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ABSTRACT: Block copolymers show a variety of microdomain structures due to their ability to phase
separate. The bicontinuous gyroid phase and its behavior under the influence of external fields are
particularly interesting with regard to technological applications. In this paper, we studied the behavior of
a gyroid-forming block copolymer solution under the influence of an external electric field. As a model
system, we used a solution of polystyrene-b-polyisoprene in toluene. We will show that the gyroid phase can
be aligned by amoderate electric field and can be forced to undergo a phase transition to the cylindrical phase
under a sufficiently high electric field. This process is reversible, and the cylinders immediately reconnect after
the electric field is switched off, generating a highly aligned gyroid phase.

Introduction

One of the most fascinating properties of block copolymers is
their ability to phase separate into periodic microdomain struc-
tures, such as the body-centered-cubic crystal of spherical domains
(S), hexagonally packed cylinders (C), bicontinuous gyroid (G),
and lamellar domains (L). The study of the phase diagram of
various block copolymer systems and the respective theoretical
predictionhave attracted great interest since the 1980s.Here,mean-
field theories, such as the Ginzburg-Landau type model with the
random phase approximation (RPA) and the self-consistent-field
theory (SCFT), have been successfully applied.1-6

By far themost prominent complex phase is the gyroid phase, a
bicontinuous cubic structure with Ia3d symmetry, in which the
minority domain forms interweaving left- and right-handed
3-fold coordinated lattices. These interpenetrating networks will
lead to nontrivial rheological properties due to very complex
possible topological transformations under external fields. As a
result, the gyroid morphology is of great interest for applications
in chemical engineering, such as three-dimensional photonic
crystals, microporous systems, nanoreactors, etc.7-9 A detailed
knowledge on how the gyroid structure would respond to
different types of external influences, like temperature change
or various possible external fields, is required. In addition, for
most applications a large-scale well-ordered gyroid structure is
necessary. However, a fundamental understanding of the gyroid
structure is still limited compared to the classical phases like
lamellae, cylinders, and spheres.

Among the equilibrium ordered phases, a rich variety of rev-
ersible order-order phase transitions (OOTs), such as cylinders-to-
spheres,10-14 lamellae-to-cylinders,14,15 cylinders-to-gyroid,16-25

and lamellae-to-gyroid,20,24,26-32 have been observed experimen-
tally and were described theoretically. These OOTs can be
induced by alteration of temperature, addition of homopolymers,
introduction of selective solvents, or by application of external

fields such as flow or electric fields. Honda and Kawakatsu
studied the transition from the gyroid structure into hexagonally
packed cylinders induced by an external shear flow by means
of self-consistent-field theory.21 Nonomura et al. studied the
transition of the gyroid structure into lamellar and hexagonal
cylindrical structures using the amplitude equations.24 Matsen
described gyroid-to-cylinder transitions under temperature
changewith self-consistent-field theory.25Recently, Zvelindovsky
et al. showed electric field induced gyroid-to-cylinder transi-
tions using self-consistent-field theory and cell dynamics
simulations.22,23

In addition to the above-described theoretical work, Eskimer-
gen et al. studied the stability of the gyroid structure using
combined oscillated shear and small-angle neutron scattering
techniques.18 They showed that the gyroid phase of a polystyrene-
b-polyisoprene diblock copolymer is unstable when exposed
to large-amplitude high-frequency shear deformation. Under a
shear flow in the [111] direction of the gyroid unit cell, a
nucleation and growth of the cylinder domains was observed.
The gyroid arms perpendicularly oriented to the flowdirection do
not contribute to the formation of the cylindrical domains; i.e.,
they vanish during the transition. On the other hand, those that
are nearly parallel to the [111] direction are elongated by the shear
flow and transformed into cylinders.18,21 Application of another
type of field, e.g. electric field, will most likely change the nature
of the transition.

So far, there are only few experimental studies on electric field
induced OOTs in thin films. Xu et al. found that the spherical
microdomains of an asymmetric diblock copolymer were de-
formed into ellipsoids under an electric field and, with time,
interconnected to cylindrical microdomains oriented in the direc-
tion of the applied electric field.33 Crossland et al. studied the
influence of an electric field on a gyroid forming block copolymer
thin film. They observed vertical arrays of cylinders, lamellae,
perforated lamellae, and gyroid phases depending on the tem-
perature and the polymer-substrate interaction.34*Corresponding author. E-mail: boeker@dwi.rwth-aachen.de.
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Furthermore, the influence of an electric field on the order-
disorder transition temperature was described recently.35 In
addition, the orientation of both lamellar and cylindrical micro-
domain structures by virtue of a dc electric field is studied
extensively.36-45 The driving force for the reorientation of
microdomain structures under an electric field is the electrostatic
free energy penalty associated with the dielectric interfaces which
are not parallel to the electric field vector. While the free energy
penalty can be eliminated by reorientation of lamellae and
cylinders, it cannot be eliminated in cubic phases, such as the
gyroid or spherical phase. However, it can be reduced by
distorting the phase. When a field is applied to lamellar or
hexagonal phases, it exerts a torque which causes grain rotation.
The torque is zero, and the energy at a minimum, when the
lamellae or cylinders are oriented parallel to the field. The
spherical and gyroid phases, on the other hand, always have
dielectric interfaces that are not parallel to the field, and their free
energy under the influence of an electric field is higher than
without field. Hence, the structures elongate in the applied field
direction, to an extent at which electrostatic and elastic forces are
in equilibrium. The free energy of this distorted phase, whose
symmetry is reduced, increases with respect to the other phases, a
circumstance which can bring about a phase transition.46,47

In this paper, we describe the reversible, electric field induced
gyroid-to-cylinder transition of a polystyrene-b-polyisoprene di-
block copolymer. At low electric fields the gyroid phase becomes
distorted and aligns in the direction of the electric field lines. The
application of higher electric fields results in an order-order
transition to the cylindrical phasewhere the cylinders are oriented
in the field direction. After switching off the electric field a
cylinder-to-gyroid transition occurs, leading to a highly oriented
gyroid phase.

Methods

Synthesis. A polystyrene-b-polyisoprene block copolymer
with a total number-average molecular weight Mw = 72 000
g/mol was synthesized by sequential living anionic polymeriza-
tion as described previously.48 The polymer used in this study
consists of 69 wt%polystyrene and 31 wt%polyisoprene (92%
1,4-cis). In the following, the polymerwill be denoted as S69I31

72.
Gel permeation chromatography (GPC) of the final block
copolymer yields a polydispersity ofMw/Mn < 1.05. The block
ratio andoverall molecularweightwere determined by 1HNMR
using the integrated aromatic signals of the polystyrene block in
combination with the GPC results of the corresponding poly-
styrene precursor.

Sample Preparation and Capacitor Setup. Toluene solutions
of the block copolymer with a concentration of 45 wt % were
prepared. The electric field experiments were carried out in a
home-built capacitor at room temperature. The capacitor con-
sists of twoplanar gold electrodes (5� 10mm2)with a spacing of
1 mm embedded in a Teflon block with two glass windows
(perpendicular to the electrodes in the direction of the X-ray
beam). The sample volume is large compared to the volume
detected by the X-ray beam (100 � 100 μm2) to exclude any
surface effects of the electrodes. The sample solution is intro-
duced into the capacitor via a syringe inserted at one side of the
cell with an intake diameter corresponding to the electrode
distance. After filling, the capacitor is closed with two Teflon
screws. A dc voltage of up to 11 kV was applied across the
capacitor, resulting in a homogeneous electric field pointing
perpendicular to the X-ray beam direction (see Figure 2a). Both
the voltage at the electrodes and the current through the sample
were monitored during the course of the experiment. Since we
did not detect any current during the measurements, we can
exclude any effect caused by mobile ions in the system.

Small-Angle X-ray Scattering. Synchrotron SAXS measure-
ments were performed at the ID02 beamline at the European

SynchrotronRadiationFacility (ESRF,Grenoble, France). The
diameter of the X-ray beamwas 100 μm. The photon energywas
set to 12.5 keV, corresponding to a wavelength of 0.1 nm. SAXS
patterns were recorded with a two-dimensional CCD camera
located at a distance of 10 m from the sample within an
evacuated flight tube. The detector is capable of acquiring up
to 120 frames (2048� 2048 pixels) at a rate of 3 frames/s. Before
data analysis, background scattering was subtracted from the
data, and corrections were made for spatial distortions and for
the detector efficiency.

To determine the exact peak position of the first-order Bragg
peak in the direction parallel and perpendicular to the electric
field lines, we averaged the corrected two-dimensional SAXS
data over a 30� opening angle in the horizontal direction
(parallel to the electric field lines) and the vertical direction
(perpendicular to the field lines). The peak position in the
scattering vector q was analyzed with a Voigt fitting model.
The lattice distances were calculated according to dhkl=2π/qhkl.

Results and Discussion

Phase Behavior without Electric Field. Before we discuss
the effects of electric fields on the microdomains, we first
concentrate on the microdomain structure, formed in a
45 wt % solution of S69I31

72 in toluene in the absence of an
electric field. Toluene was chosen as solvent as it is fairly
nonselective for PS andPI.49 The polymer concentrationwas
adjusted to be 2 wt % above the order-disorder concentra-
tion. Figures 1 and 2 show the scattering profile and 2D
scattering pattern as well as the azimuthal scattering inten-
sity dependence for this system. The SAXS profile exhibits
nine reflections which are listed in Table 1. The relative
positions of these peaks belong to the series n1/2q = 3, 4, 7,
10, 11, 12, 19, 21, and 25 as indicated by arrows in Figure 1.
This sequence of observed reflections can be indexed as
shown in Table 1 and can be attributed to the gyroid phase.
The 10-to-1 intensity ratio between the first and second peak
is consistent with that calculated and observed for the
bicontinuous Ia3d morphology.50

On closer examination an anisotropic intensity distribu-
tion of the first-order Bragg peak was found as shown in
Figure 2b. The scattering pattern of a gyroid structure was
indexed previously by F€orster et al.51 and Vigild et al.16 They
examined the scattering pattern arising from a single crystal
with the [111] lattice direction aligned perpendicular to the
X-ray beam.By rotation of the single crystal around the [111]
lattice direction, they determined different first-order spots
depending on the orientation of the other lattice directions.
The scattering from, for example, a single crystal with the
[202] lattice direction aligned parallel to theX-ray beamgives
a pair of meridional Æ211æ reflections at (90� and another

Figure 1. Scattering profile of a 45 wt% solution of S67I33
72 in toluene.

The arrows identify the characteristic gyroid reflections.
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pair of Æ211æ reflections at-19.5� and 160.5� with respect to
the [111] equator. A 2D powder made up of domains rotated
randomly around the [111] lattice direction results in the
characteristic 10 first-order spots pattern observed for many
gyroid structures.We observe four main spots in our S69I31

72

system at 74�, 179�, 257�, and 359�with respect to the normal
of the electrode plane. If we assume the [111] lattice direction
to be perpendicular to the normal of the electrodes, they can
be assigned to 164�, 269�, 347�, and 89� with respect to the

normal of the [111] lattice direction. The scattering pattern is
similar to the pattern described above; i.e., the spots at 269�
and 89� correspond to the Æ211æ reflections at(90�, whereas
the spots at 164� and 347� relate to the Æ211æ reflections at
-19.5� and 160.5�. Therefore, we can conclude that the
majority of the domains are oriented with the [111] lat-
tice direction perpendicular to the normal of the electrodes
and to the X-ray beam whereas the [202] lattice direction
is aligned parallel to the X-ray beam, as illustrated in
Figure 2a,c. This orientation may arise from shear forces
occurring during the filling procedure as observed for lamel-
lar systems previously.40 As mentioned earlier, the sample
solution is filled into the capacitor via a syringe leading to a
shear field along the flow direction, i.e., perpendicular to the
normal of the electrodes.

Realignment of the Gyroid Phase with a Moderate Electric
Field. First experiments were performed with moderate
electric field strengths up to 6 kV/mm. We observed only
slight differences in the overall scattering profile as shown in
Figure 3a; i.e., the peak positions remain the same, indicating
that the gyroid morphology is intact for all investigated
electric field strengths up to 6 kV/mm. However, if we study
the orientational behavior of the first-order Bragg peak, we
find a different orientation of the gyroid structure under the
influence of 6 kV/mm compared to the initial structure
without a field. Figure 3b shows the azimuthal angular
dependence of the scattering intensity for different electric
field strengths.Clearly, there is nodifference in theorientation
up to 4 kV/mm. The pattern starts to change at 5 kV/mm,
and for 6 kV/mm we find two distinct peaks at 90� and 270�.
Figure 3c shows the evolution of the azimuthal angular
dependence under the influence of a constant field of
6 kV/mm within the first minutes after application of the
electric field. The initial peaks at 179� and 359� decrease
whereas the initial peaks at 74� and 257� shift to 90� and 270�
and growwith time. Such a pattern is expected from orienta-
tions where the [211] and [321] crystal planes are parallel with
the scattering plane and the [111] lattice direction is parallel
to the electric field lines, i.e., parallel to the normal of the
electrodes and perpendicular to the X-ray beam as depicted
in Figure 4.16 This behavior indicates an electric field driven
realignment of the gyroid structure. The destruction of the
initial peaks at 179� and 359� and both the shift and the
growth of the peaks at 74� and 257� show that gyroid
domains, which are already orientated with the [111] lattice
direction slightly parallel to the electric field, rotate in the
field direction and then grow at the expense of those orien-
tated perpendicular to the field direction. The energy re-
quired to rotate whole misaligned domains is too high. As a
result, the growth mechanism proceeds rather via grain
boundary migration which was observed already for lamella
systems.37

Figure 2. (a) 2D scattering pattern and experimental setup with respect
to the geometry of the electric field and the X-ray beam. (b) Azimuthal
dependence of the scattering intensity of the pattern shown in (a).
(c) Schematic depiction of a gyroid structure with indication of the
lattice directions, the scattering plane, and the electric field direction
before alignment. The orientation of the lattice directions is shown in
(a). (d) Cross section of the scattering plane; the arrow indicates the
electric field direction.

Table 1. Comparison of Observed Reflections for a 45 wt% Solution of Polystyrene-b-polyisoprene (S67I33
72) in Toluene with Those Predicted for

a Gyroid Structure

predicted observed predicted observed

relative peak
position (n1/2q) (hkl)

relative peak
position (n1/2q)

relative peak
position (n1/2q) (hkl)

relative peak
position (n1/2q)

3 (211) 3 15 (521)
4 (220) 4 16 (440)
7 (321) 7 19 (611) 19
8 (400) 20 (620)
10 (420) 10 21 (541) 21
11 (332) 11 23 (631)
12 (422) 12 24 (444)
13 (431) 25 (543) 25
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As mentioned above, the driving force for an electric field
driven reorientation is in general the electrostatic free energy
penalty arising from dielectric interfaces which are not
parallel to the electric field lines. The free energy penalty
can be reduced by reorientation of lamellae or cylinders, but
not by reorientation of cubic phases, since every orientation
has interfaces perpendicular to the electric field lines which is
associated with a free energy penalty. Tsori et al. suggest a
distortion of the cubic phases under electric fields. The
structure elongates in the applied field direction and there-
fore can be aligned by the electric field.46,47 Indeed, by closer
examination of the scattering profile, we find different lat-
tice distances for the gyroid structures depending on their
orientation with respect to the electric field vector. Figure 5
shows the lattice distance d220 of gyroid structures which are
aligned parallel to the electric field lines and those oriented
perpendicular to the field lines.

The lattice distance was calculated from the position of the
second-order Bragg peak for different sectors of the scatter-
ing pattern as described in the experimental section. Up to
5 kV/mm we find no dependence of the gyroid lattice
distances for structures with the [111] lattice direction per-
pendicular to the field lines. If the [111] lattice direction was
parallel to the field lines, we observed an increase of the
lattice distance with increasing electric field strength, indi-
cating an electric field induced elongation of the gyroid
morphology. As soon as we apply 6 kV/mm, the gyroid
lattice distance of structures with the [111] lattice direction
perpendicular to the field lines starts to increase as well. This
behavior may be explained by (i) the reorientation of the
gyroid structure which was already elongated by the electric
field and (ii) the onset of the order-order transition to
cylinders.

Gyroid-to-Cylinder Transition under Influence of a Strong
Electric Field. After realignment with moderate electric
field strengths the electric field was stepwise increased to
11 kV/mm. Prior to the SAXSmeasurements the system was
equilibrated at the given electric field for 10 min.We observe
a dramatic change in the overall scattering pattern as shown
in Figure 6. A new reflection appears in the inner circle of the
first-order Bragg peak at 0.8q* (indicated by an arrow). This

Figure 3. (a) Scattering profiles in dependence of the applied electric
field strength. (b) Azimuthal angular dependence of the scattering
intensity for different electric field strength. The colors correspond to
the colors in (a). (c) Evolution of the azimuthal angular dependence
under the influence of a constant field of 6 kV/mm with time, whereas
red corresponds to t = 0 and purple to t = 780 s.

Figure 4. Schematic depiction of a gyroid structure (top) and cross
section of the scattering plane (bottom) with indication of the lattice
directions, the scattering plane, and the electric field direction after
alignment with 6 kV/mm, as shown in Figure 3c.

Figure 5. Lattice distance d220 of the gyroid structure with the [111]
lattice direction parallel to the field lines (red circles) and perpendicular
to the field lines (blue diamonds) in dependence of the electric field
strength.
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reflection is more distinct in the direction of the electric field
than perpendicular to it. With further increase of the electric
field up to 9 kV/mm the new reflection vanishes as well as
the characteristic gyroid diffraction peaks, and we observe
diffraction peaks at a ratio of 1:2:

√
7 which are characteristic

for hexagonal structures.
The vanishing of these peaks depends on the orientation of

the structure with respect to the electric field lines. Figure 7
shows the scattering profiles for gyroid structures which are
aligned parallel to the field direction and for those oriented
perpendicular to the electric field. The majority of the gyroid
domains were aligned parallel to the electric field lines, and
for these we mainly found diffraction peaks at a ratio of
1:2:

√
7. On the other hand, we still observe the gyroid

reflections for those structures which were not aligned
parallel to the electric field. However, these reflections also
vanish with further increasing electric field strength up to
11 kV/mm, and only peaks at a ratio of 1:2:

√
7 could be

identified for all orientations. We can explain this behavior
by a phase transition from the gyroid to the cylindrical phase
due to the influence of a high electric field. As pointed out
before, it is not possible for the gyroid phase to eliminate the
electrostatic energy penalty arising from dielectric interfaces
in the electric field by reorientation. It was shown that the
gyroid phase becomes distorted to lower the electrostatic
energy penalty. Thus, the free energy of the elongated gyroid
structure increases with increasing electric field strength. If
the electric field is sufficiently high, the cylindrical phase is
energetically favored, and the gyroid phase undergoes a
phase transition to cylinders. These can be aligned parallel
to the electric field lines, thereby eliminating the electrostatic
energy penalty.

Different pathways for the gyroid-to-cylinder transition
were reported in the literature. Matsen proposed that the
temperature-induced transition is initiated by the formation
of a 5-fold junction from one 3-fold junction of the gyroid
phase. Next its original three connections rupture, leaving a
cylindrical unit connecting two distant 4-fold junctions.
These transform into 5-fold junctions, and then their original
connections break increasing the length of the cylinder
(Figure 8). Repeating this process causes the lattice of the
gyroid to completely unzip into cylinders.25 The gyroid-to-
cylinder transition under an electric field was investigated by
Pinna et al. using cell dynamics simulations.23 A similar
pathway as proposed by Matsen was found. They reported
that first the gyroid structure becomes stretched under the
electric field. Then, the gyroid connections, which are per-
pendicular to the electric field lines, break, and the system
transforms to helically wound cylinders. As time proceeds,
these cylinders straighten.

On the other hand, the hexagonally perforated lamellar
(HPL) phase is a common transient structure in the pathway
of gyroid-to-lamellae transition and was also observed ex-
perimentally in the shear induced cylinder-to-gyroid transi-
tion by Imai et al.32,52 The HPL phase consists of planar
tripods and can be generated from the gyroid phase by
rotating the dihedral angle of the connecting tripods. How-
ever, the hexagonally perforated lamellar structurewas never
observed in the reverse gyroid-to-cylinder transition.

On the basis of our scattering data, we cannot decide
which pathway the gyroid-to-cylinder transition follows.We
can, however, conclude that the new reflection, which ap-
pears at an electric field strength of 7 kV/mm, arises from an
intermediate structural element exclusively existing during
the early state of the gyroid-to-cylinder transition. In addi-
tion, we found that gyroid structures which are aligned with
the [111] lattice direction parallel to the field lines first
undergo a phase transition (see Figure 7). The energy needed
to transform gyroid structures which could not be aligned is
much higher, and the phase transition for those structures
occurs at increased electric field strengths. These results
are corroborated by dynamical self-consistent-field theory

Figure 6. Overall scattering profiles in dependence of the applied
electric field strength. The characteristic reflection for a gyroid structure
(black) and a cylindrical structure (red) are indexed. The arrow indicates
the new reflection at 0.8q* arising from an intermediate morphology.

Figure 7. Scattering profiles of gyroid structures with the [111] lattice
direction parallel to the field lines (red) and perpendicular to the field
lines (blue) for electric field strengths of 9 kV/mm (light color) and
11 kV/mm (dark color).
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studies of the shear field induced gyroid-to-cylinder transi-
tion simulated by Honda et al.21 They found that gyroid
domains, which are oriented perpendicular to the shear
direction, do not contribute to the formation of the cylind-
rical domains. They are disconnected and vanish during the
transition. On the other hand, the gyroid domains parallel to

the shear direction become elongated and transform into
cylindrical domains.

Relaxation to the Gyroid Phase after Switch-Off of the
Electric Field. As soon as the electric field is switched off,
the original gyroid reflections appear again (Figure 6).
Figure 9a shows the time evolution of the scattering profile
after switch-off of the electric field. Clearly, a transition from
the cylindrical phase to the gyroid phase is observed which
proceeds within some seconds. In addition, we found no
further peaks during the transition. If we examine the 2D
scattering image after the switch-off, we observe a highly
anisotropic pattern (Figure 9b). This pattern indicates
that the gyroid structure is aligned perpendicular to the
electrodes, i.e., parallel to the former electric field lines. We
calculated an order parameter of P2 = -0.33 as described
elsewhere.40 P2 ranges from 1 to -0.5 with P2 = -0.5
corresponding to a gyroid structure perfectly aligned parallel
to the electric field lines and P2 = 1 corresponding to
structures fully aligned perpendicular to the electric field
vector.

If the electric field is decreased, the free energy of the
gyroid phase again becomes lower than the free energy of the
cylindrical phase. Thus, a cylinder-to-gyroid transition oc-
curs with the switch-off of the electric field. This transition
proceeds rather fast, which indicates furthermore that the
cylindrical structure is not stable without an electric field.
As explained above, the gyroid-to-cylinder transition is
expected to proceed via an intermediate HPL phase or via
4- and 5-fold junctions within the gyroid phase. For both
pathways an extra reflection arising from the intermediate
structure is expected. The absence of any transient peaks
during the cylinder-to-gyroid transition suggests a different
pathway with no intermediate morphology. Vilgid et al.
observed an epitaxial hexagonal-to-gyroid transition with-
out any transient structure by a shallow temperature quench
of the hexagonal phase.16 They also point to the fact that
with increasing stability of the final structure the transition
is more likely to proceed via intermediate morphologies. In
addition, the final gyroid structure is aligned parallel to the
former electric field lines.As it is known that the alignment of
lamellae or cylinders in an electric field is stable even after the
electric field is switched off,38 this finding corroborates the
suggested pathway above, since in the case of an epitaxial
transition, the gyroid structure will be aligned in the same
direction as the cylindrical structure.

Conclusion

In summary, we found a reversible gyroid-to-cylinder transi-
tion of a polystyrene-b-polyisoprene diblock copolymer system
under the influence of a high electric field. We showed that the
shear-aligned gyroid structure can be distorted and realigned by a
moderate electric field. As the electric field is increased, the free
energy of the gyroid increases and forces the system to undergo a

Figure 8. Schematic illustration of the gyroid-to-cylinder transition as proposed by Matsen. Reprinted with permission from ref 25. Copyright 1998
American Physical Society.

Figure 9. (a) Evolution of the scattering profile after switch-off of the
electric field (9 kV/mm) with time. The characteristic reflections for a
gyroid structure (black) and a cylindrical structure (red) are indexed.
(b) 2D scattering pattern after 160 s after switch-off of the electric field.
The arrow indicates the electric field direction.
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phase transition to the cylindrical phase. This cylindrical phase is
unstable without an electric field, and as soon as the electric field
is switched off, the cylinders undergo a phase transition back to
the gyroid phase. Both transitions proceed via different path-
ways. The resulting gyroid phase is highly aligned in the direction
of the former cylinder orientation.
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