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Pathways to Macroscale Order
in Nanostructured Block
Copolymers

Zhong-Ren Chen, Julia A. Kornfield,* Steven D. Smith,
Jeffrey T. Grothaus, Michael M. Satkowski

Polymeric materials undergo dramatic changes in orientational order in response to
dynamic processes, such as flow. Their rich cascade of dynamics presents opportunities
to create and combine distinct alignments of polymeric nanostructures through pro-
cessing. In situ rheo-optical measurements complemented by ex situ x-ray scattering
reveal the physics of three different trajectories to macroscopic alignment of lamellar
diblock copolymers during oscillatory shearing. At the highest frequencies, symmetry
arguments explain the transient development of a bimodal texture en route to the
alignment of layers parallel to the planes of shear. At lower frequencies, larger-scale
relaxations introduce rearrangements out of the deformation plane that permit the for-
mation of lamellae perpendicular to the shear plane. These explain the change in the
character of the pathway to parallel alignment and the emergence of perpendicular

alignment as the frequency decreases.

Self—assembly of block copolymers (1-7),
surfactants (8—11), colloidal suspensions (8,
12), and proteins (13) provides a versatile
means to create nanostructures with poten-
tial applications in biomaterials, optics, and
microelectronics. These materials form or-
dered structures on scales from a few to
hundreds of nanometers. Monodisperse,
charged colloidal suspensions can assemble
three-dimensional lattices (8). Surfactant
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systems form a variety of morphologies and
can be used as precursors to prepare nano-
structured solid materials (10). Similarly,
block copolymers (BCPs) assemble a fasci-
nating array of nanostructures. BCPs have
the desirable feature that their morphology
can be systematically controlled by varying
the number of blocks, their lengths, and
their chemical compositions. For example,
diblock copolymers can form cubic arrays of
spheres, hexagonal arrays of cylinders, bi-
continuous cubic phases, or lamellae, de-
pending on the relative block lengths (I).
Triblock copolymers composed of three dis-
tinct blocks (ABC) can assemble even
more complex structures (14), such as heli-
cal strands surrounding cylinders embedded
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in a continuous matrix. Polymers also offer
a level of control of dynamics that is desir-
able for scientific investigation and techno-
logical applications. Thus, block copoly-
mers can clarify both the thermodynamics
and dynamics of self-assembly phenomena
that are analogous to those in a range of
synthetic and biological systems, and can
provide routes to the creation of novel
materials.

Inducing Orientation in
Self-Assembled Materials

The dynamics of self-assembled nanostruc-
tures assume special importance in the con-
text of producing functional macroscopic
materials, because self-assembly alone usu-
ally leads to polydomain structures with
random orientations. To achieve desired
directional properties, it is essential to con-
trol macroscale order. Active processing
with applied fields can extend self-assem-
bled order to macroscopic dimensions in
BCPs (14, 15-29), colloidal suspensions
(12), and surfactant systems (9). Flow has
proven to be particularly efficient and ver-
satile. In the case of BCPs, flow-induced
alignment was first discovered by Keller in
an extruded BCP (2). Since then, other
flow methods, including oscillatory and
steady shear, roll casting (17), and exten-
sional flow (18), have been applied to many
kinds of self-assembled systems. We focus
on oscillatory shear in this article, because
it permits systematic investigation of the
coupled effects of the rate and amplitude of
deformation in relation to the relaxation
dynamics of the nanostructure.

Especially since the discovery of “flipping”
(16), vigorous effort has been devoted to un-
derstanding flow-induced alignment in or-
dered BCPs (35, 6, 16-31). The term “flipping”
was coined to describe a change in the align-
ment behavior of a lamellar structure under
the influence of oscillatory shear: Depending
on the shearing frequency and temperature,
the final aligned state could be either parallel
or perpendicular (Fig. 1) (16). Discovery of a
means to induce two such different align-
ments opened up the possibility of producing
radically different macroscopic materials from
the same polymer, with relatively minor
changes being made in processing conditions.
The discovery also invited researchers to seek
combinations of macromolecular structure
and processing conditions that might allow
the two alignments to be flipped back and
forth, which would provide the basis for
switchable optical, transport, and electronic
properties.

To design functional materials that use
the flipping phenomenon, the physical ba-
sis of the effects of molecular architecture
and processing conditions (especially fre-
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quency, strain, and temperature) must be
understood. Essential information on the
dynamic responses that determine the dis-
tinct alignment regimes has been elusive,
because conventional methods of charac-
terizing the form and orientation distribu-
tion of an ordered structure are not amena-
ble to providing information on the way it
moves during flow. Transmission electron
microscopy (TEM) involves the removal of
samples from the flow device, followed by
sectioning, staining, and imaging. Small-
angle x-ray and neutron scattering (SAXS
and SANS) measurements can be per-
formed in situ during flow but do not pro-
vide adequate time resolution (published
results are limited to times on the order of
100 s between scattering patterns) (22, 29).
Although there is no substitute for the crit-
ical information these methods provide,
they have been dramatically enhanced by
the introduction of optical methods of char-
acterizing the development of alignment in
situ during flow that have ~10-ms time
resolution (23, 27, 28).

The present study combines these two
approaches. Rheo-optical methods of ob-
serving the alignment process in real time
are used to guide the structural character-
ization of intermediate states along dis-
tinct paths to alignment. This strategy
enables the clear association of micro-
structural changes with specific stages of
each alignment trajectory. The results re-
veal the central physics of the processes
leading to parallel and perpendicular ori-
entations. On the basis of the observed
processes, we propose a physical frame-
work for understanding the transition be-
tween parallel and perpendicular align-
ment regimes as well as the qualitatively
different routes to parallel orientation.

Theories of Alignment

Theoretical arguments to explain the align-
ment regimes have focused on the relative
stability of distinct well-aligned states. The
transverse alignment (Fig. 1) is the most
unstable, because the equilibrium spacing is
disturbed by shearing. Fluctuations on a lay-

Fig. 1. Schematic dia-
gram of the macroscale
alignments that can be
induced in lamellar block
copolymers: perpendic-
ular and parallel.” The
third principal projection
is termed transverse.
When probed by light
propagating along the
velocity gradient direc-

Perpendicular

Anya=0

ARTICLES!

ered structure can couple to shear if the
lamellae are in the parallel orientation, mak-
ing this alignment less stable than the per-
pendicular one (6, 11). However, the ef-
fect of fluctuations will be confined to fre-
quencies (w) that are fast enough that the
fluctuations are not averaged out (® > wy)
and slow enough that distortion of the nano-
structure is not overwhelmed by more local
responses, such as conformational distortion
of the polymer chains (0 < w_). Parallel
alignment is predicted to be more stable
than perpendicular alignment below a criti-
cal frequency controlled by the characteristic
lifetime of fluctuations (o < wy) (I1). At
frequencies higher than the conformational
relaxation of the chains (0 > w_), the de-
formation couples to more local dynamics,
and differences between the types of layers in
the ordered structure can be probed. If there
is considerable difference in the mechanical
properties of the two types of layers, the
modulus of the parallel state is lower than
that of the perpendicular state; it has been
argued that this explains the selection of
parallel alignment at high frequencies (w >
®.) (24). These concepts can explain the
three frequency regimes that have been ob-
served (1, 32): Oscillatory strain amplitude
Yo shearing can induce parallel alignment at
o < wy (33), perpendicular alignment at wy
< o < w,, and parallel alignment at 0, < ®
(when the layers have dissimilar viscoelastic
properties).

Theory regarding the relative stability of
monodomains, although providing a valu-
able guide to experiment, has certain intrin-
sic limitations. The relative lack of theory
and simulation (34) of the progressive de-
velopment of alignment leaves us without
predictions of what conditions are required
to reach a monodomain state and how mo-
lecular and processing parameters affect the
rate of the process.

Experimental Studies
of Flow Alignment

To guide theoretical treatment of the dy-
namics of flow-induced orientation, we pro-
vide structural information on the changes

Laser Laser
Vv Vv
7 -
=4 ¥ By .
V xv Vxv
Parallel Transverse
Anyz=0 Any,=0

tion, the birefringence An, 5 of a lamellar PS-PI diblock is positive for perpendicular, zero for parallel, and

negative for transverse orientations.
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that occur along three distinct pathways to
alignment (Fig. 2). The material was a near-
ly symmetrical styrene-isoprene diblock
(weight-averaged molecular weight M,, ~
20 kg/mol; order-disorder transition (ODT)
temperature Topr = 172°C) (27, 28, 35).
The progress of alignment was monitored in
situ by the birefringence observed in the
(v, VXv)-plane (Fig. 1) with a rheo-optical
instrument (23, 27). The pathway to per-
pendicular alignment was characterized by
the buildup of a large positive birefrin-
gence (top curve, Fig. 2). Perpendicular
alignment was observed at sufficiently
large strains over a wide range of temper-
atures (0.8 Topyr < T < Topr) and fre-
quencies (0.0001 o, < © < w,) in poly-
styrene-polyisoprene diblocks that were
heated through the ODT to erase their
flow and thermal history and then were
cooled to the temperature at which shear-
induced alignment was subsequently per-
formed (27, 28, 33). The other two trajec-
tories are representative of two qualita-
tively different routes to parallel align-
ment at high frequencies (in the
polymeric regime, ® > w_): the first (mid-
dle curve, Fig. 2) is characteristic of
a family of trajectories observed at suffi-
ciently large strains in a narrow range
of frequencies only modestly above w,
(0, < 0 < 10w,_), and the second (bottom
curve, Fig. 2) is representative of the fam-
ily of trajectories that is found at higher
frequencies (10w, < w) (36).

A representative path to perpendicular
alignment was characterized by taking sam-
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B |
-4 8- ©=050,
5x 1077} A -m- 0=200,
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2 B 4 ©=500,
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Fig. 2. Three trajectories of shear-induced align-
ment in a PS-PI diblock copolymer as revealed
by real-time measurements of their birefringence
Any(alat T = 115°C; T/Topr = 0.87). The up-
per one (solid line) tracks the development of
perpendicular alignment at a shear frequency
» < o {(w = 1 rad/s strain amplitude, y, = 60%).
The middle one (dashed line) {(w > w.:w = 4 rad/s,
Yo = 70%) and the lower one (dotted line)
(w > o @ = 100 rad/s, v, = 30%) both lead to
parallel alignment, but through qualitatively differ-
ent paths of evolution of the transient structure, as
indicated by the opposite ‘signs of An,,. For all
three trajectories, we took samples for ex situ
characterization at three intermediate states
marked A, B, and C.
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ples in the middle of the initial “fast” process,
in the region where the character of the
process changes (28), and in the middle of
the subsequent “slow” process (points A, B,
and C along the top curve in Fig. 2). During
the earliest stages of the process (up to point
A), the initial, nearly isotropic orientation of
the lamellae (35) becomes enriched in the
parallel and perpendicular projections and in
all orientations in between, as indicated by
the growth of intensity in the whole ring
observed in the (Vv, VXv) plane (Fig. 3A),
with a preferential enrichment of the per-
pendicular projection indicated by the peaks
in the (Vv, VXv) and (v, VXv) planes.
Continuing through the fast process to point
B, there is greater selectivity in the enhance-
ment of the perpendicular projection (in-
creasing intensity in peaks along VXv, Fig.
3B) but not yet an elimination of the parallel
and intermediate orientations [the ring of
intensity in the (Vv, VXv) plane]. In con-
trast, the slow process from point B to C
brings both further increases in the perpen-
dicular projection and progressive elimina-
tion of the other orientations generated ear-
lier (compare blue to green curves, Fig. 3,
bottom). This trend continues from point C
to the completion of alignment, based on
SAXS patterns of the final aligned state
(28).

Fig. 3. Structure devel-
opment en route to per-
pendicular alignment as
revealed by SAXS at in-
termediate states for the A
o < o, traectory. (A
through C) Two-dimen-
sional (2D) SAXS pat-
tems at intermediate
states A, B, and C, re-
spectively, on the top
curve in Fig. 2 [see the
color scales on the right;
note that the number of
counts at full scale in-
creases from (A) to (C)].
The schematic diagrams
at the top of each col-
umn show the orienta-
tion of the x-ray beam c
with respect to the sam-

ple geometry. (D) To
compare the 2D pat-
terns as a function of
time, the three azimuthal
scans for each projec- D
tion are combined (A =
red, B = green,and C =
blue). The intensity of the |
azimuthal plot in the {
(Vv, v) plane uses an ex- t
panded scale (scale on
the left, indicated by the
left arrow) because the e
signal is so much weaker

180° 360" 0°  180°

The trajectory to parallel alignment at fre-
quencies only modestly above the transition
to the polymeric regime (0, < w < 10w,)
began in a way similar to the initial stages of
the perpendicular alignment trajectory. The
primary change during the fast process
(from the initial state to points A and B,
middle curve, Fig. 2) was the conversion of
poorly organized regions into well-defined
lamellae [see TEM results in (35)]. This
process was anisotropic and favored the cre-
ation of layers perpendicular to the plane of
the gradient and neutral directions (Fig. 1),
as indicated by the growth of the whole ring
of intensity in the (Vv, VXv) plane (Fig. 4,
A and B). In this frequency regime, though,
the parallel alignment is enhanced most
strongly (peaks along Vv). Beyond this
point (B, middle curve, Fig. 2), the charac-
ter of the process changed: The birefrin-
gence no longer increased, and the effect of
strain on the rate of the process became
weaker than it was in the fast process (27,
28). During the subsequent slow process,
the domains grew in size (35), and the
perpendicular component of the orienta-
tion distribution was reduced as the parallel
component became more and more domi-
nant (Fig. 4C). Samples removed after
much longer times showed sharp x-ray
peaks corresponding to a highly aligned par-

= =7 =0
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0
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1500
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Al -l A 0
360°0° 180° 360°

than that in the other two projections (scales on the right, indicated by the right arrows).
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allel state (28).

The transverse projection remained
weak throughout the fast and slow processes
along both the perpendicular alignment tra-
jectory and the parallel alignment process
at frequencies near w,, in accord with the-
oretical expectations (11).

The pathway to the same final parallel
state at very high frequencies (10w, < w)
differed from the one at moderately high
frequencies. The early stages again convert-
ed poorly organized material into lamellae
(35) but created transverse layers and par-
allel layers (Fig. 5A). This process was man-
ifested by the distinct four-spot pattern ob-
served when the beam was along the vor-
ticity direction (Fig. 5A) (37). This bimod-
al character continued until the end of the
fast process (Fig. 5B). At the transition
from the fast to the slow process, almost all
of the material was organized into layers,
and in layered regions with nearly parallel
orientation, the layers were tipped up and
down about the VXv axis in domains sep-
arated by tilt-wall type boundaries (35).
The first part of the slow process (from B to
C) produced a coarsening of the spacing of
the tilt walls (35), with an associated sharp-
ening of the alignment into the parallel
orientation (Fig. 5C). These results suggest

that the motion of tilt-wall boundaries con-
trols the slow process.

The evolution of the four-spot pattern
with time is similar to that observed pre-
viously for a nearly symmetrical diblock
that was ~50% longer than the present
one (26), but in the same frequency re-
gime (® >> o_.). The higher molecular
weight polymer differed from the present
one in three main respects: (i) It was
distinctly entangled; (ii) it was strongly
segregated; and (iii) it had such a high

Topt that it could not be disordered to -

erase its thermal and flow history but in-
stead was subjected to a prolonged anneal-
ing to produce a reproducible initial con-
dition. None of these three differences
changed the character of the alignment
trajectory in this very high—frequency
regime. This result suggests that the ex-
planation for this behavior should be gen-
eral to a fairly wide range of materials,
thermodynamic conditions, and shearing
frequencies.

Mechanisms of
Shear-Induced Alignment

The key feature that leads to the bimodal
texture is that the shear frequency is so high

SAXS intensity (counts)

0° 180°  360°0 180° 360°

0° 180°

360° 0°

that chain conformation cannot relax, and
larger-scale structures that require the mo-
tion of many chains certainly cannot relax.
Under these conditions, symmetry argu-
ments may give insight into the physics of
the alignment process. The orientations
that are affected in the same way by forward
and reverse cycles, and consequently have
the possibility of being progressively rein-
forced, have fore-aft symmetry (Fig. 6A).
Because the structure has insufficient time
to relax, the motion imposed by the defor-
mation in the (Vv, v) plane should domi-
nate over out-of-plane rearrangements.
These considerations leave two orientations
that could potentially be reinforced by mul-
tiple cycles of high-frequency shearing:
transverse and parallel (Fig. 1). Of course,
this does not imply that both projections
will be reinforced, but this simple symmetry
argument can explain why intermediate ori-
entations between these two, as well as
orientations with normals out of the (Vv, v)
plane, are not created.

The observation that a substantial trans-
verse population forms, even though this
orientation is the most unstable when sub-
jected to shear, suggests that the mecha-
nism for converting poorly organized do-
mains into well-defined lamellae contrib-

SAXS intensity (counts)

180°  360°

Fig. 4 (left). Structure development en route to parallel alignment for the
w, < o < 10w, trajectory. (A through C) 2D SAXS and (D) azimuthal plots for
samples at intermediate states A, B, and C, indicated on the middle curve in
Fig. 2. Fig. 5 (right). Structure development en route to parallel align-
ment for the w >> o, trajectory. (A through C) 2D SAXS and (D) azimuthal
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plots for samples at intermediate states A, B, and C, indicated on the bottom
curve in Fig. 2. The azimuthal plots for the (v, VXv) plane use an expanded
scale (scale on the right, indicated by the right arrow) because the signals are
much weaker than those in the other two projections (scales on the left,
indicated by the left arrows).
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utes approximately equally to the two pos-
sible orientations that could be reinforced
[note nearly equal peak heights at point A
in the azimuthal scan in the (Vv, v) plane,
Fig. 5, bottom]. Simultaneous with this or-
ganization process, which creates both
transverse and parallel domains, is a mech-
anism that converts the unstable transverse
domains to the more stable parallel orien-
tation. The former mechanism dominates at
the beginning, because the initial state is
largely composed of poorly organized do-
mains; the latter dominates at long times,
when most of the material exists in well-
organized lamellae in either nearly trans-
verse or nearly paratlel orientation.

Here we suggest one possible mechanism
for the creation of parallel and transverse
lamellae that emphasizes the special feature
of high frequencies w >> w_: the distortion
of chain conformation. In particular, the
effects of shear on the lamellar orientation
and on chain conformation tend to disturb
the relative orientation of the chains with
respect to the layers (Fig. 6). Layers that are
either transverse or parallel are disturbed
equally by forward and reverse shearing, so
that their orientation tends to remain un-
changed. Layers that deviate from these
orientations are swept into them because of
the asymmetric effects of forward and re-
verse half-cycles of shear. For lamellae
whose normal lies in the (Vv, v) plane and

within £45° of the flow direction, the half-
cycle that would tend to rotate the layers
away from transverse alignment also ex-
tends chains away from the layer normal,
tending to resist rotation (Fig. 6B). Instead
of responding in the same way to forward
and reverse cycles, layers with orientation
in this range would tend to rotate toward
transverse alignment (Fig. 6C). For lamel-
lae whose normal lies in the (Vv, v) plane
but within *+45° of the gradient direction,
the .half-cycle that tends to rotate layers
toward parallel alignment imposes a distor-
tion of chain orientation from the layer
normal that reinforces reorientation. This
effect produces an asymmetry with respect
to forward and reverse cycles that would
progressively reinforce parallel alignment
(Fig. 6D). Given the isotropic initial struc-
ture, equal populations of each family of
local initial orientations would exist. Thus,
shearing could lead to approximately equal
production of transverse and parallel
lamellae from the initial poorly organized
material.

The trajectories to parallel alignment at
moderately high frequencies (v, < w < 10w,_)
involve a transition in response: Here the
initial fast process is less selective (enhanc-
ing a range of orientations, rather than just
two) and has different symmetry [selecting
layers with normals that lie in the (Vv,
VXv) plane rather than the (Vv, v) plane].
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Fig. 6. The role of chain distortion in the development of the bimodal transverse-parallel texture en route
to parallel alignment at high frequencies (o >> ). The extensional component of shear affects chain
conformation as shown schematically by the solid chains (deformed) compared with the dotted chains
(undeformed). Convection of the layers produces a reorientation indicated by the solid lines (deformed)
versus the dotted lines (undeformed). (A) Transverse layers are affected the same way by forward and
reverse cycles, so there is no net tendency to reorient. A similar argument applies to the parallel
orientation. (B) Layers tilted away from the transverse orientation are not affected the same way by
forward and reverse shear. If their normal n is titted down relative to the flow direction of a forward cycle,
then the distortion of the chains is stronger in the forward than in the reverse direction; consequently, the
net effect of a full cycle is to promote reorientation toward transverse alignment. (C) Thus, layers with n
in the blue-shaded sector will tend to evolve toward transverse alignment (n || v). (D) The same reasoning
applies to orientations tilted in the opposite direction relative to transverse alignment, so they will also
tend to evolve toward transverse alignment (blue-shaded region). Similarly, orientations tilted away from
parallel alignment would progressively rotate into parallel alignment (green-shaded regions).
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This is a natural consequence of moving to
frequencies that are low enough to allow
relaxations on the scale of the whole chain
or even the nanostructure (the time scale of
the deformation approaches the single-
chain relaxation time). These relaxations
can produce out-of-plane reorganizations of
structure that avoid higher energy distor-
tions in the plane (such as the creation of
transverse layers). In particular, all of the
orientations that are enhanced during the
fast process of this trajectory have the prop-
erty that their layer spacing is not altered by
a shearing deformation. From this distribu-
tion, the slow process winnows out all but
the parallel alignment. This would be in
accord with a final selection of parallel
orientation at all frequencies w > ., based
on the viscoelastic contrast between the
styrene-rich and isoprene-rich layers (24).

As the frequency is lowered further, the
progression of behavior continues: The fast
process of the perpendicular alignment tra-
jectory again has the type of selectivity
observed in the intermediate trajectory to
parallel alignment. What changes is the
selectivity of the slow process. In the fre-
quency regime where the nanostructure
dominates (0 < w_), the selection of per-
pendicular alignment can be explained by
the coupling of shear to composition fluc-
tuations, which destabilizes the parallel ori-
entation relative to the perpendicular ori-
entation (6, 11).

Thus, the progressive changes in both
the fast and slow processes as one moves
from very high frequencies (0w >> w.)
through intermediate frequencies (above,
but near ».) to moderately low frequencies
{0 < @ ) can be qualitatively understood in
terms of the changes in the relaxation pro-
cesses that can occur on the time scale of
the deformation. A clearer view of the na-
ture of the fast and slow processes points the
way to future modeling and simulation of
dynamic processes during shear. The devel-
opment of alignment from a randomly ori-
ented initial state could be modeled in two
stages: the initial conversion of poorly or-
ganized material into layers and the subse-
quent elimination of unfavorable orienta-
tions and defects. Once models of each
stage of the process are available for the
distinct types of trajectories, the overall
process of flow-induced alignment can be
predicted, opening the way to rational de-
sign of polymers and processing conditions
to produce highly anisotropic nanostruc-
tured materials.

Direct observations provide an opportu-
nity to reevaluate the numerous proposed
mechanisms of flow alignment. The TEM
and SAXS results show no evidence of se-
lective melting or flow-induced disordering
(16, 29); instead, they suggest selective cre-
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ation of well-defined nanostructure from
poorly organized regions, particularly in the
initial fast processes of various alignment
trajectories. The concept of defect migra-
tion (3) is made specific, in terms of both
the type of defects involved and the dynam-
ic regime where they are important (for
example, coarsening of chevron patterns in
the slow process of parallel alignment in the
very high—frequency regime). Bimodal tex-
tures that have been observed in disparate
systems (20-22, 26) can be viewed in a
unified way and explained by the role of
conformational distortion of the polymer
chains, without invoking entanglement or
strong segregation (26). This powerful ex-
perimental approach is being extended to
other nanostructures, including the elabo-
rate structures formed by ABC triblock co-
polymers. Progress in other systems will
open the way to insights, such as those for
lamellar diblocks, that will guide novel pro-
cessing strategies for a wide range of self-
assembled nanostructures.
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