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MOLECULAR ROTATIONAL DYNAMICS I N  HIGHLY 
ORDERED SMECTIC MESOPHASES 

N .  KIROV,  I. DOZOV, M .  PETROV 
I n s t i t u t e  of S o l i d  S t a t e  Phys ics ,  72 boulv. 
Lenin, S o f i a  1784, Bulgar ia  

M. P. FONTANA, B. R O S I  
Department of Phys ics ,  Un ive r s i ty  of Parma, 
85 N. d'Azegl io ,  Parma 43100, I t a l y  

Abs t r ac t  The temperature  dependence of t h e  
r o t a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  Di and b i -  
a x i a l  o r i e n t a t i o n a l  o r d e r  parameter  <D* > i n  
a l igned  SB, S and S phases  obta ined  c y  I R  
bandshape anayy si s ia repor t ed  . 

I. INTRODUCTION 

The molecular  dynamics i n  mesomorphic pha.ses i s  
a c t i v e l y  i n v e s t i g a t e d  by neu t ron  quas i  e l a s t i c  
s c a t t e r i n g  (NQS),  n u c l e a r  magnetic resonance (NMR) ,  
e l e c t r o n i c  paramagnetic resonance (EPR), d i e l e c -  
t r i c  r e l a x a t i o n  and v i b r a t i o n a l  spectroscopy.  It 
i s  g e n e r a l l y  assumed t h a t  i n  t h e  h igh ly  ordered  
smect ic  mesophases t h e  molecules  perform only 
overdamped l i b r a t i o n  around t h e  body axes.  In  t h e  
l e s s  ordered smect ic  mod i f i ca t ions  (Sc, SA) as 
well i n  t h e  nematic phase t h e  molecules  perform 
a r o t a t i o n a l  d i f f u s i o n  around t h e  long  molecular  
a x e s  p l u s  long  axes  f l u c t u a t i o n s .  The sp inn ing  
( r o t a t i o n  around t h e  l ong  molecular  a x e s )  r e l axa -  
t i o n  times a r e  i n  t h e  r eg ion  5-15 ps.  A much slow- 
e r  (50-200 ps)  are t h e  r e o r i e n t a t i o n a l  c o r r e l a t i o n  
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120 N. KIROV ct d. 

t i m e s  around t h e  s h o r t  m o l e c u l a r  a x e s  ( t u m b l i n g  
r e o r i e n t a t i o n ) .  

However, most o f  t h e  exper iments  were c a r r i e d  
o u t  a t  one o r  two f i x e d  t e m p e r a t u r e s  and t h e  tem- 
p e r a t u r e  behaviour  o f  t h e  r o t a t i o n a l  m o l e c u l a r  
m o b i l i t y  h a s  n o t  been s t u d i e d  i n  d e t a i l s .  Moreover,  
o f t e n  t h e  r e p o r t e d  r e l a x a t i o n  t i m e s  do n o t  c h a r a c -  
t e r i z e  s o l e l y  t h e  m o l e c u l a r  r e o r i e n t a t i o n  b u t  de- 
pend on o r i e n t a t i o n a l  o r d e r  p a r a m e t e r s ,  some spe-  
c i f i c  m o l e c u l a r  p r o p e r t i e s  and sometimes even r e -  
f l e c t  a m i x t u r e  of s e v e r a l  r e l a x a t i o n  p r o c e s s e s .  
That  i s  why n o n t r i v i a l  d i s c r e p a n c i e s  between t h e  
r e s u l t s  from d i f f e r e n t  t e c h n i q u e s  even f o r  t h e  sa- 
me mesogen may be found i n  t h e  l i t e r a t u r e  . 

Recent ly  we e s t a b l i s h e d  a new method - i n  
which t h e  r o t a t i o n a l  r e l a x a t i o n  t i m e s  and r o t a t i -  
o n a l  d i f f u s i o n  c o e f f i c i e n t s  a re  unambiguously de- 
te rmined  - by s t u d y i n g  t h e  bandshape or t h e  band- 
wid th  of c a r e f u l l y  s e l e c t e d  v i b r a t i o n a l  modes . 
Our r e s u l t s  i n d i c a t e  t h a t  f o r  tumhlinir  motion i n  
a s t r o n g l y  a n i s o t r o p i c  system such a s  mesophase 
(where DE >> Di ) t h e  b i a x i a l  term of t h e  nemat ic  
p s e u d o p o t e n t i a l  h a s  a n e g l i g i b l e  e f f e c t  on t h e  
c o r r e l a t i o n  f u n c t i o n s .  On t h e  c o n t r a r y ,  a l l  v i b r a -  
t i o n s  whose induced d i p o l e  moment makes a r e a s o -  
nably  l a r g e  a n g l e  w i t h  t h e  l o n g  m o l e c u l a r  a x i s  a r e  
p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  d e v i a t i o n s  o f  t h e  
o r d e r i n g  p o t e n t i a l  from c y l i n d r i c a l  

I n  t h i s  paper  we p r e s e n t  new r e s u l t s  on t h e  
r o t a t i o n a l  dynamics i n  some s m e c t i c  p h a s e s ,  o b t a i -  
ned by IH bandshape measurements.  I n  t h e  second 
paragraph  we b r i e f l y  summarize t h e  r e l e v a n t  t h e o r y .  
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ROTATIONAL DYNAMICS W SMECTIC MESOPHASES 121 

I n  t h e  t h i r d  paragraph  we r e p o r t  t h e  e x p e r i m e n t a l  
c o n d i t i o n s .  I n  t h e  las t  s e c t i o n  we p r e s e n t  t h e  tem- 
p e r a t u r e  b e h a v i o u r  of  t h e  s p i n n i n g  d i f f u s i o n  c o e f -  
f i c i e n t  Dr  and t h e  o r d e r  p a r a m e t e r  < D o 2 >  i n  SB, 

Sc and SA mesophases of two mesogens. 

2 
II 

11. R O T A T I O N A L  C O N T R I B U T I O N  TO T O T A L  I R  B A N D S H A P E  

I n  t h e  c a s e  of a molecule  w i t h  e f f e c t i v e  D2h sym-  
metry t h e  nemat ic  p s e u d o p o t e n t i a l  can be w r i t t e n  
as' : 

( 1 )  
2 u(n> = -kTa(DO0(R> + A  (DE2(fi  >+D;,*(n > > >  

* 
F o r  such  p o t e n t i a l  
f o r  even m and n . From NMR da ta  f o r  t h e  nema- 
t i c  4,4'-dimethoxyazoxybenzene ( P A A )  t h e  r e s u l t s  

2 5 2 0.2 and (Do,) 5 0.035 a r e  r e p o r t e d  . 
The g e n e r a l  e x p r e s s i o n  f o r  t h e  r o t a t i o n a l  con- 

t r i b u t i o n  t o  t h e  t o t a l  I R  bandshape d e r i v e d  i n  t h e  
framework of t h e  s m a l l - s t e p  r o t a t i o n a l  d i f f u s i o n  
model i s  p r e s e n t e d  Here w e  w i l l  g i v e  
t h e  r o t a t i o n a l  r e l a x a t i o n  c o n t r i b u t i o n  f o r  t h e  
t h r e e  most i m p o r t a n t  c a s e s ,  & a n d  Y b e i n g  t h e  po- 
l a r  c o o r d i n a t e s  of t h e  induced d i p o l e  moment i n  
t h e  m o l e c u l a r  frame. 

<D:n )= (DEn> = <D:-n> # 0 

F o r  p a r a l l e l  bands ( @g 0 ) :  

F o r  d e p o l a r i z e d  modes ( 8 f 55' ) :  
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122 N. KIROV n aI. 

d a,(t) 18 D: x +((P,)+lOx)(D~-D~) 
( 3 )  -1n- = 

dt a,W ( 1-2~) ( 1 + 4 ~ )  

For transversally polarized modes ( 8 90' ) :  

d az( t) -9((P2) -6x)Di +76x(Df-D:) 

dt a,(t) ( 1-(P2)+6x)(2+(P2)-6x) 
(4) -In- = 

where x = cos 2" (Di2) / 6 
F o r  highly ordered smectic mesophases DE >> D;. 

In this case the spinning rotational diffusion co- 
efficient D: and (Do,) can be calculated by s i m -  
pler equations: 

2 

d a,(t) (P,) + lox 

dt a,(t) (1-2x)( 1+4x) 
-In- = D: ( 3 ' )  

d az(t) 3 6x 
-1n- = (4' 1 
d t  a,(t) (1-(P,)+6x)(2+(P2)-6x) 

The o r d e r  parameter (P, ) s h o u l d  be determined 
independently f r o m  the value of the dichroic ratio 
R of a strongly longitudinally polarized band: 

R - I  

K + 2  (P2)= - 

SAZ(U) dW 
where R =  

S A x ( W )  dW 

In Eqs. (2-5) ai(t) ( i = x  or z )  is the Fourier 
transform of the absorption bandshape Ai(W ). 

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:
16

 1
9 

Fe
br

ua
ry

 2
01

3 



ROTATIONAL DYNAMICS IN SMBCTIC MESOPHASES 123 

111. EXPYRIPRN'PAT~ TECHNIQUES 

The mesogens s t u d i e d  were N-(4-butoxybenzyl idene)  
4 ' , n - b u t y l a n i l i n e  (RBBA) and 4,n-hexyloxyphenyl- 
4;n-decyloxybenzoate  (MOPDOB). The r e l e v a n t  t r a n -  
s i t i o n  t e m p e r a t u r e s  o f  t h e s e  compounds a r e  as 
f o l l o w s :  

3 6 . 2 O C  &C 63.30_CN7$.40$ I 
sB sA BBBA: Cr-  

3 4 . 2 O C  3R.3'CS 44.5'Cs 7 7 . 5 O C  
B- C-'A- HOPDOB:  C r  - SB - 

The samples  were a l i g n e d  homogeneously by r u b b i n g  
t h e  c e l l  windows. The o r i e n t a t i o n  of  t h e  s m e c t i c  
m o d i f i c a t i o n s  w a s  checked by i n v e s t i g a t i n g  t h e  
conoscopic  f i g u r e s .  A t  SA - Sc phase  t r a n s i t i o n  
of EOPDOR t h e  m o l e c u l e s  s tar t  t o  tilt i n  t h e  smec- 
t i c  l a y e r s .  The t i l t  a n g l e  however i s  n o t  s o  b i g  - 
i t  h i g h e s t  v a l u e  of s a t u r a t i o n  i s  17'. Thus t h e  

Sc phase  of IIOPDOB might  be c o n s i d e r e d  a l m o s t  
u n i a x i a l 6  

I n f r a r e d  s p e c t r a  were t a k e n  w i t h  a d u a l  s p e c t -  
rophotometer .  S p e c t r a l  r e s o l u t i o n  f o r  most r u n s  
was s e t  a t  1 cm". Whenever p o s s i b l e ,  t h e  s p e c t r a l  
r a n g e  a b o u t  each l i n e  was i n v e s t i g a t e d  o v e r  a b o u t  
4-6 t imes f u l l  bandwidth a t  halfmaximum i n t e n s i t y .  
Sample t h i c k n e s s  was chosen t o  y i e l d  optimum ab- 

s o r b a n c e ,  i . e .  a t r a n s m i s s i o n  of  30-50 %, and was 
a p p r o x i m a t e l y  12-13 microns  f o r  b o t h  samples .  The 
t e m p e r a t u r e  was c o n t r o l l e d  by a t h e r m o s t a t  w i t h  
c i r c u l a t i n g  water i n c i d e  a brass b l o c k  which 

and o u r  method can be a p p l i e d  too.  
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124 N. KIROV d al. 

housed t h e  sample c e l l .  Temperature  s t a b i l i t y  w a s  
b e t t e r  t h a n  0.03OC. 

The bands 889 cm" (benzene  r i n g  - n i t r o g e n  
i n - p l a n e  bending ,  BUBA), 693 cm-l (benzene  r i n g  

1 ou t -of -p lane  d e f o r m a t i o n ,  HOPUOB) and 1739 cm- 
( c a r b o n y l  g roup  s t r e t c h  v i b r a t i o n ,  HOPBOB) were 
s e l e c t e d  t o  s tudy  t h e  t e m p e r a t u r e  dependence o f  
DE and (Dg,) i n  t h e  mesophases. The t r a n s i t i o n  
d i p o l e  moment o f  t h e  mode 1739 cm-' i s  d i r e c t e d  
a l o n g  t h e  "magic" a n g l e ,  i . e .  a b o u t  55' a w a y  from 
t h e  l o n g  m o l e c u l a r  a x i s .  The band a t  889 cm-' 
( H = 2.8 ) i s  weakly l o n g i t u d i n a l l y  p o l a r i z e d  
( w i t h  4 
t i o n  i s  s t r o n g l y  t r a n s v e r s a l l y  p o l a r i z e d  ( R = 0 . 1 1  
and 8 87 ' ) .  The o r i e n t a t i o n a l  o r d e r  p a r a m e t e r  
<P2) was determined i n d e p e n d e n t l y  u s i n g  Eq.(5) 
from t h e  d i c h r o i c  r a t i o  o f  t h e  bands 1605 cm-l 
(HOPDOB) and 1602 cm-' (BBBA) a s s i g n e d  t o  benzene 
r i n g  s t r e t c h i n g  v i b r a t i o n .  

36'). The benzene out-of -p lane  def  orma- 

IV. RESULTS AND D I S C U S S I O N  

We d o  n o t  o b s e r v e  any broadening  o f  t h e  s t r o n g l y  
p a r a l l e l  bands w i t h  t e m p e r a t u r e  and phase  t r a n s i -  
t i o n s ,  which i m p l i e s  t ha t  t h e  tumbl ing  motion i s  
completely " f r o z e n "  i n  t h e  h i g h l y  o r d e r e d  s m e c t i c  
phase ,  The s p i n n i n g  r o t a t i o n a l  d i f f u s i o n ,  o b t a i n e d  
by Eqs.(3',4'), i n  SB, Sc and SA p h a s e s  i s  r a t h e r  
fast  - Di i s  about  15. l o l o  s and d o e s  n o t  
depend on t h e  t e m p e r a t u r e  ( F i g s .  1 and 2 ) .  I n  t h e  
l i m i t s  of our e x p e r i m e n t a l  e r r o r  (-10 % )  t h e r e  a r e  

-1 
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ROTATIONAL DYNAMICS IN SMECTIC MESOPHASES 125 
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FIGURE 1. Temperature dependence of: 
1 - spinning rotational diffusion coefficient 
D i  
of BBBA. 

; 2 - orientational order parameter (P,) 

FIGURE 2. Temperature dependence of the spin- 
ning rotational diffusion coefficient D: 
of HOPDOB. 
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126 N. KIROV et d. 

no o b s e r v a b l e  changes i n  t h e  r o t a t i o n a l  m o l e c u l a r  
m o b i l i t y  a t  t h e  phase  t r a n s i t i o n s  SB - S c ,  SB-SA 
and SA - N . T h i s  i s  r e a s o n a b l e  s i n c e  a l l  s m e c t i c  
and nematic  p h a s e s  a r e  u n i a x i a l  ( SB, SA and N )  o r  
q u a s i u n i a x i a l  ( S c ) .  The s lowing  down o f  D,, obser -  
ved i n  t h e  nemat ic  phase  c l o s e  t o  t h e  c l e a r i n g  
t e m p e r a t u r e  was a l r e a d y  d i s c u s s e d  i n  our p r e v i o u s  
work . 

r 

7 

FIGURE 3. Temperature  dependence o f  t h e  o r d e r  
p a r a m e t e r s  i n  HOPDOB: I - <D:~) ; 2 - <P,) 

The measured t e m p e r a t u r e  dependence o f  (Gi2) 
has t h e  same f e a t u r e  ( F i g .  3 )  - t h e  p r e s e n c e  o f  
maximum c l o s e  t o  t h e  c l e a r i n g  t e m p e r a t u r e  - as t h a t  
r e p o r t e d  by o t h e r  a u t h o r s 8 ,  A more d e t a i l e d  compa- 
r i s o n  of t h e  t e m p e r a t u r e  dependence o f  ( D o 2 )  w i t h  
mean f i e l d  t h e o r y  p r e d i c t i o n  i s  under  s t u d y .  

2 
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ROTATIONAL DYNAMICS IN SMECTIC MESOPHASES 127 

C OIJCLU S I O N  

We r e p o r t  h e r e  t h e  f i r s t  a c u r a t e  s t u d y  of t h e  tern- 
p e r a t u r e  dependence o f  t h e  s p i n n i n g  r o t a t i o n a l  
d i f f u s i o n  c o e f f i c i e n t  Di and t h e  o r d e r  p a r a m e t e r  

A r e l a t i v e l y  fas t  r e o r i e n t a t i o n  around t h e  l o n g  
molecul.ar ax is  e x i s t s  i n  nemat ic  and s m e c t i c  pha- 
ses  and i s  r e a s o n a b l y  w e l l  d e s c r i b e d  v i a  t h e  u n i -  
a x i a l  r o t a t i o n a l  d i f f u s i o n  model. 

2 
(Do2) i n  u n i a x i a l l y  a l i g n e d  s m e c t i c  m o d i f i c a t i o n s .  
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