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Abstract:  The s t r u c t u r e s  of t h e  SD phase and of t h e  
b i r e f r i n g e n t  phase formed at  the  SASD o r  I SD t r a n s i t i o n  
( p r o v i s i o n a l l y  ca l l ed  the  S 4  phase) a r e  d iscussed .  I t  
i s  suggested t h a t  t he  S 4  phase i s  d i s c o t i c  and t h a t  i t s  
b a s i c  s t r u c t u r a l  u n i t  i s  a more o r  less f l a t  r i n g  of 
d imer i c  molecules  ( t h i s  assembly being s t a b i l i s e d  by 
i n t e r a c t i o n s  between t h e  s t rong  la te ra l  d ipo le s  of t h e  
molecules) .  

It is suggested t h a t  t h e  S ~ S D  t r a n s i t i o n  e n t a i l s  the  
aggrega t ion  of these  r i n g s  i n t o  c y l i n d r i c a l  s t a c k s  wi th  
po in ted  ends.  These u n i t s  then  form a complex j o i n t e d  
network wi th  o v e r a l l  cubic  symmetry. Such a s t r u c t u r e  
i s  similar t o  a previous ly  proposed model f o r  t he  SD 
phase b u t  has  l a t t i c e  dimensions of twice the  s i z e .  

In  t ro  due ti on 

Following t h e  e a r l i e r  r e p o r t  by Gray e t  aZ. i n  1957 of an 
i n t e r e s t i n g  s m e  c t i c po 1 ymorph i s m  i n  3Lni t ro- 4'-n-h exade cy 1 oxy- 
biphenyl-4-carboxyl ic  ac id  (NHDBCA) , shown i n  F igure  1, and 
the  analogous oc tadecyl  compound (NODBCA), Demus e t  aZ. found 
t h a t  these  compounds form an unusual type  of thennot ropic  
mesophase.' 
phase.  I t  i s  unusual  i n  t h a t  i t s  only s t a b l e  t e x t u r e  i s  a 
f e a t u r e l e s s  i s o t r o p i c  s ta te .  The schemes of phase t r a n s i t i o n s  

This  mesophase they l a b e l l e d  the  smect ic  D 
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80 J.  E. LYDON 

FIGURE 1:  The molecule of NHDBCA. The van der Waals 
envelope o f  the molecule i s  shown. 
t h e  partiaZ charges (as  percentages of  an e l ec t ron)  as 
calculated by a HGckel moZecular o r b i t a l  ca lcu la t ion  
using standard parameterisation (A S t re i twe i ser  Jr, 
Molecular Orbital  Theory f o r  O r g a n i c  Chemists, 
John Wiley, 1961) .  This approach does not  give any 
information about t h e  charges on the  atoms of t h e  aZky1 
chain but  these m e  expected to be small, i e ,  l e s s  than 
5% of e lec tron .  

The numbers ind ica te  
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SD AND S4 PHASES 81 

f o r  t hese  two compounds are: 

126 .8  171.0 197 .2  201.9 
NHDBCA So l id  - Sc c----+ SD c---t SA - I s o t r o p i c  

85 124.6 158.9 195 .0  
S o l i d  I1 - Sol id  I - Sc  -SD c----t I s o t r o p i c  NODBCA 

The only o t h e r  compounds which have subsequent ly  been found 
t o  g ive  SD phases  are analogues of NHDBCA and NODBCA i n  which 
the  n i t ro-group i s  r ep laced  by a cyano-group. 

Demus and R ich te r  have descr ibed  i n  d e t a i l  the  o p t i c a l  
t ex tu re  changes which occur  a t  the SCSD and the  SASD 
t r a n s i t i o n s  of NHDBCA.4 
hea t ing  the  S c ,  i t  emerges as " c h a r a c t e r i s t i c  r e c t a n g l e s ,  
squares ,  hexagons and rhombs which coa lesce  wi thout  g r a i n  
boundaries  on f u r t h e r  growing''. The i s o t r o p i c  n a t u r e  of t h i s  
phase,  t oge the r  w i th  the  appearance of these  polygons,  
sugges ts  t h a t  t h e r e  i s  long range s t r u c t u r e  and it would seem 
t h a t  t he  only  exp lana t ion  f o r  t he  i s o t r o p i c  n a t u r e  of t he  
phase m u s t  l i e  i n  i t s  having cubic  s y m e t r y .  Since i t  i s  
d i f f i c u l t  t o  conceive of a p a t t e r n  of i nd iv idua l  molecules of 
NHDBCA wi th  t h i s  symmetry which would a l s o  give a phase wi th  
l i q u i d  c r y s t a l l i n e  p r o p e r t i e s ,  Diele  e t  aZ. proposed t h a t  
t h e r e  i s  "a  cubic  l a t t i c e  of u n i t s  of m i c e l l a r  
A pre l iminary  X-ray i n v e s t i g a t i o n  ca r r i ed  out  by t h e s e  
workers appeared t o  v e r i f y  t h i s .  The d i f f r a c t i o n  p a t t e r n  
has two p r i n c i p a l  f e a t u r e s  - a d i f f u s e  r i n g  a t  4.5R 
( c h a r a c t e r i s t i c  of d i sordered  a lky l  chains)  and a s m a l l  
number of sharp  low angle  r e f l e c t i o n s  corresponding t o  
repea t  d i s t a n c e s  of t h e  c o r r e c t  order  f o r  i n t e r -mice l l e  
spacings.  These w e r e  i n t e r p r e t e d  i n  terms of a body-centred 
cubic  l a t t i c e  of s p h e r i c a l  assemblies ( t h i s  s t r u c t u r e  being 
analogous t o  the  e a r l i e s t  model proposed f o r  t he  l y o t r o p i c  
cubic phases) .  The indexing of the  f i r s t  r e f l e c t i o n  as 110 
gave a va lue  f o r  t he  u n i t  c e l l  parameter a = 61A. 

3 

When the  SD phase i s  formed by 

Following a more d e t a i l e d  re-examination of t he  X-ray 
d i f f r a c t i o n  p a t t e r n ,  Tardieu and B i l l a r d  proposed a r a d i c a l l y  
modified model. They re-indexed the  r e f l e c t i o n s  ( s o  t h a t  
t he  f i r s t  r e f l e c t i o n  now becomes 211)  g iv ing  a new va lue  f o r  
the u n i t  c e l l  dimension, a = 102w, and they  suggested t h a t  
the molecular arrangement i s  analogous t o  an a l t e r n a t i v e  
model f o r  t he  l y o t r o p i c  cubic  phase proposed by Luzza t i  and 
Spegt.' 
Figure 2 .  

P a r t  of t h i s  r a t h e r  complex s t r u c t u r e  i s  shown i n  
The molecules a r e  aggregated i n  s h o r t  cy l inde r s  
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a2 J. E. LYDON 

( r a t h e r  than s p h e r e s )  and t h e s e  c y l i n d e r s  are l i n k e d  t o g e t h e r  
t o  form two interwoven three-dimensional  networks.  Tardieu 
and B i l l a r d  have p o i n t e d  ou t  t h a t  t h e i r  o b s e r v a t i o n s  a r e  
compatible  w i t h  two a l t e r n a t i v e  models;  I ,  w i t h  t h e  a l k y l  
cha ins  p o i n t i n g  inwards towards t h e  c e n t r e s  of  t he  c y l i n d e r s  
and 11, w i t h  t h e  a romat i c  p a r t s  of  t h e  molecu le s  packed i n  
the  c e n t r e s  of t he  c y l i n d e r s  and t h e  a l k y l  c h a i n s  r a d i a t i n g  
outwards.  

FIGURE 2: 
( a f t e r  t he  model by Luza t t i  and Spegt f o r  the  lyotropic 
cubic phase). This  diagram shows par t  of the structure.  
Helical u n i t s  o f  t h i s  type are l inked together t o  form 
two interwoven networks in such a manner that the  
overal l  s t ruc ture  has cubic s y m e t r y .  

The Tardieu-Bi 1 Zard model f o r  the  SD phase 

The t ex ture  of the S4 phme 

As d e s c r i b e d  by Demus and R i c h t e r , 4  when a sample of NHDBCA 
i n  t h e  homeotropic  SA s t a t e  i s  coo led ,  i t  does n o t  p a s s  
d i r e c t l y  i n t o  t h e  i s o t r o p i c  t e x t u r e  of t h e  SD phase.  I t  
forms . a  h i g h l y  b i r e f r i n g e n t  s t a t e  which h a s  been p r o v i s i o n a l l y  
termed t h e  S 4  phase.  The f i r s t  t e x t u r e  which t h i s  phase adopts  
a p p a r e n t l y  c o n s i s t s  of r o d - l i k e  b s t o n n e t s  and t h i s  t e x t u r e  
t h e n  develops i n t o  a p a t t e r n  of mosaic g r a i n s .  The S 4  mosaic 
t e x t u r e  then changes i n t o  t h e  SD i s o t r o p i c  t e x t u r e .  
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SD AND S4 PHASES 83 

The b i r e f r i n g e n t  'bg tonnet '  t e x t u r e  i s  un l ike  any of the  
f a m i l i a r  t e x t u r e s  adopted by smect ic  phases.  I ts  appearance 
i s ,  however, very s imilar  t o  t h a t  of t h e  mesophase of 
d i i s o b u t y l s i l a n e d i o l  descr ibed  by Eaborn and Hartshorne.  
We have r e c e n t l y  obta ined  evidence t h a t  t h i s  i s  a d i s c o t i c  
phaseg and i t  i s  tempting t h e r e f o r e  t o  suggest  t h a t  t he  S 4  
phase of NHDBCA i s  d i s c o t i c  a l so .  

Deta i led  o p t i c a l  examination of t he  s i l a n e d i o l  mesophase 
showed t h a t  i t  does n o t  c o n s i s t  of b i r e f r i n g e n t  bgtonnets  of 
mesophase sepa ra t ed  by i s o t r o p i c  ma te r i a l .  The whole sample 
i s  mesophase; t h e  dark a r e a s  a r e  homeotropic and the  
b i r e f r i n g e n t  r eg ions  are d i s c l i n a t i o n  l i n e s .  A similar  
i n t e r p r e t a t i o n  f o r  t h e  S 4  phase i s  suggested.  

The i s o t r o p i c  t e x t u r e  (unique amongst thermotropic  mesophases) , 
t he  absence of paramorphosis and the  pronounced supercool ing  
a t  the  SASD t r a n s i t i o n ,  a l l  imply t h a t  t he re  i s  a fundamental 
d i s t i n c t i o n  between the D phase and a l l  o the r  smect ic  phases .  
I n  f a c t ,  t he  only  j u s t i f i c a t i o n  f o r  c a l l i n g  t h i s  phase smect ic  
appears  t o  be  t h a t  i t  occurs  between two wel l -def ined smect ic  
phases .  (Perhaps it i s  a l s o  unwise t o  judge mesophases 
s o l e l y  by the  company they  keep!) 

Molecular in t e rac t ions  i n  the SD 

In  view of t h e  r a r i t y  of t h e  SD phase ,  i t  would seem 
reasonable  t o  assume t h a t  some p a r t i c u l a r  f ea tu re  o r  
combination of f e a t u r e s  of t h e  four  molecular spec ie s  known 
t o  adopt i t  i s  c r u c i a l .  L e t  us t he re fo re  l i s t  the main 
f e a t u r e s  of t hese  molecular  s t r u c t u r e s  and comment on t h e i r  
occurrence and in f luence  i n  o t h e r  smectogenic compounds. 

1. The overal l  shape of the molecule: The aromatic  and 
a l i p h a t i c  p a r t s  a r e  of almost equal  length  and a r e  
probably i n c l i n e d  t o  each o t h e r  at  an angle of 
approximately 40' at lower temperatures .  This  o v e r a l l  
shape i s  shared  by a l a r g e  number of smectogenic 
molecules and i t  would n o t ,  on i t s  own, be expected t o  
l e a d  t o  t h e  formation of any novel mesophase. A 
seg rega t ion  of t h e  a l i p h a t i c  and aromatic  p a r t s  would 
seem probable  a t  l ea s t  f o r  t he  lower temperature 
mesophases and t h e  c r y s t a l l i n e  s o l i d s .  

2 .  The terrrrinal carboxyZ group: This i s  a l s o  a f e a t u r e  
shared  by a l a r g e  number of smectogenic compounds. I t  
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84 J .  E. LYDON 

would b e  expec ted  t o  cause  t h e  molecu le s  t o  p a i r  
t o g e t h e r  end-to-end by hydrogen bonding g i v i n g  o b l i q u e  
z-shaped dimers  i n  b o t h  t h e  c r y s t a l l i n e  s o l i d  and t h e  
mesophases.  Analogy w i t h  t h e  alkoxybenzoic  a c i d s  
s u g g e s t s  t h a t  molecules  of t h i s  shape w i l l  form a S c  
phase.  

3 .  The n i t r o  o r  cyano group: A s  shown i n  F i g u r e  1, t h e  
n i t r o  group c o n f e r s  a n  a p p r e c i a b l e  l a t e r a l  d i p o l e  on 
the molecules  (and t h e  cyano group i s  expec ted  t o  
behave v e r y  s i m i l a r l y ) .  
t h i s  f e a t u r e  a r e  v e r y  rare and t h e r e  i s  t h e r e f o r e  t h e  
s t r o n g  i n f e r e n c e  t h a t  s ide-by-side adhes ion  of t h e  
molecules  due t o  e l e c t r o s t a t i c  i n t e r a c t i o n s  may be  the  
p r i n c i p a l  f a c t o r  g i v i n g  r i s e  t o  t h e  SD and S 4  phases .  

Smectogenic molecules  w i t h  

One arrangement of t h e  molecules  which i s  p l a u s i b l e  and which 
t a k e s  account  of a l l  of t h e  above f a c t o r s  i s  t h e  f l a t  r i n g  
shown i n  F i g u r e  3. This  would r e a d i l y  e x p l a i n  t h e  fo rma t ion  
of a d i s c o t i c  phase ;  t h e  r i n g s  would 'see' each o t h e r  a s  
f a i r l y  r i g i d  d i s c s  w i t h  c i r cumfe rences  c o n s i s t i n g  of f l e x i b l e  
a l k y l  c h a i n s .  A s  i n  o t h e r  d i s c o t i c  p h a s e s ,  t h e r e  i s  a 
tendency f o r  t h e  u n i t s  t o  s t a c k  one above t h e  o t h e r  g i v i n g  
c y l i n d e r s  which t h e n  tend t o  a r r a n g e  themselves  i n  a 
hexagonal  a r r a y .  The i n c r e a s i n g  degree  of o r g a n i s a t i o n  i n  
t h i s  f a sh ion  w i t h  f a l l i n g  t empera tu re  w i l l  a l t e r  t h e  e l a s t i c  

FIGURE 3:  The aggregation o f  dimeric molecules i n t o  
rings wh.lch it i s  suggested oecurs i n  t h e  S4 phase. 
Because t h e  r i g i d  aromatic par t s  of the molecules are 
not tapered, they w i l l  not readi ly  pack i n t o  a per f ec t l y  
f l a t  d i s c  and the annulus of t h i s  ring which contains 
the aromatic par t s  of the  molecules may there fore  be 
s l i g h t  Zy puckered. 
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SD AND S4 PHASES 85 

cons tan t s  of t h e  phase and t h i s  i s  presumably r e f l e c t e d  i n  the  
change from t h e  ' b s tonne t  t e x t u r e '  t o  a mosaic appearance wi th  
d i s t i n c t  g r a i n  boundaries .  

When the  cy l inde r s  have become s u f f i c i e n t l y  l a rge  and 
consol ida ted ,  they presumably re-arrange themselves t o  form a 
complex network of t h e  Ta rd ieu IBi l l a rd  type.  There a r e  
problems wi th  t h e  Ta rd ieu /B i l l a rd  model. F i r s t l y ,  f o r  
e i t h e r  of t he  a l t e r n a t i v e s ,  I and 11, t h e r e  are awkward 
shaped volumes t o  be f i l l e d  wi th  the  non-f lex ib le  aromatic  
p a r t s  of t he  molecules .  Secondly,  t he  s t r u c t u r e  does n o t  
i nco rpora t e  the  expected d imer i sa t ion  of t h e  molecules .  
F i n a l l y ,  t he  model looks  Coo complicated t o  b e  c r e d i b l e  and 
seems t o  l ack  a r a t i o n a l e .  How do the  rods "know" how long 
t o  grow and how do they  manage t o  j o i n  toge the r  a t  exac t ly  
120° when the  j o i n t  reg ions  m u s t  be  amongst t he  more 
d isordered  p a r t s  of t he  s t r u c t u r e ?  The r e l a t i o n s h i p  between 
the s h o r t  range o rde r  and t h e  long range o rde r  i s  n o t  apparent .  

I f  we adopt a dimer r a t h e r  than a monomer as the  s t r u c t u r a l  
u n i t ,  t he  f i r s t  two of t hese  problems a r e  answered. We a r e  
however l e f t  wi th  a la t t ice  of t w i c e  the  s i z e  of t h a t  
descr ibed  by Tardieu and B i l l a r d ,  and i t  might b e  thought 
t h a t  t h e  X-ray d i f f r a c t i o n  d a t a  e f f e c t i v e l y  r u l e  out  t h i s  
p o s s i b i l i t y .  However, i t  i s  t o  be expected t h a t  a s t r u c t u r e  
of t he  type proposed w i l l  g ive  a sys temat ic  p a t t e r n  of s t r o n g  
and weak r e f l e c t i o n s  and i t  i s  f e a s i b l e  t h a t  t h i s  causes  an 
apparent  ha lv ing  of the l a t t i c e  dimensions. 

Concerning the  f i n a l  ob jec t ions  t o  the  Ta rd ieu IBi l l a rd  model, 
t h e r e  i s  a s l i g h t l y  modified viewpoint which makes a s t r u c t u r e  
of t h i s  type look much more reasonable .  It i s  l i k e l y  t h a t  
i n  the  reg ion  of t he  c e n t r a l  ax i s  of t he  c y l i n d e r s ,  t h e  a l k y l  
cha ins  do n o t  have s u f f i c i e n t  space o r  f l u i d i t y  t o  pack f l a t  
and they tend t o  p ro t rude ,  g iv ing  the  cy l inde r s  po in ted  ends 
(Figure 4 ) .  A s  the  cy l inde r s  i nc rease  i n  l eng th ,  t he  v e r t e x  
angle  decreases  u n t i l  it becomes 120'. 
s t a g e  t h a t  the  u n i t s  can pack toge the r  g iv ing  an i n f i n i t e  
l a t t i c e ,  and t h e  r e l a t i o n s h i p  between the  length  of t h e  
cy l inde r  and the  v e r t e x  angle  ensures  t h a t  t he  c y l i n d e r s  are 
a l l  of the  same l eng th  when t h i s  happens. The s t r u c t u r e  
should perhaps be regarded no t  as having reg ions  of low 
order  and o the r  reg ions  of  h igh  o rde r  - but  r a t h e r  i n  terms 
of a gradual  d i s t o r t i o n  of t h e  a l k y l  cha in  packing as we 
progress  from the  c e n t r e s  of t he  cy l inde r s  t o  t he  j o i n t  
reg ions .  

The above reasoning  would appear t o  be  v a l i d  f o r  t he  l y o t r o p i c  

It is only a t  t h i s  
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FIGIJRE 4 :  The molecular aggregation i n  the  SD phase. 
I t  i s  suggested t h a t  t he  rings shown i n  Figure 3 stack 
together t o  form cylinders and  tha t  t he  molecular 
congestion along t h e  axes o f  these cy l inders  c m s e s  
them t o  grow wi th  pointed ends. As the  cylinckrs 
increase i n  length, the  ver t ex  angle becomes sma2ler 
mtil it reaches 220'. 
t he  u n i t s  can pack together forming an i n f i n i t e  l a t t i c e  
of the type shown in Figure 2.  

I t  i s  only a t  t h i s  stage tha t  

c u b i c  phases  a l s o  and t h e  g e n e r a l  concep t  of " b e v e l l e d  
micel les"  may b e  u s e f u l  i n  a w i d e r  c o n t e x t  i n  d i s c u s s i n g  t h e  
s t r u c t u r e s  of some of t h e  d i s p u t e d  l y o t r o p i c  phases .  
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