as the S-to-gtransition (section IV.A.2).

The detailed snapshots in Figure 5 (right) show that the
spheres merge with each other to form undulating cylinders in
a tilted direction with respect to the direction of the electric
field (time step 3400); the origin is similar to described in section
IV.A.2. At the end the cylinders are perpendicular to the
electrodes (time step 6000).

To ensure that the final cylinders are not a kinetically driven
metastable phase in the region of the phase diagram where
spheres are the actual stable equilibrium structure, we have
continued our simulation with the electric field switched off
for another 4000 time steps to see if they eventually break up
into spheres. Figure 5 (time step 10 000) shows that the structure
remains cylindrical but experiences a slight tilt with respect to
the direction perpendicular to the electrodes. We attribute this
tilt to the interplay of energetic and entropic factors associated
with the surfaces. The surface prefers the B-blocks; the A-rich
cylinder caps close to the surface represent an energy penalty
In a search for the least frustrated situation the system finds a
slightly tilted orientation. In the presence of an electric field
this tilt is suppressed by the tendency of the system to avoid
dielectric interfaces under an angle to the field lines. Figure 6. Structural evolution of a 481,A3 block copolymer film with

Ao FES, ; : eas = 6.5in a 32x 32 x 20 box, with electrodes a= 1, 20. The
2. Grto-CaTransition: Close to Bicontinuoublext we fOCl_JS electric field was applied after an initial 2000 time steps.«@)= 6
on a system 4_from Table 1. We compare two systems with the gnda = 0.15; left, side view; right, top view. (by = 4 and& =
sameyN but different defect density. We consider systems at 0.082.

different positions in the diagram in Figure 2b, as it is not easy

-

to find a system without long-lasting defects due to the relatively

low energy cost of these defects. The system in Figure 6a has ~ 1.064+

no defects in the initial structure prior to applying an electric ?;

field, while that in Figure 6b has a defect in the form of an > 1.060-

open end of a cylinder before the electric field was applied. In >

both cases the electric field is close to the threshold electric ]

field strength. © 1.056-
In the system without defects (Figure 6a) the transition goes g

via undulation instabilities, leading to a breakup of the system L 4052 . ‘ .

in the whole box almost instantly. The system with a defect 0 2000 4000 6000

(Figure 6b) follows a defect-mediated transition: the open end timestep

of the cylinder serves as a nucleus for the formation of the new Fi ) i ) ) i

C- phase. igure 7. Time evolution of free energies without the electrostatic
op contribution for simulated systems from Figure 2b with = 4 and

We provide additional insight on the pathway of the defect- varying electric field strength& = 0.082 (1), 0.084 (2), 0.086 (3) and
free system by considering the top view of the structure (right 0.088 (4), respectively. The electric field was applied at 2000 time
column in Figure 6a). It confirms that the transition takes place Stps- The orientation transition tirder as a function of electric field
via undulations with primary wavelength roughly equal to the strengthd is shown as an inset.

distance between the cylinders and that the breakup takes plac@nergy without electrostatic contribution, as this reduced free
in whole box almost simultaneously. The cylinders not only energy will provide us insight into the change of the degree of
undulate in shape but also at larger scale adapt their pOSitiOﬂmicrophase separation in time and changes in shapes of the
and curvature in space. The latter leads to a complete re-cylinders, like undulations. The simulation, of course, has
arrangement of the undulations into a hexagonal lattice evenaccounted for the total free energy, as described in section II.
before the cylinders actually break and reconnect to form the |n all cases, at 2000 time steps the electric field was applied
new perpendicular cylinders. which is seen in the graphs as a small jump down, after which
The transition times in Figure 6a (undulation and breakup at the systems reaches a plateau. This plateau corresponds to
once) and Figure 6b (defect-mediated) cannot be directly undulated cylinders (see Figure 6a,b). One may consider the
compared to each other due to the difference in both electric plateau as an excited state with a lifetime that depends on the
field strengths and surface interactions. Figure 7 shows the freestrength of the applied electric field. Consequently, the length
energy without electrostatic contribution for a range of electric of the plateau is an indication of the characteristic lifetime of
field strengths (black squares in Figure 2b) and constant effectivethis exited state. This length (in time steps) is plotted as an
interaction with surface. We have chosen to consider the freeinset in Figure 7 as a function of electric field parameterCBV
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their edges the newly formed perpendicular clusters grow in
the lateral direction leading to the formation of several grains

of hexagonally packed cylinders perpendicular to the electrodes.
The electric field cannot help in eliminating the grain boundaries,

as the free energy of the hexagonal pattern is invariant with
respect to rotation around the cylinder axis (the electric field

direction).

Figure 8b shows the details of the transition kinetics, focusing
on a nucleus of the €phase still surrounded by, CThe open
end of a cylinder initiates the appearance of open ends in the
neighboring layers. Consequently, the open ends swell and
eventually connect with each other in a characteristic three-
arm connection. Because of these connections between neigh-
boring cylinder layers, the system becomes bicontinuous: a
three-arm connection is characteristic for the gyroid phase. We
observe rows of such three-arm connections forming a front.
This front propagates inside the @hase, thus forming a cluster
of perpendicular cylinders. Figure 8b shows that the three-arm
connections break and transform into banana-shape cylinders,
which slowly straighten. A whole box of these banana-shape
cylinders can be already seen in Figure 6a (time stef800),

e, suggesting that newly formed cylinders are never perfectly
1700 4000 aligned in the direction of the electric field.
b) We now focus on the remark about metastability (comparison
1500 1900 2100 2300 to the equilibrium theory of Lin et af* remark i in the Model

From this diagram we observe that the systems of Figures 6b
and 8a év = 4 andH = 18) are within the ¢ region, but close
to the boundary with € while the system of Figure 6ay =

& section) and illustrate our repeated notion that the diagrams in
Figure 2 are essentiallyo phase diagrams. Earlier in ref 11 we
E calculated a diagram for varying surface energetigsand
thicknessH for the same AB1,A; triblock copolymers ag =
6.5) in the absence of an electric field (Figure 8 in that article).
c)

S 1.085- 6 andH = 18) is much deeper into theCegion. If we now

© concentrate on the large system of Figure€a=€ 4) and switch

; 1.062 - the electric field off after all cylinders have reoriented them-

o selves into perpendicular ones (time step 4000), we observe that

g 1.059 - they remain in this perpendicular orientation and do not

o transform back to the parallel orientation. We can rationalize

© 1,056 - this observation by considering in Figure 8c the free energy

(0] . ; o )

& without electrostatic contribution of the system from Figure 8a.
1.053 ; . . . After 4000 time steps the electric field was switched off. In the

0 2000 4000 6000 8000 10000 absence of the electric field, i.e., before 1700 time steps and

timestep after 4000 time steps, the free energy shown in Figure 8c is the
total free energy of the system, and it is lower for the

Figure68.5 Strgctural4eyoluti205n6of g séglezngCk CO_F:E'VT?e;f”? Wigt' perpendicular cylinders. We conclude that the starting config-
€ap = 0.0aNdey = 41N a X X 0X, with electroaes . : . :
= 1, 20. The electric fieldd = 0.1) was applied between 1700 and uration of parallel cylinders was a kinetically trapped state

4000 time steps. (a) Top view at 1700, 2100, 2500, and 4000 time caused by the surface-induced phase separation. Without
steps and side view at 1700 and 4000 time steps. Details of the totalexternal help, like the electric field in this case, the system will

simulation box are shown as insets. (b) Time evolution of a single defect never change its orientation, as the thermal fluctuations are too
|l;10t)t1e system from (a) shown via selected regions of the total simulation small to overcome the energetic barrier imposed by the presence
' of selective surfaces preferring the parallel orientation. This is

decays as a function of the electric field strength. Cylinders the fundamental reason for the previously mentioned “hyster-
break up and the recombination is fast: after the plateau, the€SiS’» meaning that the location of phase boundaries depends
free energy without the electric field contribution decreases quite ©n the kinetic history of the system.
rapidly to the value that corresponds to a perpendicular In Figure 9 we show large-scale simulation snapshots of the
orientation of cylinders. structural evolution of an initially homogeneously mixed
The defect-mediated transition can be seen most clearly in aconfined system for a much stronger surface fielg € 7 and
laterally larger box (see Figure 8). For this simulation we took H = 18). A twice stronger electric field was applied between
one of the systems from the diagram in Figure 2b. In the absencetime steps 1700 and 4000 in order to induce an orientational
of an electric field, the system forms three layers of parallel transition (see Figure 2). In the diagram of Figure 8 in ref 11,
cylinders with many typical defects like open ends of cylinders this system is located toward the center of ther&€gion and
(time step 1700). After the electric field was applied, nuclei of relatively close to the surface-field-induced perforated lamellae
the G; phase form at the position of defects in the structure. At (PL) region. In the absence of an electric field the system fOéfB?l
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Figure 10. Time evolution of the Euler characteristics in cylinder-
forming systems: the system from Figure 5 (dotted line), the system
from Figure 6a (dashed line), and the system from Figure 6b (solid
line).

of the electric field. At the end of this back-transition the free
energy levels off to a constant value that is comparable to the
free energy level before the electric field was switched on (time

OO step 1700), indicative of a Cstructure being the most stable
1Ml _ structure for this system. The final stage at time step 8000 in

Figure 9 shows three layers of parallel cylinders, again with
©OF ringlike defects. The situation before and after the electric field
.t was switched on is roughly comparable in terms of defect
. density; the position of the defects is clearly different.

B. Discussion of Kinetic Pathways of G-to-Cp; Transition.

We have considered two types of cylinder-forming systems with
different degree of microphase separation depending on which
the system undergoes the-®-Cs transition via different
pathways. The Gto-C transition via an intermediate S phase
was found experimentalB% We will confirm our earlier
statements more quantitatively using the evolution of the Euler
characteristicé’

As an example of a cylinder-forming system with lower
degree of microphase separation (system 3 in Table 1), we
considered the system from Figure 5. From visual inspection it
is clear that spheres are an intermediate structure for fhe C
to-Cg transition in this system. As an example of a cylinder
forming system with higher degree of microphase separation
(system 4 in Table 1) we considered two systems from Figure
6a,b. Visual inspection of images suggests that the intermediate
structure in the Gto-C; transition for defected and defect-free
FigUf869-5 Str(ljjctural7eyoluti102n80f all zégleza(l)Olgck Cogﬁlyrlne{filén Wigtl structures is a bicontinuous one. The temporal Euler charac-
€ap — 0.0aN0ey = 7 1IN A X X 0X, witn electrodes iati i i i iti i i i
8T e - 02) wes s b 00 11 1S 0 10 o sddonenometon, whie
4000 time steps. From top to bottom: top and side views at 1700, | " . . S ' -
2000, 4000, and 8000 time steps. intermediate region for system 3 (dotted line) is highly positive,

corresponding to spheres. Both graphs for systems 4 (dashed
three layers of parallel cylinders with typical ringlike defects and solid) start from the value close to 0, which corresponds to
(Figure 9, time step 1700). After the electric field was switched parallel cylinders seen as tori (with Euler characteristic equal
on at time step 1700, these defects serve as nuclei of the newto 0) due to periodic boundary conditions in the lateral
Cp phase (Figure 9, time step 2000), just like in the system of directions. The solid line for the system shown in Figure 6b
Figure 8a. The main difference between these two systems ishas a positive starting value due to the broken cylinder which
that these defects are now ringlike (patches of the neighboringis topologically seen as a sphere (Euler characteristic equal to
PL phase) instead of cylinder ends. These newly formed 1). With time both graphs drop to negative values, corresponding
perpendicular clusters grow in the lateral direction, leading to to an interconnected structure. In the defect-free case this
the formation of several grains of hexagonally packed cylinders intermediate state is very short living. At the final stage both
perpendicular to the electrodes (Figure 9, time step 4000). Thegraphs take a positive value, corresponding to perpendicular
details of the transition are very much alike the ones illustrated cylinders, which are topologically seen as spheres due to the
by Figure 8b and therefore not shown. However, because of presence of the electrodes. As a matter of fact, the Euler
the stronger electric field, the process is much faster. In contrastcharacteristic at the final stages is equal to the total number of
to the system of Figure 8, the perpendicular cylinders in Figure perpendicular cylinders (as the Euler characteristic for a single
9 transform back into parallel cylinders after switching the cylinder is equal to 1).
electric field off at time step 4000. This back-transition from In all observed transitions in cylinder-forming systems
Cp to C, takes place via bicontinuous intermediates, just like undulation instability plays an important role. In the-€C
the initial G, to C; orientational transition under the influence transition for lower degree of microphase separation CE}E)E{/

..
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undulations enable the system to break up to spheres (see Figur a) C)
5). The growth of undulation instability enables the-tG-C

transition in a defect-free structure as well (see Figure 6a,c). 2200 2200 10 &
Undu_lz_itlon |nstab!l|ty also plays a role in the defect mediated j —— ’
transition (see Figures 6b, 8a,b, and 9). IN SUCh SYSIEMS | qu | — y

L---)g

undulations are particularly important for the formation of nuclei
of the G, phase at the location of defects in the parallel
microstructure. This finding is in agreement with an earlier
suggested mechanigfwhere transitions in cylinder-forming
thin film was enabled by a developing undulation instability,
leading to the disruption of an oriented domain and followed
by reorientation or rotation of small grains.

2300 60

260

VI. Lamellae-Forming System

We showed earlier for 2D systéf?8 that nucleation (via ,
undulations and local structure breakage) and growth is the

governing mechanism for lamellar systems with lower degree 8000 800

of microphase separation, while rotation of grains (via move- \ \
ment of defects and annihilation of opposite sign defects) is

the main mechanism for lamellar systems with a high degree

of microphase separation. Here, we focus on the detailed kinetics
of these orientational transitions in three dimensions. We have
chosen a diblock 484 melt, the same as used in our previous 20
studies in 2078 o

A. Results.1. L-to-Ly Transition: Close to DisordeiFigure
11a shows the details of the dynamics of the transition from
lamellae parallel to the electrodesJlito lamellae perpendicular
to the electrodes () for system 5 (Table 1), corresponding to S :
one of the squares in Figure 2c. We observe lamellar undulations ~ 2°%  “{8 &% #9%0 & R esmn:

appear aﬂe_r the_electrlc field was applle_d. The Wavelength of Figure 11. (a) Structural evolution of a 84 block copolymer film
the undulations is roughly equal to the interlamellar spacing, with e,s = 7 andey = 3 in a 32x 32 x 20 box, with electrodes at
which can be seen from the 2D slices (side view, right column = 1, 20. The electric fieldd@ = 0.12) was applied at 2000 time steps.
in Figure 11a, 2200 and 2300 time steps). Undulated lamellae (a) Left, 3D views; right, side view on a vertical slice. (b) Time
evolve into a highly connected bicontinuous structure (time step €volution of Euler characteristic for the system from (a). (c) Left,

. . . horizontal slices{ = 6) at different time steps for the system shown
2300). This intermediate structure quickly changes tora L, (a); right, structural evolution of the same block copolymer in a 2D

structure (time step 2600) with some remaining defects. The pox (32 x 32), in the absence of an electric field. (d) Time evolution
defects in the L are persistent even after a long time: only a of the Euler characteristic for the systems shown in (c): solid line, left

small defect rearrangement is visible between 2600 time Stepscolumn dashed line, right column. To enable a comparison, we shifted
and 8000 time steps. At stronger electric fields defect-free H:ﬁesé?é%gg time for the system in the right column of (c) by 2000
structures are easily obtained (similar to the right snapshot in

Figure 2c). Our intermediate stage of undulated lamellae is jn the 2D slices is visually similar to a microphase separation
visually similar to the morphology found in static calculations of a 2D lamellar system following a temperature quench in the
in ref 19 as a superposition ofjland Ly close to the threshold  aphsence of an electric field (Figure 11c, left). Starting from a
electric field strength (compare their Figure 4b and our Figure homogeneous mixture, fluctuations lead to the formation of
11a at 2200 and 2300 time Steps) The nature of the |ntermed|at%pheres followed by their merg|ng into Compact e|ongated
stage of the |-to-L transition in Figure 11a is clarified by the  structures, and finally to the formation of lamellar stripes. The
time evolution of Euler characteristics presented in Figure 11b. najve conclusion would be that the paths through the energy
The zero Euler characteristic value at time step 2000 correspondgandscapes of these two phenomena are similar, although they
to perfect lamellae. After the electric field is applied the Euler gare very different in nature.

characteristic rapidly drops to very negative values, correspond-  To challenge the presumed similarity from this visual
ing to a highly interconnected (bicontinuous) structure. At the jnspection, we compare the evolution of the Euler characteristic
final stage the Euler characteristic has a small negative valuefor both simulations in Figure 11d. From this comparison we

'
w
(=}

10+

Euler Number
&
(=]
Euler number

.90 0 : bt

reflecting the presence of long-living defects in the fihal  see that the behavior is quite different: the 2D slices of the 3D
structure (see Figure 11a, time step 8000). system (solid line) have a rather positive Euler characteristic in
The left column in Figure 11c shows details of-to-Ly the initial stages, indicating many disconnected structures. The

transition by means of horizontal slices through the lamellae system from right column of Figure 11c is somewhat negative,
shown in Figure 11a. Initially, the density of A-component is indicating an interconnected, bicontinuous structure. From this
homogeneous, corresponding to well-microphase-separated lameleomparison, we see that it can be dangerous to compare different
lae, parallel to thexy plane. After the electric field is switched  systems on the basis of visual inspection alone.

on, several brighter and darker patches appear. These patches 2. Ly-to-Ly: Far from Disorder.Finally we consider system
reflect the undulations in the lamellae. The regions of perpen- 6 (Figure 12), which is the 3D analogue of the 2D system in
dicular structures that are formed when time progresses re-our earlier simulation stud§ and the associated experimental/
arrange themselves quickly into parallel stripes. It is remarkable simulation work28 In the simulations in these works confinement
that the whole process of orientational phase transition as seerwas absent (we considered structures in the bulk) while E%%
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an electric field just shifts the system along the temperature
axis in phase space. This would lead to (partial) melting and
consequent buildup of new lamellae from disorder, as the
symmetric block copolymer melt can only form lamellar or
disordered phases. Our results suggest that the pathway in phase
space is much more elaborated. The system develops undulation
instability. It was already shown by Onuki and Fukifitnat

this process can happen in a certain range of the parameters
controlling the lamellar interfacial strength and the electric field
value. Such interfaces are considered to be weak (this term
should not be mixed up with weak segregation, which is
indifferent to the presence or absence of an electric field).
Another important conclusion from our results is that the new
Lo phase emerges immediately from the intermediate bicon-
tinuous phase. Therefore, the system can in principle have
clusters of only two lamellar orientations: decaying &nd
growing Lg. Although we do not perform very large-scale
simulations here, our earlier 2D study in very large simulation
boxes supports this conclusiéhAs we showed in ref 28, the
new Ly phase appears via nucleation at the position of defects.
It was shown in refs 26 and 28 that nucleation and growth is
the main mechanism in the orientational transition in lamellar

Figure 12. Structural evolution of a 4,4 block copolymer film with systems with low degree of microphase separation.

eps = 8 andey = 2 in a 256x 4 x 128 box, with electrodes at= , : -
1, 128. An electric field@ = 0.2) was applied at 5000 time steps after For the systems with stronger A/B interface (highgy

an initial 2500 time steps of microphase separation and an additional Parameter) the transition follows another pathway. During the
2500 time steps of preshearing. The structures are shown on verticalwhole transition, the system remains completely in the lamellar

slices parallel to thez plane. phase. Because of a stronger interfacial tension, undulation
instability will not grow for electric field strengths sufficient to
electrodes are present at the top and bottom of the sample anghjtiate undulations in systems with weaker interfaces. The
have a preferential attraction to one of the blocks. The interaction presence of defects is therefore a prerequisite in this transition.
with the electrodes is relatively short ranged. The small Typical defects are open ends of lamellae. Under the influence
y-dimension of the simulation box allows us to keep the of an electric field, defects propagate perpendicular to the
computational effort within limits while it still gives additional _ lamellar stripes. Defects of different sign propagate in opposite
freedom to the lamellae. We do not expect much to happen in gjrection and occasionally annihilate when two of them meet.

this direction, and therefore we choose to keep only the other Thjs |eads to local rotation of a small piece of lamellae. The
two dimensions as large as possible. This practice is acceptedyrocess continues until all defects are gone.

in large-scale simulations, when one of the dimensions is
considered not to be of crucial importarf@e.

First the system was quenched for 2500 time steps, after . . )
which it was presheared for another 2500 time steps (total shear We studied the behavior .Of confined systems of sphere-,
strain was 250%). The role of the preshearing is to create acylm_der-, anq Igmellae-formlng block.copolymer.s under an
sample with reasonable uniform alignment but still with a high applied electrlc field by means of dynamic self-consistent theory.
defect density® At 5000 time steps, the electric field was We summarize our results hgre. )
applied. In Figure 12 we observe that rotation by defect Threshold Value of Electric Field Strength. When no
movement is the dominant mechanism of realignment, similar €lectric field is applied, the majority of cylinder- and lamellae-
to the mechanism observed for this system ir22D. the middle forming systems experiences alignment parallel to the electrodes.
of the film lamellae orient in the electric field direction, while N sphere-forming systems, the presence of electrodes leads to
close to the substrates, regions of predominantly parallel the formation of layers of spheres. When a sufficiently strong
orientation remain. At the positions where perpendicular and electric flelo! is applied, the orientation of microdomains SW|tche§
parallel lamellae meet, a connection in the shape of a T-junction t©0 per_pend|cular to the e!ectrodes (parallel to external elecf[nc
is formed. This structure is very similar to the mixed morphol- field lines). Sphere-forming systems respond to the applied
ogy in static calculatior8 (their Figure 5). In experiments with glectrlc field by_elongatlng ;pheres in the direction of the electric
much thicker films of polymer solutions and relatively strong field, the amplitude of which depends on the strength of the
polymerelectrode energetic interaction, a mixed morphology electrl_c fleld_. Lamellar-_a_nd cyllnder-formlng systems undergo
was also found to be persistéRiThe final structure at 19 000  &n orientational transition while spheres undergo a phase
time steps is highly defected but shows a clear tendency for transition with a change of symmetry.
lamellae to align in the electric field direction. During this ~ The threshold value of the electric field strengtfiquadratic
transition, the system remains lamellar. No intermediate struc- in Eo) is found to be approximately linear in the effective surface
tures with other symmetries have been observed. interaction parametes,. For spheres surface energetics modifies

B. Discussion of Kinetic Pathways of ly-to-L ; Transition. the behavior similar to the cylindrical and lamellar case.

For systems with a weak A/B interface thg-to-L transition Kinetic Pathways of Phase Transitions.The major take-
takes place via a bypass in the neighboring bicontinuous phasehome message of this paper is that the kinetic pathway taken
We do not observe any significant melting of the structure into by a system near a phase transition can be very different from
a disordered state. Therefore, the present pathway is not trivialone that is far from a phase transition (illustrated by Figure
to guess. The naive suggestion would be that the application of13). CDV

VII. Conclusions
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