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Magnetic Field Induced Orientation in Diblock Copolymers with One
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ABSTRACT: Using wide-angle X-ray scattering, we show that diblock copolymers with one crystallizable
block can be oriented by crystallization in a strong magnetic field (B = 7 T). The resulting structure
consists of a stack of alternating crystalline and amorphous layers of different chemical compositions
with the layer normal being oriented perpendicular to the applied field. As a necessary prerequisite the
crystallization process has to start with a high nucleation density. Orientation parameters of about
S ~ —0.3 have been achieved. This approach presents a novel route to produce oriented chemically

heterogeneous nanostructured materials.

Introduction

Because of their ability to spontaneously develop
patterns on a nanometric scale, block copolymers have
attracted much attention as prominent systems for
nanotechnological applications based on self-assembly.!
In this context, the limited control over order and
orientation of the microphase domains achievable today
poses severe restrictions on possible usages of these
systems. While alignment of block copolymer micro-
domains in shear flow is well established but in many
circumstances difficult to use,? it is only recently that
the potential of electromagnetic fields for alignment of
block copolymers has been fully realized.!3~¢ Electric
field induced alignment has been shown to be especially
useful in thin films which are of interest as templates
for artificial nanostructures.”® For systems in which the
two blocks have different dielectric constants, the
electric field couples to the anisotropic shape of cylindri-
cal or lamellar block copolymer microdomains and
induces orientation of the internal interfaces along the
field direction,*° while on a molecular (segmental) level
the material is isotropic. A different handle on orienta-
tion is available in materials which exhibit anisotropic
susceptibility due to an anisotropic molecular structure.
This has recently been used in experiments on block
copolymers containing a liquid crystalline component
whose orientation is coupled to the orientation of the
interfaces between microdomains. Magnetic field in-
duced alignment has been realized on cylindrical sys-
tems of this kind.1%!! Similar alignment effects have
also been demonstrated for semicrystalline polymers
during crystallization from the melt in the presence of
a strong magnetic field. Orientation in this case is
caused by the molecular anisotropy of polymer
crystals.'2714 In this paper, we demonstrate that these
latter effects can also be employed to induce orientation
in block copolymer systems, in which a chemically
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heterogeneous structure is formed due to crystallization
of one block. The resulting structure is lamellar.

Magnetic Field Effects

If a magnetic field is applied to a semicrystalline
polymer during crystallization, a magnetic torque will
act on the growing crystals due to their anisotropic
structure which goes along with an anisotropic diamag-
netic susceptibility. If the corresponding orientation-
dependent energies are large compared to thermal
energy and the mobility of the growing crystals in the
viscous surrounding is sufficient, the material tends to
orient perpendicular to the direction of the applied field
with the principal axis of the susceptibility tensor %,
which corresponds to the lowest susceptibility. This
effect does not necessarily lead to macroscopic alignment
since the magnetic field does not change the spherulitic
growth mode of semicrystalline polymers, which leads
inherently to isotropy on a macroscopic level. To get
overall alignment, the size of spherulites has to be
restricted to the inner hedritic core consisting of a stack
of approximately parallel lamellae.!* This can be achieved
by high nucleation density, e.g., by self-seeding.1®

Poly(ethylene oxide) (PEO), the crystallizable block
of the block copolymer used, forms a crystal with
monoclinic unit cell (see Figure 1; lattice parameters:
a=0.805nm, b =1.304 nm, ¢ = 1.948 nm, § = 125.4°).16
One of the principal axes of 7 is parallel to ¢, which
corresponds to the direction of the chain axis (eigenvalue
x1)- The other two axes, y1 and ya, are orthogonal to the
¢-direction. Under the simplifying assumption y; = y2
= y0, the magnetic contribution of a crystal to the free
energy can be written as

2 2
-
G, (9) = VB“Ay cos” ¢ 1)
g 2y

where Ay =y — yo, V is the volume of the object under
consideration, yo is the permeability of the vacuum, and
¥ denotes the angle between the magnetic flux density
B and the ¢ axis. For PEO, Ay is negative, which results
in a state of lowest free energy for ¥ = 7/2; i.e., at
equilibrium the chain axis is oriented perpendicular to
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Figure 1. Schematic drawing of oriented crystalline lamellae
in a magnetic field. Because of their anisotropic structure, the
lamellar crystallites tend to align with the axis of lowest
susceptibility perpendicular to the direction of the magnetic
field, B. For PEO, this axis corresponds to the direction of the
polymer chain in the crystal.

the direction of B, as schematically shown in Figure 1.
An exact value for Ay of PEO is not known, but from
tabléllated datal” it can be estimated that Ay < —4.85 x
107¢.

Generally, the effect of the external field on an
individual molecule is weak. AG = G(0) — G(7/2)
becomes comparable with thermal energy (kg7 =~
4.46 x 10721 J for T = 50 °C) for a crystal with a volume
corresponding to a sphere with a diameter of at least
50 nm. The field will therefore have no significant effect
on nucleation but will act later during growth once the
crystal has reached a sufficient size.

Experimental Section

Poly(ethylene oxide-b-butadiene) was synthesized by anionic
polymerization methods, using THF as the solvent and phos-
phazine base as the ethylene oxide polymerization promoter,
leading to a 1,2-microstructure of the PB block.'® The block
copolymer had weight-average molecular weight M, =
17 800 g/mol (as determined by combination of size exclusion
chromatography and H NMR measurements) and a polydis-
persity index M,/M, = 1.04. The composition, determined by
NMR, was 93 wt % PEO. For comparison, some experi-
ments were performed with pure homopolymer poly(ethylene
oxide) (PEO) having a weight-average molar mass My; =
30 800 g/mol. A Perkin-Elmer DSC 7 was used for calorimetric
experiments to determine the apparent melting temperature
range and to estimate the time necessary for complete crystal-
lization at different temperatures 7. To determine the mor-
phology of the diblock copolymer, small-angle X-ray scattering
(SAXS) measurements were performed with a Kratky camera
using slit collimation. The setup was equipped with a tem-
perature-controlled sample holder. Data were desmeared
applying the algorithm developed by Strobl.!® The nucleation
density as obtained after different thermal treatments prior
to crystallization was qualitatively observed by polarized light
microscopy with an Axioplan 2 microscope (Zeiss) equipped
with a hotstage (Linkam TMS 600). To characterize the state
of orientation of the samples, 2D-WAXS experiments were
performed using a setup with a rotating anode and an image
plate detector (Schneider, Offenburg, Germany). Measure-
ments were performed in transmission geometry at normal
incidence. Samples for scattering experiments were prepared
as disks with a thickness of about 0.5 mm. To enable well-
defined temperature programs during crystallization, a custom-
designed heatable sample cell was used in a 7 T Bruker NMR
magnet.'*

Results and Discussion

Microphase Structure. Figure 2 shows two sets of
small-angle X-ray scattering (SAXS) data obtained from
an isotropic diblock copolymer sample in the crystalline
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Figure 2. Small-angle X-ray scattering patterns of poly-
(ethylene oxide-b-butadiene) sample in the amorphous
(T = 65 °C, open symbols) and the crystalline state (T' =
50 °C, filled symbols). At high temperature the sample forms
disordered micelles.?’ The solid line shows for comparison the
form factor of a sphere with a radius of 7 nm. For the
crystalline state three peaks at ¢*, 2¢*, and 3¢* indicate a
lamellar structure. The interface distribution function K''(z)
of the lamellar structure is shown in the inset. The three peaks
correspond as indicated to the thicknesses of the amorphous
(da) and crystalline layers (d.) and to the long period (L).

(T = 50 °C) and the amorphous state (T'= 65 °C). The
SAXS data, plotted as intensity vs scattering vector
q = (47/A) sin 6, where 20 is the scattering angle,
indicate a disordered micellar structure?’ in the molten
state and a stacked lamellar morphology after crystal-
lization. Since in the system under study contrast comes
mainly from the large difference in electron density
between crystalline PEO and amorphous PB, we con-
clude that the original microstructure is overwritten by
crystallization, leading to a lamellar structure consisting
essentially of crystalline PEO and amorphous PB
layers with the latter containing a certain amount of
amorphous PEO (ppgo . = 410 nm™3, pppo , = 369 nm 3,
pppa. = 298 nm~3). The radius of the micelles, R ~
7 nm, was determined by comparison with the form
factor of a sphere. Deviations at small ¢ can be ex-
plained by the presence of an interference peak which
could not be well resolved with the apparatus used. To
determine the inner structure of the lamellar stacks in
the crystallized sample, the interface distribution func-
tion, K'(z) = [p'(0)p'(2)[) was calculated.?! K'(z) is
proportional to the probability distribution of the dis-
tances between amorphous—crystalline interfaces. It
allows a determination of the average thickness of the
amorphous and crystalline layers and of the long period
(see Figure 2, inset: d; = 3.6 nm, d. = L — d, =
15.7 nm, and L = 19.3 nm). The linear crystallinity
amounts to d/L = 0.81, i.e., somewhat smaller than the
PEO volume fraction of the block copolymer of 91%
(assuming for PEO:16 pCR = 1.23 g/cm?). This indicates
that the amorphous layers contain indeed a certain
amount of PEO as expected.

Magnetic Field Induced Alignment. A typical
crystallization program leading to oriented samples
consisted of the following steps: The sample was heated
with a rate of 10 K/min to a temperature Th.x above
the apparent melting temperature, annealed there for
6 min, and then quickly cooled to room temperature
with a rate of ~25 K/min. Similar results were obtained
for isothermal crystallization at elevated temperatures.
In all cases the temperature Th,ax had to be chosen only
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Figure 3. Optical micrographs of poly(ethylene oxide-b-butadiene) samples crystallized within a few minutes (at 7. = 40 °C)
after annealing at different T'ax temperatures. The density of nuclei initiating crystallization depends strongly on the thermal
history. Heating the samples just above the melting temperature results in a high number of nuclei via self-seeding (a). Only
samples with high nucleation density are oriented if a magnetic field is present during crystallization. A Tyax only 5 °C higher

leads to a strong decrease of the nucleation density, resulting in large spherulitic structures (b).
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Figure 4. (a) Anisotropic 2D WAXS scattering pattern from a sample crystallized in a magnetic field. (b) Azimuthal WAXS
scans of the (120) reflection of poly(ethylene oxide-b-butadiene) samples rapidly crystallized with and without magnetic field
(Tmax = 60 °C). The solid line is obtained from a model calculation assuming a Gaussian orientation distribution with an orientation
parameter S = —0.33 (for perfect orientation ¢ (1 B: S = —0.5). An azimuthal scan of the SAXS intensity is also shown (integrated
over the g range from 0.81 to 1.1 nm™). (¢) Construction of the scattering pattern as observed in a 2D WAXS measurement. For
uniaxial orientation (¢ 0 B and no preferred orientation of @ and b) an (hk0) reflection shows a typical azimuthal distribution

with maximum intensity in the direction of B (further explanation given in the text).

slightly higher than the apparent melting temperature
such that large nucleation rates were achieved by self-
seeding. Subsequently, the samples were investigated
with wide-angle X-ray scattering (WAXS) at ambient
temperature. Since the range of temperatures AT for
which strong self-seeding occurs is small (AT pax ~ 1 K),
it is essential to determine the appropiate temperature
by optical microscopy. Exemplary results are shown in
Figure 3.

A 2D WAXS pattern obtained from an oriented
sample of PEO-b6-PB is shown in Figure 4a, crystallized
in a magnetic field B = 7 T. The observed pattern is
anisotropic, indicating an oriented structure. Close
inspection shows that also the tail of the SAXS intensity,
visible close to the beam stop, is anisotropic. An
azimuthal scan of the integrated intensity of the (120)

reflection is shown in Figure 4b together with the
analogous data, obtained from a sample crystallized
without magnetic field. The azimuthal distribution of
the SAXS intensity is also shown indicating an orienta-
tion of the lamellar normal perpendicular to B. The
WAXS pattern can be understood as follows (since only
the strongest reflection of PEO, (120), is used for the
analysis, only this reflection is discussed here; cf. ref
14 otherwise): For the monoclinic unit cell of PEO, the
reciprocal lattice is also monoclinic_with 5* being
parallel to b. Reciprocal vectors @ * and b* define a plane
perpendicular to ¢ (Figure 4c, part 1). If the unit cell is
oriented with the ¢-axis (the chain axis) perpendicular
to the magnetic field, B, without ¢* and * showing a
preferred orientation, the (120) reflection, as a result
from the two averaging procedures illustrated in Figure
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4c, parts 2 and 3, is distributed nonhomogeneously over
a sphere with high intensity at the poles and lower
intensity at the equator. The scattering pattern ob-
served on the detector in an experiment with transmis-
sion geometry follows from the Laue condition [gxu| =
ks — ki, where k1 and kg are the wave vectors of the
incident and the scattered X-ray beam (Figure 4c, part
4). The intensity distribution on the intersection of the
Ewald sphere with radius |kj| and the sphere corre-
sponding to the (hk0) reflection gives the intensity
observed on the 2D detector. An azimuthal scan over
the ring, corresponding to a (hk0) reflection, therefore
shows two peaks in the direction of B with a finite width
and a finite offset even for perfect orientation, exactly
as observed in our data.

As mentioned, the conditions necessary for alignment
to occur in the block copolymer system are similar to
what was observed for homopolymers, indicating that
the same alignment mechanism is responsible for the
phenomena observed. In the block copolymer case
orientation of the crystallites naturally also leads to
alignment of the microphase structure resulting from
crystallization. As experiments with other block copoly-
mers of the same kind but with different volume
fractions have shown, it is important that the original
microphase-separated structure consists of micelles
which do not form a connected structure. Cylindrical or
lamellar polybutadiene microdomains would reduce the
mobility of the growing crystals to an extent which
makes it difficult to produce well-aligned lamellar
structures after crystallization. On the other hand, the
approach could be well extended to samples crystallizing
from the disordered state.

Conclusions

We demonstrated a novel approach to realize align-
ment of block copolymer microstructures using an
external magnetic field. Explicitly, we have shown that
by crystallizing a diblock copolymer in a magnetic field
an oriented, chemically nanostructured material can be
produced. A critical point is the restriction of spherulitic
growth by high nucleation density, which here has been
achieved by self-seeding. An alternative option would
be the addition of nucleating agents.?2 While the result-
ing orientation is similar as in the case of an amorphous—
amorphous diblock copolymer oriented in an electric
field, the principle used for alignment is based on a
different mechanism leading to orientation during
crystal growth. The effects shown here are of potential
interest for functional, partially crystalline polymers.
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