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ON THE DIFFERENCE BETWEEN SOLID CRYSTALS AND L I Q U I D  
CRYSTALS WITH THREE-DIMENSIONAL ORDER* 

ADRIAAN DE VRIES 
Liquid C r y s t a l  I n s t i t u t e ,  Kent S t a t e  Un ive r s i ty ,  
Kent, Ohio 44242 U.S.A. 

(Submitted f o r  p u b l i c a t i o n  June 22,  1978) 

ABSTRACT - The most important  experimental  d i f f e r e n c e s  
between s o l i d  c r y s t a l s  and l i q u i d  c rys ta l : ;  wi th  th ree -  
dimensional o r d e r  a r e  suggested t o  be  tha.: l i q u i d  
c r y s t a l s  wi th  o p t i c a l l y  a c t i v e  molecules :Form twi s t ed  
s t r u c t u r e s ,  whereas s o l i d  c r y s t a l s  do n o t ,  and t h a t  
similar l i q u i d  c r y s t a l  phases of  d i f f e r e n t  compounds 
mix i n  a l l  p ropor t ions  whereas s o l i d  c r y s t a l  phases 
gene ra l ly  do n o t .  

Some c u r r e n t  models are d iscussed  and found inadequate .  
A new model i s  proposed i n  which t h e  main d i f f e r e n c e  
between s o l i d  c r y s t a l s  and l i q u i d  c r y s t a l s  with th ree -  
dimensional o rde r  is t h a t  i n  t h e  s o l i d  c r y s t a l s  t h e  
a l k y l  cha ins  a t  t h e  ends o f  t h e  molecule have very 
l i t t l e  d i s o r d e r  o r - n o  d i s o r d e r  a t  a l l ,  whereas i n  t h e  
l i q u i d  c r y s t a l s  t h e  a l k y l  cha ins  are s l i g h t l y  d isordered .  

In t roduc t ion  - The d iscovery  t h a t  t h e r e  a r e  l i q u i d  c r y s t a l  
Dhases wi th  three-dimensional  o rde r '  ' 2  r a i s e d  t.ie cluestion 
whether t h e s e  phases  should be  c l a s s i f i e d  as  - l i c e  c r y s t a l s  
o r  a s  s o l i d  c r y s t a l s .  2' 

D e  Vries and Fishe12 gave t h e  fol lowing reasons f o r  
c l a s s i f y i n g  t h e  smect ic  H phase o f  BBEA (4-n-bu~:yloxybenzal- - 
4 ' - e t h y l a n i l i n e )  as a l i q u i d  c r y s t a l  phase: 

1. There i s  no supercool ing  a t  t h e  t r a n s i t i o n  from t h e  
nematic  phase t o  t h i s  phase.  

* 
Research supported by t h e  Nat ional  Science Foundation 
under Grant No. DMR-76-21364. 
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20 A. DE VRIES 

2 .  The observed changes i n  t h e  microscopic  t e x t u r e  dur ing  
t h e  formation o f  t h e  phase from t h e  nematic phase would 
no t  b e  expected f o r  t h e  c r y s t a l l i z a t i o n  o f  a s o l i d  phase.  

3 .  The microscopic  t e x t u r e  of t h e  phase resembles t h a t  of 
a smect ic  B phase.  

4 .  The phase can be  made t o  flow. 

Doucet, Lambert, and Leve lu t3 '4  proposed t h a t  t h e  main 
d i f f e r e n c e  between t h e  s o l i d  phase and t h e  t i l t e d  smect ic  B 
phase o f  TBEA (4-n-terephthal-bis-butylaniline) is  a rotatTona1 
motion o f  t h e  molecules around t h e i r  long axes i n  t h e  B phase.  
Apart from whether o r  no t  t h i s  hypothes is  i s  c o r r e c t ,  i t  cannot 
be  t h e  fundamental d i f f e r e n c e  between s o l i d  c r y s t a l s  and l i q u i d  
c r y s t a l s  wi th  three-dimensional  order '  because TBBA has  o t h e r  
l i q u i d  c r y s t a l  phases ,6  a t  temperatures  below t h e  range of  t h e  
t i l t e d  B phase,  which c l e a r l y  do not  have molecules r o t a t i n g  
around T h e i r  long axes.  

- 

- 

De Gennes and Sarma,* t o  exp la in  t h e  d i f f e r e n c e  between a 
smect ic  B phase and a s o l i d ,  proposed f o r  t h e  smect ic  B phase 
a model G i t h  s t r o n g  fo rces  wi th in  t h e  smect ic  l aye r s  bu t  weak 
fo rces  between them. 
De Gennes,' who d i s t ingu i shed  two cases :  
a c t i o n s  between t h e  l a y e r s ,  and ( 2 )  somewhat s t r o n g e r  i n t e r -  
a c t i o n s  between t h e  l a y e r s .  For very  weak i n t e r a c t i o n s  one 
g e t s  t h e  Sarma model: 
o the r .  I t  i s  ev ident  t h a t  t h i s  would g ive  a s t r u c t u r e  wi th  
no three-dimensional  o r d e r ,  and thus  t h i s  model i s  no t  rele- 
vant t o  our  d iscuss ion .  I f  t h e  i n t e r a c t i o n s  between t h e  
l aye r s  are "somewhat s t ronger" ,  i . e . ,  s t r o n g  enough t o  g ive  
three-dimensional  o r d e r ,  De Gennes cons iders  t h e  r e s u l t i n g  
smect ic  B phase t o  be  " r e a l l y  a crystal". '  The d i f f e r e n c e  
between The r e g u l a r  s o l i d  phase and t h i s  " c r y s t a l l i n e "  
smect ic  B phase,  accord ing  t o  De Gennes: i s  t h a t  i n  t h e  s o l i d  
phase t h e  a l i p h a t i c  cha ins  a t  t h e  ends of t h e  molecules are 
s t r o n g l y  a l igned  whereas i n  t h e  - B phase they  a r e  i n  a d i s -  
ordered "molten" s t a t e .  

This  model was developed f u r t h e r  by 
(1) very weak i n t e r -  

t h e  l a y e r s  can s l i p  f r e e l y  on each 

In  t h i s  n o t e  we w i l l  a t tempt  t o  show (1) t h a t  l i q u i d  
c r y s t a l s  with three-dimensional  o r d e r  a r e  no t  o rd ina ry  s o l i d  
c r y s t a l s ,  and (2)  t h a t  t h e  a l i p h a t i c  c h a i n z n  t h e s e  phases  
are not  i n  a molten s ta te .  We w i l l  a l s o  propose a model o f  
w h a t t h e n ,  i n  ou r  op in ion ,  i s  t h e  d i f f e r e n c e  between s o l i d  
c r y s t a l s  and l i q u i d  c r y s t a l s  wi th  three-dimensional  o rde r .  
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SOLID CRYSTALS AND LIQUID CRYSTALS 21 

No Ordinary C r y s t a l s  - Above we have l i s t e d  f o u r  experimental  
d i f f e r e n c e s  between s o l i d  c r y s t a l s  and l i q u i d  c r y s t a l s  with 
three-dimensional  o rde r .  
however, appears  t o  be  t h e i r  d i f f e r e n t  behaviour toward 
inco rpora t ing  o p t i c a l l y  a c t i v e  molecules i n  t h e i r  s t r u c t u r e .  
A c r y s t a l  s t r u c t u r e  o f  an o p t i c a l l y  a c t i v e  compound has a 
s i n g l e  three-dimensional  l a t t i c e ,  j u s t  l i k e  any o t h e r  c r y s t a l  
s t r u c t u r e ,  bu t  t h e  l a t t i c e  of  a three-dimensional  smect ic  
phase becomes tw i s t ed  i f  t h e  molecules are o p t i c a l l y  a c t i v e . '  

A more fundamental d i f f e rence ,  

Another fundamental d i f f e r e n c e  appears  t o  .ie what happens 
when two compounds with s i m i l a r  s t r u c t u r e s  a r e  mixed. In 
c r y s t a l l i n e  s o l i d s  one very seldom observes  t h e  formation of  
mixed c r y s t a l s  over  a f u l l  range of composition:;. Liquid 
c r y s t a l s  with three-dimensional  order ,  however, appear  t o  
fol low t h e  behaviour of the  less ordered  l i q u i d  c r y s t a l s  and 
t o  form mixed phases i n  a l l  p ropor t ions ."  

I t  might a l s o  be  noted he re  t h a t  c r y s t a l  sx ruc tu res  
gene ra l ly  d i f f e r e n t i a t e  between t h e  "up" and "down" o r i e n t a -  
t i o n s  o f  a molecule, bu t  t h a t  smect ic  s t r u c t u r e s  probably do 
not  do t h i s .  

No Molten Chains - We have always t h a t  t h e  
a l k y l  end-chains i n  l i q u i d  c r y s t a l  phases are predominantly 
i n  t h e  extended zig-zag conformation because the l aye r  t h i ck -  
ness i n  t h e  ord inary  smectic A phase and t h e  apparent  molecu- 
l a r  length  i n  t h e  i s o t r o p i c  lyquid  phase j u s t  akove t h e  
c l e a r i n g  po in t  are e s s e n t i a l l y  equal  t o  t h e  length  of  t h e  
extended molecule.  Supporting evidence came from t h e  
o b ~ e r v a t i o n ' ~  t h a t  t h e  in te rmolecular  d i s t a n c e  i n  l i q u i d  
c r y s t a l s  a t  low temperatures  i s  very similar t o  t h a t  i n  l i p i d  
s t r u c t u r e s  with r i g i d  hydrocarbon cha ins .  

A r ecen t  d e t a i l e d  s t u d y I 6  has  now s i g n i f i c a n t l y  s t r eng th -  
ened t h i s  argument by showing (a)  t he  condi t ion  under which 
t h e  a l k y l  chains  do i n  f a c t  become d i so rde red ,  and (b) t he  
experimental  evidence f o r  t h i s  d i so rde r .  The a l k y l  chains  i n  
the  compound TCOB (trans-1,4-cyclohexane-di-n-octyloxyben- 
zoate)  were d isordered  because of t he  l a r g e  in t e rmolecu la r  
d i s t a n c e  caused by a bulky group i n  t h e  c e n t r a l  pa r t  of t h e  
molecule.  The experimental  evidence f o r  t h e  d i s x d e r  of  t h e  
a l k y l  cha ins  i n  TCOB cons i s t ed  of fou r  independei t  observa- 
t i o n s :  (1) The in te rmolecular  @s tance  was much l a r g e r  
than  f o r  o t h e r  compounds (5.35 A as compared t o  5.0 A ) .  
( 2 )  The d i f f e r e n c e  between t h e  length  o f  t h e  extended 
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22 A. DE VRlES 
0 

molecule and t h e  smect ic  l a y e r  t h i ckness  was about 2 . 5  A 
g r e a t e r  than  i n  o t h e r  compounds. (3 )  The sharp  o u t e r  d i f -  
f r a c t i o n  r i n g  was superimposed on a broad  maximum. (4) The 
t i l t e d  B phase had no three-dimensional  o rde r .  In  l i q u i d  
c r y s t a l s  with three-dimensional  o r d e r  a l l  f o u r  o f  t h e s e  
i n d i c a t i o n s  a r e  absen t .  This  l eads  t o  t h e  conclusion t h a t  
ex tens ive  d i s o r d e r  i n  t h e  a l k y l  cha ins  i s  absen t ,  too .  

Necessary Ing red ien t s  f o r  Three-Dimensional Order - I t  has  
long been ev iden t  t h a t  t h e  fo l lowing  t h r e e  elements  are 
necessary  f o r  t h e  es tab l i shment  of  three-dimensional  o rde r  
i n  l i q u i d  c r y s t a l s :  (1) The i n d i v i d u a l  smect ic  l aye r s  have 
a two-dimensional l a t t i c e .  ( 2 )  The o r i e n t a t i o n  of  t h i s  
l a t t i c e  i n  success ive  l aye r s  i s  c o r r e l a t e d  ( " r o t a t i o n a l  
coupl ing") .  ( 3 )  The p o s i t i o n  o f  t h i s  l a t t i c e  i n  success ive  
l a y e r s  i s  c o r r e l a t e d  ( " t r a n s l a t i o n a l  coupl ing") .  l 7  

Since a l l  l i q u i d  c r y s t a l s  have a l k y l  cha ins  a t  one o r  
bo th  ends o f  t h e  molecule ,  it i s  c l e a r  t h a t  r o t a t i o n a l  coup- 
l i n g  and t r a n s l a t i o n a l  coupl ing  w i l l  both depend mainly on 
t h e  i n t e r a c t i o n s  between t h e  a l k y l  cha ins .  9 

1 6  Rota t iona l  Versus T r a n s l a t i o n a l  Coupling - The s tudy  on TCOB 
shows t h a t  even wi th  molten a l k y l  cha ins  there  s t i l l  can be 
two-dimensional o rde r  i n  t h e  smect ic  l a y e r s .  A l s o ,  t h e  
b i a x i a l i t y  o f  t h e  C phase and o f  t h e  t i l t e d  B phase o f  TCOB" 
i n d i c a t e s  t h a t  t h e r e  s t i l l  is  s u f f i c i e n t  r o t z t i o n a l  coupl ing  
between t h e  l aye r s .  The absence o f  three-dimensional  o rde r  
i n  t h e  t i l t e d  B phase o f  TCOB, t hen ,  p o i n t s  c l e a r l y  t o  an 
absence o f  t r a n s l a t i o n a l  coupl ing i n  t h i s  t i l t e d  B phase.  
same conclusion was reached e a r l i e r  
These i n d i c a t i o n s  of  t r a n s l a t i o n a l  coupl ing as t h e  weaKest 
l i n k  i n  t h e  es tab l i shment  of  three-dimensional  o rde r  i n  l i q u i d  
c r y s t a l s  agree  wi th  a similar i n d i c a t i o n  from t h e  Sarma model. 

The e x i s t e n c e  of  t w i s t e d  ordered  smect ic  phases  f u r t h e r  

1 6  

The 
1 7  f o r  some normal B phases .  

8 

1 0  

emphasizes t h e  dominance o f  r o t a t i o n a l  coupl ing over  t r a n s -  
l a t i o n a l  coupl ing  i n  l i q u i d  c r y s t a l s .  In  a tw i s t ed  ordered  
smect ic  phase t h e  l a t t i ce s  of ad jacen t  l a y e r s  are s t i l l  
s t r o n g l y  coupled as f a r  as t h e i r  o r i e n t a t i o n  is  concerned, 
b u t  over  any extended a r e a  t h e  c o r r e l a t i o n  between t h e  
p o s i t i o n s  o f  t h e  molecules o f  ad jacen t  l a y e r s  i s  des t royed .  

A comparison o f  t h e  d a t a  on TCOB16 and BBEA' shows t h e  
importance of t h e  o rde r  i n  t h e  a l k y l  cha ins  f o r  t h e  c o r r e l a -  
t i o n  between t h e  l a y e r s :  wi th  molten cha ins  (TCOB) t h e r e  i s  
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SOLID CRYSTALS AND LlQUID CRYSTALS 23 

no t r a n s l a t i o n a l  coupling i n  t h e  t i l t e d  B phase; with ordered 
chains  (BBEA) t h e r e  i s  s t r o n g  t r a n s l a t i o n a l  coupl ing.  In 
both cases  t h e r e  i s  r o t a t i o n a l  coupl ing.  

A New Model - A s  argued above, t h e  t r a n s l a t i o n s 1  and r o t a -  
t i o n a l  coupl ing between l aye r s  takes p l ace  via t h e  a lky l  
cha ins .  In t roduc t ion  o f  d i so rde r  i n  t h e s e  chains  reduces 
t h e  t r a n s l a t i o n a l  coupl ing and eventua l ly  des t roys  i t ,  whereas 
t h e  r o t a t i o n a l  coupling may remain i n t a c t .  The d i f f e r e n c e  
between s o l i d  c r y s t a l s  and l i q u i d  c r y s t a l s  wi th  three-dimen- 
s i o n a l  o rde r  appears t o  be i n  t h e  s t r e n g t h  of  the t r a n s l a -  
t i o n a l  coupl ing r e l a t i v e  t o  t h e  r o t a t i o n a l  coupl ing.  A l l  
of t h i s  leads  us t o  propose the  fol lowing model: 

1. I n  t h e  s o l i d  c r y s t a l l i n e  phase t h e  a l k y l  chains  have very 
l i t t l e  d i so rde r  o r  no d i s o r d e r  a t  a l l .  Ro.:ational and 
t r a n s l a t i o n a l  coupling a r e  both s t rong ,  and both a r e  
maintained i n  s t r u c t u r e s  with o p t i c a l l y  a c r i v e  molecules.  

2 .  I n  l i q u i d  c r y s t a l s  with three-dimensional  o rde r  t h e  a l k y l  
cha ins  a r e  s l i g h t l y  d isordered  (not  more t t a n  a few 
kinks p e r  a l k y l  c h a i n l g ) .  
i s  much weaker than r o t a t i o n a l  coupling. Where 
t h e  two compete, as i n  s t r u c t u r e s  with o p t i c a l l y  a c t i v e  
molecules,  t h e  t r a n s l a t i o n a l  c o r r e l a t i o n  i s  destroyed 
so  as t o  achieve a more favourable  r o t a t i o n a l  arrange-  
ment. 

T rans l a t iona l  coupl ing 

3 .  I n  t h e  few cases  i n  which t h e  a l k y l  chains  are exten-  
s i v e l y  d isordered  (TTmoltenTT cha ins ) ,  a s  i n  TCOB, t h e  
t r a n s l a t i o n a l  o rde r  i s  gone and t h e r e  i s  no th ree -  
dimensional o rde r .  

I t  fol lows t h a t  e i t h e r  one of  t he  fol lowing two condi- 
t i o n s  would i n c r e a s e  t h e  d i so rde r  i n  t h e  ends of  t h e  a l k y l  
chains  and thus  decrease  t h e  tendency t o  form l i q u i d  c r y s t a l s  
with three-dimensional  order :  (a )  longer  c h a i n s ,  and (b) 
l a r g e r  d i s t ances  between t h e  molecules wi th in  t h e  l aye r .  The 
e f f e c t  o f  lengthening t h e  cha ins  i s  i l l u s t r a t e d  very n i c e l y  
by t h e  r e s u l t s  of Levelut, Doucet and Lambert" on fou r  com- 
pounds with d i f f e r e n t  chain l eng ths .  
t h e  in te rmolecular  d i s t a n c e  is  demonstrated by t k e  d a t a  on 

The effect  of  i nc reas ing  

TCOB . 
Regarding t h e  m i s c i b i l i t y  of two l i q u i d  c r y s t a l  phases 

with three-dimensional  o rde r  we no te  t h e  fol lowing.  If t h e  
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24 A. DE VRIES 

two-dimensional o r d e r  w i th in  t h e  l aye r s  i s  very h igh ,  it 
might be  d i f f i c u l t  t o  mix t h e  two components w i th in  a s i n g l e  
l a y e r .  On t h e  o t h e r  hand, s i n c e  t h e  i n t e r a c t i o n  between 
ad jacen t  l a y e r s  i s  mainly via t h e  a l k y l  cha ins ,  i t  might be 
easy t o  mix l aye r s  o f  t h e  two components,21 i n  p a r t i c u l a r  
since t h e  r o t a t i o n a l  coupl ing could be  very well maintained 
and even the  t r a n s l a t i o n a l  coupl ing might no t  be too  s e r i o u s l y  
a f f e c t e d .  

I f  l i q u i d  c r y s t a l s  wi th  three-dimensional  o r d e r  have a non- 
zero shea r  modulus, i t  would be  appropr i a t e  t o  ca l l  them 
1 i q u i  d- c rys  t a1 1 i n e  s o 1 i ds . 
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