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Abstract

We investigate the influence of incompatibility and dielectric contrast on the reorientation kinetics of concentrated solutions of lamellar block
copolymers in the presence of an external DC electric field. We study solutions of AC diblock copolymer and ABC triblock terpolymers. The
inclusion of a short, polar middle block B is used to tailor both the degree of incompatibility and the dielectric contrast between the two majority
phases. In situ synchrotron radiation small-angle X-ray scattering is used to monitor the reorientation process. For the AC diblock copolymer
sample only weak electric field induced reorientation could be achieved, following a very slow kinetics, whereas for the ABC triblock terpolymer,
reorientation is observed above a threshold value of 0.3 kV/mm. The orientation kinetics is well described by a single exponential with
characteristic time constants varying between a few seconds and several minutes depending on the polymer concentration and the electric field
strength. We identify a narrow concentration window, in which the interplay between chain mobility and gain in free energy in the electric field
allows the preparation of highly anisotropic bulk polymer samples by exposure to an electric field. The results are compared to free energy
calculations revealing a distinct difference in the driving force for reorientation as a consequence of an increase in dielectric contrast and chain

mobility upon introduction of the B middle block.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the recent past, the alignment of block copolymer
microdomains by means of an electric field has attracted
increasing interest as an alternative to mechanical fields [1-5],
especially as macroscopically aligned bulk samples are of
considerable technological interest [6]. So far, it has been
shown that both lamellar and cylindrical microdomain
structures in PS-b-PMMA could be oriented macroscopically
in the melt using a DC electric field [7-12]. Due to the
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dielectric contrast Ae between the blocks (epg=2.4,
epmma = 3.6) [13], the microdomains tend to orient parallel
to the electric field vector thereby lowering the free energy of
the system. Because of the high melt viscosities, temperatures
close to the decomposition temperature and electric field
strengths up to 25 kV/mm are required to achieve high degrees
of orientation. In recent studies [14—16], we have demonstrated
that electric field induced alignment can be applied success-
fully to block copolymer solutions at room temperature and at
electric field strengths around 1kV/mm as well, thereby
effectively circumventing limitations associated with the high
melt viscosities of high molecular weight copolymers or
copolymers of more complex architectures (multiblock
copolymers, star copolymers, etc). In our previous investi-
gations on solvent-based systems, the interplay between (i)
viscosity (i.e. chain mobility) and (ii) dielectric contrast (i.e.
electric driving force) turned out to be critical.

In the present study we modify the effective dielectric
contrast and the degree of incompatibility between the blocks
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of a lamellar polystyrene-b-poly(methyl methacrylate) AC
diblock copolymer by inclusion of a short, polar poly(2-
hydroxyethyl methacrylate) middle block, which mixes with
the poly(methyl methacrylate) end block [14]. We explore the
kinetics and mechanisms of the microdomain reorientation
using real-time synchrotron small angle X-ray scattering
(SAXS) measurements. With ex situ SAXS we show that—in
contrast to the AC diblock—the ABC triblock yields highly
aligned bulk samples after solvent casting under an applied
electric field. Finally, we compare the experimental obser-
vations with free energy calculations, revealing a distinct
difference in the driving force for reorientation accompanied
by a decrease in viscosity for the phase separated system
(induced by a decrease of the order—disorder concentration in
solution) as a consequence of an increase in dielectric contrast
upon introduction of poly(2-hydroxyethyl methacrylate) into
the methacrylic phase.

2. Experimental section
2.1. Synthesis

The polystyrene-b-poly(2-hydroxyethyl methacrylate)-b-
poly(methyl methacrylate) triblock terpolymer was syn-
thesized by sequential living anionic polymerization as
described in detail elsewhere [17]. The polymer used in this
study consists of 47 wt% polystyrene (PS), 10 wt% poly(2-
hydroxyethyl methacrylate) (PHEMA) and 43 wt% poly
(methyl methacrylate) (PMMA) with a total number-average
molecular weight M,,=82,000 g/mol (we denote this material
as S;7H;oM%3). GPC of the final block copolymer yields a
polydispersity of M,/M,=1.04. The block ratio and overall
molecular weight were determined by 'H NMR using the
integrated aromatic signals of the polystyrene block of the final
polymer in combination with the GPC results of the
corresponding polystyrene precursor. The polystyrene-b-
poly(methyl methacrylate) diblock copolymer was synthesized
and characterized analogously, yielding M,=100,000 g/mol
and M,/M,=1.03 with nearly symmetrical composition
(49 wt% PS, 51 wt% PMMA, denoted as S,oM:%).

2.2. Sample preparation

Block copolymer solutions in THF with polymer concen-
trations between 30 and 70 wt% were used for the present
study. The alignment experiments were performed in a home-
built closed capacitor with gold electrodes (sample depth=
5 mm, electrode distance d=1-2 mm; Fig. 1) at 25 °C. A DC
voltage between 0.25 and 3 kV/mm was applied across the
electrodes resulting in an electric field perpendicular to the
X-ray beam direction. Both the voltage at the electrodes and
the current were monitored during the course of the experiment
indicating only a small leakage current within the sensitivity of
the setup (/=0.01 mA) during the first few seconds after the
field was applied. During this period, no lamellar reorientation
was detected.

...00

X-ray

Fig. 1. Sketch of the experimental setup for in situ synchrotron small angle X-
ray scattering (SAXS) experiments at the ID2 beamline at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.

Oriented melt samples were produced via solvent casting
from chloroform using an open cylindrical capacitor with
aluminum electrodes (r=35 mm, d=1.1 mm) at 25 °C. Due to
its low flammability we used chloroform for safety reasons; for
SAXS, however, THF had to be employed because of the low
X-ray transmission of CHCI;. The details of this setup have
already been described elsewhere [14].

2.3. Synchrotron small-angle X-ray scattering (synchrotron-
SAXS)

Synchrotron-SAXS measurements were performed at the
ID2 beamline at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The typical photon flux routinely
obtained at the ID2 sample position is 10'? photons/s at an
energy width AE/E=2X10"". The operating beam energy
was 12.5 keV, corresponding to a peak wavelength of 0.1 nm.
The beam direction (cross section: 200X200 umz) 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 detector is capable of
acquiring up to 10 frames of 1024 X 1024 pixels per second 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.

2.4. Calculation of order parameters

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

_ 3{cos?p)—1
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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°), P, ranges
from O 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 perfectly oriented case. We
note, however, that ‘perfect orientation’ still allows for an
isotropic distribution of the lamellae’s normals within the plane
perpendicular to the electric field direction.

In order 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 ¢ has been fitted by a single
exponential as described by:

(cos’p) = 2)

Py(f) = Pyo + (Pyg—Pro)e ™" 3)

with P,y 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.

The remainder of the paper is organized as follows. We shall
first investigate the structure formation of S47H10M§_% in
solution in the absence of the electric field. We then continue
discussing the influence of an external electric field on the
domain orientation of solutions of different concentrations and
at different electric field strengths. Finally, we compare the
observed kinetic behavior of the S47H10M§§ with S49M§?°
block copolymers and discuss the results in view of free energy
calculations.

3. Results and discussion
3.1. Structure formation in the absence of an electric field

An external electric field can only align a microphase-
separated structure. Therefore, we studied the microdomain
structure of the S;,MLY diblock and S,;H;oM$3 triblock
copolymer in THF solution with SAXS as a function of
polymer concentration, starting from w, =30 wt% and increas-
ing wy, stepwise by 2.5 wt% up to 60 wt% in order to determine
the order—disorder concentration wopr of the block copolymer
systems. From these measurements we find that for the SyM.)°
diblock copolymer the wopr is localized around 53 wt% (not
shown here).

For the S47H10M§§ triblock copolymer, we find the
formation of a narrow first-order Bragg reflection when
increasing the concentration from 37.5 to 40 wt% (Fig. 2).
We note that starting from 40 wt% the block copolymer
solution becomes birefringent. At higher concentrations we
observe a third order scattering peak, indicating the formation
of lamellar microdomains in the solution. The fact that the
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Fig. 2. Scattering intensity profiles of S,;H;oM%3 solutions in THF at various
concentrations. 37.5 wt% (---), 40 wt% (——-), 47.5 wt% (—).

second order peak is suppressed in the SAXS patterns can be
attributed to a minimum in the structure factor, which would be
expected for a binary lamellar structure with equal lamellar
thickness. As indicated above, we expect the PHEMA and
PMMA to form a mixed phase. In consequence, the scattering
experiment effectively probes a binary lamellar structure
consisting of successive layers of PHEMA/PMMA and PS,
respectively. This structure exhibits mirror symmetry at the
centre of any microphase, resulting in the observed suppression
of even harmonics in the scattering pattern.

From the above described findings, we locate the order—
disorder transition (ODT) for the S47H10M§§ triblock copoly-
mer at room temperature at around wopt =40 wt%. Obviously,
the presence of the PHEMA middle block leads to an increased
incompatibility and thereby to a lower order—disorder
concentration. Thus, the viscosity of solutions just above the
order—disorder concentration wopr is significantly lowered by
the inclusion of the PHEMA middle block.

3.2. Reorientation behavior

After sample preparation and prior to electric field
exposure, all phase-separated solutions exhibit a distinctly
anisotropic scattering pattern with maxima located at ¢ =0
and 180° (Fig. 3(A)). This pattern indicates alignment of the
lamellae parallel to the electrodes. Such an alignment can be
caused both by preferential interaction of PS with the gold
surfaces and by shear forces acting on the highly viscous
solutions during the filling of the capacitor with a syringe
[18].

The lowest possible concentration (and thus viscosity) to
give a phase separated polymer solution for the S,M.% diblock
copolymer system was found at 53 wt% in THF. Here, only
slow reorientation of the microdomains could be realized at a
field strength of 2 kV/mm as shown in Fig. 4(B). We note that
the data shown here represent the fastest possible realignment
kinetics achievable for the S49M§?O system, as with increasing
polymer concentration, the viscosity immediately dominates
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Fig. 3. (top) Time development of the azimuthal angular dependence of the
scattering intensity of a 40 wt% solution of S,;H;(M%3 in THF at 1 kV/mm
(electrode spacing, 1 mm). (bottom) Azimuthal scattering intensity at
(A) t=0s, (B) t=100s, (C) t=900 s.

the process, rendering the reorientation impossible. Obviously,
above wopr the force implied on the lamellae is not sufficient
to lead to significant reorientation [14], rearranging the
microstructure in a highly viscous solution.

In the triblock copolymer case a different behavior is
observed. As soon as an electric field of 1 kV/mm is applied to
a 40 wt% solution, the scattering pattern changes significantly.
The peaks at ¢ =0 and 180° decrease and new scattering
maxima at ¢ =90 and 270° grow with time (Fig. 3(A)-(C)).

3.3. Concentration dependence

The kinetics of the microdomain alignment was followed
within a narrow concentration window between the order—
disorder concentration wopt =40 and 50 wt% for the SHM
polymer. As can be seen from Fig. 4 and Table 1, the time
constants for the reorientation process at 1 kV/mm are in the
range of some minutes (1.5 min for 40 wt% and almost 6 min
for 45 wt%, respectively). At concentrations above 45 wt% no
electric field induced orientation could be detected. Moreover,
at 45 wt% (Fig. 4(B)) the process is slowed down significantly
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Fig. 4. Evolution of orientational order parameter P, with time (for orientation
parallel to the electric field vector): (A) 40 wt% solution of S47H10M§§ in THF

at 1 kV/mm; (B) 45 wt% solution of Sy;H;oM§2 in THF at 1 kV/mm and

2 kV/mm (O). For comparison, the data for a 53 wt% solution of S,uM. in

THF at 1 and 2 kV/mm is added ( A ). The solid lines represent least squares fits
to the data. Electrode spacing, 1 mm.

at an incomplete degree of alignment (P,=0.28), which can
only be overcome by increasing the field strength. At a polymer
concentration of 50 wt%, within the experimental time window
of several minutes no microdomain orientation could be
achieved at field strengths as high as 6 kV/mm. The results of
the exponential fits are summarized in Table 1. The single
exponential fit works quite well for all concentrations studied,
as can be seen from the low x? values. At a sufficiently high
electric field strength, P, reaches about the same limiting
values P, .. = —0.25+0.02 independent of concentration.
We note that the behavior displayed in Fig. 4 results from a
delicate balance between an increase of both the driving force

Table 1

Time constants 7 of the reorientation behavior of S47H10M§§ at different
polymer concentrations and different electric field strengths E obtained from
least squares fits using Eq. (3) (1 mm electrode spacing)

Concentration (wt%) E (kV/mm) 7 (s) P« 2 (10™%
40 1 89 —0.26 3.8
45 1 348 0.28 0.5
45 2 157 —-0.23 1.4
45 3 151 —-0.27 0.6
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for reorientation (i.e. a larger dielectric contrast) and the
viscous retardation as the polymer concentration is increased
[15]. The exact behavior is difficult to predict; however, the
data shown in Fig. 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 reorientation
process slows down with increasing polymer concentration.
For a sufficiently high electric field strength the viscosity only
influences the kinetics but not the final degree of order (P; « ),
which is consistent with previous dielectric relaxation
spectroscopy measurements on the realignment of a side-
chain liquid crystalline polymer in its liquid-crystalline state
induced by a DC electric field [19].

If this procedure was to be used for the preparation of
macroscopically aligned bulk samples, the alignment process
should be faster than the time needed for solvent evaporation.
From the above results we conclude that concentrations
between 40 and 45 wt% are suitable for the preparation of
dried bulk samples by solvent casting. Fig. 5 shows the
feasibility of such a process. Using a home-built capacitor
which allows application of an electric DC field during film
formation by solvent casting [14], a melt sample of 1 mm
thickness dried in the presence of an electric field of 2 kV/mm
was prepared from a 25 wt% solution in chloroform
(comparable to 40 wt% in THF). After complete drying of
the solution, the resulting film was cutto a 1 mm° cubicle and a
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Fig. 5. SAXS data of a Sg;H;oM$2 bulk sample prepared from a 25 wt%
solution in chloroform dried under an applied electric field of 2 kV/mm

(electrode spacing, 1 mm). (A) 2D-SAXS pattern and (B) azimuthal intensity
distribution at first-order reflection (P, = —0.4) [14].

SAXS patterns was monitored with the X-ray beam perpen-
dicular to the electric field vector. From the azimuthal angular
dependence of the scattering intensity at the first order
reflexion, we calculate P,= —0.4. Here we note that the
similar process with the S,M.% diblock copolymer system did

not yield anisotropic bulk samples.

3.4. Electric field strength dependence

In another set of experiments, we varied the electric field
strength between 0.25 and 3 kV/mm to probe its influence on
the reorientation kinetics. In this case a 40 wt% solution of
SHM in THF was studied at room temperature. A selection of
P, versus ¢ curves is shown in Fig. 6. The results of the fitting
procedure are summarized in Table 2 and displayed in Fig. 7.
The quality of the single exponential fits can again be inferred
from the low x> values. Except for E=0.375kV/mm
(P2, = —0.08), the limiting values of the order parameter,
P, ., always reach a value around P, = —0.240.03. With
increasing field strength, there is a slight tendency towards
higher plateau values (—0.17 to —0.22). The time constants, 7
range from 545 s for low electric fields (0.375 kV/mm) to as
low as 0.64 s for the highest field strength (3 kV/mm). We were
not able to detect any reorientation for electric fields at and
below 0.25 kV/mm. We may, therefore, conclude that there
exists a threshold field strength £,=0.25-0.375 kV/mm, below
which no field induced reorientation is possible. One has to
realize, though, that whether or not a field induced
reorientation is observed may well depend on the time scale
of the experiment. Indeed, if we monitor the reorientation
kinetics in detail (as shown in Fig. 6), 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
experiments as well as in the experiments reported here, the
exact value of the threshold electric field to some extent will
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Fig. 6. Evolution of orientational order parameter P, with time for 40 wt%
solutions at different field strengths (=375 V/mm, 7=545s; O =
500 V/imm, 7=116s; A =1kV/mm, 7=18.7s; V=1.5kV/mm, 7=10.3s;
O =3 kV/mm, 7=0.64 s). Electrode spacing, 2 mm.
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Table 2

Time constants 7 of the reorientation behavior of Sy;H;oM52 at different field
strength E obtained from least squares fits using Eq. (3) (w, =40 wt%, 2 mm
electrode spacing)

E (kV/mm) 7 (s) P ¥ (107%)
0.25 a a a
0.375 545 —0.08 5.0
0.5 116.2 —0.17 4.1
0.75 32 —0.16 55
1 18.7 —0.17 48
1.25 12.7 -0.20 2.5
1.5 10.3 —0.21 2.6
1.75 5.6 —0.21 32
2 2.9 —0.20 48
225 2 —0.21 3.9
25 13 —0.21 3.1
3 0.64 -0.22 2.9

% No electric field induced reorientation observed.

depend on the time allowed for reorientation. From our kinetic
experiments we can define the threshold electric field strength
as the value of the electric field at which the time constant for
reorientation diverges. Above E,, the time constant scales with
the electric field strength described by a hyperbolic power law
T=a(E—E)"+ 7. The data points are best fitted for a=
0.10s, a=—1.47, E;=310 V/mm and 7, =0 s (solid line in
Fig. 7). The asymptotic behavior at high electric field strength
(i.e. for a large force acting on the lamellae), yielding 7, =0's
for infinite field strength is expected in the absence of any
electrorheological effects and limits in single chain diffusion,
as the dominating process at w, =40 wt% is the migration of
grain boundaries. The asymptotic behavior at low field
indicates a threshold field strength, E,.=310 V/mm.

This threshold value can be explained by a competition
between the electric field and the surface field generated by the
gold electrodes. The latter exhibits a rather wide range, as has
already been found by Anastasiadis et al. for PS-b-PMMA
block copolymer films without an external field [18]. In a
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Fig. 7. The achieved orientation at the respective field strength is represented by
open triangles (0°, alignment parallel to the electrodes; 90°, alignment parallel
to the electric field vector). The filled circles show the electric field dependence
of the time constant, 7, for 40 wt% solutions at 2 mm electrode spacing. The
solid line represents a least-squares fit of the power law 7=a(E—E)" 47 to
the data points yielding «=0.10s, a= —1.47, E;=310 V/mm and 7., =0s.

recent theoretical work, Tsori and Andelman [20] have
described the different threshold fields expected for a strongly
phase separated system. We typically find some 10 lamellar
layers oriented parallel to the polymer—electrode interface with
a transition to lamellae perpendicular to the electrodes [14].
We, therefore, conclude that our system exhibits a mixed
orientation as considered by Tsori and Andelman. In this state,
the system has to compensate a positive energy penalty
associated with the formation of T-junctions for the transition
from lamellae parallel to perpendicular to the boundary
surfaces, which mainly depends on the dielectric contrast of
the block copolymer system and the sample thickness. This
penalty has to be balanced by the electric field. Therefore, we
can define the threshold field strength as the voltage needed to
overcome this energetic barrier.

3.5. Mechanism of domain alignment

Synchrotron-SAXS is an excellent tool to microscopically
investigate the reorientation process as it combines the
advantages of birefringence (high time resolution) with the
detailed and straightforward information about the microscopic
order characteristic of scattering methods.

The change in the azimuthal angular dependence of the
scattering pattern as shown in Fig. 3(A)—(C), i.e. increase of
scattering signals parallel to the electric field vector (¢ =90°
270°) and simultaneous decrease of the peaks parallel to the
electrodes (¢ =0°180°) reveals the prevailing mechanism
characteristic for all processes described here. Recent dynamic
density functional theory simulations by Zvelindovsky and
Sevink have provided evidence that the reorientation is mainly
governed by migration of grain boundaries, i.e. nucleation and
growth of domains [16,21]. Immediately after the application
of the electric field, the lamellae become unstable and exhibit
undulations, and eventually form point like defects. These
defects 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 the initial
orientations. Furthermore, from TEM images of dried bulk
samples, we have identified the typical point- or micellar-like
lamellar defects as predicted by the above described
simulations [15,22]. The occurrence of these isotropically
oriented defects at the onset of the reorientation process may
also explain the increase in isotropic scattering intensity as
shown in Fig. 3(B).

3.6. Comparison of the diblock (S,oM é?o) and the triblock
(S47H 1oM33) system

In the following we will consider electrostatic and
thermodynamic arguments to discuss the different behavior
observed for the PS-b-PMMA and the PS-b-PHEMA-b-
PMMA diblock and triblock copolymers, respectively.

We aim to estimate the electrostatic energy difference
between the different microdomain orientations. As indicated
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by differential scanning calorimetry (DSC), rheological and
TEM experiments reported earlier [14], we anticipate that
PHEMA and PMMA form a mixed phase. Thus, we will treat
the S47H;oM3%3 copolymer as an AB diblock copolymer with
the following composition: A, 47 wt% PS (eo=2.4) and B,
53 wt% methacrylic blocks (eg=0.81eppma +0.19¢pyEMA
=4.6; with epppva=3.6 and epgpma =8.9). The resulting
dielectric contrast amounts to Ae=2.2. The S;,M:% diblock
copolymer on the other hand is calculated with 49 wt% PS
(ea=2.4) and 51 wt% PMMA (eppva=3.6) leading to a
dielectric contrast of only Ae=1.2.

In order to estimate the driving forces for domain
alignment as a function of the volume fraction of solvent,
¢s, we calculate the electric energy per unit area, W, which
is stored in a capacitor for an open setup which allows for
solvent evaporation (including a layer of air in the system)
and a closed system as used for the in situ SAXS studies.
The details of the model calculation are given elsewhere
[14]. In order to keep consistency with a previous paper and
allow for a straightforward comparison between open and
closed system, we used chloroform for both calculations
[14]. As THF and chloroform are fairly non-selective
solvents for the two main components, PS and PMMA,
we may assume a similar swelling behavior leading merely
to a dilution effect with respect to the dielectric constants of
each block. Similar calculations using THF as solvent
confirmed a qualitative agreement with the results
obtained for the chloroform case. With increasing solvent
content the difference of the dielectric constants is reduced
to Aeeir =¢pAe and the thermodynamic driving force for an
alignment of the lamellae parallel to the field is expected to
decrease accordingly.

Film formation in the open capacitor under the influence of
an external electric field may result in significant thickness
undulations which eventually lead to the formation of column-
like protrusions that connect both electrodes. Recently,
Schiffer et al. showed that electric fields can induce
electrohydrodynamic instabilities in a liquid polymer film
leading to the formation of polymer columns quite similar to
the ones observed here [23,24]. In between the columns, we
find areas with film thicknesses ranging between 0.2 and
0.7 mm. All these parts show a significant alignment of the
lamellae parallel to the electric field. The most pronounced
anisotropy, however, is found within the columnar protrusions
[14].

Therefore, we have chosen four basic geometries to describe
the open system, corresponding to a perpendicular (W .,
W gar) and parallel (W) .o, W.a.) alignment of the
microdomains with respect to the electric field and to a
formation of columns (W .o, W) co1) and a flat film (W gy,
W qa0) in the open capacitor, respectively (Fig. 8(A)). In the
case of the closed capacitor, the two perpendicular (W o,
W1 gaa=W_) and two parallel (W co1, W) qae=W)) cases are
equivalent.

We calculate the energy per area, W, stored within the
electric field of the capacitor as

A W, cor

W, ot
B El
W\ st m" W o

w
o

4
3
2
1

0
0

0 02 04 06 08 1.0
% .

W [mJdim?]

I/V'Ufar N Wi._ﬂm s T
0.0 T - -]
00 01 02 03 04 05 06 0.7

28

Fig. 8. (A) Four basic geometries of lamellar orientation in an open capacitor.
(B) Difference in calculated energy between the orientations parallel and
perpendicular to the electric field vector within a closed capacitor filled with
S;7H M% (—) and S49M§?0 (+++) solution in chloroform as a function of
solvent volume fraction. The inset depicts the overall energy difference
between the two polymer systems. (C) Open capacitor which allows for solvent
evaporation with Sy;H “,M% (—) and with S49M;?° block copolymer (---) in
CHCl;, corresponding to the geometries as depicted in (A). In all calculations
the field strength is 2 kV/mm.

Kzljﬁﬁd_v 4)

with E being the electric field and D the displacement field.

In contrast to the dielectric displacement, 13, the electric
field, E, along the z-direction of the capacitor is not uniform for
the models involving a layered structure (W, g, and W, ).
This is due to the fact that the component of the electric field
perpendicular to the interface between two materials is not
continuous, but the one of the displacement field is:
DL, = Du but E‘Ll ;&EM. Additionally, Ei = 5,-/8,- and the
applied voltage V = fEdz, which means that as soon as air is
present as a layer in the capacitor with the applied voltage V,
the electric field in both polymer layers is reduced.

Fig. 8(B) shows the difference in energy between the
orientations parallel and perpendicular to the electric field
vector within a closed capacitor filled with different solutions
of our model AB block copolymers in chloroform with e =2.4
and eg=4.6 (resembling S47H10M§§, full line) and with
ea=2.4 and eg=3.6 (resembling S,oML%, dotted line) as
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a function of solvent volume fraction (ecucr, = 4.8) at a field
strength of 2 kV/mm. Compared to an open capacitor the
system stores at least two times more energy at any given
solvent concentration up to 60 vol% [14]. The inset depicts the
overall energy difference between the above described cases,
i.e. the aligned triblock terpolymer lamellae always allow the
capacitor to store more energy than the diblock system.

Fig. 8(C) shows the difference in energy stored per unit area
within an open capacitor filled with 15 vol% polymer A
(ea=2.4) and 15 vol% polymer B (eg=4.6 with PHEMA and
eg=23.6 without PHEMA) as a function of CHCI; volume
fraction (ecycy, =4.8), corresponding to the four basic
geometries, at a field strength of 2 kV/mm. Curves W .
and W g, as well as curves W .1 and W) g, converge at a
solvent volume fraction of 70 vol% (which is the starting
concentration of our solvent casting experiment), because at
this point the capacitor is completely filled and the respective
geometries are equivalent. Besides the fact that for the SHM as
well as the SM system the difference in energy between the two
orientations in columns (W, .o, W) co1) is larger than for flat
films (W gar, W) ga0), the overall energetic difference is more
than three times higher for the SHM than for the SM system.

When we compare the two situations described above, we
find that: (i) the closed system stores more energy per unit
area [14], (ii) the difference in energy between the two
orientations (W, — W) is always higher for the experimen-
tally relevant concentrations in the closed capacitor, and (iii)
in all cases, the SHM system is clearly electrostatically
favored as it allows the capacitor to store more energy per
unit area. Therefore, from our experimental findings, we
may conclude that, if the electric field induced orientation of
a block copolymer does not work in the closed capacitor, it
will neither function in the open system, as the energetic
difference is always larger for the closed capacitor setup.
Furthermore, the incorporation of the high dielectric constant
PHEMA middle block into the PS-b-PMMA diblock
copolymer is the key to increasing the electrostatic driving
force of the alignment process in order to create a well-
performing methacrylate-based block copolymer system for
electric field induced alignment from solution.

Moreover, the PHEMA block enhances the microphase-
separation in the block copolymer solutions compared to the
PS-b-PMMA system which only phase-separates at a polymer
concentration above 53 wt%, while the PHEMA containing
block copolymer already microphase-separates at
wp =40 wt%. Therefore, in the latter case, the viscosity of
the phase-separated solution is considerably smaller, which
promotes the ordering process induced by the small electric
force. On the other hand, a lower polymer concentration also
reduces the effective field strength and driving force in the
capacitor as shown in Fig. 8§(B) and (C).

To this point, we cannot decide definitely, if in this
particular system enhanced phase separation or the increased
dielectric contrast between the blocks is more important for the
electric field-induced ordering process to function. So far, our
results point to a delicate balance between both parameters.

4. Conclusion

Using synchrotron-SAXS we have identified nucleation
and growth of domains by migration of grain boundaries as
the governing mechanism of the electric field induced
microdomain alignment of a PS-b-PHEMA-b-PMMA tri-
block terpolymer in solution. In addition, the time-resolved
SAXS measurements allowed us to study the kinetic
behavior of the PS-b-PHEMA-b-PMMA system compared
to the PS-b-PMMA diblock copolymer. The interplay of
enhanced microphase separation and contribution to a high
dielectric contrast between the phases by incorporation of the
PHEMA block results in a functioning electric field driven
ordering process. Furthermore, we have identified a rather
small concentration window between 40 and 45 wt% in
which microdomain ordering by electric fields can be
effectively realized. The variation of the electric field
strength revealed a threshold value, below which no electric
field induced orientation can be achieved. In summary, the
maximum final orientation reached in solution could be
described by order parameters of down to P,= —0.27 (the
theoretical minimum value of P,= —0.5 corresponds to the
maximum in orientation). The time constants of the fastest
processes were in the range of 7=0.6s. Finally, after
complete solvent evaporation, bulk samples exhibited order
parameters of down to P,=—0.4.

We have demonstrated that electric field alignment of block
copolymer domains from solution provides a useful tool to
generate anisotropic bulk block copolymer samples by
controlling a large variety of parameters like block copolymer
composition, polymer concentration, and electric field strength.

The application of a solvent-based procedure to the
alignment of methacrylate containing block copolymers
combines the high technological potential of these materials
with access to an extended range of functionality and molecular
weight of the respective materials.
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