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ABSTRACT

Semi-rigid liquid crystal polymer is a class of liquid crystal polymers different from long rigid
rod liquid crystal polymer to which the well-known Onsager and Flory theories are applied. In
this paper, three statistical models for the semi-rigid nematic polymer were addressed. They are
the elastically jointed rod model, worm-like chain model, and non—homogeneous chain model.
The nematic-isotropic transition temperature was examined. The pseudo-second transition tem-
perature is expressed analytically. Comparisons with the experiments were made and the agree-

ments were found.

INTRODUCTION

First mesomorphic polymer was discovered in 1937 in solution of the tobacco
mosaic virus, a rigid long polymert), A few efforts have since been made to
establish the theoretical basis for this class of liquid crystal polymers, among
those the most important theories were the virial expansion by Onsager in 1949
and the lattice model by Flory in 1956, In their theories, liquid crystal phases
arise from purely steric reasons, relatively dense systems of long rigid rods easily
form a liquid crystal phase. Twenty years later, the liquid crystal phase was ob-
served in semi-rigid main chain polymers as well. Those polymers are composed
of rigid mesogenic units with flexible spacers. The application in high modulus
fiber has aroused research interest in this respect. Since then tremendous efforts
have been made to synthesize the liquid crystal polymers and many experiments
have been performed to investigate their properties. Meanwhile, the theoretical

study has been made as well.
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The Maier-Saupe theory!*!, a suitable mean field theory for low molecular
weight liquid crystals, was proposed to describe the simplest model of these poly-
mers, i.e. , the freely-jointed-rod model. In this model each repeated mesogenic
unit models as a rod subject to a nematic field, while the successive rods rotate
freely. Therefore, the nematic-isotropic (N-I) transition of the polymer occurs
at the temperature T.=0. 2202 a/ks, where a is the nematic coupling constant
and kg is the Boltzmann's constant.

Because of its simplicity, the rods have no effect on orientation of successive
rods so that random-walk conformation is obtained, but one expects the rod
behavior as the nematic field is strong. Actually, the rods are not freely hinged.
To overcome the drawback of the freely-jointed-rod model, the following statisti-
cal models were presented for such semi-rigid nematic polymers. Among them
are elastically-jointed-rod model®’; worm-like chain model™®®!; non-homoge-

neous chain model*',
ELASTICALLY-JOINTED-ROD MODEL

There are two parts of energy of a set of jointed rods, one is from nematic

mean field
U, = -, pSP,(cost)) (1)

where the order parameter S = <P, (cos) >, P, is the second Legendre
polynomial. p is the nematic coupling constant of a mesogenic rod and & is the
angle of rod axis with respect to the director. The other part of energy arises
from bending of successive rods

Ub = z ';‘ q(0i+1‘0i)2 (2

Where ¢ is the bend elastic const. The first term favors both anti-parallel and
parallel alignment. But the second term favors only the parallel alignment of two
neighboring rods.

There is a characteristic length A that balances the two effects. When the
repeated unit length of the polymer /, is greater than A, the repeated unit along
the polymer might be able to change abruptly its orientation and the polymer
behaves as jointed rods. If /, is less than A, the polymer chain is worm-like.

The former case is treated by the elastically-jointed-rod model®®?, which
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examines the liquid crystal polymers in terms of the transfer matrix approach,
originally applied in one-dimensional Ising model. For simplicity, only discrete
orientations are taken into account, that is, up(z=1), down(z=-1) and 4-fold
degeneracy orientations on the perpendicular plane to the nematic director

(n=0). The partition function of a set of jointed rods is then

Z = MS&+OMPMED (3)
where the 6x6 matrix M is
MP = (nf |exp(-H) |n§?) €3]
and the hamiltonian H is
H = 2[Pytn) + Pon)] + £ (iyem? (5)

where a=pS/ksT, and B=¢q/ksT. Actually, B is the ratio of persistence length
to repeated unit length of polymer. M can be reduced to a 3X 3 matrix by con-
sidering the 4-fold degeneracy of orientations in the perpendicular plane to
director. Because of their identical form of each matrix M in equation (3), the

partition function Z is the trace of the product of the N matrices M

e g7/ 4812 Pl
M = 26—0:/4—/9/2 (1 + 2 P2 + e-zﬁ)ea/z Ze-a/4-/9/2 (6)
e—a»zﬁ Ze—a/4»/9/2 e

and is dominated by the largest of its three eigenvalues, A,.., and thus the parti-
tion function becomes
Z = X (7
The free energy of a polymer is obtained from the partition function,
F=—kgTInZ, and can be expanded in the Landau-de Gennes' form. It is found
from the expansion that the N-I transition is of typical first order. We analyze
below the pseudo-second transition temperature 7" instead of 7T".. The difference
between two temperatures is small, experimentally within a few Kelvin.
The pseudo-second transition temperature T * for this polymer of infinite
length is given by the coefficient of quadratic term of free energy
T = (1+ "+ e¥?)/6 p/hs (8)
where B is the ratio of persistence length to rod length, for typical value of the
ratio, e.g. , f=4, T* /T (B=0)=2. 8, where T* (8=0) is the value of freely
jointed rods or that of corresponding monomers. The prediction is qualitatively in

agreement with experimentst?.
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WORM-LIKE CHAIN MODEL

If the extended length of the polymer chain is fixed, but the building rods
become very short the elastic discrete chain evolves into a worm-like chain, i.e. ,
an elastically inextensible homogeneous chain. The path integral approach is then
naturally applied™*®.

The partition function is then expressed byt™*

1

even

2 = >20n + DI|deSpy(o) FeapAL/D (9)

n=0 0
where L is the total length of polymer chain and / is the chain persistence length.
Sp. and A, are the Spheroidal wave functions and their eigenvalues, respectively,
which are associated with Sae/ (k3T )*. a and € are the nematic coupling constant
per unit length of chain and chain bend elasticity.

Substituting Z into free energy and adding the mean field term, the free

energy per polymer is written as'®

F = k,TIhZ + %aszz, (10)
Expanding the free energy in the form of Landau-de Gennes theory the

pseudo-second transition temperature can be obtained in the similar way as that

in the second section

. 1 1—6'61‘“ i

This formula describes the effect of chain length on the N-I transition. 7"
disappears when L/! approaches to zero and saturates as L is above the persis-

tence length. It is in good agreement with the experiments™*,

NON-HOMOGENEOUS CHAIN MODEL

Most main chain liquid crystal polymers are composed of mesogenic units
linked by spacers with varying degree of flexibility, such as repeated methylene,
oxyethylene, or siloxane groups. In the non-homogeneous chain model, the

[s-112 " The numerical

polymer chain is modeled in sequence of rods and spacers
results can be found in our early work"'!, and the analytical expression of the
pseudo-second transition temperature for this polymer with infinite long chain

may be obtained by
kgT ™ = (3a’v,, + 2al N v, + bluy)/15(a + b) (12)
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where a, b and [ are lengths of rod-like mesogenic unit, semi-flexible spacer, and
its persistence length; v, and vy are the interaction between mesogenic units and
spacers, respectively. Here we suppose interaction between mesogen and spacer
1s approximately equal to geometric mean of v,, and v.

Comparison with experiments was made in Ref. [11] and agreement was
found. One of advantages of this model is its connection of transition temperature

and the molecular parameters.
SUMMARY

Many efforts have been made to describe statistical behavior of the semi-
rigid liquid crystal polymers. A few works improved the Onsager or Flory
model, originally designed for rigid rod systems, to illustrate the solution of
semi-rigid liquid crystal polymerst'***), The basic idea is the introduction of per-
sistence length. The above-mentioned models in this paper are three of models
developed recently. Each of them has its advantages. In this paper we only con-
cerned with the N-I transition temperature. Other properties of semi-rigid liquid
crystal polymers, such as critical order parameter, entropy change at N-I transi-
tion, and conformations are also interests of theories. Theoretical study on the
semi-rigid liquid crystal polymers is continuing.
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