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BOWLIC AND POLAR LIQUID CRYSTAL POLYMERS 

L. LAM (LIN Lei) 
Department of Physics, San Jose State University, 
San Jose, CA 95192, USA,* and Institute of Physics, 
Chinese Academy of Sciences, Beijing, China 

Abstract Bowlic liquid crystals are made up o f  polar 
molecules. Both main-chain and side-chain bowlic po- 
lymers are possible. Exactly solvable discrete models 
describing the phases and conformations of  these bowl- 
ic and other polar liquid crystal polymers are present- 
ed. For the ideal one-dimensional case the model is 
equivalent to the 1D Ising model. Susceptibility and 
other properties are calculated. Wave propagation and 
solitons in these polar polymers are discussed. Pos- 
sible highly conducting and high Tc superconducting 
liquid crystal polymers are proposed. 

INTRODUCTION 

Bowlic liquid crystalslY2 are made up of polar molecules 

with up-down asymmetry. 

leading t o  many novel properties, including real ferroelec- 

tricity. 

These bowlics can be made into polymers2 - both main-chain 
and side-chain are possible (Fig. 1). 

-t The even-n symmetry may be broken 

4 They have been synthesized3 and studied by x-rays. 

F I G . l .  Main-chain (a-c) and side-chain (d) bowlic polymers. 

* Correspondence address. 
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532 L. LAM 

Depending on whether the separation between two bowlic 

molecules are large or small, one may have ferroelectric (a) 

or antiferroelectric (b) main-chains. In the semiflexible 

abstraction these polymers may be considered as chains with 

dipoles attached. In this sense they are no different from 

polar polymers made up of rod-like molecules, except that 

bowlics like case (c) can be much stronger in strength due 

to the stacking of the molecules which is absent in the 

rodic polymers. 

In the following, our discussions are valid for both 

bowlic and rodic polar polymers. 

THE DISCRETE MODEL 

To describe the conformations of  a polar main-chain in ex- 

ternal electric field E, a possible model is shown in Fig.2. 
For a chain of L repeatible units (each of which has length 

b and may be longer than a monomer) we consider a biased 

+ 
E FIG.  2. The discrete model. 

E is external elec- 
tric field. The 
lattice may be 
1-3D. 

random walk of L steps such that the energy for a bond (step) 

parallel (antiparallel) to E causes energy - F.(E), a bond 

perpendicular to E causes zero energy, each corner causes 

energy4, and a pair of antiparallel (parallel) adjacent bonds 

have energy -x(%' ) .  

+ 
-b 

All E ,  4, 8 and '6' are positive, with 
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BOWLIC AND POLAR LCPs 533 

E I Y E  where? is the dipole moment of  each repeatible 

unit. In general, the lattice is 3D, but may be 2D or 1 D  

for simplicity or special cases. 

A s  far as we know there is no analytic solution for 

this model. But it can be solved easily by Monte Carlo 

method with computers. For E = 0 and in 1D continuum limit 

this model reduces to that o f  Zwanzig and Lauritzen5 which 

was exactly solved in the L+Co 

order phase transition with the number of hairpins acting as 

the order parameter. For E # 0 and )’= 8’’ = 0 and in the 1D 

continuum limit the model reduces to that of Gunn and Warner 

which has exact solution but no phase transition. However, 

limit resulting in a second- 

6 

as shown by Lauritzen and Zwanzig‘ the continuum version of 

a physically discrete model may contain spurious results. 

To render the model solvable let us consider a simplifi- 

ed version (Fig.3). Here, the model is 2D (or 1 D )  and the 

horizontal bonds are in one direction only. For E = 0, it 
reduces to that of Ref.7. In the L + m  limit the exact 

solution7 gives a second-order phase transition. For general 

k S b - 4  
FIG.3. The 2D simplified 

discrete model. 
S is a constant. 
S =  0 reduces the ii4 f model to 1D.  

E and $ = 0 we found exact solutions. 

ion is given by 

The partition 

Z(L) = 2[HL - (coshpE)HL-l + fHL-S 1 ( 

funct- 
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534 L. LAM 

1 dm H = - l i m  -[l/G(z)] 
z+o dzm m m! ( 2 )  

with 

(3) 2 2s P 
2 G(z) : z - ( 2 ~ 0 s h  & ) z  t 1 - f z 

Here, L ,  S and m a r e  i n t e g e r s  with L 2 1, L 2 s 2 0 .  

For 6 = 1, i n  p a r t i c u l a r ,  t h e  f ree  energy F = -(L/f) 
x l n ( 1 t f )  - (1/p) ln2 fo r  E = 0 .  

h a i r p i n s  n a F / a h  L f / ( l t f )  which inc reases  monotoni- 

c a l l y  from zero t o  L / 2  as temperature T i nc reases  from 

zero t o  i n f i n i t y .  The s u s c e p t i b i l i t y  is  obtained for 

a r b i t r a r y  L and E .  A s  E + 0, 

The average number of 

which i s  i d e n t i c a l  t o  E q . ( 5 )  of  Gunn and Warner' i f  t h e  

length 1 t h e r e  is  i d e n t i f i e d  with b .  

For  8 = 0 ,  our s i m p l i f i e d  d i s c r e t e  model i s  mapped 

onto t h e  1D I s i n g  model. 

de r ing  t h e  up segments ( i n  Fig.3)  t o  be spin-up and t h e  

down ones a s  spin-down with s p i n  1 /2 ;  p a r a l l e l  ad j acen t  

sp ins  have energy zero and a n t i p a r a l l e l  p a i r  having energy 

h .  If pe r iod ic  boundary condi t ion i s  used (which i s  v a l i d  

fo r  l a r g e  L ) y  i s  t h e  same a s  i n  E q . ( 4 ) ,  both o f  which 

are v a l i d  f o r  a l l  temperatures.  

This can be  seen e a s i l y  by consi-  

Several  remarks are i n  o rde r .  ( i )  The Z of Ref.6 de- 

pends on an a r b i t r a r y  parameter 1 which has t o  be  r e l a t e d  

t o  some phys ica l  q u a n t i t i e s  s e p a r a t e l y b 6  

comes i n  i n  t h e  "density of states f a c t o r t t 8  when one t akes  

We no te  t h a t  1 
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BOWLIC AND POLAR LCPs 535 

t h e  continuum l i m i t  of t h e  phys ica l  d i s c r e t e  model. 

t h e  d i s c r e t e  model, t h i s  problem is  avoided. ( i i )  We note  

t h a t  E q . ( 4 )  and hence t h e  g i a n t  d i e l e c t r i c  response6 i s  

t h e  same a s  t h e  mean-field r e s u l t s  of t h e  I s i n g  model as 

T + O .  ( i i i )  The f a c t  t h a t  i n  our  s i m p l i f i e d  model t h e  

in f luence  o f  t h e  o the r  molecules is ignored i n  c a l c u l a t i n g  

t h e  conformations of a s i n g l e  molecule implies  t h a t  t h e  

r e s u l t  is v a l i d  for a s i n g l e  molecule or i n  very d i l u t e  so- 

l u t i o n ;  it is not  f o r  nematic polymers. This can be reme- 

d i ed  e a s i l y  by t r e a t i n g  t h e  o t h e r  molecules i n  a mean-field 

manner and t r e a t i n g  t h e  conformation of a molecule exac t ly  

as done he re .  For t h i s  purpose one simply r ep lace  E by E 

t aP, where a is a propor t iona l  cons t an t  and P i s  t h e  po- 

l a r i z a t i o n  given by P = -aF/BE. 

phase t r a n s i t i o n s  even though t h e  ad jacen t  segment i n t e r -  

a c t i o n  However ¶ t h e  behavior of  9 i s  dras-  

t i c a l l y  changed. This i s  confirmed by a n  a l t e r n a t i v e  des- 

c r i p t i o n  r:hich maps t h e  problem t o  a quantum mechanical 

d i f f e r e n t i a l  equation.’ 

a t  low temperature one has 

I n  

I n  t h i s  way w e  d i d  f i n d  

i s  ignored. 

For example, i n s t e a d  of E q . ( 4 ) ,  

7 - p- l exp(c /  p c = cons tan t  > o ( 5 )  

I n  s h o r t ,  t h e  g i a n t  d i e l e c t r i c  response of  Eq . ( l r )  i s  modi- 

f i e d  when intermolecular  i n t e r a c t i o n  i n  a nematic i s  taken 

i n t o  account.  

PHASE TRANSITIONS 

I t  i s  worth t o  po in t  out  t h a t  t h e  columns i n  t h e  columnar 

phase of  bowlic ( a s  w e l l  as d i s c o t i c )  mesophases may be 

considered as polymers. I n  t h e  c r y s t a l  phase of polymers 

cha in  packing is important.  H e l i c a l  chains  a s  w e l l  a s  

hexagonal or r ec t angu la r  packing can be understood from 

simple geometr ical  cons ide ra t ions  .lo The s i m i l a r  ca ses  i n  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
05

 1
9 

Fe
br

ua
ry

 2
01

3 



536 L. LAM 

liquid crystal columnar phases (including the helical low- 

temperature phase observed in bowlics ) may be understood 

this way. 

4 

WAVE PROPAGATION AND SOLITONS 

For a main-chain (polar or non-polar) polymer the motion of 

the hairpins along the chain may be described by the sine- 

Gordon equation which is the Lagrange equation of the free 

energy, 

(6) 2 2 F = [Me + Qsin 8 + B(ae/as) lids s w 2  

The hairpins may be understood as solitons." 
case, when E # 0 one has the additional term N c o d  in 

the integrand of Eq.(6). One then has the double-sine- 

Gordon equation and still has solitons (which do not main- 

tain their identities after pair-wise collision). Here 8 

is the angle between the tangent of the semiflexible chain 

at a point with the director (or the electric field). 

In the polar 

For dipoles transverse to the chain as in cases (a) 

and (b) of Fig.1, one may consider the chain to be twistable 

as well as flexible. The mechanical property of such a 

chain may be described by the Kowteweg-deVries equation 

which is also a soliton equation. 1 1  

CONDUCTING AND HIGH Tc SUPERCONDUCTING LC POLYMERS 

The bowlic molecules have holes in their  center^.^ [In 

contrast, the discotics mayl'or may not have holes13. 

former is called tubular.12] 

there are two ways of doing it. One is to make new molecules 

by connecting a metal or transition metal atom in the center 

of the original (or modified) bowlic molecule. This has been 
shown to be possible for the discotics14 and should be so for 

The 

To make the bowlics conducting 
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BOWLIC AND POLAR LCPs 537 

the bowlics too, in our opinion. The second is to put in 

the metal or transition metal elements into the empty tube 

of the columns in the columnar phase of the bowlics. The 

size of the atoms will depend on how large the tube diameter 

is. We will then have a conducting and possibly highly 

conducting liquid crystal (or crystal below the mesophase- 

crystal transition temperature). 

have parallel conducting filaments capable of sliding 

against each other is peculiar to these liquid crystal 

conductors. The consequences are worth further investigat- 

ion. All these remarks of course apply also to the discot- 
ics. 

The fact that one will 

The conducting polymers (or columnars) may become 

superconducting through three possible mechanisms. In the 

case of the atom which is capable of some motion inside 

the tube (manufactured by the second method above) there 

may be Peierls transition and then charge-density wave. 

One then has the Frohlich mechanism. The second is by 

hopping as in the Hubbard m0de1.l~ 

two cases of manufacturing. The third is by the exciton 

mechanism.16 It is the last one that may lead to high T 
superconductors. 

This may work for the 

In fact, hypothetical organic molecule with Pt in the 
17 center had been proposed by Davis, Gutfreund and Little 

before for the excitonic mechamism to work. Superconducting 

T above 1000 K is possible, in theory.17 The difficulty 

is that this molecule is very difficult if not impossible 

to synthesize; more importantly, even one has such a mole- 

cule there is no guarantee that they will stack up to form 

one-dimensional or quasi-one-dimensional filament as requir- 

ed by the theory. In contrast, in our case the stack up of 

the molecules is natural; the synthesis is possible. In 
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538 L. LAM 

t h i s  r e g a r d  t h e  b o w l i c s  s h o u l d  have a d v a n t a g e  o v e r  t h e  d i s -  

c o t i c s .  With t h e  b o w l i c s  t h e  s e p a r a t i o n  between t h e  con- 

d u c t i n g  columns c a n  be more c l o s e  t o  e a c h  o t h e r  due t o  

t h e  i n c l i n e d  c o n f i g u r a t i o n  of t h e  benzene r i n g s  i n  t h e  

molecule .  The i n t e r c h a i n  coupl ing18 would be more f a v o r a b l e ,  
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