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ABSTRACT: The morphological behavior of a series of well-defined A;B simple graft or “Y” architecture
block copolymers is characterized via small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). This model architecture is formed by grafting a polystyrene block onto the center of
a polyisoprene backbone. The volume fraction windows in which specific strongly segregated microphase-
separated morphologies are observed are shifted to higher volume fractions of the PS graft material than
in the corresponding linear diblock copolymers. These findings are in good agreement with recently
calculated theoretical phase behavior for simple graft, A;B, block copolymers. However, a new morphology,
not found in neat linear diblock copolymers, is also observed. This A,B material is microphase separated
into wormlike micelles but not ordered on a lattice. This morphology is found at high PS graft volume
fraction (¢s = 0.81), where the two PI chains per molecule are initially forced to the concave side of the

PS/PI interface.

1. Introduction

For linear diblock copolymers in the strong segrega-
tion limit (large yN), the morphology formed is solely
dictated by the relative volume fractions of the respec-
tive blocks. Changing molecular architecture, making
graft block copolymers for instance, can allow control
of the morphology independent of the volume fraction,
thus providing an additional variable for control of
structure. A,B simple graft block copolymers (Figure
1) are systems in which strong segregation limit (SSL)
microphase-separated morphologies are expected to
occur in volume fraction ranges which are higher in the
B block than for AB linear diblocks. These simple graft
block copolymers are models for more complex multiple
graft block copolymers typically used as compatibilizing
and toughening agents in polymer blends. In the work
reported here, a polystyrene (PS) block is utilized as the
graft chain while polyisoprene (PI) forms the backbone
in a range of relative volume fractions.

In the SSL, the interphase region between domains
has been measured and theoretically modeled to be only
about 20—50 A.1-3 By comparison, to the length scale
of the microphase-separated domains, typically hun-
dreds of angstroms, the interphase region can be
considered a two-dimensional surface. This interface,
which has been called an intermaterial dividing sur-
face,* has curvature properties which can be approxi-
mately correlated to the volume-filling characteristics
of the opposing blocks of the copolymer. The volume
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Figure 1. Schematic of the A;B, or “Y”, molecular architecture
in the microphase-separated state. The two A chains per
molecule are calculated® to reside on the convex side of a
curved A/B interface until much higher volume fractions than
what is experimentally found in diblock architecture.?” A
curved A/B interface generically represents spherical, cylindri-
cal, and bicontinuous morphologies while the flat interface
represents a lamellar morphology.

available to a polymer chain increases as one moves
from the concave to the convex side of a curved interface
in a block copolymer, and the disparity in the relative
volumes available to the two blocks is proportional to
the magnitude of the interfacial curvature. Thus the
highest curvature interface geometry, spheres, occurs
for the most asymmetric block volume fractions. As the
volume fraction difference decreases, so does the inter-
facial curvature across the sequence of observed mor-
phologies: spheres, cylinders, cubic bicontinuous, and
lamellar. As illustrated in Figure 1, an A,B graft
architecture will greatly alter the chain packing of the
two block materials on the two sides of the interface.
The two A chains are more highly stretched and
experience more lateral crowding than the single B
chain. Therefore, the A phase will favor the convex side
of the interface at volume fractions (¢ from about 0.34
to 0.50) where a simple AB diblock would prefer a flat,
lamellar interface.
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Figure 2. Theoretical phase diagram calculated by Milner.®
The ovals along the dashed line where ¢ = 1.78 each represent
a specific 1,S sample corresponding to the number within the
oval. 1,S-2 is represented by a square due to its unusual
morphology not found in linear diblocks or accounted for
theoretically in this phase diagram.

The SSL behavior of simple graft architecture studied
in this paper was recently explored in the mean-field
calculations of Milner® and the ground-breaking syn-
thesis and subsequent initial morphological studies of
Hadjichristidis.® Both works reveal intriguing results
introduced by the simplest case of an architectural
asymmetry in the form of an A;B simple graft or “Y”
block copolymer. As a way to reveal bulk morphological
effects of grafting the chains in this manner, Milner
used a simple calculation to reveal the center of the
lamellar phase in a melt of “Y” polymers. It was found
that the B graft component volume fraction is ¢p = /3
in an A;B graft block copolymer to produce a flat
preferred interfacial curvature. The analogous absence
of a preferred curvature for symmetric diblock archi-
tecture occurs at ¢p = 1/, revealing the shift of the center
of the phase diagram due to architecture alone. The
possible morphologies were modeled with round unit
cells for the cylindrical and spherical phases and utilized
an approximation based on “Gaussian wedges” to
describe a generic bicontinuous phase. The morphology
phase diagram was calculated by minimizing the sums
of the free energies associated with the interfacial
tension between phases and the stretching of the blocks
away from the interface. The latter was calculated with
methods developed for polymer brushes.8 The crossings
of the free energy curves for the differing geometries vs
graft volume fraction determine the equilibrium SSL
phase behavior as shown in Figure 2. The diagram is
generic in that within the parameter e = (na/np)(la/lp) Y2
different architectures and chain statistics are ac-
counted for. The number of arms one chooses, n, of A
or ny of B, can be varied. Also, differing chain statistics
between blocks are represented in the square root ratios
of I, and I, with I; = Vi/Ri2 = vi/bi2, where V; and R; are
the molecular volume and radius of gyration of the
respective blocks and v; and b; are the segment volume
and Kuhn length of the respective blocks. If the
constituent blocks are conformationally symmetric, then
€ is simply the ratio of the number of A and B arms in
the molecule.

At € = 1 the phase diagram models linear, AB diblock
phase behavior, with the phases being symmetric
around ¢, = 0.5. However, as one increases arm num-
ber of one species relative to the other or varies the
relative chain statistics of A and B, the phase behavior
becomes extremely asymmetric with volume fraction.
Hadjichristidis et al.® recently characterized the bulk
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phase behavior of three A;B block copolymers or “mik-
toarm” star copolymers. The asymmetry of the graft
architecture forced two of their samples to shift the
observed morphology away from that which would be
formed by diblock architecture analogs with the same
component volume fractions: A 37 vol % polystyrene
“1,S” graft (polyisoprene backbone and a single polysty-
rene graft emanating from the middle of that backbone)
and a 40 vol % styrene SIB graft (the rubbery phase
consists of mixed isoprene and butadiene blocks) were
observed to form cylindrical phases where diblocks of
the same compositions would be bicontinuous or lamel-
lar, respectively. The 1,S blocks studied in this work
confirm the strong asymmetry in the phase behavior vs
volume fraction for € > 1 shown in Figure 2. However,
in addition to simply shifting the volume fractions at
which the standard diblock phases are found, the
architecture also introduces a novel morphological
behavior unique to the simple graft architecture. A new
phase is observed at a volume fraction at which the two
P1 arms per molecule are first forced to the concave side
of the PS/PI interface in the microphase-separated state.
This phase consists of microphase-separated wormlike
micelles which are not ordered on a lattice. A wormlike
micelle phase has been previously observed in blends
of diblock copolymers with homopolymers,® but, to our
knowledge, this phase has not been previously observed
in neat block copolymers.

2. Experimental Section

1,S simple graft block copolymers were prepared under high-
vacuum conditions in all-glass reactors which had been washed
with n-BuLi and rinsed with solvent. Additions of reagents
were made through breakseals and removals of samples were
made through heat sealing of constrictions. The benzene
solvent, styrene-ds (Cambridge Isotopes, halogen free) and
isoprene monomers, CH3SiCl; linking agent, and CH3;OH
terminating agent were purified using standard anionic po-
lymerization techniques.®! s-BulLi, purified by sublimation
under high vacuum, was used as the initiator throughout the
synthesis. The reaction scheme followed for the preparation
of the (PI).PS-ds miktoarm stars can be represented by the
following reactions:1?%3

(PS-dg)Li + excess CH,SiCl; —
(PS-dg)SiCH,CI, + LiCl + CHSiCl,!

(PS-dg)SiCH,CI, + excess PILi —
(P1),SiCH,4(PS-dg) + 2LiCl

In the first step, a dilute solution of the living polystyrene-
ds (ds labeling of the PS graft in this work was used to facilitate
subsequent analysis of these materials via neutron scattering
techniques) was added into a large excess of methyltrichlo-
rosilane (SiCl/Li = 100). Excess methyltrichlorosilane was
removed by continuous pumping on the vacuum line followed
by redisolution of the polymer with purified benzene and
removal of the solvent. This process was repeated twice. In
the second step, excess living polyisoprene chains were added
to the macromolecular linking agent. When the coupling of
the polyisoprene chains was completed, excess polyisoprenyl-
lithium was deactivated with degassed methanol.

Fractionation of the samples was performed by addition of
methanol to a 1% solution of the polymers in a 60/40 volume
benzene/hexane mixture. Usually three fractionations were
enough to remove any unlinked polyisoprene arms. All stages
of polymer synthesis were monitored by size exclusion chro-
matography (SEC). A Waters Model 510 pump, Model 410
differential refractometer, and a LDC/Milton Roy variable-
wavelength UV detector in series with three Waters Ul-
trastyragel linear columns were used. Tetrahydrofuran was
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Table 1. 1,S Molecular Characteristics

A?

vol % Mn(PS arm)2 Mn(P1 arm)2 Mnp(total)? ((mol mL)/g?) My (total)® A wt %

sample  d-PSf (x1079) (x1079) (x1073) (x10%) Muw/MpP (x1073) ((mol mL)/g?)  d-PSd
1,S-1 89 87.3 4.6° 97.1 0.50 1.04 106.0 0.56 91
1,S-2 81 79.1 9.6 89.4 0.61 1.04 90.8 0.57 84
1>S-3 62 61.2 14.8 83.0 0.65 1.04 87.4 0.80 67
1,S-4 44 44.4 21.3 82.5 0.77 1.04 92.0 0.76 49
1,S-5 31 31.6 26.5 82.6 1.02 1.04 89.8 0.83 35
1,S-6 17 21.1 34.7 92.3 1.10 1.04 100.1 1.06 20
1,S-7 8 9.4¢ 39.1 84.3 1.03 1.06 91.3 1.10 10

a By membrane osmometry. ? By SEC. ¢ By LALLS. 9 By SEC—UV. ¢ By VPO. f Calculated utilizing p(d-PS) = 1.14 g/mL3 at 25 °C and
p(P1) = 0.91 g/mL3 at 25 °C along with the weight percent compositions from SEC—UV.

the elution solvent at a flow rate of 1 mL/min at 35 °C.
Composition of the samples was measured by SEC—UV at 260
nm after calibration with several concentrations of polystyrene
standards.

Number-average molecular weights (M;) and second virial
coefficients (A,) for the copolymers and the arms were deter-
mined with a Wescan Model 231 membrane osmometer at 37
°C. RC-51 membranes were used with CaH, distilled toluene
as the solvent. In all cases, M,, and A; values were obtained
from the (s/c)? vs ¢ plots, where 7 is the osmotic pressure
and c is the concentration. For molecular weights lower than
10 000 a UIC Model 070 vapor pressure osmometer was used.
HPLC grade benzene was the solvent at 40 °C. The instru-
ment was calibrated with benzil.

As an additional check, apparent weight-average molecular
weights (My) and A; for the copolymers were measured with
a Chromatix KMX-6 low-angle laser light scattering photom-
eter equipped with a helium—neon laser. The M,, values were
obtained from (Kc/ARo)Y2 vs ¢ plots, where ARy is the excess
Rayleigh ratio, c is the concentration, and K is a combination
of known optical constants including the refractive index
increments dn/dc. Values of dn/dc were also measured in
THF at 25 °C with an Otsuka DRM-1020 differential refrac-
tometer at 633 nm calibrated with NaCl solutions. Within
experimental uncertainty the light scattering data are con-
sistent with results from membrane osmometry. The molec-
ular characteristics of the samples are given in Table 1.

Solid films approximately 2 mm thick were cast from toluene
solutions of 5 wt % polymer in 30 mL Pyrex beakers. The
evaporation of solvent was controlled to form a solid film after
10—14 days. The films were given several more days at room
temperature and atmospheric pressure and an additional
several days under high vacuum at room temperature to allow
residual solvent to evaporate. The vacuum oven temperature
was ramped to 120 °C over a period of 3 days and kept there
for 1 week. After annealing, the temperature was slowly
ramped down to 80 °C over 2 days and then quickly lowered
to room temperature. This casting and annealing procedure
was designed to promote the development of equilibrium
strong segregation morphologies. After the oven temperature
exceeded approximately 110 °C, sample 1,S-7 began to creep,
indicating a loss of microphase-separated order at the order—
disorder transition (ODT). A second film of 1,S-7 was annealed
at 108 °C, below the ODT of the system but high enough for
significant annealing.'>16

All samples for electron microscopy were microtomed in a
Reichert-Jung cryoultramicrotome. Sections approximately
300—800 A thick were cut with a Diatome cryo diamond knife
at a sample temperature of —110 °C and a knife temperature
of —90 °C. The sections were stained in 4 wt % aqueous OsO,4
vapors for 4 h. Transmission electron microscopy experiments
(TEM) were performed on a JEOL 100CX electron microscope
operated at 100 kV accelerating voltage.

Synchrotron SAXS experiments were performed on beam-
line 2.1 of the Synchrotron Radiation Source (SRS) at the
Daresbury Laboratory, Warrington, U.K. Details of the
electron storage ring, radiation, camera geometry, and data
collection electronics have been given elsewhere.r” White
radiation from the electron ring was collimated using a
cylindrically bent Ge(111) crystal to isolate an intense beam

of 1 = 1.50 & 0.01 A X-rays. At 2 GeV and 200 mA the SRS
generates a flux of 4 x 10 photons s~! at the sample/focal
plane. The instrument is equipped with a 20 x 20 cm area
detector 5 m from the sample position with a vacuum chamber
placed in between to reduce air scattering and absorption. The
spatial resolution of the detector is 500 um, and it has a count
rate limit of 500 kHz. The bulk polymer films were mounted
in the beam after being sandwiched between two pieces of
Kapton (polyimide) tape in a desired orientation. An oriented
specimen of wet collagen (rat tail tendon) was used to calibrate
the SAXS detector. A parallel-plate ionization detector placed
before the sample cell recorded the incident intensities. The
experimental data were corrected for Kapton and camera
background scattering, sample absorption, and the positional
alinearity of the detector.

Birefringence observations were performed on bulk films at
room temperature with a Leitz optical microscope under cross
polars.

3. Results and Discussion

For the sake of comparison with the calculated phase
behavior of the simple graft architecture, an approxi-
mate ¢, as described in the Introduction, is assigned to
the 1,S system. If PS and PI blocks were conformation-
ally symmetric, then ¢ would simply be the ratio of PI
arms to PS or ¢ = 2. However, the slight asymmetry
inherent in the different chemical species slightly lowers
the € parameter. We assign segmental volumes, vi, as
132 and 176 A3 for Pl and PS, respectively.!® Statistical
segment lengths, b;, are assigned as 6.8 and 6.9 A for
Pl and PS, respectively.’® These values produce an ¢
of 1.78. While these values were measured at different
temperatures (123 °C for the segment volumes and 150
°C for the segment lengths), they are adequate in
revealing the slight effect the small conformational
asymmetry between PS and PI has within the frame-
work of the theoretical phase diagram. Any changes
in the values due to temperature or isotope effects would
have only a slight effect on € and are accounted for via
the size of the symbols on the phase diagram in Figure
2.

Table 2 contains tabulated d-spacings and birefrin-
gence information as well as the resulting morphology
assignments as described in the remainder of the paper.
Birefringence observations were performed on the an-
nealed films as a preliminary measure of the degree of
microphase separation. The form birefringence, a result
of noncubic symmetry, is evidence of either a cylindrical
or a lamellar microstructure.?2! The most fundamental
facet to this work is the confirmation of asymmetry in
the phase behavior vs volume fraction in the simple
graft block copolymer architectures. For the simple
graft architecture, each particular morphology (spheres,
cylinders, lamella, etc.) occurs at a higher PS graft
volume fraction than would be expected in a simple
diblock architecture. This results in a morphology
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Table 2. 1S Morphology Characteristics

optical
sample ¢s  di2(A) morphology birefringence

1,S-1 0.89 310+ 5 hexagonally packed PI yes
cylinders in PS matrix

1,S-2  0.81 NA disordered Pl micelles no

1,S-3  0.62 390 +5 alternating PS and PI yes
lamellae

1,S-4 0.44 429 +5 hexagonally packed PS yes
cylinders in Pl matrix

1,5S-5 0.31 380 +5 hexagonally packed PS yes
cylinders in Pl matrix

1,S-6 0.17 289 +5 cubicarray PS spheres no
in Pl matrix

1,S-7 0.08 235+ 5 cubicarray PS spheres no
in Pl matrix

ad; = 27/q1, where g1 = 4x/A(sin 61) and 260, is the scattering
angle for the lowest angle Bragg peak; corresponds to d(o) for
hexagonally packed cylinders, d(o1) for lamellae, and either d(100)
or d110) for simple cubic or body-centered cubic, respectively.

Figure 3. TEM micrograph of 1,S-1 (¢s = 0.89) showing
projections both parallel and perpendicular to the PI cylinders
as well as revealing a small average grain size.

diagram which is asymmetric about 0.5 volume fraction
and which is in good qualitative agreement with the
calculations of Milner.5> However, in addition to simply
shifting normal diblock phase behavior to higher PS
volume fractions, the A;B simple graft architecture also
introduces a new morphology in sample 1,S-2 not yet
anticipated theoretically or observed experimentally in
neat diblock copolymers. Our experimental data are
plotted on Milner's morphology diagram in Figure 2.
Based on the TEM image in Figure 3 and the SAXS
data in Figure 4, we assign sample 1,S-1 (¢s = 0.89) a
morphology of hexagonally packed PI cylinders in a PS
matrix. A linear diblock copolymer of the same com-
position would form PI spheres in a PS matrix. The
observation of optical birefringence in 1,S-1 is consistent
with a cylindrical structure. The SAXS pattern contains
no preferential orientation of the microphase-separated
structure, and thus we display only a one-dimensional
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Figure 4. Isotropic SAXS patterns azimuthally integrated
into one-dimensional plots of log[intensity] vs g. The intensities
are offset for clarity of representation. The circled numbers
represent the respective 1,S sample: (1) 1,S-1 (¢s = 0.89)
containing the first two reflections of hexagonally packed
cylinders; (2) 1,S-2 (¢s = 0.81) lacking any discrete interference
peaks indicative of the absence of an underlying lattice in the
microstructure; (7) 1,S-7 (¢s = 0.09) containing the first three
reflections of a cubic array of spheres.

plot of intensity vs scattering vector, | vs g. We define
g* as the scattering vector of the lowest scattering angle
Bragg peak and g, as the series of Bragg peaks begin-
ning with g* and including subsequent higher scattering
angle peaks. The SAXS pattern for 1,S-1 contains two
isotropic rings with q,/q” ratios of 1 and /3, corre-
sponding to the {10} and {11} sets of planes, respec-
tively, in the hexagonal structure. The TEM images
reveal a predominant grain size within the bulk of only
several hundred nanometers to a few microns in diam-
eter. The lack of a preferential grain orientation, also
evident in the TEM images, is consistent with the
isotropic character of the SAXS pattern and the lack of
higher order reflections.

The TEM image in Figure 5 and the SAXS pattern
in Figure 4 indicate why sample 1,S-2 (¢s = 0.81) is of
particular interest. This sample appears to be mi-
crophase separated but not ordered on a lattice. The
TEM images indicate a microphase-separated state due
to the discrete dark (P1) domains and light (PS) matrix.
The pattern of dark dots and short, curved segments is
characteristic of a microtomed section through a phase
of disordered cylindrical or wormlike micelles.® The
inset schematic in Figure 5 indicates how a thin section
of such a structure produces the resultant image in a
2-D projection. The lack of an underlying lattice is
obvious in the micrograph as well as in the lack of any
discrete Bragg peaks in the SAXS pattern. Additionally,
1,S-2 displays no optical birefringence, which is consis-
tent with the observation of wormlike micelles distrib-
uted isotropically in space.

The lack of any long-range order in this sample
immediately made us suspect sample contamination or
degradation during the casting and annealing process.
However, comparison of GPC traces of the material
before casting (as obtained from the original synthesis
and purification procedure) and after annealing indi-
cates a pure sample with an extremely narrow molec-
ular weight distribution which undergoes no degrada-
tion during sample preparation. The sample casting
and annealing procedure for sample 1,S-2 was repeated,
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Figure 5. TEM micrograph of 1,S-2 (¢s = 0.81) showing dark
P1 wormlike micelles embedded in the PS graft matrix. Inset
in the micrograph is a schematic showing how a projection
through a microtomed section of the disordered, wormlike
micelles appears in a two-dimensional representation as
observed in the micrograph.

and the same wormlike micelle morphology was again
observed for the neat graft block copolymer. We are
thus led to the conclusion that a simple graft block
copolymer with the composition of 1,S-2 is unable to
form an ordered lattice at this composition. It does,
however, microphase separate and display a clear
preference for a specific micelle structure. If we look
at our series of seven graft copolymers in reverse order
(from 1,S-7 to 1,S-1) and compare to Milner’'s morphol-
ogy diagram (Figure 2), we see that sample 1,S-2 is the
first sample for which the PS graft block is large enough
to force the two PI blocks onto the concave side of the
interface. This observation is supported by Figure 5 in
which it is evident that the Pl material (stained to
appear dark with OsQ,) is on the concave side of the
interface of the microphase-separated, but disordered,
domain structures. We hypothesize that frustration
inherent in packing the two Pl chains on the concave
side of the interface inhibits the formation of a morphol-
ogy with an ordered lattice. However, the reproducible
observation of disordered wormlike micelles of constant
diameter indicates the approximate selection of a pre-
ferred interfacial curvature. Sample 1,S-1, which has
even shorter Pl chains than 1,S-2, may experience less
packing frustration, enabling it to form the hexagonally
packed cylindrical structure that we observe. It appears
that the inability to form an ordered lattice is confined
to a narrow volume fraction range near the transition
at which the two PI chains per molecule are initially
forced to the concave side of the interface.
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Figure 6. TEM micrograph of 1,S-2 cast from cyclohexane
before annealing displaying a kinetically trapped, nonequilib-
rium lamellar morphology.

If this hypothesis about the lack of long-range order
in the 1,S-2 structure is correct, then we should be able
to transform this disordered structure into an ordered
structure by slightly perturbing the volume fractions in
one direction or the other. This can be achieved by
casting samples of 1,S-2 from a selective solvent. Cast-
ing from cyclohexane, a selective solvent for PI, results
in a lamellar morphology as shown in Figure 6. Casting
1,S-2 from dioxane, a selective solvent for PS, enhanced
the ability of the single PS graft to force the two PI
chains onto the concave side of a highly curved interface,
resulting in PI spheres in a PS matrix. After complete
removal of the selective solvent, these morphologies are
no longer at equilibrium, but are kinetically trapped.
Annealing above Ty of the PS block may allow these
samples to return to the disordered wormlike micelle
structure. Selective solvent casting followed by anneal-
ing has been used to demonstrate the equilibrium
nature of the structure formed on annealing.22 Anneal-
ing the lamellar interfaces of the cyclohexane cast
sample caused them to become perforated in a meshlike
morphology?® which eventually disintegrated back into
the disordered wormlike micelle morphology. These
selective solvent casting and annealing experiments are
described in detail elsewhere.?*

Sample 1,5-3 (¢s = 0.62) contains a lamellar micro-
structure with well-developed, large grains as is evident
in the TEM micrograph in Figure 7a. Figure 8a shows
an oriented SAXS pattern containing four orders of
reflection at g*, 2g*, 3g*, and 4g* due to scattering from
a cross section of the film placed vertically into the
SAXS camera. The concentration of scattered intensity
along the equator with arcs extending azimuthally
indicates that the lamellar layers are predominantly
parallel with the surface of the film. Optical birefrin-
gence was observed in sample 1,S-3, consistent with our
structural identification of lamella.

Both samples 1,S-4 (¢s = 0.44) and 1,S-5 (¢s = 0.31)
yield hexagonally packed PS cylinders in a Pl matrix
and contain regions displaying a remarkable degree of
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200 mm iy b) 200 nm (C)
Figure 7. (a) TEM micrograph of 1,S-3 (¢s = 0.62) showing a
lamellar phase. (b) TEM micrograph of 1,S-6 (¢s = 0.17)
showing four-fold symmetry due to a [100] projection of the
cubic array of PS spheres. (c) TEM micrograph of 1,S-6 (¢s =
0.17) containing three-fold hexagonal symmetry due to a [111]
projection of the cubic array of spheres.

long-range order, especially considering that no special
efforts, such as shearing, were employed to induce
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alignment. Figures 8b and 8c display two-dimensional
SAXS patterns from 1,S-4 and 1,S-5 with sixfold
symmetry suggestive of a [001] zone axis of a hexago-
nally packed array of cylinders. The qn/q” ratios of 1,

V3, V4, V7, ~/9, and ~+/12 correspond to the {10},
{11}, {20}, {21}, {30}, and {22} families of planes,
respectively. These hexagonal patterns were taken with
X-rays incident through a cross section of the film,
indicating that the cylinder axes lie predominantly in
the plane of the film. A hexagonally packed cylindrical
structure with a remarkable degree of long-range order
is clearly evident in TEM micrographs of 1,S-4 and 1,S-
5. Figure 9a is a TEM image taken from sections
microtomed perpendicular to the surface of the 1,S-4
film. Figure 9b is a projection through a section
microtomed parallel with the surface of the same film
yielding a projection perpendicular to the cylinder axes
which appear as long stripes. SAXS data collected with
the sample film surfaces perpendicular to the incident
beam produced uniaxial arc patterns with the same g,/
q" ratio obtained in Figures 8b and 8c indicative of
scattering perpendicular to aligned, hexagonally packed
cylinder axes. Strong optical birefringence was observed
in the sample films, consistent with the assigned
cylindrical morphology.

Note the marked difference in degree of long-range
order between cylinder-forming samples with PS (graft
blocks) forming the cylindrical domains, samples 1,S-4
and 1,S-5, and PI (two chains per molecule) forming the
cylindrical domains, sample 1,S-1. We stress that all
these samples were cast, annealed, and observed in
exactly the same way, so differences in the observed
long-range order are not likely to be due to different
sample histories. This difference in the quality of long-

q, (A

til

(d)

-0.06 -0.03 0.00 0.03 0.06

q, (A

Figure 8. 2-D SAXS data of samples containing a high degree of long-range order of their respective microstructures which
produces highly anisotropic scattering patterns. (a) 1,S-3 (¢s = 0.62) showing the first four orders of the lamellar long period. (b)
1,S-4 (¢s = 0.44) showing an approximate [001] zone axis of hexagonally packed cylinders (c) 1.S-5 (¢s = 0.36) also showing the
[001] hexagonal zone axis. (d) 1,S-6 (¢s = 0.17) four-fold symmetry of an approximate [100] zone axis of the bcc array of spheres.
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Figure 9. TEM micrographs of 1,S-4 (¢s = 0.44) (a) taken from
sections microtomed perpendicular to the film surface contain-
ing an end-on, hexagonal projection of the cylindrical micro-
structure and (b) taken from sections microtomed parallel with
the film surface containing a projection perpendicular to the
cylinder axes.

range order for cylinder-forming simple graft samples
on opposite sides of the morphology diagram (Figure 2)
is a result of the asymmetry in morphological behavior
vs volume fraction for € near 2. Samples 1,S-4, 1,S-5,
and 1,S-1 all have higher PS volume fractions than
linear PS—PI diblocks forming the same type of mor-
phology. In the cases of 1,S-4 and 1,S-5, this results in
relatively short PI chains forming the coronas covering
the outsides of the PS cylinders. Not only is the PI
volume fraction of these corona blocks smaller than the
P1 volume fraction in a linear PS—PI diblock forming
PS cylinders, but the reduced Pl volume is divided
between two chains per molecule. On the other side of
the morphology diagram, the greater volume fraction
of the PS graft results in a corona of long PS blocks,
much longer than the PS block of a PS—PI diblock of
the same molecular weight forming PI cylinders. The
packing of the cylindrical micelles onto a hexagonal
lattice with long-range order must be controlled by the
interaction of neighboring cylinders through their outer,
corona blocks. The cylinders in samples 1,S-4 and 1,S-5
interact through coronas of relatively short and highly
stretched PI chains. This is a much stiffer and more
precise interaction than that between the longer and
less stretched PS corona chains in 1,S-1, resulting in
greater long-range order for 1,S-4 and 1,S-5.

The simple graft copolymer series is completed by
samples 1,S-6 (¢s = 0.17) and 1,S-7 (¢s = 0.08), which
both formed a cubic array of PS spheres in a matrix of
Pl. The cast and annealed films displayed no optical
birefringence, consistent with a cubic symmetry having
no form birefringence. Both the four-fold [100] projec-
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tion and the hexagonal [111] projection of the 1,S-6 cubic
unit cell are shown in Figures 7b and 7c. The TEM
images for 1,S-7 are similar. Figure 8d is a SAXS
pattern taken from an approximate [100] zone axis of
the cubic structure. It displays a characteristic four-
fold symmetry of this projection obtained with the
surface of the bulk film perpendicular to the X-ray

beam. The qgn/q” ratios of 1, v/2, ¥/3, and v4 for the
first four reflections are consistent with both body-
centered cubic (110, 200, 211, and 220 for bcc) and
simple cubic (100, 110, 111, and 200 for sc) symmetries.
However, the long-range order is limited due to un-
avoidable grain boundaries and dislocations, thereby
broadening reflections beyond the fourth reflection. The
seventh reflection is the first to differ between sc and

bce, producing the 220 at a q,/q” of /8 for sc and the

321 at q./q” of ~/7 for bee. To the best of our ability to
measure the spacing of the weak seventh reflection, we

find a gn/q” ratio of approximately +7.34-0.4, which
seems to favor the bcc structure over sc. Chain packing
considerations in the Wigner—Seitz cell around each
spherical micelle and previous experimental results for
linear diblock and starblock copolymers’2526 suggest a
bce packing of spheres as more likely than sc. Sample
1,S-7 did not contain the same degree of long-range
order in the spherical microstructure giving rise to the
isotropic SAXS pattern displayed in Figure 4.

4. Conclusions

Our experimental results confirm that the architec-
tural asymmetry of the 1,S block copolymers results in
a large asymmetry relative to volume fraction in the
equilibrium phase behavior. The exact shift from what
is found in linear AB diblock materials of the same
volume fractions can be directly seen in the phase
diagram in Figure 2. The diagram collapses onto the
strong segregation phase behavior of conformationally
symmetric linear diblocks at e = 1. 1,S-3 and 1,S-7 are
the only samples displaying the phase behavior of their
diblock analogues, exhibiting lamellar and spherical
microstructures, respectively. However, all other samples
are shifted into new phase behavior unobtainable for
that volume fraction in a diblock architecture. Theo-
retically, 1,S-2 is shifted from the center of the diblock
cylindrical phase very close to the bicontinuous/lamellar
phase boundary while experimentally the microstruc-
ture is microphase separated into wormlike micelles
which are not arranged on a lattice. This microphase-
separated but disordered morphology occurs at a com-
position (81 vol % of the PS graft) which is predicted by
Milner’s theory to be near the transition to the first
structure which requires the two Pl chains to be on the
concave side of the interface. These results indicate how
molecular architecture provides another controllable
parameter besides the respective block volume fractions
to manipulate the morphology of the bulk.
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