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ABSTRACT: Macromolecular architecture by a non-covalent interaction has been achieved for lig-
uid-crystalline polymers. Supramolecular polymeric complexes with well-defined structures can be
prepared by #on-covalent synthesis through intermolecular hydrogen honds. Side-chain mesogenic poly-
mers with wide variety of structures as well as a host-guest system have been built through hy-
drogen bonds between carboxylic acid and pyridine, and carhoxylic acid and 2-(aminc)pyridine. Self-
assembly of polyfunctional hydrogen bonding malecular units results in the formation of supramolec-
ular mesogenic networks. The networks show mesomorphism due to the dynamic nature of hy-
drogen bonds. Liquid-crystalline polymer blends with improved miscibility by hydrogen bonds have
been prepared from a thermotropic polyester with lateral pyridyl group and poly(vinyl phenol).
These materials are a new class of liquid crystals with unique properties. The strategy for
supramolecular architecture are widely applicable to other functional polymeric systems.

Introduction

Macromolecular structures have been generally
constructed by synthetic processes through co-
valent bonds (Figure 1A). In contrast, supramolec-
ular architecture has recently been developed
through non covalens bonds such as hydrogen bond-
ing which is stable and directional (Figure 1B)."
This strategy can alse be applied to the design and
synthesis of macromolecular structure. In nature,
biopelymers such as DNA and RNA form
supramolecular structures through hydrogen bond-
ing whose dynamic nature contributes to the bio-
logical molecular processes. Therefore, for syn-
thetic polymers, dynamic functional systems that
cannot be obtained only by covalently honded poly-
mers would be achieved through the suprameclec-
ular polymers obtained by non-covalent synthesis.
We have found out that hydrogen bending can be
used as a powerful tool for molecular architecture
of liquid-crystalline polymers as well as low molec-
ular weight compounds.”® For example, the design
of conventional and supramolecular structures of lig-
uid-crystalline side-chain polymers are shown in

Figure 2. Generally, only covalent bonds are used
to prepare mesogenic side-chain polymers with a
wide variety of structures (Figure 2A)."" However,
the formation of well-defined stable structures can
be achieved through hydrogen bonds with relatively
higher honding energy (Figure 2B and 2C).*"

Hydrogen bonds that can be used for nor-co-
valent synthesis are shown in Figure 3. Single™®
and double®® hydrogen bonds are (A and B} have
been used for macromolecular architecture. The
main-chain polymers were obtained by triple hy-
drogen bonds (C).®* The phenol/pyridine hy-
drogen bonds (D) have recently been employed for
the preparation of low molecular weight mesogenic
complexes, ™
talline polymer biends.”

In this paper, we report our approach involving
hydrogen bonds for macromolecular architecture
of liquid-crystalline materials. The supramolec-
ular complexation of the carboxylic acid with the
pyridyl moiety results in the formation of liquid-
crystalline side-chain polymers such as 1 and 2.%"
Table I gives transition temperatures of the
supramolecular These

while it was used for liquid-crys-

side-chain polymers.
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Figure 1. The idea of non-covalent synthesis to form
supramolecular structure.
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Figure 2. Schematic illustration of liquid-crstalline side-
chain polymers built by only covalent bonds (A) and co-
valent and hydrogen bonds (B and C).

supramolecular complexes behave as one single
component and show clear phase transitions. It is
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Figure 3. Hydrogen bonds used for the preparation of
supramotecular liquid crystals.

noteworthy that the liquid-crystalline phases are
very thermally stable. The molecular orientation
contributes to the stahilization of the hydrogen
bonds.™* Induction of a ferroelectric liquid-crys-
talline phase (a chiral smectic C phase: Sc*) is ob-
served for a polysiloxane incorporating chiral non-
mesomorphic molecule (polymer 2h)."

Supramolecular Liquid-Crystalline Side-
Chain Polymers

Side-chain polymer structures was also con-
siructed by the H bond between carboxylic acid
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Supramotecular Liquid-Crystalline Polymers

Molecular Structures 1 & 2
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Table 1. Thermal Properties of Supramolecular
Hydrogen-Bonded Side Chain Polymers

H-bonded phase transition behavior®

complex
la G 140 N 252 1
1b G 3 S 64 & 124 5, 197 I
1c G 338 S 200 1
Z2a K 114 § 18 1
2b K 9 §* 130 S, 162 1

“Temperatures ("C), G: glassy, $' smectic, N' nematic, [
1sotropic.

and 2-(amino)pyridine. A molecular recognition
process of two components through the double hy-
drogen bonds led to the formation of monotropic liq-
uid-crystalline polymers of 3 and 4. For example,
the polymer with p=4 exhibited a manotropic
mesophase from 93 to 80 °C. No clear texture was
observed for the series of 3. For the supramolec-
ular methacrylate polymer (R=CH. p=5), a tex-
ture suggesting the existence of the discotic phase
was observed on cooling from isotropic melt.” The
structure of the mesogenic core of 3 and 4 was
unique because the mesogenic core was neot simply
rod and disc shape and two alkyl chains did not lie
on the long axis of the aromatic core. The rotation
of the side chain should be restricted and the core
may align in perpendicular to the polymer back-
bone. Though these materials are monotropic and
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Molecular Structures 3 & 4
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it is difficult to perform X-ray measurements for
the mesophase because of crystallization, the meas-
urements are now heing attempted to study the
mesophase type.

Another type of side-chain polymers (Figure 2C)
has heen built through the hydrogen bonds
between a poly(vinyl pyridine) backbone and meso-
genic compounds containing terminal carboxylic
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Figure 4. Schematic structures of liquid-crystalline poly-
meric host-guest systems: (A} simple mixture containing a
dissolved functional molecule: {B) copoelymer system con-
taining covalently-bound functional moiecules: (C) a new
type of liquid-crystalline host-guest system built by hydro-
gen bonds between liquid-crystalline polymer matrix and a
functional molecule.

group.™** Polymer 5 (x=0.93) shows a smectic
phase from 112 to 150 °C.” Similar structures have

heen prepared using this macromolecular design."*"

Supramolecular Mesogenic Host-Guest
System

Liquid-crystalline host-guest polymers have po-
tential for advanced materials.” T'wo types of host-
guest materials have been prepared (Figure 4, A
and B); the first type involves a functional molec-
ule dissolved in a liquid-crystalline polymer matrix ;
the second type consists of a copolymer containing
covalently bonded functional molecular unit. We
have shown that the use of hydrogen bonding leads
to a new type of mesogenic host-guest system
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(Figure 4C).¥ These materials are obtained by sim-
ple self-assembly processes and the dye would be-
come miscible in the matrix due to the specific
molecular interaction. Host-guest system 6 has
heen prepared through hydrogen bonding. An a-
zobenzene molecule which is known to show pho-
tochromism has been incorporated into the liquid-
crystailine polymer matrix. Improved miscibility of
the guest molecule in the host is observed because
of hydrogen bonding. Sequential UV and visible
light irradiation io this system causes reversible
photochemically induced phase transitions. The
isothermal reversible nematic-isotropic transition
results from the photo-isomerization hetween
frans and cfs form.

Main-chain H-bonded polymers have also been
formed by self-assembly of bifunctional compounds,”*
while dimeric complexes have been obtained.”

Supramolecular Liquid-Crystalline Net-
works

A specific feature of the hydrogen bond is the dy-

namic nature. Polymeric network 7 that exhibits
liguid-crystailine behavior has heen built by self-as-
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Supramolecular Lignid-Crystalline Polymers

Molecular Structure 7
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Figure 5. Schematic illustration of the reversible phase
transition between smectic and isotropic phases for the
supramolecular liquid-crystalline polymer network 7.

sembly of polymer and 4,4 -bipyridine through the
hydrogen bonding.” This is a novel type of liquid
crystals because fluid and mesomorphic behavior
are not expected if the network structure with
high cross-linking density is obtained by covalent
bonds. It should be noted that hydrogen-bonded
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Molecular Structures 8 & 9
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networks show reversible phase transitions as
shown in Figure 5. On heating the sample to the
isotrapic state, some of the hydrogen bonds break
to form a disordered state. When it is cooled from
the isotropic state, the hydrogen bonds form again,
which results in the formation of smectic A phase.
Three dimensional liquid-crystalline networks
have also been obtained by simple self-assembly of
low molecular weight compounds. Trifunctinal H
bond donors 8 and 9 and bifunciional H bond ac-
ceptor 10 can be self-assembled into supramolec-
ular mesogenic networks, although these hydrogen
bonding components are completely nonmesogenic.
For the complex of 8 and 10, the smectic A phase
is induced, while the nematic phase is seen for the
complex based on 9 and 10 over wide temperature
range. This difference can be explained on the
basis of favored conformations of molecules shown

129



Molecular Structures 10 & 11

11

Figure 6. Preferred conformation of trifunctional H-bond-
ing molecules: {A) 8 and {B) 9.

in Figure 6. The supramolecular self-assembly of
these trifunctional compounds and the bifunctional
rigid-rod molecule results in the formation of smec-
tic and nematic networks as illustrated in Figure 7.

Trifunctional H-bonding domor 8 and trifunc-
tional acceptor 11 have formed a liquid-crystalline
network, which exhibits a smectic A phase from
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Figure 7. Schematic illustration for the structure of
supramolecular networks: {A) a smectic network from 8
and 10 and (B) a nematic network based on 9 and 10.
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Figure 8. Structure of mesomorphic hydrogen-bonded poly-
mer blends derived from thermotropic polyester 12 and
poly{4-vinylphenol) 13.

144 to 162°C. The reversible phase transition
between mesomorphic and isotropic phases is ob-
served for these networks. These are new classes
of liquid-crystalline polymeric networks that show
dynamic mesomorphic states and responsibility to
thermal stimuli. Three dimensional crystals from
small molecules are also built from small molecular
components.®®
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Supramolecular Liquid-Crystalline Polymers

Hydregen-Bonded Thermotropic Poly-
mer Blends

Although the hydrogen bonds bhetween phenol
and pyridine were used for the mesogenic com-
plexes,” the hydrogen bonds are generally weak-
er and less directional than that of carboxylic acid
and pyridine. We have employed this hydrogen
bond for the preparation of a new type of liquid-
¢crystalline polymer blend in which molecular mis-
cibility and assembled structure were controlled.”
The pyridine group was incorporated on a thermo-
tropic polyester as a lateral group. A glass transi-
tion at 88 °C and a nematic phase up to 175 °C was
observed for polymer 12. Poly(4-vinylphenol) (13},
which is amorphous and nonmesogenic, was com-
plexed with the polyester (Figure 8). These poly-
mer blends showed homogeneous nematic states
with no phase separation. The nematic melts of
the blends were more viscous than that of the sin-
gle component of polymer 12. For example, the 11
blend that contained the same molar amount of
phenol and pyridine moiety showed a nematic
phase from 98 °C to 152°C. These properties can
be ascribed to the partial formation of the hy-
drogen bond between two macromolecular com-
ponents as shown in Figure 8.

Conclusion

We have shown that how hydrogen bonds can be
used for the macromolecular architecture of liquid-
crystalline polymers. Other specific interactions
such as charge transfer® and ionic¥ interactions
have also been employed for the design of liquid-
crystalline polymers These materials would be use-
ful for the preparation of dynamic functional molec-
ular systems.
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