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NMR STUDIES OF SELF-DIFFUSION I N  SOME HOMOLOGOUS 
N E M A T I C  L IQUID C R Y S T A L S  

F .  NOACK,  
P h y s i k a l i s c h e s  I n s t i t u t  der U n i v e r s i t a t  S t u t t a a r t ,  
0-7000 S t u t t g a r t  - FRG 

Abs t rac t  A f t e r  b r i e f l y  r e v i e w i n q  t h e  a l t e r n a t i v e s  
t o  measure d i f f u s i o n  i n  l i q u i d  c r y s t a l s  t h e  paper 
ske tches  t h e  p r i n c i p l e s  and some recen t  re f i nemen ts  
o f  t h e  NMR f i e l d  q r a d i e n t  ( F G )  techn ique,  which a l -  
lows t o  s tudy  mass t r a n s p o r t  ve ry  d i r e c t l y  w i t h o u t  
t h e  n e c e s s i t y  t o  use t r a c e r  o r  dye molecules.  I n  NMR 
FC exper iments  on mesophases d i f f i c u l t i e s  arise from 
t h e  f a c t  t h a t  f o r  a n i s o t r o p i c  l i q u i d s  t h e  d i p o l a r  
n u c l e a r  i n t e r a c t i o n  i s  much less everaqed than  i n  
i s o t r o p i c  l i q u i d s ,  so t h a t  t h e  s tandard  method i s  
g e n e r a l l y  n o t  app l - i cab le .  As an e l t e r n a t i v e  t o  ex- 
t e r n a l  m u l t i - p u l s e  averaq inq  we have developed a f a s t  
f i e l d  c y c l i n g  procedure t h a t  cons ide rab ly  reduces 
t h e  e f f e c t i v e  d i p o l a r  c o u p l i n g  by a magic-anqle o r i -  
e n t a t i o n  o f  t h e  maqnetic f i e l d  r e l a t i v e  t o  t h e  d i -  
r e c t o r  a x i s  o f  t h e  sample m a t e r i a l .  Combined w i t h  
f a m i l i a r  pu l sed  f i e l d  q r a d i e n t  (PFG) sequences t h i s  
c y c l i n g  made p o s s i b l e  ex tens i ve  measurements o f  t h e  
s e l f - d i f f u s i o n  cons tan ts  i n  nematic l i q u i d  c r y s t a l s  
w i t h  va lues  as low as - 1 0 - 7 r m 2  C1. Resu l t s  a re  p re -  
sented  f o r  some homologues o f  t h e  PAA and MBBA se- 
r i e s .  They show t h e  expected odd-even e f f e c t s  as a 
f u n c t i o n  o f  c h a i n  ra rbon  number, whereas most o t h e r  
f i n d i n g s  (A r rhen ius - t ype  tempera ture  dependence, a- 
nomal d i s c o n t i n u i t y  a t  t h e  n e m a t i c - i s o t r o p i c  phase 
t r a n s i t i o n ,  c h a i n  l e n g t h  independence o f  t h e  an iso-  
t r o p y  r a t i o )  are  n o t  i n  accordance w i t h  e x i s t i n g  
t h e o r i e s .  
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248 F.  NOACK 

1. WHY STUDY MASS TRANSPORT IN LIQUID C R Y S T A L S ?  

D i f f u s i o n ,  i n  p a r t i c u l a r  s e l f - d i f f u s i o n ,  be longs  t o  t h e  

p r o p e r t i e s  o f  l i q u i d  c r y s t a l s  which a r e  o n l y  p o o r l y  under- 

stood. O f  course, t h e r e  e x i s t  numerous exper imen ta l  me- 

thods  t o  s tudy  mass t r a n s p o r t  i n  mesophases, and a l s o  q u i t e  

a number o f  exper imen ta l  resu l t s ' ;  measurements were made 

as e a r l y  as 1917 by Svedberg, i . e .  p rev ious  t o  i n v e s t i g a -  

t i o n s  o f  e l a s t i c  cons tan ts  o r  v i s c o s i t i e s .  But t h e  con- 

s i s t e n c y  o f  a v a i l a b l e  da ta  and t h e  i n s i g h t  o f  u n d e r l y i n g  

mechanisms i s  f a r  f rom s a t i s f a c t o r y .  T y p i c a l l y ,  measured 

d i f f u s i o n  cons tan ts  ob ta ined  f o r  t h e  same m a t e r i a l  by 

d i f f e r e n t  techn iques ,  e . g .  by o p t i c a l  d e t e c t i o n ,  n e u t r o n  

s c a t t e r i n g  or nuc lea r  magnet ic resonance, d e v i a t e  up t o  

more t h a n  one o rde r  o f  magnitude from method t o  method. 

So f a r  t h i s  makes t h e  t h e o r e t i c a l  d i s c u s s i o n  i m p o s s i b l e  

o r  r a t h e r  meaningless. I t  is wor thwh i l e  t o  no te  t h a t  de 

Gennes' book t r e a t s  d i f f u s i o n  i n  nematics on less t h a n  

two pages, wi th o n l y  some l i n e s  about t h e  theory .  S i m i l a r -  

l y ,  K r u g e r ' s  rev iew  on t h e  subject ' ,  pub l i shed  1982, es- 

s e n t i a l l y  concen t ra tes  on exper imen ta l  aspects.  

1 

The u n s a t i s f a c t o r y  s i t u a t i o n  i s  p r i m a r i l y  due t o  ex- 

p e r i m e n t a l  l i m i t a t i o n s  and r e l a t e d  t h e o r e t i c a l  problems 

a r i s i n g  f rom t h e  e v a l u a t i o n  o f  t h e  measurements; b u t  c e r -  

t a i n l y  a l s o  t o  t h e  f a c t  t h a t  t r a n s l a t i o n a l  mo lecu la r  mo- 

t i o n s ,  desc r ibed  by d i f f u s i v i t i e s ,  a re  n o t  o r  n o t  d i r e c t -  

l y  i n v o l v e d  i n  present-day d i s p l a y  techno log ies .  Such 

a p p l i c a t i o n s  a r e  more concerned w i th  r o t a t i o n a l  mo lecu la r  

mot ions ,  c h a r a c t e r i z e d  by v i s c o s i t i e s .  However, one shou ld  

r e a l i z e  t h a t  t h e  apparen t l y  less impor tan t  d i f f u s i o n  pa- 

rameters a r e  i n t i m a t e l y  r e l a t e d  t o  t h e  more spec tacu la r  
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SELF-DIFFUSION IN LIQUID CRYSTALS 249 

v i scous  p r o p e r t i e s  by p r i n c i p l e  - b o t h  imp ly  v e l o c i t y  

c o r r e l a t i o n s  - and t h e r e f o r e  t h e  i n t e r p r e t a t i o n  o f  b o t h  

phenomena cannot be comple te ly  separated. A more p r a c t i -  

c a l  v iewpo in t  emphasiz ing t h e  s i g n i f i c a n c e  o f  d i f f u s i v i -  

t i e s  is assoc ia ted  w i t h  t h e  r e s o l u t i o n  o f  a do t  m a t r i x ,  

s i n c e  wi th  decreas ing  do t  dimensions t h e r e  n e c e s s a r i l y  

comes a range where d i f f u s i o n a l  l e n g t h s  a r e  no l o n g e r  ne- 

g l i g i b l e .  Another f u n c t i o n a l  example is a l ready  exp la ined  

i n  de Gennes' book, namely how d i f f u s i o n  can be used t o  

d e t e c t  a macroscopic con fo rma t iona l  change i n  2 nematj-c. 

So t h e r e  e x i s t  good reasons why t h e  unders tand inq  o f  mass 

t r a n s p o r t  i n  l i q u i d  c r y s t a l s  shou ld  be improved. 

2. PROCEDURES T O  DETERMINE THE DIFFUSION TENSOR 
EXPERIMENTALLY 

For  an a n i s o t r o p i c  system l i k e  a l i q u i d  c r y s t a l ,  t h e  d i f -  

f u s i o n  c o e f f i c i e n t  i n t r o d u c e d  by F i c ! < ' e  laws i s  a second 

rank  t e n s o r  D, t h e  symmetry o f  which i s  determined by  t h e  

symmetry o f  t h e  mesophase under c o n s i d e r a t i o n  . Th is  ap- 

p l i e s  t o  b o t h  s e l f -  and s o l u t e - d i f f u s i o n .  I f  t h e  symmetry 

is u n i a x i a l  as i s  t h e  case for nemat ic ,  smectic-A or 

smect ic-B phases, i t  is ev iden t  t h a t  possesses o n l y  two 

independent components, namely p a r a l l e l  ( 1 1  ) and perpen- 

d i c u l a r  (1) t o  t h e  d i r e c t o r  f i e l d ;  t hey  a r e  u s u a l l y  de- 

n o t e d  by  D,, and D, , r e s p e c t i v e l y .  With some r e s t r i c t -  

i ons ,  macroscop ica l l y  t h e  two component r e p r e s e n t a t i o n  

a l s o  h o l d s  f o r  l i q u i d  c r y s t a l s  o f  more complex s t r u c t u r e  

(smect ic-C, smectic-G, e t c . ) ,  s i n c e  averag ing  over  a l l  

domain o r i e n t a t i o n s  g e n e r a l l y  a l l o w s  t o  d e f i n e  an average 

d i f f u s i o n  tenso r  w i t h  no more t h a n  two c h a r a c t e r i s t i c  pa- 

rameters  i n  a s p e c i a l  sample frame; somewhat m i s l e a d i n g l y ,  

t hese  tenso r  elements a r e  also c a l l e d  D,, and D, . Regard- 
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250 F. NOACK 

l e s s  o f  t h e  mesogenic p r o p e r t i e s ,  i n  t h e  i s o t r o p i c  s t a t e  

o f  t h e  m a t e r i a l ,  t h a t  i s  above t h e  c l e a r i n g  tempera ture  

T c ,  any long-range an iso t ropy  d isappears  and 

t o  a s c a l a r  q u a n t i t y  D .  . So d i f f u s i o n  exper iments  have 

t o  d e a l  w i t h  t h e  t h r e e  c h a r a c t e r i s t i c  parameters D,, 

DI 
1 

l y  and more or less  d i r e c t l y  by v a r i o u s  techn iques  . The 

f o l l o w i n g  t e x t  i s  r e s t r i c t e d  t o  s e l f - d i f f u s i o n  i n  nemato- 

gens, apparen t l y  t h e  most s imp le  s u b j e c t ;  however, a c t u a l -  

l y  j t  has t u r n e d  o u t  t o  be t h e  g r e a t e s t  cha l l enqe  t o  ex -  

pe r imen te rs .  

s i m p l i f i e s  

1so 
, 

and Diso; these d i f f u s i v i t i e s  a re  a c c e s s i b l e  i n d i r e c t -  

S e l f - d i f f u s i o n  i n  nematogens can be measured r a t h e r  

d i r e c t l y  by a n a l y s i n g  t h e  mass t r a n s p o r t  on t h e  b a s i s  o f  

F i c k ' s  laws, i f  t h e  system has a w e l l - d e f i n e d  geometry 

and i f  one f i n d s  a means t o  l a b e l  t h e  moving p a r t i c l e s  

s u i t a b l y .  I n  p a r t i c u l a r ,  t h e  second p o i n t  i s  h a r d  t o  ma- 

t e r i a l i z e .  L a b e l l i n g  has been Pchieved w i t h  t h e  h e l p  o f  

o p t i c a l  dyes or adequate s o l u t e s  t h a t  a l l o w  an o p t i c a l  

v i s u a l i z a t i o n  o f  t h e  c o n c e n t r a t i o n  g r a d i e n t  caused by  t h e  

d i f f u s i n g  molecules;  t h e  problem is t o  ge t  an observab le  

d i f f u s a n t  w i t h  a s t r u c t u r e  almost i d e n t i c a l  t o  t h e  s t u -  

d i e d  l i q u i d  c r y s t a l !  As a more r e l i a b l e  a l t e r n a t i v e ,  r a d i o -  

a c t i v e  t r a c e r  molecules have been used i n  combina t ion  

w i t h  c o u n t i n g  dev ices  t o  de tec t  t h e  c o n c e n t r a t i o n  p r o f i l e  

o f  t h e  t r a c e r .  F i n a l l y ,  a l l  nuc lea r  magnetic d i p o l e s ,  

say p r o t o n s  o r  deuterons, may serve  as l a b e l s ,  i f  one p ro -  

duces a g r a d i e n t  o f  nuc lea r  magne t i za t i on  by means o f  an 

inhomogeneous magnet ic f i e l d ,  and then  l o o k s  a t  t h e  sub- 

sequent d i f f u s i o n  o f  magnet iza t ion ,  which i s  assumed t o  

be i d e n t i c a l  w i t h  t h e  mass s e l f - d i f f u s i o n .  I n s t e a d  by 

dye o r  t r a c e r ,  i n  t h a t  case t h e  molecules a re  d i s t i n g u i -  

shed on t h e i r  d i f f u s i o n  p a t h  v i a  t h e i r  changing Larmor 
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SELF-DIFFUSION IN LIQUID CRYSTALS 25 1 

f requency a t  d i f f e r e n t  p o s i t i o n s  i n  t h e  inhomogeneous 

f i e l d ,  making use o f  s tandard  magnetic resonance. 

I n d i r e c t  measurements o f  s e l f - d i f f u s i o n  do n o t  need 

such inconven ien t  l a b e l l i n g  procedures.  They a t tempt  t o  

de termine t h e  d i f f u s i o n  tenso r  by c o n s i d e r i n g  t h e  e f f e c t  

o f  mass t r a n s p o r t  on a p p r o p r i a t e  spec t roscop ic  phenomena 

l i k e  n e u t r o n  s c a t t e r i n g ,  l i g h t  s c a t t e r i n g  or nuc lea r  rna- 

g n e t i c  r e l a x a t i o n .  U n f o r t u n a t e l y ,  t h i s  h a n d l i n g  i n v o l v e s  

r a t  her s o p h i s t i c a t e d  t h e o r e t i c a l  models t o  eva lua te  t h e  

d e s i r e d  q u a n t i t i e s  DII 

p r i s e  t h a t  t h e  g r e a t e s t  i n c o n s i s t e n c i e s  between p u b l i s h e d  

d i f f u s i o n  da ta  s t e m  from t h i s  t ype  o f  s t u d i e s ,  a c i rcum-  

s tance which neve r the less  must n o t  be used t o  cover t h e  

c l e a r  d i sc repanc ies  o f  d i r e c t  measurements. 

, D1 and Diso. So i t  is n o t  a s u r -  

Obv ious ly ,  b o t h  t ypes  o f  approaches have advantages 

and drawbacks: The d i r e c t  exper iments e s s e n t i a l l y  s u f f e r  

f rom t e c h n i c a l  problems, where2s t h e  i n d i r e c t  ones s t rong -  

l y  r e f l e c t  any weakness o f  t h e  u n d e r l y i n g  t h e o r e t i c a l  f o r -  

malism. To i l l u s t r a t e  t h i s  l e t ' s  s h o r t l y  r e f e r  t o  some 

d e t a i l s .  F o r  i ns tance ,  a dye or s o l u t e  cannot be made com- 

p l e t e l y  e q u i v a l e n t  t o  t h e  t r u e  l i q u i d  c r y s t a l  mo lecu le ,  

and hence t h e  observed c o n c e n t r a t i o n  p r o f i l e  does n o t  r e -  

a l l y  d i s c l o s e  s e l f - d i f f u s i o n ,  b u t  o n l y  t h e  mot ion  o f  t h e  

a d d i t i v e .  A r a d i o a c t i v e  t r a c e r ,  o b t a i n a b l e  by t h e  rep lace -  

ment o f  p ro tons  by t r i t i u m  or n a t u r a l  carbons by carbon- 

14 i n  t h e  mesogen t o  be s tud ied ,  s u b s t a n t i a l l y  improves 

t h e  c o n d i t i o n s ,  ye t  t h e  p r e p a r a t i o n  o f  t h e  t r a c e r  i s  an 

ex t remely  inconven ien t  t a s k .  Furthermore, t h e r e  always 

e x i s t  i n c o n t r o l l a b l e  i s o t o p e  e f f e c t s .  The nuc lea r  magne- 

t i c  resonance f i e l d  g r a d i e n t  methods a v o i d  such t r o u b l e s  

w i t h  t h e  sample m a t e r i a l .  Un fo r tuna te l y ,  t hey  e n t a i l  ana- 

logous  l a b e l  problems due t o  t e c h n i c a l  l i m i t a t i o n s  i n  p ro-  
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252 F. NOACK 

duc ing  w e l l - d e f i n e d  magnet ic f i e l d  g r a d i e n t s  o f  s u f f i c i e n t  

s t r e n g t h .  A l l  t h a t  e l u c i d a t e s  why t h e  i n d i r e c t  procedures,  

where t h e  ment ioned aspec ts  a re  i r r e l e v a n t ,  have been ge- 

n e r a l l y  p r e f e r r e d  f o r  a l o n q  t ime.  However, a t  a h i g h  

p r i c e !  The c r i t i c a l  p o i n t  i n  t h i s  t ype  o f  exper iments is 

how t o  separa te  unambiguous!y t h e  i n f l u e n c e  o f  s e l f - d i f -  

f u s i o n  on s c a t t e r i n g  o r  r e l a x a t i o n  processes from o t h e r  

p o t e n t i a l  c o n t r i b u t i o n s .  I n  p a r t i c u l a r ,  t h i s  i m p l i e s  t h a t  

t h e  an iso t ropy  o f  d i f f u s i o n  i s  n o t  e a s i l y  seen, and i t  

seems ques t i onab le  i f  t h e  d i f f i c u l t i e s  can be e l i m i n a t e d  

s a t i s f a c t o r i l y  i n  t h e  nex t  f u t u r e .  

A t  t h e  moment, nuc lea r  magnet ic resonance f i e l d  g ra-  

d i e n t  (NMR FG) techn iques  o f f e r  t h e  most conven ien t  and 

f l e x i b l e  means t o  i n v e s t i g a t e  t h e  p r o p e r t i e s  of  i n  ne- 

matogens. By v a r i o u s  modern re f i nemen ts  they  p r o v i d e  a 

p o w e r f u l  t o o l  t o  make sys temat i c  and not. o n l y  favourab ly  

s e l e c t e d  measurements, above a l l  because t h e  sample mate- 

r i a l  does n o t  need a s p e c i a l  p r e p a r a t i o n .  We have recen t -  
" 
L l y  developed a s p e c i a l  var ian t .  whish combines t h e  cap- 

a b i l i t i e s  o f  f i e l d  g r a d i e n t s  w i t h  those o f  f i e l d  c y c l i n g ,  

and a l l owed  us t o  s tudy  s e l f - d i f f u s i o n  i n  a l l  homologues 

o f  t h e  PAA-  and MBBA-series a v a i l a b l e  t o  us. Both  t h e  ex- 

p e r i m e n t a l  p r i n c i p l e s  and t h e  n o v e l  r e s u l t s  w i l l  be de- 

s c r i b e s  b r i e f l y  i n  t h e  f o l l o w i n g .  

3.  THE NUCLEAR MAGNETIC RESONANCE FIELD GRADIENT 
(NMR FG) TECHNIQUE 

E s s e n t i a l l y ,  t h e  NMR FG p r i n c i p l e  makes p o s s i b l e  t o  work 

ou t  t h e  components o f  t h e  d i f f u s i o n  tenso r  - D f rom t h e  ob- 

s e r v a t i o n  o f  a nuc lea r  magne t i za t i on  decay M ( t )  due t o  

mass t r a n s p o r t  a long t h e  g r a d i e n t  G o f  an inhomogeneous 

magnet ic f i e l d  H ( r )  o r  magnetic i n d u c t i o n  6(;). As shown 

+ 

-f 

+ +  
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SELF-DIFFUSION IN LIQUID CRYSTALS 253 

i n  many s t a n d a r d  t e x t b o o k s 3 ,  a F i c k ' s  law d i f f u s i o n  a n -  

s a t z  f o r  M(t , r )  y i e l d s ,  a f t e r  some c a l c u l a t i o n s ,  t h a t  

f o r  a n y  s e l e c t e d  d i r e c t i o n  b u t  c o n s t a n t  s t r e n q t h  of G t h e  

a m p l i t u d e  A of a Hahn s p i n  e c h o  a t  time t = 2 r  is q i v e n  

+ +  

-+ 

by 

(1) 2 2 2 2 ? 3 ]  A ( ~ T ) = A ( o )  e x p [ - 2 ~ / T ~ ]  exp[-- D y G 3 G  

w h e r e  DG d e n o t e s  t h e  d i f f u s i o n  c o n s t a n t  p a r a l l e l  t o  t h e  

g r a d i e n t .  As u s u a l ,  T is t h e  t r a n s v e r s e  n u c l e a r  maqne t  

r e l a x a t i o n  time, y t h e  m a q n e t o q y r i c  r a t i o  of  t h e  c o n s i -  
2 

d e r e d  n u c l e i  ( q e n e r a l l y  p r o t o n s :  y = 2 . 6 7 5  10 8 T -1 s -1 ) 
a n d  T t h e  p u l s e  s p a c i n q  o f  t h e  Hahn p r o q r a m .  O b v i o u s l y ,  

a d j u s t i n q  G p a r a l l e l  t o  t h e  d i r e c t o r  n o f  a l i q u i d  cry- 
+ + 

C 

s t a l  r e v e a l s  D,, , w h e r e a s  p e r p e n d i c u l a r  o r i e n t a t i o n  d i s -  

p l a y s  DL, a n d  no s p e c i a l  g e o m e t r y  is n e c e s s a r y  t o  mea- 

s u r e  D .  i n  t h e  i s o t r o p i c  p h a s e .  I n  p r a c t i c e ,  i t  i s  ad-  

v a n t a q e o u s  to a p p l y  t h e  q r a d i e r t  f i ~ e : d  time d e p e n d e n t  t o  

i m p r o v e  t h e  NMR r e s o l u t i o n  a n d  s e n s i t i v i t y ,  a n d  s u c h  

" p u l s e d  f i e l d  q r a d i e n t s "  ( P F G )  i n  t h e  form o f  s u i t a b l e  

s e q u e n c i e s  g i v e  r i se  t o  some m o d i f i c a t i o n s  o f  t h e  b a s i c  

e q u a t i o n  (1). However ,  t h e  r e s u l t  r e m a i n s  u n c h a n q e d  in 

t h e  ma in :  From t h e  e c h o  d e c a y  i t  is e a s i l y  s e e n  t h a t  i n  

o r d e r  t o  d e t e r m i n e  t h e  t h r e e  d i f f u s i v i t i e s ,  t h e  time de -  

p e n d e n c e  o f  t h e  s e c o n d  e x p o n e n t i a l  i n  Eq.(l) s h o u l d  p r e -  

d o m i n a t e  t h a t  o f  t h e  f i r s t  o n e  a t  ( s m a l l )  times T , w h e r e  

t h e  s i g n a l  is s t i l l  s u f f i c i e n t l y  s t r o n g  f o r  a r e a s o n a b l e  

d e t e c t i o n .  T h i s  r e q u i r e m e n t  sets a n  u n p l e a s a n t  l o w e r  l i- 

m i t  t o  t h e  r a n q e  o f  a c c e s s i b l e  d i f f u s i o n  c o n s t a n t s ,  namely 

1so 

1 2  
Drnin T 2  3 y2 G2 

which  i l l u m i n a t e s  why t h e  NMR FG a n d  PFG m e t h o d s  h a v e  con-  
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254 F.  NOACK 

siderable difficulties with liquid crystalline materials. 

Realizing that for anisotropic liquids T2 is typically 
of the order of 10 . . .  100 ~ s ,  and that known values of 

D for nematics range from HI-’ ... 
large gradient amplitudes of at least several Teslas cm 

are necessary to fulfi! 1 cnndition (2). Therefore, iNithout 
sophistirated tricks the maqnitude o f  G demanded to inten- 
sify the diffusion decay is qenerally impracticable o r  

completely out o f  reach for NMR work. Only the isotropic 
state of mesogens can be and has been handled by the de- 

scribed standard procedure because o f  the much lonqer re- 

laxation time T 

In principle, the situation is even worse for the higher- 

ordered mesophases, where due to the lower temperature 

the mass transport is slowed down, and on grounds o f  Eq. 

(2) one may wonder why nematics have been declared the 
most critical challenge to exoerirnenters (Sect.1). The 

answer is that refinements to overcome the limitations 

a r e  experimentally easier for high-viscous materials. 

-1 cm2 s , extremely 
-1 

134 (lo-’ . .. 10 s) occurinq in this case . 2 

Since the technical problems mainly arise from the 

fact that in anisotropic liquids the nuclear magnetic 

(dipolar) interactions are siqnificantly less averaged 

and entail substantially shorter relaxation times T than 

in isotropic liquids, one early recognized the possibili- 

ty to shift the limits by many orders of magnitude with 
the help o f  additional, i.e. externally initiated averag- 

ing mechanisms. Note that the manipulation of T 2  is clear- 

ly more effective than the increase of G because of the 
higher exponent! One way to lenqthen the effective echo 

decay time, called T2 effl makes use o f  radiofrequency 

irradiation (multipulse averaging ) ,  which essentially 

is a type o f  rnaqic angle rotation (54.74O) o f  the maqne- 

2 

5 
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SELF-DIFFUSION IN LIQUID CRYSTALS 255 

t i c  d i p o l e s  t o  reduce t h e  d i p o l a r  i n t e r a c t i o n .  We have 

r e c e n t l y  developed an a l t e r n a t i v e  based on t h e  l eng then-  

by a f a s t  magic ang le  o r i e n t a t i o n  o f  t h e  ne- i n g  o f  T 

ma t i c  d i r e c t o r  r e l a t i v e  t o  t h e  magnet ic f i e l d  ( f i e l d  cyc- 

l i n g  ave rag ing2 ) ;  t h e  r o t a t i o n  must be f a s t  s i n c e  a non- 

zero  ang le  between n and H generates a d e v i a t i o n  f rom equ i -  

l i b r i u m  t h a t  must be main ta ined d u r i n g  t h e  measurement. 

Our v a r i a n t  seems t o  us  b o t h  p h y s i c a l l y  and t e c h n i c a l l y  

more t r a n s p a r e n t  t han  t h e  competing procedure.  I t  a l l owed  

us t o  s t s r t  sys temat i c  s t u d i e s  on numerous nematic homo- 

logues, i n c l u d i n g  S c h i f f ' s  bases, which i n  t h e  l i g h t  o f  

r e l a t i o n  ( 2 )  a r e  well-known t o  be long t o  t h e  most awkward 

2 e f f  

+ + 

2 e f f  to 
candidates' .  Due t o  t h e  p r o l o n g a t i o n  o f  T 

about 10 ms t h e r e  was no need o f  e x c e s s i v e l y  l a r g e  f i e l d  

g r a d l e n t s ;  3-1fl-* T cm , produced by means o f  a quadru- 

p o l e  c o i l  d r i v e n  by a 1 kW power supp ly ,  p roved s u f f i c i e n t  

t o  o b t a i n  t h e  d i f f u s i o n  regime o f  t h e  s p i n  echo i n  any 

case. D e t a i l s  w i l l  be desc r ibed  elsewhere. Our techn ique  

a l s o  compares w e l l  w i t h  another e legan t  ex tens ion  o f  t h e  

b a s i c  P f G  exper iment,  namely t h e  use o f  m u l t i p l e  quantum 

echoes6 i n s t e a d  o f  t h e  c l a s s i c a l  (one-quantum) Hahn echo. 

Such a s t e p  i nc reases  t h e  e f f e c t i v e n e s s  o f  t h e  a p p l i e d  

g r a d i e n t  p r o p o r t i o n a l  t o  t h e  s t i m u l a t e d  o rde r ,  i . e .  

G e f f  m G w i t h  m = 2 ... 6 hav ing  been p r a c t i c e d .  But 

c o n s i d e r i n g  E q . ( 2 )  i t  is u n r e a l i s t i c  t o  b e l i e v e  t h a t  ma- 

n i p u l a t i o n s  on'G become as power fu l  as those on T 

-1 

2'  

4. NEW RESULTS AND D I S C U S S I O N  

To f i n d  ou t  t h e  behav iour  o f  t h e  s e l f - d i f f u s i o n  parame- 

t e r s  o f  nemat ics  r e l a t e d  t o  v a r i a t i o n s  o f  t h e  r i g i d  cen- 

t r a l  co re  and t h e  f l e x i b l e  end cha ins ,  r e s p e c t i v e l y ,  we 

performed ex tens i ve  measiirements o f  D,, , 0, and D i s o ,  as 
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256 F NOACK 

a f u n c t i o n  o f  temperature,  on some alkoxy-azoxy benzenes 

and S c h i f f ' s  bases . Seven homoloques o f  t h e  PAA s e r i e s ,  

t he  number n o f  CH qroups ranq ing  from D t o  6 ( o f t e n  ab- 

b r e v i a t e d  by PAA, PAP, PrAB, BAB, PAB, HAB, and HpAB), 

and some MBBA/EBBA m i x t u r e s  have been i n v e s t i q a t e d  up t o  

t h e  p resen t  . To our  knowledge comparable work on homolo- 

gous e f f e c t s  does n o t  e x i s t  i n  t h e  l i t e r a t u r e .  As examp- 

l e s ,  F i g s .  1 - 5 i l l u s t r a t e  r e s u l t s  f o r  P A A  ( n = o ) ,  PAP 

( n = l ) ,  PrAB (n=2) ,  HpAB (n=6) ,  MBBA (nl=o, n2=3) and EBBA 

(nl=l, n2=3).  Not shown da ta  on t h e  o t h e r  m a t e r i a l s  f o l -  

l ow  t h e  same l i n e s ,  so t h a t  a g r e a t  number o f  genera l  

f e a t u r e s  o r  t r e n d s  a re  c l e a r l y  p e r c e p t i b l e :  

2 

2 

2 

* The tempera ture  dependence o f  t h e  t h r e e  d i f f u s i o n  

parameters is w i t h i n  t h e  exper imen ta l  e r r o r  l i m i t s  

i n  any case, bo th  below and above t h e  nemat ic - to -  

i s o t r o p i c  (NI )  phase t r a n s i t i o n  tempera ture  T c ,  

s t r i c t l y  A r r h e n i u s - l i k e ,  i . e .  o f  t h e  form 

D .  D . exp ( - E  /RT) ( 3 )  1 01 D i  

( i  1 i s o ,  1 1  o r 1  ; D = p reexponen t ia l  f a c t o r ,  E - D- 
a c t i v a t i o n  energy p e r  mol, R = gas cons tan t ,  T = 

abso lu te  tempera ture) .  Since f o r  PAB, HAB and MBBA/ 

EBBA m i x t u r e s  t h e  mesophase ranqe is r a t h e r  broad, 

s i g n i f i c a n t  d e v i a t i o n s  would have been v e r i f i e d  

e a s i l y .  I n  p a r t i c u l a r ,  one shou ld  no te  t h a t  t h e  

p r a c t i s e d  tempera ture  r e s o l u t i o n  o f  0 . 2 O C  does n o t  

evidence p r e t r a n s i t i o n a l  phenomena. The parameters 

eva lua ted  f o r  t h e  PAA s e r i e s  a r e  l i s t e d  i n  Table 1. 

* The d i s c o n t i n u i t y  o f  t.he d i f f u s i v i t y  a t  t h e  N I  

phase t r a n s i t i o n  has  always t h e  a s t o n i s h i n g  form 

< D  
D i s o  < Dl 11 ' 
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SELF-DIFFUSION IN LIQUID CRYSTALS 

PAA n(CH2) = O  
(para-azoxy anisole 

I 
I 

I 
I 
I 

I 

I *c 

isotropic -I- nematic 

257 

FIGURE 1. Temperature dependence o f  d i f f u s i v i t y  co- 
e f f i c i e n t s  i n  t h e  nematic and i s o t r o p i c  
phase o f  para-azoxy a n i s o l e  (PAA). 

PAP n ( C H , I  = I  
(porn - azoxy p h e n e t o l e )  

I 

I 
I 
I 
I 
I T C  

FIGURE 2. Temperature dependence o f  d i f f u s i v i t y  co- 
e f f i c i e n t s  i n  t h e  nematic and i s o t r o p i c  
phase o f  para-azoxy phenetole (PAP). 
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258 F. NOACK 

D 
1crn2.s-'I 

1 0 - ~  

A (dipropoxy - azoxy benzene 1 

I 
I 

k DII 

----I +-----% D, 
I 
I 

I 
I 

I 

- I Tc 

isotropic -1- nematic - 
I I "  I "  I I I I 1  I I * 

FIGURE 3. Temperature dependence o f  d i f f u s i v l t y  co-  
e f f i c i e n t s  i n  t h e  nernat lc  and  i s o t r o p i c  
phase o f  p , p ' - d i - p r o p y l o x y - a z o x y  benzene 
(PrAB). 

HpAB n ICH,I = 6 
(haptyloxy - azoxy benzene 1 

tsotropic J- nematic 

I 

270 103 [K-13 2 5 5  2.60 2.65 - 2.50 
I I "  ' I I I I I ' ' I I I I ' ' ' I I -  

T 

F IGURE 4. Temperature dependence o f  d l f f u s i v l t y  co-  
e f f i c i e n t s  i n  t h e  nernatlc and  i s o t r o p i c  
physe  o f  p , p ' - d i - h e p t y l o x y - a z o x y  benzene 
( HPAB . 
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260 F. NOACK 

* A l l  t h r e e  d i f f u s i o n  c o e f f i c i e n t s  show a c h a r a c t e r -  

i s t i c  a l t e r n a t i o n  as a f u n c t i o n  o f  t h e  number o f  

c h a i n  segments, i . e .  t h e  well-known odd-even e f -  

f e c t ,  i f  compared a t  t h e  same r e l a t i v e  tempera ture  

T - T : A T  ( F i g .  6a) .  The a l t e r n a t i o n  l a r g e l y  pa- 

r a l l e l s  t h e  changes o f  T i t s e l f  ( F i g .  6b ) !  Drawn 

a t  cons tan t  abso lu te  tempera ture  T ,  t h e  odd-even 

e f f e c t  d isappears,  b u t  t h e  d i f f u s i v i t i e s  show a 

weak tendency t o  d i m i n u i s h  w i t h  i n c r e a s i n g  molecu- 

lar l e n g t h .  

C 

* E v i d e n t l y ,  t h e  an iso t ropy  r a t i o  DII / D l  i s  r e l a t i -  

v e l y  s m a l l  and a l t e r n a t e s  o n l y  s l i g h t l y  between 

t h e  extremes 1.50 (PAP) and 1.68 (HpAB). F i g .  7 

e l u c i d a t e s  t h a t ,  o v e r l o o k i n g  t h e  weak odd-even 

c h a r a c t e r i s t i c ,  t h e r e  i s  e s s e n t i a l l y  no dependence 

on t h e  c h a i n  l e n g t h .  

* The a c t i v a t i o n  energ ies  o f  s e l f - d i f f u s i o n  i n  b o t h  

t h e  i s o t r o p i c  and nematic s t a t e ,  EDiso’  ‘Dll 

r e s p e c t i v e l y ,  vary  r a t h e r  s t r a n q e l y  as a E 

f u n c t i o n  o f  n, i . e .  do n o t  r e v e a l  t h e  f a m i l i a r  

odd-even e f f e c t  ( F i g .  8 ) .  S u r p r i s i n g l y ,  one f i n d s  

i n  a l l  s t u d i e d  systems E 

r i e s  even man i fes ts  E 

and 

Di ’ 

> E  t h e  P A A  se- Diso  D ( I  ’ 
> E  D i s o  D l  * 

* A l l  observed v a r i a t i o n s  due t o  d i f f e r e n t  c h a i n  

groups a re  r e l a t i v e l y  sma l l .  E.g. DI1 (PAA) 

(PAP) a t  cons tan t  T ( e x t r a p o l a t e d )  o r  DII (PAA) 5 
DL (PAP) a t  cons tan t  A T ,  and t h e  same h o l d s  when 

comparing MBBA w i t h  EBBA. Th is  f i n d i n g  must be con- 

t r a s t e d  w i t h  t h e  cons ide rab le  s h i f t s  due t o  d i f f e -  

r e n t  cores o f  t h e  molecules.  E.g. D l I  (PAA) 2 D I I  

(MBBA) a t  cons tan t  T ( e x t r a p o l a t e d )  o r  DII (PAA)>> 

DI, 
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SELF-DIFFUSION IN LIQUID CRYSTALS 263 

D,, (MBBA) a t  cons tan t  A T .  Note t h a t  t he  mo lecu la r  

we igh ts  o f  P A A  and MBBA a r e  about t h e  same, namely 

258.3 and 2 6 7 . 4 ,  r e s p e c t i v e l y .  

Both  PAA and MBBA, have been s t u d i e d  p r e v i o u s l y  many 

t imes  by t h e  methods sketched a t  t h e  beq inn inq ' ;  sys te -  

m a t i c  measurements on t h e  homologues a r e  rdre 'r4y7 and 

accep tab le  o n l y  f o r  t h e  i s o t r o p i c  phase . As i l l c i s t r a t e d  

by F i g s .  9 - 10 w i th  re fe rence  t o  some s e l e c t e d  works on 

P A A  and MBBA, t h e  exper imen ta l  r e s u l t s  o f  t h e  d i v e r s e  re- 

search  groups and techn iques  s c a t t e r  s i g n i f i c a n t l y ,  above 

a l l  i n  t h e  nematic s t a t e .  An i n t e r e s t i n g  p o i n t  is t h a t  

even t h e  d i r e c t  t rea tmen ts  d i saq ree  by about one o rde i  

o f  magnitude, which neve r the less  is n o t  r e a l l y  s u r p r i s i n g  

i n  view o f  t h e  commented me thod ica l  problems. Our  new da- 

t a  a r e  s i t u a t e d  i n  t h e  midd le  and upper p a r t  o f  t h e  C O V P T -  

ed ranqes. The d e v i a t i o n s  n o t  o n l y  i n v o l v e  t h e  abso lu te  

va lues  o f  t h e  d i f f u s i v i t i e s ,  b u t  a l s o  t h e  a c t i v a t i o n  ener-  

g i e s ,  t h e  form o f  t h e  d i s c o n t i n u i t y  n t  T and t h e  an iso -  

t r o p y  r a t i o .  Wi thout  knowing t h e  e x a r t  o r i q i n  o f  t hese  

d i sc repanc ies ,  i t  seems i l l - t i m e d  t o  go i n t o  quont i t a t  ivc 

d e t a i l s ;  b u t  i r r e s p e c t i v e  o f  t h e  r e s e r v a t i o n s  on t h c  qus- 

l i t y  o f  e x i s t i n g  measurements, t h e  ex tens i ve  new d i f f u -  

sion diagrams l a y  open some c l e a r  l i m i t a t i o n s  o r  inade- 

quac ies  o f  a v a i l a b l e  t h e o r e t i c a l  es t ima tes  . 

4 

c 

8 

* Dbv ious ly ,  t h e  i n f l u e n c e  o f  t h e  c e n t r a l  r i q i d  co re  

o f  t h e  mesogens t o  t h e  d i f f u s i v i t i e s  is more p r o -  

nouriced t h a n  t h a t  n f  t h c  a l i p h a t i c  end r h a i n s .  

Th is  o b s e r v a t i o n  p a r a l l e l s  recen t  r p p n r t  s on t h e  

the rma l  c o n d u c t i v i t y  f o r  t h e  P A A  scr1es9, which  

d i s c l o s e s  s i m i l a r  p r n p e r t i c s .  However ,  i t  funda- 

m e n t a l l y  d isagrees  w i t h  p r e d i c t i o n s  o f  t h e  t h e o r y  

developed by Chu and Moroi8 ( a u t o c o r r e l n t  i o n  func- 
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105:; ! -.-._ 
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~ ~ x x x x x x x x x x x x  

x x x ~ ~ x x x x x x x x x  
x ~ x ~ x x x x x x x x x  

- - this work --- FG (Ghosh) 

GINS (Jan ik )  ...... Tracer (Yun) 

QNS (Blinc) x x x x  T,, NMR (Wolfel)  
I I I 

-..- 

FIGURE 9 .  Se lec ted  l i t e r a t u r e  da ta  on self- 

t h i s  work; 

and J.M.Janik, Phys.Lett.38A, 
335 (1972);  

31A, 5 3 1  (1970) ;  
- - -  S.Ghosh and t .Te t ta rnan t i ,  Chern. 

Phys.Lett. 62, 403 (1980) ;  

C rys t .L iqu .Crys t .  12,73 (1970);  

S t u t t o a r t  (1978) 

d i f f u s i o n  i n  P A A :  

- .-.- K.Otnes, R .  Pynn, J.A. Jan ik  

- -  . .  R .B l i nc  and V . D i m i c ,  Phys .Le t t .  

..... C.Yun and A.Fredr ickson, Mol. 

x x x x x  W .  W o l f e l ,  Thesis,  U n i v e r s i t a t  
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SELF-DIFFUSION IN LIQUID CRYSTALS 265 

FIGURE 10. Selected literature data on self- 
diffusion in MBBA: 

-.-. - I. Zupanzit, J.PirE, M.Lurar 
this work- 

and R.Blinc, Solid State Cornrn. 
15, 227 ( 1 9 7 4 ) ;  

-. .- G .  Kruger and H.Spiesecke, 
Z.Naturforsch. 28a ,  964 ( 1 9 7 3 ) ;  

- - -  H.Hakerni and M.Labes, J.Chem. 
Phys. 6 1 ,  4020 ( 1 9 7 4 ) ;  

. .... H.Hervet, W.Urbach and F.Ronde- 
lez, J.Chem.Phys. 68, 2725 ( 1 9 7 8 ) .  
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266 F.  NOACK 

tion approach) that require a distinct dependence 

of the diffusion parameters on the length-to-width 

ratio of the molecules. 

* The simple, Arrhenius-type variation o f  the diffu- 

sivities is indeed astonishing if one recalls thP 

rather complicated temperature dependences of the 

viscosities in nematic phases''. According to the 

F ranklin theory' (Kirkwood approach), D I I  and DL 

should be strongly related to the Leslie viscosi- 

ties and to the order parameter, and hence reflect 

the pertinent impact of temperature; such a beha- 

viour is not seen experimentally. 

* The unexpected form of the discontinuity at the 
NI phase transition, now established in quite a 
number of nematics, emphasizes another problem of 

8 the theory, namely the statement DL < Dlso < D,, 
Since the present studies were performed on pure 

liquid crystals and not with the help of added so- 

lutes, the strange transition can no longer be at- 

tributed solely to solute effects as suggested in 

the literature''''. Impurities are known to redure 

the anisotropy, 1.e.  lessen D I ,  /DL, and nearly al- 

ways entail D 

. 

l 
ISO< DL . 

These three remarks underline that self-diffusion in 11- 

quid crystals is only poorly understood until now. None- 

theless, not least due to some novel NMR procedures, the 
experimental side of the subject begins to improve. 

Acknowledqernents The author sincerely thanks Dipl.Phys. 

D. Leiningen, Dipl.Phys. G. Rollmann and Dr. W. Wolfel 
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