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ABSTRACT: The effects of flow alignment on the relaxation dynamics of a lamellar diblock copolymer melt
and the dynamics of flow alignment itself are investigated using simultaneous measurements of shear stress
and birefringence in both the flow plane and the sample plane. The primary advantage of this rheo-optical
approach in the context of flow alignment is that it provides quantitative measurements of the evolution of
the macroscopic mechanical properties and the state of the microstructure in real time, in situ as alignment
occurs. Further, it provides information on the molecular and microstructural dynamics that give rise to flow
alignment. Anentangled, nearly symmetric poly(ethylene-propylene)-poly(ethylethylene) of 50 kg/mol (PEP-
PEE-2) is studied during flow alignment under two different conditions, one that enhances alignment of the
lamellae parallel to the sample plane and another that induces alignment perpendicular to the sample plane
(lamellar normal along the vorticity axis). The results suggest that the flow process leading to parallel
alignment in PEP-PEE-2 is associated with inhomogeneous deformation such that the orientation of domains
in the material undergoes irreversible “rocking”, while the process that produces perpendicular alignment
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occurs under conditions in which the deformation is nearly homogeneous throughout the material.

1. Introduction

Block copolymers (BCP) are made of sequences of
chemically distinct repeat units connected contiguously
into chains. They are widely used as adhesives, thermo-
plastic rubbers, surfactants and compatibilizers,! and have
been the subject of extensive scientific investigation??3
because of their rich thermodynamics, intriguing rheo-
logical behavior, and value as model systems for under-
standing general classes of phase transitions? and flow
phenomena.5®

In this paper, we focus on the flow behavior of ordered
block copolymer melts whose local viscoelastic properties,
like colloidal and liquid crystals, are intrinsically aniso-
tropic. Flow fields can be used to introduce a preferred
alignment of the microstructure of an ordered BCP,
producing materials with highly anisotropic properties.’12
Numerous studies of the effect of shear on cylindrical and
lamellar-ordered phases have shown that the axes of the
cylinders can be aligned along the flow direction, and the
normal to the lamellae can be aligned along the velocity
gradient direction (“parallel” alignment). Recently, it has
been discovered that, simply by changing the flow con-
ditions, the direction of flow-induced alignment in lamellar
diblock copolymers can be “flipped” to orient the normal
tothelamellae (fi) along the vorticity axis (“perpendicular”
alignment) (Figure 1).581314 This discovery may lead to
new applications that use BCP melts as “switchable”
materials and has generated renewed interest in under-
standing the flow alignment of BCP melts.

Although the phenomenon of flow alignment has been
known for over two decades,” the mechanism is not yet
understood. On the basis of the observed changes in
microstructural alignment produced by flow, various
notions regarding possible mechanisms of alignment have
been proposed.?®10.1L13.14 However, a lack of information
regarding the dynamic response of the microstructure and
macromolecules during flow has made it impossible to
discriminate among the concepts put forth in the literature.
Toaddress the need for direct observations of the dynamics
of flow alignment, we monitor the evolution of the
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Figure 1. Schematic diagram of the two directions of flow-
induced alignment of lamellar block copolymers. “Perpendicular”
alignment has been observed in diblock samples subjected to
oscillatory shear at temperatures close to the ODT. “Parallel”
alignment has been observed in diblock and triblock samples
after either steady or oscillatory shear over a wide range of shear
rate and temperature. These cartoons are oversimplified: arich
variety of defect structures are observed, and flow enhances a
particular direction of alignment rather than perfecting it (see
electron micrographs and scattering patterns513).

microstructure using simultaneous mechanical and optical
measurements. Here, we present the first measurements
of stress and birefringence during the flow alignment
process. The flow response of alamellar diblock copolymer
melt during parallel alignment is compared with its
response during the perpendicular alignment process
(Figure 1).

We begin by reviewing the previous experimental
studies, the conceived mechanisms of flow alignment that
motivate our research, and the basis for using birefringence
measurements to characterize evolution of the micro-
structure during flow alighment. Next, we describe the
model polymer, apparatus, and methods used in this study.
Section 4 presents the results of dynamic stress and
birefringence measurements, characterizing both the ef-
fects of flow alignment on the dynamics of a BCP melt
and the development of flow alignment as it occurs. We
conclude by discussing the implications of these results
and directions for future work.

© 1994 American Chemical Society
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2. Background

The phase behavior of diblock (A-B) copolymers in the
bulk are largely determined by two factors: xN and f,
where x is the A-B segment-segment interaction param-
eter, N is the overall length of the polymer, and f is the
fraction of the A component.? When the repulsive
interaction (~ xN) is sufficiently weak, entropy dominates
and the polymer exists in a compositionally-disordered
phase. As xN increases, the repulsive interactions favor
areduction in the number of A-B contacts. Abovea critical
value of xN, the two blocks segregate into ordered
microstructures. Thistransition is referred to asthe order—
disorder transition (ODT). The morphology of the ordered
microstructure depends on f. When the BCP orders, the
orientation of the principal axes of the microstructure vary
with position in the sample, and various defects are trapped
inthematerial.!214 Inthe absence of asymmetry-breaking
field, tge ordered material is isotropic on a macroscopic
scale.”

2.1. Flow-Induced Alignment. While a preferred
orientation can be introduced by electric fields!® or surface
effects,'® flow provides the most potent means to manip-
ulate the macroscopic alignment of the microstructure of
ordered block copolymers.5’12 Flow-induced alignment
of BCPs was discovered in a styrene-butadiene—styrene
(SBS) triblock copolymer with a cylindrical ordered
morphology.”® Subsequently, it wasshown that oscillatory
shear is effective in orienting cylindrical and lamellar-
ordered phases of block copolymers.? The resulting
alignment of the cylinders was found to be along the flow
direction. Lamellae were found to aligh normal to the
velocity gradient.

To explain flow alignment, Hadziioannou et al.? offered
the following concepts regarding possible mechanisms:
selective rotation of “grains” in the material, selective
melting of grains, and defect migration. Selective rotation
ishypothesized to lead to a progressive alignment of grains
along the direction that minimizes their resistance to flow.
Selective melting was suggested to produce alignment by
selectively disordering domains in which the microstruc-
ture is oriented in “unfavorable” directions. Indeed, in a
shear flow, there is a “least favorable” alignment: lamellae
oriented broadside to the flow would experience layer
compression if they deformed affinely. Layers oriented
edge-on to the flow can shear without layer compression.
Thus, regions with layers broadside to the flow are
relatively rigid and more likely to be subjected to desta-
bilizing distortions.!” Finally, defect migration was added
as a mechanism for grain boundaries to anneal out of the
material once the grains themselves had been aligned.
Without any information on the dynamics of flow align-
ment itself, it has not been possible to test the validity of
these general notions, nor to develop a more precise
description of the actual mechanism of flow alignment.

The quest for a mechanism for flow alignment became
a search for at least two mechanisms when Koppi et al.5
discovered that the direction of orientation of lamellar
diblock copolymers is not always along the flow direction
(parallel), but could be flipped 90° (Figure 1) by changing
the flow conditions. This behavior was found to be
restricted to temperatures near the ODT and to frequencies
that were slow when compared to molecular relaxation,
but fast when compared to some critical frequency. The
precise limits of the perpendicular regime are not yet
known. Shearing the sample just above the ODT can
induce ordering, and the lamellae form aligned along the
perpendicular direction.® Regarding the mechanism that
produces perpendicular alignment, the observation that
this orientation is found only near the ODT suggests that
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fluctuations play a key role.!8 Perpendicular alignment
has since been observed in a polystyrene—polyisoprene
(12.5k-9.5k, denoted SI 12/9) lamellar diblock, also at
frequencies that are slow compared to macromolecular
relaxation and at temperatures close to the ODT.}¢ A
regime of parallel alignment at frequencies below those
producing perpendicular alignment has been observed in
PEP-PEE-2;in contrast, SI 12/9is driven toward parallel
alignment at sufficiently high shear frequencies.’® To-
gether, these observations suggest that three different
mechanisms of flow alignment may exist and that entan-
glement, viscoelastic contrast between the lamellae, and
the strength of order are likely to be important factors in
determining the flow behavior of BCPs.

The first steps toward investigating the evolution of
flow alignment were taken by Morrison et al.,1%!1 who
examined samples of a styrene-butadiene-styrene (SBS)
triblock with cylindrical morphology quenched at inter-
mediate states of alignment. On the basis of their
observations, they proposed that below a critical stress
flow alignment occurred due to the flow of “grains” such
that the domains are not disrupted and may flow as a unit;
above the critical stress, flow alignment occurred by
selective melting or by a combination of the flow of grains
and selective melting. Their results reinforce questions
that have persisted in the literature regarding the mi-
crorheology of flow alignment, its dependency on proximity
to the ODT, proximity to the glass transition of one or
both blocks, and shear rate or shear stress.

To address the need for information on the dynamics
of block copolymers during flow alignment, one requires
experimental methods to characterize the changes in the
microstructure induced by flow, and their relationship to
changes in the macroscopic viscoelastic properties of the
material. Rheooptical methods are particularly wellsuited
to observe the development of alignment of the ordered
structures in BCPs, and the molecular and microstructural
responses that lead to it. The general principle behind
optical rheometry is to use the connection between the
state of the microstructure of a fluid and the observable
anisotropies in its optical properties.l® In this study we
take advantage of the relationship between BCP micro-
structure and anisotropy in the real part of its refractive
index, or birefringence.

2.2. Flow Birefringence of Block Copolymers. The
birefringence of a quiescent, ordered block copolymer
carries information about the orientation distribution of
the microstructure. Two contributions can be
distinguished: the tendency of the chains to align per-
pendicular to interfaces in the material (intrinsic bire-
fringence) and the anisotropy of the phase-separated
microstructure (form birefringence). Both contributions
are coaxial, so that the principal axes of the refractive
index tensor coincide with those of the ordered structure.2°
Thus, in a sufficiently weak flow that the conformation
of the chains is not significantly distorted from equilibrium,
the birefringence of a lamellar block copolymer provides
a means to measure the second moment of the orientation
distribution of the layer normal.

In a quiescent homopolymer melt, all orientations of
the end-to-end vector are equally probable and the polymer
is optically isotropic. When subjected to stress, the melt
flows and the conformation of the chains is perturbed.
The bias in the orientation distribution of chain segments
is manifested in anisotropic optical properties. For
homopolymer melts and concentrated solutions over a wide
range of flow conditions, birefringence is related to stress
by the stress—optical rule; the deviatoric parts of the stress
tensor and the refractive index tensor are proportional to
each other.2!
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Ordered block copolymers can be birefringent even at
rest. Therefore, the stress—optical rule cannot be valid in
general. Nevertheless, under flow conditions that perturb
the chain conformations significantly from that dictated
by the microphase structure, the stress and birefringence
might both be dominated by the contributions associated
with the distortion of the chain conformation. This is
most likely to be the case when the time scale of the flow
is rapid compared to conformational relaxation. In this
regime, the stress can be expected to disturb the segmental
orientation distribution of the molecules, producing a
contribution to intrinsic birefringence. Ifthis contribution
dominates over the birefringence associated with the
microstructure, the stress—optical rule would hold in this
regime of rapid deformation. Asthe time scale of the flow
slows, the birefringence associated with the microstructure
becomes increasingly important relative to the birefrin-
gence arising from the distortion of chain conformation,
and there is no reason to expect the stress—optical rule to
hold. Therefore, itis of interest to examine the conditions
for applicability of the stress—optical rule to block copol-
ymers and the way the stress—optical rule fails when it
does.

Previous studies of flow alignment motivate us to
investigate the mechanisms that lead to parallel and
perpendicular alignment. In order to achieve this, we
monitor the evolution of the microstructure by measuring
stress and birefringence before, during, and after the
alignment process. While stress is sensitive to the mac-
roscopic response, birefringence is sensitive to both the
molecular and microstructural responses. Here we show
that, together, they provide insight regarding the mech-
anism of flow alignment.

3. Experimental Section

3.1. Material. The polymer used in this study is a nearly
symmetric poly(ethylenepropylene)—poly(ethylethylene) diblock
copolymer of My, = 50 100 g/mol (PEP-PEE-2) synthesized by
Bates.2? The synthesis, characterization, and viscoelastic prop-
erties of this polymer have been described previously by Bates
and co-workers.?>? It possesses good thermal and oxidative
stability, a readily accessible ODT (Topr = 96 °C), blocks that
are long enough to be entangled, and a narrow molecular weight
distribution (M,/M, = 1.07). “Flipping” was discovered in PEP-
PEE-2D, the partially deuterated counterpart of the present
material.® It has beenshown that when PEP-PEE-2 is subjected
to prolonged oscillatory shear at T/ Topr = 0.97 with 100 % strain
amplitude, a shear frequency w = 0.02 rad/s enhances parallel
alignment, whereas w = 1 rad/s produces perpendicular align-
ment.’

3.2, Apparatus. The mechanical and stress—optical prop-
erties of this block copolymer were characterized using a rheo-
optical apparatus developed in our laboratory. The center of
the apparatus is the Rheometrics RSA-II dynamic mechanical
testing system, which was modified to permit optical measure-
ments. Dynamic birefringence was measured using a polariza-
tion-modulation scheme (optical train, Figure 2a).2¢ This rheo-
optical apparatus is described in detail elsewhere.2526 It is
uniquely suited for simultaneous, quantitative measurements of
dynamic stress and birefringence over a wide range of frequency
(0.01-100 rad/s) and temperature (-100 to +400 °C).

Rheo-optical experiments were performed using the “shear-
sandwich” geometry, with the optical axis either along the velocity
gradient direction or along the vorticity direction (Figure 2b),
thus enabling us to probe two different projections of the
anisotropic refractive index tensor. This is particularly useful
because the projection that is most sensitive to the evolution of
the microstructure depends on the direction of the lamellar
alignment. Birefringenceinthe 1,2-plane or 1,3-plane is measured
with the optical axis along the vorticity direction (axis 3, Figure
2b) or the velocity gradient direction (axis 2, Figure 2b),
respectively. The parallel plate devices used in all of the
experiments reported here (Figure 2) have gaps of 0.5 mm and
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Figure 2. (a) Rheo-optical apparatus for simultaneous mea-
surement of dynamic shear stress and birefringence. The
instrument consists of an HeNe laser (wavelength A = 633 nm)
(L), linear polarizer (P), photoelastic modulator (PEM), quarter-
wave plate (Q), shear sandwich flow cell in the Rheometrics Solids
Analyzer RSA-II, circular polarizer (CP), and detector (D). The
signal from the detector is analyzed using a low-pass filter and
two lock-in amplifiers: one at the first harmonic (1f) and the
other at the second harmonic (2f) of the modulator frequency.
(b) Two shear sandwich flow cells are used. The conventional
tool made by Rheometrics (left) is used for measurements of
birefringence in the 1,2-plane. A custom tool (right) is used for
measurements in the 1,3-plane.

plates of 2 cm? area (15.95 mm X 12.65 mm). For optical
measurements in the 1,3-plane, custom shear-sandwich fixtures
were made with the plates replaced by CaF,; windows. In this
case, the optical path length was twice the gap width, i.e. 1.0 mm.

The signals from the displacement and force transducers, the
low-pass filter (I4.), and two lock-in amplifiers at the fundamental
f and the second harmonic 2f of the modulator (I;; and Iy) are
recorded using a microcomputer. The strain, stress, Ry = I/
I4e, and Ry = Iyf/1, are calculated from these results. For a
sample with zero dichroism and having a principal axis of
birefringence oriented at an angle o with respect to the flow
direction, the ratios Ry and Ry are related to the retardance p
of the sample by Ry = 2J5(A) sin u sin 2« and Ry = —2J1(A) sin
i cos 2a, where J1(A) and J2(A) are Bessel functions of the first
and second order evaluated at the amplitude of the modulator
(A) and p = (2rd/A)An;j, with d the optical path length, A the
wavelength of the incident light, and An;; the birefringence in
the i,j-plane (1,2- or 1,3-plane in our work). From Ry (t) and
Ry(t), we calculate An;i(t) and a(t). The Fourier transforms of
the time domain signals are calculated. The relevant Fourier
components are the fundamental (1w) of the strain, stress, and
An;j sin 2a and the dc component of An;; cos 2aq, as is explained
below.

3.3. Stress and Birefringence in BCPs. Inshear flow with
the coordinate system of Figure 1, the stress tensor has the
following nonzero terms:

op 912 0
c=|02 0T O (1)
0 0 033

By symmetry we expect the shear stress o1 to be an odd function
of the strain, and the normal stress differences N1 = o1; — 092 and
Ny = 023 — 033 to be even functions of the strain. In the case of
oscillatory shear y(t) = v, sin wt, if v, is small we expect only the
leading terms to dominate. Thus, ¢12is expected to be sinusoidal
with the same frequency as the applied strain. While flow
certainly can perturb the microstructure and consequently the
viscoelastic properties of block copolymer melts, there may exist
sufficiently small strain amplitudes that the complex amplitude
of the stress oscillation is linear in the strain and independent
of time during prolonged shear. When this is the case we can
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define storage and loss moduli, G’(«) and G”'(w), for the block
copolymer that depend on temperature and on the previous (large
amplitude) flow history of the material:

ayg = v,[G’ sin wt + G” cos wt] 2

There may exist an intermediate range of v, for which the shear
stress can be described in terms of effective dynamic moduli
G, which change with time during prolonged shear due to flow-
induced changes in fluid structure.?

We restrict ourselves here tosufficiently small strains that the
shear stress is simply sinusoidal at the frequency w. We perform
two types of experiments. One type (“frequency sweep™) uses
such a small strain amplitude that no change in viscoelastic
properties is observed even after completing experiments over
a wide range of frequency. The second type (“flow alignment”)
uses strain amplitude large enough to produce alignment of the
lamellae, but with small enough strain that the stress can be
described using G, which is monitored as a function of time
during prolonged shearing.

Inashear flow, the refractive index tensor n has a form similar
to the stress tensor:

ny N O
n=|nyp Ny 0O 3
0 0 Mg

Regarding the birefringence, we are concerned with two particular
projectionsof n. The projection on the 1,2-plane, n;,, is cbserved
when the optical axis coincides with the vorticity axis:

n n

11 12

n,= [ ] 4)
12 Ny Ty

The magnitude of the birefringence in the 1,2-plane, Any,, is
equal to the difference between the principal eigenvalues of n;;.
In terms of the experimentally observed An;; and orientation
angle o of the principal axis of n;; with respect to the flow
direction,

Ny = -:léAn12 sin(2a) (5)

and
Nqy ~ Mgy = Any, c08(2a) ®)

The projection of n on the 1,3-plane, n;3, is probed when the
optical axis is along the velocity gradient. The principal axes of
n,s coincide with axes 1 and 3 (i.e., & = 0), so its anisotropy is
completely described by the magnitude of the birefringence An;;
= nj — Ngs.

Neglecting the symmetry breaking involved in the choice of
the initial and final shearing directions, we expect similar small
strain regimes for nyzas for a1, Wedefine a complex birefringence
coefficient B* = B’ + iB” for n; by®

Nyp = v, LB’ sin wt + B” cos wt] %)

Like the shear stress, there may exist a regime of sufficiently
small strain that B* is simply a function of the shear frequency
and the state of the microstructure. Atsomewhat larger strains,
the effect of oscillatory shear on the microstructure of the fluid
may be manifested in changes in the dynamic birefringence with
time, which can be described by B(t).?”

Again, neglecting the symmetry breaking involved in choosing
an initial flow direction, one does not expect n;3 to build up due
tooscillatory shear (i.e. it will oscillate about zero). Consequently,
if a particular orientation of the projection of the lamellar normal
in the 1,2-plane were enhanced by oscillatory shear, it would be
directed along one of the axes (1 or 2) and would be manifested
inny—nge. Similarly, if a particular orientation of the projection
of the lamellar normal in the 1,3-plane tends to be aligned by
flow, it will be manifested in ny; — n33. Thus, the evolution of the
steady offset in ny; — ng and ny - nag is sensitive to the
development of alignment.
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Table 1. Shift Factors and Effective Stress-Optic
Coefficients of PEP-PEE-2

T (°C) ar br bTs0 10%C,¢¢ (cm?/dyn)
22 380 1.34 1.07 1.5¢
45 35 1.20 1.02 1.4
65 5.4 1.09 1.00 1.35
87 1 1 1 1.24

To characterize the relative magnitude of the birefringence
compared to stress, we define three stress—optic ratios based on
the magnitude, the real part, and the imaginary parts of the
complex birefringence coefficient and the dynamic modulus:

= lB_*l
SOR = 21 ®
SORy, =2 @
SORy, =2 (10)

For homopolymer melts, under the relatively mild flow conditions
of interest here, the stress—optical rule would hold and SOR,
SORRg,, and SOR;, would be independent of frequency and all
equal to the stress—optic coefficient, C. For BCPs, the specific
way in which the stress—optical rule breaks down may offer clues
regarding microstructural dynamics. Examining the stress—
optical behavior using these ratios exposes different regimes of
flow response in terms of the relationship between molecular/
microstructural orientation and stress.

3.4. Methods. Two types of oscillatory shear protocols were
used, as described above: (1) frequency sweeps at small-strain
amplitudes (<9%) to characterize the state of the sample before
and after alighment, and (2) prolonged, large amplitude (roughly
100 %) oscillatory shear at a fixed frequency toinduce macroscopic
alignment of the microstructure. Stress and birefringence were
recorded simultaneously during both types of experiments.

We report rheo-optical measurements during the flow align-
ment process at two different frequencies at 87 °C and 90%
strain: (1) at 0.02 rad/s for 92 cycles, and (2) at 1 rad/s for 1800
cycles. As mentioned above, similar conditions have previously
been shown to produce parallel and perpendicular alignment,
respectively.” To establish a reproducible initial condition before
each alignment experiment, the sample was heated well into the
disordered phase (135 °C) and allowed to equilibrate at that
temperature for 25 min. The sample was then cooled to the
desired temperature in the ordered state and allowed to equil-
ibrate for 25 min, This procedure resulted in a reproducible
unaligned initial state, confirmed by the rheo-optical measure-
ments before and during the alighment process.

4. Results

4.1, Stress-Optical Properties before and after
Alignment. The dynamic moduli and complex birefrin-
gence coefficient were measured at 22, 45, 65, and 87 °C
using small amplitude oscillatory shear. Frequency-sweep
experiments were performed first on the unaligned BCP
and then on the aligned states obtained by prolonged
oscillatory shear. The aligned state of the material was
designated “parallel” after 7 h of shearing at v, = 90%
and w = 0.02 rad/s at 87 °C (similar to the conditions that
produced parallel alignment as indicated by SANS?). It
was designated “perpendicular” after 2.5 h of shearing at
7o = 90% and w = 1 rad/s (again based on previous SANS
results®).

The dynamic moduli (G*) measured at different tem-
peratures (T < 87 °C) could be superimposed by using
appropriate shift factors (Table 1). The frequency (a7)
and vertical (br) shift factors are very close to the values
reported previously.22 A master curve for the dynamic
birefringence (B*) is obtained with identical frequency
shift factors, but with slightly different vertical shift factors
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(brso in Table 1) due to the temperature dependence of
the effective stress—optic coefficient, described below.

The dynamic birefringence and dynamic modulus
master curves of the unaligned BCP are compared in Figure
3. Athighreduced frequencies, the dynamic birefringence
and dynamic modulus may be superimposed by dividing
B* by an effective stress—optic coefficient Cegr. This shifted
dynamic birefringence is denoted as G;o. At all accessible
frequencies at 22 and 45 °C, SORg, and SOR, are constant
and equal to each other, leading to the values of Cq given
in Table 1. At 65 and 87 °C, Cg is calculated using the
results at high enough frequencies that SORg, and SOR [,
are independent of frequency and equal to each other.
The temperature dependence of C.g is in accord with that
observed for PEP homopolymer melts? and accounts for
the difference in vertical shift factors for G* and B* (Table
1).

Thus, the stress—optical rule appears to hold above a
criticalfrequency. With decreasing frequency, deviations
from the stress—optical rule are first evident in the elastic-
like character (G’ and G;o), below a critical frequency
W, Deviations are evident in the loss-like behavior (G”
and G,,) only at much lower frequency, below w,,.. Both
of these are at least an order of magnitude smaller than
the frequency where the storage and loss moduli cross
(ws).

The dynamic moduli and birefringence are modified by
flow alignment. In the low-frequency regime where
viscoelastic properties are sensitive to the order—disorder
transition,2 the dynamic moduli of PEP-PEE-2 are
reduced by flow alighment (Figure 4). The dynamic
moduli observed using v, < 2% are in agreement with
those reported previously,® for both the perpendicular-
and parallel-aligned states. For comparison with earlier
work, the critical frequencies, below which the storage
and loss moduli are sensitive to the ordering transition,
are indicated by w; and w,_, respectively (Figure 4). Atthe
lowest reduced frequencies, we resorted to using a higher
strain (9%), which was accompanied by a noticeable
decrease in the storage modulus.

The way that the stress—optical rule fails at low
frequency (Figure 3) is also modified by flow alignment.
In particular, the regime in which the stress—optical rule
appears to hold extends to lower frequency in flow aligned
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states (Figure 5). For the unaligned material, SOR is
constant at high enough frequencies (above w¢ =~ 2rad/s,
consistent with the results shown in Figure 3). Below this
frequency the birefringence per unit stress increases with
decreasing frequency. Although the results in this regime
donot cover a wide dynamic range, they suggest that there
may be a power law regime (~«1/2igshown for comparison
in Figure 5). The two aligned states have similar SOR(w),
each with a critical frequency that is 1 order of magnitude
smaller than that observed for the unaligned state.

4.2. Stress—Optical Behavior during Parallel Align-
ment. During prolonged large amplitude shear at 0.02
rad/s at constant strain amplitude, the magnitudes of the
o12 and ny» oscillations decrease and a displacement
develops in ny; — ng (Figure 6). The decrease in the
amplitude of the oscillation of n;; is more dramatic than
that of ¢12. The magnitude and time scale of the growth
of the displacement of ny; — ngy appear to be correlated
with the magnitude and rate of the decrease in the
amplitude of n;s.

Both oq2 and n;s oscillate with the same frequency as
the applied strain. Thus, they can be described in terms
of complex coefficients G(t) and B 4(t). The effective
storage and loss moduli (Figure 7a) decrease over 7 h of
shearing, but the decay in G, is more pronounced than
that of G, For reference, the moduli observed at 9%
strain at the same frequency are indicated by arrows.
During the parallel alignment process B_;; decreases more
strongly than Gy, with By falling by 1 order of magni-
tude and B:ff dropping by a factor of 4 (Figure 7b). Thus,
the relative magnitude of the birefringence compared to
the stress, SOR, decreases significantly, and this decrease
is associated with the elasticlike response of the material
SORg, (Figure 7c).

4.3. Stress-Optical Behavior during Perpendicu-
lar Alignment. The development of perpendicular
alignment is monitored in a similar way, with the dis-
tinction that the displacement of the birefringence in the
1,3-planeis recorded to monitor the progressive alignment
of the lamellae. The shear stress and birefringence ny,
are again described by G(t) and Bl(t) (Figure 8). The
loss-like character (G, and B) is almost unchanged as
alignment progresses. During the first 3000 s, G;ff and
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Figure 3. Dynamic moduli (G*) and complex birefringence coefficient scaled by the effective stress-optic coefficient (see text)
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B, decrease together. The monotonic development of
perpendicular alignment is manifested in the displacement
component of ny; — na3 (Figure 8c). The sharp increase in
[(n11 = nag)(d)| during the first 200 s coincides with the
period when most of the decrease in G, and B occurs.
Nevertheless, the displacement}(n; — nas) (d)|doubles over
the next 4000 s, while G, decreases only 25% and B
becomes erratic.

5. Discussion

5.1. Dynamics of the Unaligned, Lamellar Melt.
Comparison of the dynamic shear stress and birefringence
inthe ordered but unaligned BCP melt reveals a frequency
regime where the stress—optic rule appears to hold (o3 «
ns) (Figure 3). Since the form birefringence is negligible
compared to the intrinsic birefringence in PEP-PEE
diblock copolymers,?0 the birefringence reveals the seg-
mental orientation of the chains. In the regime where 019
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« n1g, both the shear stress and the dynamic birefringence
nie are primarily associated with the distortion of chain
conformation. Indeed, this behavior is confined to fre-
quencies near and above the terminal molecular relaxation
time (w = 1/4w,). As frequency decreases, there is a
crossover to a regime where the relative magnitude of n;;
with respect to o2 increases with decreasing frequency.
This crossover occurs first in the storage components (G’
and B’), as the elastic character associated with the
relaxation of entanglements becomes less significant than
the elasticity associated with the microstructure. In
unaligned PEP-PEE-2, G’ and G,, diverge below a
critical frequency w’c,so that is only slightly lower than
w, (the frequency below which G’ is sensitive to the
ordering transition). The critical frequency w,,, below
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Figure7. Analysisof the shear stress and dynamic birefringence
nyo during the “parallel” flow alignment process (Figure 6) in
terms of (a) effective dynamic moduli, (b) the effective complex
birefringence coefficient, and (c) the amplitude-based stress-
optic ratio SOR. The arrows at the left and right edges of the
graphs in parts a and b indicate the values of the dynamic moduli
and birefringence coefficient observed at 0.02 rad/s with small
strain (9%). The arrows on the left show values for the unaligned
material; those onthe right are for the parallel aligned state.

which the loss-like character shows deviatior}s between
G” and G., is far below not only w,,, but also w,. Its value
corresponds to wg reported by Koppi et al.5 in unaligned,
ordered PEP-PEE-2 and which they associated with defect
motions (wgar=0.4rad/sfor T, = 87 °C). We believe that
the regime between w’c,so and w,,, is that in which the
viscoelastic response is governed I;y the layered structure
in the material, as described below.

Just below w, and w, there is a power law region where
G~G'~ w°-'?, as has been reported previously.2? This
type of behavior, intermediate between a solid and liquid,
appears to be characteristic of layered liquids in general, 3
Kawasaki and Onuki have shown that for a layered liquid
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inthe 1,3-plane (r); - ngs). The arrows at the left and right edges
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with modulus B for layer compression, viscosity 7, and
isotropic distribution of lamellar orientation, at frequencies
below a critical frequency w. == B/7, the dynamic moduli
are G’ ~ G ~ (7/24V/2)(Bnow)/23! This regime is cut off
at low frequency by the contributions of defect structures.
If the layer spacing is A, and the typical distance between
defects is Ip, then this lower-frequency crossover is
anticipated at w()\y/Ip)?. Extending this analysis to the
stress—optical behavior, Milner and Fredrickson have
shown that in this intermediate range of frequencies where
the layer structure dominates the viscoelasticity, the stress—
optic ratio should scale as SOR ~ «~1/2,32 This scaling is
in agreement with the observed SOR (w) (Figure 5).
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This theoretical picture explains the existence of an
intermediate range of frequency in which the viscoelastic
relaxation shows power law behavior. In this region it is
anticipated that the stress—optic rule will fail, with a power
law dependence of SOR. This regime is limited on the
high-frequency side by the domain in which the viscoelas-
ticity is dominated by molecular relaxation, and on the
low-frequency side by the contribution of the larger-scale
structure (presumably focal conic defects and grain
boundaries).1>-1¢ Qur results provide strong support for
this physical picture of the dynamics of an unaligned,
lamellar BCP melt.

5.2. Effect of Alignment on Dynamics. Stress—
optical measurements on aligned samples show that the
frequency regime in which the stress—optical rule appears
to hold extends to lower frequencies in aligned samples
than in unaligned PEP-PEE-2 (Figure 5). Since the
dynamics that enhance SOR at low frequency are elim-
inated by alignment, the deviations from the stress—optical
rule are associated with inhomogeneous orientation and/
or defect structures trapped in an unaligned or partially
aligned BCP. This is reasonable, since a sample with
perfect lamellar alignment, in either the parallel or the
perpendicular orientation, subjected to oscillatory shear
of v, £ 100% would not experience significant distortion
of the layer spacing or curvature. Thus, the shear stress
and n; would be primarily associated with the distortion
of the conformation of the polymers, and the stress—optical
rule would be expected hold for nys and o5 in an ideal,
aligned BCP.

With respect to the oscillatory shear conditions used to
induce alignment, the perpendicular alignment has the
smaller dynamic moduli at both of the frequencies used
for flow alignment (Figure 4). Thus, the simple notion
that the system adjusts itself to minimize its resistance to
flow® cannot describe the “flipping” of alignment direction
that is observed in PEP-PEE-2. Instead, it is likely to be
dictated by a change in the time scale of the flow with
respect to a characteristic time scale of the BCP dynamics.®
Among the characteristic frequencies exhibited by the
unaligned BCP (w,,, @, 40 @, @, a0d wy), the one that lies
between the frequency used to produce parallel alignment
(0.02 rad/s) and that used for perpendicular alignment (1
rad/s) is w_,,. Here, it is tempting to speculate that the
mechanism of parallel alignment overcomes that of
perpendicular alignment when the viscoelastic behavior
is dictated by microstructural dynamics (i.e., < w, ). At
higher frequencies and near the ODT, the mechanism that
leads to perpendicular alignment dominates, perhaps due
to the dynamics of the lamellar structure manifested by
w::,so' At vet higher frequencies (w > w,) that only probe
chain entanglement, it is likely that another regime of
behavior will be found; we expect no alignment to occur
there, because the excited modes are so local and the
viscoelastic properties of PEP and PEE are so similar.
Certainly, further experiments are required to identify
crossover frequencies between different regimes of be-
havior and their relationship to the characteristic fre-
quencies of the BCP.33

In generalizing the results obtained for PEP-PEE-2, it
is necessary to note that some aspects of its behavior are
notuniversal. Inalamellar 12k-9k PS~PIdiblock, Winey
et al.'* do not find a low-frequency regime of parallel
alignment below the range where perpendicular alignment
is observed. On the other hand, they find that parallel
alignment occurs at a frequency well into the Rouse-like
regime. In this regime, parallel alignment may be a
consequence of the viscoelastic contrast between the
lamellae and may require that chains not be entangled.

Macromolecules, Vol, 27, No. 5, 1994

5.3. Mechanism of Parallel Alignment. The decay
in the amplitudes of both o5 and n;; during the parallel
alignment process (Figure 6) can be described by a double
exponential with time scales of approximately 480s (~1.5
cycles) for the fast mode and 4000 s (~13 cycles) for the
slowmode. During the first several hundred seconds, the
stress and birefringence amplitudes decrease together and
the stress—optic ratio SOR is essentially constant (Figure
7¢). In contrast, the magnitude of the slow decay is much
greater in nys than in o19; this is manifested by a decrease
in SOR (Figure 7c).

The large decrease in |B,| while |G, is barely changing
(t > 4000 s, Figures 7a,b) indicates that there exists a
mode of dynamic response associated with a large dynamic
birefringence per unit stress relative to the birefringence
associated with distortion of chain conformation. This
mode of dynamic response is eliminated progressively
during flow alignment. The increase in the magnitude of
the displacement of ny; — ngp during the first 10 000 s is
correlated with the decrease in the amplitude of nis.3¢
The development of the ny; — ng; component of birefrin-
gence is consistent with the enhancement of parallel
alignment determined previously by SANS.

One possible interpretation of the behavior of o139, njs,
and ny; - ngg involves inhomogeneous deformation within
a polydomain-ordered BCP, as has been observed in
smectic liquid crystals.3®® In layered liquids, two factors
can give rise to inhomogeneous deformation: one is the
variation in the local shear modulus due to variation in
lamellar orientation, the other is the presence of focal conics
that act as rigid structures suspended in the material. Due
to the orientation dependence of the viscoelastic properties,
oscillatory shear could produce a “wagging” or “rocking”
of the lamellar normal, particularly the projection in the
1,2-plane. The amplitude of this rocking depends on the
local orientation of the lamellae.

Over the course of one cycle, the rocking of the normal
may not be completely reversed, as can be illustrated by
considering a region with lamellar normal along the flow
direction (A|v). Asdiscussed above, such a region is rigid
relative to the mean field around it, which initially consists
of isotropically-oriented lamellar domains and various
defect structures. Theregion with fi| v will behave initially
like a rigid particle embedded in the medium and will
rotate. Asitrotates, its effective modulus decreases. This
decrease in stiffness reduces the tendency of the domain
to rotate rather than deform. At the end of the cycle the
component of A along v is less than unity, and the
orientation distribution of the surrounding material is no
longer isotropic. Due to both of these factors, the reverse
cycle of strain does not produce a reversal in the trajectory
of fi. In particular, this region is expected to be less rigid
than it was in its initial orientation, and smaller forces are
expected to act on its periphery; therefore, this region is
expected torotate “back” to a lesser extent than it rotated
“forward” during the first half-cycle of strain. Thus, the
net effect of one cycle of strain is to reduce the component
of fi along v, increasing the component along the velocity
gradient.

This picture of irreversible rocking can be applied to
arbitrarily-oriented regions and used to explain progressive
alignment induced by subsequent cycles of strain. This
schematic view of the microrheology of parallel alignment
is consistent with the decrease in dynamic birefringence
nizandits correlation with the increase in the displacement
of ny; — nge. Further, it is plausible that inhomogeneous
deformation could produce alarger dynamic birefringence
per unit of stress than is associated with the distortion of
chain conformation, because the rocking of a whole domain
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can contribute strongly to the birefringence for a small
energy cost per unit volume, since only the material at the
periphery is distorted. The monotonic decrease in the
inhomogeneity of the deformation as alignment occurs is
also consistent with the monotonic decrease in the stress—
optic ratio, ultimately to the level associated with the
distortion of chain conformation (Figure 7¢). Comparison
of the moduli at small strain (arrows at the margins of
Figure 7a) with those observed at 90% strain shows that
the nonlinear dependence on strain is modest for the
conditions that produce parallel alignment. This is
consistent with the flow being so slow that the micro-
structure is not highly perturbed, allowing domains to
respond as dictated by their local orientation and imme-
diate surroundings. Later this will be compared to the
quite different behavior that leads to perpendicular
alignment.

This conceived model is consistent with the observation
of Bates and coworkers that a sample, having been
previously aligned perpendicular, remains in the perpen-
dicular alignment if it is subjected to a shearing that would
produce parallel alignment of an initially isotropic sample.
Since the present picture of the mechanism of parallel
alignment involves the biased rocking of the projection of
the layer normal in the 1,2-plane, it would have no effect
on a sample that has i along the vorticity axis. Finally,
it is consistent with the SANS patterns observed for
parallel aligned samples, which showed that the parallel
orientation is enhanced, but perpendicular alighment also
remains. In the present view of the dynamics of parallel
alignment, the projection of the layer normal along the
vorticity axis is largely unaffected by the process. The
presence of this orientation in the initial isotropic dis-
tribution is carried through to the final parallel aligned
state.

The notion of irreversible rocking of grains does not
address the detailed dynamics of defects in the system.
Winey it et al. have shown that flow-induced alignment
is associated with a reduction in the number of wall and
focal conic defects in a lamellar diblock copolymer (SI
12/9).13 Whilewall defects might be eliminated by rotation
of adjacent domains, focal conic defects can be eliminated
only by localrupture of lamellae. Thisindicatesthat “grain
rotation” alone cannot completely explain the annihilation
of defects that occurs during the process.

Regarding the possibility of relaxation upon cessation
of flow, in PEP-PEE-2 when large-amplitude shearing is
interrupted and resumed, the stress and birefringence
responses resume with essentially the same amplitudes
and displacement just as they had before the interruption.
Noevidence of relaxation has been observed. Thisisunlike
the behavior reported recently!? for a 12k—9k polystyrene—
polyisoprene lamellar diblock copolymer in which the
dynamic modulus recovers after cessation of shearing at
an amplitude large enough to induce parallel alignment.35

5.4. Development of Perpendicular Alignment. At
afrequency of 1 rad/s, the value of G’ of the perpendicular
state is more than 1 order of magnitude smaller than that
of the unaligned state (Figure 4a), and the ratio of
G.;G’' is one-fifth as large as that in the unaligned
material (Figures 3 and 5). This leads one to expect a
10-fold drop in G, during flow alignment, and an even
greater reduction in B'eff. However, there is only a 4-fold
decrease in Gy, and B, and G, decrease in a similar
manner during the first 4000 s. The discrepancy between
what is expected based on the small strain behavior (v,
<2%)and what is observed during flow alignment can be
understood in light of the strain dependence of B’ and G’.

Evolution of Microstructure during Flow Alignment 1185

During the very first cycle of large amplitude strain,
G, is immediately one-tenth as large as G’ (shown by the
arrow labeled G’ on the vertical axis at ¢t = 0). Almost all
of the enhancement of G’ due to the microstructure of the
unaligned sample is lost at high strains. Consequently,
the alignment of the microstructure has a much smaller
effect on G;ﬁ (1 rad/s) v, = 90% than expected, based on
G’ (1rad/s) (o £2%). Inrelation to the notion that flow
alignment is driven by the tendency of the fluid to minimize
its resistance to flow, there is negligible driving force for
alignment during this process.

In contrast to the parallel alignment process, during
which the amplitude of n;; decreases much more than
that of g1, the magnitude of the two decrease propor-
tionately during perpendicular alignment (Figure 8a,b).
The amplitude-based stress—optic ratio SOR during the
process is nearly equal to Cer determined at high frequency
(@ > w,,;) and small strain amplitude. This is expected
because the stress is dominated by the loss component
and the frequency of prolonged shear falls above w:o in
the region where the loss modulus is dominated by
molecular rather than microstructural relaxation (Figure
3); therefore, G, and B; are expected to be insensitive
to flow alignment and remain proportional.

The magnitude of the displacement of n;; — ngzincreases
with time, consistent with the SANS observation that
similar conditions induce perpendicular alignment. The
increase in n1; — ngs also appears bimodal with a fast time
scale of rougly 100 s and a slow time scale of ~400 s. The
sharp initial rise in ny; — ngs correlates with an abrupt
drop in G, and Bjy. On the longer time scale, there is a
significant increase in r1; — 7133, while G4 and Bj; remain
almost unchanged. That G.y and By are insensitive to
lamellar alignment is consistent with the observation that
both appear to be dominated by polymeric rather than
microstructural contributions under the flow conditions
that produce perpendicular alignment. Under such con-
ditions, if the behavior of ny; — ng3 was not observed, the
plateau in G;ff and B;ff might be interpreted incorrectly
as indicating that the alignment of the microstructure is
no longer changing.

5.5. Static Birefringence of Aligned Samples. The
magnitude of the ny; - ns3 birefringence in the perpen-
dicular-aligned sample and the magnitude of the ny; —ngs
birefringence of the parallel-aligned sample are comparable
toeach other, with that of the perpendicular sample being
somewhat higher than that of the parallel sample. This
is consistent with earlier SANS results® showing that the
degree of alignment is higher in perpendicular than in
parallel PEP-PEE-2. Both aligned samples have static
birefringence that is orders of magnitude smaller than an
estimate of An ~ 7 X 104, based on analysis of strongly-
segregated lamellar BCPs applied to the case of PEP-
PEE-2.2 Asaresultof the small refractiveindex difference
between PEP and PEE (npgp = 1.48, npgg = 1.487), the
intrinsic contribution dominates this birefringence (in-
trinsic:form ~40:1). Since thestaticbirefringence of PEP-
PEE-2 is dominated by the segmental orientation distri-
bution, the discrepancy between the theoretical and
observed birefringence suggests that in the weakly-
segregated conditions of our experiments the chains are
much less oriented with respect to the interfaces of the
lamellae than they would be in the strongly-segregated
state assumed in the Lodge—Fredrickson analysis.

Indeed, recent simulations of the ordering transition of
symmetric, diblock amphiphiles show that orientational
order is very weak near the ODT.3¢ For thelongest diblocks
simulated (N = 48), the orientational order parameter of
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the chain segments was found to be P; = 6 X 104 Since
PEP-PEE-2 consists of 130 Kuhn segments, the simu-
lations suggest P = 8 X 10-° on the basis of the scaling
Py ~ N-2 found in the simulations. This corresponds to
a static birefringence of 3.8 X 10-¢ for aligned lamellae,
given the properties of PEP-PPE-2.20 This result is in
reasonable accord with our experimental observations
(Figure 3).

6. Conclusion

This study demonstrates that stress-optical measure-
ments can provide valuable information regarding both
the effect of lamellar alignment on the dynamics of ordered
BCPsand the development of the flow-induced alignment
of their microstructure. In PEP-PEE-2 at conditions near
the ODT, the behavior of the shear stress and birefringence
during the process suggests that parallel alignment is
associated with the irreversible rocking of domains in the
material, while perpendicular alighment occurs under
conditions in which the microscale deformation is essen-
tially homogeneous. The selection of the direction of flow
alignment of PEP-PEE-2is not dictated by the orientation
that minimizes the modulus, nor is the progress of
alignment always manifested by a decrease in the mag-
nitude of the shear stress. Both for parallel and perpen-
dicular cases, much of the alignment is induced by a “fast”
process on a time scale that is comparable to the period
of the oscillatory shear. During this fast process the
dynamic birefringence and stress decrease together. The
degree of alighment improves further on a much longer
time scale (an order of magnitude slower than the “fast”
process), but this change is hardly manifested in the
macroscopic mechanical properties.

Because these rheo-optical measurements are performed
in real time, in situ they are well suited to screening many
conditions of frequency and temperature in an efficient
manner. Thus, it is natural to apply this approach to
determine the crossover frequencies from one direction of
alignment to another, the effect of xNV on these crossover
frequencies, and the characteristic time scales or strain
scales that control the rate of alignment and their
dependence on w, v, and x/N. The influence of entan-
glement and viscoelastic contrast between the lamellae
should also be explored, with the goal of understanding
the differences in the observed behavior between PEP-
PEE and PS-PI. These issues are central tounderstanding
the mechanisms of flow alignment, which would ultimately
permit the design of BCPs for applications or processing
strategies that take advantage of flipping.
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