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We investigate the microscopic mechanisms responsible for microdomain alignment in block
copolymer solutions exposed to an electric field. Using time-resolved synchrotron small-angle x-ray
scattering, we reveal two distinct processes, i.e., grain boundary migration and rotation of entire grains,
as the two dominant microscopic mechanisms. The former dominates in weakly segregating systems,
while the latter is predominant in strongly segregated systems. The kinetics of the processes are
followed as a function of polymer concentration and temperature and are correlated to the solution

viscosity.
DOI: 10.1103/PhysRevLett.89.135502

The spontaneous formation of nanostructured mate-
rials via molecular self-assembly has gained increasing
interest throughout the past decade, driven both by its
inherent beauty and by a wealth of potential technologi-
cal applications. Incompatible block copolymers are a
prominent example for this class of materials as they
form a large variety of well ordered microdomain
structures of molecular dimensions [1,2]. However, the
self-assembly process typically leads to an isotropic mul-
tidomain structure of only short range order. The use of
external fields has proven helpful to overcome this draw-
back and create macroscopically large monodomains.
Most prominently, mechanical fields have been used to
macroscopically orient block copolymers in melt [3-5]
and solution [6,7].

Only recently, the potential of external electric fields
has been exploited for microdomain alignment in block
copolymer melt thin films [8]. Both lamellar and cylin-
drical microdomain structures were oriented macroscopi-
cally by virtue of a dc electric field [8—11]. Experiments
in the melt, however, are limited by the high viscosities
typical for high molecular weight copolymers or copoly-
mers of more complex architectures. These limitations
can be circumvented by using concentrated block copoly-
mer solutions in nonselective solvents [12,13]. The key to
an understanding of the reorientation behavior of block
copolymer microdomains in solution is the knowledge of
the underlying microscopic mechanisms contributing to
the rearrangement of domains. In contrast to the case of
shear alignment of block copolymers, which has been
studied by a variety of different experimental techniques
such as in situ birefringence [4], in situ small-angle
neutron scattering [14], and ex sitru small-angle
x-ray scattering (SAXS) [15-17], only little is known
about the relevant microscopic processes playing a role
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during block copolymer alignment in the presence of an
electric field.

In the present Letter, we report on real-time SAXS
experiments on concentrated block copolymer solutions
aiming to study the kinetics of microdomain orientation
in the presence of an electric field and thus to elucidate the
underlying microscopic processes. Synchrotron-SAXS
combines the advantages of the above-mentioned in situ
techniques (high time resolution of 0.1 sec) with detailed
information on the microscopic state of order, typical for
a high quality scattering experiment. We identify two
distinct microscopic mechanisms, each of which domi-
nates the reorientation process in a certain regime of
polymer concentration and temperature.

A polystyrene-block-polyisoprene (SI) diblock copoly-
mer of nearly symmetric composition was synthesized by
sequential living anionic polymerization. The polymer
consists of 52 wt. % polystyrene (PS) and 48 wt. % poly-
isoprene (PI) with a total number-average mole-
cular weight M, = 80000 g/mol and a polydispersity
M, /M, = 1.02. The polymer was dissolved in toluene
with concentrations ranging from 30 to 80 wt. %. The
alignment experiments were performed in a home-built
capacitor with gold electrodes (electrode distance: 2 mm)
at temperatures between 25 and 80 °C. A dc voltage of
2 kV was applied across the electrodes, resulting in a
homogeneous electric field pointing perpendicular to
the direction of the x-ray beam [see Fig. 1(a)]. No leakage
currents were detected. Synchrotron-SAXS measure-
ments were performed at the ID2A beam line at the
European Synchrotron Radiation Facility (ESRE
Grenoble, France). The diameter of the x-ray beam was
200 pwm. The photon energy was set to 12.5 keV. SAXS
patterns were recorded with a two-dimensional camera
located at a distance of 10 m from the sample within an
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FIG. 1 (color). (A) Experimental setup for in situ SAXS. (B)-
(D) Two-dimensional SAXS pattern of a 35 wt. % solution of a
SI diblock copolymer in toluene taken at 25 °C prior to (B) and
after application of an electric field (E = 1 kV/mm) (C),(D).
The color scale in C is exaggerated for clarity [see Fig. 2(a)].

evacuated flight tube. The detector can monitor up to
125 frames (1024 X 1024 pixels) at a rate of 10 frames
per second.

In a first set of experiments (not shown here), we
investigated the ordering behavior of the block copolymer
solutions in the absence of an electric field. At room
temperature, we found an order-disorder transition
(ODT) at about w ) opr = 34.5 wt. %, above which a
well-defined lamellar microdomain structure is devel-
oped. A characteristic lamellar spacing of d = 39 nm is
found at wy,,; = 35 wt. %, which increases smoothly with
increasing polymer concentration. Interestingly, after
preparation the microdomain structure appears to be
highly oriented parallel to the electrodes. This can be
seen from the two-dimensional SAXS pattern displayed
in Fig. 1(b), which shows two distinct peaks around ¢ =
0° and ¢ = 180°. This behavior is retained after heating
the sample above the order-disorder temperature and
subsequent cooling. We therefore anticipate that preferen-
tial attraction of the PS block to the gold surfaces is
responsible for this alignment [18].

When an electric field is applied across the two elec-
trodes, the scattering pattern changes significantly. As
can be seen from the snapshots taken at different times,
the anisotropic pattern first turns into an isotropic ring of
weak intensity [Fig. 1(c), t = 6 s] before two distinct
peaks are formed at about ¢ = 90° and ¢ = 270° at later
times [Fig. 1(d), t = 34 s]. The complete set of data is
displayed in Fig. 2(a), where the intensity of the (10 0)
peak is plotted as a function of ¢ for increasing time ¢.
Clearly, an almost complete destruction of the initial
peaks is seen at early times followed by the buildup of
new peaks at about ¢ = 90° and ¢ = 270°.
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FIG. 2 (color). Time development of the scattering intensity
as a function of the azimuthal angle ¢ in the presence of an
electric field of strength E = 1 kV/mm for different polymer
concentrations and temperatures. (A) wpo = 35 wt. %, T =
25°C; (B) wpo = 50 wt. %, T = 25 °C; (C) wyo = 47.5 wt. %,
T =27°C; (D) wpoy = 47.5 wt. %, T = 80 °C.

Before we turn to a quantitative discussion of the
kinetic data, we note that a qualitatively different reor-
ientation behavior is observed when the polymer concen-
tration is significantly increased. This is shown in
Fig. 2(b) for a polymer solution with wy, = 50 wt. %.
In contrast to the situation described above, the initial
scattering peaks are not destroyed as the electric field is
applied; however, they merely rotate from their original
positions at ¢ = 0° and ¢ = 180° towards their final
positions at ¢ = 90° and ¢ = 270°, respectively. The
peak intensities decrease slightly during the rotation
process and eventually increase again after the final
orientation has been reached. For intermediate concen-
trations (not shown here), a superposition of both behav-
iors is observed. Interestingly, we can retain the original
mechanism, if we increase the temperature. This can be
seen in Figs. 2(c) and 2(d), where the reorientation be-
havior of a sample with wy,,; = 47.5 wt. % is shown at two
different temperatures. While a shift of the peaks domi-
nates at lower temperatures [T = 27 °C, Fig. 2(c)], a
destruction of the initial signals is followed by a buildup
of two new peaks at well-defined positions at about ¢ =
90° and ¢ = 270° at higher temperatures [T = 80 °C,
Fig. 2(d)]. Again, at intermediate temperatures both be-
haviors coexist.

These findings point to two different underlying
mechanisms responsible for microdomain reorientation
in the presence of the electric field. Close to the ODT, i.e.,
at low concentrations and high temperatures, microdo-
mains aligned parallel to the electric field grow at the
expense of those aligned parallel to the electrodes.
Intermediate orientations, however, are not observed.
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This behavior matches the notion of the migration of
grain boundaries [Fig. 3(a)], which has previously been
described for microdomain alignment under shear [16]
and which was assumed to play a role in electric-field
experiments as well [9,10,19]. As indicated in Fig. 3(a),
one lamella grows at the expense of another with a sig-
nificantly different orientation by motion of a tilt bound-
ary (wall defect) between them, leading to a direct
transfer of scattering intensity between widely separated
azimuthal angles ¢.

Further away from the ODT, i.e., for high concentra-
tions and low temperatures, the scattering pattern seems
to be preserved and merely shifts into the new orientation.
This observation points to the rotation of entire grains as
an alternative orientation process [Fig. 3(b)]. The grains
exhibit a broad size distribution ranging between a few to
some hundred microns as determined by polarization
optical microscopy (not shown here). In contrast to the
migration of grain boundaries, microdomain orientations
intermediate between the initial and the final orientations
are observed. At the same time, no increase in isotropic
scattering is detected. Nevertheless, the peak intensity
decreases temporarily and is recovered only after the
final orientation is reached. This decrease indicates that
the grains do not necessarily rotate around the x-ray
beam direction, but rather in a way where they do not
contribute to the scattering signal. This is in contrast to
mechanical shear fields, which impose a preferential axis
of domain rotation. The observation that all grains rotate
in the same sense towards their final orientation is possi-
bly induced by slight misorientations of the initial states
due to misalignment of the sample. The fact that the final
orientation parallel to the electric-field vector is not fully
reached within the experimental time frame is in agree-
ment with the notion that the driving force for grain
alignment almost vanishes as the aligned state is ap-
proached [10].
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FIG. 3. Sketch of the two dominating microscopic mecha-
nisms: (A) grain boundary migration and (B) grain rotation,
eventually leading to an alignment parallel to the electric field
(C). (D) TEM picture of a typical kink band defect observed
after electric-field alignment. Scale bar = 400 nm.
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We note that the observed behavior near ODT may also
indicate what is typically referred to as the dissolution/
reformation mechanism (“selective melting”) [20,21].
This mechanism would involve partial dissolution of
microdomains (at the size of several microns) which are
perpendicular to the external field, followed by creation
of domains parallel to the electric field. However, since
we did not detect any shifts in the ODT induced by the
electric field, we do not expect electric-field-induced
mixing of PS and PL In addition, no radial broadening
(g dependence) of the scattering intensities is observed
during the reorientation process. We therefore tend to
exclude microdomain “melting” as a relevant mechanism
in our experiments, whereas we anticipate that for migra-
tion of grain boundaries it may play a role on a molecular
level, as in principle single chain motion is sufficient to
stepwise change the orientation of large areas along a
wall defect (“molecular scale reorientation’). Our
mechanistic picture is further corroborated by typical
kink band defects found in bulk samples prepared by
solvent casting under an applied electric field [Fig. 3(d)].

We note that the integrated scattering intensity in Fig. 2
slightly drops during the initial stage of the reorientation
process and is found to increase at later times (not shown
here). The initial decrease may result from lamellae rotat-
ing out of the plane of observation. The eventual increase,
on the other hand, indicates the overall growth of do-
mains at later times.

The transition from grain rotation to migration of grain
boundaries on approaching ODT can be explained by the
fact that at high concentrations and low temperatures, i.e.,
in a strongly segregated system, grain boundaries are
thermodynamically unfavorable. Therefore, larger grains
are formed which exceed a certain critical size, so that
they can be rotated effectively by the electric field. This
has already been anticipated for diblock copolymer melt
systems [19]. At low concentrations and high tempera-
tures, i.e., in a weakly segregated system, the energetic
penalty for the creation of boundary interfaces is much
lower. Furthermore, close to ODT, we also expect a high
defect density and mobility. The vast majority of grains
formed are obviously not large enough to be rotated by
the electric field. On the other hand, the mobility of
defects such as grain boundaries (wall defects) is large,
which allows the system to orient its domains parallel to
the electric field by single chain based migration of grain
boundaries.

A quantitative evaluation of the domain boundary mi-
gration process proves difficult due to the overall intensity
variations mentioned above. The grain rotation process,
however, is reflected in an intensity independent change
of the scattering angle, which is unambiguously extracted
from the data. For this end, we model the azimuthal
scattering intensity at about ¢ = 180° by two Gauss-
ians, one fixed at the initial peak position and the other
one being allowed to shift towards the final position as a
function of time. We reveal the respective peak intensities
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FIG. 4. (A) Angular shift of rotational component at different
concentrations (O =35wt.%, O=475wt%, A=

50 wt. %) at field strength of E=1kV/mm at T = 25°C.
The solid lines represent least-squares fits to the data yielding
the rotational time constant 7,,; (B) bilogarithmic plot of 7
versus solution viscosity, 7.

and the position of the maximum, Ag, of the shifting
peak from least-squares fits to the experimental data.
Figure 4(a) shows the position of the shifting peak A¢
versus time for different copolymer concentrations. The
data in Fig. 4(a) can be fitted by a single exponential
(solid lines) yielding an effective rotational time constant
Tt~ Lhis time constant describes the average kinetics of
the rotation of entire grains of different sizes. One may
assume that this microscopic measure should somehow
scale with the macroscopic viscosity, 1, of the block
copolymer solution. Therefore, we determined the solu-
tion viscosity n at 1 rad/s for different concentrations
using a Rheometrics Stress Rheometer SR-5000 with a
plate-plate geometry (diameter: 25 mm). Both frequency
and time sweeps were performed and the final values are
averages over at least three independent measurements.
With these data, we can establish a relation between the
(microscopic) rotational time constant 7, and the (mac-
roscopic) viscosity 7 of our block copolymer solutions. A
bilogarithmic plot of 7., versus n [Fig. 4(b)] yields a
straight line with a slope of 2.85 £ 0.22 indicating a
power law behavior 7, o« 7>8*0.22,

We note that the dependence of 7., on polymer con-
centration will result from a subtle balance between the
driving force of the electric field and some sort of viscous
retardation. The former is expected to grow with increas-
ing polymer concentration as both the dielectric contrast
and the degree of incompatibility will increase. At the
same time, the solution viscosity is growing with polymer
concentration. The exact behavior is difficult to predict;
however, the data shown in Fig. 4(b) indicate that in the
particular system studied here the increase in viscosity
dominates over the increase of the driving force.

In conclusion, we have shown that real-time synchro-
tron SAXS measurements provide insight into the micro-
scopic processes relevant for microdomain alignment in
concentrated block copolymer solutions. Close to the
ODT, migration of grain boundaries seems to be the
governing mechanism, while rotation of grains domi-
nates further away from the ODT, i.e., under strongly
segregating conditions. The rather fast reorientation ki-
netics could be nicely resolved and were quantified sepa-
rately by extracting the time constant for the rotational
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component, 7. Provided that a quantitative model for
the dependence of 7., on the solution viscosity can be
established, the determination of rotational time con-
stants can provide microscopic insight into the local
dynamics of block copolymer solutions.
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