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spheric ion irradiation. Magnetospheric ion
densities are comparable to densities found
near Europa and Ganymede (19). Thus,
these satellites are good candidates for
searches for O, absorption that will test the
range of environmental conditions under
which O,-O; systems can be formed.
Bodies with icy surfaces are, by far, the
most numerous objects in the solar system.
Other planetary systems are also, probably,
dominated by icy objects. Ganymede is a
world with a diameter 40% the diameter of
Earth where an abundance of O has been
produced, through an inorganic process,
that is a not insignificant fraction of that in
Earth’s atmosphere. Searches for Earth-like
planets harboring life similar to life on our
planet that rely on the detection of O, (25)
will have to take this process into account.
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Self-Assembled Smectic Phases in Rod-Coil
Block Copolymers

J. T. Chen, E. L. Thomas,* C. K. Ober,* G.-p. Mao

Rod-coil block copolymers are self-assembling polymers that combine the physics of
orientational ordering of rodlike polymers and the microphase separation of coil-coil
block copolymers. Several new solid-state morphologies were observed in a series of
anionically synthesized model poly(hexyl isocyanate-b-styrene) rod-coil diblock co-
polymers examined by transmission electron microscopy and selected-area electron
diffraction. The rod-coils formed smectic C-like and O-like morphologies with domain
sizes ranging from tens of nanometers to almost 1 micrometer. Both structural and
orientational changes were found for increasing rod volume fractions. In addition,
some morphologies exhibited spontaneous long-range orientational order over many

tens of micrometers.

I recent years, much work has focused on
the morphology and phase behavior of
block copolymers. The simplest copolymers
are AB diblock copolymers, which are made
up of two chemically distinct blocks co-
valently bonded together to form a single
chain. Because of the mutual repulsion of
dissimilar monomers and the constraint im-
posed by the connectivity of the A block
with the B block, coil-coil diblocks (both
blocks flexible) exhibit a wide range of
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microphase-separated morphologies (I).
The parameters that determine the mor-
phology of a given block copolymer (2) are
the Flory-Huggins interaction parameter,
Xap the total degree of polymerization,

= N, + Ng; and the volume fraction
(composition) of the A component, f,. The
parameter X,p is @ measure-of the incom-
patibility between the A and B polymers
and is inversely proportional to temperature.

Rodlike homopolymers have also been
extensively studied. In contrast to flexible
homopolymers, which obey Gaussian chain
statistics and have persistence lengths of
~1 nm, rodlike polymers have nearly linear
chain conformations and large persistence
lengths ranging from 10 to 100 nm. The
inherent chain stiffness of rodlike polymers
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causes them to form anisotropic liquid crys-
tal (LC) phases in solution (3), in which
the molecules are locally oriented along a
preferred direction described by the director
fi. The phase behavior of rodlike polymers
can be controlled by either temperature
(thermotropic) or solvent concentration
(lyotropic).

Rod-coil diblock copolymers consisting
of a rigid rod block and a flexible coil block
represent a new class of self-assembling
polymer. The morphologies of these mate-
rials arise from the competition between
the microphase separation of the coil and
rod blocks into mesoscopically ordered pe-
riodic structures and the tendency of the
rod block to form anisotropic, orientation-
ally ordered structures.

Morphological studies have been per-
formed on rod-coil materials (4), but, with the
exception of (5), none of the rod-coils studied
had rod blocks that were both truly rigid and
truly polymeric (a high degree of polymeriza-
tion, N,.q). The anionically synthesized high-
molecular-weight rod-coil diblock copolymer
(see Fig. 1, A and B) reported in (5) com-
bined a poly(hexyl isocyanate) (PHIC) rod
block (weight average molecular weight M,,
58,000) and a polystyrene (PS) coil block
(M,, 6600). Polarized optical microscopy
(OM) studies of concentrated solutions in
toluene confirmed LC ordering. Transmission
electron microscopy (TEM) and selected-area
electron diffraction (SAED) studies of solu-
tion-cast films revealed a zigzag lamellar (ZZ)
morphology. Earlier investigators have studied
the rodlike nature of PHIC in solution (6, 7)
(the persistence length in a wide range of
solvents is ~50 to 60 nm), the lyotropic be-
havior of PHIC in various solvents (8-10),
and the crystal structure and helical confor-
mation of PHIC in the solid state (5, 11).

We extended our synthesis of poly(hexyl
isocyanate-b-styrene) [P(HIC-b-S)] rod-coil
block copolymers, designated HSx/y, where x

A
1]
-(f\kl—C Npm(:CH_CHE);JpS
b8
CHgy

P(HIC-b-S)

Fig. 1. (A) Chemical formula of the P(HIC-b-S)
rod-cail diblock copolymer. PHIC is the rigid rod
block, and PS is the flexible coil block. The Npyc
and Npg values for the samples studied are listed in
Table 1. (B) Schematic drawing of the rod-coil mol-
ecule. The PHIC and PS blocks are depicted as a
stiff rodlike chain and a Gaussian coil, respectively.
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is the M,, of the PHIC block and y is the M,,
of the PS block in kilograms per mole (Table
1) (12), and have found evidence for two
morphologies in addition to the ZZ morphol-
ogy. OM studies of concentrated (>5% by
weight) P(HIC-b-S) rod-coil-toluene solu-
tions showed the formation of optically bire-
fringent textures in all of the rod-coil solu-
tions, which confirms the presence of nematic
LC ordering on the molecular scale. The abil-
ity of the rod-coils to form orientationally
ordered mesophases is not inhibited by the
presence of the flexible PS coil block, even for
HS73/104, which contains 58% PS by vol-
ume. The rodlike nature of the PHIC block
plays a major role in the self-assembly of all of
the rod-coil samples.

The rod-coil HS73/104, which has a coil
block that is significantly larger than its rod
block (fppic = 0.42), forms a wavy lamellar
structure consisting of discontinuous lens-
shaped PHIC (lighter) domains surrounded by
a continuous PS (darker) matrix (see Fig.
2A). The lighter domains, which have an
average width of ~60 nm, were identified as
the PHIC domains because they exhibited
preferential mass loss during exposure to the
electron beam (5). Unlike coil-coil diblock
copolymers, rod-coils have substantial pack-
ing problems in the microphase-separated
state. At the interface separating the rod and
coil domains, the relatively smaller area per
junction favored by the rod block results in
chain stretching of the coil block, which is
energetically unfavorable (13). Two ways of
increasing the area per junction while
maintaining constant density in the rod
domains are to allow the rods to tilt and
interdigitate. Given the PHIC M, of
73,000 g/mol, the length of the rod block is
predicted to be ~110 nm. If we assume
interdigitation, the PHIC rods were tilted
with respect to the lamellar normal by
~60°. As a result, the wavy lamellar mor-
phology (WL) resembles a smectic C phase.
In addition, SAED patterns show that the

PHIC block is crystalline and that the local
orientation of the PHIC chains extends over
distances up to 1 um. The lack of long-range
orientational order may be due to reduced
mobility of the rod-coils during microphase
separation resulting from the entangled, high-
viscosity PS block (M,, = 104,000).

Samples HS36/14 and HS58/7, which
have rod blocks that are significantly larger
than their low-molecular-weight coil blocks
(forue = 0.73 and 0.90, respectively), form
the second rod-coil morphology. Figures 2B
and 2C show the ZZ morphology (5), which
consists of alternating PHIC and PS layers
arranged in a zigzag fashion. The rods in the
ZZ morphology exhibit long-range orienta-
tional order (over several micrometers),
which leads to the high degree of correlation
observed between adjacent domains. The
SAED patterns (see Fig. 2C, inset) confirm
that the chain axis of the PHIC rods is tilted
with respect to the lamellar normals by ~45°
and that the PHIC domains are crystalline.
Consequently, the ZZ morphology is also
similar to a smectic C phase. The smaller tilt
angle in comparison to the WL morphology
is consistent with the reduced PS M,, and
volume fraction (14). The formation of two
distinct sets of lamellae with equal but op-
posite orientations from the local rod direc-
tor is most likely a consequence of the nu-
cleation of the smectic C phase in a thin film
(if we assume that the director is in the plane
of the film).

Low-dose serial images show that the
lighter area located in the middle of the
PHIC domain (for example, Fig. 2B) results
from preferential mass loss due to beam
damage. Because depolymerization is facili-
tated at the chain ends, this preferential
location of the mass loss suggests a bilayer
arrangement of the rods. Further evidence
for a bilayer model is provided by atomic
force microscopy images of both zigzag
structures, which show a narrow groove that

runs down the middle of the PHIC domain.

Table 1. List of the molecular weight characterization data for the HSx/y diblocks from GPC and NMR.

Molar

Total M,,* ; Moyt Mgt PS
sample (g/mol  MwMotalo - igimo)  Neme ferme  (/moy  Nes pm,
HS73/104 240,000  1.11  1:1.734 73,000 575 042 104,000 1000 1.5
HS36/14 68,000 140 1:0.477 36,000 283 073 14000 135  1.04
HSB8/7 222000 186 1:0.138 58,000 457 090 6600 63 108
HS245/9 1,819,000 252 1:0046 245000 1929 006 9300 89  1.04
HS386/7 1426000 311 1:0022 386,000 3039 098 7100 68  1.04

*The total rod-coil M, values and the number average molecular weight (M,,) values were determined relative to homoPS
(Gaussian coil) standards. Because the hydrodynamic volume in solution has a stronger molecular weight dependence
for a rod than for a coil, these values grossly overestimate the actual M,, values obtained by adding the PHIC (NMR) and
PS (GPC) block M., values separately. As a result, the tabulated values along with their corresponding polydispersities are
useful only as a comparison between the various rod-coils. In addition, the uncertainty in the total M,, values for rod-coils
HS245/9 and HS386/7 is greater because their apparent M, values (>1,000,000 g/mol) are comparable to or greater

than the highest molecular weight values resolvable by the GPC, given the distribution of pore sizes.
were determined from the molar ratio obtained from NMR and the PS block M,, obtained from GPC.

tValues of Mppyc
TAfter

polymerization of the PS block, a cannula was used to remove a 1-ml aliquot of the solution for GPC characterization.
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Fig. 2. Representative bright-field TEM micro-
graphs of the solid-state morphologies formed by
the P(HIC-b-S) rod-coils shown in order of in-
creasing f ppyc. (A) HS73/104, f e = 0.42. (B)
HS36/14 f pyc = 0.73. (C) HS58/7, f gy = 0.90.
(D) HS245/9, f oy = 0.96. (E) HS386/7, f pric =
0.98. For TEM and SAED, thin films of each rod-
coil were cast from dilute toluene solutions (0.05%
by weight) onto carbon support fims. In all of the
figures, the dark regions correspond to the PS
domains, which have been preferentially stained
with RuQ,, whereas the light regions comespond
to the PHIC domains. The magnification of (D) and
(E) is half that of the other figures. The inset in (C)
shows a representative PHIC SAED pattern. The

PHIC chain axis and lamellar normals are denoted by fi and p in (B) through (E), respectively.

On the basis of a bilayer model, the predict-
ed PHIC domain spacings parallel to the
chain axis of 110 and 180 nm are found to
be in good agreement with the average
domain spacings measured from TEM of
120 and 190 nm, respectively (15).

The remaining rod-coils, HS245/9 and
HS386/7, both of which have a short PS coil
block and a very long PHIC rod block (fpc
= 0.96 and 0.98, respectively), adopt a third
alternating layer-type morphology. The
morphology (Fig. 2, D and E) exhibits un-
precedented long-range order over tens of
micrometers in comparison to most self-as-
sembling polymers. The PS block forms ar-
rowhead (AH)-shaped domains whose ori-

A

Fig. 3. Schematic models showing the packing arrangement of the rod-coil
chains in the three solid-state morphologies. For a given rod-coil molecule,

entation flips by 180° between adjacent PS-
rich layers. The SAED patterns, which show
the superposition of two distinct single crys-
tal-like PHIC patterns rotated relative to
each other by an angle « =~ 90°, indicate
that the orientation of the PHIC chain axis
with respect to the layer normals in adjacent
layers alternates between ~45° and —45°.
This rod packing creates a chevron pattern
whose orientation is commensurate with
that of the PS arrowheads. The PS arrow-
heads are concentrated in the relatively nar-
row region separating adjacent PHIC do-
mains where the local director abruptly
changes its orientation (16). In terms of rod
packing within the PHIC domains, a bilayer

C

ed AH morphologies.

the PHIC block is represented by the white rod and the PS block by the black
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ellipsoid. (A) WL morphology. (B) ZZ morphology. (C) Bilayer and interdigitat-

REPORTS

model and an interdigitated model are found
to be most consistent for HS245/9 and
HS386/7, respectively. Given the PHIC block
M,, values listed in Table 1 for HS245/9 and
HS386/7, the predicted PHIC domain spac-
ings (parallel to the chain axis) of 750 and
590 nm agree quite well with the average
values obtained from TEM of 740 and 550
nm, respectively. In fact, given the difficulties
involved in the M,, determination of high-
molecular-weight rodlike polymers, molecu-
lar-weight values based on TEM measure-
ments may offer a more accurate alternative.

Although a structure like the AH mor-
phology has apparently not been observed in
block copolymers, smectic mesophases in




which the orientation of the director flips
from layer to layer have been observed in
small-molecule LCs (17-21). These meso-
phases were given the name smectic O. In
particular, the smectic O structure was ob-
served for racemic mixtures of chiral mole-
cules (17, 21). Orientational phase transi-
tions between the smectic O and the smec-
tic C were observed with increasing temper-
ature or applied electric field strength.

Schematic chain packing models of the
WL, ZZ, and AH morphologies are illustrat-
ed in Fig. 3, A through C. Characteristics
common to all of the rod-coil morphologies
are a microphase-separated smectic-like lay-
ered structure and orientational ordering
and tilting of the rods with respect to the
layer normals. .

The reasons for the formation of these
self-assembled morphologies are by no means
fully understood. In recent years, a number of
theoretical predictions have been made about
the phase behavior of rod-coil block copoly-
mers (22-28). These predictions suggest a
way by which the microphase-separated
P(HIC-b-S) morphologies form. In coil-coil
block copolymers, solvent concentration
plays an analogous role to temperature by
reducing X p. From the isotropic state, low-
ering temperature or increasing block copol-
ymer concentration by solvent evaporation
results in microphase separation. For P(HIC-
b-S), however, a competition exists between
the onset of liquid crystallinity and mi-
crophase separation. Rod-coil theories have
predicted that the isotropic solution will first
form a homogeneously mixed nematic (with
the rods orientationally ordered) before mi-
crophase separation. Eventually, the incom-
patibility of the rod and coil blocks drives the
P(HIC-b-S) solutions to microphase-sepa-
rate into the orientationally ordered smectic-
like lamellar morphologies. When the sol-
vent is completely removed, the PHIC do-
mains crystallize and lock in the microphase-
separated structures.

Although the above explanation is con-
sistent with the observed LC and solid-state
P(HIC-b-S) morphologies, the specific
morphologies predicted by the earlier theo-
retical studies (22—28) are not observed. In
particular, morphologies such as the mono-
layer and bilayer lamellar smectic A phases
predicted by Semenov and Vasilenko (22)
or the monolayer and bilayer “hockey-
puck” phases predicted by Williams and
Fredrickson to exist over much of the rod-
rich portion of the phase diagram (27) are
not observed in the P(HIC-b-S) rod-coil
system. In addition, predictions by Sem-
enov and Vasilenko that the tilted smectic
C phase should exist for f,_;, > 0.64 or the
suggestion by Halperin (23, 24) that a
smectic C phase is favored for high coil
volume fractions are contrary to our exper-
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imental findings. Furthermore, in earlier pa-
pers (22-28) the researchers did not specif-
ically address rod-coil morphologies such as
the ZZ or the AH morphologies.

A statistical theory recently developed by
Gurovich (29) to treat the microphase sepa-
ration of LC diblock copolymer melts near the
spinodal is quite promising. In this work, the
XaplN versus f, phase diagram for an LC-coil
diblock copolymer is predicted. The LC na-
ture of the A block is treated in the theory
through an orientational interaction that is
approximated by a self-consistent molecular
field. Although similar in many ways to the
classical phase diagram of coil-coil diblock
copolymers developed by Leibler (2), this LC-
coil phase diagram exhibits several important
differences. In particular, at a temperature
above the order-disorder temperature, a disor-
dered homogeneously mixed nematic melt is
predicted for f, ., > 0.27. When cooled, the
homogeneously mixed nematic undergoes mi-
crophase separation into a lamellar phase,
(0.27 <4 = 0.77), and three new orienta-
tionally ordered lamellar phases that are sep-
arated by orientational phase transitions are
predicted. The three phases in order of in-
creasing f, , are characterized by a local direc-
tor that is oriented parallel (smectic A), tilted
(smectic C), and perpendicular (no name) to
the lamellar normal, respectively. Although
Gurovich'’s theory is not strictly valid for rod-
coil diblock copolymers, the WL, ZZ, and AH
morphologies are more consistent with his
phase diagram than with other proposed rod-
coil phase diagrams (22, 27). In particular,
tilted smectic C phases are predicted to exist
over a large composition range, which quali-
tatively agrees with our observations. In addi-
tion, orientational phase transitions between
different smectic phases, such as WL < 77,
are predicted as f, is varied. The ZZ <> AH
phase transition, however, is a different type
of orientational transition not predicted by
Gurovich.

The phase behavior of microphase-sepa-
rated rod-coil block copolymers is a rich
and essentially unexplored area of research.
Clearly, more work must be done before the
multitude of solid-state morphologies are
experimentally discovered and a rigorously
valid theory that successfully explains the
underlying physics of rod-coil self-assembly
is developed.
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only by the packing requirement in the LC state but
also by crystallization of the PHIC chains, which ne-
cessitates axial registry of the chain axis repeat unit
and leads to quantization of the tilt angle [see (5) for
further discussion].

. In (%), Chen et al. found an interdigitated model to be

most consistent with the PHIC domain spacing mea-
sured using TEM and with that based on the PHIC
block M,,,. Since then, the M,, of the PHIC block for
HS58/7 has been determined more accurately. The
revised bilayer PHIC domain spacing presented here
is based on the improved M, data.

. Given that the M, of the PS block is quite similar for

HS88/7, HS245/9, and HS386/7, it is not surprising
that, locally, the chain packing at the rod-coil inter-
face gives approximately the same tilt angle for the
rod block with respect to the normal to the PS layer
(or the row of PS arrowheads).
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