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ABSTRACT: We investigate the microdomain orientation kinetics of concentrated block copolymer
solutions exposed to a dc electric field by time-resolved synchrotron small-angle X-ray scattering. As a
model system, we use a lamellar polystyrene-b-polyisoprene block copolymer dissolved in toluene. Our
results indicate two different microscopic mechanisms, i.e., nucleation and growth of domains and grain
rotation. The former dominates close to the order—disorder transition, while the latter prevails under
more strongly segregated conditions. This conclusion is corroborated by computer simulations based on
dynamic density functional theory. The orientation kinetics follows a single-exponential behavior with
characteristic time constants varying from a few seconds to some minutes depending on polymer
concentration, temperature, and electric field strength. From the experimental results we deduce optimum
conditions for the preparation of highly anisotropic bulk polymer samples via solvent casting in the

presence of an electric field.

Introduction

Block copolymers composed of incompatible compo-
nents self-assemble into microphase-separated domains
usually leading to well-ordered structures on the meso-
scale.’? However, in the absence of external fields,
typically an isotropic grain structure is obtained char-
acterized by a random distribution of microdomain
orientations. It is well-known from thin-film studies that
external interfaces can align the block copolymer mor-
phology, given that the interface selectively attracts one
of the constituent blocks.3# Usually, however, the influ-
ence of the substrate on the alignment decays quite
rapidly with the distance; i.e., after several long periods
a more or less random orientation is observed as it is
typical for the bulk state. To achieve large-scale align-
ment throughout a macroscopically extended bulk
sample, different techniques have been devised in the
past. Most prominently, external mechanical fields have
been successfully applied to orient block copolymer
melts and solutions, e.g., large-amplitude oscillatory
shear (LAOS)>~7, extrusion,® or roll-casting.®

In addition to mechanical fields, the potential of
electric fields for microdomain alignment has attracted
increasing interest in the recent past as it may also have
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a considerable technological potential.l® It has been
shown that both lamellar and cylindrical microdomain
structures in polystyrene-b-poly(methyl methacrylate)
(PS-b-PMMA) thin films could be oriented by virtue of
a dc electric field.11=17 These melt-based electric field
procedures suffer from severe limitations due to the high
melt viscosities typical for high molecular weight co-
polymers or copolymers of more complex architectures
and the chemical instability at high temperatures. To
overcome these limitations, one can try to align concen-
trated block copolymer solutions, where a nonselective
solvent is used to induce sufficient mobility. Following
earlier investigations by Le Meur et al.,’® we recently
investigated the microdomain alignment of an ABC
triblock copolymer during solvent casting in the pres-
ence of an external dc electric field.'® After drying, bulk
samples of the material exhibited lamellar micro-
domains highly oriented parallel to the electric field
vector, as shown by small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM).

In the present paper, we describe real-time synchro-
tron radiation small-angle X-ray scattering (synchrotron
SAXS) investigations aiming to follow the kinetics of
electric-field-induced microdomain reorientation in con-
centrated block copolymer solutions and, thus, to elu-
cidate the underlying microscopic mechanisms. As a
model system, we investigate the orientation behavior
of a lamellae-forming polystyrene-b-polyisoprene diblock
copolymer dissolved in toluene. We discuss the influence
of the polymer concentration, the electric field strength,
and the temperature on the reorientation behavior. We
identify two different microscopic processes, nucleation
and growth of domains and grain rotation, which are
found to dominate the reorientation process in different
regimes of block copolymer concentration and temper-
ature. Part of this work has recently been published.2°
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Figure 1. Experimental setup for in-situ SAXS.

In addition to the experiments, we performed computer
simulations based on dynamic density functional theory
(DDFT).2L

The paper is organized as follows. In the Methods
section we describe experimental and simulation tech-
niques. In the Results and Discussion section we shall
first describe the structure formation in solution and
its properties before we continue discussing the influ-
ence of an external electric field on the domain orienta-
tion of solutions of different concentrations, at different
electric field strengths, and at different temperatures.
We compare the experimental results with computer
simulations using dynamic density functional theory.
We will end the discussion by showing how our results
can be used to generate well-aligned block copolymer
bulk samples.

Methods

Synthesis. A polystyrene-b-polyisoprene block copolymer
(S1-80) with a total number-average molecular weight M, =
80 kg/mol was synthesized by sequential living anionic po-
lymerization as described in detail elsewhere.??> The polymer
used in this study consists of 52 wt % polystyrene and 48 wt
% polyisoprene (92% 1,4-cis, 4% 1,2, and 4% 3,4 microstruc-
ture). Gel permeation chromatography (GPC) of the final block
copolymer yields a polydispersity My/M, = 1.02. The block
ratio and overall molecular weight were determined by 'H
NMR using the integrated aromatic signals of the polystyrene
block in combination with the GPC results of the corresponding
polystyrene precursor.

Sample Preparation. Toluene solutions of the block
copolymer with concentrations ranging from 30 to 80 wt %
were prepared. The alignment experiments were performed
in a home-built capacitor with gold electrodes (sample depth
=5 mm, electrode distance d = 2 mm) at temperatures ranging
from room temperature up to 80 °C. A dc voltage between 0.5
and 6 kV was applied across the capacitor, resulting in a
homogeneous electric field pointing perpendicular to the X-ray
beam direction (Figure 1). Both the voltage at the electrodes
and the current through the sample were monitored during
the course of the experiment. Within the sensitivity of the
setup (I ~ 0.01 mA), no leakage currents were detected after
the electric field was applied. The sample temperature was
controlled to within £1 °C using Peltier elements.

Synchrotron Small-Angle X-ray Scattering (Synchro-
tron SAXS). Synchrotron SAXS measurements were per-
formed at the 1D02 beamline at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The typical
photon flux routinely obtained at the ID02 sample position is
10% photons/s at an energy width AE/E = 2 x 107*. The
operating beam energy was 12.5 keV, corresponding to a peak
wavelength of 0.1 nm. The beam direction (cross section: 200
x 200 um?) was perpendicular to the direction of the applied
electric field.

The detector system is housed in a 10 m evacuated flight
tube. An image intensified CCD detector was used, which can
handle the full X-ray flux. The CCD is capable of acquiring
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up to 10 frames of 1024 x 1024 pixels/s, and a sequence of up
to 125 frames can be acquired with this time resolution. Prior
to data analysis, background scattering was subtracted from
the data, and corrections were made for spatial distortions and
for the detector efficiency.

Transmission Electron Microscopy (TEM). Some of the
samples were dried in the presence of the electric field.
Subsequently, thin sections were cut parallel to the electric
field vector (far from any surface) using a Reichert-Jung
Ultracut E microtome equipped with a diamond knife. To
enhance the electron density contrast between polystyrene and
polyisoprene, the sections were exposed to RuO,4 vapor for 45
min, which leads to a preferential staining of the polystyrene
block.?® Bright field TEM was performed using a Zeiss electron
microscope (CEM 902) operated at 80 kV.

Calculation of Order Parameters. As will become clear
from the experimental observations described below, domain
alignment is induced by two competing external fields of
different symmetry, i.e., namely the interfacial field between
polymer solution and the electrode surfaces and the external
electric field. To quantify the microdomain alignment, we
calculate the order parameter P, by integrating the scattering
intensity l4(¢) over the azimuthal angle ¢ from ¢ = 0° to 360°:

3ldos® p— 1
Po=—— @

with
77 dg(14(@) cos%(g) sin(@))
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S de14(@)Isin(e)))

Depending on the type of alignment, two different ranges
of the order parameter exist. For lamellar alignment parallel
to the electrodes (maximum scattering intensity at ¢ = 0°),
P2 ranges from 0 to 1 with P, = 1 corresponding to perfect
lamellar alignment parallel to the electrodes. For an alignment
of the lamellae along the field direction (maximum scattering
intensity at ¢ = 90°), P, ranges from 0 to —0.5 with P, = —0.5
corresponding to the fully oriented case. Full orientation,
however, still allows for an isotropic distribution of the
lamellae normals in the plane of the electrodes.

To quantify the orientation kinetics, the orientational order
parameter P, was calculated for each single scattering pattern
acquired during the course of the experiment. The behavior
of P, as a function of time t could be fitted by a single
exponential as described by

Po(Y) =P, + (Pyo— Py.)e ™ @)

with Pzo and P,. being the limiting values of the order
parameter before application of the electric field and at late
times, respectively, and 7 being the time constant.
Computer Simulation. We employ the dynamic density
functional theory (DDFT), which describes the dynamic be-
havior of each molecule (modeled as Gaussian chains) in the
mean field of all other molecules. This theory is a dynamic
version of self-consistent-field theory for polymers.?* The phase
separation can be monitored by the scalar order parameter
y(r,t), which is the normalized deviation of the density of a
polymer component from its average value. In the case of an
incompressible diblock copolymer melt the system is described
by only a single order parameter. Simulating a diblock
copolymer solution requires an extra order parameter for the
solvent; however, we use a simplified model with only one
order parameter in the present study. It was shown theoreti-
cally that a block copolymer melt can serve as a good
approximation to describe general features of phase behavior
of concentrated block copolymers solutions with nonselective
good solvents.?> As we have shown recently, such a description
is well justified and gives an excellent agreement with experi-
ments in the case of a nonselective or almost nonselective
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solvent.?® The time evolution of the order parameter in the
simplest case follows a diffusion-type equation?’

¥ =MViu+y (4)

with the constant mobility M, the thermal noise #, and a
proper choice of the boundary conditions.?* The chemical
potential in the presence of an electric field E has the form
u = u® — (9eloy)TE?/87,28 where u is the chemical potential in
the absence of the electric field, and ¢ is the dielectric constant
of the polymeric material, which can be approximated as ¢ ~
€0 + €1 for small y. The electric field inside the material E
deviates from the applied electric field Eq = (0,0,Eo), satisfying
the Maxwell equation div €E = 0, where E = Eo — V. Keeping
only leading terms, one can rewrite eq 4 in the form?!

2
. 20 2 _ 2 &
Y =MVu +aV,y+n o=ME, dme, (5)

The chemical potential without the electrostatic contribution
u is calculated using self-consistent-field theory for the ideal
Gaussian chains with the mean field interactions between
copolymer blocks A and B, described by a parameter eas.?*

The model system we study in the following is a symmetric
A4B4 copolymer melt with mean field interactions eag = 6 kJ/
mol. The simulations have been performed in two dimensions.
In our previous work,?! the behavior of this system was found
to be drastically different from the system farther from ODT
with eag = 8 kJ/mol. For the simulations, the electric field
strength is parametrized by & = a/kTMp.2

Results and Discussion

Structure Formation in the Absence of an Elec-
tric Field. Before we discuss the effects of external
electric fields on the PS-b-P1 block copolymer domains,
we first concentrate on the microdomain structure
formed in solution in the absence of an electric field.
Toluene was chosen as solvent as it is fairly nonselective
for PS and P1.2%30 The Flory—Huggins interaction
parameters between the polymers and toluene at room
temperature are yps/ro = 0.44 and ypyro = 0.40.2°731 As
anticipated from previous investigations on concen-
trated solutions of symmetric PS-b-PI block copolymers
in toluene,®? we observe the evolution of a lamellar
microstructure with increasing concentration, as shown
in Figure 2A. Above a polymer concentration of w, =
34 wt %, the system exhibits higher order Bragg peaks
appearing at integer multiples of the first-order maxi-
mum. The lamellar spacing d = 22/qg* was determined
from the first-order scattering maxima. It was found to
grow with increasing polymer concentration, indicating
a stronger segregation power (or growing repulsive
interactions) between the PS and PI chains as the
polymer concentration increases (Figure 2B).

The appearance of higher order Bragg peaks, and
their significant sharpening was used to locate the
order—disorder transition (WopT) at room temperature
at a polymer concentration wyopt = 34.5 + 1.0 wt %.
This assignment is corroborated by the absence of
birefringence at and below wy, = 34 wt %, which shows
the absence of randomly oriented lamellae.33-35 Ad-
ditional evidence is given by the fact that only for
concentrations greater than 34 wt % we observe an
anisotropic scattering pattern, which indicates some
microdomain alignment induced either by shear (during
the filling of the sample chamber) or by preferential
attraction of one block to the electrode surface. We note
that the peak in the scattering profile for w, < 34 wt %
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Figure 2. (A) Scattering intensity profiles at various concen-
trations: 34 wt % (- - -), 35 wt % (—), 50 wt % (- - -), 70 wt %
(- - -). (B) Concentration dependence of the lamellar spacing
of PS-b-P1 solutions in toluene (dpuk = 42.5 nm).

is due to composition fluctuations commonly found in
the disordered state (correlation hole).

At this point, we may compare our result on Wp,opt
to earlier measurements on similar systems (Sl in
toluene solution). Yao et al. determined wpopt Of a
symmetrical PS-b-PIl block copolymer (My, = 84 000
g/mol) in toluene solution by dielectric measurements
and found a critical concentration between 25 and 28
wt % at 273 K.3®6 As our measurements have been
conducted at room temperature (~298 K), it is reason-
able that we find a slightly higher concentration.
Sakamoto et al. determined wpopt for a symmetrical
S| block copolymer of higher molecular weight to be
around 22 wt % and estimated wp opt for the Yao system
to be around 31 wt % at room temperature.3” Both
results compare well with our findings.

We note that the melt lamellar spacing found after
solvent evaporation (wp, = 100% in Figure 2B) appears
to be significantly smaller than what would be expected
by extrapolation of the solution data. This observation
indicates the formation of a nonequilibrium structure
during the solvent-casting process. As the concentration
of the solution increases, the glass transition temper-
ature Ty reaches room temperature and the viscosity of
the solution grows significantly. This augmentation of
the overall modulus leads to a prolonged equilibration
time for the deformation of grains, i.e., the displacement
of the chemical junction points of the blocks, which is
required for an increase in domain spacing, is hindered.
This “frozen” domain structure is incapable of reaching
an equilibrium at time scales smaller than the rate of
solvent evaporation. Therefore, further solvent evapora-
tion results in a decrease of the spacing merely by a
deswelling effect. Thus, in the high concentration regime
the domain spacing is kinetically, but not thermody-
namically, controlled.

Reorientation Behavior of PS-b-PI in Toluene.
Before we apply the electric field, all samples exhibit a
distinctly anisotropic scattering pattern with maxima
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Figure 3. (A—C) Two-dimensional SAXS patterns of a 35 wt % solution of the S1-80 diblock copolymer in toluene taken at room
temperature prior (A) and after (B, C) application of an electric field (E = 1 kV/mm). (D) Time dependence of the orientational
order parameter P,. The solid line is a least-squares fit to the data according to eq 3 with P,o = 0.52, P, = —0.32,and 7 =5 s.

located at ¢ = 0° and 180° (Figure 3A). This finding
indicates an alignment of the lamellae parallel to the
electrodes. Such an alignment can be caused both by
preferential interaction of the PS with the Au surfaces®
and by possible shear forces acting on the highly viscous
solutions during the filling of the capacitor with a
syringe. To destroy any possible memory effect, we
heated the solutions above the order—disorder temper-
ature. However, after cooling, still some alignment of
the domains parallel to the electrodes prevailed, reveal-
ing the importance of the surface effects.

As soon as the electric field is applied (Figure 3B,C),
the scattering pattern changes significantly. The peaks
at ¢ = 0° and 180° decrease, and new scattering maxima
at ¢ = 90° and 270° grow with time (Figure 5A). To
quantify the kinetics of the orientation process, the
orientational order parameter P,(t) was calculated from
the 2D SAXS images as outlined above. Using a single-
exponential fit, we can determine the time constant of
the reorientation process (Figure 3D).

Kinetics of Microphase Orientation. For the ef-
fective preparation of highly anisotropic melt block
copolymer samples via solvent casting in the presence
of an external electric field, it is important to find an
optimum set of parameters (e.g., degree of swelling of
the block copolymer domains, electric field strength, and
temperature), which combines a maximum chain mobil-
ity (i.e., fast kinetics) with the highest possible polymer
concentration. In short, the reorientation process should
be faster than the rate of solvent evaporation during
preparation of bulk samples from solution; i.e., it should
be completed before the bulk structure “freezes”.

Concentration Dependence. In a first series of
experiments, we studied the reorientation kinetics as a
function of polymer concentration, starting from w, =
30 wt % and increasing w, stepwise by 1 wt % up to
35 wt % and then by steps of 2.5 wt % to higher polymer
concentrations. The electric field strength E was kept
constant at E = 1 kV/mm at a capacitor spacing of 2
mm. The isotropic scattering pattern observed at poly-
mer concentrations at and below w, = 34 wt % did not
change in the presence of the electric field. Above w, =
34 wt %, the scattering patterns changed similar to the
behavior shown in Figure 3 so that time constants z(wy)
could be determined from the time evolution of P, as
shown in Figure 4. Above w, = 50 wt %, however, the
reorientation process was so slow (z ~ 5 min) so that
we limited our study to polymer concentrations between
34.5 and 50 wt %.

The results of the exponential fits and the increase
of the time constant 7 with increasing polymer concen-
tration are summarized in Table 1. The single-expo-
nential fit works quite well for all concentrations
studied, as can be seen from the low %2 values. The time
constants vary from = = 0.8 s for the very fast processes
at 34.5 wt % to more than 3 min (r = 192 s) for the 50
wt % solution. In addition, within some 10% scatter P,
reaches about the same limiting values P>, = —0.3 £+
0.03 independent of polymer concentration. Therefore,
we can conclude that the polymer concentration only
influences the rate but not the final degree of orienta-
tion. We note that the behavior displayed in Figure 4
results from a delicate balance between an increase of
both the driving force for reorientation (i.e., a larger
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Figure 4. Evolution of the orientational order parameter P,
with time for different concentrations at 2 kV/2 mm (O, 34.5
wt %; v, 37.5 wt %; A, 42.5 wt %; O, 50 wt %).

Table 1. Time Constants 7 of the Reorientation Behavior
at Different Polymer Concentrations Obtained from
Least-Squares Fits Using Eq 3 (E = 2 kV/2 mm); in
Addition, the Rotational Time Constant, 7o, Was
Determined Following the Procedure Published
Previously?® (NG = Nucleation and Growth,

R = Rotation of Lamellae)

dominating

wpwt %]  T[s] 7ot [S]® P2  x?[1074 mechanism

34.5 0.8 -0.26 0.6 NG

35 5.0 3.3 -0.32 14 NG

375 7.0 5.1 -0.34 0.8 NG

40 28.3 14.7 —0.33 1.3 NG

42.5 54 20 —0.33 2.4 mixed

45 104 40 —-0.34 3.2 R

47.5 142 82 —0.26 1.2 R

50 192 170 -0.31 5.6 R

dielectric contrast) and the viscous drag as the polymer
concentration is increased.?® The exact behavior is
difficult to predict; however, the data shown in Figure
4 and Table 1 indicate that in the particular system
studied here the increase in viscosity dominates over
the increase of the driving force. Therefore, the reori-
entation process slows down with increasing polymer
concentration.

Interestingly, along with an overall slowing down of
the reorientation at higher polymer concentration, the
microscopic mechanism of microdomain reorientation
changes as a function of the polymer concentration. This
can be seen in Figure 5, where we compare the time
dependence of the scattering patterns for the limiting
polymer concentrations, w, = 35 and 50 wt %. For the
lower concentration (Figure 5A) the initial peaks at
@ = 0° and 180° vanish almost completely (which is
accompanied by a temporary drop in the normalized
relative integrated intensity, Figure 5C) as the electric
field is applied. New peaks establish at the final
microdomain orientation at ¢ = 90° and 270°, showing
a continuous growth of intensity with time. Intermedi-
ate orientations are not observed. For high polymer
concentrations (Figure 5B) a distinctly different behav-
ior is found. The initial peaks continuously shift from
their original positions to their final positions at ¢ =
90° and 270°, respectively. The relative integrated
intensity of the peaks increases steadily during the shift
(Figure 5D); i.e., a well-defined anisotropic scattering
pattern is observed throughout the entire process. At
intermediate concentrations (not shown here) both
behaviors coexist. Table 1 shows the prevailing mech-
anism found for the respective concentration.
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Table 2. Time Constants of the Reorientation Behavior at
Different Temperatures Obtained from Least-Squares
Fits Using Eq 3 (wp = 47.5 wt %, E = 2 kV/2 mm) (NG =

Nucleation and Growth, R = Rotation of Lamellae)

dominating
temp [K] 7 [s] P2 72 [1074] mechanism
300.15 141 —0.34 4 R
308.15 138 —0.28 0.6 R
316.15 106.9 -0.27 3 R
324.65 86.5 —0.28 3.8 mixed
333.65 52.5 —0.28 2.3 mixed
343.15 40.6 —0.27 2.5 NG
353.15 115 —0.25 0.2 NG

Temperature Dependence. A qualitatively similar
behavior is found when we follow the reorientation
process at different temperatures. For this purpose, a
47.5 wt % solution was studied between 27.3 and 80 °C.
The rather high polymer concentration was chosen to
access a large temperature range before reaching the
order—disorder transition temperature (Topt) of the
solution. Qualitatively, we find a “rotation” of the
scattering pattern from the initial to the final situation
at low temperatures, while the scattering pattern
“switches” between the two limiting situations at tem-
peratures near Topt. The results of a quantitative data
evaluation are summarized in Table 2. At the lowest
temperature (27 °C) we measure a time constant of
141 s, which gradually decreases down to 11.5 s as the
temperature is raised to 80 °C. The plateau values of
the orientational order parameter P, . seem to show a
slight increase from —0.34 to —0.25 with increasing
temperature, indicating a decrease of order.

Mechanism of Domain Alignment. One of the most
important aspects for the understanding of the reori-
entation behavior of block copolymer microdomains in
solution is the knowledge of the underlying mechanisms
contributing to the rearrangement of domains. In con-
trast to in-situ birefringence,”38 in-situ SANS,3>3% and
ex-situ SAXS*0742 measurements on block copolymer
melts and solutions under shear, which lead to detailed
insight into the respective mechanisms, so far only little
is known about the microscopic processes during electric
field alignment. Synchrotron SAXS combines the ad-
vantages of birefringence (high time resolution) with the
detailed and straightforward information about the
microscopic order characteristic of scattering methods.
Indeed, the SAXS data indicate two distinctly different
mechanisms of microdomain reorientation. At low con-
centrations and at high temperatures, a destruction of
the initial peaks is followed by a buildup of scattering
intensity at the final peak positions. At high concentra-
tions and low temperatures, on the other hand, the
scattering pattern merely shifts into new peak positions
accompanied by a steady increase in integrated peak
intensities.

These findings point to two different underlying
mechanisms responsible for microdomain reorientation
in the presence of the electric field. Close to the order/
disorder transition (ODT), i.e., at low concentrations and
high temperatures, microdomains aligned parallel to the
electric field grow at the expense of those aligned
parallel to the electrodes. Intermediate orientations,
however, are not observed. This behavior matches the
notion of the migration of grain boundaries, which has
previously been described for microdomain alignment
under shear*! and which was assumed to play a role in
earlier electric field experiments.'112 In this case one
lamella grows at the expense of another with a signifi-
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Figure 5. Azimuthal angular dependence of the scattering intensity and normalized relative integrated scattering intensity for
different concentrations at 2 kV/2 mm. (A, C) 35 wt %, (B, D) 50 wt %.

cantly different orientation by motion of a tilt boundary
(wall defect) between them, leading to a direct transfer
of scattering intensity between widely separated azi-
muthal angles ¢. This is indeed observed in Figure 5A.
The integrated scattering intensity (as shown in Figure
5C) exhibits a temporary drop to 65% of the initial
intensity, which coincides with the decrease of the peaks
of the initial orientation, indicating the formation of an
intermediate structure, e.g., nucleation centers for
lamellar grains oriented parallel to the electric field.
Their subsequent growth finally leads to an increase of
the integrated intensity at later stages of the process.

Further away from the ODT, i.e., for high concentra-
tions and low temperatures, the scattering pattern
seems to be preserved and merely rotates into the new
orientation. This observation points to the rotation of
entire grains as an alternative orientation process. In
contrast to the migration of grain boundaries, micro-
domain orientations intermediate between the original
and the final orientations are observed. At the same
time no increase in isotropic scattering intensity is
found. We note that, in contrast to the migration of
grain boundaries, the integrated scattering intensity in
Figure 5B is found to grow continuously (Figure 5D).
This indicates an overall growth of domains in the
course of the reorientation process. In contrast to
mechanical shear fields, the electric field does not
impose a preferred direction of domain rotation on the
system. The fact that the final orientation parallel to
the electric field vector is not fully reached within the
experimental time frame is in agreement with the

notion that the driving force for grain alignment almost
vanishes as the aligned state is approached.'?

The transition from grain rotation to migration of
grain boundaries can be explained by the fact that close
to ODT we expect concentration fluctuations which can
be amplified using an external electric field; i.e., the
lamellar structure can easily be distorted in the direc-
tion of the electric field vector. In addition, the mobility
of defects such as wall defects at the grain boundaries
is much higher.

To further verify the above notion and to gain a more
detailed understanding of the governing reorientation
mechanisms, two-dimensional dynamic density func-
tional theory simulations have been performed on
lamellar block copolymer melts, which were able to
reproduce the time evolution of the scattering pattern
observed in the experiments.?! The scattering functions
calculated from these simulations are shown in Figure
6 and exhibit the same characteristic features seen in
the experimental scattering intensity in Figure 5. These
simulations are based on energetic considerations namely
involving electrostatic (i.e., driving force of the process)
and interfacial energy (i.e., incompatibility between the
block copolymer domains) arguments. In Figure 7, we
show a typical area of a large simulation box cropped
around a newly forming grain for a system close to
the ODT (eag = 6 kJ/mol) at an electric field strengths
& = 0.2. The initial structure (t = 5.0) has first been
aligned parallel to the electrodes by shear. Immediately
after the application of the electric field (at t = 5.1), the
lamellae become unstable and exhibit undulations very
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Figure 6. Fourier transform squared as obtained by dynamic density functional theory (MesoDyn)—simulation of lamellar
reorientation at dimensionless time t (in units of 10%). (A) eag = 6 kd/mol, (B) eag = 8 kJ/mol.

Figure 7. Dynamic density functional theory (MesoDyn)—
simulation of reorientation close to ODT (eag = 6 kJ/mol) at
dimensionless time t (in units of 108). (A) 5.0, (B) 5.1, (C) 5.2,
(D) 5.3, (E) 5.4, (F) 5.5. The electric field vector runs vertically.
Alignment by nucleation and growth and grain rotation can
be distinguished.

similar to the ones described by Onuki and Fukuda*?
and, eventually, form pointlike defects. Those serve as
nucleation centers for grains with lamellar orientation
parallel to the electric field. As the process evolves, new
instabilities are formed around the new structure
contributing to the growth of the grain with lamellar
orientation parallel to the electric field at the expense
of all other orientations. Interestingly, the grain seems
to grow faster in the direction perpendicular to the
electric field vector. On the other hand, the lower left
corner of the simulation box shows a different mecha-
nism. Here, the reorientation, initiated by undulations,
proceeds via movement of defects (disclination lines) and
merely results in a rotation of the lamellar structure.
This finding supports our previous notion that the two
distinct mechanisms can be simultaneously found in our
system. Depending on the degree of phase separation
one of the two is dominant. In the presented simulation,
as can be seen clearly also from the larger simulation
boxes, the nucleation and growth mechanism prevails.?
For simulations further away from ODT, we predomi-
nantly find that the rotation of grains mechanism
(induced by the movement of well-defined defects)
governs the reorientation process. The governing mech-
anisms can be identified clearly from the squared
Fourier transforms of the simulated lamellar rearrange-
ment as depicted in Figure 6A,B,?* which closely re-

sembles the experimental data shown in Figure 5A,B.
Obviously, for the systems further away from ODT, the
energetic cost for additional creation of defects as
required for the nucleation and growth process is too
high compared to the gain in energy from an aligned
lamellar phase.

We are well aware of the limits of the simulation
approach, which does not include changes in the kinetics
of the system as the degree of incompatibility is chang-
ing. Still, the simulations reveal results that are strik-
ingly similar to the experimental findings, thereby
supporting the idea of two different microscopic pro-
cesses determining the reorientation process close to and
far from ODT.

Our mechanistic model is further corroborated by
typical structural defects, so-called “kink bands” (Figure
8D), which are characteristic of the above-described
mechanisms and have been identified in similar pro-
cesses during shear-induced lamellar reorientation.*!
Figure 8E shows the annihilation of a kink band by
rotation of the defect structure. Also, computer simula-
tions show that “kink bands” are one of the typical
defects that form when the structure reorients (Figure
10C).

Electric Field Dependence. Earlier studies on thin
film melt samples have revealed the existence of a
threshold value of the electric field strength, below
which no reorientation was observed.'® The authors
rationalized this finding by the competing effects of the
surfaces (favoring orientation parallel to the capacitor
plates) and the electric field (favoring orientation per-
pendicular to the capacitor plates). Theoretical inves-
tigations have verified this model.** To investigate the
influence of the electric field strength on the orientation
behavior in the block copolymer solutions studied here,
we varied the electric field between E = 0.25 kV/mm
and E = 3 kV/mm. Again, a 35 wt % solution was
studied at room temperature in a capacitor with 2 mm
electrode spacing. Quite similar to the studies referred
to above, we find an electric field induced reorientation
only at and above an electric field strength of E > 0.375
kV/mm. At lower electric fields (E < 0.25 kV/mm) no
influence of the electric field was observed (Figure 9B).

One has to realize, though, that whether a field-
induced reorientation is observed may well depend on
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Figure 8. SAXS and TEM data of a bulk sample prepared from a 40 wt % solution of SI-80 in toluene dried under an applied
electric field of 1 kV/mm. The arrows indicate the direction of the electric field vector. (A) 2D SAXS pattern and (B) azimuthal

intensity distribution at first-order reflection (P, =
kink band defects (D/E). The scale bars represent 400 nm.

the time scale of the experiment. Indeed, if we monitor
the reorientation kinetics in detail (Figure 9A), we find
that the process is slowed down significantly if the
electric field strength is decreased. In consequence, the
time needed to achieve any measurable change in the
scattering pattern will increase with decreasing field
strength as well. Therefore, both in the melt experi-
ments and in the experiments reported here, the exact
value of the threshold electric field will to some extent
depend on the time allowed for reorientation. From our
kinetic experiments we can define a threshold electric
field strength as the value of the electric field at which
the time constant for reorientation diverges.

The results on the reorientation kinetics are shown
in Figure 9 and summarized in Table 3. The quality
of the single-exponential fits can be inferred from the
low x2 values. Independent of the electric field strength,
the limiting values P;. always reach a value around
P2. = —0.3 within a scatter of some 10%. The time
constants t range from 100 s for low electric fields
(0.375 kV/mm) to as low as 0.34 s for the highest field

—0.34). The TEM pictures show a defect free domain (C) and characteristic

strength (3 kV/mm). The dependence of the time con-
stant on the electric field reveals a power law depen-
dence 7 = a(E — E¢)? + 1. The data points are best fitted
forao =0.2s,a= -1, Et =350 V/mm, and 7, =0 s
(solid line in Figure 9B). Obviously, the error in deter-
mining the threshold electric field E; is rather large
because of the limited number of data points at low field
strength.

Qualitatively, the same effect is revealed by the
computer simulations (Figure 10). Starting from parallel
alignment of the domains before application of the
electric field (Figure 10A), a different response is found
for different field strengths (expressed in the parameter
d).2! For the highest value of & (Figure 10D), almost
perfect reorientation is found after the electric field
was applied for a time t = 10. For lower field strength
(& = 0.1) (Figure 10C), only the onset of reorientation
is observed after the electric field was applied for the
same time. Finally, at the lowest value of & (& = 0.05)
(Figure 10B), no signs of reorientation can be found at
all until the end of the simulation at t = 10. Although
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Figure 9. (A) Evolution of the orientational order parameter
P, with time for 35 wt % solutions at different field strengths
(O, 375 VImm; ¢, 1 kV/mm; v, 1.25 kV/mm; 4, 1.5 kV/mm; O,
3 kV/mm; electrode spacing: 2 mm). (B) The achieved orienta-
tion at the respective field strength is represented by open
triangles (0°: alignment parallel to the electrodes; 90°: align-
ment parallel to the electric field vector). The filled circles
show the electric field dependence of the time constant, 7. The
solid line represents a least-squares fit of the power law
7 = a(E — Ey)? + 7. to the data points.

Figure 10. Indication for the existence of a threshold electric
field strength from MesoDyn simulations. Starting from paral-
lel alignment prior to application of the electric field (A), the
microdomain structure has been captured at later times for
three different values of the electric field strength. At the
highest value (& = 0.2) almost perfect alignment is achieved
after the electric field was applied for the time t = 10 (D). For
lower field strength hardly any (& = 0.1) and no effect at all
(6. = 0.05) is observed after the electric field was applied for
the same time (C, B). One of the blocks is preferably attracted
by the electrodes (eam = 7.5 kJ/mol, egm = 0 kd/mol in notations
of ref 21). On the right-hand side the early stages of the
reorientation process of (D) are shown (time t given in upper
left corner). The simulation reveals migration of grain bound-
aries and rotation of lamellae by movement of defects.

the system size is rather small (thus, highly exaggerat-
ing the effects of the surfaces), the results agree quite
well with the experimental finding. In addition, we note
that the simulation again reveals the migration of grain
boundaries accompanied by the rotation of lamellae
induced by defect movement as the two mechanisms
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Table 3. Time Constants of the Reorientation Behavior
at Different Electric Field Strength Obtained from
Least-Squares Fits Using Eq 3 (wp = 35 wt %,
Electrode Spacing: 2 mm)

voltage [kV/mm] 7 [s] P2, 22 [1074]
0.25 a a a
0.375 100.1 —0.26 4.3
0.5 15.5 —-0.32 2.3
0.75 8.3 —-0.31 0.4
1 5.0 -0.32 1.4
1.25 2.5 —0.29 0.3
1.5 1.2 —-0.34 1.8
1.75 0.90 —-0.32 15
2 0.56 —0.29 4.2
2.25 0.48 —0.33 4
2.5 0.40 —0.35 3.8
3 0.34 —-0.34 3.7

2 No electric-field-induced reorientation observed on the time
scale of experiment.

leading to reorientation of the microdomain structure
(Figure 10, right-hand side).

Dried Bulk Samples. Finally, we return to the
preparation of anisotropic bulk samples by the align-
ment-during-drying method. Our Kinetic measurements
have shown that all concentrations up to 50 wt % can
in principle be used for this method as for this concen-
tration we find a time constant of 192 s with the overall
orientation process being finished within 20 min. As has
been described earlier, even this process should be faster
than the rate of solvent evaporation.

Using a home-built capacitor which allows the ap-
plication of a dc electric field during film formation by
solvent casting,'® we have demonstrated the feasibility
of such a process. This can be seen from the SAXS and
TEM data of the resulting melt sample prepared from
a 40 wt % solution dried under an applied electric field
of 1 kV/mm (Figure 8A—C).

Nevertheless, in all our experiments, we did not find
degrees of orientation described by P, values lower than
—0.35 for the block copolymer solutions and the melt
sample, which are still significantly larger than the
expected value for perfect alignment parallel to the
electric field vector (P, = —0.5). In the following, we will
consider several possible explanations for these obser-
vations. First we have identified the movement of
defects at grain boundaries, so-called wall defects, as
the main mechanism in samples close to ODT. It has
been shown for electric field alignment of melt samples
that other defects like disclination lines can reduce the
mobility of grain boundaries significantly as the move-
ment of a wall defect along a disclination line is
associated with an energetic penalty which can even
lead to final pinning of the boundary.111” This eventu-
ally leads to the clustering of defects. Generally, the
electric-field-induced force on these clusters at field
strengths used in this work is not sufficient to favor
further defect annihilation. Moreover, the rotation of
whole grains must be associated with a large-scale re-
formation of the lamellar structure, thus creating new
defects. In addition, the electrodynamic driving force
scales with cos? 6, where 0 is the tilt angle of the
lamellar normal vector with respect to the electric field
vector. This results in a reduction of the driving force
to as low as 3% for lamellae slightly misaligned by 10°
from a perfect orientation parallel to the electric field.
In all cases, the application of higher electric fields than
have been accessible in this work could improve the
degree of alignment.
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Conclusion

We have identified two mechanisms governing the
electric field alignment of a lamellar block copolymer
from concentrated solutions. It was shown that depend-
ing on the segregation power (y O ¢p, ¥ O 1/T) a single
mechanism dominates the orientation process. In a
weakly segregated system (low concentration or high
temperature) nucleation and growth of new micro-
domains prevails, whereas a stronger phase-separated
system (high concentration or low temperature) pre-
dominantly exhibits rotation of grains. Dynamic density
functional theory computer simulations corroborate
these experimental findings.

Additionally, we determined the influence of the
electric field strength on the orientation Kinetics. We
find a significant slowdown of the reorientation process
on decreasing electric field strength, which eventually
leads to a threshold value below which no electric field
induced orientation can be achieved on the time scale
of the experiment. The time constants of the fastest
processes were in the range of 0.5 s, reaching a final
orientation described by order parameters of down to
P, = —0.35. Finally, the variation of temperature
enables us to control the governing mechanisms at a
fixed polymer concentration.

In summary, we have demonstrated that electric field
alignment of block copolymer domains from solution is
a powerful tool to generate highly anisotropic bulk block
copolymer samples. The variety of parameters that are
accessible in our experiments allows us to further
improve the preparation of macroscopically aligned melt
samples via solvent casting in the presence of an electric
field.
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