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Foreword

THE ACS SYMPOSIUM SERIES was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset, but are reproduced as they are submit-
ted by the authors in camera-ready form. Papers are reviewed
under the supervision of the editors with the assistance of the
Advisory Board and are selected to maintain the integrity of the
symposia. Both reviews and reports of research are acceptable,
because symposia .may embrace both types of presentation.
However, verbatim reproductions of previously published
papers are not accepted.
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Preface

DurinG THE 19805, liquid-crystalline polymers (LCPs) captured the imag-
ination of scientists and engineers with their technological potential and
scientific challenges. Although fibers made from lyotropic LCPs, notably
poly(phenylene terephthalamide), i.e., KEVLAR, were already successful
commercial products by the beginning of the decade, the commercializa-
tion of thermotropic, melt-processable LCPs, first by Dart Industries and
later by other U.S. and European companies, provided the stimulus for
the intense activity in research and development that followed. Research
continued to be directed toward attaining high stiffness and strength from
these materials, but new high-tech thrusts also developed for applications
such as optical memory storage, holographic imaging, and nonlinear
optics.

Major symposia focusing on LCPs have been held often in the past 20
years although the subject, LCPs, is sufficiently broad that a single sympo-
sium cannot cover all of its aspects. The objective of the latest LCP sym-
posium, held at the 198th National Meeting of the American Chemical
Society, was to bring together experts from around the world covering the
fields of synthesis, physics, processing, and applications of LCPs to discuss
the state of the art and recent advances in these subjects. That symposium
was an unqualified success, judging by the number of papers contributed
and the high attendance.

This book evolved from that ACS symposium, and the chapters herein
provide a broad view of the direction LCP research is taking in both
industry and academe as we enter the 1990s. A wide range of topics has
been covered, including synthesis of main-chain and side-chain LCPs,
structural characterization of LCPs, rheology and processing, and applica-
tions such as electro-optics and “self-reinforcing” blends. We expect that
this material will be of interest to academic and industrial scientists alike,
whether their primary interests are in fundamental science or the
development of the next generation of LCPs.

We thank the authors for their diligence and cooperation in ensuring
timely publication of this volume. We are especially grateful to Nancy
Borman for her invaluable assistance in coordinating the editing and
preparation of this book.

Acknowledgment is made to the Donors of the Petroleum Research
Fund, administered by the American Chemical Society, for partial support
of the symposium. Finally, we would like to acknowledge the support of
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the following organizations, which were instrumental in putting together
the symposium: Amoco, Granmont, Inc., Hoechst Celanese, Inc., ICI
Advanced Materials, Institute of Materials Science (University of Connec-
ticut), Materials Science and Engineering (Cornell University), and
Tennessee Eastman.

R. A. WEISS

Polymer Science Program

and Department of Chemical Engineering
University of Connecticut

Storrs, CT 06269-3136

C. K OBER

Department of Materials Science
and Engineering

Cornell University

Ithaca, NY 14853-1501

June 15, 1990
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Chapter 1
Current Topics in Liquid-Crystalline Polymers

C. K. Ober! and R. A. Weiss?

1Department of Materials Science and Engineering, Cornell University,
Ithaca, NY 14853
2Polymer Science Program and Department of Chemical Engineering,
University of Connecticut, Storrs, CT 062693136

This chapter provides an overview of current researches on
liquid crystalline polymers (LCP's). Topics include syntheses
of main-chain and side-chain LCP's, structured characterization
of LCP's and LCP networks and rheology and processing.
Applications of LCP/polymer blends as self-reinforced polymers
and electro-optical meterials are also discussed.

Liquid crystal is a term that is now commonly used to describe materials
that exhibit partially ordered fluid phases that are intermediate between the
three dimensionally ordered crystalline state and the disordered or isotropic
fluid state. Phases with positional and/or orientational long-range order in
one or two dimensions are termed mesophases. As a consequence of the
molecular order, liquid crystal phases are anisotropic, i.e., their properties
are a function of direction.

Although the technical applications of low molar mass liquid crystals
(LC) and liquid crystalline polymers (LCP) are relatively recent
developments, liquid crystailine behavior has been known since 1888 when
Reinitzer (1) observed that cholesteryl benzoate melted to form a turbid
melt that eventually cleared at a higher temperature. The term liquid
crystal was coined by Lehmann (2) to describe these materials. The first
reference to a polymeric mesophase was in 1937 when Bawden and Pirie (3)
observed that above a critical concentration, a solution of tobacco mosaic
virus formed two phases, one of which was birefringent. A liquid crystalline
phase for a solution of a synthetic polymer, poly(y-benzyl-L-glutamate), was
reported by Elliot and Ambrose (4) in 1950.

Modern-day interest in LCPs had its origin with the molecular
theories of Onsager (3) and Flory (6). They predicted that rod-like
molecules would spontaneously order above a critical concentration that
depended on the aspect ratio of the molecule. These theories were later
expanded to include other effects such as polydispersity (Z7) and partial
rigidity (8).

0097-6156/90/0435—0001$06.00/0
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2 LIQUID-CRYSTALLINE POLYMERS

In the past 35 years the volume of published literature and patents
on LCs and LCPs has grown substantially, and the subject has been the
topic of a number of books (9-14). Undoubtedly, the most important event
contributing to the growth of the field was the development and subsequent
commerciallization of high strength fibers from poly(p-phenylene
terephalamide), PPTA, by DuPont de Nemours Co. in the 1970's (15). This
spawned a tremendous growth in the field that has continued unabated for
the past 10-15 years and has led to numerous developments in both new
materials and applications, as well as in the underlying science.

Liquid crystalline order is a consequence solely of molecular shape
anisotropy, such as found in rigid rod-shaped molecules or relatively stiff
chain segments with an axial ratio greater than three (6). For example, a
succession of para-oriented ring structures is widely used to prepare LCPs.
Liquid crystalline phases do not depend on intermolecular associations, but
occur as a result of intermolecular repulsions. That is, units of two
molecules cannot occupy the same space. For rod-like molecules, or chains
with rigid segments, there is a limit to the number of molecules that can
arrange randomly in solution or the melt. When this critical concentration
is exceeded, either a crystalline or an ordered, liquid crystalline phase forms.
The rigid unit responsible for the liquid crystalline behavior is referred to as
the mesogen.

For many rigid polymers, such as PPTA, the critical concentration is
achieved with solutions, and these materials are classified as being lyotropic.
Liquid crystalline phases are not observed in the bulk for lyotropic LCPs,
primarily because the melting points of these materials are generally so high
that they degrade before they melt. The melting point can be depressed by
introducing a degree of flexibility into the polymer chain, such as with
structures that provide a kink or swivel to the chain or with flexible spacer
groups that separate the rigid chain segments. In that case, the critical
concentration for forming a liquid crystalline phase is high, usually requiring
bulk polymer, and anisotropic melts are obtained. These materials are
thermotropic.

The first thermotropic LLCPs were reported in the mid-1970's by
Roviello and Sirigu (15) and Jackson and Kuhfuss (16). Since then, a large
number of LCPs have been reported; an excellent, though now dated, review
of main-chain (i.e., the mesogen is in the polymer backbone) thermotropic
LCPs was published by Ober et al. (17). In the 1980's, several thermotropic
aromatic copolyester LCPs were commercialized.

Side-chain I.CPs can be prepared by attaching a mesogen pendant to
a flexible polymer backbone (18). These materials often have optical
properties similar to low molar mass LCs and have generated interest for
such applications as non-linear optics, filters and optical storage devices.

Research on LCPs is diversified, covering topics in chemistry, physics
and engineering. This chapter is not intended to be a comprehensive review
of the state-of-the-art for LCPs. Instead, we seek to provide a broad
overview of the current trends in LCP research. Many of these subjects are
treated in more detail in the following chapters of this book.
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1. OBER & WEISS  Current Topics in Liquid-Crystalline Polymers

Synthesis of LCP's

The synthesis of liquid crystalline polymers has evolved over the last decade
to include mesophase forming polymers with a wide variety of structural
features and linking groups. Work has continued on developing novel
structures which exhibit either thermotropic or lyotropic behavior. Once it
was discovered that it was possible to place the components of low molar
mass mesogens in polymer chains and retain the mesophase forming
character of these structures, early synthetic studies concentrated on incor-
porating these mesogenic groups into either a side chain or the main chain.

Recently, new thermotropic polymers have been developed with
mesogenic cores arranged not only in the main chain or the side chain, but
with rigid mesogenic groups paralle] to the chain (19). Even discotic, or
disk-shaped mesogenic cores have been incorporated into polymers (20).
Typical LCP structures are shown schematically in Figure 1 and include
those forms mentioned above as well as network polymers - elastomers and
thermosets. While much of the current synthetic activity has concentrated
on improving the understanding of structure-property relationships, other new
LCPs have been prepared to test specific aspects of the physical character
of LC polymers, e.g. polymers with precisely ordered chain sequences (21).

The commonly accepted ideas of what constitutes a mesogenic group
have been challenged by researchers who have incorporated phenylene rings
linked by non-rigid methylene-ether groups. Mesophase behavior has been
reported for polymers of this type without spacers (22), and new
developments show that even the presence of a spacer does not prevent
mesophase formation by these non-rigid mesogenic groups. An example is
provided in the chapter by Jonsson et al. in this book. Also described in
this book are newly developed hydrocarbon LCP's which have no polar
functional groups, see the chapter by Sung et al. Polymers made with
linking groups other than the esters and amides have been prepared and the
use of ester-sulfides are discussed in the chapter by Chiellini et al. Inorganic
components such as silicon and phosphorus have also been used to prepare
main-chain LCP's as shown in the contribution by Paleos et al.

In the following two sections, a number of recent developments in the
syntheses of main-chain and side-chain LCP's are discussed. Other synthetic
aspects are also found in many of the chapters concerned with physical
characteristics of LCP's.

ain Chain I.C Polymers. New thermotropic copolyesters with either
random or ordered mesogenic sequences have been reported with a wide
range of mesophase behaviors. Recent developments in this field have
included the use of naphthalene, stilbene and related structures in addition
to the traditional phenylene groups to produce the required rigid main chain,
and these are described in chapters by Jin, Jackson and Morris, and Skovby
et al. Efforts have been undertaken to control transition temperatures and
solubility through the use of either substituents or changes in the monomer
sequence distribution. Successful application of these efforts have led to the
commercialization of several thermotropic aromatic copolyesters (23.24).
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1. OBER&WEISS  Current Topics in Liquid-Crystalline Polymers 5

Random monomer sequences lead to very complicated liquid crystalline
behavior and produce complex morphologies in the polymer solid (25).

Several fundamental studies have shown the importance of monomer
sequence distribution on mesophase behavior (26). Simply changing the
direction of ester linkages in a chain affects the transition temperatures, the
range of the mesophase stability and, in some cases, even the mesophase
texture (27). Polyester chains are susceptible to transesterification, which
raises the question of which sequence structure is actually responsible for the
properties observed for a given polymer. A recent study of aromatic LC
polymers by neutron scattering indicates that transesterification occurs in the
mesophase at rates twice that in poly(ethylene terephthalate) (28). Such
behavior has also been observed to occur in other aromatic polyesters where
rapid sequence redistribution was detected by nmr, see for example, the
chapters by Jin and Economy et al. The temperature dependence of this
effect has not been fully explored, and it may not be as pronounced in those
polymers which exhibit mesophase behavior at lower temperatures, for
example, those with aliphatic spacers.

Recent developments in the substitution of completely aromatic LC
polyesters have produced polymers which show improved solubilities and
reduced transition temperatures (29). The presence of these side groups
provides a method for producing polymers that are compatible with other
similarly modified polymers. In this way, blends of rigid and flexible
polymers can be prepared. Substituents have included alkyl, alkoxy (30) and
phenyl alkyl groups (31), some of which lead to mesophases that have been
reported as being "sanidic" or board-like. This approach has been used with
both polyesters and polyamides and has lead to lyotropic and thermotropic
polymers depending on the particular composition used. Some compositions
zveil show the ability to form both lyotropic and thermotropic mesophases
32).

In addition to preparing completely new LC structures, new strategies
are being applied to existing mesogenic structures to enhance their
performance. Liquid crystalline segments are being combined with other
high performance polymers such as polysulfone or poly(etherketone) to form
polymers with unusual properties. Linking groups, such as carbonate, are
being evaluated in LC polymers in conjunction with ester linkages in the
development of more readily processable LCPs that show no reduction in
thermal stability, see chapters by Kawabe et al. and Lai et al.

It is well known that below a critical molar mass, the properties of
polymers are very sensitive to changes in molar mass. Very little, however,
is known about the molar mass dependence of the properties of LCPs. This
is partly due to the difficulties in controlling molar mass in the reactions
usually used to synthesize LCPs and partly due to the lack of good molar
mass data on most LCPs, which are often soluble only in fairly harsh
solvents. The chapter by Kim and Blumstein describes the preparation of
series of main-chain LCPs varying in molar mass and the effect of molar
mass on the thermal properties.

Side Chain L.C Polymers. Some of the earliest LC polymers were those that
contained mesogenic groups pendant to a flexible polymer chain. Many of
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LIQUID-CRYSTALLINE POLYMERS

the property differences observed between side chain LCP's and main chain
LCP's are due to the fact that the mesogenic group has much greater
mobility in the side chain, resulting in a polymer chain that is also much less
restricted in its motions. Recently, very novel LCP's of this type were
synthesized with unusual pendant structures. Examples include the
introduction of crown ethers or the use of half disk and half rod-like
mesogenic cores as side chain mesogens, described in the chapter by Keller
and coworkers. Discotic mesogenic groups have also been attached to
polymer chains and novel studies with electron acceptor molecules have
shown the ability of charge transfer complexes to form compatible blends
(33). Even ionic linkages have been employed to connect mesogenic cores
to a polymer backbone (34).

Polymers with long, chiral mesogenic structures have been used to study
the effect of molecular structure on the cooperativity of motion between
mesogenic side groups (33). Studies using coordinated orientation of
mesogenic groups in side chain LC polymers to photochemically crosslink the
polymers, described in the chapter by Noonan and Caccamo, showed that the
LC environment enhanced crosslinking.

One of the important features of side chain LCP's is that the
mesogenic group, not the main chain, determines the mesophase order.
Therefore, a wide variety of backbone polymers can be used with this
strategy for LCP formation. The mobility of the side-chains also allows
them to respond to applied fields more quickly than main-chain LCPs.
Mesogenic groups have been attached to methacrylate, acrylate, siloxane and
poly(phosphazene) chains (36,37). Synthetic approaches involve either the
formation of polymer from monomers containing the mesogenic groups
already present or, alternatively, the attachment of mesogenic groups to a
preformed polymer chain. Using the latter approach, side chain LC polymer
segments have been introduced into diblock copolymers. Examples of several
of these types of polymers and approaches are described in chapters by
Keller et al,, Singler et al., and Adams and Gronski.

Combined Side Chain-Main Chain IL.C Polymers. Among the recently

developed LCP's with intriguing possibilities for novel behavior are those
which contain mesogenic cores in both the side chain and main chain (38).
These polymers have been prepared in both linear thermoplastic and
crosslinked elastomeric forms (39). The presence of mesogenic cores in both
side and main chain positions can have a significant effect on the properties
and organization of the mesophase. Nematic phases only occur when there
is a mismatch between the length of the spacers in the side chain and the
main chain. Otherwise, smectic mesophases predominate. In these
structures, the lateral mesogenic group folds up to lie parallel to the
mesogenic group in the polymer chain. Recent results indicate that the
mesogenic group itself is somewhat tilted with respect to the chain direction

(40).

LC Polysurfactants. Micelles and vesicles are forms of mesomorphic
structures that have until recently been restricted to the world of small
molecules. New studies have resulted in the synthesis of micellar polymers
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1. OBER&WEISS  Current Topics in Liquid-Crystalline Polymers

linked together after formation of an organized structure. Polymerizable
amphiphiles have been synthesized where the amphiphilic moiety is either
within the polymer main chain or attached as a side chain via the
hydrophilic or hydrophobic end to the polymer backbone (41). Detailed
investigations of binary phase diagrams of monomeric and polymeric
surfactants in aqueous solution have proven that the LC side chain
polysurfactants and the amphiphilic copolymers form liquid crystalline phases
in water and that the phase structure of the polymers is similar to the phase
structure of conventional low molar mass lyotropic liquid crystals (42).
These polymers show phase transitions associated with small molecule
micelles, but form micelles that are much more stable in structure. Poten-
tial applications of these materials exist in the biomedical field and include
the ability to deliver drugs in a controlled fashion.

Physics of LCP's

Rigid 1.C Networks. The study of entirely rigid networks composed of LC
materials is an area of research that has recently been revived. In de
Gennes' early work on the theory of LC polymers he suggested that an
elastomeric network could trap the mesophase order in a polymeric structure
(43). It has since been found that crosslinking is not necessary, but some
early research on LC networks showed interesting effects of the crosslinking
on mesophase order in rigid networks (44). More recent work used this
approach to solve the problem of poor compressive modulus in LC polymers
by crosslinking aligned fibers using UV-radiation (45).

Recent theory suggests that if polymers were prepared with high
functionality crosslinks connected by mesogenic structures, extremely rigid,
high strength networks with low thermal expansion coefficient would result
(46). Questions such as the effect of the mesophase structure and its
orientation on network behavior remain unanswered (47). Such materials
could lead, however, to extremely strong thermosets useful as the matrix
materials in advanced composites. Efforts to prepare rigid networks based
on LC monomers are described in the chapter by Hoyt et al. and monomer
syntheses for L.C thermoset coatings were reported by Kangas et al. (48).

LC Elastomers. Elastomeric LC networks have potential for translating
mechanical deformation into optical or electrical changes, see the chapter by
Zentel et al. Elastomeric network polymers are unique because of the
presence of both the network and the mesogenic groups. The behavior of
these components must be accounted for to fully understand the behavior of
such materials. The coupling of the orientation of the network and the
mesogenic structures will differ markedly depending on the type of LC
elastomer, see Figure 1. For example, in side chain elastomers, the
mesogenic groups are fairly mobile (19), whereas in main chain elastomers
the arrangement of the mesogen is coupled to the conformation of the main
chain. In combined, main-chain/side-chain elastomers, both types of
mesogenic groups must interact in a coordinated fashion (39).

The ability to align LC elastomers with mechanical forces means that
applications where LC alignment is necessary may be accessible through
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8 LIQUID-CRYSTALLINE POLYMERS

orientation of such materials. Applications such as waveguides are possible.
In addition, the ability to transform a turbid LC into a transparent
monodomain means that mechanically switched-optical devices may be
possible. Finally, elastomers with smectic C* mesophases may be useful as
piezoelectric materials (39).

Biphasic Behavior. An understanding of the extended biphasic structure of
LCP's during the clearing transition is critical to their applications. Biphasic
behavior implies the presence of two distinct phases between the melting and
clearing transitions, these two phases being typically the mesophase and the
isotropic melt. In most cases the biphase can be explained on the basis of
a distribution of molar masses in an LC polymer. This distribution will lead
to a range of clearing temperatures for a given polydisperse polymer.
Experiments which have elegantly demonstrated this point were made using
LC polymers in which the isotropic and mesomorphic melts were allowed to
separate due to density differences (49). Upon analysis, the nematic
component was shown to be of a higher molar mass than the isotropic
phase.

Recently, theoretical and experimental work has demonstrated that the
effect of chemical heterogeneity as a cause of the biphase must be
considered (50). Polymers with similar molar masses will have broader
clearing ranges if the chemical composition of the polymer is disordered.
Such chemical heterogeneity has been shown to cause a low degree of
crystallinity at low temperatures (51) and an extended clearing transition (26)
at higher temperatures (the nematic/isotropic biphase) in random
copolyesters. Statistical treatment of random copolymerization suggests that
the probability of sequences matching in two different chains, and hence the
degree of crystallinity, increases as the chain length is lowered.

Low molar mass LC polymers would be expected to be biphasic over
a wide temperature range, as both the chemical heterogeneity and the molar
mass effects on the clearing temperature are large for short chains. A
further complication in understanding this behavior arises in cases where the
components form mesophases of different types as discussed in a chapter by
Ober et al.

Structure.  The traditional methods for identifying and characterizing the
texture of LC phases are light microscopy and x-ray diffraction (32).
Electron microscopy has also been used when it is possible to freeze the
mesophase structure in the solid state (33). The chapter by Viney reviews
the optical microscopy technique as applied to LCPs.

Applications of LCPs usually depend on their solid state structure and
properties. Very often the design of LCPs involves a compromise between
chain rigidity and processability---i.e., either a sufficiently low melting point
for thermotropic LCPs or solubility for lyotropic LCPs. Numerous semi-
flexible LCPs have been synthesized by introducing flexible spacer groups or
lateral substituents into otherwise rigid chains. One important question is
how these groups affect the molecular packing in the solid state, since that
undoubtedly affects the mechanical and physical properties of the LCP. This
subject is addressed in the chapters by Biswas et al. and Azaroff et al.
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1. OBER&WEISS  Current Topics in Liquid-Crystalline Polymers

Polymorphism in PPTA fibers is discussed in the chapter by Rutledge and
Suter. The effect of the chemical structure on the theoretical properties of
LCPs is discussed in the chapter by Dowell.

Engineering wi P,

The largest market for LCPs is structural fibers, principally PPTA.
World-wide production of LCP fibers in 1989 was estimated to be about 94
million pounds with an average market value of nearly $10/lb. (54). The
desireable characteristics of PPTA fibers are high strength, low density,
nonabrasiveness and dimensional and thermal stability. Applications of LCP
fibers include protective fabrics (e.g., bullet-proof vests and gloves), high
strength fabrics (conveyer belts, sails and inflatable boats), industrial fibers
(rope and thread), rubber reinforcement (radial tires), plastics reinforcement
(structural composites), and asbestos replacement (brake linings, clutch
facings, gaskets and packing) (55).

In contrast to the relatively mature markets of LCP fibers, there are
few established applications of thermotropic LCPs. In 1989, the world-wide
consumption of melt processable LCPs was only about 10 million pounds
(valued at about $10/Ib.) of which about S million pounds was used in
cookware (54). Nearly all of the thermotropic LCP consumption was for
injection molded parts. Although thermotropic LCPs exhibit exceptional
mechanical properties when oriented, anisotropy is actually a weakness in
injection molded parts, resulting in poor properties transverse to the machine
direction and weak weld lines. These facts coupled with their high cost have
limited the growth of markets for molded-LCPs. Usually LCPs are filled
with glass, which reduces the anisotropy of the molded part, though it also
reduces the modulus and strength associated with a highly oriented LCP.
Where LCPs have been successful are applications where low viscosities are
needed to fill complex molds and thin walled-parts and where dimensional
stability at elevated temperatures and low thermal expansion are required.
For example, molded LCPs have been used in electrical applications,
primarily as surface-mounted and fiber-optic connectors.  Other uses for
thermotropic LCPs include applications where chemical resistance is needed
(e.g., tower packings, pumps and valves) and mechanical components
requiring good wear resistance (pulleys, bushings and seals) (55).

Rheology. The rheological behavior of LCPs is poorly understood (56),
though in recent years, significant advances have been made in theory (37).
Below a critical concentration, i.e., at concentrations sufficiently low that the
solution forms a single, isotropic phase, the solution viscosity of lyotropic
LCPs increases with increasing concentration.  Above the critical
concentration, an anisotropic, liquid crystalline phase forms and a dramatic
drop in viscosity occurs. A similar phenomenon was observed as composition
was varied for PET/HBA thermotropic LCPs (16). In that case, the melt
viscosity increased with increasing mole fraction of the more rigid HBA
monomer, but the viscosity decreased once a critical composition was
reached. This composition corresponded to the onset of liquid crystalline
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behavior. Onogi and Asada (58) proposed a three-zone flow curve for LCPs
consisting of (1) a shear-thinning region at low shear rates, (2) a Newtonian
viscosity region at intermediate shear rates and (3) a second shear-thinning
region at higher shear rates. These have been observed in the rheological
behavior of both lyotropic and thermotropic LCPs. Atlthough, it is generally
believed that the first region of shear-thinning, which is not usually observed
in other non-LC polymers, is a consequence of some the domain structure
of the melt, understanding of this phenomenon is incomplete.

The melt viscosity of LCPs is sensitive to thermal and mechanical
histories. Quite often, instrumental influences are important in the value of
viscosity measured. For example, the viscosity of HBA/HNA copolyesters
are dependent on the die diameter in capillary flow (59). LCP melts or
solutions are very efficiently oriented in extensional flows, and as a result,
the influence of the extensional stresses at the entrance to a capillary
influence the shear flow in the capillary to a much greater extent than is
usually found with non-L.C polymers.

Thermotropic LCPs have high melt elasticity, but exhibit little extrudate
swell. The latter has been attributed to a yield stress and to long relaxation
times (60). The relaxation times for LCPs are normally much longer than
for conventional polymers. Anomalous behavior such as negative first
normal stress differences, shear-thickening behavior and time-dependent
effects have also been observed in the .rheology of LCPs (56). Several of
these phenomena are discussed for poly(benzylglutamate) solutions in the
chapter by Moldenaers et al.

Processing.  Relatively little has been published on the processing of
thermotropic LCPs. The morphology of melt-processed articles is dependent
on the deformation and thermal histories. Extensional flows produce fibrillar
structures with high orientation in the machine direction. Flows with
complicated stress distributions and temperature gradients, such as
encountered in injection molding, yield complicated morphologies.

Melt extrusion of LCP rods and films was discussed by Chung (61) and
by Ide and Chung (62), respectively. Considerably more work has been done
on injection molding of LCPs, but the reults were usually less conclusive due
to the complex thermomechanical histories and the resultant complex
morphologies (24,63-66). The anisotropic shrinkage of molded LCP parts is
discussed in the chapter by Frayer and Huspeni.

Blends. There has been considerable research in recent years on polymer
blends that contain an LCP. This subject was recently reviewed by Dutta et
al. (67). The addition of an LCP to another thermoplastic melt effectively
lowers the melt viscosity and improves processability. In addition, if the flow
field contains an extensional stress component, the LCP dispersed phase is
extended into a fibrous morphology and oriented in the flow direction. This
microstructure can be retained in the solidified blend to provide self-
reinforcement.

The preparation and properties of blends of an HBA/HNA LCP with
poly(phenylene sulfide) and poly(etherether-ketone) is described in the
chapter by Baird et al. LCP/LCP blends is the subject of the chapter by
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DeMeuse and Jaffe. In another chapter, Brostow et al. discuss the phase
behavior of binary and ternary mixtures containing an LCP component. The
kinetics of thermally induced phase separation of an HBA/PET LCP blended
with poly(ether imide) are described by Zheng and Kyu.

Dispersions of low molar mass LCs in amorphous polymers (PDLC)
represent a new class of electro-optical materials. PDLC-based devices
operate on the principle of electrically modulating the difference between the
refractive indices of the LC and the polymer to control the scattering of
light. This subject is reviewed in the chapter by West et al. A new
development in this field is to use blends of an LC with an LCP to increase
the angle of view of the device.

Conclusions

Liquid crystalline polymers have captured the excitment and imagination of
contemporary polymer scientists and engineers. These materials exhibit many
unique properties that present not only challanges for basic research, but
also numerous technological opportunities. Many questions concerning the
physics of LCPs need to be answered before these materials achieve
widespread use. In addition, much work is needed to fully understand their
rheology and processing behavior in order that the outstanding mechanical
properties of LCPs may be exploited in molded articles. This chapter briefly
described many of the areas of research currently being pursued.
Considerably more detail is given in the following chapters.
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Chapter 2

Polyesters of 4,4’-Biphenyldicarboxylic Acid
and Aliphatic Glycols for High-Performance
Plastics

W. J. Jackson, Jr., and J. C. Morris

Research Laboratories, Eastman Chemical Company, Eastman Kodak
Company, Kingsport, TN 37662

Thermotropic liquid crystalline polyesters (ICP's)
were prepared from the dimethyl ester of 4,4'-bi-
phenyldicarboxylic acid (BDA) and aliphatic glycols
containing 2 to 10 methylene units and compared with
similar trans-4,4'-stilbenedicarboxylic acid (SDA)
ICP's. The BDA hamopolyesters prepared with 1,4-
butanediol or 1,6-hexanediol and their copolyesters
with ethylene glycol, 1,4-butanediol, or 1,6-hexane-
diol had suitable melting points and melt processing
characteristics for injection-molding applications.
It was necessary, however, to injection mold most
of the BDA campositions in their isotropic state

(in contrast to the SDA ICP's, which had higher Ti's).
Also, because of the apparent smectic nature of the
polymer melts, melt viscosities were appreciably
higher than those of similar SDA ICP's, which were
nematic. The BDA ICP's which gave the highest
properties, copolyesters of ethylene glycol and
1,4-butanediol, were injection molded in their
anisotropic state.

The lowest cost process for preparing all-aromatic liquid
crystalline polyesters involves the reaction of aramatic carboxylic
acids with acetates of aramatic hydroxy campounds; a recent history
(1) describes the development of these ICP's. Because acetic acid
is evolved in the process and reaction temperatures are above
300°C, expensive corrosion-resistant reactors must be installed for
camrercial production. In our latest paper (2) of this ICP series,
we described a mmber of aliphatic-aromatic ICP's which can be
produced in conventional polyester reactors and injection molded to
give plastics with very high mechanical properties, heat-deflection
temperatures (HDT's), and solvent resistance. These ICP's (Ia)
were prepared by the reaction of the dimethyl ester of

NOTE: This chapter is part 13 in the series “Liquid Crystal Polymers.”
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trans-4,4'~stilbenedicarboxylic acid (SDA) with certain aliphatic
glycols. Also it was known that hamopolyesters of
4,4'-biphenyldicarboxylic acid (BDA) and aliphatic glycols
containing fram 2 to 10 methylene units (Ib, n = 2 to 10) exhibit
thermotropic liquid crystallinity (3-6). The dbjective of this
paper is to describe ICP's (Ib) prepared from the potentially low
cost dimethyl ester of BDA and the aliphatic glycols which were
most effective in giving SDA copolyesters suitable for high
performance plastics.

OO i
x DRa—

Of the injection-molded SDA hamopolyesters, the 1,4-butanediol
(BD) and 1,6~hexanediol (HD) campositions had the highest tensile
and flexural properties and HDT's (2). The ethylene glycol (EG)
hamopolyester melted too high (Tm 418°C) to be injection molded
without excessive thermal decamposition. When the SDA/BD
hamopolyester was modified with either EG or HD, tensile strengths
were about twice as high (up to 41,000 psi) as those of the
homopolyester, and HDT's ranged up to over 260°C at 264 psi stress.
When 1,3-propanediol or 1,5-pentanediol was the modifier, kinks
were introduced in the polymer chains because of the odd mumber of
methylene units in the glycol, as was discussed by Watanabe and
Hayashi for BDA ICP's (6). Consecquently, the tensile and flexural
properties were greatly decreased because the amount of extended
chain orientation that could be attained was limited. Also the
HDT's were greatly decreased because of the decrease in
crystallinity. When the SDA/HD hamopolyester was modified with EG
or BD, tensile strengths about 50 to 100% higher (up to 35,000 psi)
than those of the hamopolyester were cbtained, and HDT's ranged up
to over 260°C at 264 psi. Thus, the glycols of greatest interest
for use in preparing the BDA ICP's were BEG, BD, and HD.

Experimental

Dimethyl 4,4'-biphenyldicarboxylate was obtained fram Ihara
Chemical Industry Co., Ltd. The polyesters were prepared from
aliphatic glycols and the dimethyl ester of BDA by procedures
similar to those described earlier for our SDA polyesters (7) but
using titanium tetraisopropoxide (100 ppm titanium) as the sole
catalyst. Depending upon the polymer melting point (Tm), the
final reaction temperatures were 260 to 300°C. If the polymer
solidified because of a high Tm or if a higher molecular weight was
desired, the polymer was ground to pass a 3-mm screen, dried at
100~120°C, ard solid-state polymerized by heating for 3-4 hr. at
220-240°C/0.5 mmn. The molar amounts of the glycol components in
the final copolyesters were determined in 70/30
hexaflucroisopropanol/deuterated methylene chloride by proton NMR.
Inherent viscosities (I.V.'s) were measured at 25°C in a 25/40/35
wt % mixture of phenol/p-chlorophenol/tetrachlorocethane at a
polymer concentration of 0.1 g/100 mL.
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Absolute molecular weight determinations were made using a
Brookhaven Photon Correlation Spectrometer. The polymer was
dissolved in a solution of o-chlorophenol at 110°C and clarified by
filtration through a 0.2 micron pore size Teflon membrane filter.
The molecular weights were determined at 25°C by Zimm plot analysis
of measurements of the concentration and angular dependence of
632.8 nm wavelength scattered light intensity.

The thermal properties (DSC second cycle), melt viscosities,
and properties of test bars injected into unheated molds in a 1-oz
Watson-Stillman injection-molding machine were determined as
described earlier for the SDA copolyesters (2, 7, 8). The glass
transition temperatures (Tg's) were determined on 1/16-in. thick
injection-molded bars at 4°C/min and a frequency of 0.3 Hz with a
Mark IV Dynamic Mechanical Thermal Analyzer from Polymer
laboratories, Inc.

Results and Discussion

Figure 1 compares the Tm's and isotropic transition temperatures
(Ti) from DSC scans of homopolyesters we prepared from the dimethyl
esters of SDA and BDA and glycols containing 2 to 10 methylene
groups. Except for the BDA/1,5-pentanediol Tm (122°C), all of the
Tm's and Ti's of the BDA polyesters are samewhat higher than those
of similarly prepared polyesters reported by earlier investigators
(3=6) , probably because our I.V.'s were higher (0.9 to 1.3). Also
same of our compositions were monotropic because of the increased
I.V.'s and Tm's whereas the I.V.'s reported for these campositions
by the earlier investigators were 0.2 to 0.4. The decreased length
of the rigid mesogenic biphenyl unit, compared to the stilbene
unit, decreased the thermal stabilities of the mesophases (lower
Ti's). All of these BDA homopolyesters are reported to form
thermotropic smectic phases (3-6). In addition, Krigbaum and
co-workers (4) modified the BDA/FG homopolyester with 30 and 50 mol
% terephthalic acid (T) and also BDA/HD with 20 mol % T and "found
no evidence for a nematic phase in any of the copolymers."

Like the SDA/EG homopolyester, the BDA/EG hamopolyester (Tm
352°C) also melted too high to be injection molded without
excessive thermal decamposition. The other BDA hamopolyesters had
suitable Tm's and, as has been discussed, those of particular
mterestweretheBDarﬂl-ﬂ)hcmopolyestexsarﬂcopolyesters

BDA/1, 6-Hexanediol/1,4-Butanediol Copolyesters. Figure 2 shows the
effect of BD content on the Tm and Ti values of BDA/HD/BD
copolyesters. Modification of the BDA/HD homopolyester with BD
introduced disorder in the crystalline polymer and, consequently,
the Tm's decreased until sufficient BD was present to start
increasing the order as the BDA/BD hamopolyester composition was
approached. The Ti values, on the other hand, increased
continuously because the liquid crystalline mesophase became more
stable as the six-carbon HD component of the BDA/HD hamopolyester
was replaced by the less flexible four-carbon BD camponent.

Table I shows the effect of BD content on the properties of
injection-molded BDA/HD/ED polyesters. The actual polymer melt
tenperatures during molding were between the temperatures listed
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Figure 1. DSC thermal transitions of hamopolyesters of SDA
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Figure 2. Effect of BD content on Tm and Ti of BDA/HD/BED
copolyesters.
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Table 1. Effect of Composition on Properties of Injection-Molded
BDA/1,6-Hexanediol/1,4-Butanediol Polyesters

1,4-Butanediol Content, Mol %

0 27 47 66 9 100

Polymer DSC Endotherms 210,219/240 176/258 1527270 238/285 282/309 291/307.
(TVTi,*C)

Polymer DSC Exotherms 2237159 237/159,111 2527128 269/164 295/218 283/241
on Cooling (°C)
Molding Temperature 255/240 260/250 285/270 290/275 330/315 345/330
(Barrel/Nozzle, *C)

Polymer I.V.

Before Molding -- 1.18 1.41 1.09 1.40 1.27
After Molding 1.27 1.20 1.31 1.01 1.34 1.22
Heat-deflection Temp (*C)

At 66 psi 204 143 114 205 255 273

At 264 psi 190 109 3 119 158 222
Tensile Strength (psi) 21,900 21,300 17,400 17,600 14,000 9,800
Elongation (X) 6 12 19 3 5 4
Flexural Modulus 9.5 5.9 5.6 6.8 5.1 4.4
(105 psi)

Flexural Strength (psi) 18,500 12,300 10,700 14,100 13,900 11,100
lzod Impact Strength

(ft-lb/in.)

Notched, 23°C 1.9 9.4 12.9 2.5 1.2 1.2
Notched, -40°C 1.8 9.4 9.1 1.7 0.7 --
Unnotched, 23°C 9.1 33.3 49.8 18.4 8.9 7.9
Mold Shrinkage (X) 0.0 0.7 1.4 0.1 0.6 1.0

¥ Obtained 301/318 on first DSC heating scan.
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for the injection molding machine barrel, which was heated, and the
nozzle, which was not externally heated. (The nozzle was heated
only by the polymer which was forced through it by a hydraulic
ram.) It was possible to mold the highest melting camposition in
the table (amd in the other two tables) because of the small
mwolding machine and very short molding cycle. The HD
hamopolyester, also included in Table I, has the best overall
properties. If a higher HDT is required, particularly if a stress
of 66 psi is sufficient, the higher melting compositions containing
the highest levels of BD have an advantage, but they do have lower
tensile amd flexural (stiffness) properties. At lower I.V.'s (1.0
to 1.2), the BDA/HD hamopolyester gave appreciably lower mechanical
properties. For camparison, the SDA/HD/BD copolyesters (2) had
HDT's of 190°C to over 260°C (limit of oil bath) at 66 psi and
160°C to over 260°C at 264 psi, tensile strengths of 29,000§35,000
psi, elongations of 10-28%, flexural moduli of 6.2-8.8 x 10~ psi,
flexural strengths of 15,000-22,000 psi, notched Izod impact
strengths at 23°C of 4.7-7.8 ft-lb/in., and unnotched Izod impact
strengths of 16-44 ft-lb/in.

BDA/1, 6-Hexanediol /Ethylene Glycol Copolyesters. By modifying
BDA/HD with BG instead of the more flexible BD used in Figure 2,
higher Tn's and Ti's were cbtained (Figure 3).

Since many of the DSC scans did not show Tg's of the
canpositions, Tg's were determined by dynamic mechanical thermal
analysis (IMIA) with injection-molded bars. The tan §
and storage modulus (log E') curves cbtained for the BDA/HD
hamopolyester are illustrated in Figure 4. Figure 5 is a plot of
the Tg's (tan § peaks) obtained with BDA/HD/BG copolyesters.
Because the order due to both liquid crystallinity and
three—dimensional crystallinity reduces the mobility of the
amorphous regions of a polymer, as in the BDA/HD hamopolyester, the
“effective Tg" is higher than it would be in an amorphous,
unordered polymer. Modification with BG decreased the order due to
three—dimensional crystallinity, and the Tg initially decreased.

As the six-carbon HD component was further replaced by the less
flexible two—-carbon EG camponent, the Tg increased, as expected.
It is of interest that extrapolation of the upper three points in
the figure to zero EG gives a value of 24°C for the BDA/HD
hanopolyester, and extrapolation to 100 mol % EG gives a value of
92°C for the BDA/EG homopolyester. A similar plot was also
cbtained with BDA/HD/BD ICP's: minimum Tg of 50°C at 24 mol % BD
content and maximm Tg of 79°C at 100 mol % BD content.

Table IT shows the effect of EG content on the properties of
injection-molded BDA/HD/EG polyesters. As in the case of the
BD-modified campositions in Table 1, the BDA/HD hamopolyester had a
higher HDT at 264 psi than any of the copolyesters, but the two
higher melting copolyesters containing the highest EG levels had
higher HDT's at 66 psi. Compared to the BD-modified copolyesters,
these BG-modified copolyesters had the higher tensile strengths and
flexural moduli. The SDA/HD/EG copolyesters studied earlier had
HDT's of 162-232°C at 66 psi stress and 60-207°C at 264 psi stress,
tensile strengths of 25,000-34, 000 psi, elongations of 15-30%,
flexural moduli of 6.4-8.9 x 10~ psi, notched Izod impact strengths
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Figure 3. Effect of EG content on Tm and Ti of BDA/HD/EG
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Table 11. Effect of Composition on Properties of Injection-Molded
BDA/1,6-Hexanediol/Ethylene Glycol Polyesters

Ethylene Glycol Content, Mol X

0 12 23 48 68 80

Polymer DSC Endotherms  210,219/240  189,203/245 187/247 2637278 292 308¢/325°
T, C) c
Polymer DSC Exotherms 223/159 226/157,106  229/- 52/- 2727252 289/284

on Cooling (°C)

Molding Temperature

(Barrel/Nozzle, °C) 255/240 2557245 275/255 2807265 3107290 345/330
Polymer 1.V.

Before Molding -- 1.16 1.14 1.05 1.05 1.10
After Molding 1.27 1.15 1.14 1.05 0.93 0.73

Heat-deflection Temp (°C)

At 66 psi 204 177 136 112 231 251

At 264 psi 190 124 84 86 4l 137
Tensile Strength (psi) 21,900 22,100 18,500 29,600 37,800 27,300
Elongation (%) 6 9 9 22 16 1
Flexural Modulus 9.5 10.0 8.9 12.4 11.6 1.5
(105 psi)

Flexural Strength (psi) 18,500 16,000 12,200 15,800 20,700 20,800

Izod Impact Strength

(ft-lb/in.)

Notched, 23X 1.9 2.6 3.2 7.9 3.5 1.9
Notched, -40°C 1.8 4.4 2.6 6.2 3.9 1.9
Unnrotched, 23°C 9.1 18.5 25.6 43.2 22.1 4.0
Mold shrinkage (X) 0.0 0.0 0.0 0.0 0.0 0.3

a_. .

First DSC heating scan (no Tm on second scan).
Monotropic.

Shoulder.
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at 23°C of 5.5-15.5 ft-lb/in., and unnotched Izod impact strengths
of 24-43 ft-1b/in.

The melt viscosity of the BDA/HD hamopolyester was too high
to measure in the anisotropic state because of the relatively low
isotropic transition temperature (Ti 240°C) ard the smectic nature
of the melt, but modification of the polyester with 50 mol % EG
uxcreasedtheTJ.to272 C. Figure 6 campares the apparent melt
viscosities of the hamopolyester with those of two BDA/S50 EG/50 HD
copolyesters at 260°C and also polyethylene terephthalate (PET,
grade for blowing bottles) at 300°C. At the higher shear rates
which are used for melt spinning and injection-molding, the ICP
copolyesters had lower melt viscosities at 260°C than the PET at
300°C. The BDA/HD hamopolyester, which has a lower Tg (Figure 5)
than PET (80°C), also had a somewhat lower melt viscosity at 300°C
than the PET.

BDA/HD homopolyesters and BDA/50 EG/50 HD copolyesters having
the same I.V.'s had essentially the same weight average molecular
weights by gel permeation chromatography in 70/30 methylene
chloride/hexafluoroiscpropanol. As for absolute molecular weights,
at an I.V. of 1.2 the hamopolyester in Figure 6 had an absolute
weight average molecular weight of 68,000 by angular dependent
light scattering in o—chlorophenol. At an I.V. of 1.8, which
corresponds to the higher I.V. copolyester in Figure 6, the
molecular weight was 143,000. The PET in Figures 6 and 7 had an
absolute molecular weight of 51,000.

The lower I.V. BDA/50 BG/50 HD copolyester in Figure 6 (I.V.
1.09, molecular weight 60,000 determined as above) was used to
campare the apparent melt viscosities at 260°C, 280°C, and 300°C
with the viscosities at 300°C of three SDA/20 BG/80 BD copolyesters
(Tm 276°C) and PET (Figure 7). These SDA ICP's were nematic
(threaded texture under crossed polarizers), and the 1.43 I.V.
copolyester had an absolute molecular weight of 140,000 by angular
dependent light scattering in o—chlorophenol. Even though the SDA
ICP's have a Tg similar to that of PET (80°C) and higher than that
of the BDA ICP (56°C by IMTA and 46°C by DIA) and have higher
molecular weights, they have appreciably lower melt viscosities
because they are anisctropic (and nematic) at 300°C (Ti 357°C)
whereas the BDA ICP is anisotropic (and apparently smectic) at
260°C (Ti 272°C) but 1sgtrq>1c at 280°C and 300°C. At the highest
shear rate (10,670 sec ~) BDA/S0 BG/50 HD had a slightly lower melt
viscosity in its anisotropic state at 260°C than its isotropic
state at 300°C, and at 280°C the viscosity was even lower, perhaps
because the high shear rate induced liquid crystallinity, which
reduced the viscosity. Thus the melt processability of these BDA
ICP's in their anisotropic state is excellent at high shear rates
but inferior to the processability of the nematic SDA ICP's in
Figure 7.

By polarizing light microscopy we saw the typical focal conic
smectic texture of the BDA/HD homopolyester mesophase but cbserved
no distinctive smectic or nematic structure of the BDA/S0 BEG/50 HD
copolyester cooled from the isotropic melt and held in the
mesophase many hours. Also on an x-ray diffractometer trace of the
copolyester we did not see the characteristic peak due to the
spacing between the layers of the smectic mesophase but did see
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Figure 6. Apparent melt viscosity of BDA/HD and BDA/50 EG/50 HD
at 260°C and PET at 300°C.
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this peak (very small) at 18A with the hamopolyester, as was also
cbserved by Krigbaum and Watanabe (5). Thus we have not been able
to demonstrate that this BDA copolyester is actually smectic.

BDA/Ethylene Glycol/1,4-Butanediol Copolyesters. The BDA/EG/BD
copolyesters appeared to solidify when prepared by conventional
procedures with a metal bath temperature of 300°C, the maximum
tenpexaturewh1d1wasused1nordertoavo1danytlmmal
decamposition. If a large excess (250% over theoretical) of
glycols or a long ester interchange time was used, it was possible
topreparemthemeltanarrwrangeome/EE/BDcopolyesters
containing about 60-75 mol % BG and 25-40 mol § BD camponents.
Apparently because of their smectic nature, the copolyesters
containing glycol levels outside of these ranges appeared to became
solid or semisolid, even though DSC Tm's of same of the
campositions were appreciably below 300°C.

In Table III, which lists the DSC transitions of the
polyesters, footnote (d) notes that BDA/BD modified with 50 mol %
BG gave DSC erdotherm peaks at 251°C and 331°C on the first heating
scan, but on a hot stage the copolyester softened at 245°C and did
not become sufficiently molten to flow until 300°C. (During
preparation in a 300°C metal bath, the polymer melt temperature was
about 290°C and the polymer appeared to solidify.) Since no
indication of the melting behavior at 300°C was given on the DSC
scan, the endothexm at 251°C apparently was due to the formation of
a very viscous smectic mesophase, and it was necessary for the
polymer to be heated to 300°C for the viscosity to be reduced
sufficiently for the polymer to flow when the cover glass on the
hot stage was pressed. The second DSC endotherm at 331°C was
obviously the isotropic transition, because the polymer gave a
clear isotropic melt on the hot stage at 332°C (and was no longer
birefringent under crossed polarizers). The endotherms cbtained on
the second DSC scan appeared at samewhat lower temperatures,
perhaps because of some thermal decamposition which occurred during
the first DSC scan to 350°C.

Footnote (f) shows that solid-state polymerized BDA/65 BG/35
BD gave similar results, but an additional endotherm was present in
the region where the polymer was sufficiently molten to flow. W®hen
this polymer was prepared in the melt, however, these softening and
melting endotherms were not present because of a broad exotherm in
this area (footnote (e)]. We have been unable to demonstrate by
polarizing light microscopy or by x-ray diffraction studies that
these copolyesters actually are smectic. (We had the same problems
discussed earlier for the BDA/EG/HD copolyesters.)

Table IIT also shows the effect of EG content on the
properties of injection-molded BDA/EG/BD polyesters. The two
copolyesters which contained 65 and 73 mol $ BG and did not
solidify during preparation were molded in their anisotropic state
(Ti's above molding temperatures), and it is significant that these
two ICP's have the highest tensile, flexural, and impact properties
(and the highest HDI''s at 264 psi stress). The other four
canpositions in the table became solid or semisolid during
preparation at 300°C, and additional molecular weight buildup was
achieved by solid-state polymerization to give I.V.'s camparable to

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



28 LIQUID-CRYSTALLINE POLYMERS

Table I1I. Effect of Composition on Properties of Injection-Molded
BDA/Ethylene Glycol/1,4-Butanediol Polyesters

Ethylene Glycol Content, Mol %

0 r 50" 65 7 ™
b c d e,f e e
Polymer DSC Endotherms 291/307 239/299 246/311 300 ° /321 314 /326 336 /338
(Tm/Ti,°C)
Polymer DSC Exotherms 283/241 269/166 288/203 301/254 307/276 312/303
on Cooling (°C)
Molding Temperature 345/330 335/320 325/310 305/290 325/310 345/330
(Barrel/Nozzle, °C)
Polymer I.V.
Before Molding 1.27 1.1 1.17 0.96 1.05 1.02
After Molding 1.22 1.08 0.97 0.87 0.92 0.94
Heat-deflection Temp (°C)
At 66 psi 273 237 234 247 266 306
At 264 psi 222 191 215 235 234 210
Tensile Strength (psi) 9,800 18,400 26,100 31,200 39,500 13,500
Elongation (%) 4 5 7 7 10 3
Flexyral Modulus 4.4 5.8 10.4 146.7 12.8 6.7
(10° psi)
Flexural Strength (psi) 11,100 14,900 18,600 24,800 23,600 14,200
Izod Impact Strength
(ft-lb/in.)
Notched, 23°C 1.2 0.9 3.0 11.4 6.2 0.5
Unnotched, 23°C 7.9 8.7 10.1 22.9 24.5 3.7
Mold Shrinkage (X) 1.0 0.7 0.6 0.4 0.3 1.0

8Solidii‘ied during preparation with 300°C bath temperature; solid-state polymerized in a second
step.

Obtained 301/318 on first DSC heating scan.

Obtained 254/322 on first DSC heating scan; softened on hot stage at 235°C, molten at 310°C, and
clear isotropic melt at 325°C.

Obtained 251/331 on first DSC heating scan; softened on hot stage at 245°C, molten at 300°C,
eand clear isotropic melt at 332°C.

Hot stage value where completely molten; broad exotherm instead of Tm endotherm on DSC
thermograms of first and second heating scans.

Obtained 263,299/341 on first DSC heating scan of a different sample which was solid-state
polymerized (1.V.1.22); endotherms corresponded, respectively, to softening (on hot stage),
melting, and clearing; broad exotherm instead of first two endotherms on second DSC

heating scan.
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those of the melt-prepared copolyesters. Except for BDA/BD
modified with 50 mol % EG (Ti 331°C on first DSC scan), it was
necessary to mold three of these campositions in their isotropic
state, and they gave the lowest tensile, flexural, and impact
properties.

As with SDA/BD modified with terephthalic acid, modification
of BDA/BD with 10 mol % T instead of a second glycol (EG or HD) did
significantly increase the tensile properties but greatly decreased
the HDT (only 137°C at 264 psi).

Conclusions

Because of their relatively low Ti's, most of the BDA campositions
were in their isotropic state when injection-molded whereas all of
the SDA compositions (2) were anisotropic when molded (Ti's
281-352°C). Figure 8 campares the effects on tensile strength when
BDA/HD and SDA/HD were modified with BG and BD. Each of the
plotted values represents an average from five 1/16-in. thick
tensile bar specimens injection molded on the same machine (Tables
I and IT for BDA ICP's). The BDA/HD/BD campositions had the lowest
tensile strengths, but the strengths ranged up to twice as high as
those of unreinforced performance plastics which are not liquid
crystalline. The highest average value, however, was for a
BDA/HD/EG copolyester (37,800 psi). The highest tensile strengths,
particularly for the SDA ICP's, were generally associated with the
higher elongations, which permitted the high strengths to be
attained. Because of their high crystallinity, the hamopolyesters
gave the lowest elongations and, consequently, generally lower
tensile strengths than their copolyesters.

Figure 9 campares the HDT's of BDA/HD modified with BG and BD
(Tables I and II). Because modification initially introduced
disorder in the crystalline polymer, the Tm's and degree of
crystallinity decreased and, consequently, the HDT's decreased;
high levels of modification reduced the disorder and, thereby,
increased the Tm's, crystallinity, and HDT's as the hanopolyester
compositions were approached. Lower HDT's were cbtained at the 264
psi stress level than at 66 psi, of course, and it is interesting
that the two 66 psi curves are near each other, as are the two 264
psi curves.

Figure 10 campares the HDT's at 264 psi of the ICP's in
Figure 8 (SDA/HD and BDA/HD modified with EG and BD). EG
significantly reduced the crystallinity and, therefore, the HDT's
of both the BDA and the SDA copolyesters, whereas BD had less
adverse effect on the more crystalline SDA copolyesters. Another
reason for the higher HDT''s of the SDA/HD/BD ICP's, compared to the
corresponding BDA/HD/BD ICP's, is 20 to 30°C higher Tm's in the SDA
canpositions. The SDA copolyesters also have higher HDT's than the
BDA copolyester when the Tm's are similar. All of these polyesters
were injected into room temperature molds, and the less
crystalline, lower melting BDA copolyesters probably would give
higher HDT's if molded into hot molds (so that higher levels of
crystallinity could develop as the polymers cooled more slowly).
However, if a stress of 66 psi is sufficient for the desired
application, HDT's above 200°C can be attained with several of the
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BDA polyesters molded even in unheated molds (Figure 9). Of these
BDA canpositions, the higher tensile and flexural properties were
cbtained with the BDA/HD/EG copolyesters (Table II).

Figure 11 campares the HDT's at 264 psi of SDA/BD and BDA/BD
modified with BG and HD and injected into unheated molds. Of the
ICP's which can be prepared by melt polymerization at 300°C and
injection molded at about 300°C, the SDA copolyesters have the
highest HDT's (up to about 265°C), but BDA/65 EG/35 BD does have an
HDT of 235°C at 264 psi. This ition also has an g;preciably
higher flexural modulus (14.7 x 10~ psi vs about 9 x 10~ psi for
the SDA campositions) and tensile, flexural, and notched Izod
impact strengths comparable to those of these SDA copolyesters and
the BDA ICP's in Tables I and II. Its melt viscosity at 300°C is
higher than that of the highest I.V. SDA/20 BG/80 BD in Figure 7
but lower than that of the PET. Further study of this ICP is
planned.

300 ¢
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200
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Figure 10. Effect on HDT at 264 psi of SDA/HD (solid symbols)
and BDA/HD (open symbols) modified with BG (squares) and BD
(circles).
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Chapter 3

Thermotropic Aromatic Copolyesters Having
Ordered Comonomer Sequences

Syntheses and Properties

Jung-11 Jin

Chemistry Department, College of Sciences, Korea University,
Seoul 136—701, Korea

Multi-step synthetic methods for the preparation of
various 1liquid crystalline, aromatic copolyesters
having ordered, regular comonomer sequences have
been developed. These copolyesters exhibit signi-
ficantly different thermal transition behavior com-
pared with the corresponding random copolyesters
having the same overall compositions. Crystallinity
as well as liquid crystallinity also were found to
depend greatly on the comonomer sequence. The co-
polyesters of regular sequences undergo rapid se-
quence randomization at the temperatures higher than
their melting points. This article reviews synthetic
strategy, properties, and sequence randomization of
aromatic copolyesters having ordered comonomer se-
quences.

There has been a great deal of interest in thermotropic, liquid
crystalline polymers in the past twenty years or so since the dis-
covery of useful materials based on them. Many critical factors
such as structure of mesogenic units, presence and structure of
flexible spacers or rigid kinks, molecular weight and its distribu-
tion, and thermal history influence thermal, physical and thermotro-
pic properties of liquid crystalline polymers(1-13).

Among the many thermotropic polymer compositions reported, only
aromatic copolyesters are presently of commercial importance. We
and others(14-20) recently observed a strong dependence of thermal
and crystallyzing properties of aromatic copolyesters on the comono-
mer sequence, We also observed that the copolyesters having ordered
sequences undergo rapid sequence randomization above their melting
points(Ty) (16), although it is rather slow below Tp. In this paper
we would like to review synthetic methods for the preparation of
copolyesters having regular costructural units and compare their
properties with those of the random counterparts. Qualitative des-
cription of thermal randomization also will be described for a
couple of selected systems.

0097—6156/90/0435—0033$06.00/0
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Synthetic Strategy

Preparation of copolyesters having ordered comonomer sequences re-
quires a multi-step synthetic route where a preprepared dimeric or
trimeric compound with a tailored sequential structure is polymerized
with a monomeric or multimeric compound(14-23). The latter can sim-
ply be a linking compound. The reactions that one can utilize in
such polymerization processes are limited only to those which gua-
rantee the maintenance of the sequence order set in the dimeric or
trimeric monomers. In other words, only the two terminal functional
groups should participate in the polymerization leaving the internal
links undisturbed. Reactions between a diacid dichloride and a diol
is a representative example that satisfies this requirement(21,24).
Direct polycondensation under a mild condition between a dicarboxylic
acid and a diol in the presence of novel condensing agent(s) is ano-
ther excellent example that has many advantages over the acid chlo-
ride method(25-35). A wide range of condensing agents has been re-
ported. The combinations of SOCl;/pyridine, CgH5POCl,/pyridine, and
P(CgH5)3/C,Clg/base are some of the examples.

Conventional, high temperature (trans)esterification reactions,
as one can expect, are not suitable for the synthesis of the copoly-
esters we are concerned with(36). But polycondensation reactions
between activated monomers may be adopted if the reaction proceeds
reasonably fast even at a relatively low temperature(37).

Types of Ordered Sequence Copolyesters

Depending on the sequential structure of the monomer(s) used in the
polymerization reactions the resulting copolyesters can have several
variations in comonomer sequence:

A-B-A + C ==——w...-A-B-A-C-A-B-A-C-... (1)

1:1 alternating copolyester

S )
»@ol@io@a- -

...-@-ﬁ@ﬁ.@-ﬁi... -
©)

A-B A-C
0
I

0 0 0 CH
] i 1 3
CHg

2
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Aglglelt-ote o

. ’
v ——

A-B A-C

A-B ——...-A-B-A-B-A-B-... 4)

1:1 alternating copolyester

-@C_O 2-0H -

+0=0 8—0 E- (5)

The examples given in Equations 2(38) and 3(21) are 1:1 alternating
copolyesters consisting of two different repeating units linked to
each other alternatively. In order to prepare the desired polyesters
the triad monomer has to be synthesized first via a multi-step route
that will be described in the next section,

The example given in Equation 5(39) is a special kind copolyes-
ter of alternating sequence. Since the two monomers, 4-hydroxyben-
zoic acid and 6-hydroxy-2-naphthoic acid, can undergo homopolymeriza-
tion, one first has to synthesize the starting dyad monomer and then
polymerize it to obtain the final, alternating copolyester. Other-
wise, the copolyester chains will consist of random chain segments
consisting of the two monomer units(40,41).

There is another interesting type of 1:1 alternating copolyester
that can be prepared by the reaction given by Equation 1:

Ho.@_(g.o o-g-@ou . HO-@-@-@-OH —_—
@@o o-c@o_ @f‘, ©

A-B-A C

The polymer of Equation 6(15) has a peculiar comonomer sequence com-
pared with polymers in Equations 2 and 3. In the latter the two re-
peating units, A-B and A-C, are of the same type esters, whereas in
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the former the two are of different type. The A-B-A unit in the for-
mer is a diol moiety and, in contrast, the C unit is a dicarboxylic
acid moiety. This difference arises from the presence of 4-oxyben-
zoyl unit in the polymer of Equation 6. Since the two repeating
units, A-B-A and C, are of different types the polymer is better
called just a regular sequence copolyester where each structural
unit appears regularly along the chain.

Polymerization between two triad type monomers can lead to a
2:1 alternating copolymer or to an 1:1:1 alternating terpolyester(39).

A-B-A + B-C-B ————s...-A-B-A-B-C-B-A-B-A-B-C-B-... (7)

2:1 alternating copolyester

HO@O-'C!@-'C'-O@OH + Ho'c',@'c'-o.-t—.-o CHz ©) -B@EOH

5

@@ @l @@
P 11 7 9
Hoc‘,@-c-o-@o-a@cm " HO@O-C@C-O@OH —_——

s
Ny Y G N
RO O O O St O ©)
A-B-A + C-D-C =————w=...-A-B-A-C-D-C-A-B-A-C-D-C-+++ (10)

1:1:1 alternating terpolyester
o) ] ] CH3 0 ] ﬁ OH
H0<:>o-a@c-oc>01{ + HO=C c-0{0)+0)-0- -

.. ._o@o-gé@ﬁ.o@o-gg-o-gg_. . (1)

v

A-B A-C D-C

Another type of copolyesters that can be obtained by polymeri-
zation of two triad monomers and have the structural feature simi-
liar to that of the polymer of Equation 6 is shown below(39).
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9 9 0
Ho{O)<- o-o@ou + HO-O@-C o@o- COH —_——
—laggrlolobe-dol- o

a regular sequence copolyester

9 9 )
HO@-C- o-c-@on + HO-C o
l O-C'@C" g-oﬂ

o@-c- O-C'@O Co- c.@c-oo (13)

a regular sequence copolyester

These two copolyesters also are of regular sequence in which each
structural unit appears in a periodic interval along the chain.

When a unsymmetrical dyad type monomer is polymerized with
another reactant, the comonomer sequence is not perfectly ordered
(14):

A-B + ¢ ——..._A-B-C-A-B-C-B-A-C--.- (14)

semiregular sequence copolyester

0 0 0
] it [l
H0'<: :>—O-C-<: >—0H + HO-C@C-OH —

@C @_C@c-... (15)

Since the A-B monomer can attack C in the two different directions,
A-B—=C and B-A—=C, the polymer chain to be formed are not com-
pletely regular in monomer sequence although the C unit appears at
every third positions, Similar situation arises when the dyad mono-
mer A-B is polymerized with a triad comonomer C-D-C. Polymeriza-
tion of A-B with another unsymmetrical dyad C-D lead to an irre-
gular sequence copolyester:

A-B + C-D ———a= ¢« -A-B-C-D~A-B-D-C-B-A-C-D-B-A-D-C-. .. (16)

Synthesis of Dyad and Triad Monomers

The dyad or triad compounds utilized in the illustrative polymeriza-
tions given above are not commercially available and, therefore,
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they have to be synthesized via multi-step routes. Three representa-
tive examples are shown below in chemical equations:

socl; 0 xsHq
ho-c!-@-c-OH ———cm@-cm_— 1
Py
é 1) soc1, i §  now
HO -@-COH BzOC-@-COBz —_—
2) C.H_CH,OH 2) H

652
0
2 1) socl 9 h
HO -@-cosz —-—Bzoo@-co@- -@coaz
2) HQ
HBr/CF5COOH
—_———— 2(40) 17)
1) OH”
HO-@C—OH + @-CH o-c-01 ———@cnzo- -o-@-c-OH
2) H

S0C1

0 0
2 H il
—_— CH,0- -0-@-c-c1
reflux
ﬁ 8 HO OH
@CHZM-O@M N ) ) R
————

.

Bz—O-C-O-@-C- o-c-@-o-c-o-sz —==4(15) (18)
i EtOJCl 0 1. socl,
HO-@-COH —_— EtOCO@-COH
Py

2. XS HQ

EtOCO@- 0@.01-1 —_— 3(17) (19)

Hydroquinone(HQ) or a naphthalenediol in the above reactions
can be replaced with other diols such as biphenols and bisphenols.
In the same manner, other dicarboxylic acid such as cyclohexane
dicarboxylic acid, isophthalic acid, naphthalene dicarboxylic acids
can be used in place of terephthalic acid. Of course, these sub-
stitutes should not destroy the linearity of the polymer chains if
one is to obtain thermotropic compositions.  6-Hydroxy-2-naphthoic

agid is a substitute for 4-hydroxybenzoic acid in Reactions 18 and
19,
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If copolyesters having flexible spacers are to be prepared,
monomers containing spacers should be included in the polymeriza-
tions. Some of the examples are(6,17,18,42).

0 0 0
1
Ho-lc!-@o-ﬁ{cazag‘cl-o-@g-m{ HO@-O{CHZBTIO-@-OH

9 10
i 0
HO-C oecnz-)ao-@-c-ou HO~ -@-C-O(CHZ}-O-C -OH
1 12
0 0
Il (i
Ho-@-o-c{c:ﬂz}ic-o@-oxi

13

Properties of Ordered Sequence Copolyesters

There are not yet many reports describing the properties of sequen-
tially ordered copolyesters. The reasons seem to be two-fold: 1)
Although relatively straightforward reactions are involved in each
synthetic steps, preparation of the dyad and triad monomers is
rather tedious and time-consuming and 2) as will be explained later,
thermal stability of ester bonds formed is rather limited, which
makes the study of the properties of the copolyesters difficult.
The latter reason may cause significant degree of artefacts in the
experimental data or observations. Therefore, comparison of the
properties of sequentially ordered copolyesters with those of random
counterparts can be made only based on limited experimental informa-
tion gathered up to now by us(14-16) and others(17-20).

As far as thermal transitions are concerned, there is not any
distinct difference in the glass transition temperature(Tg) of or-
dered and random copolyesters. The melting temperature, Ty, however,
depends very strongly on the sequence order(14-21). Very often the
Tp value of an ordered sequence copolymer is higher even by about
100°C than that of the random counterpart(1§_gl_§§) This must be
due to more effective chain packing in the former than in the later.
For example, the Tp value of the sequentially regular copolyester
shown in Equation 6 is 290°c, while that of the random copolymer is
only 191°C, The mesophase-to-isotropic phase transition (Tj), i.e.,
isotropization or clearing temperature, of sequentially ordered,
liquid crystalline copolyesters may be higher or lower than that of
random ones. When the copolymer's chain consists of linear and bent
structural units and if the monomer for the linear repeating unit is
capable of homopolymerization as 4-hydroxybenzoic acid or 6-hydroxy-
2-naphthoic acid, the T; value for the ordered sequence copolyester
is lower as exhibited by the following copolyester(43,44):
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e |
Q) L@y ocm@h

Tp; ordered 229°C Ti; ordered 280°C
random amorphous random 312°C

The T; value of the above copolyester is 280°C, whereas the value
for the random copolymer is about 30°C higher, 312°C.

However, for the copolyesters consisting of more or less lienar
costructural units,, the T; values for the ordered copolymers appear
to be slightly higher. Examples are given below(21,44):

Ak g on

Tys ordered 323°C T4; ordered 365°C
random 296°C random 349°C
0 0
ﬁ ﬂ i |
o---o-@-c-o. ': ': ,o-c-@o-a@—ofmzﬁo C-vve (22)
Ty ordered 267°C Ti; ordered 35l°cC
random 175°C random 285°C

Such a difference can be understood by considering the possible
shape of copolymers' chains. In the copolyesters containing both
linear and nonlinear repeating units, the chain of an ordered se-
quence copolymers are bent regularly by the kinked units present at
a fixed intervals along the chain. This would result in a relatively
short segments of linear portion interrupted by the bent units. In
contrast, there should be a broad distribution in the length of
linear segments in random copolymers. The presence of longer
linear portion in the chain of the random copolyesters is expected
to improve the thermal stability of the mesophase and, thus, in-
crease T; as actually observed.

In addition to the difference in transition temperatures, DSC
thermograms of ordered sequence copolyesters show sharper melting
as well as isotropization transition(17,20,21)., Although part of
such a difference may come from the difference in the molecular
weight and its distribution, it is our conjecture that the difference
comes mainly from the difference in structural regularity of the
chains. The existence of a broad distribution in the length of the
linear segments along the chains as in random copolyesters will
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broaden the temperature range for isotropization, which in turn, will
broaden the DSC peak for isotropization,

Another point to be noted is the fact that the mesophase tempe-
rature ranges, i.e., AT c=Ti - Ty, are broader for the random copoly-
esters than for the ordered sequence ones. This phenomenon is par-
ticularly evident when a copolyester is composed of linear and non-
linear units, as shown for the copolymers of Equations 20 and 22.

The sequentially ordered copolyesters not only reveal much
higher degree of crystallinity than the random ones, but also possess
different crystal structures when compared with those of random co-
polymers(14,15). When an ordered sequence copolymer sample is heated
on a DSC instrument, very often a crystallization exotherm appears
before melting due to higher «crystallizing tendency. As pointed out
above, regular chain structure promotes easier chain packing. For
example, the copolyester of Equation 22 exhibits about 25% of degree
of crystallinity, whereas the random one reveals less than 10%(21,43
44). An extreme example can be found in the polymer of Equation 20.
The random copolymer is amorphous in contrast to the semicrystalline
nature of the ordered sequence copolymer. The degree of crystalli-
nity of the latter is about 15%(43,44).

Liquid Crystalline Properties

Mesophase-forming ability of a copolyester strongly depends on its
comonomer sequence. For example, the ordered sequence copolyester
shown below is not liquid crystalline, whereas its random counter-
part is nematic(4,15):

o-§@o-§@§_

Such a difference can be ascribed to the fact that the random co-
polymer's chain has long enough linear segments consisting of dime-
ric or longer repeated 4-oxybenzoyl structure and terephthaloyl unit.
Therefore, the random copolyester chains are able to have long enough
rigid, linear segments that are essential to be thermotropic.

On the other hand, in the ordered sequence copolymer of Equa-
tion 23, all of the 4-oxybenzoyl moieties exist in a monomeric unit
and, thus, every linear triad segments consisting of 4-oxybenzoyl-
terephthaloyl-4-oxybenzoyl 1links are interrupted by the bent 1,6-
naphthalene moieties that destroy the linear geometry of the chain.
Although we have discussed only one representative example, similar
phenomenon and explanations should apply to other systems of the
same structural characters.

(23)

Sequence Changes in Melts

It is well known that esters can undergo various interchange reac-
tions such as intermolecular acidolysis and alcoholysis, and ester-
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ester exchange. Since the terminal groups and internal ester bonds
in polyesters can undergo similar reactions, the sequentially ordered
copolyesters are expected to experience sequence randomization or
changes when subjected to a thermal treatment at a high temperature,
especially above Tp(45).

The interchange reactions between two homopolyesters have been
studied by many different groups(45-49). For example, Yamadera and
Murano(46) observed that a random copolyester was obtained after 3
hours when poly(ethylene terephthalate) and poly(ethylene sebacate)
were allowed to react at 276°C. A similar observation was made by
Zachmann et al.(47) for a mixture of deuteriated and nondeuteriated
PET.

However, interchange reactions appear to be rather slow at tem-
peratures below Tp(15). We(50) observed that thermal treatment of
some of liquid crystalline, aromatic copolyesters at the tempera-
tures substantially lower than Ty did not lead to any changes in the
comonomer sequence even after a prolonged period of time. A copoly-
ester especially of 4-hydroxybenzoic acid, however, can undergo a
special type of sequence changes below Ty, which is called the crys-
tallization induced reaction(51).

Recently we subjected the ordered sequence copolyester of Equa-
tion 6 to thermal interchange reactions at 300°C without adding any
external catalyst and observed how its C-13 NMR spectrum changed
with time(16). The T of the original copolyester was 290°C. The
C-13 NMR spectral analysis aided by DSC and X-ray analyses lead to
the conclusion that the sample treated for 30 minutes at 300°C be-
came amorphous due to high degree of sequence randomization. 1In
fact, the C-13 NMR spectrum of the sample treated only for 4 minutes
at 300°C was already quite different from that of the original sam-
ple.

Figure 1 compares how the C-13 NMR spectrum of the sequentially
ordered copolyester of Equation 22 changes when it 1is thermally
treated at 280°c under a Ny atmosphere that is slightly higher than
its T, of 267°C. Up to 2 minutes there is not observed any change
in the spectrum. The spectrum of the sample treated for 4 minutes,
however, starts to reveal substantial changes compared with that of
the original sample. The changed spectra are not exactly the same,
but similar to that of the random copolyester separately prepared.

These observations clearly demonstrate how fast interchange
reactions can occur for the ordered sequence aromatic copolyesters
above their mp's resulting in sequence randomization and also how
much one should be cautious when their properties in melts such as
melt viscosity, liquid crystallinity, thermal transition tempera-
tures, processing characteristics, etc. are to be discussed. Due to
the sequence changes at high temperatures thermal history of a sam-
ple has to be carefully controlled in order to make a reliable cha-
racterization. Last but not least, presently there are a great deal
of interests in the polyblends consisting of a 1liquid crystalline
polyester and a non-liquid crystalline polyester. In studying such
systems, on has to be extremely careful on the probable intermole-
cular ester exchanges that will lead to compositional changes(49,52).
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Chapter 4

All-Aromatic Liquid-Crystalline Polyesters
of Phenylhydroquinone with Ether
and Ketone Linkages

Michael H. B. Skovby, Claus A. Heilmann!, and Jérgen Kops

Institut for Kemiteknik, Technical University of Denmark,
DK-2800 Lyngby, Denmark

The modification of polyterephthalates of phenylhydro-
quinone by substituting the terephthalic acid for
kinked 3,4’~ and 4,4’-dicarboxydiphenylether and
-ketone is a suitable way of obtaining melt process-—
able thermotropic polyesters with melting transitions
in the range 200-300°C. The all-aromatic polyesters
with ether linkages show excellent thermal stability
surpassing those with ketone linkages. Fibers were
spun from the liquid crystalline melts. E’ moduli
ranging from 30-50 GPa and break tenacities in the
range 400-600 MPa were found for these fibers. The
melt flow properties were independent of the type of
linkage, 3,4° or 4,4°. A large increase in the visco-
sities were found in case of high degrees of sub-
stitution when isotropic melt state were approached.

Recent work in the field of thermotropic liquid crystal (LC)
polymers, and the introduction into the commercial market of various
polymers of this type has shown that in order to achieve high per-
formance characteristics with regards to mechanical and thermal
properties the polymers should most often have an all-aromatic
structure. In our studies, we have been interested in investigating
the effect of compositional variations in some closer defined fully
aromatic polyesters on the properties. The main objective has been
to achieve thermotropic behavior at processing temperatures normal
for engineering plastics and at the same time thermal stability
under processing conditions and in connection with use at elevated
temperatures. Linear 1,4-linked aromatic polyesters are known to
have too high melting points for melt processing. Various changes
in the structure may lower the melt transition and the basic struc-
tural modifications in this respect have been summarized by Griffin
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and Cox (1). The commonly used method to build-in flexible chain
segments, most often consisting of methylene groups, into an aroma-
tic polyester (2) was not considered to be suitable in our case.
Thus, if the melt processing range for the aromatic polyester was to
be lowered to a desirable range of less than 300°C, while maintain-
ing high performance characteristics, including good thermal stabi-
lity, the flexible chain segments should be avoided, since they
would represent weak links in the polymers. Substitution of the
aromatic rings was chosen as a way of depressing the melting ranges.
In this connection the work by W.J. Jackson, Jr. (3) is essential
concerning substituted hydroquinones. It was obvious from this work
that particularly phenylhydroquinone (PHQ) is able to lower the melt
transition while good thermal stability is maintained. This monomer
has been used throughout the present work as the diol component in
the polyester syntheses. Concerning the diacid component,
terephthalic acid (TA) was chosen due to good properties and general
availability, however, in order to lower the melting to below 300°C
for the polymers kinked dicarboxylic acids have been substituted for
the terephthalic acid to various extents.

Ve already have reported on the replacement of the
terephthalic acid with kinked diphenylether dicarboxylic acids (4).
3.4'- and 4,4'-Dicarboxydiphenylether (3,4’-0 and 4,4°’-0) were syn-
thesized and all-aromatic polyesters were prepared represented by
structure 1. These polyesters were thermotropic with melt transi-

tions decreasing to about 200°C with increasing replacement of the
terephthalic acid with the kinked monomers. The polymers generally
were thermally stable without measurable weight loss until well over
400°C. We wish here to supplement our previous studies with rheolo-
gical measurements and fiber spinning of the polymers, including
some measurements of fiber properties.

In addition 3,4'- and 4,4’-dicarboxydiphenylketone (3,4'-K and
4,4°’-K) have also been synthesized as reported in preliminary
fashion (5). The thermal properties of the polyesters prepared with
these monomers, represented by structure 2, will be reported and
compared with those of polymers 1.

foH-oH-o0-01,

0,5-x

1: A=-0-, 2: A =-00- and x = molfraction

Experimental

Monomers

3.4' and 4.4'-Dicarboxydiphenylether (3.4'-O and 4.,4°-0) have been
prepared by oxidation of the corresponding dimethyldiphenylether as
described (4).

3,4'- and 4,4'-Dicarboxydiphenylketone (3,4°'-K and 4,4'-K)
have been synthesized by dichromate oxidation of the corresponding
dimethyldiphenylketones which in turn were obtained as described

(8).
American Chemical Society
Library
1155 15th St., NW.
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Terephthalic acid (purity >99%) was always used without
further purification.

Phenylhydroquinone (Aldrich) was distilled and acetylated and
recrystallized from a 80/20 pentane/chloroform mixture (4).

Polymers

All polymerizations were carried out by melt acidolysis based on a
procedure described in a U.S. Patent (6). A general procedure was
used for all the experiments (4).

Three larger 100g batches of polymers with the composition
PHQ, TA, 4,4’-0 = 0.5/0.35/0.15 were prepared for fiber and melt
flow studies. The polymerization procedure for these was as
follows: Temp(°C)/time(min)/pressure (mmHg) = 290/60/760;
320/45/760; 320/70/10; 340/60/0.1. The three batches were ground
and melt blended in a Brabender at 300°C for 15 min under nitrogen
purge.

Thermal Analysis

The thermal transitions of liquid crystal polymers are normally
studied by a combination of differential scanning calorimetry (DSC)
and visual observations on a hot-stage polarizing microscope. While
DSC is run in a recording manner and the actual transi-tions are
determined from the recorded curve, analysis by microscopy is
generally based on subjective evaluations and descriptions of the
observations. It appeared to us that certain advantages could be
derived from running the hot-stage polarizing microscopy in a re-
cording manner in order to obtain a light transmission curve with
relation to the birefringence and determine the transition tempera-
tures on the basis of this curve. Although subjective evaluations
still is required if the texture of the thermotropic phase is to be
established, a recording of the degree of light transmission could
be much more rational and lead to better and perhaps standardized
ways of determining the transitions temperatures.

Despite the apparent advantages of such a technique only very
few references are found in the literature. This is surprising in
view of the very large number of publications in recent years on
liquid crystal polymers and of course also on low molecular weight
liquid crystals. We wish here to illustrate this thermo-optical
analysis (TOA) as a tool for characterization of liquid crystal
polymers.

Originally, TOA was devised and used for analyses of chain
mobility in polymers (7) and polymer blends (8,9) by monitoring
birefringence disappearance during programmed heating in scratches
scribed on film surfaces. Lenz (10,11) has reported the use of TOA
in the study of liquid crystal polymers, and recently we have used
the technique in determining melt- and isotropization temperatures
for thermotropic fully aromatic liquid crystal polymers (4,5).

DSC thermograms were recorded on either a DuPont 900 or a
Stanton Redcroft STA 785 + CPC 706 instrument with a heating rate of
20°C/min. TGA thermograms were determined with the Stanton Redcroft
instrument. Thermal transitions were also studied using a Linkam
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PR600 hot stage (HS) in connection with a Reichert-Jung Microstar
110 microscope equipped with a Photodyne 22xI. photometer and a re-
corder. The heating rate was set to 20°C/min. The crystalline to
nematic transition is reported as the temperature corresponding to a
20% increase in light transmission and similarly the nematic to
isotropic transition temperature as that corresponding to an 80%
decrease in light transmission from the maximum value. This was
based on obtaining the best correspondance with values determined by
DSC.

Rheological Measurements

Viscosity measurements at low shear rates were made with a Rheome-
trics System 4 or Rheometrics RMS-800/RDS-II spectrometer in either
cone and plate (cone angle = 0.1, radius = 25 mm) or plate and plate
(radius = 25 mm, distance = 1 mm). For higher shear rates viscosity
measurements were made with an Instron capillary viscometer. A
capillary with L/D = 51.4 and D = 0.889 mm was used. Sample discs
were prepared by compression molding of the gredried (at least 3
days at 125°C in vacuum) copolyesters at 250 C. Prepared discs were
dried at 125°C in vacuum for 5 hr before use. The correction for
non-Newtonian behavior was applied, but entrance pressure correc-—
tions were neglected.

Melt spinning of fibers

Melt spinning of two polyesters: a) 15 mol% 4,4’-dicarboxy diphenyl
ether modified poly(phenyl-1,4-phenylene therephthalate) and b) 20
mol% p-hydroxybenzoic acid modified poly(phenyl-1,4-phenylene
terephthalate) was carried out using an Instron capillary visco-
meter. The die had a diameter of 1.24 mm and L/D = 40.99. The draw
ratios (DR) were calculated as surface area ratios of the fibers to
the Instron plunger area (0.7125 cmz). The resulting fiber was
cooled by a continuous stream of dry nitrogen approx. 2.5 cm below
the capillary die. In order to avoid moisture, the poly-ester was
added to the barrel through a closed box purged with a continuous
stream of nitrogen. The DR values were varied by varying the speed
of a system of specially constructed take-up rolls, and fiber
diameters were determined by optical microscopy.

Mechanical properties

Dynamic mechanical properties were determined with a Polymer Labora-
tories Dynamic Mechanical Thermal Analyzer (DMTA) using the tensile
mode. The fiber length was in all cases 20 mm at an initial O0.5%
elongation. The heating rate was set to 5°C/min. Break tenacities
were measured on an Instron tensile tester model 1130 using a sample
length of 25.4 mm and a strain rate of 0.508 mm/min (0.02 in./min).
All reported break-tenacities and moduli are the mean values of four
measurements.
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Results and Discussion
Thermal Properties

The thermal transitions for polymers of structure 1 and 2 are sum-

marized in Tables I and II and the transition temperatures for for-
mation of nematic melts (TKN) are plotted in Figure 1.

The kinked dicarboxy compounds obviously has considerable
capability for decreasing the melt transitions with increasing sub-
stitution for the terephthalic acid. A decrease to below 300°C is
already achieved with the diphenyl ether derivatives—(3,4’-0 and
4,4’-0) at a degree of substitution corresponding to 30%4. For the
corresponding diphenyl ketone derivatives (3.4’-K and 4,4'-K) a
somevwhat higher degree of substitution is required, 35-40%, to get a
comparable melt depression. The more stiff structure of the ketones
compared to the ethers may be connected with this kind of behaviour.
However, further increase in the amounts has a very drastic effect
on the melt transition.

The actual type of kinked monomer with regards to the connect-
ing linkage between the phenyl rings or the positions of substitu-
tion has little influence on the quantitative effect on the transi-
tions at high levels of addition. Previously, we have found (4)
that the melt transition of the homopolymer of hydroquinone and
3,4’-0 was much lower than the homopolymer made with 4,4'-0. This
may, however, be due to an effect from the unsymmetrical monomer
3,4’-0 which may be incorporated in a head-to-tail or a random
fashion in contrast to the symmetrical monomer 4,4'-O in combination
with the unsubstituted hydroquinone. The effect of the diphenyl
ether linkage has been investigated before in case of preparation of
polyesters of chlorohydroquinone and 4.4°-O/TA in different ratios
(1, 12-13). For this polymer system it was also possible to obtain
nematogenic compositions that were melt processable in the range
250~300°C.

The thermal stability have been investigated for the polymers
and this property is very important in relation to the study of the
rheological properties which are reported in this paper. Generally,
the diphenyl ether modified polymers were more thermally stable than
the corresponding polymers with ketone structure, since a signi-
ficant weight loss occurred at around a 50° C higher temperature.
Typical TGA curves are illustrated in Figure 2.

An example on a TOA thermogram is shown in Figure 3. The
polymer was prepared with TA/4,4'-K = 0,285/0,215. By DSC a melt
transition of 272°C was recorded. The TOA curve indicates a phase
change in the thermotropic interval, which could not be detected by
DSC. The initial melting to the nematic state corresponds to the
first increase in the light intensity. However, a second transition
is clearly indicated at a higher temperature. The various curves
were recorded for different starting light intensities corresponding
to different sample thicknesses.

Polyesters for fibers and flow studies

We report here studies on polyesters A, Al, A2, Bl, B2 (see Table I)
and the big batch called BBl. Polyester BBl had the same compo-
sition as Bl, but an inherent viscosity could not be determined
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Table I. Thermal Transitions of Polyesters 1
Composition I.Va) DSC Hot Sta§e, TOA
Mol Fraction _°c C
Nr. TA 3,4'-0 'I‘_g TKN TNI TKN TNI
A 0,5 (o] - 146 342 423 350 400
0,45 0,05 - 131 326 425 333  >490
Al 0,35 0,15 0.92 124 281 325 278 350
A2 0 25 0,25 0.45 133 210 - 205 405
0,15 0,35 0.38 122 - - 198 -
A 4,4'-0
0,45 0,05 1.00 149 318 415 320 480
Bl 0.35 0,15 1.00 135 280 350 275 331
B2 0.25 0,25 0.63 128 225 288 255 <300
0,15 0,35 0. 138 195 - 210 -

a) Measured in o-chlorophenol/chloroform = 1/3 at 30°C with 0.5¢g
polymer/100 ml solvent.

Table II. Thermal Transition of Polyesters 2

Composition DSC Hot Stage, TOA
Mol Fraction E °c

TA 3,4’-K T ’I‘KN ’I‘NI TKN TNI
0.45 0,05 132 318 455 - 480
0.35 0,15 138 372 - 372 382
0,30 0,20 138 284 - 278 332
0,25 0,25 139 - - 260 295
0,15 0,35 145 - - 185 219
0,05 0,45 142 - - -

A 4,4°-K
0,45 0,05 140 330 450 337 447
0,35 0,15 135 372 - 379 425
0,33 0,17 140 290 - 305 432
0,30 0,20 118 <200 385 223 380
0,25 0,25 115 185 - 193 375
0,15 0,35 105 173 - 172 209
0,05 0,45 110 - - 171 171
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Figure 1. Melting points of 3,4'- and 4,4’'-dicarboxy diphenyl
ether and 3,4’- and 4,4’-dicarboxy diphenyl ketone modified
polyesters.
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Figure 2. Comparison of thermal stability by thermogravimetric
analysis (TGA) between a 4,4'-dicarboxy diphenyl ether and ketone
containing polyester.

1: PHQ/TA/4,4’-0 = 0.5/0.25/0.25

2: PHQ/TA/4,4’-K = 0.5/0.25/0.25.
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because of only partial solubility in the solvent, which indicates
higher molecular weight than polyester Bl.

Fibers

The spinning of fibers from the nematic liquid crystalline state may
at least in principle result in fibrous structures exhibiting nearly
perfect molecular orientation. Imperfections such as chain ends
should then be randomly distributed. A large amount of work has
been performed in recent years on semicommercialized LCP’s and also
on more research based LCP's (13-16).

Fibers made from thermotropic LCP's by melt spinning are high-
ly oriented, but their mechanical properties are unfortunately still
not competitive to the corresponding rigid main-chain aromatic poly-
amides. The disadvantage of the main chain aromatic polyamides is
the lack of melting and therefore non-applicability for
injection-molding, and selfreinforced composites (17).

For fiber studies polyester BBl was chosen. A method to
measure birefringence developed by Yang and co-workers (18) was
applied on polymer BBl fibers and showed no dependence on DR, but
remained constant 0.32 within experimental error. Similar observa-
tions were made by McIntyre and co-workers with a somewhat similar
LC co-polyester with chloro instead of phenyl-hydroquinone and 25
mol% 4,4°'-dicarboxydiphenylether (13).

A polyester first prepared by Jackson (3) (20 mol¥% modified
p-hydroxybenzoic acid poly(phenyl-1,4-phenylene terephthalate)) was
spun at 320°C and fibers were characterized "as-made”. The dynamic
tensile modulus as a function of DR is seen in Figure 4 and shows
that very high values are obtained at even low DR-values.

Polyester BBl which was spun at 300°C gave much lower values
(Figure 5), which is not that surprising, due to the highly dis-
rupted chemical nature of the polyester chains. Although the onset
melting point was as low as 253°C, it was not possible to produce
regglar and reproducable fibers before the temperature reached
300°C.

The break tenacity for "as-made" fibers was 420 MPa (curve 1,
Figure 6), but could be improved to 580 MPa (curve 2, Figure 6) by
heat treating at 235°C for 3 hr. Heat treatment was performed under
nitrogen by winding fibers around a U-shaped metal device which
applied a small tension to the fibers. Heat treatment increased the
elongation at break, but it was in all cases below 3.5%. A typical
stress—-strain curve for DR = 500 fibers is seen in Figure 6, and it
shows a slight decrease of modulus with increasing strain.

The DMTA behaviour of BBl (Figure 7) showed a large drop in
modulus starting at approx. 130°C and a peak of tans at 140°C, which
gives a quite broad range of the glass transition. However, no
significant decrease of modulus is observed before 140°C, which
corresponds to the glass transition determined by DSC. A small drop
of modulus and a small tand peak was observed at 90°C, which perhaps
may be attributed to some extent of blockiness in the polyester
backbone.
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Intensity
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Figure 3. Thermo optical analysis (TAO) of polyester:
PHQ/TA/4,4’-K = 0.5/0.285/0.215 with different sample
thicknesses.
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Figure 4. E’-modulus (GPa) as a function of draw ratio for 20
mol¥% p-hydroxy benzoic acid modified poly(phenyl-1,4-phenylene
terephthalate) (not listed in tables) fibers. Spinning

temp. = 320°C.
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Figure 5. E’-modulus (GPa) as a function of draw ratio for poly-
ester 4,4’-0 = 0.15 (nr. BB1) fibers. Spinning temp. = 300°C.
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Figure 6. Stress strain curve for polyester 4,4'-0 = 0.15 (nr.
BB1) fiber. Draw ratio = 500. 1) ‘as-made’. 2) Heat treated
at 235°C for 3 hr.
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Melt Flow Behaviour

Much work has been done on the rheological behaviour of liquid cry-
stalline polymers (19-25), and recently also theoretical approaches
have been made (26). Generally, thermotropic (and also lyotropic)
LCP’s exhibit a variety of unusual phenomena. These include shear
thinning viscosity, viscosity time dependence (27), and little or no
extrudate swelling. Furthermore these materials tend to be highly
sensitive to the thermal and mechanical history (28). As a result
many confusing and even contradictionary results occur. As an
example Wissbrun, Kiss and Cogswell (29) report both capillary and
dynamic torsional flow viscosities to be increasing with decreasing
gap spacing. However, Kalika et al. studied the same polyester
under the same conditions and found exactly the opposite behaviour
(30).

The viscoelastic properties of polyester A as a function of
frequency is seen in Figure 8. A strong dependence of drying con-—
ditions is obvious, but after approx. 2 days at 125°C in vacuum no
significant changes occurred. Shear thinning response throughout
the frequency range is observed, and with G’ being almost constant
at low frequencies a solid like behaviour is indicated.

In order to investigate the influence of chemical structure on
the melt viscosity, polyesters Al,A2,Bl and B2 were compared in the
steady mode in plate and plate-geometry at 300°C. A2 and B2 should
be in the isotropic region, whereas Al, Bl would be in the nematic
state. Prior to steady shear measurements a transient step from

v = 0.01 sec™! (60 sec); v =0.1 sec™? (60 sec); 5 =1 sec”* (60

sec) to v = 10 sec™! (30 sec) was performed, and steady state was
achieved after approx. 30 sec. Overshoot (yield stress) was pre-
dominant in Al, Bl. The viscosities as a function of shear-rate is
seen in Figure 9 and shows similar behaviour of Al and Bl, but with
differences between A2 and B2. A2 and B2 are both in the isotropic
state and not surprisingly show higher viscosities than Al, Bl. The
difference between the viscosities for A2 and B2 could be due to
different I.V's (0.45 and 0.55, respectively), and is not inter-
preted as a difference between the 3,4’-0 and 4,4’ -0 moiety.
Polyester BBl was run twice in steady mode at 290°C
(Figure 10), and shows that the orientational effect of the first
run has a drastic effect on steady shear viscosity. In the first
run the log viscosity vs. log shear rate had a slope of -0.92 (solid
like behaviour, yield stress), but in the second run a pseudo-New-
tonian plateau was reached from approx. 1 sec”'. Capillary visco-
sity values corresponded reasonably well with the second run steady
shear data. The slope at high shear rates was close to -0.91 which
corresponds nicely to the first-run steady shear run. All this
could suggest, that this system is not completely melted, but still
has some solid like regions incorporated. At 300°C capillary visco-
sity data showed an almost pseudo-Newtonian plateau. This corre-
sponds quite well to the fact that fiber spinning as mentioned
earlier was difficult and almost impossible below 200°C, but easy at
300°C. At an apparent shear rate of 100 sec™!, a die-swell was
found to be approximately 0.95.
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The complex viscosity of BBl was measured at 290°C in both
cone and plate and parallel plates geometry and showed no signifi-
cant differences. The general trend that systems containing some
kind of microstructures in the melt (suspensions) show complex vis-~
cosities higher than the steady shear viscosities, was also true in
this case. A similar observation was made with an Eastman copoly-
ester (31).

No influence of strain on the viscoelastic properties was
found. A strain sweep to 14% oscillatory strain was performed with
frequencies ranging from 1 rad/sec to 10 rad/sec, and gave an essen-
tially linear viscoelastic respons.

Figure 11 shows the viscoelastic properties of BBl at 5%
strain, and shear thinning is again observed over the entire
frequency range. The shapes and magnitudes of G’ and G" could
suggest solidlike behaviour, which is a result of high relaxation
times.

Conclusion

The thermal characterization of 3,4’- and 4.4'-dicarboxy diphenyl
ether containing polyesters has shown better thermal-stability than
the corresponding 3,4’- and 4,4'-dicarboxy diphenyl ketone poly-
esters. Furthermore, higher degrees of substitution with the kinked
monomer is necessary in case of the ketone containing polyesters to
achieve the same depression of the melt transitions, compared to the
ether polyesters. Crystalline-nematic transitions may be as low as
approx. 200°C.
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Figure 11. Complex viscosity, storage modulus and loss modulus
vs. frequency at 290°C. Polyester 4,4°'-0 = 0.15 (nr. BB1).
Strain = 5%.
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No differences have been found between the 3,4°- and
4,4’ -dicarboxy diphenyl ether substituted poly(phenyl-1,4-phenylene
terephthalate) with regards to the steady shear viscosity behaviour,
but a dramatic increase in viscosity was observed as the degree of
substitution was high enough to result in a isotropic melt.
Generally large yield stress effects were dominant in the nematic
melts, but they were strongly pre-history dependent. A three region
flow curve for 15 mol ¥ modified poly(phenyl-1,4-phenylene
terephthalate) was probably due to a not completely molten system.
Dynamic viscosity measurements showed strong pseudoplastic
behaviour. Strain and time dependence phenomena were not observed.

Fibers with E’ modulus ranging from 30 to 50 GPa could very
easily be produced. Break tenacities very generally around 400 MPa,
but could be increased to approx. 600 MPa by heat treatment. The
draw ratio had no significant effect on the fiber-birefringency but
remained constant at 0.32, within experimental error.
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Chapter 5

Thermotropic Main-Chain Polyethers Based
on Bis(4-hydroxyphenoxy)-p-xylene

Hikan Jonsson, Ulf W. Gedde, and Anders Hult

Department of Polymer Technology, Royal Institute of Technology,
S—-100 44 Stockholm, Sweden

Liquid crystalline main-chain polyethers based on bis(4-hydroxy-
phenoxy)-p-xylene, i.e. a non-rigid rodlike mesogen, and dibromo-
alkanes have been synthesized using a phase-transfer-catalyzed
Williamson ether synthesis. The molecular weight of the polyethers
follows a distinct odd-even dependence due to differences in solubility
of the polymer during the polymerization. A difference in order
between polymers having an odd or an even numbered spacer group
was revealed by DSC and X-ray diffraction. The isotropic-smectic
mesophase transition was studied at isothermal conditions, and it was
shown that the transition which exhibits all the characteristics of a
nucleation-controlled process, follows the Avrami equation with an
exponent near 2.8. Dielectric relaxation measurements revealed a glass
and a subglass process.

The traditional way to make mesogenic units used in liquid crystalline main-chain
polymers, is to connect two or more aromatic or cycloaliphatic rings in the para
position by a short link. Groups used for this purpose include ester, imino, vinylene,
stilbene, azo, and azoxy (1). They are all stiff with restricted rotation and give the
mesogen rigidity and molecular parallelism (linear macroconformation), together with
a large aspect ratio and anisotropic molecular polarizability.

Recently it has been shown that it is possible to replace the rigid link in the
mesogen in a liquid crystalline main-chain polymer by a more flexible group. The
units used this far are methylol (2-3) and ethane (4). Since neither the methylene nor
ethane group contain any multiple bonds the mesogens linked by them can adopt
different conformations and can therefore not be classified as rigid rod mesogens.
Instead Percec and Yourd have introduced the terms flexible rod-like mesogens or
mesogenic units based on conformational isomerism for this group of mesogens (2).
Of the two conformations of lowest energy, the extended anti and the nonlinear (bent)
gauche, it is only the former that can give rise to liquid crystallinity. The fact that it has
been shown possible to make liquid crystalline polymers having flexible rod-like
mesogens instead of the traditional rigid rodlike ones, is very important since it
increases the available number of links and mesogens and therefore also the number of
possible new polymers.

0097—6156/90/0435—0062306.00/0
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5. JONSSONETAL.  Thermotropic Main-Chain Polyethers 63

Most of the liquid crystalline main-chain polymers synthesized are polyesters.
For the present study where isothermal phase transition kinetics studies should be
performed, this was a less suitable alternative since they undergo thermally induced
reactions, i. e. transesterifications, and for this reason instead polyethers were chosen,
Polyethers also have other advantages like lower transition temperatures and higher
solubilities.

This paper presents some of our results on the synthesis and structure of
thermotropic main-chain liquid crystalline polyethers based on bis(4-hydroxy-
phenoxy)-p-xylene. It also deals with two areas in the field of liquid crystalline
polymers that have received only little attention, namely the dielectric relaxation (5-10
and Gedde, U.W.; Liu, F.; Hult, A.; Gustafsson, A.; Jonsson, H.; Boyd, R.H.
Polymer submitted) and the kinetics of isotropic-mesomorphic state transitions (11-
14, 32). They are both very important for the understanding of the nature of the
mesomorphic state in polymers and for the understanding of similarities and
diflferences of physical phenomena between liquid crystalline and semi-crystalline
polymers.

Synthesis and Structure

Mesogen Studies. The conformational characteristics of the anticipated mesogenic
group (diphenoxyxylene unit) was investigated via the synthesis and conformational
studies of a model compound, a,o-diphenoxy-p-xylene.

-o-an—)—am=o—=)

Attempts to determine the dimensions of the unit cell by use of X-ray diffrac-
tion were not successful. It was, however, concluded that the cell is large and triclinic.
Computer-based conformational analysis showed that the energy difference between
the extended lowest-energy isomer and the non-linear conformer (secondary energy
minimum) was 16.2 kJ/mol.

The polymers were made by a phase-transfer-catalyzed
Williamson ether synthesis as described in the literature (15-20), and one reason for
this choice of polyetherification method was that only electrophilic chain ends are
produced (15, 20-22), which gives the polymer a well-defined structure. This was
important for the transition kinetics measurements presented later in this paper.

Bis(4-hydroxyphenoxy)-p-xylene was synthesized and used as the nucleo-
philic monomer in the polyetherification with a dibromoalkane using tetrabutylammo-
nium bromide as the phase-transfer catalyst (Figure 1). The length of the dibromo-
alkane was varied between 7 and 12 methylene units. The notation HPX-C7 refers to a
polymer synthesized from bis(4-hydroxyphenoxy)-p-xylene and 1,7-dibromoheptane.
One polymer, HPXB-C10, was synthesized in a manner different from the others.
Instead of using bis(4-hydroxyphenoxy)-p-xylene as the nucleophilic monomer and
polymerizing it with an alkylic bromide, 1,10-bis(4-hydroxyphenoxy)decane was
polymerized with a benzylic bromide, i. e. a,a’-dibromo-p-xylene (Figure 2). The
structure of polymer HPXB-C10 is identical with that of polymer HPX-C10, except
that HPXB-C10 has benzylic bromides as chain ends. This synthetic route was chosen
in an attempt to increase the rate of reaction and the molecular mass of the resulting
polymer through the use of a more reactive bromide in the polymerization step.

The polymers are soluble in hot solvents such as 1,1,2,2-tetrachloroethane, o-
dichlorobenzene, trichlorobenzene, and nitrobenzene. Polymers having an odd
number of methylene units in the spacer have a higher solubility than those having
even-numbered spacers. The solubility also tends to increase with increasing length of

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.
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the spacer group. This is probably due to differences in order of the different samples
in the semicrystalline phase. As a result of this variation in solubility, the molecular
mass of the polymers display a clear odd-even dependence (Figure 3). This demon-
strates the importance of having a good solvent as the organic phase, in order to avoid
precipitation and early termination of the growing chain, in a phase-transfer-catalyzed
polycondensation. This molecular mass determining effect may also be the reason for
the absence of any significant difference in molecular mass between samples HPX-
C10 and HPXB-C10 (M,=7 300 and 7 600 respectively), despite the difference in
reactivity between the monomers used.

Polymer Structure. A typical DSC thermogram is shown in Figure 4. Polymer
HPXB-C10, having benzylic bromine chain ends, was degraded in the first heating
run and no clear transitions could be recorded. For polymer HPX-C10, having the
same repeating unit, no such degradation was observed. The degradation of polymer
HPXB-C10 must therefore be due to the lower stability of the chain ends, and indeed,
there is a large difference in dissociation energy between a benzylic and a linear ali-
phatic C-Br bond, 230 kJ/mole (C¢HsCH»-Br) (23) and 289 kJ/mole (C3H7-Br) (24)
respectively.

The thermal transitions exhibit a pronounced odd-even effect (Figure 5).
Samples having an even numbered spacer exhibit both higher melting and higher
isotropization temperatures. The transition temperatures also decrease with increasing
length of the spacer group. The isotropization process was further verified by hot-
stage polarized microscopy and the melting transition by TMA. The TMA experiments
were performed on about 1-mm-thick specimens held in small aluminum containers.
At the temperature indicated the probe fast and fully penetrated the specimen and thus
proved the melting of the polymer.

In Table I the changes in enthalpies and entropies of melting and isotropization
are summarized, and two main effects can be observed: (1) the values of Ah and As
associated with isotropization are larger than those for melting; (2) the enthalpy and
entropy changes associated both with melting and isotropization are larger for the
even-numbered samples than for the odd ones.

Table L. Enthalpy and Entropy Changes of the Melting and Isotropization
Transitions, together with the Crystallinity Indexa

Polymer Ahp Ahj Asm Asj Cryst. Index
HPX-C7 9.0 24.1 19.7 50.3 0.33
HPX-C8a - - - - 0.40
HPX-C9 8.4 23.9 18.7 50.7 0.34
HPX-C10 15.7 26.8 343 55.3 0.40
HPX-C11 8.6 24.0 19.3 51.5 0.36
HPX-C12 19.6 37.7 42.8 78.6 0.40

a)Ah in kJ/mruK and As in J/mru-K (mru= moles of repeating unit). b) No regi-
stration in the DSC was possible for polymer HPX-CS8 after the first heating scan due
to thermal degradation.

The first effect implies that the difference in order between the semicrystalline
state and the mesophase is smaller than the difference between the mesophase and the
isotropic melt. This indicates that the mesophases involved are highly ordered and the
high values of the enthalpies and entropies may also be taken as another indication
supporting this assumption. The photomicrograph in Figure 6 clearly shows that the
mesophase is highly ordered. The mosaic domain is characterized by a uniform
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HO-@-O—CH:-O—CHz—O—O-OH + Br-(CHy),-Br

NaOH
o-DCB
TBAB
85°C7.5h

Br[(CHz)n— O—O—O—Cﬂz —O—cnz—o —@—okcnz)n-m

Figure 1. Synthesis of a,e-bis(bromoalkoxy) polyethers of bis-(4-hydroxy-
phenoxy)-p-xylene.

Br—CHy—_)~CHy—Br + HO-@-O ~(CHy)p— O-O—OH

NaOH
o-DCB
TBAB
85°C17.5h

b et - -0~ -o-(ctmmo—0- -0} cm-)-crn-r

Figure 2. Synthesis of the polyether of bis(4-hydroxyphenoxy)decane and o,
dibromo-p-xylene.
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Figure 3. Molecular weight as a function of the number of methylene units in the
spacer group.
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orientation of the refractive index ellipsoid and disclinations of strength +1/2 have not
been observed. The mosaic structure displays all the characteristics of an ordered
smectic structure (25). The polarized light microscopy characterization of the polymer
will be discussed in more detail later in this paper.

The second effect, the well-known odd-even dependence, may be explained in
terms of different degrees of order for polymers having odd or even numbers of
methylene units in the spacer. The overall order in the semicrystalline state and in the
mesophase is larger in the even-numbered samples than in the odd-numbered.

The assumption of different degrees of order between polymers having odd or
even numbers of methylene units in the spacer is verified by the X-ray diffraction
patterns shown in Figure 7. Crystallinity index data were determined on the basis of
these diffraction patterns and the data are presented in Table I. The crystallinity index
was calculated according to Equation 1, in which A is the area of the sharp Bragg
reflections corresponding to the crystalline part of the polymer, and A4 is the area of
the broad amorphous peak.

A

- c
We=a7a, )

It is evident that samples with a high Ahy, (Asy,,) also have a high crystallinity
value. The Bragg spacings also show a clear and perfectly alternating odd-even
dependence with odd-numbered polymers having spacings at 0.47, 0.45, 0.37, 0.32,
and 0.23 nm and even-numbered polymers at 0.45, 0.43, 0.40, 0.37, 0.32, and 0.22
nm. As can be seen, the 0.40 nm spacing is not observed in the odd-numbered
samples, indicating a different molecular arrangement of the polymer chains.

Kinetics of Phase Transitions

The Effect of Polymer Heterogeneity on the Enthalpy. The kinetics of the isotropic-
smectic phase transition were studied for two of the polymers; HPX-C9 and HPX-
C11, and in Figure 8 a summary of the calorimetric data for the former is presented.
The behaviour of the HPX-C11 polymer was similar. Two processes are in fact
revealed by these data: (@) at high temperatures (72471.9 K) the two processes have
approximately the same induction time and rate and are therefore not resolved. (b) at
intermediate temperatures (468.9<T<470.9 K) the two processes are clearly resolved
and the heat evolved in the slower process is 30-50% of that evolved in the more rapid
process. There is a tendency for an increase in Ah° for the slow process with
increasing temperature; for HPX-C9, Ah° was equal to 13 kJ/kg at 468.9 K and
20 kJ/kg at 470.9 K. The same trend was observed for HPX-C11. (c) at low
temperatures (T<467.9 K), the slower process was much retarded and not observed
within the experimental window.

The solid line in Figure 9 shows the total heat (Ah°) involved in the two
processes. It is clear that Ak° decreases with increasing temperature over the whole
temperature range, although there is a narrow temperature region, for HPX-C9
between 467.9 K and 469.9 K, in which Ah° increases with increasing temperature.
The reason for this increase in Ah°is related to the definition of this quantity and to the
limited experimental potential for detecting very slow processes. At temperatures less
than 467.9 K, the slower process is not recorded and the Ah° value measured is only
that associated with the rapid process, whereas at higher temperatures the Ah° values
partially or fully include the contribution from the second slower process. Hence, if
the total contribution from the second slower process were included in Ak° at the lower
temperatures, the broken curve in Figure 9 would be obtained, on the assumption that
Ah°for the slower process is 20 kJ/kg throughout the experimental temperature range.
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Figure 6. Polarized photomicrograph showing the formation of the mosaic
structure in polymer HPX-C11 during a 0.5 K/min cooling scan from isotropic
melt at 455 K.
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Figure 7. X-ray diffraction patterns of the synthesized polymers. Intensity as a
function of the diffraction angle 6.
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Figure 8. Exothermal heat (Ah) developed in HPX-C9 as a function of time (r) at
different temperatures (in X).
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Figure 9. Total heat (Ah°) recorded under isothermal conditions in the DSC for
HPX-C9 plotted versus temperature. Measured values (®); corrected values (O).

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



70 LIQUID-CRYSTALLINE POLYMERS

The same monotonic decrease in the total Ah° with increasing temperature was
obtained for HPX-C11.

There are at least two plausible reasons for this decrease in Ak, both related to
the multicomponent character of the polymer. In the first place, the chain length poly-
dispersity of the samples is evident from the GPC data (see Experimental Section).
Another possible source of heterogeneity, not experimentally verified, is a variation in
the sequence distribution of mesogenic and spacer groups in different molecules. This
variation arises when two spacer groups couples via an ether linkage, due to displace-
ment of the electrophilic chain end by OH- (22). The molecular mass distribution itself
is however sufficient to explain the decrease in Ah° with temperature. Percec et al. (20)
have shown that the clearing temperature of a similar LC polyether increases with
molecular mass. At high temperatures only a small fraction, the longer chains, of the
sample is transformed into the mesophase and with decreasing temperature a
progressively larger fraction have the thermodynamic potential for transformation to
the mesomorphic state.

Secondary Nucleation. The rapid process displays the features of a nucleation cont-
rolled process, the rate decreasing with increasing temperature (Figures 10-11).
Regression analysis shows that the growth rate data best follows the growth rate
equation valid for secondary nucleation (Equation 2) (Figure 10). This is also the case
for the kinetic data obtained by DSC (Figure 11). The factor K is a constant which
depends on the mechanism and on the surface free energies.

G = Go exp{-K[T(T-T)]} @)

The growth rate data obtained by DSC is treated according to Equation 3
(Figure 11), which is a DSC equivalent of Equation 2 (fg 4 is the time for 40%
conversion of the rapid process).

(to4)! = Cexp{-Kg/[I(T%-T)]} 3

The Kg values presented in Table II demonstrate the similarity of the
exothermal process recorded by DSC and the growth of the mesomorphic domains
recorded by polarized light microscopy. It is also evident that K is 20-30% lower for
HPX-C9 than for HPX-C11. The growth along the chain axis occurs by a mechanism
with a K, value which is 2/3 of the value for the perpendicular growth.

Table II. Phase Transition Kinetics

Polymer K, (DSC)? <Kg> (micr)b Kqc (micr)® Kgp (micr)d

HPX-C9 21 600 23 600 - -
HPX-C11 26 000 28 400 23 000 33 800

a) From DSC according to Equation 3. b) Mean value, from polarized light microscopy
according to Equation 2. ¢) Growth in chain axis direction, from polarized light microscopy
according to Equation 2. d) Growth perpendicular to chain axis direction, from polarized
light microscopy according to Equation 2.

Rearrangement of the Mesophase. The slower process displays a temperature
dependence opposite to that of the rapid process, the rate increasing with increasing
temperature (Figure 12). This process can not thus be controlled by nucleation, but is
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Figure 10. The logarithm of the linear growth rate G, based on polarized light
microscopy measurements, plotted versus 1/[T(T%-T)] for HPX-C11#2: main
direction (m); lateral (O).
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Figure 11. The logarithm of the reciprocal time for 40% conversion of the "rapid”
process plotted versus 1/[T(T%-T)] for HPX-C9 (@) and HPX-C11#1 (O).
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possibly a rearrangement of the smectic mesophase against a higher degree of
perfection. Figure 12 indicates that the process follows the Arrhenius equation with an
activation energy of about 400-850 kJ/mol. The data points used to determine the
activation energy are few and the difference recorded for the two different polymers
may simply be due to scatter in the data.

The Avrami Constant. The calorimetric data were analyzed according to the general
Avrami equation:

1-Ah/AR° = exp (-K) C)

where Ah is the integral heat developed in the process during time ¢, Ah°is the total
heat involved in the process, K and n are the parameters to be determined and ¢ is the
time which is set equal to zero at the very start of the exothermal process. Figure 13
show that both processes indeed follow the Avrami equation. The nucleation
controlled process is shifted along the ordinate in the Avrami plot with essentially the
same slope, i.e. the same Avrami exponent, at the different temperatures. The Avrami
exponent for the rapid process is almost independent of temperature and varies for
both polymers around an average value between 2.7 and 2.8. For the slower process
the exponent is lower with a value near 2.0.

Some relevant features of nucleation and growth were obtained by polarized
light microscopy: (1) The growth rate is constant with time which indicates that the
growth is not controlled by diffusion; (2) The growth of the mesophase domains is
dependent on direction and is more rapid along the direction of maximum refractive
index. On all samples cooled to room temperature, linear cracks oriented parallel to the
direction of maximum refractive index were observed. It is postulated that the
direction of maximum refractive index is parallel to the domain director for the chain
axis. Thus, the growth rate is greatest in the chain axis direction and significantly
lower in the perpendicular direction. The growth rate anisotropy is more significant at
higher temperatures. There is a significant anisotropy in growth rate approaching
almost one order of magnitude (Figure 10). Hence, the growth cannot be regarded as
truly three-dimensional; (3) Nucleation is neither perfectly athermal nor perfectly
thermal. The nucleation rate was found to decrease markedly with time, so that
nucleation seem to be a "mixture” of athermal and thermal types and growth seem to
be nucleation controlled (constant growth rate) and less than three-dimensional. This
picture is consistent with the n values obtained. Wunderlich (26) reports n=2 for
athermal nucleation followed by two-dimensional growth and n=3 for thermal
nucleation followed by two-dimensional growth.

Dielectric Relaxation

The dielectric relaxation was measured for three polymers; HPX-C2, HPX-C11, and
HPX-C12 and all samples studied displayed two relatively weak dielectric relaxation
processes, here referred to as respectively a and 8 in order of descending temperature.
A typical example (HPX-C12) is shown in Figure 14. The other samples exhibits
similar dielectric relaxation behaviour, only different in temperature and strength of the
two relaxation processes (Table HI).

The & process appears most clearly at the higher frequencies whereas at the
lower frequencies it is hidden by the rapid increase in both dielectric constant and loss
due to the Maxwell-Wagner effect. The g process on the other hand is easily revealed
in the whole frequency range.
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Figure 12. Arrhenius plot [In(1/t*) = f{t), where t* is the time at which the rate of
the slower process is at a maximum)] of the slow process for both HPX-C9 and

HPX-C11#1.
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Figure 13. Avrami plots (according to Equation 4) for HPX-C11#1 obtained at
different temperatures: 456.9 K (4); 458.9 K (m); 460.9 K (Q); 461.9 K (O);
4629 K (@); 463.9K (+); 4649 K (o).
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Table ITI. Summary of data for the a and grelaxation processes

Polymer AE (B) [ki/mol] Tg[K]  ACp[/gKI®  Tpa (@) [KIP _Ahy [KI/kg]®

HPX-C2 54.4 - - 340 168
HPX-C11 51.5 292 0.07 295 69
HPX-C12 49.2 297 0.16 302 117

(a) By DSC as the middle point of the glass transition. (b) Temperature for maximum
dielectric loss at 10 Hz. (c) Total endothermal heat in all first order transition from the
isotropic state down to room temperature.

Figure 14 shows the temperature dependence of the central relaxation time (7)
as obtained from isochronal plots. The non-linear behaviour of the a process is typical
for glass transitions whereas the rectilinear curves for the g process of the different
samples are indicative for a typical sub-glass process. As shown in Table III, the latter
thus follows the Arrhenius equation (r = 17, e-4E/RT) with an activation energy (AE)
between 49.2 and 54.4 kJ/mol. The latter value obtained for HPX-C2 is very close
indeed with what is obtained for the corresponding aromatic polyester (PETP) (28).
The activation energy increases slightly with decreasing length of the spacer unit: AE is
about 10% greater for HPX-C2 than for HPX-C12.

The temperature independent relaxation time () is also affected by the spacer
length. The data of the liquid crystalline main-chain polyethers are in agreement with
thei data by Farrow et al. (29) on semicrystalline poly(methylene terephthalate)
polymers.

By combination of relaxation strength measurements obtained from isochronal
scans and molecular mass data, it could be concluded that the relaxation strength of the
B process increases with decreasing molecular mass, i. e. with increasing content of
polar end groups. It may thus be postulated that the dielectric 8 relaxation to some
extent is associated with the local main-chain motions of the methylene spacer group
adjacent to the polar end groups.

The & process exhibits all the features typical of glass transitions. The tempera-
ture dependence deviates from the simple Arrhenius equation (Figure 15). This is
further substantiated by DSC data revealing a stepwise increase in specific heat (ACP)
at the corresponding temperatures (Table II). It is worth noting that Tg (Tmgx) 1s
lower for HPX-11 than for HPX-C12 (Table III) in contradiction to what could be
expected. Tg (Tmax) should decrease with increasing length of the spacer group.
However, crystallinity is higher in HPX-C12 than in HPX-C11 (3) which is also
reflected in the significantly higher Ah;, value obtained for HPX-C12 (Table III). The
non-crystalline component of HPX-C12 should thus be more constrained resulting in
a higher value of T,. HPX-C2 displayed a dielectric aprocess with a relaxation
strength of about 50-70% of the relaxation strength of the other polymers, but no glass
transition was revealed by DSC (Table II). This apparently contradictory finding may
be explained by the higher overall content of polar end groups in this polymer in
combination with the high degree of crystallinity in this material. Thus, dielectric
registration of the a process in HPX-C2 is more sensitive than calorimetric.

Conclusions

In this paper it has been shown that the polyethers based on the non-rigid rodlike
mesogen bis(4-hydroxyphenoxy)-p-xylene and dibromoalkanes exhibit smectic meso-
morphism. Furthermore, the molecular mass of the polyethers follows a pronounced
odd-even dependence due to differences in solubility of the different polymers during
the polymerization. DSC and polarized light microscopy also revealed an odd-even
dependence of the temperatures and enthalpy and entropy changes associated with
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Figure 14. Dielectric loss of HPX-C12/LPE (50/50 blend) plotted versus
temperature. (Reproduced with permission from ref. 27. Copyright 1989
Butterworth.)
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Figure 15. Temperature dependence of the a and g relaxations. The data are
obtained from isochronal dielectric loss versus temperature plots. (Reproduced
with permission from ref. 27. Copyright 1989 Butterworth.)

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



76 LIQUID-CRYSTALLINE POLYMERS

crystal melting and isotropization. X-ray diffraction studies confirmed these obser-
vations in terms of a higher degree of order in polymers with an even-numbered
spacer group.

The isotropic-smectic mesophase transition was studied under isothermal
conditions by polarized light microscopy and DSC. The transformation of the isotropic
melt to the smectic mesophase is a nucleation controlled process. The linear growth
rate of the mesomorphic mosaic domains is constant with time and anisotropic. The
growth rate is higher in the chain axis direction than in the perpendicular direction.
This observation is consonant with the obtained average value between 2.7 and 2.8 of
the Avrami exponent, indicating a two-dimensional growth of the mesomorphic
domains to follow a mixed athermal/thermal nucleation event. A second slower
process with a temperature dependence opposite to that of the rapid process, the rate
increasing with increasing temperature, was revealed in the DSC measurements. This
reversed temperature dependence is indicative of a rearrangement of the smectic
mesophase which occurs without rate controlling nucleation.

. Dielectric measurements combined with thermal analysis revealed two transi-
tions: o, a glass-rubber transition between 295-340 K (10 Hz), and B, a sub-glass
transition exhibiting Arrhenius behaviour.

Experimental

Materials. Solvents and reagents were purchased from Aldrich and Merck and were
used without further purification.

Characterization. Conformational and energy calculations were performed by using
the MM2 (Molecular Mechanics Program Version 2) in Chem-X from Chemical
Design LTD, Oxford (July 1987 update). IH-NMR spectra were recorded on a 200
MHz Bruker spectrometer and IR spectra on a Perkin-Elmer 1710 Infrared Fourier
Transform spectrophotometer. The number average molecular mass (My) of the
synthesized polymers was determined by elemental analysis of bromine (end-group
analysis). Thermal transitions were recorded by differential scanning calorimetry
(Perkin-Elmer DSC-2 and DSC-7; 10 K/min scanning rate), hot stage polarized light
microscopy (Leitz Ortholux POL BKII equipped with Mettler Hot Stage FP 82
controlled by Mettler FP 80 Central Processor; 10 K/min scanning rate) and thermo-
mechanical analysis (Perkin-Elmer TMA-1; 10 K/min heating rate, applying a pressure
of 0.01 kg/mm?2 onto a penetration probe). The crystal and the liquid-crystal structures
were determined by wide-angle X-ray scattering (WAXS) using a focusing Guinier-
Higg camera with transmission geometry.

Monomer Synthesis. Bis(4-hydroxyphenoxy)-p-xylene and 1,10-bis(4-hydroxy-
phenoxy)decane were synthesized according to a method described by Griffin and
Havens (30). The synthesis procedure for the former compound was as follows: To
35 ml of de-areated 95% ethanol, sodium dithionite (0.04 g, 0.23 mmol) was added.
Hydroquinone (18.40 g, 167 mmol) was then added and dissolved by warming.
a,a’-dibromo-p-xylene (4.40 g, 16.7 mmol) was added and the solution was heated
to reflux. Potassium hydroxide (2.81 g, 50 mmol) dissolved in 20 ml 95% ethanol
was then added dropwise over 25 min to the refluxing solution. After 4 h the solution
were cooled slightly and acidified with 30% sulfuric acid. The alcohol-insoluble
byproducts were filtered off, and the solvent was evaporated from the filtrate. The
solid was washed with 500 ml of water and, after air drying, was recrystallized twice
from 85% ethanol, which gave 1.0 g (19%) of small white crystals. Mp 514-517 K
(slight decomposition).

Polymer Synthesis. A typical polymerization procedure for the a,o-dibromoalkoxy
polyethers of bis(4-hydroxyphenoxy)-p-xylene (HPX) is as follows: To 7.5 ml of a
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50 % by weight sodium hydroxide solution, HPX (0.400 g, 1.24 mmol) was added.
The suspension was heated to 85 °C under nitrogen and dibromododecane (0.407 g,
1.24 mmol) dissolved in 7.5 ml of o-dichlorobenzene was added. Finally, under
intense stirring, tetrabutylammonium bromide (80 mg, 0.25 mmol) was added. After
7.5 h, the reaction mixture was acidified, washed with 2 M hydrochloric acid, and
precipitated into methanol, and the polymer was then filtered off. The polymer was
purified twice by dissolution in hot o-dichlorobenzene, followed by precipitation into
acetone and methanol respectively. Yield: 0.477 g (79%).

Studies of Kinetics. The number average molecular mass determined by end-group
analysis were: M,=9 700 (HPX-C9), 10 300 (HPX-C11#1), and 6 300 (HPX-
C11#2). The molecular mass of HPX-C11#2 was also determined by gel permeation
chromatography (Waters 200 GPC) at 408 K, using trichlorobenzene as eluent: M,=6
300 and M,,=15 600. The GPC data were analysed using the universal calibration
procedure with estimated values for the Mark-Houwink parameters (a=1.2) for this
semi-rigid polymer. Polarized light microscopy were performed in the hot stage by
cooling (20 K/min) the 10 mm thick samples from 488 K (HPX-C9) and 478 K
(HPX-C11) to the experimental isothermal temperature (T) followed by photographic
recording at different times (f) after the establishment of isothermal conditions. The
samples were kept at the maximum temperature (488 K and 478 K resp.) for 1
minute. Samples weighing about 5 mg were cooled in the DSC apparatus at a rate of
80 K/min from 485 K to the experimental isothermal temperature (7) and the exotherm
associated with the first order transition was recorded during the isothermal
conditions. The samples were kept at the maximum temperature (485 K) for 1 minute.

Studies of Dielectric Relaxation. The number average molecular masses determined
by end-group analysis were: M,,=720 (HPX-C2) (dimer), 10 300 (HPX-C11#1), and
7 600 (HPX-C12). HPX-C2 is almost exclusively terminated by hydroxyl end
groups. The dielectric work was carried out on 50/50 (w/w) blend samples of the
polyethers and linear polyethylene (LPE). The presence of LPE made it possible to
produce samples of sufficient mechanical strength and it was verified by dielectric
measurements that the LPE component showed no measurable dielectric loss in the
temperature and frequency range used in this study. The 200 pm thick samples were
coated with gold-palladium in a vacuum sputterer. The dielectric apparatus was a
IMASS TDS time domain spectrometer equipped with a Hewlett Packard Series 300
computer. The time domain spectrometer is based on a design by Mopsik (31).
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Chapter 6

Synthesis and Chemical Modification of Chiral
Liquid-Crystalline Poly(ester S-sulfide)s

E. Chiellini!, G. Galli!, A. S. Angeloni?, and M. Laus?

!Dipartimento di Chimica e Chimica Industriale, Centro CNR
Macromolecole Stereodinate Otticamente Attive, Universitd di Pisa,
56100 Pisa, Italy
Dipartimento di Chimica Industriale ¢ dei Materiali, Universitd di Bologna,
40136 Bologna, Italy

The synthesis and liquid crystalline properties
are presented of two classes of chiral (I-n)
and prochiral (II-m) thermotropic poly(ester B-
sulfide)s. The nematic mesophase behavior of
the polymers I-n exhibits distinct even-odd al-
ternations with chemical structure and is com-
pared with that of closely related poly(ester

B~-sulfide)s III-n and IV-m.

Polymers II-m have been transformed by
asymmetric oxidation into chiral poly(ester B-

sulfoxide)s V-m. These modified polymers
present a cholesteric mesophase of limited
persistence. Their optical activity and

stability are also discussed.

The design and synthesis of new 1liquid crystalline
polymeric materials endowed with intrinsc chirality
deserve attention, as chirality can offer probes of the
supermolecular structure and a tool for modulating
specific responses of the polymers (1). The chemical
transformation of preformed thermotropic polymers can add
novel opportunities for the realization of various
molecular architectures conventionally unfeasible and
best suited for mesophase modification.

In the present paper we describe the mesophase
behavior of a new series of chiral poly(ester B-sulfide)s
I-n and report on the asymmetric transformation of
another class of suitably prochiral poly(ester B-sulfi-

0097-6156/90/0435—0079306.00/0
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80 LIQUID-CRYSTALLINE POLYMERS

de)s II-m to yield modified chiral polymers, such as
poly(ester B-sulfoxide)s. While a few diverse chemical
or physical modifications of thermotropic polymers have
so far been described (2-8), the asymmetric oxidation of
functional 1liquid crystalline polymers has not been
performed previously.

-CHz cHz cOO-JJJ}-ooccHz CHz -S(CHz )nS-  I-n (n=2-10)

- -@-coo-@-coo(cm )aiz : CHz )zooc-@ooc@

OOCCHzCHz—S@S— I1I-m (m=6,8,10)
- -@-coo-@-coo(cm ).ooc-@ooc-@

-8 S- : 1,2-phenylene (ortho isomer, o)
1,3-phenylene (meta isomer, m)

The structurally ordered poly(ester B-sulfide)s are
designated according to the number n of methylene units
in the sulfide segment, or to the number m of methylene
units in the fully alkylene segment in their repeat unit.

Experimental

The polymers were synthesized according to the base-
catalyzed Michael-type polyaddition reaction of a,w-
dimercaptoalkanes to (R)-3-methylhexamethylene bis[4-[4-
(acryloyloxy)benzoyloxylbenzoate] (9) (polymers I-n), as
described in detail elsewhere (10), or of 1,2-dimercapto-
benzene or 1,3-dimercaptobenzene to a,w-alkylene bis[4-
[4-(acryloyloxy)benzoyloxylbenzoatels (9) (polymers II-
m).

(S,8)-(-)-2~(d-10-camphorsulfonyl)-3-(2-chloro-5-ni-
trophenyl)oxaziridine (1) was prepared according to 1li-
terature (11) (optical purity >90%).

In a typical asymmetric oxidation experiment (12), a
solution of 1 (2.36mmol1) 1in anhydrous chloroform (20 ml)
was added dropwise to a solution of polymer II-6m
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(1.18mmol1 r.u.) 1in the same solvent (20ml1) at -50°C and
the mixture was let to react for 1h. The solution was
evaporated to small volume and then poured into a large
excess of methanol. The polymer was purified by several
precipitations from chloroform solution into n-hexane.
Yield 90%.

The liquid crystalline properties of the polymers
were studied by a combination of DSC, optical microscopy
and X-ray diffraction analyses.

Results and Discussion

A1l of samples I-n show one enantiotropic mesophase
(Table I). The X-ray diffraction spectra recorded on
representative polymers I-3, I-4, I-8, and I-9 indicate a
nematic (cholesteric) structure for the mesophase,
independent of the 1length and parity of the sulfide
segment. Both melting and isotropization temperatures
decrease in a regular alternating manner as the series is
ascended (Figure 1). The downward trend is a result of
the overall decreasing polarity and molecular rigidity
with increasing number n. Polymers with even—numbered
spacers show higher transition temperatures than adjacent
polymers with odd-numbered spacers. This even-odd effect
(13-15) is more pronounced for the lower homologues and

Table 1I. Mesomorphic properties of chiral poly(ester B-
sulfide)s I-n

Sample n Mn [ $lo25n Tm Ti AHi Asi
+10-38 deg K K kJ/mo1 J/(mo1+K)
I-2 2 8.4 +70.4 413 440 3.4 7.7
I-3 3 8.9 +65.3 395 421 3.0 7.2
I-4 4 9.5 +71.9 398 427 4.2 g.8
I-5 5 11.6 +60.0 389 417 3.9 9.4
I-6 6 9.3 +56.6 391 418 4.9 11.7
I-7 7 7.2 +62.9 381 400 4.6 11.5
I-8 8 8.9 +62.0 391 406 6.2 15.3
I-9 ] 9.3 +62.0 386 395 4.9 12.4
I-10 10 10.1 +56.5 386 394 7.0 17.7
aMolar optical rotation = [alo25-MWr.u./100 (in chloro-

form solution).
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is attenuated in the higher homologues, for which the
mesophasic range is also narrowed.

The dependence of the isotropization enthalpies and

entropies upon the length of the sulfide spacer segment
is also characterized by a distinct even-odd alternation
(Table I). The cholesteric-isotropic transition entropies
(Figure 2) for even and odd members 1lie on two smooth
separate curves, which rise with increasing spacer
length, even members 1laying on the upper curve. This
increase in 1isotropization entropies is connected with
the increased conformational entropy of the molecules in
the isotropic phase. Consistently, the spacer plays an
integral role in determining the degree of organization
in the 1liquid crystalline state. The basic difference
between the configurational character of the extended
conformers of the spacer (16-18) should be responsible
for the 1large oscillations of the phase transition
parameters even 1in the present series of polyesters
containing a chiral spacer segment.
The mesophase properties of polymers I-n are compared
with those of previously investigated achiral
counterparts III-n (15) and chiral structural isomers
IV-m (19).

-CH2CH2C00{___}-0OCCH2 CH2 =8(CHz )nS-  III-n (n=2-10)
1 F : -@-coo-@-coo(cu:);ooc-@-ooc-@—

»
OOCCH2 CH2 =S (CH2 )s?H(CHz )28~ IV-m (m=6-10)
CHs

: -©-COO-©—COO( CHz )u 000-@-000@-

The presence of a methyl substituent in the alkylene
segment of polymers 1I-n decreases the thermal stability
of the mesophase by 30-40 K relative to the corresponding
unsubstituted samples I11-n, whereas the range of
persistence remains essentially the same (Figure 1).
However, for polymers 1I-n the isotropization entropies
are much 1lowered and the even-odd alternations are
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Figure 1. Trends of the melting (squares) and
isotropization (circles) temperatures of poly(ester B-
sulfide)s I-n ([E,®) and III-n (W, ®) with varying
number n.
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sensibly decreased (Figure 2). These results suggest
that the introduction of the methyl substituent
(chirality) in polymers I-n can enforce different mutual
arrangements of the aromatic diads resulting 1in an
attenuated dependence of the mesophase parameters on the
parity of the repeat unit.

We also note the striking differences of samples I-n
(n=6-10) from the positionally 1isomeric samples IV-m
(m=6-10) (19). 1In the 1latter system the structure and
character of the mesophases vary rather irregularly along
the series (Figure 3) and predictions of their incidence
and stability are quite difficult (19).

A1l polymers II-m of the second class investigated
show one enantiotropic mesophase which was identified as
nematic (Table II). There are no significant differences
in the isotropization temperatures, but the
isotropization entropies 1increase with increasing number
m of methylene groups in the alkylene segment
particularly for polymers containing the 1,3-phenylene
residue (meta isomers, m).

Poly(ester B-sulfide)s II-m were oxidized by using
stoichiometric amounts of the chiral 2-
sulfonyloxaziridine 1 to give chiral poly(ester f3-
sulfoxide)s V-m in nearly a quantitative yield, according
to Scheme 1. The IR and NMR spectra and elemental

Table 1II. Physicochemical properties of poly(ester B-
sulfide)s II-m* and derived chiral poly(ester B-
sulfoxide)s V-me

m Poly({ester B-sulfide) Poly(ester B-sulfoxide)

Type Mn Tm Ti Asi Type Mn [@Io250 Tm

«10-3 K K J/(mol-K) +10-93 deg K

6 II-60 8.6 377 438 5.3 v-60 8.5 -366 398
8 II-80 5.4 387 420 7.7 v-80 6.3 -3186 392
6 II-6m 6.9 387 425 6.6 vV-6m 7.2 =162 408
8 II-8m 5.4 389 417 - 9.7 v-8m 6.4 -136 403
10 II-10m 10.1 397 420 24 .4 1.2

v-10m 11. ~-154 408

aBased on the 1,2-phenylene (ortho, o) isomer or 1,3~
phenylene (meta, m) isomer. bIn chloroform solution.
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Scheme 1. Schematic representation of the asymmetric
oxidation performed

analyses of samples V-m are in full agreement with the
proposed structures, while no evidences of residual
sulfide or of overoxidized sulfone moieties were
detected. The GPC traces of the corresponding parent and
modified polymers are practically superimposable, thus
indicating that the oxidation reaction takes place
without appreciable chain degradation. Polymers V-m are
optically active (Table 1II), with those based on the
1,2-phenylene residue (ortho isomers, o) having greater
optical rotatory powers. This clearly indicates that the
sulfide groups undergo asymmetric oxidation to chiral
sulfoxide groups with a significant prevalent chirality.

The circular dichroism spectra in dilute solution of
the poly(ester B-sulfoxide)s are characterized by the
same strong absorption profiles for all the prepared
samples in correspondence of the electronic transitions
of the alkyl aryl sulfinyl chromophore (20) (Figure 4).
This suggests that the overall optical activity of the
polymers is dominated by the chirality of the sulfoxide
moieties, which are characterized by the same prevalent
configuration at the sulfur atoms. It is not known to
what extent the sign and rotatory strength of the
absorption bands depend on the 1local conformation of the
macromolecular chain. 1In principle, such an asymmetric
reaction should give rise to two chiral centers per
repeat unit resulting in a mixture of a pair of (R,R) and
(8,8) enantiomeric forms and a (R,S) meso form (Scheme
2). However, due to the complexity and strong overlaps of
the signals of the 13C-NMR spectra of the oxidized
samples, the degree of asymmetric induction could not be
fully investigated in polymers V-m.

To gain a better insight into the enantioselectivity
of the asymmetric oxidation studied, we submitted to
oxidation 1in the 1identical experimental conditions a
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poly(ester f3-sulfide) mode 1 compound in which the
aromatic-alkylene-aromatic sequence of polymers II-m had
been replaced by a 1,4-cyclohexanediyl unit. In the
13C-NMR spectra of the derived poly(ester B-sulfoxide)
the signals of the various carbon atoms experiencing the
different stereochemical environments of the (R,R)+(S,S)
and (R,S) diastereomeric forms are split into individual
components of different intensities. An asymmetric
induction of 25 % 5% and an enantiomeric excess of
49 t 10% of either (R,R) or (S,S) form could, therefore,
be evaluated (12). We expect the reaction to proceed with
a gquite similar enantioselectivity with structurally
analogous polymers II-m.

In one parallel oxidation experiment of sample III-4
with the chiral oxidant 1, a poly(ester B-sulfoxide) was
obtained which does not show any appreciable optical
activity. From this result we infer that even in the case
of macromolecular substrates the difference in effective
size of the groups directly 1l1inked to the sulfur atom
plays a role in assisting the discrimination between the
two enantiogroups and in determining the magnitude of the
asymmetric bias (11).

The mechanism for oxygen transfer by 2-
sulfonyloxaziridines is known to be a Sx2 nucleophilic
attack by the substrate on the electrophilic oxaziridine
oxygen atom (11,21). Therefore, according to the chiral
recognition model proposed (1), the preferred
diastereomeric transition state for sulfide oxidation
should be the one in which the enantiotopic electron pair
on sulfur attacks the oxaziridine oxygen atom in such a
way that the 1large (RL) and small (Rs) groups of the
substrate face the small and large regions of the
oxaziridine ring, respectively (Figure 5). That is where
the RL group is as far away as possible from the bulky
camphorsulfonyl group. Thus, (S, S)-2-sulfonyloxaziridines

O

(R,R) (s,8) (R, S)

Oo-o.(!)*
O»T*
O»(Ll-
O“..T*
Ooooo(L*

Qecos(N¥

Scheme 2. Schematic illustration of the diastereomeric
forms obtained

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



88 LIQUID-CRYSTALLINE POLYMERS

will afford sulfoxides of the (8) configuration at the
sulfur atom (11). Conversely, the similarity of the
Cotton effects observed for the poly(ester B-sulfoxide)s
(Figure 4) with those of 1low molecular weight model
compounds of established (S) configuration (20b) is also
an argument in favor of the prevalence of the (S§,S)
configuration 1in the repeat unit of these polymers.
Direct extrapolation of the model to the asymmetric oxi-
dation of systems involving polymeric substrates must,
however, be treated with caution, and the absolute
configuration of the chiral centers in the poly(ester B-
sulfoxide)s prepared should be better assessed.

Examples are known (22-25) of the oxidation of
macromolecular substrates containing sulfide functional
groups, with chiral polysulfoxides being prepared by
different synthetic approaches (26,27). However, the
asymmetric oxidation of polymeric precursors was only
performed with very limited degrees of chemoselectivity
and enantioselectivity (27). The asymmetric oxidation
reaction employed in this work 1is accomplished with a
moderate enantioselectivity, which is nevertheless on the
order of magnitude as those obtained with 1low molecular
weight substrates (11,28,29).

Poly(ester B-sulfoxide)s V-m do exhibit 1iquid
crystalline properties, but in no case could the
mesophase behavior be investigated in detail up to the
isotropization temperature due to extensive degradation
of the samples (Table 1I1I). Typically the mesophase
extends over 10-20 degrees. Furthermore, the polymers are
optically unstable and their optical rotatory power
becomes vanishingly small after short permanence times at
the elevated mesophase temperatures (Figure 6). It is
well documented that chiral sulfoxides can undergo
thermal racemization (30,31) involving most frequently
the interconversion of enantiomers by pyramidal inversion
(30). The thermal stereomutation rate is, however,
negligibly slow at the low temperatures. Additionally,
alkyl sulfoxides containing B-hydrogens are generally
subject to pyrolysis by a stereospecific cis elimination
to olefins, even at Tlower temperatures than those
required to effect racemization (32,33). Preliminary NMR
investigations point to the occurrence of the latter
degradation process for the investigated chiral
poly(ester B-sulfoxide)s, but the two concurrent factors
may well be responsible for the observed optical
instability.

In Liquid-Crystalline Polymers; Weiss, R., et al.;
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(s)

NO, (s,S)

Figure 5. Representation of the chiral recognition
pathway in the sulfide oxidation by chiral oxaziridine
1.

| | | | 1
2 4 6 8 10
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Figure 6. Decrease of the optical rotatory power of
chiral poly(ester B-sulfoxide) V-6m with permanence
time at 110°C (@) and 120°C (B).
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Conclusions

Chiral 1liquid crystalline poly(ester B-sulfide)s can be
prepared based on a sequence of rigid-flexible-rigid-
flexible segments, in which the mesomorphic properties
are tuned 1in a predictable way by variations in the
sulfide spacer structure. The isomeric interchange of
the two different flexible segments produces dramatic
variations in the thermal behavior of the polymers,
highlighting the importance of even subtle changes in
affecting the properties of semiflexible thermotropic
liquid crystalline polyesters (17,34).

The asymmetric oxidation reaction of prochiral
poly(ester B-sulfide)s to optically active poly(ester B-
sulfoxide)s can be accomplished with almost theoretical
chemoselectivity and moderate to high enantioselectivity
degrees. While the asymmetric oxidation of prochiral
sulfides should not be a preparative method for chiral
sulfoxides, we expect that the structure of the parent
polymers might be specifically designed for the
preparation of chiral thermotropic poly(ester B-sulfoxi-
de)s.

As a final point, we may speculate on the interest
of both performing the same type of reactions under
mesophase conditions to address the stereochemical
pathway, and using these polymeric materials as chiral
catalysts or synthons in organic synthesis (35).
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Chapter 7

Liquid-Crystalline Character of Novel
Main-Chain Oligophosphates Bearing Lipophilic
and/or Mesogenic Moieties

C. M. Paleos!, A. Kokkinia!, and P. Dais?

INRC “Demokritos,” 15310 Aghia Paraskevi, Attiki, Greece
 Department of Chemistry, University of Crete, 71110 Iraklion, Greece

In the present study it is investigated whether certain
oligophosphates prepared by the reaction of phosphorous
oxychloride with long-chain aliphatic diols and the
mesogenic 4,4 diphenyldiol exhibit liguid crystaliine
character. Specifically, it was found that the oligoph-
osphates resulting from aliphatic diols show liguid
crystalline behavior while that originating from the
diphenyldiol does not exhibit liguid crystalline charac—
ter. It has however been established that mesomorphic
phases are induced with oligophosphates bearing, in ran—
dom, mesogenic and lipophilic groups

Recent reports on monomeric and polymerized bolaamphiphiles® provide
evidence for their potential application in the broader field of
molecular organizates (1,2). Thus monomeric bolaamphiphiles have been
employed in the formation of monolayer lipid membranes or vesicles
(1-3), Formation of micelles (4-5) and also for spanning bilayer
membranes (1-6). The latter process has resulted in the stabilization
of membrarnes.

Externsive recent studies has established that liquid crystalli-
nity is not only induced by the presence of mesogenic groups (7), but
also induced in certain molecules by the existence of distinct polar
and non—polar moieties which segregate forming lamellar structures.
These amphiphilic molecules (1,7-18), both ionic and non—ionic, exhi-
bit liguid crystalline phases in the melt, and form aggregates in
solution which generate molecular organizates (19).

In a recent article we have established the liquid crystalline
behavior exhibited by a,w diphosphate amphiphiles (20). Prompted by
this investigation we decided to study the liguid crystalline charac—
ter of their polymeric counterparts, i.e. of polyphosphates or rather
oligophosphates ( Scheme I) prepared by the reaction of phosphorous
oxychloride with 1,12 dodecarediol and 1,16 hexadecanediol respec—
tively. In addition, the mesomorphic behavior of oligophosphates
bearing the biphenyl mesogenic moiety was compared with the liquid
crystalline behavior of the purely aliphatic oligophosphates.

0097—6156/90/0435—0093$06.00/0
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Scheme 1

Experimental

Preparation of Poly (1,12 dodecanediol phosphate), (I). The oligoph-
osphate (I) was prepared by a modification of the method recently
described in a preliminary repart (21). Specifically in 0.01 mole of
POCl: dissolved in dry dioxarne, 0.01 mole of 1,12 dodecaredicl, in
dioxane, was slowly added and allowed to stir for several hours.
Polymerization was completed by heating the reaction mixture for a
few hours at 70 °C. Dioxarme was distilled off under vacuum, and the
residual oil was hydrolysed by dilute hydrochloric acid in cracked
ice. The precipitated material was centrifuged and washed several
times with water. It was precipitated with an ethanol-ether mixture
and dried over phosphorous pentoxide.

It should be noted that the palymer produced is soluble in diox-
are. The very low molecular weight polymer obtained by the previously
employed method (21) could be attributed to its early precipitation
in benzerne. Also, the duration of polymerization was increased
because pyridine was not employed in this experiment which was diffi-
cult to remove from the precipitated polymer.

Preparation of poly (1,16 hexadecanediol phosphate), (II). This oli-
gomer was prepared by an analogous procedure to the one employed pre-
viously.

Preparation of poly(4,4 diphenyldiol phosphate), (III). The procedure
employed for the preparation of III was analogous to the one for
aliphatic polyphosphates.

Preparation of poly(1,12 dodecanediol-4,4 diphenyldicl phosphate)
(IM). In this case, an equimolar mixture of the diols was used which
was the same to the total diol concentration employed for the prepa-
ration of the homopolymers.
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Proton NMR spectra were obtained on a Varian XL-200 spectrometer
operating at 200 MHz, at room temperature. Chemical shifts were
measured in DMS0O-ds and referenced to TMS. The error of integration
of the various peaks was estimated ca #10%.

Optical microscopy studies were performed with a Reichert
Thermopan microscope with crossed polarizers. The magnification used
was 80X.

DSC thermal studies were performed with a DSC-4 Perkin Elmer
thermal analyzer coupled with a System—4 programmer at a scanning
rate 10 or 20 °C/min.

Number average molecular weights were determined using a Knauer
Vapor Pressure Osmometer.

Results and Discussion

Formation of branched polymers was kept at a low level by an
extremely slow addition of the diols to phosphorous oxychloride. By
this technique phosphorous oxychloride concentration was always kept
at a great excess, thus favoring the formation of linear polymers.
The predominantly linear structure of the polymers was established by
elemental analysis and proton NMR spectroscopy. The peak assignment
was facilitated through homodecoupling experiments and integration of
the various resonances. The g- and B~CHz protons of the aliphatic
chains relative to the phosphate group in polymers I and II absorb at
4.03 and 1.72 ppm respectively, whereas those of the internal
methylene protons of the chain form a broad envelope at 1.27ppm. The
aromatic protons of polymer 111 show the characteristic pattern of an
AB  subspectrum with &8a=7.6lppm, &k=7.28 ppm and Jas=8.75 Hz,
indicating that these protons are magnetically noneguivalent. This is
due to the law molecular weight of the polymer whose terminal groups
represent a significant portion to the polymer chain. The same AB
pattern is shown in the NMR spectrum of copolymer IV, and in addition
depicts the characteristic absorptions of the methylene protons of
the aliphatic chain. Minor peaks at 3.7% and 3.467 ppn may indicate a
very small proportion of non-linear polymer. Integration of the
aromatic (7.51 - 7.14 ppm) and saturated ( 1.24ppm) protons indicate
that the ratio of aromatic to aliphatic moieties in the various
copolymers of IV(a-c), 8Scheme 1II, is on average 3.5:1. G8ince
equimolar guantities of diols were employed, one may conclude that
the reactivity of 4,4 diphenyldiocl 1is higher than that of 1,12
dodecanediol.

(a) (B)

LA Q e
R

—0-$-0-F~@-0~F~ CHykz=0—F-0~@~O-0-P-O(CHalp— (@)
OH OH

OH OH

7 2 f
—0-P~0~0—~0-0-P-0~O—@-0-F-O~ CHa)p - (b)

OH OH OH

R 9 9
—0-P-0~0r~0-0—P-0—(CHz )12~ O—B-O— CHy)ip— (c)

OH OH OH

Scheme II
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Figure 2. Liguid crystalline texture of polymer 1I.

Number average molecular weights of the polymers were found to be
2000 for polymer I, 3600 for II and 2100 for polymer III. For the
copolymer IV molecular weight was rot determined because of its
insplubility in all common solvents.

The liquid crystalline behaviaor of oligophosphates was
investigated by optical microscopy and DSC studies. Thus polymers I
and II melt at about &0 °C and 75 °C to anisotropic melts which
become isotropic at about 85 °C and 95 °C respectively. On cooling
from their isotropic melts they form spherulites at about 70 °C and
85 °C respectively as shown in Figure 1 and Figure 2. For comparison
the mesomorphic texture of monomeric dodecare-1,12-diphosphate is
shown in Figure 3. It is interesting to note that the mesomorphic
phase of the C.: monomeric diphosphate derivative is in a transient
state and quickly reverts to a crystalline phase. In Figure 3 the
texture is quite characteristic since both mesomarphic and
crystalline phases coexist. The monomeric Cis diphosphate derivative
melts at 120 °C to a mesomorphic phase, Figure 4, and becomes
isotropic at about 170 ©C. 0On cooling from its isotropic melt it
supercoals and is transformed directly to its crystalline phase.

In Liquid-Crystalline Polymers; Weiss, R., et al.;
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Figure 3. Coexistence of ligquid crystalline and crystallire
phases obtained on cooling of Ci» diphosphate derivative.

Figure 4. Liquid crystalline texture of Ci. diphosphate
derivative.

Polymers I and II are thermally stable as evidenced by their DSC
traces, Figure 5 and Figure 6, in which the same clearing points were
observed both in the first and second heating runs.

The introduction of the biphenyl mesogenic group in polymer III
raises the melting and clearing points, and thus depolymerization and
decomposition occured before the mesomorphic phase was completely
transformed to the isotropic phase. This behavior is depicted in DSC
diagram, Figure 7, in which depolymerization is observed after the
first transition. A copolymer was prepared in order to lower the
melting point. As already mentioned in the preparation of polymer
IV, equimolar quantities of 4,4 biphemol and 1,12 dodecanediol were
used. But, as determined by NMR the ratio of the aromatic to the
aliphatic moieties was mot 1:1 but 3.5:1. However, what really counts
in this case is that even with this ratio the lowering of the melting
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Figure S DSC diagram of polymer I.

point is significant. By exercising pressure on the cover slip the
material melts at about &0 °C and becomes isotropic at about 140 © C.
On cooling the melt reverts to a ligquid crystalline phase at about
140 °C while almost simultaneously crystallizing. This two-phase
system 1is shown in Figure 8 The DSC trace of the copolymer is shown
in Figure 9.

Concluding Remarks

These first results establish that the presence of distinct polar and
lipophilic groups in phosphate oligomers induces the appearance of
mesomophic phases. Furthermore, it was found that mesomorphic phases
are observed with phosphate copolymers, containing random mesogenic
and lipophilic moieties. Copolymers with alternating
mesogenic—~lipophilic moieties will be further prepared in an attempt
to enhance the thermal stability and 1liguid crystalline range of
these polymers.
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Figure 7. DSC diagram of polymer III.
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Figure 8. Coexistence of mesomorphic and crystalline phases
during cooling of polymer IV.
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Figure 9. DSC trace of copolymer IV.
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Chapter 8
Thermotropic Poly(ester-co-carbonate)

Yu-Chin Lai»>?, Bruce T. DeBonal, and Dusan C. Prevorsek!

ICorporate Research and Development, Allied Signal, Inc.,
Morristown, NJ 07960

A number of thermotropic polyester-carbonates
were prepared through melt-polymerization of
substituted hydroquinones and diphenyl tere-
phthalate and diphenyl carbonate to have high
molecular weight, with reduced viscosity in the
range of 2-3. The molecular weights of the
polymers can be advanced further by solid state
heat-~treatment, with the rate of postpolymeri-
zation depending on temperature and Concentra-
tion of catalyst. Samples of some compositions
can be spun into high performance fibers and
processed into self-reinforced plastics. The
properties of thermotropic polyester-carbonates
and polyesters were compared as fibers and
plastics.

Although studies concerning main chain liquid
crystalline polymers were originated by Onsager (la) and
Ishihara (1lb) in the late 1940's, extensive work in this
field did not really begin until the early 1970's.
Jackson and Kuhfuss (2) reported the first thermotropic
polyester by modifying polyethylene terephthalate with
various amounts of p-hydroxybenzoic acid (HBA). They
found that the copolyester with HBA content of at least
35 mole % have opaque melts. Subsequent studies in the
area of aromatic polyesters by various authors resulted
in a large number of patents and publication. (3) These
polymers were all derived from unsubstituted and

2Current address: Bausch and Lomb, Inc., Rochester, NY 14534
3Address correspondence to this author.
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substituted aromatic diols and diacids and hydroxy acids
with and without flexible spacers.(3) The reasons for
the broad interest in this area, among others, are to
create melt-processable high strength, high modulus
fibers and self-reinforced plastics.

Thermotropic polyesters derived from unsubstituted
aromatic diols and diacids usually have melting points
which approach or exceed the thermal decomposition
point. Thus it is reasonable to expect that some
modification in molecular structure would be required to
render them melt-processable, even though some adverse
effects on liquid crystallinity and mechanical
properties of the polymers would result.

The preparations of thermotropic polyester-amides
from comparable monomers as those of thermotropic
polyesters were a logical extension of a series of
studies in thermotropic polyesters and lyotropic
polyamides. (4) However the inclusion of carbonates had
rarely been explored. (5) Because of the flexibility of
carbonate compared to substituted aromatic rings, it
should be an even more effective approach in lowering
the melting temperatures of the unmodified all aromatic
polyesters into the easily processable range.

The solid-state heat-treatments of thermotropic
polyester fibers to obtain fibers with high tenacity
were reported before.(6) However, the nature of this
process was not clear when we commenced this study.

The objectives of this paper are to disclose the less
explored thermotropic polyester-carbonates and to
demonstrate the nature of heat-treatment of the
thermotropic polymers using polyester-carbonates as
examples. In addition, the properties of thermotropic
polyesters and polyester-carbonates as fibers and
plastics are compared.

Experimental

Monomers and catalysts. The monomers methylhydroquinone
(MHQ), t-butyl-hydroquinone (BHQ), resorcinol (RO),
hydroquinone (HQ), diphenyl carbonate and catalyst
tetrabutyl titanate (TBT) were purchased (Aldirch) and
used as received.

Diphenyl terephthalate (DPT) was prepared by
interfacial reaction of sodium phenoxide in water and
terephthaloyl chloride (TPC) in methylene chloride,
using benzyl triethylammonium chloride as catalyst,
followed by washing with hot water and recrystallization
from toluene. The yield was usually 90% or higher.

General Procedure for the preparation of polyester-
carbonates. A resin kettle was charged with the
aromatic diols, DPT and DPC of a selected molar ratio.
TBT in the amount of 30-1000 ppm of the combined weights
of monomers was also added. The contents were heated
under constant nitrogen flow and stirred mechanically
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when melted. The polymeri-zation started to occur at
about 215°C as phenol started to distill out. The
temperature was slowly raised as the reaction progressed
and most of the phenol was distilled at 260-270°C.
Vacuum was then applied gradually to reach 0.2-0.5 torr
in about 5 minutes. The reaction inter-mediate, after
half an hour under vacuum, changed from fluid to a very
viscous, golden, fibrous material. The reaction was
stopped when the temperature reached 290°C and the
product was removed from the kettle while still hot. The
product was first broken into pieces and then crushed
into fine pieces. It was then extracted with hot toluene
and dried in vacuo. The yield was usually over 90%.

When the polymerization was done on a large scale,
a thermocouple was used for detecting the temperature of
the contents and heating medium such as Therminol-66
(Monsanto) was added into the reaction contents.

Polymer characterization. The thermotropic behaviors of
the polyester-carbonates prepared were examined under a
polarized hot stage microscope (Sybron Co.). Normally
the sample became softer at 120-150°C and melted with
birefringence afterwards, depending on the molecular
weight and composition of the golymer. The samples
stayed bire-fringent until 350°C or higher.

Dilute solution viscosities of most polymers were
measured at room temperature in p-chlorophenol/1,2-
dichloroethane (50/50 by weight), using an Ubbelhode
viscometer. For samples containing HQ/RO, the visco-
sities were measured at 50°C in pentafluorophenol. In
any case the molecular weight or viscosity of each
sample was reported as ng,/c, or reduced viscosity, at
0.5 g/dl in the units of Hl/g.

The DSC scans for all samples were done using a
DuPont 990 differential scanning calorimeter at a
heating rate of 20°C/minute in argon. In all cases, the
samples were quenched from 350°C and reheated to check
for changes in the transition temperatures.

Heat~treatments of thermotropic polyester-carbonates.
The solid-state heat-treatments of thermotropic
polyester-carbonates in fine pieces were conducted in a
Blue M high temperature inert gas oven (Model
AGC170EMTI). These samples were treated at different
temperatures, for different period of time. The treated
samples were characterized further by DSC and viscosity
measurements. The treated samples were used in fiber-
spining and plastic processing studies. (7.8)

Results and Discussion

Polymer Synthesis. Though solution polymerization is a
feasible process in making polycarbonates and
copolyester-carbonates, (9) it is not acceptable for
making thermotropic polymers because the low solubility
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of thermotropic polyesters in inert solvent limits the
growth of molecular weight of product in solution. (3a)
Thus melt-polymerization was applied here to prepare
polyester-carbonates with molecular weight high enough
for processing studies.

Equation 1 shows the reaction scheme which leads to the

m @Og©@0© + n ©080© + (m+n) HO-Ar-OH
DPT DPC

titanate

Q
-{—{8 @g-}m +Cip £0-Ar-O}p n—+x + 2(m+n) @-on (1)

l?etrabutyl

formation of high molecular weight polyester-carbonates
derived from diphenyl terephthalate (DPT), diphenyl
carbonate (DPC), and aromatic diols (Ar in the equation)
such as t-butyl hydroiquinone (BHQ), methyl-hydroquinone
(MHQ) , hydroquinone (HQ) and resorcinol (RO).

For the polymerization to proceed at a reasonable
rate, the use of a transesterification catalyst is
needed. Compounds which are usually used as a catalyst
for the preparation of polyesters through transesteri-
fication can be used here. These include lithium,
sodium, zinc, magnesium, calcium, titanium, maganese,
cobalt, tin, antimony, etc. in the form of a hydride,
hydroxide, oxide, halide, alcoholate, or phenolate or in
the form of salts of organic or mineral acids, complex
salts, or mixed salts. (10) In this study, tetrabutyl
titanate (TBT) in the amount of 1000 ppm was used
normally.

In order to keep the contents more fluid-like for
proper heat exchange and smooth stirring during the
course of reaction, a high temperature-stable heating
medium such as Therminol-66 was used.

Polymer Composition-Property Relationship. Tables I
summarized the representative thermotropic polyester-

carbonate samples prepared from BHQ/MHQ/DPT/DPC. The
first series (entry 1-3) of compositions under
investigation was those containing BHQ. Higher DPT/DPC
ratio gave polymer with higher melting temperature.
These samples showed birefringence only under shear when
melted.

The inclusion of MHQ into the polyester-carbonate

compositions gave polymers with strong birefringence
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Table I. Thermotropic Polyester-carbonates Derived
From BHQ/MHQ/DPT/DPC

Feed molar ratio nsp/c Tg Tm Thermotropic
BHQ/MHQ/DPT/DPC (PCy* (Pc)** Behavior
100/0/50/50 0.58 119 270 *kk
100/0/40/60 0.76 142 170 * ok k
100/0/30/70 0.80 149 160 ko
50/50/50/50 2.98 135 180 *kkk
50/50/52.5/47.5 2.07 130 210 *kkk
50/50/55/45 1.79 133 240 *kkk
50/50/57.5/42.5 1.98 126 260 *kkk
50/50/60/40 2.88 135 290 *kkk

* By DSC.

** By visual observation under polarized microscope.
*** Birefringence under shear only.
*%*x* Birefringence without shear.

without shear when melted. In this series of study, the
feed molar ratio of DPT/PTC was changed from 50/50 to
60/40 while the molar ratio of BHQ/MHQ was kept at
50/50. The melting temperature of the polymer was
changed from 180°C to 290°C when the molar ratio of
DPT/DPC of samples was changed from 50/50 to 60/40.

It must be stressed here that the molar ratios
mentioned in this article always referred to the feed
molar ratio. The true molar ratios of BHQ/MHQ and
DPT/DPC of products might be different from the feed
ratios. The true molar ratios of DPT/DPC in two
polyester-carbonate samples derived from BHQ/MHQ/DPT/DPC
in feed molar ratios of 50/50/50/50 and 50/50/60/40 were
checked by Attenuated total reflection Fourier transfer
infrared spectroscopy. They were found to be 42/58 and
50/50 respectively, indicating that DPC is more
reactive. This was expected in view of the flexibility
of DPC relative to DPT. This identi-fication was made
possible by comparing the IR absorption of the
polyester-carbonate product at 1777.5 cm + (for_the
carbonyl groups of carbonate) and at 1738.8 cm~1 (for
the carbonyl groups of ester), using the IR absorptions
of DPT and DPC as controls (to calculate the respective
extinction coefficients of carbonyl groups). However,
the same IR method could not give the ratio of BHQ/MHQ,
beciuse of the overlap of absorption bands at 2925-2975
cm™+ attributed to methyl and t-butyl groups of the
product. Because of solubility problem in common organic
solvent, no NMR spectrum of the product was taken. The
ratio of BHQ/MHQ can be obtained by solid state NMR if
available. In view of the structures of BHQ and MHQ, no
difference in reactivity was expected.
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Thermotropic polyester-carbonates containing only
HQ and RO have melting points near thermal
decomposition. However when MHQ and BHQ were included
in the composi-tions, the melting temperatures were
depressed somewhat close to 300°C as shown in Table II.

Table II. Thermotropic Polyester-carbonates Derived from
HQ/RO/BHQ/MHQ and DPT/DPC (molar ratio 50/50)

Feed molar ratio AS 1S After annealed*
HQ/RO/BHQ/MHQ ngp/c Tg (Pc) ngp/c Tg (°C) Tm (°C)
40/35/15/10 1.18 118 1.11 115 288
40/30/20/10%* 0.92 119 insol 127 327
35/35/15/15%% 1.49 122 insol 130 330
35/30/25/10 1.65 135 1.52 128 285
35/30/20/15 1.61 122 1.55 119 290
30/30/25/15 0.87 112 0.92 112 285

* At 240°C for 30 minutes.
** Annealed at 250°C for 6 hours.

Because of the very amorphous nature of these polymers
due to the synthetic procedure employed (melt-polymeri-
zation and quenching of products) and the compositions
studied, true melting temperatures can be obtained from
the DSC scans only after the as-prepared samples were
annealed at temperature below melting for a short period
of time. Almost all polyester-carbonate samples derived
from Hg/RO/BHQ/MHQ and listed in Table II were annealed
at 240°C (more than 40°C below Tm) for 30 minutes to
give samples with more crystallinity, yet they were not
over treated to cause changes in molecular weight as
demonstrated by constant viscosities and Tg's before and
after annealing. Melting temperatures were then measured
by DSC. Two samples were treated at higher temperature
(250°C) for longer period of time (6 hours) to get the
ultimate melting temperature for samples with extremely
high molecular weights (samples insoluble in the same
solvent used for measuring viscosity of low viscosity
samples). Both of them were close to 330°c.

In general, high molecular weight polymers can be
obtained routinely with the synthetic procedure as
described earlier unless when the stirring of reaction
contents were not efficient during the vacuum
distillation stage. Normally samples of reduced
viscosity of 2-3 can be obtained as long as the melting
temperature of the polymer was 290°C or below. The
molecular weight of thermotropic polymers prepared by
melt-polymerization is much higher than those prepared
by solution polymerization. (3a) In those cases the
inherent viscosity were normally in the range of 0.3 to
1.0.
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The Effect of Solid-State Heat-Treatment on Molecular
weight and Crystallinity. Solid-state heat-treatment
had been done before on thermotropic polyester fiber to
obtain advancement in tenacity (6) and on polyester-
carbonate samples to get advancement in molecular
weight. (11) It was understood that post polymerization
and thermal annealing occurred on thermotropic polymers
at solid state, as the term post-polymerization has been
used interchangeably for solid-state heat-treatment.

The objectives of carrying out solid-state heat-
treatments of thermotropic polyester-carbonates were
twofold. One, to study the heat~treatment phenomena.
Two, to prepare samples of higher molecular weight for
processing studies into high performance fibers and
plastics if heat-treatment did cause advances in
molecular weight.

Selected samples (in fine-pieces) of thermotropic
polyester-carbonates derived from BHQ/MHQ/DPT/DPC,
(contained 1000 ppm of TBT) and also those containing
HQ/RO as described in the proceding section, were heat-
treated in the solid state at temperatures between 40°
below Tm and Tm for different periods of time. It was
found that the crystallinity was increased in all
samples, as suggested by the DSC scans after the sample
was heat-treated. It was also found that the molecular
weights of all samples increased with the advances
depending on the time and temperature of heat-treatment.
Table III summarized some typical examples in this
study. As expected from the general chemical reation
kinetics, the higher the heat-treatment temperature, the
faster the advances in molecular weight.

Because high molecular weight thermotropic
polyester-carbonate products can be obtained by this
process, the difficulty in obtaining high molecular
weight materials directly from melt-polymerization is
circumvented.

It was observed that the efficiency in heat-
treatment is irrevelent to the powder size in our
experiments. However it was found that samples of the
same molecular weight can be treated more efficiently in
the fiber form (particularly in fine denier fiber) than
in powder form

Because of differences in surface area. For
example, a sample in powder form derived from
BHQ/MHQ/DPT/DPC (50/50/55/45) with reduced viscosity of
1.97, can be treated to give a product with reduced
viscosity of 4.19 at 240°C for 6 hours, while a sample
in fiber form, spun from a sample of the same viscosity,
became insoluble in the same solvent after it was
treated under the same conditions.

The Effect of Catalyst Concentration on Melt-
polymerization and Solid-state Heat-treatment. 1In the
preparation of polyester-carbonates of different
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Table III. Effect of Heat-treatment on Molecular Weight
(ngp/c) for Thermotropic Polymers Derived
frof BHQ/MHQ/DPT/DPC (BHQ/MHQ 50/50)

Heat Treatment DPT/DPC Molar Ratio

T (°c) t (hours) 55/45 57.5/42.5 60/40
Original 1.97 2.07 2.88

240 3 3.66 - -

6 4.19 - -

12 5.86 - -

18 9.45 - -

24 12.7 - -

250 3 - 3.67 6.01
6 - 6.63 8.76

9 - 10.9 -

12 - 16.3 insol

24 - insol -

260 1 - - 5.28
3 e aad insol

compositions as described in the previous sections, TBT
in the amount of 1000 ppm was used universally. This
melt-polymerization did need catalyst. In some cases,
the addition of TBT was withheld intentionally, the
reaction contents stayed fluid at 250-270°C, with no
phenol distilled. However, once a few drops of TBT was
added, phenol started to distill over.

To study the effect of TBT on polymerization
kinetics, the melt-polymerization of BHQ/MHQ/DPT/DPC
(50/50/57.5/42.5) was carried out with TBT in the amount
of 1000, 300, 100 and 30 ppm's respectively. Attempts
were made to carry these polymerizations under the same
reaction conditions, particularly the same distillation
time under the same vacuum and the same reaction
temperature. However some variations in reaction
conditions were still possible due to the equipment
limitations. Table IV summarized some representative
data in this study. As can be seen, the molecular weight
of the product achieved was about the same (2.07 vs
1.81) when the amount of TBT used was 1000 ppm or 300
ppm. However, when the amount of TBT was dropped down to
100 ppm or 30 ppm, the molecular weight of the product
(reduced viscosity was 1.11 and 0.87 respectively)
achieved was only half of those obtained with a high
amount of TBT.

The effect of TBT concentration on solid-state
heat-treatment was also studied. It was assumed here
that the loss of TBT during purification was in
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Table IV. Effect of TBT Concentration on Melt-
polymerization and Solid State Heat-treatment
for BHQ/MHQ/DPT/DPC (50/50/57.5/42.5)

Reaction Condition TBT Concentration (ppm)
1000 300 100 30

Melt-polymerization
Distillation time (hr)

under nitrogen 1.8 1.0 2.2 3.0

under vacuo 2.0 1.8 2.0 2.0

nsp/c 2.07 1.81 1.11 0.87

Heat-treatment

at 250°C, N, for (hr) Ngp/C

2 - 2.71 - -

3 3.67 - - -

4 - 3.03 - -

6 6.63 -— - 1.41

9 10.9 - - -

12 16.3 - 1.79 -

24 insol - - -

48 - - 4.80 -

60 - - 5.63 -

72 -= == insol -

proportion to the amount of TBT used. The loss of TBT
for a sample pre-pared with 300 ppm of TBT was analyzed
by ICP analysis. It was found that the purified product
contained 272 ppm of TBT, representing a 50% loss of
TBT, after adjusting for the loss of phenol. This series
of heat-treatment studies were carried out at 250°C for
different periods of time with the results summarized in
Table IV. As expected, the molecular weight of the
sample advanced faster when more TBT was used. When the
TBT concentra-tion used was very low ( such as 100 ppm
or 30 ppm), the heat-treatment process became very
inefficient in gaining an advancement in molecular
weight.

Correlation of Transition Temperatures with Molecular
Weight. Table V shows the Tm's and Tg's of thermotropic
polyester-carbonates of higher molecular weight after
heat-treatments. In all three series, the Tm advanced as
the molecular weight increased, but it reached a
asymptotic figure. The Tg's stayed relatively constant.
The Tm' vs reduced viscosity were plotted in Figure 1.

Thermotropic Polyester-carbonates as Fibers and Self-
reinforced Plastics. The major objective of our study
in thermotropic polyester-carbonates was to evaluate
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Figure 1. Melting temperature versus reduced viscosity for
polyester-carbonates. (m) DPT/DPC 55:45; (4) DPT/DPC 57.5:42.5;
(%) DPT/DPC 60:40

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



112 LIQUID-CRYSTALLINE POLYMERS

Table V. Tm and Tg vs Molecular Weight (in ngp/c) for
Thermotropic Polyester-carbonates Derived from
BHQ/MHQ/DPT/DPC (with BHQ/MHQ at 50/50)

Composition
DPT/DPC nsp/c, Tm and Tg

55/45 n c 1.96 2.88 3.38 4.15 6.95 9.45 12.7
240 275 278 282 294 299 303

Tg 128 129 130 131 134 134 137
57.5/42.5 ngn/C 2.07 3.29 4.27 6.63 10.9 1Insol
ig 260%* 288 288 297 304 307

Tg 128 132 133 133 137 138
60/40 nig/c 2.97 3.10 4.77 6.52 8.76 1Insol
290* 289 300 303 306 308

Ta 136 137 138 138 137 140

* By visual observation on a polarized microscope.

these polymers as fibers and plastics, in hope that high
tenacity fiber and self-reinforced engineering plastics
can be obtained. The fiber-spinning and plastic
processing studies were described separately.(7,8)
During the course of our study, we had the opportunity
to evaluate the only available all aromatic, thermo-
tropic polyester, LCP2000 from Celanese. Presumably it
was a copolymer containing hydroxybenzoic (HBA) and
hydroxy naphtholic acid (HNA) moieties. The sample was
subjected to fiber spinnings and plastic moldings as
were the thermotropic polyester-carbonates, using the
same equipment and under comparable conditions.

Table VI compares the key properties of these two types
of thermotropic polymers category by category. The
samples compared had the same melting ranges, but were
very different in reduced viscosities and solubility
characteristics. The data compared were those processed
under the most favorable conditions. Interestingly
enough, the as-spun fibers from the polyester-carbonate
can be heat-treated more efficiently than those fibers
(of same tenacity) spun from the polyester. Both of them
gave fiber properties far superior to those of nylons
and polyethylene terephthalate. These two classes of
polymers also had comparative properties (such as
tensile strength, tensile modulus, flex modulus, notched
Izod impact strength) as plastics; and their properties
were far superior to most plastics without any
reinforcement.
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Table VI. Comparative Properties of Thermotropic
Polyester and Polyester-carbonates

Class of polymer Polyester Polyester-carbonate

Composition HBA/HNA- BHQ/MHQ/DPT/DPC
containing (50/50/57.5/42.5)

nsp/c > 17 in 2.07
pentafluoro- in p-chlorophenol/
phenol at 50°C 1,2-dichloroethane

at RT
Tm (°C) 272 & 292 250

Properties as fiber

Spun at (°¢) 299 260
Properties:

tenacity/modulus/denier

(in grams/denier)

as—-spun 8.0/405/6 5.7/360/7

heat-treated for

6 hours at 250°C 240°c
14.3/445/8 18.2/410/6

Properties as plastics

Sample viscosity same 1.81
Molded at (°¢) 304 260

Notched Izod

ft-1b/in 4.1 3.0

Tensile strength

(104 psi) 2.07 1.98
Tengile modulus

(10° psi) 5.21 6.86
Flex modulus

(105 psi) 7.50 8.11
Conclusion

High molecular weight thermotropic polyester-carbonates
can be prepared through transesterification of monomers
in the melt, using tetramethyl titanate as catalyst. The
products can be heat-treated in the solid-state to gain
advances in molecular weight and crystallinity, with the
rate of post-polymerization depending on temperature.
Thermotropic polyester-carbonates can be spun and heat-
treated into high performance fibers and processed into
self-reinforced plastics, with mechanical properties
equivalent to those of some all aromatic thermotropic
polyesters.
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Chapter 9

Structures and Thermal Properties
of Liquid-Crystalline
Poly(ester-co-carbonate)

M. Kawabe, I. Yamaoka, and M. Kimura

Research and Development Laboratories—1, Nippon Steel Corporation,
1618 Ida, Nakahara-ku, Kawasaki 211, Japan

The thermotropic liquid crystalline copoly(estercarbonates) (PECs) were
synthesized from p-hydroxybenzoic acid (HBA), 4,4’-dihydroxybiphenyl
(DHBP), and diphenylcarbonate (DPC). Threaded textures, a characteristic of
nematic phase, were observed over the investigated composition range. The
liquid crystalline transition temperatures (LCTT) of PECs were found
significantly low, compared with those of copolyesters based on biphenylene
terephthalate and HBA. Density measurement revealed that the structural
orders in injection-molded specimens were well developed. The degrees of
preferred orientation were increased and the fibrous structures were
significantly developed by heat treatment. These results suggested
development in lateral order and overall perfection of the structure that
occurred upon annealing.

Thermotropic liquid crystalline polymers have recently been a topic of scientific investigation
(1-3). Because of their thermotropic liquid crystalline character from rigid structural moieties
incorporated in the polymer backbone, these polymers possess outstanding melt processability
and excellent mechanical properties.

Jackson and Kuhfuss reported a thermotropic polymers system comprised of poly(ethylene
terephthalate) modified with HBA (4). They demonstrated not only the thermotropic liquid
crystalline behavior but also the excellent melt processability of these materials to yield
specimens with high modulus values. However these copolymers had very low use
temperatures as reflected by low heat deflection temperatures.

Economy and co-workers reported the copolyesters based on biphenylene terephthalate and
HBA (5-6). These polymers exhibited excellent mechanical properties up to 250-300°C, but
these copolyesters had poor processability because of their high LCTTs.

The purpose of this research is to synthesize a series of thermotropic liquid crystalline
PECs consisting of HBA, DHBP, and carbonyl units with good melt processability and high
heat deflection temperatures. The carbonate linkage is expected to reduce LCTT without
reduction of the chain rigidity and heat resistance.

The thermal properties and solid state structures of PECs are elucidated. The effects of heat
treatment on the thermal properties and the structures are also discussed.

Experimental
Nomenclature

Copolymer compositions were expressed as a mole percentage of HBA moiety with the
remainder being biphenylene carbonate units. For example, PEC having a 40 mole% of HBA
moiety was coded as PEC-40HBA.

0097--6156/90/0435—0115306.00/0
© 1990 American Chemical Society
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Polymer Preparation

PECs were prepared by monobutyltin oxide-catalyzed, melt transesterification of mixtures of
HBA, DHBP, and DPC.

HO—O—COOH + HOOH . O_ocoo—O
e O H O

A mixture of the monomers plus catalyst was heated (200 °C) and phenol by-product was
removed by atmospheric distillations. The stirred reaction mass was gradually heated to
300-320<C, and finally, the pressure was reduced below 1 Torr.

A series of thermotropic PECs having HBA and biphenylene carbonate units were
synthesized in a range of HBA moiety varying from 40 to 80 mole%. Polymer compositions
welre based on the ratios of starting monomers. They were checked by the yields of the
polymers.

The similar dilute solution viscosity data in Table 1 suggested that the differences of
molecular weight among them were not large, so the comparisons of structures and thermal
properties of these copolymers would be regarded as significant.

Table I. Inherent Viscosities of PECs

Polymer As-molded Annealed
Iv.a) Tab) IV,
(dL/g) (°C) (dL/g)

PEC-40HBA 2.77 290 insol.
PEC-50HBA 2.86 270  insol.
PEC-60HBA 3.07 230 insol.
PEC-70HBA 2.84 270  insol.
PEC-80HBA 3.74 290  insol.
a) Inherent viscosity ; 0.1g/dL, pentafluorophenol/chloroform

=80/20(w/w).
b) Annealing temperature.

The copolymers were injection molded into miniature dumbbell specimens at the
temperature above LCTT with a Custom Scientific Instruments (CSI) Mini-Max injection
molding machine. The specimens for thermal treatment were annealed at 200°C for 4 hr and
then at a few tens degree below LCTT for 40 hr under vacuum to develop crystalline order.

Measurement Methods

Inherent viscosities (IVs) were measured at 0.1 g/dl concentration in 80720
pentafluorophenol/chloroform solvent at 30 °C.
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Liquid crystal textures were observed by optical microscopy between crossed polars. The
instrument used was an Olympus BH-2 polarizing microscope equipped with a Linkam
TH-600RH hot stage.

The transition temperatures of the polymers were measured with a Mettler DSC-30
differential scanning calorimeter under a constant flow of nitrogen and a heating rate of
10 C/min.

Dynamic mechanical analyses were performed on an Orientec Rheovibron DDV-III-EP. The
storage modulus spectra were obtained from -150 °C to 250 <C at a heating rate of 2 C/min
and a frequency of 110 Hz.

Densities were measured using a density gradient column ( toluene/carbon tetrachloride
solvent ).

Wide-angle X-ray scattering (WAXS) was done using a Rigaku-denki Geigerflex RAD-3B
X-ray diffractometer with nickel-filtered CuKo radiation. The degree of orientation for the
crystallites (H) was determined from azimuthal scans of the strongest equatorial reflection
using the equation H=100(1-¢/180°), where ¢ is width (degrees) at half maximum of the peak
on the intensity profile.

Microstructures were characterized using a JEOL JSM-T330A scanning electron
microscope with an accelerating voltage of 30kV. The samples were fractured under liquid
nitrogen after immersion for about five minutes. They were then mounted on aluminum stubs
and sputtered with gold using an Eiko Engineering IB-3 sputter coater for enhanced
conductivity.

Di i
Thermal Properties
Typical polarized optical micrographs of the molten samples were shown in Figure 1.
Microscopic analyses were carried out at temperatures in the range 25 - 390 C, and threaded
textures, a characteristic optical texture of nematic mesophase, were observed above LCTTs
over the investigated composition range. The nematic to isotropic transitions were not
observed up to 390 C.

Figure 2 indicated the influences of HBA content and annealing on the two types of
transition temperatures, LCTT and Tg.

The incorporation of biphenylene carbonate moiety into poly(p-oxybenzoate) appeared to
reduce the LCTTs in a quasi-eutectic manner, and the LCTT curve had a minimum at
60 mole% HBA content. Arrows on Figure 2 showed LCTTs of some commercial
copolyesters based on biphenylene terephthalate and HBA. The LCTT of PEC-60HBA was
significantly low, compared with those of the copolyesters. The introduction of flexible
carbonate linkage would lower the LCTTs of PECs.

The Tg curve declined gently as HBA content increased because the introduction of
biphenylene moiety and carbonate linkage would effectively increase Tg.

The LCTTs and the Tgs of annealed samples were higher than those of as-molded samples
over the investigated composition range (40-80 mole% of HBA units).

To check the influences of annealing on the transition behaviors, the as-molded and the
anneziled specimens of PECs were reheated. Figure 3 showed typical DSC curves for these
samples.

The heat treatment affected the thermal transition behaviors and the LCTTs of PECs. The
as-molded sample of PEC-70HB A exhibited two transitions at 240 °C and 270 °C. After
annealing, the endotherm at lower temperature disappeared; the endothermic peak at 270 C
was shifted to the higher temperature.

The effects of thermal treatment of PECs on Tgs were dynamic-mechanically examined.
Figure 4 showed the storage modulus curves of the as-molded specimens and the
annealed ones.

The degrees of the storage modulus drops at about 130 °C, assigned to the glass transition,
were decreased by heat treatment. These diminutions of storage modulus drops and the
increases of the storage modulus over the investigated temperature range suggested that some
of less-ordered regions would be changed to ordered regions by annealing.

In Liquid-Crystalline Polymers; Weiss, R., et al.;
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Figure 1. Polarized optical micrographs of the PECs: (a) PEC-60HBA 265 °C
(magnification X200); (b) PEC-70HB A 300 <C (magnification X200).
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Figure 2. Effects of HBA content and annealing on transition temperatures.
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Figure 3. DSC thermograms of PEC-70HBA.



121

KAWABEETAL.  Properties of LC Poly(ester-co-carbonate)
10 12
., g PEC-80HBA
10 et
&q A4
5 7Y
2 L
g |
£ ST
= ‘A
PEC-40HBA ATAA
10 1 A~
A
10 9 T T T T Y Y T
<100  -50 0 50 100 150 200 250

Temp. (°C)
A B :As-molded A [ : Annealed
Figure 4. Dynamic mechanical spectra of PECs.

Density Measurement

If the densities of molten PECs were reflected by density-column measurement on the
quenched samples, further evidence for the cause of the lowering of LCTT could be elucidated
by varying the densities of the molten state. The density curves of the quenched samples in
Figure 5 showed a similar pattem with the LCTT curve depicted in Figure 2 as HBA content
of PEC was changed. These results would suggest that the lowering of LCTT on PECs was
attributable to the reduction of density of the melt which would imply a reduction of the degree
of molecular packing.

The large density differences between the as-molded specimens and the quenched ones
were observed. On the other hand, the densities of the as-molded specimens are similar with
those of the annealed ones. These results indicated that orders in as-molded specimens were
well-developed, but quenched specimens were less ordered.
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Figure 5. Densities of poly(estercarbonates).

f ite Orientati

The degrees of orientation for the crystallites in the injection-molded specimens of PECs were
determined from the azimuthal breadth at half-maximum intensity in the strongest equatorial
reflection by X-ray diffraction. Figure 6 showed the degrees of crystallite orientation of the as-
molded and the annealed specimens.

It could be scen that the degrees of crystallite orientation increased by thermal treatment.
This would result from a development in the overall order of crystallite along the flow
direction.

SEM Analysis

SEM micrographs and visual appearances of the fracture surfaces revealed the presences of a
hierarchical organization and microstructures in the macrolayers. Starting from the
macroscopic level, five macrolayers were observed: two outer skins, two mid layers with a
core in between. Due to differences in color, the macrolayers were readily visible to the naked
eye. This skin-core morphology is a characteristic of many injection-molded LCPs (7-8).
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Figure 6. Degrees of orientation of PECs.

Figure 7 and 8 showed the typical fracture surfaces of the as-molded PEC-70HBA and
PEC-40HBA by pulling along transverse directions respectively.

As indicated in Figure 7b and 8b, the outer skin layers were “fibrillar” microstructures in
nature and were oriented parallel to the flow direction. The high orientation observed could be
attributed to the elongational flows that seem to predominate near the surface of the mold. The

skin layers were approximately 20-50 pm in thickness.

Observations of fracture surfaces in lower magnification (Figure 7a and 8a) suggested that
these levels of organization showed a “mica-like” structure.

No microstructural differences between the mid and the core layers could be detected from
comparison of the fracture surfaces (Figure 7c, d and 8c, d). The microstructures in these
layers were better described as strips, and the average molecular orientations of the mid and
the core layers were still parallel to the flow direction, in contrast with a relatively featureless
core with little or no molecular orientation observed by other investigators (7). The variations
in the layered structures and the skin core phenomena observed in PECs could be correlated to
the process history, the shapes of the specimens, the injection molding parameters, and the
molecular structures of the polymers.

The fracture surfaces of annealed samples were shown in Figure 9 and 10. Internal
microstructures appeared more fibrous after annealing. These fibrous structures were observed
not only in the outer skin layers but also in the mid and the core layers after annealing (Figure
9c¢, d and 10c, d). The aspect ratios of the macrofibrils in the mid and the core layers were
significantly increased by thermal treatment. These might result from more lateral packing of
the molecules in the macrofibril and perhaps from development of extended-chain crystals
because of the increase of molecular orientation by annealing (Figure 6).
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Figure 7. SEM micrographs facing fracture surfaces of PEC-70HBA as-molded:
(a) whole surface (x100); (b) top skin layer (x5000); (c) mid layer (x5000); (d)
core layer (x5000).
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Figure 8. SEM micrographs facing fracture surfaces of PEC-40HBA as-molded:
(a) whole surface (x150); (b) top skin layer (x5000); (c) mid layer (x5000); (d)
core layer (x5000).
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Figure 9. SEM micrographs facing fracture surfaces of PEC-70HBA annealed: (a)
whole surface (x75); (b) top skin layer (x5000); (c) mid layer (x5000); (d) core
layer (x5000).
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Figure 10. SEM micrographs facing fracture surfaces of PEC-40HBA annealed:
(a) whole surface (x75); (b) top skin layer (x5000); (c) mid layer (x5000); (d)
core layer (x5000).
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Conclysions

(1) The thermotropic liquid crystalline PECs could be synthesized from HBA, DHBP,
DPC. Threaded textures of PECs, a characteristic of the nematic phase, were observed over
the investigated composition range.

(2) The LCTTs of PECs were found significantly low, compared with those of commercial
copolyesters based on biphenylene terephthalate and HBA.

(3) Microstructures in as-molded specimens were found well ordered.

(4) The degrees of preferred orientation were increased, and fibrous structures were
significantly developed by heat treatment.
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A comprehensive interpretation of the microstructure of the liquid
crystalline aromatic copolyesters is presented. The role of the synthetic
route and of high temperature processing on the microstructure are
clearly defined. As a result of this study a predictive model now exists
which permits interpretation of the very subtle chemical processes which
can occur at elevated temperatures leading to either randomization or
ordering of the microstructure.

The preparation of the homopolymers of p-hydroxybenzoic acid (HBA) and of 2-
hydroxy-6-naphthoic acid (HNA) have been described in the literature (1.2) and
both have been shown to polymerize as single crystals. However, reports on the
synthesis of copolyesters of HBA with either HNA, polyethylene terephthalate
(PET), or biphenol terephthalate (BPT) are not well documented in the published
literature. Considering the commercial importance of these melt-processible
copolyesters of PHBA it is surprising how little progress has been reported on
relating the synthesis to the microstructure of these copolymers. Some of the
problems associated with the study of these systems arise from their low solubility
in most solvents, which greatly limits use of techniques aimed at relating
microstructure to the synthetic pathway. An additional complicating factor is the
potential for transesterification reactions during polymerization and subsequent
processing which may also influence the microstructure. In fact, there appears to
be some confusion in the case of liquid crystalline polyesters as to whether they are
stable in the nematic melt (3), randomize(4), or undergo crystallization induced
ordering (5).

In this paper, some of our recent studies in this area are combined to
provide a reasonably comprehensive picture of the reactions which occur during
polymerization, and subsequent processing(2.6.7.8). The HBA/HNA 50/50
copolymer system was selected for this particular study because of its solubility and
relative ease of synthesis.

Transesterification Processes during Polymerization

The HBA/HNA system is perhaps the simplest system to study among the various
commercial systems, since the monomers can either be polymerized in solution or
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in the melt to low molecular weight oligomers which can be further characterized by
NMR techniques. In contrast, preparation of the HBA-PET system proceeds via
the transesterification of a melt of PET and the acetoxy benzoic acid monomer(9).
The complexity of this reaction has been described recently in a study(1Q) showing
significant variations in composition and microstructure of the 60/40 PHBA/PET
copolyester. In the case of the HBA-BPT polymerization, the initial reaction is
heterogern.eous suggesting that the oligomers would tend to be blocky(11)

In our study of the HBA-HNA copolymer we chose to carry out the reaction
in an inert high boiling hydrocarbon solvent (Therminol 66). The degree of
reaction could be followed directly by measuring the evolution of acetic acid. As a
starting point, we examined the kinetics of homopolymerization of the two
monomers i.e. p-acetoxy benzoic acid and 6-acetoxy-2- naphthoic acid. There
already were published data(12) on the kinetics of polymerization of HBA showing
a zero order rate process, as one might predict for a polymerization which is carried
out almost completely in the solid state. We were surprised to find that the HNA
behaved almost identically, precipitating early in the polymerization at a DP ~ 4-5 in
the form of single crystals, so that most of the reaction was carried out in the solid
state(2). As shown in Figure 1, the HNA polymerizes in the solid state two times
faster than the HBA suggesting that the acetate end group in the growing HNA
polymer is better positioned to react and or to diffuse out through the openings in
the structure. On the other hand, the rate of conversion of the 1/1 HBA-HNA
mixture proceeds in solution at a rate slightly lower than that for the HBA. A plot
of 1/monomer concentration (shown in Figure 2) indicates that the kinetics for
copolymerization are best described as 2nd order kinetics.

A study of the reactivity ratios of the two comonomers was also undertaken;
however, analysis of the oligomer with DP < 6 was complicated by solubility
problems which made it difficult to isolate samples representative of the actual
composition at these low DP's. To get around this problem the polymerization was
run to 90% completion (based on acetic acid). C13 NMR analysis of the copolymer
showed the same ratio of monomers as in the starting mixture indicating in the
absence of transesterification that the reactivity ratios were the same. End group
analysis showed an Mp, value of 2000. In addition, analysis of the diad sequences
in this polymer showed a distribution of the four possible diads identical to what
one might predict for a random copolymer.

The above conclusion on the role of reactivity ratios on microstructure
assumes the absence of rapid transesterification reactions between chains. Since
such processes might also tend to randomize the microstructure, it seemed
important to isolate the role of interchain transesterification. A unique experiment
was designed in which a 13¢ labeled carbonyl in acetoxy benzoic acid monomer
(B*) was reacted with the dimer of HBA-HNA. At 99% 13C enrichment, the only
resonances in the carbonyl region of the spectrum will arise from the enriched
benzoic acid carbonyl. In the absence of any interchain transesterification the
microstructure of the polymer would consist only of B*-B dyads (see scheme 1).
On the other hand presence of B*-N dyad in the polymer could only arise from a
transesterification reaction where the B* was inserted between the -BN-. As shown
in Figure 3, 13C NMR displays a small but distinct peak (ca.14%) at the resonance
position corresponding to B*-N diad. Since the polymerization was run at the same
temperature of 245°C for170 min and to the same degree of polymerization
(M ~2252) as the earlier experiment on the reactivity ratios, one can conclude that
the role of interchain transesterification is relatively small and that the monomers
have approximately equivalent reactivity ratios. The reaction of B* with the HBA-
HNA dimer was also examined at 225° and 285°C to determine the possibility of a
temperature effect. The times of reaction were 20 hrs and one hour, respectively,
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Figure 2. Kinetics of Polymerization of the 50/50 HBA/HNA Copolymers.
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and were designed to arrive at the same degree of polymerization as the 245°
experiment. It was found that the amount of B*-N diad was the same in all three
cases. This should not be unexpected if the rate of transesterification is determined
by the concentration of carboxylic acid end groups, which would be the same in all
three cases.

Some additional insights into the nature of the p-HBA polymerization
reaction were obtained by monitoring with IR the change in acetoxy and carboxylic
acid end groups. As can be seen in Figure 4, the acetoxy and carboxylic acid peak
disappear at approximately the same rate although the growing polyester peak
masks the acetoxy peak after 10 minutes. No other peaks such as anhydrides could
be detected in the IR spectrum indicating that the mechanism of polymerization
proceeds via direct reaction of the carboxylic acid with the ester.

Transesterification during Annealing

In an earlier study, Butzbach et al(13) had reported a sharp increase in crystallinity
during extended annealing of the PHBA/HNA(58/42). In our work a sample of the
50/50HBA/HNA) copolymer was annealed at 210°C for 24 hours and examined by
DSC and NMR. As can be seen in figure 5, the DSC thermogram showed an
approximate 4x increase in transition enthalpy indicating an increased crystallinity.
However, there was no detectable change in the diad ratios in the 13C-NMR
spectrum (see Figure 6). One can conclude from these results that the increased
ordering in the DSC was primatrily the result of slow chain diffusion to provide a
higher concentration of the crystalline ordering present prior to annealing. On the
other hand, a significant increase in Mp, was observed during annealing, i.e., from
10,000 to 30,000. Hence some transesterification reactions are occurring in the
solid state but are limited to the end groups. It should be noted that although the
50/50 copolymer is random, because of the rod-like nature of the chains there is a
tendency for segregation of like sequences into poorly formed three dimensional
crystallites(14). The fact that annealing results in an increase in the transition
enthalpy but with no upward shift in temperature is additional evidence along with
the 13C NMR dyad analysis that the microstructure has not changed. Comparison
of the X-Ray diffraction patterns before and after annealing show practically no
change in the relatively broad diffuse pattern.

Transesterification at Teeyn

A sample of the 50/50 HBA/HNA copolyester was heated for 16 hours at 250°C.
DSC analysis showed a completely altered spectrum with the peak at 2500C
completely disappearing and being replaced by three new peaks, namely at 2400C,
3200C and 370°C (see Figure 7). In addition, the sample was completely insoluble
in pentafluoro phenol (PFP). End group analysis showed the polymer to have
increased in MN >30,000 which could explain the insolubility. Hence the heating at
2500C was repeated for 72 hrs. in the presence of a capping agent, 2-naphthoic
acid, to control the M at about 7,000. Again the three new peaks were observed
but in this case the sample swelled 20 X in PFP. This experiment was repeated
with even more 2-naphthoic acid to bring the My down to 3,800. The DSC
showed the same three new peaks but now the sample was soluble in PFP.
Analysis by 13C-NMR showed a spectrum typical of the random diad distribution of
the 50/50 copolyester.

Others have interpreted this behavior in this class of copolyesters as a
possible physical ordering process(15,16). A different interpretation and one more
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consistent with the observed data is that interchain transesterification has occurred
in the polycrystalline regions to produce the more highly ordered structures of the
alternating HBA/HNA copolymer and of the HBA and HNA homopolymers. In
fact, the new endotherms at 240°C, 320°C and 370°C are typical of these
structures. The insolubility in PFP undoubtedly is due to the better developed
crystallinity in the reordered domains. The 13¢c NMR data which show a random
sequence distribution for the low My copolymer can be explained by the fact that
the majority of the sample is indeed random and the ordering which has occurred in
tlga original polycrystalline regions (< 10-15%) is beyond the limits of detection by
13c NMR.

Transesterification AboveTcsn

To test the potential for transesterification in this temperature range, an experiment
was designed to heat under compression molding conditions a 50/50 mixture of the
relatively low MN homopolymers of PHBA and PHNA at 460°C(8). This
temperature is a few degrees above T¢yn Of both homopolymers. Surprisingly the
entire sample extruded into the annulus within less than a minute after a pressure of
2000 psi was applied. Analysis by 13¢c NMR, DSC and X-ray diffraction proved
conclusively that the two homopolymers had undergone a very rapid
transesterification to the random 50/50 copolyester of PHBA/HNA (see figure 8).
This extremely high rate of ester interchange is consistent with what one would
calculate using the known kinetics for transesterification reactions in PET at 2750°C-
300°CU7).

General Interpretation

The picture that emerges from the results of this work indicates that both the
microstructure and resultant morphology are dependent on subtle chemical and
physical processes that to a considerable degree are determined by the thermal
history of the material. As illustrated in Table I one can clearly distinguish the
chemical and physical processes which are operative in these systems.

Table I. Chemical vs Physical Processes
in the LC Polyesters

Temperature Dominant Changes in
Processes Microstructure
or Morphology

Teosn Chemical Randomization
Teon Physical Crystallization
Annealing Chemical Crystal Ordering

{near T¢on)

Annealing Physical Further Crystallization
(below T c(_)n)

~Tnag Physical Nematic Glass
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Figure 8. Comparison of 13C NMR Spectra of a Compression Molded
Mixture of the Homopolymers of PHBA + PHNA with that of The Random
HBA/HNA (50/50) Copolymer.
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Thus at temperatures well above T¢yn chemical processes dominate. An
extrapolation from ester interchange kinetics at temperatures of 290°C to 450°C
would indicate interchain transesterification with approximately 1000
interchanges/chain/10 seconds(8). At the same time MN increases rapidly resulting
in a sharp reduction in carboxylic acid end group concentration and thus reducing
the potential incidence of these reactions. The propensity for randomization in the
nematic phase will continue with decreasing temperature even below T¢eon but
with correspondingly slower rates until the nematic phase freezes into a glass, e.g.
in the HBA-HNA system the nematic glass transitions range from 80-130°C
depending on composition.

As one goes below the crystal-nematic transition physical processes
dominate and the rod-like random chains match up to produce relatively small
concentrations of defective three dimensional crystallites. If one anneals near the
Tcon chemical processes dominate and the relatively poorly ordered structures
undergo interchain transesterification to yield bimodal domains of highly ordered
sequences. As might be expected further polymerization is observed during these
annealing experiments. The fact that the DSC scan shows endotherms almost
identical to the scans observed with single crystals of the respective homopolymers
and of the alternating copolymer indicate that a sufficient degree of aggregation of
the respective -B-B-B-, -N-N-N-, and -B-N-B-N- units has occurred to a level of
order comparable to that of the pure materials. The driving force to these processes
is kinetic and arises from the stronger dipole interactions and higher densities
achieved with the improved packing. It is likely that the carboxylic acid
concentration is higher at the interface between the nematic phase and the poorly
formed crystalline phase thus facilitating the process.

Finally, if we anneal at 50-70°C below the T¢yn physical diffusion
processes dominate to yield a significant increase in concentration of the defective
crystallites along with increased molecular weight. The potential for "chemical”
ordering is sharply reduced at these lower temperatures because of the greatly
reduced mobility of end groups within the polycrystalline phase.
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Chapter 11

Synthesis, Characterization, and Photochemistry
of a Cinnamate-Containing Liquid-Crystalline
Side-Chain Polymer

John M. Noonan and A. F. Caccamo

Photographic Research Laboratories, Eastman Kodak Company,
Rochester, NY 146502109

Novel vinyl liquid crystalline (l.c.) polymers were synthesized
with the UV-sensitive p-methoxycinnamate chromophore incorporated
into the side chain of the polymers. The objective of this synthesis was
to determine if a molecularly organized environment could influence the
yield of a chemical reaction in the solid state. The investigation into the
photochemical and physical processes of these thin films revealed that
the photodimerization of the p-methoxycinnamate moieties was very
sensitive to their geometrical arrangement in the polymer matrix. The
relative quanturmn yield of cyclobutane formation increased by a factor of
approximately 8 for the l.c. p-methoxycinnamate film compared to its
amorphous analog. This quantum yield approaches the theoretical limit
for this system.

Dramatic synergistic effects in certain chemical reactions have taken place in
organized environments, e.g., the crystalline state (1), monolayer assemblies (2), and
bilayer assemblies (3). The objective of this research investigation was to determine if
synergistic effects in photochemical reactions could be observed in the macromolecular
organization of thermotropic-sidechain-l.c. polymers. The chemical reaction chosen
for study was the photodimerization of cinnamate moieties contained in the sidechains
of certain Lc. polymers. Because the dimerization requires parallel alignment of the
double bonds within approximately 4 A before cyclobutane ring formation will occur
and because the lifetime of the triplet excited state is only 10 nanoseconds, the overall
quantum efficiency for cyclobutane ring formation in amorphous polymers containing
the cinnamate group was only about 4% (4). Therefore, we felt that in a molecularly
organized environment, the efficiency of dimerization could be dramatically improved.

Experimental

gigngrgl Prmgd;;r; for Vinyl Polymerizations: All polymers (except X) were generated
from their corresponding methacrylate monomers by solubilization in solvents to a
particular total solids concentration as indicated, and initiated with 1% AIBN (by
weight), unless otherwise indicated. The solutions were placed in polymerization
vials, septa sealed and purged with N3 for 20 minutes via syringe needles while
cooling to eliminate evaporation. The flasks were then immersed in constant
temperature baths (CTB) at the prescribed temperatures for 15 hours (overnight). The
viscous solutions were diluted with their respective solvents and precipitated by adding
dropwise into the indicated solvents with vigorous stirring, Solids were collected by
vacuum filtration and dried at room temperature under oil pump vacuum.

0097—6156/90/0435—-0144806.00/0
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Polym L II; 20% solids in dichloroethane; 70°C CTB; ppt. into MeOH LV. = 0.23;
Tg > 25°C.
g

Polymer IV: 20% solids in dichloromethane; 70°C CTB; ppt. into MeOH;
LV.=0.40; Tg = 5°C.

Polymer VIIa: 10% solids in dichloroethane; 60°C CTB; 1.V. = 0.20; Tg = 30°C, l.c.

59°C. Elemental analysis: C25H360s, mol. wt. of repeat unit 416.5. Caled: C 72.1,
H 8.7, 019.2. Found: C70.8, H 8.6.

Polymer VIIb: 10% solids in dichloroethane; 60°C CTB; L.V. = 0.29; m.p. 10°C.
Elemental analysis: Co9H4405, mol. wt of repeat unit 472.6. Calcd: C 73.7, H9.4,
016.9. Found: C71.3, H89, 016.2.

%Solids % CIB Ppt

Polymer LV. DCE Initiator C Solvent
IX-1 0.31 10 1.0 60 EnO
IX-2 0.46 15 0.5 55 EnO
1X-3 0.79 20 0.5 55 ErO
IX-4 0.84 20 0.5 50 EnO
1X-5 1.61 20 0.5 40 EtO

IX-1: Tg 21°n168°. Elemental analysis: C7H30071, mol. wt. repeat unit
466.5. Calcd: C69.5, H6.5, 024.0. Found: C68.7, H6.5, O23.6.

Polymer XI: 10% solids in dichloroethane; 60°C CTB; ppt. into MeOH; 1.V. = 0.31;
Tg 95°C. Elemental analysis: CggH115030, mol. wt. 1653. Calcd: C 63.9, H7.0,
029.0. Found: C63.5, H 6.9, O029.5.

Polymer X: Elvanol 7130-M (100% hydrolyzed PVA) was dried in a vacuum oven at
37°C and at 8 mm Hg for 24 hours. The dried PVA was placed in molecular sieve-
dried-pyridine (5% wt/vol) and heated at 70°C for 6 hours. A mixture of 0.35 mole
equivalents of p-methoxycinnamoy! chloride, and 0.55 mole equivalents of benzoyl
chloride was added to the swollen PVA gel in two portions. First, half the mixture
was added and the reaction was stirred at 70°C for 12 hours followed by addition of
the other half. After the addition of the acid chloride was complete the reaction was
stirred an additional 12 hours. The reaction solution was cooled and the precipitated
pyridine hydrochloride was collected by filtration. The clear pyridine solution was
slowly poured into distilled water under vigorous agitation and the precipitated
polymer was collected and dried. Polymer X displayed a Tg = 92°C and an

L.V. =1.15 (phenol/chlorobenzene).

Th nthesis of Cinnamate-Containing 1.c. Polymer:

It was well known that certain low molecular weight cinnamate esters displayed l.c.
properties (3). Thus, the p-methoxycinnamate group was attached to a methacrylate
via —(—CHp—CH2—)— spacer group in an attempt to obtain a l.c. monomer.
Reaction Scheme I describes the synthesis.

Monomer 2 was not l.c. However, this is not a prerequisite for obtaining l.c.
polymers (6.7). Monomer 2 was homopolymerized, but the resulting polymer II did
not display a lLc. texture. Apparently the (—CH—CHs—) spacer was not long
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146 LIQUID-CRYSTALLINE POLYMERS

enough to sufficiently decouple the motions of the main chain from those of the side
chains. As a result, a monomer with a flexible spacer group of (—CHz—)¢ was
synthesized as described in Scheme II. This monomer did not display a l.c.
mesophase. Surprisingly, the homopolymer IV derived from monomer 4 was not L.c.

AO—CH=CH ﬂ Cl + HO—-CH,3.—0 ﬂ E———CHz

i Vs
CH—=—C——C—0— O(—CHZ)—Z jwn:m@—ocm

Scheme 1

B
CH/~= ——ﬁ OH +CI—(CH2—}GOH———> CHFE E O—{CHZ)—G—OH

H,
BN i
1 + 83——» CHFC———-C——O—(—CHZ)—S—O—C—CH::CH OCH,4
4
Scheme I1

The p-methoxycinnamate group in monomer 4 was replaced with the
hexyloxycinnamate and decyloxycinnamate groups, respectively, in an attempt to
increase the hydrophobic interactions of the sidechains. The synthesis of these
monomers is described in reaction Scheme III. The monomers 7-a and 7-b were not
L.c. They were each homopolymerized yielding polymers VII-a and VII-b,
respectively. Both polymers were stiff viscous glasses with Tg’s below room
temperature. The DSC scans of polymer VII-a showed a Tg of -30°C and Ti of 59°C
with a L.c. texture thought by microscopy to be smectic. Polymer VII-b had a
crystalline melting point at 10°C by DSC analysis, but showed no Lc. textures.
Photochemical reactions were not initiated on polymer VII-a because characterization
of the l.c. texture was not unequivocal and because the films of this polymer were
extremely tacky due to its low Tg.

The aspect ratio of the p-methoxycinnamate moiety was extended by
synthesizing the phenyl ester of p-methoxycinnamate (see Scheme IV). Microscopy
studies did not reveal any l.c. mesophase in monomer 9. However, the resulting
homopolymer IX possessed l.c. order. Microscopy observations on polymer IX
revealed a very stable homogeneous nematic texture. The DSC results showed a Tg at
21°C and a nematic to isotropic transition at 168°C.

Photochemistry of the Amorphous p-Methoxy Cinnamate vs the 1.c. p-Methoxy
Cinnamate Polymeric Films

The photosensitized crosslinking of amorphous polymeric films containing dimerizable
cinnamate moieties show quantum yields of dimerization of about 0.04 (4).
Sensitization of such films by ketocoumarins proceeds via triplet-triplet energy transfer
(9) (see Scheme V). The irradiations were performed at 405 nm at a wavelength
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where the cinnamate chromophore did not absorb, but at a wavelength where the
sensitizer did absorb.

CHafCHa);;syO—QC—H + CHZ—(COZH)2B—:>
CHa‘“CHa—nz_s—go—@’CH:CH—E—OH

5 ab

H; ® o

5-ab + Cl—(CHZ‘)'s—O—C——C_C:CHz Bu,NOH
6
$ i
CH;— C—ﬁ—O—GCHz)—s—O—C——CH: Cl-l—@\ O_fCHZ)_,,Zs—g—CHg
0 7-ab
Scheme III

1+ HO*©-E~OH————> cmo—@— CHZCH—@—O—Q@—OH
8
CH,
bec | i i
8 + 3 D—> CH2—0=ﬁ—O-(CH2)—6—O—C —C—CH=CH OCH,
()
0 9

Scheme IV

h
S — Igx excitation

law Scn intersystem
8 ——» 8 crossing (isc)
triplet-triplet

39 b A — S + 3A*
energy transfer

SA* 4 A — A, dimerization
American Chéiviieal ‘Society
Library

1155 16th St., N.W.
In L“Mﬁﬂ“nen?gyng,omiss, R, etd.;
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H,

IX —[—CH2—|C—}-n—
F= 0

(CHp)g

\FO‘ o—ﬁ—(m:crr—@ OCH,
0

where S = sensitizer; 1S* = singlet-excited state sensitizer; 3S* = triplet-excited state
s?nzitizcn A =cinnamate moiety; 3A* = triplet-excited state cinnamate; A = dimer
of A.

There are several energy wastage steps competing with those outlined above
and Samir Farid has treated these processes very rigorously (10). Consider
Scheme VI. In the case of the amphorous cinnamate-containing polymers the triplet
energy migrates stepwise from one chromophore to the next untl it decays, or reaches
an “appropriate” site. An “appropriate” site has the double bonds of the cinnamate
moiety aligned parallel to each other, and approximately 4 A apart. It visits an average
10 sites before it finds an "appropriate” site (10). Since the lifetime of the triplet

excited state is only 10 nanoseconds (10) decay to the ground state dominates over
excimer formation.

How might the highly ordered l.c. p-methoxycinnamate polymer affect the
energy transfer and migration processes and in turn increase the efficiency of
crosslinking? If the chromophores are placed in an ordered micro-domain, e.g., a L.c.
polymer matrix, far more “appropriate” reaction sites should exist. Consequently,
under the very best conditions, within the lifetime of the triplet excited state, each
triplet excited chromophore should find an “appropriate” site for excimer formation.
As a result, by eliminating the decay to ground state associated with energy migration,
the efficiency of dimerization could theoretically increase from approximately 5%
(p-methoxycinnamate) to 50% (see Scheme VI).

Model Polymer Compositions for Ph hemical Investigations

The compositions of the polymers for the photochemical investigations were adjusted
so that each polymer contained 2.1 molal in the p-methoxycinnamate moiety. The
following polymers were used:
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S....A.... A ...A...A
i UV Exposure
35 . A....A....A....A

¢ Energy Transfer

S....A* .. A .. .A.. A

¢ Energy Migration
A

S....A...A. A . .a
A%O% lm
S....A ... A ...A ... A 3A*/A
{Excimer)
A—A
Cleavage
-As
(@
5%
Scheme VI
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X {—CHZ—CH——-CHZ—TH—CHZ—CH—]—
n

OH j)

010m 0.55 m 0.35m
CH, CH,
X1 {-CHZ—lc + CHZ—(|J ]
%:0 £=O
: b
CH, (J?Hz)z
J)—ﬁ—CH=CH—©700H3
(0]
0.35m 0.65m

Copolymers X and XI were random-amorphous copolymers with Tg’s of 92°C and
95°C, respectively. They were soluble in chlorinated solvents, cyclohexanone, and
DMF. It should be noted that the relative quantum yield of cyclobutane formation in
the solid state (films) for the polyvinylalcohol (PVA)-p-methoxycinnamate film was
about 25% greater than for the amorphous PVA-cinnamate polymer film previously
investigated (10). Consequently, the relative quantum yield of dimerization for an
amorphous p-methoxycinnamate containing polymer film would be approximately 5%.

Solution Spectroscopy of the Model Polymers

The solution (dichloromethane) spectra of polymers X, XI, and IX can be seen in
Fig. 1. Surprisingly, the absorption spectrum of the l.c. p-methoxycinnamate
polymer, IX, showed a 10 nm red shift relative to the two non-Lc.-cinnamate
polymers, X and XI. We suggest that, in the thermodynamically most stable
conformation the p-methoxycinnamate moiety was intramolecularly perturbed by the
phenyl ester group. The ester, phenyl p-methoxycinnamate also shows this
perturbation, but the alkyl and cycloalkyl esters do not. CPK (Corey-Pauling-Koltun)
molecular models sow that the phenyl ester group could assume an orientation that was
almost coplanar with the cinnamate moiety which could easily give rise to a 10 nm red
shift (see Fig. 2).

Film Spectroscopy. Each polymer (IX, X, XI) was dissolved in cyclohexanone at 3%
by weight, and the sensitizer, 3,3’-carbonylbis(5,7-dipropyloxy coumarin)
concentration was 3% by weight of the polymer. The three polymer solutions were
each cast onto a quartz substrate via spin coating. The thickness of the films were
adjusted until an optical density (O.D.) of between 2.0 and 3.0 was obtained at a
wavelength of 300 nm. At this film thickness the concentration of the sensitizer was

approximately 3x10-3 M. Figure 3 shows the absorption characteristics of the non-
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Optical density

220 35
Wavelength (nm)

Figure 1. ————— A - solution spectra of polymers X and XI in
1,2-dichloromethane.
---------- B - solution spectrum of polymer IX(B) in
1,2-dichloromethane.

[

Figure 2. Schematic representation of the planar conformation of the
p-methoxycinnamate moiety.
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l.c. p-methoxycinnamate polymer films X and X1 before and after UV irradiation.
Irradiations were performed on an optical bench with a PEK 200 watt super high
pressure mercury light source. The appropriate filters were used (A > 405 nm) to
insure that only the sensitizer absorbed the incident radiation.

As expected, UV irradiation caused a proportionate decrease in the original
absorption curves at all wavelengths. However, the film spectrum of the /.c.-
cinnamate polymer, IX, unexpectedly was different than the solution spectrum, and in
addition, UV irradiation of the film did not show a proportionate decrease in the
original spectrum at all wavelengths. In fact, there was a large decrease in the
absorption band at 290 nm and a slight increase at 315 nm (see Fig. 4). We suggest
that the thermodynamically most stable polymer conformation was not achieved in the
film-forming process. Instead, the pheny] ester group has been forced into a non-
coplanar conformation which does not perturb the x cloud of the p-methoxycinnamate
chromophore. We suggest that this was probably due to the constraints that the
packing of the l.c. side chains had put on the phenyl ester group.

The spectral changes during UV irradiation of the /.c. p-methoxycinnamate
film could be attributed to the following three processes:

1. isomerization
2. conformational changes
3. cyclobutane formation

See illustration in Fig. 5.

Spectral changes of all three processes take place in the 290 nm to 310 nm
region, and each process would disrupt the order in the side chains of the l.c.
cinnamate polymer enormously. We feel that this disruption would allow the residual
p-methoxycinnamate groups to assume their thermodynamically most stable
conformation which would account for an increase in the O.D. in the 315 nm region.
(Upon heating the films above their Tg’s a proportionate decrease in the original
spectra at all wavelengths took place. Apparently, the side chains reoriented
themselves in a way approaching a perpendicular position to the plane of the film.)
Since all three processes cause changes between 250-350 nm, the relative quantum
yield could not be determined by monitoring the disappearance of the cinnamate double
bonds. Consequently, the relative quantum yield was determined on films of the
polymers using a photographic procedure.

Ph hi Determination of the Amorph nd l.c.-p-methoxycinnam
Polymers

The three most important parameters which must be controlled when comparing the
photographic speeds of similar negative-working-light-sensitive polymers are the
following:

1. The concentration of the light-sensitive moieties
2. The light-sensitive polymer film thickness
3. The molecular weight of the polymers under investigation.

The concentration of the p-methoxycinnamate moiety in all the polymers under
investigation was adjusted to 2.1 molal.

Each polymer was first cast onto a quartz plate, via a spin coater, in order to
establish the coating conditions which would yield films of equal optical density
(0.D.) and therefore thickness. These conditions were then used to coat each polymer
formulation onto an aluminum substrate. The films were dried in air at ambient
temperatéurc. Typical absorption curves obtained for these films on quartz can be seen
in Fig. 6.

In order to confirm that the film thicknesses monitored on quartz were the same
as those on aluminum under identical coating conditions, the following experiment
was performed. Sample films on aluminum, 10 cm?2, were obtained for each polymer
under coating conditions established on quartz. The polymer films were dissolved off
the aluminum support with methylene chloride into 10 mL volumetric flasks. The
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Optical density

Wavelength (nm)

Figure 3. ——— Film spectra of polymers X and XI spun coated onto quartz.
---------- Absorption curves after irradiation 1;

--------- Absorption curves after irradiation 2.
Film -
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Figure 4. -----... Solution spectra of l.c. polymer IX in 1,2-dichloromethane.

———  Film spectra of L.c. polymer IX on quartz
---------- Film spectra of l.c. polymer IX after iradiation at 405 nm

for 5 seconds.
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Representative absorption spectra of the sensitized l.c.
polymer (IX) films before irradiation at 405 nm.

---------- Representative film absorption spectra of the

non-l.c. polymers X, XI.
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optical density of these solutions were then monitored at 400 nm and were found to be
identical. The molecular weights of the polymers involved in this study were
determined by Gel Permeation Chromatography (GPC) and light scattering. The
molecular weight of the PVA-p-methoxycinnamate polymer could not be determined
by either gel permeation chromatography or light scattering. However, the degree of
polymerization (d.p.) of the PVA backbone was known to be approximately 1700 (11)
which made the absolute M.W. of the derivatized polymer approximately 268,000.

The formulation used to cast the films in order to determine the photographic
speed of the p-methoxycinnamate polymers was the following:

1. The p-methoxycinnamate polymers were dissolved in cyclohexanone at
3% by weight.
2. The coumarin sensitizer, K, concentration was adjusted to 3 x 103 M.
Pr OPr
S =
P 00 & 0 OPr
K

The polymer films on the aluminum support were exposed in the same manner as
described for the films on quartz. However, in addition the films were irradiated
through a photographic step tablet in which the density varies in increments of 0.15
per step. After irradiation, the films were developed by soaking in cyclohexanone for
one minute or until no further change was noted in the number of crosslinked polymer
steps.

Table I shows the molecular weights and the relative photographic speed
results of the amorphous p-methoxycinnamate polymer films. The difference in the
photographic speed between polymers X and XIA, XIB could be attributed to the
difference in the backbone configuration and the effect it has on the orientation of the
cinnamate chromophore as well as the M.W. difference.

Table I. Photographic Sensitivity of the
Amorphous-Cinnamate Polymers

P.S.EW.2
Relative
ABS.b Photo
Polymer Lvd Mw Mn Mw Speed®
X (PVA-control) 1.12 -- - 268,000 1.0
XI-A 0.31 51,074 21,946 70,700 0.25
XI-B 0.90 299,606 76,029 455,000 2.6

aPolystyrene equivalent weights determined by gel permeation chromatography.
bAbsolute molecular weights determined by light scattering.

CExposure time/exposure time of control.

dInherent viscosity determined at a conc. of 0.5 g/dl in 1:1 phenol-chlorobenzene.

Also, the -CoHa- spacer removes some of the orientational influence the polymeric
backbone might exert on the cinnamate mojety. The latter effect most certainly would
increase the photographic speed of the polymer. The effect that the molecular weight
played on the photographic speed of these light-sensitive polymers was best illustrated
by comparing polymer XI-A with XI-B (Table I and again in the molecular weight
series shown in Table II).
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Table Il. Photographic Sensitivity of the |.c.—p-Methoxycinnamate

Polymers
P.S.EW.a
Relative

ABS.b Photo
Polymer Lvd Mw Mn Mw Speed®
X 1.12 - -- 268,000 1
IX-1 0.31 85,000 34,800 213,000 5.6
1X-2 0.46 164,000 59,800 402,000 13.5
IX-3 0.79 368,000 94,600 821,000 25
IX-4 0.84 428,000 140,900 1,170,000 333
IX-5 1.61 883,700 333,636 1,760,000 83.3

NOTE : See notes for Table 1.

Table II shows the relative photographic speed results of the anisotropic-l.c.
p-methoxycinna-mate polymer films. The photographic speed of the l.c.
p-methoxycinnamate polymers exceeded our most optimistic expectations. It was
necessary to handle films of polymers IX-3, IX-4, and IX-5 under safe-light
conditions to avoid premature fogging. Polymer IX-5 (Table IT) had a molecular
weight 6X that of the PVA cinnamate control, X, but was 83X faster. The molecular
weight difference certainly accounted for some of this increased speed, but obviously
could not account for all of it.

In order to eliminate the M.W. differences between our PVA-p-methoxy-
cinnamate control, and the l.c.-p-methoxycinnamate polymers, which would give a
direct comparison between their relative photographic speeds, and hence their relative
quantum yields of cyclobutane formation, a plot of the relative photographic speeds of
the L.c. polymers in Table I vs MW was constructed (see Fig. 7). The plot in Fig. 7
was linear up to approximately 1,200,000 M.W. units. Please note that the plotted
line should go through the origin. Since the M.W. of the PVA-p-methoxycinnamate
control was approximately 268,000, then the M.W. equivalent l.c. p-methoxy-
cinnamate polymer would have a relative photographic speed of 8 2 (see Fig. 7).
This 8-fold increase in the photographic speed corresponds to a relative quantum yield
increase approaching the theoretical limit of approximately 10X, and could be directly
attributed to the effect that the microscopic order in the polymer matrix had on the
triplet energy transfer process.

Conclusions and Recommendations

The work presented here has demonstrated, for the first time, that the molecular
organization of thermotropic-side chain-liquid-crystalline l.c. polymers could
drastically influence the yield of a chemical reaction.

The synthetic schemes for the synthesis of novel p-methoxycinnamate-
containing vinyl monomers and the properties of the corresponding l.c. polymers is
described. The fraction of reaction sites in the L.c. polymer films increased to a level
which caused the relative quantum yield of cyclobutane formation to approach the
theoretical limit.

The presence of the p-methoxycinnamate moiety allowed the films of these
polymers to be probed spectrophotometrically. The surprising difference in the
solution vs film spectra of the Lc. polymers was accounted for by the unexpected
intramolecular perturbation of the p-methoxycinnamate moiety by the phenyl ester
group. The unexpected spectral changes during UV irradiation of the l.c. polymer
fﬁlms cpuld be attributed to conformational changes, isomerization, and cyclobutane

ormation.
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Figure 7. Relative photographic speed as a function of absolute MW for the l.c.
polymer IX.

Acknowledgments

Dr. J.L.R. Williams encouraged us to investigate the area of 1.c. polymers at
an embryonic stage of its development, and then provided the environment and
support which was necessary to carry out this investigation.

Dr. Samir Y. Farid spent many hours discussing the results and interpretation
of the many experiments he helped us design. Samir’s insight was invaluable to the
success of this investigation.

Mr. L. W. Fisher not only determined the MW’s, but also displayed the
patience in the special handling of these polymers. Mr. J. C. Reiff provided the GPC
data. Dr. F. Saeva’s discussions were very helpful.

i ity

Wegner, G. Makromol. Chem, 1972, 154, 35.

Day, D. R,; Ringsdorf, J. J. Polym, Sci. Polym. Lett. Ed., 1978, 16, 205.

(a) Johnson, D. S.; Sanghers, S.; Pons, M.; Chapman, D. Biochim. Biophys.
Acta., 1980, 602 57. (b) Hub, H. H.; Hupfer, B.; Koch, H.; Ringsdorf, H.
H. Angew. Chem., Int. Ed. Engl. 1980, 19, 938.

(a) Shankoff, T. A.; Trozzolo, A. M. Photogr. Sci. Eng., 1974, 19, 173.

(b) Reiser, A.; Egerton, P. L. Photogr. Sci. Eng., 1979, 23, 144.

Jones, Jr., F. E; Ratto, J. In Liguid Crystals and Ordered Fluids; J. F.
Johnson, R. S. Porrer, Eds.; Plenum Press: New York, 1973, 2, 723.
Perplies, E.; Ringsdorf, H.; Wendorf, J. H. Makromol. Chem. 1974, 175, 553.
Plate, N. A; Shibaev, E. P. J. Polym. Sci., Macromol. Rev. 1974, 8, 117.

a) Farid, S. Y. et al. Pure and Appl. Chem. 1979, 51, 241. (b) Williams,
J.L.R. et al. Pure and Appl. Chem, 1977, 49, 523.

Herkstroeter, W. G.; Farid, S. Y. J. Photochem. 1986, 33, 71.

0. K. Toyoshima, In Polyviny] Alcohol, Pr ies and Applications; C. A. Finch,
Ed.; John Wiley and Sons, Ltd.: London, 1973.

RECEIVED May 19, 1990

W=

—\O o0 ~J O\ w i

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



Chapter 12
All-Hydrocarbon Liquid-Crystalline Polymers

T. C. Sung, J. J. Mallon!, E. D. T. Atkins?, and S. W. Kantor

Department of Polymer Science and Engineering,
University of Massachusetts, Amherst, MA 01003

A series of thermotropic hydrocarbon liquid crystalline polymers have
been prepared based on a biphenyl mesogen. Liquid crystalline vinyl
monomers with the general formula Hyn+1Cp-CeHs-CgHs-(CH2)m-
CH=CH), were polymerized with AlEt3/TiCl4 to form high molecular
weight side-chain liquid crystalline polymers. The monomers and
polymers with n>2 exhibited smectic B and/or smectic E mesophases.
The polymers were found to be highly isotactic. All-hydrocarbon
main-chain liquid crystalline polymers with the general structure

£ CeHa-CgHy-(CHa)yt x were prepared by a carbon-carbon
coupling reaction. Number average molecular weights have been
obtained in the range of 4-6,000. Homopolymers with Y=6, 8, 10
and copolymers with Y=6/8, 6/10, 8/10 were found to exhibit
smectic mesophases.

Thermotropic liquid crystalline (LC) polymers with mesogenic segments and
flexible spacers in the main-chain and side-chain have received considerable attention
(1-3). The majority of these LC polymers have been polyesters, although other
mesomorphic polymers have included polyamides, polyazomethines and
polyesteramides. Nearly all of these liquid crystalline polymers contained
heteroatoms such as N, O or Si in their structures. These heteroatoms not only
provide for simple and versatile synthetic methods but also contribute to mesophase
stability through hydrogen bonding or dipole-dipole attractive forces. However,
these attractive forces are not believed to be necessary for the formation of the liquid
crystalline phase. As early as 1949 (4), Onsager demonstrated that above a critical
concentration, a solution of rodlike molecules will spontaneously adopt a nematic
order. Intermolecular attractive forces were not required to bring about phase
separation. The only interaction assumed in this model is one in which the rodlike
molecules cannot interpenetrate each other due to an "excluded volume”. Although
Onsager's theory predicted the formation of a nematic phase, recent molecular

1Current address: Acrospace Corporation, P.O. Box 92957, Los Angeles, CA 90009
2Current address: Physics Department, University of Bristol, Bristol, England
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dynamic and Monte Carlo studies (5) have also demonstrated the existence of smectic
order in the absence of intermolecular attraction. Therefore, it is now recognized that
shape anisotropy alone is sufficient to produce liquid crystalline phases, without the
need for any attractive forces. All-hydrocarbon LC polymers should be good
candidates to test the validity of this theory. Although intermolecular attractive forces
are still present in hydrocarbon molecules, the forces present are weaker than those in
molecules containing strong dipoles or hydrogen bonds.

Low molecular weight hydrocarbon liquid crystals have been known for some
time. A review of the effects of various structural elements on the properties of low
molecular weight hydrocarbon liquid crystals may be found in the literature ().
However, with the exception of the work being performed in our laboratory (Z-9),
all-hydrocarbon LC polymers have received relatively little attention. A recent report
by Memeger describes substituted polyphenylene vinylene polymers that were
characterized as liquid crystalline (10).

The objectives of our research were the following:

1. Synthesize all-hydrocarbon side-chain and main-chain polymers.

2. Demonstrate the liquid crystalline behavior of the new polymers.

3. Investigate their structure-mesophase property characteristics.

4. Investigate the tacticity-mesophase property relationships for the

side-chain LC Polymers.

An interesting extension of our work is the possibility to blend some of the more rod-
like hydrocarbon LC polymers with other flexible random coil all-hydrocarbon
polymers such as polystyrene or polyethylene. Depending on both the transition
temperatures and solubilities, some mixtures may form phase separated immiscible
blends and ultimately generate "molecular composites”.

Structures [I] and [II] are representative of the general structures of the target
polymers synthesized in our studies. Biphenyl was selected as the mesogen not only

—((|:H-CH2)—p-

(CH2)m

A HOA)omk,
A 0

CnH2n+1
]

because it may be readily incorporated synthetically but also because the low
molecular weight hydrocarbon model compounds listed in Table I were found to
exhibit LC properties (11). The biphenyl model compounds that are liquid crystalline
are disubstituted in the para position of each ring. This report reviews some of our
recent work on the synthesis and characterization of hydrocarbon side-chain [I] and
main chain {II] LC polymers.
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Table I. Biphenyl LC Model Compound

Hy 1CSCrH2r+1

Transition
r Temp.(°C)3
5 SE47SB 521
6 SE42SB 5351
7 SE36SB 631

a. SE= smectic E; SB= smectic B;
I=Isotropization or clearing transition.

Hydrocarbon Side-Chain Liquid Crystalline Polymers

Synthesis. The general synthetic route for the hydrocarbon side-chain LC polymers

[I] is shown in Scheme 1 and the detailed synthetic procedures have been reported
previously (8).

GH<CH, —(CH-CHy5

(CH2)m (CH2)m
EtzAVTiCI

O 3PhCl — O

g ¢

CnH2n+1 CnH2n+1
[ty Mn

Scheme 1.  Synthesis of Side-Chain LC Polymers

Six polymers were prepared using a Et3Al/TiCl4 catalyst. The structures of the
monomers and polymers were confirmed by 1H NMR spectra and elemental
analyses. All the polymers were soluble in chlorobenzene, chloroform and hot
benzene at 60°C. The GPC molecular weights (MW) of these polymers, relative to
polystyrene standards, are shown in Table Il. The molecular weights are generally

high with broad molecular weight distributions. All of the polymers were capable of
being drawn into fibers or cast into films.
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Table I. GPC Molecular Weights for Side-Chain LC Polymers [I]

n m Mn Mw Mw/Mn
0 4 49,000 450,000 9
0 6 43,000 660,000 15
2 4 26,000 250,000 10
2 6 90,000 850,000 9
4 4 14,000 330,000 24
4 6 70,000 710,000 10

The general synthetic route which allows the length of the tail (n) and spacer (m)
to be easily varied is shown in Scheme 2 for a representative monomer [III] with n=4
and m=6. The detailed synthetic procedures for the monomers have also been
reported previously (7). Control of the tail length may be accomplished by the proper
selection of the Friedel-Crafts acylating agent followed by a Wolff-Kishner reduction
to give the desired 4-alkyl-4'-bromo-biphenyl derivative. Although only two
different tail lengths were used in this work, Gray (12) has prepared numerous
bromobiphenyl derivatives with a wide variety of tail lengths. The third step of the
reaction sequence shown in Scheme 2 is a dilithium tetrabromocuprate catalyzed
coupling reaction of the Grignard reagent with a dibromoalkane in THF solution
(13). The coupling reaction is best effected by adding the Grignard reagent and a

catalytic amount of Li;CuBr;4 dissolved in THF to an excess of the desired o0~
dibromoalkane. An excess of dibromoalkane is used to limit coupling with both ends

of the o,c0-dibromoalkane. The spacer length (m) may be easily controlled by

selecting the appropriate o, w-dibromoalkane. The elimination of HBr in the final step
is accomplished through a Hoffmann elimination. A total of six monomers were
prepared according to Scheme 2.

Characterization. The liquid crystalline properties of the side-chain monomers (III)
and polymers (I) have been studied by Differential Scanning Calorimetry (DSC),
Polarized Optical Microscopy (POM) and X-ray diffraction. The thermal transition
data and phase types for all monomers (II) and polymers (I) are summarized in
Table II. A representative DSC scan for the monomer (III) and polymer (I) with a
four-carbon tail (n=4) and six-carbon flexible spacer (m=6) are shown in Figures 1
and 2 respectively. The first peak at -24°C shown in Figure 1 is the crystal to smectic

B phase transition for the monomer, designated as K—SB, whereas the second peak

at 42°C is the smectic B to isotropic phase transition, designated by SB—]I. Figure 2
also shows clearly the presence of two peaks for the polymer. The lower temperature
peak at 145 °C represents the transition from smectic E to smectic B and the higher
temperature peak at 181 °C is the clearing temperature. The photomicrograph for the
same monomer and polymer with a four-carbon tail and six-carbon flexible spacer are
shown in Figures 3 and 4 respectively. Figure 3 shows a lancet texture for the
monomer that is typical of Smectic B liquid crystals and the fine grain texture more
typical of the polymer is shown in Figure 4. Based on both the DSC and POM, it
appears that side-chain LC polymers (I) have broader liquid crystalline temperature
ranges than their corresponding monomers (III); the POM photomicrographs for the
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o)

]
CH,CH,CH,C-CI + Br

AICI3/CH,Cl,

O
I

CH3C H20 Hzc Br

ethylene glycol 1 KOH/NH,;NH, xH,0

CHaCH,CH,CH Q Q)8

1. Mg
THF | 2. Br(CH,)gBr
3.3% Li20UBf4

CHaCH,CH,CH Q Q )—(CHo)e—Br

1. N(CHa)s
3 A

CH4CH,CH,CH Q Q )—(CHe—CH=CH,

Scheme 2. Synthesis of a Side-Chain LC Monomer
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Table II. Thermal Phase Transitions for Side-Chain Monomers [III] and

Polymers[I]
Transition
Structures n m Temp, °C
{111] 0 4 K2131
{11 0 4 K 1511
(111} 0 6 K1831
{11 0 6 K1261
(111} 2 4 Sp 2631
(1 2 4 S broad Sg 1971
(1] 2 6 K9.4Sp28.21
(1] 2 6 SEg broad Sg 1761
(I11] 4 4 K244 Sp38.51
(1] 4 4 SE 158 Sp 2061
(111} 4 6 K-246Sp4241
(1 4 6 Sg145Sp 1811
a. K=Crystal
10
Sg—>!
15 K—>Sg '
uz.l Heating
T Cooli
0o
2 v -2 y
»
|
<
o B
=
1 1 1 1 L 1 1 L 1
° -20 0 20 40
TEMPERATURE ( °C)

Figure 1. Second heating and cooling DSC scans of [IIT} with n=4 and m=6.
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Figure 2. Second heating and cooling DSC scans of [I] with n=4 and m=6.

Figure 3. Photomicrograph of [IIT} with n=4 and m=6 at 35°C.
120X magnification with crossed polarizers.
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Figure 4. Photomicrograph of [I} with n=4 and m=6 at 160°C.
120X magnification with crossed polarizers.

polymers are not as distinct as for the monomers. It is also interesting to note that all
the side-chain L.C polymers and the small molecular weight model compounds listed
in Table I exhibited only Smectic E and B mesophases. The X-ray pattern in Figure
5 for the same monomer (IIT) with n=4 and m=6 shows an inner ring corresponding
to a layer spacing of 24.5A and an outer ring corresponding to an intermolecular
spacing of 4.6A. The X-ray diffraction results are summarized in Table IV. A
difference about 3 to 4A between the observed and calculated layer spacing may be
attributed to a combination of the space between the ends of the molecules (14), or
uncertainty of the backbone structure in the case of polymers. Detailed fiber
diffraction results for the polymer have been published previously (9).

To summarize our results on side-chain all-hydrocarbon LC polymers [I], we
found that they displayed Smectic E phases at lower temperatures and Smectic B
phases at higher temperatures. The corresponding LC monomers exhibited only
Smectic B phases. The presence of tails seems to enhance and stabilize liquid
crystallinity. The monomers and polymers that do not have tails are not liquid
crystalline. All of the substituted biphenyl hydrocarbon liquid crystals found in the
literature are disubstituted. Examples of monosubstituted biphenyl hydrocarbon
liquid crystals have not been found. The results obtained from this work support the
idea that disubstitution of the biphenyl moiety is necessary to obtain a liquid
crystalline phase.

Tacticity, The Ziegler-Natta catalyst chosen for the polymerization reaction is
Et3AlTiCl4, a catalyst that has been reported to give a 50/50 mixture of atactic and
isotactic polymer when used to polymerize 1-octadecene or 1-propene. It was
reasonable to expect that this catalyst would give similar results with the polymers
prepared in this work. However, the isotactic content of our hydrocarbon polymers
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Figure 5. X-ray diffraction pattern of [I] with n=4 and m=6 at 35°C.

ranged from 65% + 10% to 90% + 10% as determined by 13C NMR. The
experimental details have been published previously (8). One possible explanation
for the high isotactic content is that the biphenyl mesogen of the monomers tend to
stack together with the biphenyl groups in the growing polymer as shown in Figure
6, thereby resulting in a predominately isotactic polymer.

H n Main-Chain Liqui lline Pol

Synthesis. Hydrocarbon main-chain LC polymers with the general structure [1I]
were synthesized as shown in Scheme 3. The monomers (IV) were synthesized by
following the literature procedure(15). This polycondensation reaction proceeds
through the carbon-carbon (C-C) coupling between the aryl bromide bond and the
aryl magnesium bromide group formed in the mixture. In contrast to the low yield
generally obtained from uncatalyzed C-C coupling reactions, the transition metal
catalyzed C-C coupling reaction proceeds selectively under mild conditions to give
the desired product in high yield (16). The nickel catalyst used in this work has been
widely utilized to prepare conducting polymers such as polyphenylene,
polythiophene etc.(17). The intermediate [V] is insoluble in diethyl ether but soluble
in THF. It is also well known that the di-Grignard reagent is soluble in THF. The
reaction of the monomer [IV] with an equimolar amount of Mg does not give the sole
product [V], as shown in Scheme 3, but gives a mixture of di-Grignard and mono-
Grignard in addition to unreacted starting material [IV]. However, if an equimolar
ratio of monomer [IV] and Mg is employed, the coupling reaction proceeds without
losing the stoichiometric relationship required for the polycondensation.
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Table IV. X-ray Diffraction Results for the Side-Chain L.C Monomers [1II]

and polymers [I]

Observed Calculated

Intermolecular Layer Molecular

Structures n m Spacing, A Spacing, A Length, A
[T11] 2 4 4.6 18.8 16.3
(1] 2 4 4.6 32.0 29.0
(111} 2 6 4.6 21.3 18.8
11| 2 6 4.6 37.0 33.0
[111] 4 4 4.6 21.5 18.8
(11 4 6 4.6 36.0 33.0
(111} 4 6 4.6 24.5 21.2
L] 4 6 4.6 40.0 37.0

Cat.
A\

i > A
o S SAAA

Figure 6. Insertion of LC monomer into growing polymer chain attached to
catalyst.
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Br—@—(CHz)Y—O—BF + Mg
(V]

l THF
[ Br—@—(CHz)Y_O_MgBr]
vl

NiCl,(dppp)
dppp=(CgHs)PCH,CH,CH,P(CeHs).

[0
Y=6, 8, 10, 12, 14, 6/8, 6/10, 8/10

Scheme 3. Synthesis of Main-Chain LC Polymers

Five homopolymers with Y=6, 8, 10, 12, 14 and three copolymers with 50
mole% of each comonomer [IV] with Y=6/8, 6/10, 8/10 were prepared. Unlike the
hydrocarbon side-chain LC polymers, the main-chain polymers had low solubility in
common organic solvents but were soluble in dipheny] ether and biphenyl at high
temperature (>150°C). Precipitation of the growing polymers from the
polymerization solvent seems to limit their molecular weights. The low solubility of
the polymers prevented the measurement of MW by the usual solution methods.
However, the approximate degrees of polymerization (DP) and MW were calculated
assuming that both end-groups of the polymer chain are bromine atoms. These
results are summarized in Table V. The calculated MW's and DP's would be less if
some of the bromine chain ends were replaced by hydrogen atoms.

Characterization. The polymers [II] were characterized by DSC, POM and X-ray
diffraction. DSC data from the second heating and cooling scans at a rate of
20°C/min are listed in Table VI. All the polymers have multiple phase transitions
except the homopolymer with Y=14. A representative DSC can for the homopolymer
with Y=8 is shown in Figure 7. POM studies indicate that both the copolymers and
the three homopolymers with Y=6, 8, 10 exhibit smectic-type textures. Figure 8is a
photomicrograph of the batonnet texture displayed by the homopolymer with Y=10.
Homopolymers with Y=12 and Y=14 do not exhibit any birefringence. Both the
copolymers and homopolymers with Y=6,8,10 gave the same X-ray diffraction
patterns as the side-chain LC monomer shown in Figure 5 when the temperature was
kept between the first transition temperature (T1) and the clearing temperature.
Therefore, these temperatures (T1) are interpreted as crystal to smectic phase
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transition temperatures for the corresponding polymers. Evidence for the existence
of nematic phases could not be obtained. The X-ray diffraction data are summarized
in Table VII. All the evidence indicates that the hydrocarbon main-chain polymers
with Y=6, 8, 10, 6/8, 6/10, 8/10 are liquid crystalline while polymers with Y=12 and
Y=14 are not liquid crystalline. This is probably due to the lower mesogenic content,
<50%, for polymers with Y=12 and 14. The homopolymer with Y=12 is not liquid
crystalline but gives multiple phase transitions by DSC shown in Figure 9.
Birefringent texture was not observed by POM even after annealing the sample for 24
hours at 160°C. X-ray scattering experiments also do not show evidence for the
existence of liquid crystalline phases. The multiple peaks in Figure 9 probably
represent crystal-crystal transitions. The melting and clearing temperatures from the
DSC results are summarized in Figures 10 and 11. Based on these data, it appears
that lengthening the flexible spacer causes an increase in melting point but a decrease
in clearing temperature. In addition , copolymers have broader mesomorphic ranges
than the homopolymers and both the melting points (T1) and clearing temperatures
are lower than for the homopolymers. These conclusions are tentative since
molecular weights have a large effect on transition temperatures, particularly at low or
intermediate molecular weights.

Table V. Elemental Analyses

HOA o,

1

(1] o) H Br MW DP

Y=6 88.06 8.52 3.51 4556 18.6
Y=8 87.97 8.75 3.46 4619 16.9
Y=10 87.02 9.52 3.59 4451 14.7
Y=12 87.06 9.39 3.65 4379 13.6
Y=14 87.52 8.94 3.67 4358 12.1
Y=6/82 87.11 8.63 3.32 4819 18.6
Y=6/10b 88.97 8.63 2.71 5904 21.8
Y=8/10¢ 88.21 8.51 3.05 5246 18.3

a. copolymer from 50 mole% of two monomers with Y=6 and 8.
b. copolymer from 50 mole% of two monomers with Y=6 and 10.
¢. copolymer from 50 mole% of two monomers with Y=8 and 10.
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Table VI. Polymer(II] Transition Temperature(°C)

(1] T,C T,d Ts¢ Telf
Y=6(H)2 104 228 270
Y=6(C)b 223 259
Y=8(H) 127 155 184 218
Y=8(C) 104 180 208
Y=10(H) 143 181
Y=10(C) 136 181
Y=12(H) 145 152 158 170
Y=12(C) 137 146 156 165
Y=14(H) 153
Y=14(C) 143
Y=6/8(H) 88 242
Y=6/8(C) 234
Y=6/10(H) 100 211
Y-6/10(C) 204
Y=8/10(H) 114 194
Y=8/10(C) 89 184

a.H=Heating b.C=Cooling c.First Transition Temperature d.Second Transition
Temperature e.Third Transition Temperature f.Clearing Temperature

;ﬂrﬁ/u\/\’\
| Cooling

=

10,

END

MCAL/SEC

o 1 1 I I 1 1 1 1

1 ]
80 120 160 200 240

TEMPERATURE ( °C)
Figure 7. Second heating and cooling DSC scans of [II] with Y=8.
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Figure 8. Photomicrograph of [IT} with Y=10 at 150°C.

Table VII. X-Ray Diffraction Results for Main-Chain LC Polymers [II]

Y Intermolecular Observed Calculated

Spacing, A Layer Spacing, A Layer Spacing, A
6 45 14.7 14.8
8 4.5 16.1 16.8
10 45 18.3 18.8
6/8 4.5 15.2 -
6/10 45 15.7 -
8/10 4.5 16.1 -
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Figure 10. Melting points (@) and clearing temperatures (l) for homopolymers
[1I] versus methylene spacers Y.

Conclusions

All-hydrocarbon main-chain and side-chain liquid crystalline polymers based on a
biphenyl mesogen have been synthesized. Both side-chain and main-chain polymers
exhibit smectic phases only. Side-chain LC polymers exhibit the anticipated
properties of low transition temperatures and solubility in non-polar solvents.
However, hydrocarbon main-chain L.C polymers have higher transition temperatures
and poorer solubility in common organic solvents. In order to prepare higher
molecular weights hydrocarbon main-chain LC polymers, the propagating
intermediates have to be kept in solution during the polymerization reaction. A
suggested approach to increase solubility might be to place some lateral hydrocarbon
groups on the benzene ring. This approach has worked very successfully in the case
of L.C polyesters and polyamides (18).
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Chapter 13

Amorphous—Liquid-Crystalline Side-Chain
AB Block Copolymers
Synthesis and Morphology

Joerg Adams and Wolfram Gronski

Institute of Macromolecular Chemistry, University of Freiburg,
7800 Freiburg, Federal Republic of Germany

By a new synthetic method LC-block copolymers were prepared
toinvestigate the effect of a restricted geometry on a liquid crystal.
Monodisperse A-styrene-B-cholesteryl block copolymers were
synthesized by anionic polymerization of the polymer backbone
containing a polystyrene A-block and a 1,2-polybutadiene B-
block. The olefin double bonds of the polybutadiene were converted
into hydroxyl groups by hydroboration and in a second
polymeranalogous reaction cholesteryl was connected to the
alcohol group. The resulting polymer shows the same liquid-
crystalline mesophase as the correspondent LC-homopolymer. In
the case of a weight ratio of 1/1 between the two blocks a lamellar
morphology was observed via electron microscopy. By small
angle X-ray scattering the orientation of the mesogenes in the ultra
thin layers of the liquid-crystal were investigated.

In polymer science two non-crystalline ordered types of polymers are known, liquid-
crystaliine polymers (1.2) and block copolymers (3). It is obvious to combine the
properties of the two polymer classes in an AB-block copolymer in which an
amorphous A-block is connected to a liquid-crystalline B-block. If block copolymers
with well defined block lengths can be synthesized, microphase separated systems
with liquid-crystalline microphases may be realized, possessing long range ordered
microdomain morphologies as conventional block copolymers. Two main problems
can be investigated with these systems. One is the question how the size and type of
the liquid-crystalline microphase, which canbe controlied by the molecular weight and
composition, affects the liquid-crystalline --> isotropic phase transition. This problem
has recently been studied in the case of submicron size droplets of low molecular
weight liquid crystals in a polymer matrix (4). The effect of a restricted geometry on the
phase transition temperature can be treated by elementary thermodynamics (5). For
aliquid crystalline sample enclosed between parallel planes an increase or decrease
of the transition temperature with decreasing sample thickness is predicted depending
on whether wetting or dewetting of the walls by the nematic phase occurs.

0097—-6156/90/0435-0174306.00/0
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A more exact treatment is available in the frame of the Landau - de Gennes theory (6).
It was shown that the influence of an ordering contact potential at the boundary is
analogous to the effect of a strong magnetic field leading to an increase of the
transition temperature untit the first order transition turns into a second order transition
at a critical thickness. The critical point is predicted to occur at a thickness of the order
of 100 A depending on the strength of the ordering force.

The critical thicknesses are thus in the range of the dimensions of lamellar,
cylindrical or spherical mesophases in block copolymers with ordered morphologies.
The question is whether the phase boundary between the amorphous and the liquid-
crystalline phase in a block copolymer will exert an ordering effect as assumed in the
original theory or rather a disordering influence. The latter case and transitions
between the two cases have also been treated recently by an extension of the theory
(5). Therefore a theoretical framework exists, within which the transition behaviour of
amorphous / liquid-crystalline block copolymers can be described.

In addition to basic problems concerning the thermodynamic behaviour another
question arises which is connected to the polymeric nature of the system. Unlike
droplets of low molecular weight crystals in an amorphous matrix the liquid-crystalline
and the amorphous phase at the interphase are coupled through polymer chains.
Considering a block copolymer composed of an amorphous and a LC side chain
polymer block which are the subject of this investigation, the question arises whether
this coupling will have an effect on the director orientation with respect to the
interphase by virtue of the fact that the polymer main chain of the LC block is
preferentially oriented perpendicular to the interphase (7). If block copolymers with a long
range ordered lamellar morphology are prepared, the director orientation with respect
to the oriented lamellae may be influenced by the orientation of the polymer chains
with respect to the interphase and the coupling of the mesogens to the polymer
backbone. Different situations are expected for nematic and smectic systems and for
different spacer lengths through which the mesogens are connected to the polymer
backbone.

Itis not the intention of the present paper to answer all questions concerning the
thermodynamic and orientational behaviour, but rather to demonstrate the synthetic
methods by which block copolymers of ordered geometry can be prepared and to give
a first description of the morphological and structural features of a particular system.
To develop ordered morphologies it is necessary to polymerize block copolymers with
a narrow molecular weight distribution which is usually realized by living anionic
polymerization. For LC side chain polymers this polymerization is not suitable
because most mesogens possess groups which react with the living anion. This
imposes severe restrictions in the choice of the mesogenic group. In this paper aroute
will be shown how to synthesize monodisperse LC-homopolymers and block copolymers
by two successive polymeranalogous reactions (8) with the possibility to use the
broad variety of mesogenic units known up to now. The starting polymer is anionically
polymerized polystyrene-block-1,2-polybutadien (PSPB), the molecular weight
distribution of which will be conserved during the two reactions. In the first step the
olefin double bonds of the PB-block are converted into alcohol groups by hydroboration
with 9-borabicycio[3.3.1]nonane (8-BBN) followed by an oxidation with H,0, (9). In
the second step the mesogenic units are connected to the polystyrene-block-
polyaicohol polymer (PSPBOL) by an oxycarbonyl linkage to cholesteryl.
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Another possibility to link the mesogen to the polymer backbone is by polymer-
analogous esterification with a carbonic acid. This method will be described in a
subsequent communication.

Experimental Part

Starting Material. 1,2-polybutadiene (PB) and the A-polystyrene-B-1,2-poly-butadiene block
copolymer (PSPB) were obtained by "living" anionic polymerisation under high-vacuum
conditions at -78°C with sec-buthyliithium as initiator.

Poly(@-hydroxyethylethylene) (PBOL). The hydroboration of PB was carried out in the same
way as described by Chung et al.(9). An excess of 9-bora-bicyclo[3.3.1.Jnonane (0.5 M THF
solution)(Aldrich) was allowed to react with the polybutadiene for 4 h at -10°C under
nitrogen in a solution of dry THF. Stoichiometric amounts of NaOH and H,0, were
added and the resulting polyalcohol was purified by distillation with methanol to
remove trace amounts of boric acid, and by precipitation from diethyl ether.
Polystyrene-block-poly(2-hydroxyethylethylene) (PSPBOL). The polymer was obtained from
PSPB in the same way as the homopolyalcohol except a longer time (12 h) for the
hydroboration reaction.
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Poly(2-cholesteryloxycarbonyloxyethylethylene) (PCHOL). 0.25 g (3.45mmol) of PBOL were
dissolved in dry pyridine unter nitrogene and a solution of 1.55 g (3.45 mmol) of
cholesteryl chloroformiate (Aldrich) in 20 ml of dry THF was added at 0°C. After 1 h the
reaction mixture was allowed to warm up to room temperature and after stirring for 12
h at this temperature the polymer was precipitated into methanol. The product was
purified 4 times by precipitation form a THF solution into hot ethanol. Yield: 85%.

(CoHe0y), (484.7), Calc C79.28 H10.81 0 9.91
Found  C79.54 H 10.86 0 9.60

Polystyrene-block-poly(2-cholesteryloxycarbonyloxyethyl-ethylene) (PSPCHOL). The
same procedure as for the synthesis of PCHOL was used. The resulting polymer was
purified by precipitation into a mixture of Methanol and diethylether (vol. ratio 4:1).
Yield: 90%.

(Ceg25Hea2502),(969.5), Calc.  C8579  H928 04.93
Found C8550  H9.25 0525

DSC-measurements. The thermal behavior was determined with a Perkin-Elmer DSC
instrument and heating rates of 25, 16, 9 and 4 °/min.

Electron-microscopy. The morphology of the block copolymers was investigated with
a Zeiss EM 902,

X-ray pattern. A Kiesig camerawas usedto analyse the mesophase of the LC polymer
and the correlation between the block copolymer and the mesogenic groups.
Shear apparatus. A simular apparatus as discribed by Hadziioannou et al. (10) was
used to orientate the block copolymer. The polymer was sheared between two
heatable metal plates by backward and forward sliding of the plates at 130°C for 4h
under nitrogen atmosphere.

Results and Discussion

Synthesis. The main demand for the synthesis of this new type of liquid crystalline
polymer is a high conversion and the absence of any side reactions for both reaction
steps. For the first investigations described in this communication IR-spectroscopy
was used to determine the conversion. The molecular weight distribution obtained
from gel permeation chromatography (GPC) is used to monitor side reactions.

The absence of any absorption at 3340 cm™ in the I[R-spectra of PCHOL
(Figure 1) shows that all hydroxyl groups of PBOL are converted. With the results of
the elemental analysis and the 'H-NMR data the conversion was calculated to be
almost 100%. Also no significant change in molecular weight distribution ocurred,
shown by the GPC traces of PB and PCHOL in Figure 2 and the values of M, /M, in
Table | for the homopolymers PB, PBOL and PCHOL.

The main interest of this work concerns the question whether the reaction
conditions can also be applied to the biock copolymers. The experiments showed that
no modifications of the reaction conditions had to be made. Two polystyrene-block-
1,2-polybutadiene with a PS/PB ration of 89/11 and a molecular weight of 55 000 g/mol
for PSPB | and 118 000 g/mol for PSPB Il were used as starting materials. High
conversion as well as no change in polydispersity is found for both polymers (Table I).
This ratio will lead to a lamellar morphology of the block copolymers if phase
separation occurs.
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Table |. Molecular weight distribution and molecular weight of the
homopolymers and the block copolymers

Polymer MM M, [g/mol]
PB 1.10 62 0009
PBOL 113 -
PBCHOL 1.13
PSPBI 117 55 0009
PSPBII 1.09 118 000%
PSPCHOL| 1.19 118 0009
PSPCHOL Il 114 153 000Y

a: Measured by membrane osmosis
b: Measured by GPC

Thermal and LC Phase Behaviour. The thermal transitons of the PCHOL homopolymer are
shown in Figure 3 and Table li. The polymer exhibited a glass transiton at 75°C and a
first order LC - isotropic transition at 206°C. The results are typical for a smectic phase
of a cholesteryl containing LC polymer and are in agreement with other polymers of
this type (11). The analysis of X-ray fiber pattern further proved the existence of a
smectic A phase.

The thermal behaviour of the block copolymer PSPCHOL. 1 is shown in Figure 4. The
phase separation into an amorphous and a liquid crystalline phase is apparent by a
T, of the PS phase and a T, of the mesophase appearing at the positions of the
homopolymer without any significant shift (Table 1i). T, ofthe PCHOL-phase was not
clearly resolved.

Table Il. Phase Transition Temperatures and Phase Transition Enthalpies AH
of the Homopolymer and Block Copolymers

Phase Transition

Polymer Temperature AH [J/g]
PCHOL g75°Cs206°Ci 16
PSPCHOL.| g98°Cs203°Ci 03
PSPCHOLII g99°Cs201°Ci 04
g : glassy
S : smectic

i : isotrop

As expected, the phase transition enthalpy AH decreased in comparison to the
homopolymer. The magnitude of the decrease from 1.6 J/g to 0.3 J/g and 0.4 J/g for
PSPCHOL 1 and PSPCHOL Il respectively cannot be explained only by the fact that
50 weight-% of the polymer is polystyrene. The decrease of the transition enthalpy can
be explained by the restricted size of the liquid crystalline microphase ( see below ).
The thermodynamic theory (5,6) predicts a decrease of the discontinuity in the order
parameter and the transition enthalpy with decreasing size of the LC microphase. The
observed slightly larger AH for the block copolymer with higher molecular weight, i. e.
larger domain size of the LC phase also conforms to theoretical predictions.

In Liquid-Crystalline Polymers; Weiss, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



180 LIQUID-CRYSTALLINE POLYMERS

EX0 <«——>ENDD

S,

T T T T ] T T T T
50 100 150 200 250
TEMPERATURE (°C)
Figure 3. Heating curve of PCHOL at 40 °C/min. (Reproduced with
permission from reference 8. Copyright 1889 Huthig and Wepf Verlag, Basel.)
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Figure 4. Heating and cooling curve of PSPCHOL | with a heating- (cooling-)
rate of 20 *C/min. (Reproduced with permission from reference 8. Copyright
1989 Huthig and Wepf Verlag, Basel.)
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Corresponding changes of the transition temperature also predicted by the theory will
be difficult to detect because of the small magnitude of the temperature shift ( 1°C or
less). The observed slight decrease of T, of the block copolymers with respect to the
PCHOL homopolymer (Table 1) is explained by other effects.

The main reason for this decrease is probably due to a small amount of residual
cholesterol monomer which was not removed during the purification procedure.
Another difficulty arises from the fact that small changes in transition temperature and
enthalpy can also be caused by the thermal and mechanical history of the sample,
e. g. by presence of internal stress. However, the large decrease of AH in the block
copolymer with respect to the PCHOL homopolymer must have other causes. It is
either a thermodynamic effect, as discussed above, or it may aiso be caused by a
disordering of the mesogens at the phase boundary. Since the amorphous /LC phase
boundary must be sharp the disordering cannot originate from an intermixture of
styrene and mesogenic units in an interphase region. Although the phase boundary
is sharp on alocal scale the interphase may be of a very irregular structure which could
oppose the ordering ofthe mesogens at the interface. In this explanation the decrease
of AH occurs because a surface layer of PCHOL at the phase boundary is in the
disordered state and only the material in the interior of the LC microphase takes part
in the transition. Further systematic investigations are needed to clarify which of the
two explanations are correct.

Morpology of the Block Copolymer. In order to get information on the morphology of
the system, polymer films were cast from CHCI,-solution and electron micrographs
ofthese films were taken from uitra-thin sections stained with osmium tetroxide. Figure
5a shows an EM micrograph of the block copolymer with the higher molecular weight.
The micrograph demonstrates the phase separation into the amorphous PS phase,
the L.C phase appears dark because of staining with OsO,.

The basic morphology is the lameilar type as expected fromthe 1 : 1 composition
of the block copolymer. The long period of the lamellar is 510 A. Beside the lameliar
structure a honeycomb structure with a larger periodicity of 820 A is also present.

The block copolymer with M, = 118 000 g/mol has been treated by oscillatory
shear (10) above the glass transition of PS producing the well ordered lamellar
morphology in Figure 5b with a repeat distance of 350 A. The result shows that at
sufficiently low molecular weight thin films can be obtained from the melt by shear,
possessing long range ordered lamellae oriented preferentially in the direction of
shear. The oriented sample has been used to investigate the question whether a
correlation does exist between the supramolecular lamellar order of the block
copolymer and the liquid crystalline order in LC lamellar domains. Figure 6 shows the
X-ray photograph of this film, the X-ray beam being directed normal to the shear
direction. The inner reflection surrounding the beam stop originates from the long
periodicity of the lamellar macrolattice. it is deformed into an ellipse with its long axis
lying normal to the direction of shear, corresponding to a high degree of orientation
of the lamellae as expected from the EM picture in Figure 5b. From the intensity
maximum of this first order reflection the same period is obtained as from the EM
micrograph. At large angle the reflection of the smectic layers within the LC lamellae
can be seen. An enhancement of the intensity perpendicular to the lamellae normal is
observed. This proves that the smectic layers are oriented preferentially normal to the
polystyrene lamellae. Therefore, for the particular smectic system investigated, a
defined correlation between lamellar order and LC order does exist. The situation is
schematically shown in Figure 7 showing alternating amorphous and liquid-crystalline
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Figure 6. X-ray diffraction pattern of an oriented PSPCHOL 1 film

Figure 7. Model of the orientation in the smectic liquid crystalline AB-block
copolymer
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lamellae, the layers within the lattice directed normal to the amorphous lameilae. Of
course, this is an oversimplified representation. Not shown is the distribution of the
smectic director in the lamellar plane.

Conclusion

The synthesis described in this paper renders possible the preparation of block
copolymers of uniform molecular weight composed of amorphous and LC side chain
blocks. Beside the specific cholesterol mesogen introduced by carbonate linkages
leading to a smectic system other mesogens with various spacer lengths can be
introduced, e.g. by esterification.

This opens the possibility to tailor block copolymers with a wide variety of LC phases
and phase transition temperatures. A interesting possibility is the preparation of
thermoplastic LC elastomers of the ABA-type with amorphous A-blocks having a high
T, and an elastomeric LC B-block with low T... An uniform director orientation can be
achieved in these systems by stress as shown recently for chemically crosslinked
elastomers (12). Various applications of these systems in which optical uniaxiality and
transparancy are induced by strain can be envisaged.
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Chapter 14
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An overview of the synthesis and characterization of a
new class of side-chain liquid crystal polymers with a
phosphorus—nitrogen backbone is presented. Using poly-
(dichlorophosphazene) as a common reactive high polymer
intermediate, low-molar-mass aromatic azo and stilbene
mesogens with flexible spacer groups have been attached
to the phosphazene (P-N) chain. Single-substituent
polymers and mixed-substituent polymers, containing
mesogen and trifluoroethoxy cosubstituents, have been
prepared and studied by differential scanning calori-
metry, optical microscopy, and X-ray diffraction.

Both nematic and smectic mesophases have been observed.
This synthetic approach offers many opportunities, both
with molecular weight control and side-chain chemistry,
for tailoring molecular structure to prepare different
mesophases and optimize physical properties for non-—
linear optical applications.

The concept of a side chain liquid crystal polymer has been
demonstrated in a number of laboratories and is well documented in
the literature (1). Most of the side chain liquid crystalline
polymers reported to date contain polysiloxane, polyacrylate or
polymethacrylate main chains. More recent studies on the effect of
backbone flexibility now include the use of flexible poly(ethylene
oxide) or more rigid poly( a-chloroacrylate) chains.
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Polyphosphazenes represent a new approach to the design and
synthesis of side-chain 1iquid crystal polymers. Polyphosphazenes
are inorganic main-chain polymers consisting of alternating
phosphorus—-nitrogen atoms in the main chain with two substituents
attached to each phosphorus atom. The top of Figure 1 shows the
general structure for a side chain liquid crystal polymer: a polymer
backbone with a side chain comprised of a flexible spacer and a rigid
rod (mesogen). The remaining structures in Figure 1 are examples
of side-chain 1liquid crystalline polyphosphazenes. The middle
structure represents a phosphazene mixed-substituent “"copolymer”
which contains a mesogen side chain along with a non-mesogen (R)
side chain. Phosphazene homopolymers (Figure 1, bottom) contain two
identical substituents attached to phosphorus. Both phosphazene
homopolymers and copolymers can be readily synthesized by processes
which are described in the next section.

Synthesis

The most commonly used approach (Figure 2) for the synthesis of
polyphosphazenes involves a ring-opening polymerization of
hexachlorocyclotriphosphazene (trimer) to give open—chain high
molecular weight poly(dichlorophosphazene), followed by a
substitution process to yield poly(organophosphazenes) (2,3). By
using highly purified trimer and by carefully monitoring the
polymerization process, one can obtain soluble high molecular weight
poly(dichlorophosphazene) and avoid the branching and crosslinking
which can lead to a crosslinked matrix, "inorganic rubber”. The
second step 1s also critical: poly(dichlorophosphazene) is a
reactive inorganic macromolecule, and chlorine substitution is
required in order to prepare hydrolytically stable polymers. This
also allows one to prepare a variety of different polymers. Shown
in Figure 2 are three general examples consisting of alkoxy,
aryloxy, and amino substituted phosphazene polymers. Commercial
poly(fluoroalkoxy- and aryloxyphosphazene) elastomers have been
prepared, where two or more nucleophiles are used in the substi-
tution process (4). Polyphosphazenes which contain organometallic
and bioactive side chains have also been reported (4).

The two-step synthesis process shown in Figure 2 affords several
possibilities for preparing new side-chain liquid crystal polymers.
The polymerization process allows one to vary the molecular weight
and molecular weight distribution (MWD), and potentially change the
properties of the liquid crystalline state. Most of the polyphos—-
phazenes reported in the literature, including the examples in
this paper, are derived from the bulk uncatalyzed process: this
generally produces high molecular weight polymer ( one million or
greater) with a broad MWD. Catalyst systems have been developed
which give lower molecular weight poly(dichlorophosphazene) with a
narrower MWD (4). One catalyst, boron trichloride, has also been
used to prepare poly(dichlorophosphazene) with narrow molecular
weight fractions ranging from approximately ten thousand to over one
million (5). Thus, it may be possible to prepare side-chain liquid
crystal polyphosphazenes with a range of molecular weights and change
the properties of the mesophase.
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Figure 1. General structures for side-chain
liquid crystal polymers.
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Polyphosphazene synthesis provides additional possibilities for
preparing liquid crystal polymers with different properties. As noted
above, the substitution process (Figure 2) enables one to synthesize
a wide variety of polymers. The phosphazene inorganic backbone is a
highly flexible polymer chain: glass transition temperatures can
vary from below room temperature to above 100 C, depending on the
size and the nature of the group attached to the P-N backbone
(3,6,7). Crystallinity can be altered by preparing mixed-substituent
“copolymers” (8). Thus, changing the side-chain substituent affords
the potential for varying both the nature and temperature range of
the mesophase.

For the synthesis of side chain liquid crystal polyphosphazenes,
the most important examples in Figure 2 are the alkoxy- and aryloxy-
polymers. Mesophase behavior has been noted with simple side
chains, such as trifluoroethoxy and aryloxy side chains (9). This
mesophase behavior 1s not conventional liquid crystal order, but
polymers which exist in a conformationally disordered state (10).

Liquid Crystal Polyphosphazenes

In Figure 3 are examples of side-chain liquid crystal polymers.
Phosphazene copolymer (I) contains a mixture of an azophenoxy mesogen
and a trifluoroethoxy non-mesogen (ca. 1.3:0.7) side chain (11).
Structure I in Figure 3 represents only one of the possible repeat
units, since the distribution of substituents is presumed to be
random (see Figure 1). Although the copolymer (I) contained only
slightly greater than one mesogen side chain per repeat unit, it
formed a reversible thermotropic liquid erystal phase upon cooling
from the isotropic state above 180°¢. Analysis by differential
scanning calorimetry (DSC) showed no prominent first-order transi-
tions for either the heating or cooling cycles, which may be due to
the irregular distribution of substituents along the P-N backbone.
Microscopic analysis in the liquid crystalline region is shown in
Figure 4. The polymer crystallgzed upon cooling to room temperature.
However, upon heating above 120 C, the polymer transformed back into
a mesophase which persisted up to the final clearing point.

High temperature X-ray experiments have been performed on
copolymer I in an attempt to obtain a better understanding of the
nature of the mesophase. Fibers obtained from I, which were pulled
from the melt and quench cooled in water, gave very diffuse patterns.
If the fibers were allowed to air cool, the pattern shown in Figure 5
was obtalned. It shows a series of sharp arcs centered on the
equator and meridian, and the spacings are listed in Table I. More
accurate measurements of the low angle equatorial signals were
obtained by increasing the specimen to film distance to 170 nm, and
the pattern is shown in Figure 6. The reflection at spacing 4.33 A
consists of a full circle but with intensity enhancement at
approximately 20-30 degrees off the meridian line. This would,
approximately place it on a layer line with spacing about 4.9 A. The
equatorial reflections dg not index _on an obvious lattice. 1In fact
the reflections at 32.4 A and 25.5 A are broader than the other
reflections, indicating a different origin for these two reflections.
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Figure 4. Optical micrograph of polymer I at 128 °*C. Crossed polarizers.
Magnification 134X. (Reproduced from Ref. 11. Copyright 1987 American
Chemical Society.)

Figure 5. Polymer L X-ray diffraction pattern obtained from fibers drawn from
the melt and cooled in air. Wide-angle pattern.
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The sketch of the wide angle pattern is shown in Figure 7. Unit
cells taking these two values for the basic parameters a and b and

taking ¢ = 4.9 A do not give the calculated densities that related to
the average measured density of 1.2 g/mL.

Table 1
(-]

Spacing A Description
32.4 Equatorial Arc
255 “ "
20.4 “ ”
123 . "

9.55 " ”n

433 Ring With Intensity
Enhancement in
Angle Region
20° - 30° From
Meridian

3.99 Meridional Ar

3.45 “ "

For copolymgr I, it is reasonable to relate the diffraction ring
at spacing 4.33 A (Figure 6) with the stacking of the mesogenic slabs
in the side chain. The observation that this interplanar spacing is
spherically averaged and other reflections show a respectable degree
of orientation argues for two organizational regimes within the
sample which of course frustrates the analysis of the X-ray patterns.
The fact this material is a copolymer with an irregular distribution
of side chains along the polymer main chain probably accounts for the
difficulty in indexing the crystalline state and giving a more well
defined explanation for the nature of the mesophase.

The situation 1s quite different for a phosphazene polymer II
(Figure 3) containing solely the n-butyl phenylazophensxyethoxy side
chain. On cooling from the isotropic state (above 185 C) a viscous
mesophase is first observed which shows the characteristic focal
conic texture typical of low molar mass smgctic A phases. A photo-
micrograph of the smectic A phase ag 162.4°C is shown in Figure 8. As
the temperature falls gelow 160-155 C, a smectic C-like mesophase
appears. Below 150-145°C, the polymer crystallizes, and in the
oriented form can be indexed on an orthorhombic unit cell with
a=35.7 A, b = 17.85 A, and c(fiber axis)= 9.85 A. The doubling of
the 4.9 A chain repeat has been reported for other polyphosphazene
structures and can arise from alternating perturbations of the side
chains or a change in the backbone conformation (12).
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Figure 6. Polymer I. X-ray diffraction pattern obtained from
fibers drawn from the melt and cooled in air. Low-angle pattern
showing broadness of first two reflections.
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a—
—
—————————

(o))

Figure 7. Sketch of wide-angle X-ray pattern for polymer L

Figure 8. Optical micrograph of polymer II at 1624 °C. Crossed polarizers.
Magnification 200X.
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A more extensive series of side-chain liquid crystalline
polyphosphazenes and their corresponding cyclic trimers were reported
by Allcock and Kim (13,14). The side chain consisted of aromatic azo
mesogenic units attached to the phosphorus atoms through flexible
oligomeric ethyleneoxy spacer units, Polymers were studied by DSC
and optical microscopy. For polymer III, transition from ghe
crystalline to the liquid crystalline state occured at 118 C, and
this phase formed an isotropic fluid at 127 °C. On cooling, the
transigion from the isotropic to the liquid %rystalline state occured
at 126 C, with a final crystallization at 94 C. Polarized optical
microscopy of the mesophase at 121 C showed a typical nematic
pattern. The corresponding cyclic trimer with three ethyleneoxy
spacer units did not form a stable mesophase; however the trimer
with two ethyleneoxy spacer units (not shown) displayed a typical
nematic texture between 192 and 166 C upon cooling from the isotropic
phase. This study showed that the terminal para substituent on the
mesogen, the length of the spacer unit, and the cyclic or long-chain
polymer character of the phosphazene all played a role in determining
whether or not the material was liquid crystalline and also played a
role in determining the nature of the liquid crystalline state.

The study by Percec, Tomazos and Willingham (15) looked at the
influence of polymer backbone flexibility on the phase transition
temperatures of side chain liquid crystalline polymethacrylate,
polyacrylate, polymethylsiloxane and polyphosphazene containing a
stilbene side chain. Upon cooling from the isotropic state, Bolymer
IV displays a monotropic nematic mesophase between 106 and 64 C. In
this study, the polymers with the more rigid backbones displayed
enantiotropic liquid crystalline behavior, whereas the polymers with
the flexible backbones, including the siloxane and the polyphospha-
zene, displayed monotropic nematic mesophases. The examples in this
study demonstrated how kinetically controlled side chain crystalli-
zation influences the thermodynamically controlled mesomorphic phase
through the flexibility of the polymer backbone.

Nonlinear Optical Polymers

Part of the rationale for investigating liquid crystal polyphos-
phazenes is for nonlinear optical (NLO) applications. In general,
for NLO activity, polymers must either contain noncentrosymmetric
side chains (eg., side—chain liquid crystal polymers) or highly
delocalized (conjugated) backbones (16). Alternatively, polymers can
be doped with low molar mass compoud&g to obtain NLO activity.
Recently, a mixed-substituent polyphosphazene (polymer V) was
synthesized and the second-order NLO properties were investigated
(17). The nitrostilbene/trifluorocethoxy ratio was approximately o
36:64, Due to the low glass transition temperature of V (T_= 25°C),
the second harmonic signal decayed to zero within a few miHutes.
However, polymer V is a prototype which offers many opportunities for
further tailoring the molecular structure of polyphosphazenes to
generate an optimum combination of NLO and physical properties (17).
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Another recent report (18) involves the evaluation of
phosphazenes with nonmesogen side chains that exhibit NLO activity.
Modification of the intrinsic optical response of the P-N chain was
achieved through substitution of side groups including chloro,
anilino, dimethylamino, and trifluoroethoxy. Cyclic phosphazenes
were also included in this study. Results suggest that phosphazenes
possess inherent NLO activity which can be enhanced by the suitable
selection of substituent groups.

Conclusion

At the present time, only a few side-chain 1liquid crystal polyphos-
phazenes have been synthesized and investigated. Opportunities exist
to prepare a wide variety of side~chain liquid crystalline
polyphosphazenes, based on the polymerization-substitution process
outlined in Figure 2. Alternative approaches, such as side chain
modification of polyphosphazenes prepared by the thermal
decomposition of N-silylphosphoranimines (19), may provide even
further options for preparing liquid crystal polyphosphazenes.
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Chapter 15

Rigid Rod Molecules as Liquid-Crystalline
Thermosets

Andrea E. Hoyt!, Brian C. Benicewicz!, and Samuel J. Huang?

IMaterials Science and Technology Division, Los Alamos National
Laboratory, Los Alamos, NM 87545
Institute of Materials Science, University of Connecticut, Storrs,
CT 06269-3136

Rigid rod molecules endcapped with conventional crosslinking groups
such as maleimide and nadimide were prepared and studied by differ-
ential scanning calorimetry and hot stage polarized light microscopy.
Nematic liquid crystalline phases were identified in several of the new
monomers. Thermally induced polymerization occurred in the nematic
phase region and resulted in retention of the nematic texture in the
final crosslinked solid. In many cases, isotropization was not observed
at normal heating rates due to crosslinking and solidification in the
nematic phase.

In 1975, Roviello and Sirigu reported on the preparation of polyalkanoates that
melted into anisotropic phases (1). These mesophases were quite similar to those
of conventional low molecular weight liquid crystals. Since this initial report,
there has been considerable interest in liquid crystalline polymeric materials from
both an academic and industrial viewpoint. The initial motivation for the develop-
ment of liquid crystalline polymers from the industrial viewpoint was largely due
to the pursuit of high tensile property fibers. Polymers that exhibit liquid crystal-
line order in solution or in the melt can transfer a high degree of molecular orien-
tation to the solid state, which can lead to excellent mechanical properties (2). The
technology of spinning rodlike aromatic polyamides from anisotropic solutions led
to the first commercial product based on this idea. Subsequently, melt processing
of liquid crystalline polyesters was also reported (3). Currently, there are at least
three commercial thermotropic liquid crystalline polymers that can be used in a
wide variety of thermoplastic polymer applications (4).

The field of thermoset polymers is an area of polymer science that has not yet
been widely integrated with liquid crystal polymer research. It is interesting to
note that Finkelmann et al. (3) reported on the formation of crosslinked elasto-
meric liquid crystalline networks in 1981. Although the general concept of a
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liquid crystal thermoset (LCT) has been addressed, very few physical or mechan-
ical properties have been reported (6-10). It was claimed that these materials
exhibited very low shrinkage upon curing but quantitative information was not
disclosed. We have initiated an investigation to prepare and evaluate liquid crystal
thermosets as high performance composite matrix materials. In this report, we
present our preliminary results on the synthesis and characterization of both ester
and amide based materials developed from the LCT concept.

Experimental

Differential scanning calorimetry (DSC) was performed using a Perkin-Elmer
DSC-2C at heating rates ranging from 20°C min"! to 40°C min™' under an
argon atmosphere. Infrared (IR) spectra were recorded with a Perkin-Elmer 283
spectrophotometer using KBr pellets. Proton (1H) nuclear magnetic resonance
(NMR) spectra were recorded using a JEOL PMX60SI NMR spectrometer at 60
MHz. All of the monomers synthesized for this study showed satisfactory spectra
and elemental analyses.

The maleimide, nadimide, and methyl nadimide endcaps were prepared by
reacting the appropriate anhydride and p-aminobenzoic acid in acetone at room
temperature to yield the corresponding amic acids. The amic acids were cyclo-
dehydrated using acetic anhydride in the presence of sodium acetate according
to the method of Rao (11). The endcaps were then treated with oxalyl chloride
according to the method of Adams and Ulich (12) to yield the acid chlorides.

2,2'-Dimethyl-4,4'-diamino-1,1’-biphenyl dihydrochloride was obtained from
Professor Lorraine Deck at the University of New Mexico and used as received.
Maleic anhydride was obtained from Eastman Kodak and p-aminobenzoic was
obtained from National Starch. The other anhydrides, diols, and reagents were
purchased from Aldrich Chemical. All reagents were used without further purifi-
cation. The monomers were synthesized via a Schotten-Baumann type procedure
using the appropriate acid chloride endcap and diamines or diols. Triethylamine
was used as a scavenger for HCl. The monomers were recrystallized from appro-
priate solvents in yields of approximately 70%.

Solubilities were determined by placing the monomers in the appropriate
solvents at five or ten percent (w/w) increments. Mild heating was used in some
cases and the solutions were allowed to cool to room temperature. A positive
room temperature solubility was recorded if the monomer did not recrystallize
after sitting overnight at room temperature. The maximum room temperature
solubilities for the monomers in Table I are within the ranges given in the table.

Results and Discussion

One possible version of the LCT concept involves the design and preparation
of new monomers consisting of a rigid rodlike central unit, a characteristic of
conventional liquid crystals, capped at both ends with well known crosslinking
groups. The crosslinking groups were chosen from the common functionalities
used for thermoset materials such as epoxy, maleimide, acetylene, etc. This
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concept is shown schematically in Figure 1. In the present study, the results on
maleimide, nadimide, and methyl nadimide endcapped monomers are reported.
In order to design materials that would also possess high thermal stability, it was
decided to construct the rigid rodlike portion of the molecule from aromatic amide
and ester units. This simple design could, of course, lead to rather intractable
materials, particularly in the case of the aromatic amides, unless measures are
taken to improve the tractability of these monomers. There are several known
methods to improve the tractability of wholly aromatic liquid crystalline polymers.
These methods attempt to disrupt the crystalline order of the p-linked chain with-
out affecting it to such a degree that liquid crystallinity is lost. The techniques
used to reduce melting points or improve solubilities have been reviewed (13.14)
and include the use of bent and swivel monomers, flexible spacers, and bulky
ring substituents. One of the structural modifications that produced dramatic
improvements in melting points and solubilities was reported by Gaudiana et al.
(15). The specific structural modification responsible for the improvements was
the 2,2'-disubstituted 4,4’-biphenylene moiety. This substitution pattern forces
noncoplanarity of the phenyl rings while maintaining the rodlike conformation

of the backbone. The intermolecular interactions were also greatly affected. In
the present work, a series of amide monomers employing the 2,2’-disubstituted
4,4'-biphenylene unit were prepared to determine if this modification could
sufficiently reduce the intermolecular attractive forces to produce low molecular
weight liquid crystalline amides. In addition, a series of ester (non-hydrogen
bonded) based monomers was also prepared and characterized. The general
synthetic scheme used to prepare these materials is shown in Figure 2.

Solubilities. Rogers et al. (16-18) have prepared and reported on a large number
of aromatic polyesters and polyamides containing the 2,2'-disubstituted 4,4'-
biphenylene moiety. Some of the polymers were soluble in common solvents such
as tetrahydrofuran and acetone, with solubility as high as 50% in one case. The
solubilities of the amide monomers synthesized in this work are shown in Table L.
These compounds exhibited virtually no solubility in common solvents such as
acetone but displayed fairly high solubilities in several amide solvents, with and
without added salts. Lyotropic liquid crystallinity was not observed although
solubilities were as high as 40% (w/w) in some solvents.

The solubilities of the maleimide endcapped ester based monomers were also
investigated. These monomers contained unsubstituted rigid central cores. The
structures of these monomers are given in Table II. In contrast to the substituted
amide monomers discussed previously, the room temperature solubilities of these
unsubstituted monomers were low, e.g. less than 5% in 1,1,2,2-tetrachloroethane
(TCE), o-dichlorobenzene, tetrahydrofuran, pyridine, p-dioxane, m-cresol, trifluo-
roacetic acid, and 60/40 (v/v) phenol/TCE.

Thermal Behavior. The thermal behavior of the compounds prepared in this study
was investigated using a capillary melting point apparatus, hot stage polarized
light microscopy, and differential scanning calorimetry. Melting was not observed
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Table . Room Temperature Solubilities of Amide Monomers

E-N3 OO
X C-N N-C
H Y H
SOLUBILITY, % (w/w)

COMPOUND X Y T,°C DMAc DMACLCI DMF  NMP
(o]

1 -NJ) CH, >350 <20 3040 <20 20-30
(o]
(]

2 -NI(J CH »350 20-30 3040 <20 25-30
(]

(]
3 ‘N;;@rc”a CH, >350 <20 >40 <25 20-30

for Compounds 1-3 in a capillary melting tube under normal conditions. How-
ever, the DSC trace of Compound 1 showed a sharp endotherm at approximately
340°C, immediately followed by an exotherm as shown in Figure 3. This exo-
therm is presumably due to crosslinking reactions. The DSC trace of Compound 2
showed no sharp melting endotherm, but exhibited two broad endotherms in the
range of 270-350°C, followed immediately by a crosslinking exotherm as shown
in Figure 4. Similar thermal behavior has been attributed to a retro Diels-Alder
reaction of the two conformational isomers of the nadimide group (19). The retro
Diels-Alder reaction results in the formation of cyclopentadiene and a maleimide
endgroup. This reaction is followed by several possible crosslinking or addition
reactions. Compound 3 exhibited similar behavior.

These monomers were also examined at very high heating rates. If the cap-
illary melting apparatus or the microscope hot stage was heated to 350°C prior
to inserting the sample, Compound 1 melted, flowed, and solidified within a few
seconds. Solidification was assumed to be due to polymerization and crosslinking.
Liquid crystalline phases were not observed for Compound 1. However, when
Compound 2 was subjected to this same experiment the sample melted into a
nematic phase. The sample crosslinked in the nematic phase after approximately
ten seconds and the nematic texture was preserved in the solid state. Compound 3
showed similar behavior when placed on a preheated microscope hot stage at
340°C. This melting behavior can be explained if reaction occurred in the solid
state during heating of the sample. At slow or normal heating rates, partial
reaction of the monomer can occur below the crystalline melting point and prevent
the material from flowing. At very high heating rates, melting and crosslinking
(solidification) are observed in rapid succession.
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Figure 1. Schematic diagram of LCT concept.
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Figure 2. Synthetic scheme for rigid rod monomers.
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A series of ester based maleimide endcapped monomers was also synthesized.
These monomers are shown in Table II. The DSC traces of the ester based mono-
mers showed sharp endotherms in the range of 270—-300°C, followed immediately
by a crosslinking exotherm. A representative trace is shown in Figure 5. The
monomers melted into a nematic liquid crystalline phase and crosslinked shortly
after melting. The nematic texture was retained in the crosslinked solid state.
Melting was not always observed at low heating rates but was observed at lower
heating rates than the amide based monomers. As described earlier, this may be
due to partial reaction in the solid state during the heating cycle.

Table Il. Thermal Transitions of Bismaleimide Monomers

0 0 0 Q
I T
OO-b-0-ar-0-641)
(0] (0]

Compound Ar Tm,°C?
4 L) 278
5 299
6 287

a Meilting point determined by DSC, reported as extrapolated onset.

Conclusions

Rigid rod thermoset molecules were prepared by combining rigid, rodlike central
units, similar to those found in LCP’s, with well known crosslinking functionalities.
The initial results have shown that liquid crystalline phases were obtained in these
types of materials. The thermal polymerization of these monomers was conducted
in the nematic phase and the nematic order was preserved in the crosslinked solid.
Melting temperatures for the monomers reported here were high and this limited
the time available in the fluid state. Crosslinking usually occurred within seconds
after melting. Future efforts will concentrate on complete characterization of the
monomers discussed herein and on the synthesis and characterization of additional
rigid, rodlike thermosetting monomers with improved processability.
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Chapter 16

Synthesis, Structure, and Properties
of Functionalized Liquid-Crystalline Polymers

Rudolf Zentel!, Heinrich Kapitza!, Friedrich Kremer?,
and Sven Uwe Vallerien?
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Chiral lc-polymers can be prepared by a proper functio-
nalization of lc-polymers with chiral and reactive
groups. These elastomers are interesting, because they
combine the mechanical orientability of achiral Ilc-
elastomers with the properties of chiral lc-phases,
e.g. the ferroelectric properties of the chiral smectic
C* phase. The synthesis of these elastomers was very
complicated so far, but the use of lc-polymers, which
are functionalized with hydroxyl-groups, has opened an
easy access to these systems. Also photocrosslinkable
chiral lc-polymers can be prepared via this route.

During the last years our interest was focused on structure-property
relations in various types of functionalized liquid crystalline (lc)
polymers. At the beginning these were lc-polymers (main chain, side
group and combined polymers) functionalized with reactive groups,
which allow a network formation via a crosslinking reaction. The
schematic representation of the lc elastomers prepared in this way is
given in Figure 1. For a discussion of the synthesis and properties
of these materials see Refs. (1-2). The most obvious property of the
lc elastomers is their good mechanical orientability that means
strains as small as 20% are enough to obtain a perfect orientation of
achiral liquid crystalline phases.

The mechanical orientability made it interesting to look for a
combination of this elastomer property with the properties of chiral
liquid crystalline phases (cholesteric and chiral smetic C*, see
Figure 2), which result from a proper functionalization of low molar
mass liquid crystals with chiral groups. These phases show very
special properties, which are: selective reflection of light (chole-
steric phase) and ferroelectric properties (chiral smectic C* phase).
The goal of this work was not to prepare densely crosslinked thermo-
sets, in which the structure of these phases is locked in unchanged
up to the decomposition temperatures (3-4), but to prepare slightly

0097-6156/90/0435—0207$06.00/0
© 1990 American Chemical Society
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Crosslinked
Crosslinked Side-Group Polymers Main-Chain Polymers

Crosslinked Combined Main-Chain/
Side-Group Polymers

Figure 1. Schematic representation of different types of
1c elastomers.
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Cholesteric Phase Chiral Smectic C* Phase

Figure 2. Schematic representation of the cholesteric and chiral
smectic C* phase. The repeating distance along the helical axis
{(pitch) is between 200 nm to some um.
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crosslinked elastomers and to study the influence of mechanical
stretching on the helical superstructure of the cholesteric and the
chiral smectic C* phase (see Figure 2). In this case a change of the
selective reflection (cholesteric) or a piezo-electric response
(chiral smectic C* ) should result from a mechanically induced change
of the helical superstructure (see Ref. (5) for a detailed discussion
of this topic).

Combined lc polymers (6) were selected as starting materials
for this approach, because they form broad lc phases and they often
show liquid crystalline polymorphism. Hence the chance to observe the
desired chiral phases in the newly prepared polymers was great. In
addition half of the mesogens in these polymers are incorporated into
the polymer chain, while the other half (the mesogenic side groups)
orients parallel to the polymer chains (7). Therefore a strong
influence of the stretching of the sample, which leads primarily to
an orientation of the polymer chains, on the orientation of the
mesogenic groups can be expected.

The first chiral combined lc polymers prepared for this purpose
showed the desired cholesteric and chiral smectic C* phases only at
high temperatures (8) (the melting point was always above 100°C). By
using lateral substituents (see Figure 3) it is possible however to
suppress the melting temperature and to obtain polymers with a glass
transition temperature of about room temperature, without losing the
cholesteric and chiral smectic C* phases (9).

The synthesis of chiral elastomers of the schematic structure
shown in Figure 4 can be accomplished by crosslinking chiral
copolymers (5) according to Scheme I (for one chiral elastomer based
on lc side group polymers see Ref. (10)). The phase behavior of some
of these lc elastomers is summarized in Table I. Cholesteric and
chiral smectic C* phases are found depending on the temperature. The
assignment of these phases was primarily done on the basis of X-ray
measurements and polarizing microscopy (5). The ferroelectric pro-
perties of some of these polymers in the chiral smectic C* phase were
later confirmed by dielectric spectroscopy (frequency range: 10-t -
109 Hz) (11) (see Figure 5). The observation of both the Goldstone
and the Soft mode is a direct proof of the ferroelectric properties.

First X-ray measurements show that the helical superstructure
of the cholesteric and chiral smectic C* phase can be untwisted by
stretching the elastomer (5). High strains of 300% are necessary for
this purpose (compared to 20% for the achiral elastomers).
Nevertheless these results show that the chiral lc elastomers have
the potential to act as mechano-optical couplers (cholesteric phase)
or as piezo-elements (chiral smectic C* phase) (5), because the
mechanically induced change of the helical superstructure has to
change the optical transmission or reflection properties or the
spontaneous polarization. Both effects however have not yet been
measured directly.

The uncrosslinked and the crosslinked polymers described in
Table I still have some drawbacks. To begin with, the synthesis
of polymers with strong lateral dipole moments (see polymer 3a, b in
Table I (5)) is rather complicated, because the chiral groups have to
be introduced prior to the polycondensation reaction (9), which they
must survive unchanged. This limits the number of useful chiral
groups and excludes e.g. chiral esters, which are well known from low
molar mass liquid crystals (12). In addition the crosslinking has to
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Figure 3. Combined 1c polymers with lateral substituents [9].

Figure 4. Schematic representation of a network prepared from
chiral combined polymers [5].
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Table I: Phase transitions of uncrosslinked (a) and crosslinked (b)
chiral combined polymers (%) (see Scheme I)

No. Y X X2 R molecular Cross- Phase transitions
weight (GPC) linker / °eC a)
(mol%)
la  -N=N- -N=N- -N=N- Ri 60 000 - c109s5c*124n*1491
1b  -N=N- -N=N- -N=N- R - 10 ¢ 99sc*114n*141i
2a -N(0)=N- -N=N- -N=N- R, 47 000 - g24sc*115n*149i
2b -N(0)=N- -N=N- -N=N- Ri - 10 g25sc*110n* 1471
3a -N(O)=N- -- - Rz 17 000 - g20sc*124n*1301
3b -N(O)=N- -- - Rz - 20 g19sc*110n*123i

a)c:crystalline or highly ordered smectic phase, g:glassy frozen
phase, sc*: chiral smectic C*, n*: cholesteric phase,
i: isotropic melt

Soft mode

X
RTRINRY
AR b

) ‘\\\“\:“‘

Lo, °
9 /r,eq 4

be
7e) 320  <°
Figure 5. Dielectric loss €" vs temperature and vs logarithm 10 of

frequency for a thin (10 pm) and aligned sample of polymer 3a (see
Tab. 1).
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A: —{CHpz0 O—Y—@ O—CHylg
51: —(CH2)50—©‘X1‘©>0—(CH2)§CH=CH2
52: —(CHﬁgO‘@’Xg‘@*O—R«l or Rz

R13 —CHz—cl:H—Csz Rz: _CHZ_CI:H_CI:H_CZHS

* *

CHj Cl  CH,

e
H—{?i—O}ﬁSIi—H

CHj CHj,

Crosslinked chiral elastomers

1b-3b
Scheme 1

be done in isotropic solution, because the 1lc polymer and the
siloxane (see Scheme I) are not miscible. It would, however, be most
interesting to crosslink in substance in the different 1liquid
crystalline phases. This would make it possible to crosslink oriented
lc samples and to investigate the influence of different liquid
crystalline phases on the crosslinking reaction and on the properties
of the resulting network. A photo-crosslinking of groups covalently
bound to the polymer chain would make this possible.

In order to achieve this goal a synthetic route to
functionalized 1lc polymers was developed (13) (see Scheme II and
Table II). Due to the much higher reactivity of hydroxyl groups
compared to phenolic groups, it is possible to prepare linear
polymers of the structure presented in Scheme II.

Starting from these polymers it is possible to introduce the
chiral acids known from low molar mass liquid crystals {(12) and to
obtain the chiral homopolymers presented in Scheme III and Table III.
These polymers show a high spontaneous polarization in the chiral
smectic C* phase (14) (see polymer 7, Table III) and selective
reflection of visible light in the cholesteric phase (see polymer 9,
Table III) (13).
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CO0O—C,H;

|
H—O —@»YOO—(CHZ)#I:H

COO—C,Hs

Ti(OCH(CHa),), HO—CH X O—CHo)zOH
120-160°C ~{CH2Ke0 .
S

(CHa)g

H—0 YOJD
4-6

Scheme 11

Table II: Phase transitions of the functionalized polymers
4-6 (13) (see Scheme II)

No X Y Phase transitions 2) in °C
4 - - c 141 i

5 - -N(0)=N- c371i

6 -N(0)=N- - g 24 1c 139 i

a)gee footnote to Tab. 1, c¢: crystalline, lec: liquid crystalline
phase, not further specified
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—O—CHy)s0 —@-X—@— O%CHg)gOOC—ClH—CO};

(CHa)g

H_OQ_YOC‘)

R-COOH _m
N=C=N
m_ pccr

—~O—~{CHy)50 @—x@ O—(CH2)€OOC-——TH—CO}7

(CH2)5

7-9

Scheme 111

Table IIl: Phasetransitions of the chiral homopoiymers 7-9
(13-14) (see Scheme Il1)

No R X Y Phasetransitions') in °C

7 CoHs—"CH-"CH- - - c 114 s, 121 s.* 1331
CH, Ct

8  CgHs~"CH-"CH- - -N(O)=N- s, 84 s, 112
CHy Ci

9 c,H,a—’E‘:Ho-O— -N(O)=N- - g 18 5,103 n*125 i
CH,

a)

see footnote to Tab. 1; s, or s,: highly ordered smectic phase,
not further identified, s, : smectic A
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In order to prepare photochemically crosslinkable lc polymers,
copolymers were prepared, in which 70-80% of the mesogenic side
groups were functionalized with chiral groups, while the remaining
20-30% were modified with acrylate groups (13) (see Figure 6). In
order to prevent a thermally induced crosslinking, these polymers
have to be stabilized with 1-2% of bis (3 tert. butyl-4-hydroxy-5-
methylphenyl) sulfide. They can be photochemically crosslinked by
adding a Kodak initiator system (15) and by illuminating the sample
in the 1liquid crystalline phase (13) with a mercury lamp (see
Figure 6). Further investigations of these photochemically
crosslinked elastomers are in progress.
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