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ABSTRACT: Large area microdomain alignment in poly(ethylene oxide-b-6-(40-cyanobiphenyl-4-yloxy)
hexyl methacrylate) block copolymers was successfully accomplished by the application of a 6 T magnetic
field while cooling from elevated temperatures in the melt state. Small-angle X-ray scattering demonstrated
that lamellar and cylindrical PEOmicrodomains alignedwith their interfaces along the applied field, whereas
the smectic layers of the liquid crystalline mesophase are perpendicular to the field. This is in agreement with
the positive diamagnetic anisotropy of the cyano-biphenylmesogen and a homogeneous anchoring condition
at the intermaterial dividing surface (IMDS) between the two blocks. The alignment of the system is driven by
the diamagnetic anisotropy of the smectic mesophase and not by the crystallization of PEO at lower
temperatures. The addition of poly(acrylic acid) and LiClO4 salt result in the suppression of PEO crystallinity
and stronger segregation between the polymer blocks leading to improved order in thematerial. The resulting
films arewell aligned overmillimeter length scales of area and thickness.We use a novel continuous rotational
annealing approach to break the degeneracy of the lamellar alignment, permitting facile directed assembly of
the system during a single cooling step. Our experiments demonstrate the creation of well-aligned arrays of
amorphous PEO domains over large length scales and offer a route to functional materials, in particular, for
selective transport applications such as solid ionic electrolytes.

Introduction

Poly(ethylene oxide) (PEO) is a water-soluble semicrystalline
polymer with many useful properties. It is heavily utilized as the
hydrophilic segments in nonionic polymeric and oligomeric
surfactants employed in nanomaterials synthesis1,2 and complex
fluid engineering.3,4 In biological applications, PEO or poly-
(ethylene glycol) (PEG) is known for its inhibition of nonspecific
protein adsorption and is used for passivation of surfaces that
come into contact with biofluids.5,6 Additionally, PEO has long
been considered an attractive material in the design of polymer
electrolytes for batteries. Most commonly, PEO is blended with
lithium salts, forming an association complex between the ether
oxygen and the lithium ion. The resulting material then functions
as a lithium-conducting solid electrolyte for use in lithium ion
batteries.7-9

The semicrystalline nature of PEO poses a problem for rapid
ionic transport when the polymer is used as an electrolyte.
Lithium ion conductivities decrease with the crystalline content
of the system because of reduced segmental and chain mobility.
Although crystallinity is generally suppressed by the addition of
the lithium salt itself,10,11 increased lithium doping does not
necessarily result in improved performance because the salt also
increases the glass-transition temperature of the polymer and can
form crystalline complexes at high stoichiometric ratios.10,12,13

The result is that reasonable conductivities can only be achieved
at temperatures above either the PEO crystalline melting tem-
perature or the Tg of the system, or both, as relevant, where the
PEO exists entirely in an amorphous highly mobile state. The
drawback, however, is the inherently poor dimensional stability
of such a fluid electrolyte and its susceptibility to damage by the
growthof lithiumdendrites during battery function.14As a result,

from this perspective, the realization of all solid-state recharge-
able lithium ion batteries remains a considerable challenge.

One way of overcoming this challenge is to employ nanos-
tructured fluids that have good mechanical and dimensional
stability globally, although composed of high mobility liquids
locally. Block copolymers offer outstanding promise in this area.
Microphase separation produces a system that displays the
properties of the individual blocks on the nanoscale, but which
responds as a material composite on a macroscopic level. For
example, in poly(styrene-b-isoprene-b-styrene) triblock copoly-
mers, locally, the poly(isoprene) microdomains are fluids with
Tg ≈ -70 �C, whereas the poly(styrene) domains are glassy with
Tg ≈ 105 �C. Macroscopically, however, the system is an
elastomeric rubbery composite material produced by the combi-
nation of the glassy poly(styrene) and poly(isoprene) segments.
The same concept has been applied in advancing PEO and other
block copolymers for use as solid lithium electrolytes where
dimensional stability is afforded by the block copolymer super-
structure, whereas ionic conductivity is maintained in a locally
fluid phase produced by salt doping.15-20 Themorphology of the
system, however, becomes a key variable because good ionic
conductivity depends on the provision of contiguous, nonconvo-
luted pathways from one side of thematerial to the other, entirely
within the PEO domains. The high defect density and lack of
long-range order that result on typical uncontrolled self-assembly
of these materials thus pose significant problems for the utility of
these systems as electrolytic membranes.

There is a strong need for the development of methods that
enable facile control of ordering in these materials. Several
approaches have been demonstrated for aligning block copoly-
mer microstructures and controlling order in thematerials. Shear
flow, electric fields, directional solvent evaporation, thermal
gradients, spatial confinement and chemical patterning, for*Corresponding author. E-mail: chinedum.osuji@yale.edu.
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example, as reviewed extensively,21,22 have all shown to be
effective in aligning block copolymers. The method chosen for
a given application depends on the particular requirements as far
as throughput, form factor, material compatibility, and so on.
For the alignment of substrate-supported thin films (1-100 μm)
on large length scales (>1 mm), magnetic fields are particularly
appealing because of their space pervasive nature, the absence of
contact and field breakdown issues as encountered with electric
fields, and the ease of effecting temperature control over the
sample during the alignment. They rely on the presence of
sufficient magnetic anisotropy in the system, such as is provided
by the presence of a liquid crystalline mesophase in the materials.
However, it has only been in recent years that a few reports of
magnetic-field-driven alignment of block copolymer melts have
begun to emerge.23-29 Here we show that magnetic fields can be
successfully used to generate well-aligned films of self-assembled
PEO-based diblock copolymers. A liquid crystalline polymer
forms the conjugate block, thus permitting field alignment.
Crystallization of the PEO domains is successfully suppressed
via formation of interpolymer complexes with poly(acrylic acid)
(PAA) as well as by doping with lithium perchlorate (LiClO4).
Following a discussion of the phase behavior of the system, we
show results for lamellar as well as cylindrical morphologies. We
demonstrate that arbitrary alignment of the lamellar system may
be accomplished by rotational annealing to break the typical
degeneracy that results from field alignment of the lamellar
morphology in these materials.

Experimental Section

Materials. Poly(ethylene oxide-b-6-(40-cyanobiphenyl-4-
yloxy)hexyl methacrylate) (EO-MA/LC) with molecular
weight of 8.5 kg/mol (3.5k-b-5k) and polydispersity of 1.10
was obtained from Polymer Source, and 40-(octyloxy)-4-
biphenylcarbonitrile mesogen (307.43 g/mol) was obtained
from Sigma-Aldrich. PAA (1.8 kg/mol) as well as LiClO4

were purchased from Aldrich. All materials were used as
received. The chemical structure of the block copolymer and
carbonitrile mesogen are illustrated in Scheme 1. The homo-
polymer and free mesogen contents in blend samples were
taken as percentages by weight with respect to the EO and
MA/LC contents, respectively.Materials are referred to here
as EO-MA/LC:(xAA)/(yfLC) where x and y are the weight
percent composition of PAA and the free carbonitrile meso-
gen in theEOandMA/LCblocks, respectivley.Melt samples
were prepared by slow evaporation of solvent from a 5 wt%
solution of the copolymer in DMF at 65 �C. The films were
vacuum-dried at 50 �C for 2 days and then used without
further treatment.

Methods. Small-angle X-ray scattering (SAXS) experi-
ments were performed using 1.54 Å radiation produced by
a Cu anode microfocus source (Rigaku). Scattering was
recorded using a gas-wire electronic area (2D) detector.
The scattering vector, q, is defined as q= (4π/λ) sin θ, where
2θ is the scattering angle. The sample-detector distance was
ca. 83 cm, permitting access to a range of scattering vectors
from 0.016 to 0.3 Å-1. SAXS diffractograms were calibrated
using the scattering from silver behenate with d spacing of
58.38 Å. Automated temperature-controlled melt-state scat-
tering was performed with a Linkam THMS 600 hot stage
connected to a Linkam TMS 94 temperature controller. The
samples were subjected to a heating rate of 5 �C/min with
films held at the acquisition temperatures for 10 min prior to
themeasurements. DSCwas conducted on aTA Instruments
Q200 apparatus at a heating rate of 10 �C/min.

For magnetic alignment, small pieces of solvent-cast films
about 1 to 2 mm thick and 3 mm in diameter were mounted

on Kapton films that were placed in an aluminum sample
holder. The sample holder was lowered into the constant
field core region of a superconducting magnet (American
Magnetics) at flux density of 6 T. Samples were heated to
110 �C, well above the liquid crystal clearing temperature
and above the microphase order-disorder temperature in
some cases, and then allowed to cool to room temperature at
a rate of 0.12 �C/min. Temperature control was within
0.1 �C. Aligned samples were examined by polarized optical
microscopy (POM) using a Zeiss Axio Observer microscope
equipped with a Pike CCD camera. For POM, the samples
were confined between two glass slides with a thin washer in
between serving as a spacer to avoid any inadvertent shear-
induced alignment. Measurements were made in transmis-
sion under crossed polarizers at 20� magnification.

Results and Discussion

The neat diblock copolymer, EO-MA/LC, displayed a poorly
ordered lamellar structure at room temperature, with a d spacing
of 18.5 nm. The structure of the as-cast sample was significantly
distorted by the crystallization of PEO, which was evidenced by
large micrometer-scale spherulites that were visible under POM
(Supporting Information, Figure 1). Upon heating, the PEO
melted around 46 �C, resulting in slightly improved order of the
lamellar microdomains and a corresponding sharper primary
peak in SAXS (Figure 1). The material undergoes an order-
disorder transition near 65 �C, beyond which there is only a weak
correlation hole visible around q=0.039 Å-1. Upon subsequent
cooling to 30 �C, the sample formed the lamellar morphology at
q= 0.046 Å-1, corresponding to a d spacing of 13.7 nm, but the
PEO chains did not crystallize during the course of the SAXS
measurement. This sharp reduction in the spacing is consistent
with the initial formation of amorphous PEO domains. Slow
isothermal crystallization at room temperature or accelerated
crystallization with further undercooling would result in an
increase in the d spacing due to additional chain stretching and
enhanced segregation on crystallization of the PEO.Notably, the

Scheme 1. Molecular Structures of Poly(ethylene oxide-b-6-(4-cyano-
biphenyl-4-yloxy)hexyl methacrylate) (EO-MA/LC) and

40-(Octyloxy)-4-biphenylcarbonitrile
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scattering from the smectic layers at q=0.18 Å-1, d=3.5 nm, is
very weak, but its appearance and disappearance on heating and
cooling are coincident with the order-disorder transition of the
microphase-separated lamellar structure. Such thermotropic-
induced microphase separation is not uncommon in low molec-
ular weight systems such as the systemunder study.29-31A planar
or homogeneous anchoring condition was inferred from ad-hoc
and field-aligned samples, after suitable thermal relaxation, from
the orthogonality of the lamellar scattering with respect to the
smectic.30

The addition of PAA to the system results in the formation of
an interpolymer complex between the PAA and the PEO block.
Such complex formation is well known, in particular for the
preparation of drug deliverymicroparticles using polyelectrolytes
such as PVP, PMAA, and PSS and nonionic species such as
PNVPyr and PEO.32-34 Complexation between PEO and PAA
has been demonstrated in PEO-PPO-PEO (Pluronic) triblock
copolymers where the formation of the interpolymer complex
dramatically improves the weak segregation between PEO and
PPO domains, resulting in ordered structure formation in the
melt state as well as suppression of PEO crystallization.35

Similarly, here we find that the presence of PAA enhances the
segregation between the low molar mass PEO and MA/LC
domains, resulting in sharper Bragg peaks and more prominent
scattering from the smectic layer structure for 10% PAA
(Figure 2). There is a concomitant increase in the ODT of the
system, from 63.7 to 70.5 �C, as shown in the data of Figure 3.
There is a small increase in the d spacingof the lamellae, from13.5
to 14.7 nm. Further addition of PAA, at 20%, results in the
appearance of a strong second-order Bragg reflection, indicating
further improvement in the order of the system (Figure 4).
Instead of an ODT, as encountered for the neat diblock and
10% PAA samples, this material exhibits an order-order transi-
tion from lamellae to hexagonally packed cylinders around 70 �C,
as evidenced by the change in the ratio of the peak locations from
1:2:3 to

√
1:
√
3:
√
4. There was no ODT detected over the

experimental temperature range. The d spacing was unchanged,
in agreement with previously reported results on PAA/Pluronics
where sequential additions of PAA to the system were observed
to have little effect on the domain spacing.35 This is likely due to

the highly collapsed nature of the interpolymer complex formed
by the two polymers.

Inclusion of 1% LiClO4 by weight, corresponding to a stoi-
chiometric ratio of [EO]/[Li] of 246:1, produced a further increase
in the segregation between the EO and MA/LC domains, as
inferred from the improved resolution of the structure in the
SAXS. At this composition, the system again did not display an
ODT over the experimental range, up to 110 �C (Figure 5). The
clearing temperature of the LC, as determined by DSC, was
relatively unchanged at 71.9 �C, compared with 71.3 �C for the
neat diblock. The d spacing was again unchanged at 14.7 nm.
Because of the unavailability, a neat diblockwith the appropriate
composition, blending with the free mesogenic species (fLC)
(Scheme 1), was used to increase the volume fraction of the LC
block to realize hexagonally packed cylindrical microstructures.
Such blending of freemesogens has also been used in pastwork to

Figure 1. SAXSdata ofEO-MA/LC for the first and secondheat-cool
cycles at selected temperatures, as indicated. First heating shows a
melting transition around 45 �C, and the subsequent cooling improves
the order in the system. Both show an ODT around 70 �C.

Figure 4. SAXS data as a function of temperature for EO-MA/LC:-
(20AA) (second heat-cool cycle). The system displays an order-order
transition (OOT) from a lamellar morphology to hexagonally packed
cylinders around 70 �C.

Figure 2. SAXS data as a function of temperature for EO-MA/LC:-
(10AA) (second heat-cool cycle). The heating cycles show a melting
transition around 45 �C and display an ODT around 70 �C.

Figure 3. ODT for EO-MA/LC and EO-MA/LC:(10AA) is seen as
change in peak intensity as a function of 1/T as represented.
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modify the morphology of poly(styrene-b-isoprene/LC) block
copolymers.36 The system was produced by adding 75% of
40-(octyloxy)-4-biphenylcarbonitrile by weight relative to the
MA/LC block to EO-MA/LC:(10AA). The resulting material,
EO-MA/LC:(10AA)/(75fLC), was composed of hexagonally
packed cylindrical microdomains of PEO with a d spacing of
14.5 nm. For hexagonally packed cylinders, the d spacing is
related to the intercylinder distance, d0 as d0=(4/3)1/2d and the
volume fraction φ= (2π/

√
3)(r/d0)

2. The volume fraction of the
EO together with AA in the system is estimated from the weight
fraction, fEO:AA = 0.29, from which a cylinder radius of 4.7 nm
and a cylinder-to-cylinder distance of 16.7 nm are inferred. The
homogeneous anchoring condition of the mesophase was un-
changed, and a smectic layer spacing of 3.5 nm was recorded,
which is identical to that of the lamellar systems. From the
absence of new scattering peaks and the conservation of the
native smectic layer spacing, it can be concluded that the added
mesogen simply coassembledwith the existingmesophase formed
by the covalently bonded moieties, resulting in a homogeneous
swelling of the LC domains and the successful production of the
cylindrical morphology.

DSC studies conducted at varying PAA/LiClO4 concentra-
tions reflect the trend of decreasing PEO crystallinity that is
apparent from the low q regime of the SAXSdata for the samples
discussed above. As shown in Figure 6, there is a continuous
decrease in the melting enthalpy with added PAA, normalized to
the PEO content in the system. The enthalpies are normalized
with respect to themelting enthalpy for the neat diblock, 9.216 J/g
(22.42 J/g per EO). Compared with the enthalpy for completely
crystalline PEO of roughly 200 J/g,37,38 we observe that the
confinement of the PEOblocks at ambient temperatures provides
a starting point in which the system already displays reduced
crystallinity. Significant suppression is driven by the formation of
the interpolymer complex with PAA, and the inclusion of a
relatively small amount of Li further decreases the crystalline
content in the PEO domains.

In all cases, the materials prepared here were successfully
aligned in the melt state by slowly cooling the samples at 0.12 �C
/min in the presence of the 6 T field. The data for the neat diblock
are shown in Figure 7. From an initially unoriented state, the
application of the field vertically with respect to the scattering
plane produces lamellae that are alignedwith the IMDSalong the
field direction and smectic layers that are perpendicular to the
field. The lamellar scattering is concentrated along the equatorial
direction, and that due to the smectic layers is along the
meridional line. That is, the director of the LC phase is parallel
to the field and parallel to the lamellar IMDS, consistent with the
homogeneous anchoring condition of the system, as schemati-
cally depicted in Figure 8. Given the dual properties of semi-
crystallinity and liquid crystallinity imparted by the PEO and
PMA/LC blocks, respectively, there are two possible sources of

the diamagnetic anisotropy that could drive alignment in the
system. Magnetic alignment of a lamellar semicrystalline block
copolymer, poly(ethylene oxide-b-butadiene), has been reported
on the basis of field-directed PEO crystallization.26 There, a 7 T
field was applied during cooling through the crystallization
temperature of the PEO, with the requirement that the system
supported a high nucleation density to restrict the growth of
spherulites and beyond their hedritic core and thus roughly
maintain the diamagnetic anisotropy of the unit cell of the
crystallized material.39 Given the fairly low degrees of crysta-
llinity in the present system, we expect that alignment here is
driven by the diamagnetic anisotropy provided by the smectic
mesophase. To test this, we cooled a sample under the field from
110 to 52 �C at 0.12 �C/min and then ramped down the field to
zero while the temperature was held at 52 �C, which is well above
the crystallization temperature for PEO. The sample was then
permitted to cool to room temperature at the prior cooling rate
but in the absence of the field such that any PEO crystallization
would occur without a field bias. The data (Figure 7b) showwell-
aligned lamellae for sample EO-MA/LC, as was also produced

Figure 5. SAXS data as a function of temperature for EO-MA/LC:-
(20AA þ 1LiClO4) (second heat-cool cycle). This system displays
neither an ODT nor an OOT over the temperature range studied.

Figure 6. Top: DSC heat flow curves of EO-MA/LC samples at
different compositions as indicated. The data scale is divided to display
both the crystallization regime (left vertical axis) as well as the clearing
transitionof the smectic structure (right vertical axis). Bottom:Addition
of PAA results in a reduction of themelting enthalpy. PAAcomposition
is indicated as a weight percentage relative to the EO content. The
enthalpies are normalized with respect to the melting enthalpy for the
neat diblock by taking into account the PEO content in the system.
Incorporation of LiClO4 further reduces the crystallinity of the system.
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for samples cooled all the way to room temperature under the
field. Althoughwe cannot rule out a small additional influence of
the field on the sample alignment during PEO crystallization, the
low degree of crystallinity combined with the slow cooling
procedure, which does not maximize nucleation site density, all
strongly suggest that structure alignment here occurs because of
the influence of the field on the LC mesophase.

These data do not give the complete picture, however. As
shown in the schematic of Figure 9, parallel alignment of lamellar
interfaces via a uniaxial field results in a degenerate situation. For
a field along the z axis, the requirement that the lamellar interface
be parallel to the field can be satisfied by any lamellae with their
normals confined to the xy plane. The SAXS data discussed
above are thus derived only from the small fraction of oriented
lamellae that are in the Bragg condition for this geometry: only
lamellae with layer normals along the y axis for X-rays incident
along thex axis. Therefore,when the field is applied normal to the
scattering plane, an isotropic ring should result as the large beam
size (∼0.5mm) samples the orientations ofmany such degenerate
lamellar assemblies. This corresponds to the situation depicted in
Figure 9 with the beam incident along the z direction. This is
precisely what is observed, as shown in Figure 10c for EO-MA/
LC:(10AA). Consequently, the scattered intensity increases be-
cause all aligned lamellae are under the Bragg condition for this
geometry. In this configuration, all aligned smectic layers are out
of the Bragg condition and thus do not contribute to the
scattering, hence the absence of the smectic signal. SAXS data
were recorded for the other lamellar compositions studied at 10,
20, and 40%AA content and with lithium salt added to the 20%
PAA blend, as shown in Figures 10-13a,respectively. POM was
performed on aligned EO-MA/LC:(10AA) as a function of the

angle between the field and the polarizer (Figure 14). A smooth
variation was observed between the minima and maxima of the
transmitted light intensities, which were separated by an angle of
45�. There is excellent separation between the normalizedmaxima
and minima, indicating that the system is well aligned.

Degeneracy in the alignment of liquid crystalline mesophases
has been noted before, for a side-chain liquid crystalline diblock
copolymer based on a poly(styrene-b-isoprene) backbone.24 In
recent work, we have expanded on this description and demon-
strated a novel technique, “rotational annealing”, for the break-
ing of such degeneracy.40 In this approach, a field rotation, or
equivalently, a sample rotation, can be imposed to subject the
sample to a time-averaged biaxial field that drives the selection of
a unique or nondegenerate configuration of the system. Here
rotation of the sample in the yz plane results in lamellae arranged
with their normals along the x axis, the axis of rotation of the
sample/field. This nondegenerate arrangement is made possible

Figure 7. 2D scattering pattern of EO-MA/LC block copolymer: (a) no field; (b) the field (vertical) was switched off at 52 �C and the sample was
allowed to cool in the absence of the field; and (c) field vertical to the plane when the sample was cooled down to room temperature from 110 �C. 2D
images were rendered using WSxM software.47

Figure 8. Schematic depiction of the arrangement of the block co-
polymer under a vertically applied magnetic field. Free mesogens are
coassembled with the covalently bound mesogens in the LC block and
are arranged with their long axis along the field and parallel to the
interface with the PEO domain. Lithium ions are contained within the
PEO domain, which also contains PAA chains (not shown) intimately
associated with the PEO backbone.

Figure 9. Magnetic alignment of lamellar microstructures depends on
the anisotropy of magnetic susceptibility of the LC mesophase and the
orientation of the mesogens (blue cigar-shaped objects) with respect to
the IMDS. For the current system, the mesogens display homogeneous
or planar anchoring and a positive diamagnetic anisotropy. Alignments
that satisfy both the anchoring constraint and alignment, as dictated by
the magnetic anisotropy, are degenerate, corresponding to the infinite
possible orientations of lamellae with normals in the xy plane (three
shown).Fromthis degenerate set, only lamellae orientedwith their layer
normals perpendicular to the X-ray beam contribute to the scattering.
WithX-rays incident along the field, along the z axis, the entire lamellar
set is under the Bragg condition, whereas the smectic layers are
uniformly not in the Bragg condition. With X-rays incident along the
x axis, only a small subset of lamellae (shaded green) contribute to the
anisotropic scattering (also shaded green). Conversely, all smectic layers
are now under the Bragg condition.
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Figure 10. 2D scattering pattern of EO-MA/LC:(10AA) sample: (a) no field, (b) field in the vertical direction, and (c) field normal to the plane.

Figure 11. 2D scattering pattern of EO-MA/LC:(20AA) sample: (a) no field, (b) field in the vertical direction, and (c) field normal to the plane.

Figure 12. 2D scattering pattern of EO-MA/LC:(40AA) sample: (a) no field, (b) field in the vertical direction, and (c) field normal to the plane.

Figure 13. 2D scattering pattern of (a) EO-MA/LC:(20AAþ1LiClO4) sample when the field was vertical, (b) EO-MA/LC:(10AA) sample
continuously rotated in the field at 4 rpm, and (c) the aligned cylindrical sample prepared by swelling the LC block of EO-MA/LC:(10AA) by
incorporating of 40-(octyloxy)-4-biphenylcarbonitrile.
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by thedegeneracy implicit in the planar anchoring of themesogens
at the IMDS, which allows the system to select this as the lowest
free-energy state. Only a small fraction of smectic layers will
remain under the Bragg condition because of the freedom of the
mesogens to rotate in the plane of the IMDSwithout breaking the
planar anchoring constraint.We have applied this approach here,
using a rotation of 4 rpm during the slow cooling ramp. As shown
in Figure 13b, we observe the alignment of the lamellar micro-
domains as prescribed as well as the loss of the smectic scattering
due to the degeneracy of the smectic ordering formerly described.
The integral intensity resulting from alignment under rotation can
be compared with that for uniaxial alignment by the field in the
plane and perpendicular to the plane of scattering as limiting
cases. The integral intensity is the integration within a small range
over q and over all j of the 2D scattering and is representative of
the number density of lamellae in the Bragg condition, eq 1. Data
are normalized with respect to the integral intensity produced for
an in-plane alignment, set to 1.0. On the basis of the alignment of
the EO-MA/LC:(10AA) sample, we calculate Iperpendicular = 3.7,
whereas Irotated = 3.3. These data indicate that there is a
significant increase in the number of scattering lamellae due to
the breaking of the degeneracy of the system, relative to the simple
in-plane case. The procedure, however, still needs to be tuned to
find the right combination of cooling rate and rotation speed to
optimize the alignment produced.

I t ¼
Z qþ εq

q-εq

Z 2π

0

Iðq,jÞ dq dj ð1Þ

Because of the curvature of the IMDS in the cylindrical case, the
hexagonally packed cylindrical morphology does not suffer from
the same degeneracy issue as does the lamellar morphology for
planar anchoring and a positive diamagnetic anisotropy of the
mesophase.40 The alignment of the cylinder-forming sample EO-
MA/LC:(10AA)/(75fLC) is shownby theSAXSdataofFigure 13c.

It is worthwhile to compare themagnitude of the driving forces
for magnetic alignment to those produced by the application of
electric fields. The free-energy density difference between parallel
and perpendicular arrangements of lamellae under an electric
field is given by eq 2 and by eq 3 for a magnetic field.

jΔFE j ¼ 1

2
E2Δεε0 ð2Þ

jΔFBj ¼ B2Δχ

2μ0
ð3Þ

For the electric field case, Δε is the dielectric anisotropy
between parallel and perpendicular lamellar orientations, ε0 is

the dielectric permittivity of free space, and E is the electric field
or potential gradient.41,42 In the magnetic case, Δχ is the aniso-
tropy of magnetic susceptibility, μ0 is the magnetic permeability
of free space, andB is themagnetic field strength of field intensity,
measured in Tesla. Using the prototypical example of poly-
(styrene) and poly(methyl methacrylate), the free-energy density
difference ranges from 0.54 to 3.9 � 1022 m-3 in units of kT at
298 K, depending on the particular values chosen for the di-
electric constants of PSandPMMAandat a field of 10V/μm.43-46

To overcome thermal energy, coherent domains ranging in size
from 30 to 58 nm must be present in the system. By comparison,
at a field of 6 T, using a representative value of 5 � 10-7 for the
volume diamagnetic anisotropy for thermotropic aromatic LCs
and taking into account the volume fraction of the LC phase, the
free-energy density difference amounts to 4.4� 1020 m-3 kT. For
this energy density, coherent domains of 132 nm are required to
overcome thermal energy.

Conclusions

Our work has demonstrated that self-assembled lamellar and
hexagonally packed cylindrical PEO microdomains in a liquid
crystalline block copolymer can be successfully aligned using a
magnetic field. Alignment for this system is driven by diamag-
netic anisotropy that originates because of the smectic ordering of
themesogens in the liquid crystalline block and not because of the
crystallization of the ethylene oxide units. Crystallization of the
PEO block was substantially suppressed by the formation of an
interpolymer complex with PAA as well as by the addition of
lithium perchlorate, which also complexes with the PEO chains.
The addition of these dopants resulted in enhanced segregation
between the EO andMA/LC blocks, which gave rise to improved
long-range order in the microphase-separated structures formed,
and a concomitant increase in the order-disorder transition
temperature for the system. Importantly, the presence of the
dopants did not adversely affect the ability to align the system by
the magnetic field. We have shown that rotational annealing can
be applied effectively here to break the degeneracy of the
alignment of the lamellar microdomains, enabling in principle
arbitrary alignments of lamellae to be produced with respect to a
substrate by simply controlling the substrate orientation with
respect to themagnetic field. Futureworkwill focus on alignment
kinetics and the modification of phase behavior because of the
application of the magnetic field. Here custom synthesized
materials will be utilized to permit independent access to the
lamellar- and cylinder-forming regimes of the phase diagram
without the need for blending.

The ability to produce alignment of self-assembled structures
over large length scales and in a facile manner is key to the
application of block copolymers in a host of emerging areas.
Magnetic field-driven alignment is well-suited to this challenge in
areas where strong flow fields or intricate topological constraints
cannot be imposedon the sample to control ordering.The control
demonstrated over the alignment of PEO is particularly interest-
ing given the potential applications of ordered PEO domains in
thin films as ionic transport media for use in solid battery
electrolytic membrane. The results of this work should spur
new developments in this area.
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Figure 14. Transmitted intensity of the aligned EO-MA/LC:(10AA)
sample under crossed polarized light plotted against the angle (θ)
between the magnetic field direction and the polarizer shows periodic
variation at every 90� indicating strongalignment of themesogens along
the field direction.
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