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We examine the role of intrinsic chain susceptibility anisotropy in magnetic field directed self-assembly
of a block copolymer using in situ x-ray scattering. Alignment of a lamellar mesophase is observed on
cooling across the disorder-order transition with the resulting orientational order inversely proportional to
the cooling rate. We discuss the origin of the susceptibility anisotropy, Ay, that drives alignment and
calculate its magnitude using coarse-grained molecular dynamics to sample conformations of surface-

tethered chains, finding Ay ~2 x 1078, From field-dependent scattering data, we estimate that grains of
~1.2 ym are present during alignment. These results demonstrate that intrinsic anisotropy is sufficient to
support strong field-induced mesophase alignment and suggest a versatile strategy for field control of

orientational order in block copolymers.
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Block copolymers (BCPs) self-assemble to form peri-
odic structures on mesoscopic length scales. Such self-
assembly is driven by phase separation of chemically
distinct segments, with the extent of demixing limited by
their physical connectivity. The characteristic length
scales therefore are largely defined by the size, or
molecular weight (MW), of the polymer chain.
Considerable efforts have been devoted to developing
methods to reliably direct BCP self-assembly, i.e., to
align BCP domains, in various device- or application-
relevant geometries and length scales [1,2]. Electric fields
have been used quite effectively in this regard [3-5].

Under appropriate circumstances, magnetic fields can
also dictate the alignment of BCP mesophases in a highly
efficacious manner [6]. Orientational order develops due to
anisotropic field interactions that are sufficiently large to
overcome thermal forces. The alignment response is a
function of the anisotropy in magnetic susceptibility,
Ay = x| — x.1, where the parallel direction is along the
axis of highest rotational symmetry. The system free-
energy density ¢, is a function of the angle ¢ between
the field and this parallel direction, and of the field strength
B, Eq. (1). For an ensemble of anisotropic objects, ¢€,, can
be expressed in terms of the orientation distribution
coefficient (P,(cos¢)) = (3 (3cos’p — 1)), Eq. (2). The
energy difference between orthogonal alignments is
Ae,, = —AyB?/2u,. Strong alignment occurs when this
magnetostatic energy for structurally coherent units, grains,
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is significant compared to thermal motion, i.e., for
|AE,,| = |A€,,|V, > kgT, where V, =& is the volume
of a grain with dimension £. Alignment can therefore occur
for suitably large grains, field strengths, or magnetic
susceptibility anisotropies.
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Prior work has relied on liquid crystalline (LC) [7-10] or
crystalline [11] assembly of rigid moieties integrated with
the BCP to achieve a sufficiently large Ay for alignment at
reasonable field strengths. Prototypical mesogenic units
such as cyanobiphenyl species have Ay~ 107% (in SI
dimensionless volume units) [12,13]. Ay is very small
for typical BCPs in the absence of mesogenic groups.
Shape anisotropy notwithstanding, for a lamellar diblock
copolymer with volume fractions ¢, and ¢p, the
anisotropy, with respect to the lamellar normal, is
Ay =—~(xa—x8)*/[(xa/da) + (xs/¢5)], Where y, and
xp are isotropic block susceptibilities. On this basis, for
a typical symmetric non-LC BCP such as poly(styrene-b-4-
vinylpyridine), Ay ~ O(107'9) [14,15]. This results in a
significantly smaller driving force for alignment, and as a
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FIG. 1 (color online).

(a) Chemical structure of PS-b-P4VP.
(b) Temperature-resolved SAXS data (25 — 265 — 25 °C) under
a 6 T field applied vertically. The 2D diffractograms are shown as
insets at three representative temperatures. T4 = 257°C, d
spacing = 9.5 nm. (c) Schematic illustrating degenerate system
alignment with lamellar normals perpendicular to the field.

result, magnetic field alignment of such “coil-coil” BCPs
has not been observed to date.

Here, we describe in situ x-ray scattering experiments of
a coil-coil BCP subjected to high magnetic fields. Cooling
across the disorder-order transition under the field induces
alignment of the lamellar normals perpendicular to the
field, suggesting the presence of Ay of a nontrivial
magnitude. The existence of such anisotropy is rationalized
in terms of the intrinsic anisotropy of individual Gaussian
chains and the nonzero ensemble average of such anisot-
ropies due to the organization of the chain junctions along
the lamellar interface between the blocks. We use molecu-
lar dynamics (MD) to estimate the intrinsic anisotropy of
the system by simulating trajectories of representative
chains.

The system is poly(styrene-b-4-vinyl pyridine) (PS-b-
P4VP), Fig. 1(a), of MW 5.5 kg/mol (K) and PS weight
fraction, fpg = 0.49, obtained from Polymer Source. Data
presented here are for this 5.5 K material. A well-purified
secondary sample (MW = 5.2 K and fpg = 0.50) was
prepared by living anionic polymerization for verification
purposes. Small-angle x-ray scattering (SAXS) was con-
ducted as samples were cooled (0.1 to 2 °C/ min) across the
order-disorder transition (ODT), under fields from O to 6 T.
Further details are available in Ref. [16].

Temperature-resolved SAXS data during heating and
subsequent cooling at 0.3°C/min under a 6 T field are
shown in Fig. 1(b). The primary peak at ¢* = 0.066 nm~!
corresponds to the lamellar period of 27z/¢* = 9.5 nm and
ODT temperature, T4 = 257 °C. The ordering transition
takes place over an unusually broad temperature window
spanning ~8 °C, though the reasons for this breadth are
unknown (Ref. [16]). The 2D SAXS data at select temper-
atures show the initial nonaligned state at room temper-
ature, the high temperature disordered state where only
correlation hole scattering is visible, and finally the aligned
state produced on cooling. To the best of our measuring
ability, +£0.5°C, T, is unaffected by the field application.
The data indicate that the lamellae are aligned with their

FIG. 2. TEM images and associated fast Fourier transforms
(FFTs) of PS-b-P4VP aligned at 6 T, visualized (a) perpendicular
to the field direction and (b) along the field direction.

surface normals perpendicular to the field, a degenerate
configuration, indicating Ay < 0 [Fig. 1(c)]. Transmission
electron microscopy (TEM) views along and perpendicular
to the field, Fig. 2, confirm the alignment of the micro-
structure and its degenerate nature.

Figure 3(a) shows SAXS data during cooling across 7T ;.
The evolution of order and alignment are visible in the
gradual disappearance of the diffuse azimuthally uniform
intensity due to correlation hole scattering, and the con-
current emergence of Bragg scattering concentrated in arcs
centered on the equatorial line. The azimuthal dependence
of the scattered intensity in the Bragg peak, I(¢), reflects
the orientation distribution of the lamellar normals in the
plane of the diffractogram. The full width at half maximum
(FWHM) of I(¢) depends both on the cooling rate and the
field strength, with the best alignment observed for the

255°C

Cooling Rate (°C/min)
1.0

FIG. 3 (color online). (a) 2D SAXS data at selected temper-
atures showing the emergence of aligned lamellae during cooling
from the isotropic, disordered state at 0.3°C/min at 6 T.
(b) Diftractograms for samples under 6 T at 245 °C after cooling
across T,q at the different rates indicated. (c) Dependence of
azimuthal FWHM on field strength (at 0.3 °C/ min) and cooling
rate (at 4 and 6 T), on the bottom and top x axis, respectively.
(d) Diffractograms at 245°C after cooling across T,q at
0.3°C/ min at the indicated field strengths.
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combination of smallest cooling rate, 0.1°C/min, and
largest field, 6 T [Figs. 3(b)-3(d)].

The high degree of alignment suggests that the system
has Ay well in excess of the expected O(107'7) value.
Experiments conducted with the secondary sample recov-
ered similar results, dispelling any concerns regarding
sample purity. Lamellar BCPs are known to form aniso-
tropic, ellipsoidal grains during nucleation and growth,
with faster growth along the lamellar normal due to
interfacial tension [17,18]. Magnetic shape anisotropy
for such grains is of a trivial magnitude as the suspending
fluid is a disordered melt of identical composition to the
grain. Furthermore, even if dominant, shape anisotropy
would align the ellipsoidal long axis parallel to the field
[19], whereas here the observed alignment is orthogonal
(Ref. [16]).

The origin of the anisotropy can be understood partly by
recognizing that real Gaussian chains are anisotropic
entities as they possess finite end-end distances. Polar-
izability anisotropy has been treated in the context of freely
jointed statistical segments by Kuhn [20] yielding
Ay =71 =72 =3 (a) — 1) R*/(R?),, where a; and a, are
the polarizabilities parallel and perpendicular to the bonds
joining statistical segments, R” is the squared end-end
chain distance, and (R?), is the unperturbed mean-squared
end-end distance. The problem has also been treated in the
context of the wormlike chain model by Benoit, Weill et al.
[21,22]. While individual chains are anisotropic, the

orientation of the end-end vectors R in a melt are uncorre-
lated, so there is no net anisotropy. The situation is
different, however, for polymer brushes where one chain
end is tethered to an impenetrable surface. This geomet-
rically imposes a net anisotropy in which the orientation
distribution of end-end vectors has its maximum along the
surface normal, and in which the width of the distribution
narrows with increasing areal density of the chains. The
physical analogy between surface attachment of chain ends
for a brush and chain end (junction) localization at a BCP
block interface provides a segue into treating chain
anisotropy in BCPs. Indeed, the optical anisotropy of
tethered chains has been considered in detail by Lodge
and Fredrickson, for BCP melts [23]. They note the
significance of intrinsic anisotropy relative to form
anisotropy in the birefringence of lamellar mesophases
and highlight the importance of orientational correlation of
end-end vectors relative to chain stretching in dictating the
intrinsic anisotropy.

Optical anisotropies have been investigated experimen-
tally by depolarized Rayleigh scattering [24-26] and
numerically based on bond polarizability data using the
rotational isomeric state approaches advanced by Nagai
[27], and by Flory and co-workers [25]. The statistical
segment polarizability anisotropy Aa = @; — @, cannot be
linked readily to chemical structure as it is a quantity
associated with a hypothetical construct, i.e., the statistical
segment of the freely jointed model. Aa has been

measured, however, for some polymers using stress-optical
coefficients [20,28]. These data are complemented by
studies of electric field induced birefringence, the Kerr
effect, in polymer solutions [29,30]. The magnetic analog
in the Cotton-Mouton coefficient for magnetic birefrin-
gence provides access to the chain magnetic susceptibility
anisotropy as C,, = (An/cB?) ~ AyAy, with Ay inter-
preted again in the context of the chain statistical element
[31,32]. Precise measurements of magnetic birefringence
and segmental susceptibility anisotropy of chains in the
melt are challenging, and there are little reported data that
can be used in the present context.

In lieu of robust experimental data, we use MD to
estimate Ay for PS chains tethered at an impenetrable
surface. We investigate the orientational order of backbone
bonds and side bonds to the phenyl ring as a function of
degree of polymerization, N ,, and the chain areal density at
the surface, o (Fig. 4). The height of the brush scales as
H~N ,,01/ 2, as expected for melt chains [33]. The orienta-
tional order with respect to the surface normal, the y axis
in Fig. 4(a), for backbone and side bonds to the phenyl
ring, (P5(cos@)) and (P5(cos ¢)), respectively, increases
slowly, but approximately linearly with ¢. There is no
statistically significant MW dependence, as expected for
brushes where chain anisotropy is independent of N, [23].
(P5) and (P3) differ in sign, reflecting the tendency of the

backbone bonds, and therefore f? to lie parallel to the
surface normal, and the side bonds to be orthogonal to the
backbone.

The areal density of chains at the block interface is
o = pLoN,/MW, where L is the lamellar period. Here,
o ~ 1 nm~2, which corresponds to ¢ = 0.033 in simulation
units. The orientational order of the phenyl ring defined by
the ring normal, (P} (cos ¢)), is also calculated (Ref. [16]).
At this density, (P5(cos¢))~0.07 and (P} (cos ¢)) ~ 0.04.
We estimate Ay based on the volume fraction ¢ weighted
anisotropies of the alkane backbone (Ay”) [34] and that of
the phenyl ring (Ay”) [15]. For the PS chains, Ay =
@ (Ph(cosg)) Ay” + ¢P (P} (cos@)) AyP ~—1.6 x 1078, We
expect a similar contribution from the P4VP block given
the near identical susceptibilities of pyridine and benzene,
and so for the system overall, Ay ~ —1.6 x 1078, Note that
o in BCPs is not arbitrarily determined as it is for brushes,
but it is a function of N, and the Flory interaction
parameter y (Ref. [16]).

We use the estimated Ay to consider the alignment data
of Fig. 3. The azimuthal intensity dependence /() reflects
the probability of observing lamellar normals at a given
angle ¢ with respect to the field direction. This probability
p(@, B) is governed by a Boltzmann factor incorporating
the angle-dependent magnetostatic energy, E,,(p,B) =
—(B?/2ug) AyE3cos’p, for a characteristic grain size &
[Eq. (3)]. The orientation distribution coefficient (P,)
resulting from p(¢, B) may be evaluated by integration
[Eq. (4)]. The orientation distribution coefficients are
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FIG. 4 (color online). (a) Illustration of a polystyrene chain
tethered at an impenetrable surface. The phenyl rings can rotate
around the side bond to the backbone. (b) Simulated backbone
(Pb) and side chain (P$) orientation distribution coefficients as
functions of areal density ¢ for varying N,. (¢) Simulated brush
height H(o) for varying N,,.

obtained as a function of field strength from Gaussian fits of
the SAXS intensity profiles. We estimate the representative
grain size by fitting the experimentally determined (P,) to
those calculated using Eq. (4), yielding £ ~ 1.2 um. This
corresponds to a field interaction AE,, > 10> kT. The
results are shown in Fig. 5, with calculated field-dependent
(P,) for different grain sizes. It is important to note that the
estimated grain size only provides the characteristic dimen-
sions of a structural unit, which would, at a steady state,
reproduce the orientation distribution measured in the
aligned samples—Ilarger grains subjected to kinetic hin-
drances could conceivably display the same orientation
distribution as smaller grains in a steady state. It is clear
from the cooling rate dependence shown in Fig. 3 that
kinetic effects are present. Such kinetic effects during the
cooling ramp, as derived principally from the temperature-
dependent viscosity of the system, as well as any Ostwald
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FIG. 5 (color online). Field-dependent orientation distribution
coefficients [Eq. (4)] for various grain sizes & for Ay = —1.6 x
1078 at 245 °C. Black circles show experimentally derived values
for samples cooled 0.3 °C/ min. Fitting Eq. (4) (red circle trace) to
experimental data yields £~ 1.2 ym.

ripening, do not factor into our analysis. For comparison,
assuming no contribution from chain anisotropy (i.e., with
only domain anisotropy of Ay = 1 x 10719), the observed
alignment would imply the existence of uncharacteristically
large grains of £ =~ 6.6 ym at the elevated temperatures in
close proximity to 7,4 where alignment takes place. The
actual grain sizes observed at room temperature would
likely be significantly larger due to the aforementioned
kinetic and ripening effects. This supports our assertion that
domain anisotropy alone is insufficient to explain the
observed data. Finally, we note in passing that the greater
uncertainty in determining (P,) at low vs high field
strengths (~1-2 T) likely contributes to the weaker agree-
ment between the data and the fit at low fields.
e En/¥T sin pdep

7 e B /M singdg

p(.B) (3)

JF1(3cos’g — 1)e En/T sin pdep
fo” e En/kT sin pdep ’

(4)

(Py(cos ) =

The grain size determined by fitting is in modest
agreement with an estimated size of &3 ym from sampling
TEM images of field aligned samples. To provide better
quantification, we independently measured the grain size
using a recently developed “variance scattering” technique
[35]. This approach statistically analyzes the azimuthal
intensity variation of a primary Bragg peak, from which the
number of independent scatterers, and thus the grain size,
can be quantified. On this basis we estimate £ ~ 5-6 um at
room temperature (Ref. [16]). The fact that TEM and
scattering derived grain sizes exceed the estimate based on
the orientation distribution reflects the occurrence of
microstructure coarsening without accompanying improve-
ment in the alignment under the field. We should therefore
view & estimated from the orientation distribution as an
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upper bound for the characteristic grain size that existed
during the period in which the system was responsive to
the field.

BCP nucleation and growth kinetics have been explored
experimentally and theoretically with some success [17,
36-39]. The slow dynamics of high MW BCPs has largely
restricted work to unentangled melts and concentrated
solutions as a matter of convenience where grain sizes
of ~0.5-5 pm are not uncommon. One can therefore expect
that sufficiently large grains can be prepared in a variety of
BCPs to enable alignment using magnetic fields. The slow
dynamics of entangled melts and the inaccessibility of the
ODT in high MW systems suggest that this strategy would
be limited to melts below entanglement MW and con-
centrated solutions. It is clear that the aromatic nature of
PS-b-P4VP contributes to a markedly larger Ay than one
would encounter for other common but nonaromatic
polymers such as polyethylene oxide or polymethylmetha-
crylate. However, the fact that E,, ~ & means that, for the
purposes of alignment, an order of magnitude decrease in
Ay can be compensated for by an increase in £ by a factor
of just over 2.
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