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Observation of Nematic Texture in a Diblock Copolymer Melt
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ABSTRACT: We have observed nematic textures in polarized optical microscopy and “gtigiafterns in
depolarized light scattering (four lobes parallel to polarizer/analyzer axes) from a deeply quenched diblock
copolymer melt with a cylindrical microstructure. Both of these features are similar to those found in nematic
liquid crystalline polymers. In contrast, this same polymer sample exhibits a more conventional grain structure
at shallower quench depths, characterized by an “X” pattern in depolarized light scattering (loBSete goldrizer/
analyzer axes). A theoretical model is used to analyze the “plus” scattering patterns obtained from nematic textures
in the single scattering limit. This model is used to quantify the nature of local correlations in our deeply quenched
block copolymer melt. We show that the nematic texture is easy to align by shear flow while the granular structure
is not.

Introduction Polarized optical microscopy (POM) has been used by
Chastek and Lodge to determine grain shapes and growth
kinetics in solutions of cylindrical Sl diblock copolyme®sThis
echnique is particularly well suited to shallow quenches in

hich the nucleation density is low, so that grains can grow to
sizes of hundreds of micrometers without impinging on neigh-
boring grains; such sizes are well within the resolution limits
of optical microscopy.

Block copolymers can spontaneously self-assemble into a
variety of periodic microphase-separated, nanometer-sized
ordered domains, such as spheres, cylinders, gyroids, an
lamellael=® The long range order of these domains in bulk
samples and thin films has been the subject of many theoretical
and experimental studiés23 In particular, our group has been
using depolarized light scattering to investigate the relationship i .
between the optical properties and the grain structure of ordered POM has also been widely recognized as one of the most
block copolymerg4-30 Our earliest studies considered samples powerful methods to investigate liquid crystalh_ne Su_bSFaﬁb?S'
composed of randomly oriented “ideal” grains: uncorrelated Not only can one identify if the substance is a liquid crystal
grains whose optic axes are uncorrelated with their shzgés. but one can also O_||Stl_nQUISh tht? type _of Il_qwd crystal to some
More complex systems have included samples containing extent. Nematic liquid crystallllne th_ln f|Irr_13 held between
ellipsoidal grains whose optic axes lie along their shape?é&es untreated glass plates _ofter_1 oner_wt W_lth their directors parallel
and samples consisting of correlated clusters of ellipsoidal 10 the substrates. If this orientation is not homogeneous, but
grains? Recently, we have developed a model that assumes Varies slowly in the plane of the substrate, so-caBetilieren
an anisotropic orientation distribution of ellipsoidal grains in a textures are observed between crossed polarizers.
sample under shear flo%#:30 Nematic textures have been reported in the literature as a

In this paper we use depolarized light scattering (DPLS) and Signature of both rigid and semiflexible main chain liquid
polarized optical microscopy (POM) to investigate a polystyrene  Crystalline polymer¥ and also for cholesteritlyotropic*> and
polyisoprene (Sl) diblock copolymer that exhibits a nematic thermotropi€®™*¢ nematic polymers. They have aiso been
texture when annealed at a relatively large quench depth. Thefeported for micelle$? To our knowledge, this is the first report
corresponding DPLS patterns exhibit 4-fold symmetry where Of & nematic texture arising in a bulk diblock copolymer melt.
the lobes of the patterns are oriented along the polarizer/analyzer Wang and Hashimoto showed that SI block copolymers with
axes. We thus refer to these patterns as “plus” patterns hereafterlamellar or cylindrical microdomains in bulk could form a
The plus pattern has not been previously observed in block smectic or a columnar lyotropic liquid crystal ph&&é? Their
copolymers. An important goal of this work is to develop a reports were the first to show clear optical microscopy evidence
model for quantitative analysis of the plus DPLS pattern in terms of micrometer-sized liquid-crystalline textures in bulk block
of the size, shape, and relative arrangement of the local copolymers, when prepared by evaporation from solution. Prior
coherently ordered regions. to that work, there were a few reports, based on observations

of microdomain morphology under transmission electron mi-
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director is normal to the cylinder axis, in the plane of the
monolayers

Theoretical Background

There are no satisfactory models in the literature that can
accurately describe typical observed “plus” depolarized scat-
tering patterns obtained from nematic liquid crystalline poly-
mers. Two early attempts to develop such models were by
Hashimoto and Steffiand by Grecd? In the former case, the
basic scattering unit was assumed to be an isolated disk with a
single disclination at the center. The agreement between this
model and experimental patterns was poor, suggesting that two-,
three-, and many-body interactions among neighboring disks
were essential. Greco assumed that the basic scattering unit wa
a disk that enclosed a dipole consisting of a paiSef +1/,
disclinations. The scattering patterns obtained from this model
are in qualitative agreement with the plus pattern. We have
expanded on these ideas in developing the following two-grain
model.

Two-Grain Model

The standard nematic structure comprises a set of directors
whose orientation changes continuously as they terminate in
closely spaced pairs d8 = 4%/, disclinations, as shown in
Figure 1a. We have highlighted two crescent-shaped regions in
this figure where the director makes an angletgf5® to the
line connecting the two disclinations. We will approximate this
complex structure by two parallel ellipsoidal grains of the same
shape, with each grain’s optic axis at°4 its shape axis in
such a way that the two optic axes are at right angles, also shown
in Figure 1a. The two-grain system, along with associated length
parameters, is shown in Figure 1b. This model provides a
coherent scattering unit in which the director rotates through
90°, somewhat reminiscent of the scattering unit employed by
Greco?® This two-grain model is substantially different from
the three-grain models we have used in the past for fitting
“clover-leaf’ X-type scattering patterns. In the three-grain
models, the optic axis is always parallel to the shape axis of
each ellipsoidal graif whereas in the new two-grain model,
the optic axis makes an angle of°4® the shape axis of each
grain.

A diagram illustrating the vectors and angles used to describe
the scattering geometry is provided in Figure 2. The unit vector
in the direction of the common grain axig, has the Cartesian
coordinates

g = {sin6sinu, sin6, cosu,, cosb} Q)
wherefy andug are the polar and azimuthal anglesgoiith
respect to the laboratosy-y—z coordinate system. L, a,,
g} be an orthonormal set of unit vectors. We can tak&o be
perpendicular te, and g, wherea; is a unit vector in thez
direction:

a:=a, x gla, x gl

a,=0gxa (2
Take the optic axis of grain A to be at 4® the g axis and at
the azimuthal angle measured from thé axis in the- plane.
Then the optic axis of grain Aga is given by

=1

NG ®3)

N (a; coso + @, sino + g)
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Figure 1. (a) Nematic director field in the vicinity of a® = 4/,
disclination dipole, highlighting regions where the director makes an
angle of aboutt-45° to the dipole direction. (b) Schematic of the two-
grain model. Two ellipsoidal grains have parallel shape axes, but optic
axes at 45to their respective shape axes, and i©each other.

For our assumed geometric configuration, the optic axis of grain
B, og, is given by

1

V2

By inspection we see that the two vectass and og are
orthonormal. We take the displacement vectoy,from the
center of grain A to the center of grain B to be parallel to
Oa—Og:

0y = —=(—a;coso — g, sino + g) (4)

(5)

L = (a. coso + a, sino)L
: % CDV
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Figure 2. Diagram illustrating vectors and angles used in the light
scattering model. The vectoes, a,, anda, are the orthonormal basis
vectors in the laboratory frame is the unit vector along the grain
axis of grain A. The grain axis of grain B is parallel to that of grain A.
L is the vector, perpendicular ) from the center of grain A to that
of grain B. 0a is the optic axis of grain A and is at 4%o the grain
axisg. og is the optic axis of grain B, also at 4%o g, but at such an
orientation thaba andog are perpendiculagg is a vector perpendicular
to g chosen as a reference for the measurement of the spin angle
about the grain axis of grain A andL lie in the plane perpendicular
to g, and the angle between themds The incident beam travels in
the direction ofa,, andsis a unit vector in a scattered beam direction,
making a polar angl® with respect toa, and an azimuthal angle,
measured fromay, in the{x, y} plane.

L is the magnitude oL. The y-component of the field at the
far pointrg scattered by the grain pair?ts

C

E=-=
i

Ee kg 80,058 F, () + 8,0505°aF5(@)} (6)

whereq is the scattering vector given by
q=k(s—a) 7

ands is a unit vector directed from the grain pair toward the
far-field pointrg. The symboloa0g represents a dyadic tensor
with theijth element equal toog)i(0g);. The scattering vector
will be approximated by its paraxial limit:

q ~ ke(sinu, cosy, 0) 8

This approximation leads to an expression for the scattered

intensity correct to orde®. The angle®) andu are the polar
and azimuthal angles of the scattered field direct®rEy is
the field amplitude of the incident plane wave, the cons@nt
is given byC = n(ne — no)k?2x, and k is the wavevector
amplitude equal t@27/A, where 1 is the wavelength of the
incident light. The refractive index of a grain for light polarized
parallel or perpendicular to the grain optic axis is givennby
or no, respectively, ana is the average refractive index. The
functions Fa(q) and Fg(q) are Fourier transforms of the
corresponding shape functiofigr') andfg(r'), wheref(r') is
equal to 1 ifr" lies in the grain and O otherwise.

F(a) = /[ dr' e @"f(r")

Evaluation of Shape Factor Transforms

©)
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constant value are ellipsoids of revolution about the grain

axis:
_ ] (g @)+ @)
FA(r) = exp( (7) ) exp( ST ao)

fa(r) =

2 or — 1 V)2 12
exp(_(Q-(r/—L)))eXF{_(ag(r L)) \;(aW(r L)))

(11)

where | and w are grain length parameters parallel and
perpendicular to the ellipsoid rotation axis, respectively; we get
for their transform&

Fa(@) = () exi{— 5 (* ~ w(a'0F) exd ~ 3 W]

12)
Fg(a) = exp(-iq-L)FA(q) (13)
q-g = qcosyt — u,) sin 6 (14)

g-L = gL (—coso sinu — puy) + cosf, cosf — uy) sino)
(15)

The power scattered by the AB grain pdifg, is proportional
to |E|2 Aside from multiplicative constants, we have

lag = (ax°OA0A°ay)2|FA(Q)|2 + (ax°OBOB’ay)2|FB(Q)|2 +
2(a,°0,053)(8, 0505 3 )ReFA(q)Fg(a)*) (16)

Neglecting interference between different grain pairs, which
leads to a high spatial frequency speckle pattern, the power
scattered by the ensemble of grain pairs is proportional to the
average of xg over the orientation angle§y andug, and the
spin angles. Aside from constant multiplicative factors, this is
given by

T . 27 271
Mas 0= [ sin6,doy [ dug [ dolsg

Since theugy integration is over the full angular range from 0 to
27, we may eliminate: from theF5 andFg terms by making
the substitutiong — 1 + «, and the defining equations can be
written

Mae = [ sing,do, [0 duy [0 do sin 6,F X(xaay +
xbby) + 2 (xaay xbby cosgiL)(coso sinu, +
cosb, cosu, Sino));

2'
Fp= exp(— (qzv) ) exp{— %(V/\—; - 1)(qw)zco§ug sinz@g);

Xaay= — % (cospu + pg) coso — fsinfu + ug)) x
(f, cospe + pg) + coso sin (u + uy));

17)

xbby= — % (cosp + ug) coso + fi, sinfu + pug)) x
(fncosp + ug) — coso sinfu + ug));
f, = sin 6y + cosé, sino;
fn=sin6y — cosf,sino (18)
Spatial Symmetry of Scattering Patterns
The u dependence of the scattered power is explicit in the

To facilitate later evaluations we approximate the grain xaayandxbbyterms. Since these terms appear to the second
shape functions by Gaussian forms whose contours of degree, the harmonic expansiondtwill contain constant am&:DV
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Figure 3. SAXS profiles of SI(#23) obtained in separate experiments |
after quiescent ordering from the disordered state at 85 (shifted for &
clarity) and 93°C. The relative positions of the higher order scattering

peaks corresponding to hexagonally packed cylinders are indicated by
arrows and labeled on the profile.

4u terms. If we changg to -u and make the following changes
in the integration variablesug — —ug, 0 — 0 + 7, 03— 7w —

04, we get the same expression for the intensity, so it is even in
u« and has the following form:

(b)

Intensity= o(6) + S(0) cosd (19)

Reduction to 2-Dimensional Integration

~The above expression for the intensity involves a 3-dimen- Figyre 4. Typical TEM micrographs of SI(723) obtained in separate
sional integral over the angle variablg@y, ug, o} . Numerical experiments after quiescent ordering from the disordered state at (a)

evaluations in this form are relatively lengthy in computational 85 and (b) 93°C. OsQ is used to stain the polyisoprene phase. The
time. Using the Fourier Bessel integral, we can transform the 'ength of the scale bar is 100 nm.

expression to terms involving at most 2-dimensional intecfals.
These can be evaluated numerically in much shorter times and
make practical the use of algorithms to obtain optimum matching
of theoretical parameters to experimental data. The explicit form
of the reduced expressions is given in Appendi® 1.

hexagonally packed circles and straight lines indicating the presence
of ordered polystyrene cylinders.

The optical properties of our sample, under quiescent conditions
and under reciprocating shear flow, were studied using an apparatus
described in ref 29. Several 1 mm thick SHZ3) melts were first
. . heated to 108C for 90 min to erase the effect of thermal history.
Experimental Details The samples, placed between two crossed polarizers, were then

A polystyrene-polyisoprene diblock copolymer was synthesized tempered at different temperatures (i.e., 70, 80, 85, 87, 89, 91, 93,
by anionic polymerization under high vacuum. The weight-averaged and 95C). It took less than 15 min for each sample to reach its
molecular weights of both polystyrene and polyisoprene blocks were final annealing temperature after the start of cooling. Time zero is
determined to be 7.3 and 22.6 kg/mol respectively, and we refer to defined as the time when the cooling was initiated. Depolarized
this polymer as SI(#23). The volume fraction of the polystyrene light scattering patterns and birefringence data were acquired
block in SI(7—23), fps is 0.217. Our synthesis and characterization periodically over time, using a HeNe laser (633 nm wavelength)
procedures are given in ref 47. Quiescent birefringence measure-as the light source. Reciprocating shear studies were performed on
ments were used to determine that the oralsorder transition SI(7—23), using strain amplitudes of 20 and 200% and shear
temperature of our system was 282 °C. The sample was heated velocities of 0.1 and 1 mm/s. Once again, samples were first
aboveTgpr in the SAXS instrument (beamline 8-ID-I, Advanced disordered under quiescent conditions at 10&rior to each shear
Photon Source, Argonne National Laboratory) and cooled to 85 flow experiment. Shear flow was started immediately at the
and 93°C in separate experiments. The SAXS data thus obtained beginning of the cooling.
are shown in Figure 3. At both temperatures we observe standard Polarized optical microscopy (POM) images were captured 24
SAXS signatures of a hexagonal phase (higher order scatteringh after 100um-thick SI(7—23) melts were quenched quiescently
peaks at/3 and+/4). from 108 to 85°C and from 108 to 93C, using a hot stage.

For the transmission electron microscopy (TEM) experiments, ) ) ) )
two SI(7—23) melt samples were quiescently ordered at 85 and 93 Processing of Depolarized Light Scattering Data

°C for 72 h (after disordering) and rapidly quenched to room Experimentally obtained DPLS patterns in the form of TIFF
temperature. The samples were sectioned using a Leica UltraCutgeq \vere processed by (1) subtracting a background pattern
UCT microtome equipped with a Leica EM FCS cryogenic sample (pattern at time zero), (2) eliminating the central peak (due to

chamber operated at110 °C. The sections 50 nm in thickness "~ .
were collected on TEM grids and staihé h in OsO4 vapor, incident laser leakage through the crossed polarizers) by

rendering the diene blocks dark by mass-thickness contrast. A JEOL{runcating the high-intensity values at small scattering angles
100CX TEM, operated at an accelerating voltage of 100 kV, was (4 < 0.04-0.06um™?), (3) removing any secondary reflections
used to image the stained sections. Typical micrographs obtainedby replacing pixels with ones lying at symmetric positions on
from these experiments are shown in Figure 4. We see both the other side of th&-axis, (4) cropping the pattern so that tE%V
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frame is square, (5) filtering out high spatial frequencies to

eliminate extraneous detail and reduce resolution to allow faster
numerical analysis, and (6) converting the rectangular coordi-
nates of the scattering direction to polar coordinates, so that
rectangular pixels are replaced by annular sectors. The mear
value of an annular sectadvl(q, Aq, u, Aw), is the mean value

of the intensity of pixels within the sectdiq, q + Aq}, {u,

u + Au}. Thenth cosine moment,(q), of M is given by

f,(0) = AuAg [ M(q, Ag, u, Au) costu) du (20)

As discussed above, the theoretical scattered depolarized
intensity has the forrfy(q) + f4(q) cos 4«. By calculating cosine
moments, we can fit the experimental scattering data directly
to this form, making use of scattering data at all azimuthal angles
rather than our earlier method which made use of data from
only specific values oft (integer multiples of 4%.

Because any experimental intensity distributidfgu), is
periodic inu, it can be expanded in a Fourier seri&sf,(q)
cos () + = gn(q) sin (ne). We have calculated both the cosine
and sine momentds,(q) andgn(q), for our scattering data for
values ofn up to 6, and find that all the moments are negligible
(maximum value less than1.5% of the maximum value df)
except forfo, f4, and occasionallyf; and g;. The f; and gz
moments are sensitive to the choice of the center point of the
scattering pattern, and they are sometimes nonnegligible becaus
of a subtle asymmetry in the pattern that is not even detectable
by eye. We thus find that the expressién+ fs cos(4)
constitutes an essentially complete description ofgland u
dependence of our quiescent scattering data.

(b)

. . Figure 5. DPLS patterns for SI(#23): (a) plus pattern of the sample
Comparison of Theory and Experiment annealed at 85C after 86 h of annealing; (b) cross pattern of the sample

The two-grain model described above was used to calculateannealed at 93C afte' 1 h of annealing. lee length of the scale bar
a set of normalized moment curvels'*wg), for various corresponds to a difference @of 0.20xm.
values ofl/w. A linear least squares procedure was used to
determine the best fitting values of I/w, and an amplitude  Figure 5, respectively. In Figure 5a, we see the development of
factor, A, for a given experimental set of cosine moments, a plus @) pattern, where the lobes of the pattern are parallel to
f 2?(q). For each trial valuew, the theoretical abscissa was  the polarizer/analyzer axes, where in Figure 5b we see the usual
multiplied by wiia %, to allow comparison with experiment. For  cross (X) pattern associated with randomly oriented anisotropic
a givennth cosine moment curve consisting lf points, the granular structures developed in block copolynier&:29.48-52
rms deviation is given by We followed the development of these depolarized light
scattering patterns at different annealing temperatures ranging
1 Ny from 70 to 95°C. At shallow quench depthg (> 88 °C), we
dev() = — [f ﬁxptqi) —Af :]heory(qi)]Z (21) observed cross (X) depolarized scattering. patterns, in which the
N,V & four scattering lobes are at 4% the polarizer-analyzer axes.
In contrast, at deep quench deptis< 88 °C), we observed
The final discriminant is formed by the weighted sum of the Plus (t) depolarized scattering patterns. The fact that we observe
deviations. For matches involvirfgandf,, the discriminant is different scattering patterns at different annealing temperatures

wt(0)dev(0)+ wt(4)dev(4), where is not surprising, since defect structures in block copolymers
are sensitive functions of quench deptiOn the other hand, a

Nn plus scattering pattern has never been a signature of block

wt(n) = 1/2 f &) (22) copolymer scattering. We also noticed that the cross and plus

= patterns were not interconvertible upon changing the annealing

_ . . o temperature nor do they disappear after long annealing, indicat-
Using theMathematicafunction NMinimize, the best values ing that once formed, there are large free energy barriers that

of the parametersiia, I/w, andA are determined. prevent conversion of one defect type to the other. All the
. . observed scattering patterns, whether cross or plus, decreased
Results and Discussion in size and became more intense as a function of time, indicating

The SAXS and TEM results in Figures 3 and 4 indicate the that the size and volume fraction of the scattering domains
presence of hexagonally packed cylinders in weakly ordered increase with increasing time.

SI(7—23) melts. The results from SK23) thus far are not The corresponding cosine momerit$g) andfs(q), obtained
surprising and in agreement with previous studies on Sl diblock from the two images shown in Figure 5, parts a and b, are also
copolymers withfps~ 0.2248 The DPLS patterns from SI7 qualitatively different and are shown respectively in parts a and

23) annealed at 85 and & are shown in parts a and b of b of Figure 6. In Figure 6af4(q) > O for all q, because th%DV
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Figure 6. Cosine momentdg(q) andfs(q) for SI(7—23). Parts a and 0 O s *
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Figure 8. Birefringence profiles for the samples annealed quiescently
at 85 and 93C. The inset shows the birefringence profile for the 85

scattered intensity along = 0° is larger than that along = C sample over 8000 min.

45°, whereas in Figure 6l4(q) < O for all g, because the  period (defect annihilation). At large quench depthsT(at 88
scattered intensity along = 45° is larger than that along = °C), we do not see the same distinct kinetic periods that we
0°. have seen at shallow quench depths. To allow for a better
The curves in Figure 6 are least-squares theoretical fits comparison between the two ordering mechanisms, we focus
through the experimental data. The best fit of the data in Figure on the early time birefringence signal obtained at 85 and at 93
6a to the 2-grain theory, obtained fow = 3, w = 4.42um °C in Figure 8. To confirm the qualitative difference between
andL/w = 2, clearly captures all of the important experimental the two ordering regimes, we monitored the birefringence signal
features in thdo(g) andfs(q) data. The data in Figure 6b are at 85°C for well over 8000 min, as shown in the inset of Figure
similar to data published in ref 28. As in ref 28, we used the 8. No evidence of distinct ordering kinetics regimes is seen at
twisted-H 3-grain model to analyze the data. In this model, the 85 °C. The time dependence of the order formation seen at
sample is composed of randomly oriented clusters of three temperatures below 88C may be a signature of spinodal
anisotropic grains with characteristic lengtrsndw, wherein decompositiort? or it may be the result of nonequilibrium
each grain is described by a Gaussian shape functionAasd effects owing to very high nucleation denstfy.
a parameter that describes the polydispersity of grain sizes. The The time dependence of the birefringence, obtained after
theoretical curves in Figure 6b correspond/to= 3, w = 5.15 quenching SI(#23) from 108 to 85'C and from 108 to 93C,
um, andA = 0. It is evident that the length scale of local under reciprocating shear flow (200% strain amplitude and 1
correlations in the nematic texture (Figure 6a) is similar to those mm/s shear velocity), is shown in Figure 9. At 85, we find
obtained from block copolymers with a granular defect structure that P/Pg increases rapidly to unity, and then levels offt at
(Figure 6b). 15 min ¢ = O is defined as the time when both the cooling and
Birefringence data, i.e., the fraction of incident light transmit- the shearing were started). At 93, it took about 120 min for
ted through crossed polarizé?#>,, were collected as a function  the birefringence signal to level off BfPy ~ 0.7. By comparing
of time, for the SI(723) samples annealed quiescently at 85, the kinetic profiles at 85 and 93 under both quiescent (see
87, 89, 91, and 93C (see Figure 7). The results suggest two Figure 8) and shear flow (see Figure 9), we can conclude that
different ordering mechanisms depending on the quench depth.shearing the nematic texture, produces excellent and rapid
In the vicinity of the sample’s orderdisorder transition alignment, in sharp contrast to the quiescent results at the same
temperature (af > 88 °C), the ordering process proceeds by temperature (i.e., 85C) where order formation was not
classical nucleation and growth as we can see fronstigaped complete even after 8000 min of annealing. This in turn can
profiles indicating an induction period (nucleation) followed by prove to be of great practical importance in future applications
a fast growth period (grain growth), followed by a slow growth using block copolymer3® CDV
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Figure 9. P/Py vs time for SI(7#23) annealed under shear flow at 37
selected temperatures (85 and €3.

We also note that there was no measurable depolarized light
scattering at finite scattering angles at any time during the (200%
strain amplitude) shear flow experiment. On the basis of &
previous work, we take this as an indication that the fraction of = g .
randomly oriented grains is either negligible (i.e., formation of «™% « ©
a perfect single crystaor that these grains are nearly parallel
to the flow direction?® On the other hand, when relatively low-
strain amplitude was used (20%), we observed measurable
depolarized light scattering patterns at finite scattering angles §
similar to those obtained in the quiescent experiments (i.e., plus
patterns at 88C and cross patterns at 98). The developed
scattering patterns did not disappear or interchange at any pointFigure 10. Polarized optical microscopy images taken after 24 h for
during the (low-strain) experiments, indicating that these tle(ig lﬁ’g] FS“;F;%SS?]’;’\‘;?E" rgﬁﬁ;‘;iﬁ}gtu@ ﬁﬂgﬁw?ﬁoﬁ%aggme
developing defect structures are in fact kinetically stable not 7 iq éoﬂm_ 99 ' 9
only under quiescent but also under mild strain conditions.

In POM, the visualization of the ordered texture of a sample randomly oriented grains, while annealing the sample &5
held between two crossed polarizers, depends very much onleads to the development of nematic texture. The difference in
the film thickness. When the thickness of a sample is much the coherent order can only be detected in experiments that probe
larger than the domain (grain) size, the optical texture becomesthe local structure on the micrometer length scale, i.e., DPLS
very blurred, and it consists of only unshaped bright and dark and POM. We also show that the shear alignment characteristics
regions due to the overlay of the textures along the thicknessof the granular and nematic phase are very different. However,
direction. When the thickness of a sample is too small, the experiments that probe the nature of coherent order on the
optical path length becomes too short and the propagating lightnanometer length scale such as SAXS and TEM show no
does not encounter enough ordered structures to cause thesdependence of structure on annealing temperature.
weakly birefringent materials to have sufficient visual contrast,  The unique optic axis of the cylinder phase of block
which means that the optical textures would be invisible (dark) copolymers is aligned along the cylinder axis. We thus conclude
under the microscope. Parts a and b of Figure 10 shows imageshat the nematic director (see Figure la) in SiZB) is
taken 24 h after two 10@m-thick SI(7—23) melts were coincident with the local orientation of bundles of hexagonally
qguenched quiescently from 108 to 86 and from 108 to 93 packed cylinders. The reason for obtaining a nematic phase in
°C respectively, using a hot stage. The texture obtained at 85SI(7—23) is not entirely clear at this point. The characteristic
°C, shown in Figure 10a, reveals a continuous and smooth coherence length of the structures obtained at®@3/w = 3,
change of the director, and is very similar to POM images w = 5.15um) and 85°C (I/w = 3, w = 4.42um) are similar.
obtained from liquid crystalline polymers and other nematic There is thus no qualitative difference in the average defect
fluids. The large sampling area in Figure 10a along with density obtained in the granular and nematic phases. Nematic
depolarized light scattering data shown in Figure 5a indicate phases are traditionally formed by stiff rodlike molecules. One
that the observed nematic texture is a global feature of our might thus conclude that the stiffness of the glassy polystyrene
SI(7—23) block copolymer sample. Given the thickness of the cylinders may be responsible for the formation of the nematic
samples used in the optical characterization of these systemsphase in SI(#23). It may be noted that our annealing
we conclude that these micrometer-sized nematic defects aretemperature of 85C is close to the glass transitiofi @ 7 kg/
3D structures where the directors continuously change their mol homopolystyrene melt. We have studied a series of Sl block
orientation and that there are no grain boundary walls where copolymers with cylindrical morphologies in refs 288 and
the directors discontinuously change their orientation. POM 49, and the nematic phase was not observed in those experiments
images obtained at 9%, shown in Figure 10b, are devoid of despite the proximity of the annealing temperature to the glass
nematic texture. transition temperature of the polystyrene phase.

We have thus shown that the nature of coherent order in  We propose that the formation of the nematic phase is related
SI(7—23) melts depends crucially on the annealing temperature. to the composition of the block copolymer. In ref 48 we studied
Annealing the sample at 93C leads to the formation of  grain growth in SI(#26) with f = 0.18 while in refs 28 an%DV
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50 we studied grain growth in SK4L3) and SI(26-6) with f prolonged annealing, changing thermal conditions, and/or mild
= 0.23 andf = 0.26, respectively. (In our nomenclature, the shearing indicates that it is kinetically stable. Finally, shearing
numbers in brackets are an ordered pair, representing thethe nematic texture with a high-strain amplitude produces rapid
molecular weights of the polystyrene and polyisoprene blocks and excellent alignment while shearing granular samples does
in kg/mol andf is the volume fraction of the minor component.) not. This is important for future applications where aligned block
All of these copolymers are weakly ordered with accessible copolymer phases are needed.

order—disorder transitions. The grain structure in both Si(4

13) and SI(26-6) could be described by relatively simple grain ~ Acknowledgment. Financial support provided by the Na-
models wherein the optic axis was assumed to be constant withintional Science Foundation (Grant DMR-0213508 and DMR-
individual grains. In SI(#26), however, we were unable to 0514422) is gratefully acknowledged. The Advanced Photon
detect any signs of coherent order on the micrometer length Source and Argonne National Laboratory is supported by DOE
scale after quiescent annealing, regardless of annealing temunder contract number W-31-109-Eng-38. The TEM work was
perature’® The SAXS patterns of SI(726) were, however, very  supported by the Army Research Office Polymer Chemistry
similar to those shown here for SK23). We concluded in ref ~ Program (W911NF-04-1-0329). This manuscript was signifi-
48 thatf = 0.18 is at the border between cylinders and the body cantly improved due to the critical comments of the reviewers.
centered cubic phase of block copolymers, and the thermo-

dynamic driving force needed to obtain micrometer-sized APpendix 1: Expressions for 2-Dimensional Integration
coherent domains of a hexagonal phase was absent. Despite this, The average scattered intensity from a statistical ensemble
we reported in ref 48 that the application of shear flow to of AB grain pairs can be calculated from the following
SI(7—26) led to rapid development of a well-ordered single expressions, which involve a 2-dimensional integration over
crystal. In this regard, SI(726) shows alignment behavior that  anglesfy and ug:28

is similar to that seen in the nematic phase of SZ3). We

recognized that the present sample SI28) withf = 0.21 lies lae(0.u) = 2AA+ AB (A1)
betweenf = 0.18 where we see no long range order &rd

0.23 where we obtain a simple collection of coherent grains. AA= 2nexp{ =(qw) )j(') d, sin 6, exp(-E)(aaly(8) +

We thus suggest that the driving force of obtaining coherently

ordered grains in cylindrical block copolymers decreases bbl,(¢) cos4:) (A2)
monotonically with decreasinig as the spherecylinder border 1 N\ ) o

is approached. Very close to this border, there is no coherentAB = 4nexp{— 5 (@w) ) Jo d6ysin6y [ dugexp(-E(1+

order on the micrometer length scale. As increased, one _
obtains coherent order on micrometer length scales but the local cos 2u 9))(‘J°(A)(CO +cCoed cos4¢g) +J, (A)(~(cC20 +

director changes direction continuously, leading to the presence cCoef@oCcosy)) cosp + J, (A) (cClo +

of disclinations. Ellipsoidal grains with a well-defined director cCoefGlo cos 4ugy) cos4p) (A3)
are only obtained whefh> 0.23 or when the sample is annealed

sufficiently close to the orderdisorder transition temperature. = % (low? — 1)(qw)zsin299 (Ad)

Our proposal regarding the relationship between grain structure

and block copolymer composition is based on a limited sample 1
set covering a few discrete valuesfo more systematic study aa= =700 4”(44 cos®, + 13 cos 40, — 121)  (A5)
of the dependence of grain structure foseems warranted.
- bb= 2 7 sirf6 (A6)
Concluding Remarks 128 9
We have observed depolarized light scattering (DPLS)
patterns with 4-fold symmetry where the lobes of the patterns A= qWLOW\/ CO§2090052/AQ + sir? Hg (A7)
are oriented along the polarizer/analyzer axes (plus patterns) 1,
from a cylindrical polystyrenepolyisoprene diblock copolymer ¢ = tan “(sinu, — cosf,cosu,) (A8)

melt SI(7—23), quenched from the disordered state and annealed
at relatively large quench deptHhE € 88 °C). However, when {0, cC20, cC40} = {
the same sample was annealed at small quench dépths88

2048(84 cos B, + 19 cos 4, —

°C) the lobes were oriented at the usttdl5® directions relative 39),—— (160 cos ¥, — 24 cos 40, — 136),
to the polarizer/analyzer axes. 4096

The ordering kinetics of these samples was investigated by (—8cos 20, + 2 cos 4, + 6)} (A9)
time-resolved optical birefringence. The results suggest two 4096

different ordering mechanisms depending on the quench depth.{ cCoeb, cCoefQo, CCoef4g} =

Polarized optical microscopy (POM) images confirmed the 19 4

formation of micrometer-sized coherent regions with defects {~— ﬁcos(zy) sin‘6y, 128(00529 + 3) cos4sir’o,,
similar to the nematic (Schlieren) textures seen in other liquid

crystalline materials. The nematic textures appeared only at deep %0 48(28 cos?, + cosd, + 35) 00341} (A10)
qguenches. At shallow quenches the usual granular structures

were seen by POM, which is consistent with our depolarized low = //w (A11)
light scattering observations. The sampling size and the thickness Low= L/w (A12)

of the samples used in the POM experiments along with the

DPLS data indicate that these novel defect structures (i.e., References and Notes
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