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I s t i t u t o  Chimico de l l 'Univers i tA,  Via Ospedale 72, 
09100 C a g l i a r i ,  I t a l y ,  
I s t i t u t o  d i  Chimica Organica, Via le  Risorgimento 4 ,  
40136 Bologna, I t a l y .  

J; 

** 

(Submitted f o r  p u b l i c a t i o n  6 t h  June,  1978) 

Abs t rac t  The r a d i c a l  anion of te t racyanoethylene  
(TCNE), when produced i n  the  presence of t h e  macrocy- 
c l i c  po lye the r  dibenzo-18-crown-6, was found t o  be a 
convenient  s p i n  probe f o r  s tudying  amphiphi l ic  l i q u i d  
c r y s t a l s .  Both the  va lue  of t h e  i s o t r o p i c  n i t rogen  hy- 
p e r f i n e  s p l i t t i n g  cons t an t  and t h e  broadening induced 
on t h e  ESR l i n e s  by t h e  a d d i t i o n  of t h e  paramagnetic 
s a l t  N i C 1 2  t o  t he  l y o t r o p i c  mixture ,  seem t o  i n d i c a t e  
t h a t  TCNE r e s i d e s  i n  t h e  p o l a r  i n t e r f a c i a l  reg ion  of 
t h e  l i q u i d  c r y s t a l .  

Ordering and r e o r i e n t a t i o n  of s p i n  probes i n  a n i s o t r o -  
p i c  media can be  s t t - r \ ied from t h e i r  e l e c t r o n  resonance 
s p e c t r a .  I n d i r e c t  in format ion  on the  a n i s o t r o p i c  envi ron-  
ment i t s e l f  can a l s o  be i n f e r r e d  from t h e  experimental  re- 
s u l t s  f o r  t he  r a d i c a l ,  This method has  been widely used t o  
i n v e s t i g a t e  thermotropic  and lyo t rop ic  l i q u i d  c r y s t a l s  as 
we l l  a s  b i o l o g i c a l  systems. Lyotropic l i q u i d  c r y s t a l s  a r e  
p a r t i c u l a r l y  i n t e r e s t i n g  s u b s t r a t e s ,  p a r t l y  because of 
t h e i r  everyday occurrence as soaps and, more important  f o r  
us ,  s i n c e  they c o n s t i t u t e  u s e f u l  model systems f o r  membrane 
type s t r u c t u r e .  For in s t ance  some of them give  lamel la r  
phases formed of b i l a y e r s  w i th  t h e  a l i p h a t i c  cha ins  i n s i d e  
and t h e  p o l a r  head groups a t  t h e  i n t e r f a c e  wi th  t h e  water 
phase s e p a r a t i n g  one b i l a y e r  from another . '  For such i n -  
homogeneous systems, and even more f o r  r e a l  membranes, i t  
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276 G. F. PEDULLI and C. ZANNONI 

i s  important  t o  be a b l e  t o  assess a v a r i e t y  of r a d i c a l s  a s  
probes.  The reason  is  t h a t  s u i t a b l e  changes i n  t h e  s t r u c t u r e  
and c h a r a c t e r i s t i c s  of t he  probe can favour  i t s  res idence  i n  
var ious  reg ions  of t h e  s u b s t r a t e ,  which can t h e r e f o r e  be s t u -  
d i e d  i n  turn .  

The most widely used s p i n  probes a r e  c e r t a i n l y  n i t r o x i d e  
r a d i c a l s .  These are n e u t r a l  s p e c i e s  whose s t r u c t u r e  can be  
changed i n  a number of ways. I t  should be noted,  however, t h a t  
normally t h e  NO group i s ,  f o r  reasons of chemical s t a b i l i t y ,  
p a r t  of a p i p e r i d i n e  o r  oxazol id ine  r i n g  and what i s  a c t u a l l y  
modif ied are t h e  f u n c t i o n a l  groups a t t a c h e d  t o  these  r i n g s .  
For example t h e  very  d i f f e r e n t  cho le s t ane  and s t e a r i c  probes 
c o n t a i n  t h e  n i t r o x i d e  func t ion  a t  t h e  same oxazol id ine  r ing .  
These probes have revea led  d a t a  u s e f u l  i n  t h e  e l u c i d a t i o n  of 
t h e  s t r u c t u r e  of t h e  hydrophobic co re  of t he  b i l a y e r j 2  however 
i t  is  f a i r l y  d i f f i c u l t  w i th  an o rd ina ry  n i t r o x i d e  t o  i n v e s t i -  
g a t e  one of t h e  most i n t e r e s t i n g  reg ions  of l y o t r o p i c  and b i o -  
l o g i c a l  systems, t h a t  i s  t h e  p o l a r  heads' i n t e r f a c e .  

Na tu ra l  cand ida te s  t o  s i t  i n  t h i s  r eg ion  s e e m  t o  be elec- 
t r i c a l l y  charged r a d i c a l s .  Unfor tuna te ly  t h e  use  of t hese  spe-  
cies a s  s p i n  probes is normally prevented by t h e i r  poor s t a -  
b i l i t y  i n  o rd ina ry  experimental  s i t u a t i o n s .  Thus we a r e  faced  
wi th  t h e  problem of i n c r e a s i n g  t h e  s t a b i l i t y  of t hese  i o n i c  
r a d i c a l s .  An advantageous method t o  do t h i s ,  i n  t h e  case  of 
t h e  r a d i c a l  an ions ,  i s  t o  complex the  a l k a l i  counter ion  wi th  
macrocycl ic  pol yet her^.^ 
found t h a t  t h e  r a d i c a l  an ion  of te t racyanoethylene  (TCNE) i s  
very  long l i v e d  even a t  h igh  temperatures  i n  the  presence of 
small amounts of dibenzo-18-crown-6 e t h e r ,  and can be  used as  
a probe f o r  thermotropic  l i q u i d   crystal^.^ With r e s p e c t  t o  
n i t r o x i d e  s p i n  probes,  TCNET, bes ides  be ing  i o n i c ,  has t h e  ad-  
vantage t h a t  t h e  ESR l i n e s  do no t  h ide  unresolved pro ton  hy- 
p e r f i n e  s t r u c t u r e  and t h a t  i t s  smaller s i z e , t o g e t h e r  w i th  t h e  
reduced an i so t ropy  of t h e  hype r f ine  and g tensors , imply t h a t  
slow motion ESR s p e c t r a  w i l l  be  obta ined  i n  more v iscous  s y -  
stems than w i t h  convent iona l  probes.  

A s  a matter of f a c t  w e  have r e c e n t l y  

'The scope of t h i s  le t ter  i s  t o  r e p o r t  on the  f e a s i b i l i t y  of 
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TCNE? A PROBE FOR POLAR ANISTROPIC SYSTEMS 277 

FIGURE 1 ESR s p e c t r a  of TCNE' d i s so lved  i n  a 
l y o t r o p i c  l i q u i d  c r y s t a l  ( a )  be fo re  
and ( b )  a f t e r  t he  a d d i t i o n  of N i C 1 2 .  

us ing  %NET a s  a probe a l s o  f o r  amphiphi l ic  l i q u i d  c r y s t a l s .  
Moreover w e  s h a l l  h i n t  t h a t  TCNE' does a c t u a l l y  r e s i d e  i n  t h e  
p o l a r  head reg ion , thus  making an a t t r a c t i v e  candida te  f o r  f u r -  
t h e r  s p i n  probe s t u d i e s  of model and real  systems. 
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278 G. F. PEDULLI and C. ZANNONI 

For this investigation we have chosen a lyotropic mesopha- 
se composed of sodium caprylate 28 wt%, decanol 42 wt% and wa- 
ter 3 wt%. Such a mixture is known to possess a bilayer struc 
ture. The radical was obtained by dissolving in the liquid 
crystal a 1:l:l mixture of TCNE, KI and dibenzo-18-crown-6 e- 
ther in a nitrogen atmosphere and by gently heating to favour 
homogenization, The ESR spectrum, recorded at room temperatu- 
re, is shown in Fig. la. The appearance is that of a powder 
type spectrum; however the lines are very narrow,thus hinting 
that the system is rather a poly-liquid crystalline one. In 
other words the probe is rapidly tumbling in ordered domains, 
but the domains are in turn isotropically distributed since 
the sample is, as a whole, unoriented. From the separation be- 
tween the lines due to the orientations of the director of the 
liquid crystal parallel and perpendicular to the magnetic 
field, it is possible to extract the order parameter inside 
the domains. Due to the D symmetry of TCNE, the principal 
axes of the ordering matrix are determined to be those shown 
below. 

P 

?h 

The difference between the components of the partially averagec 
hyperf ine tensor is 

where &x, Ayy, A,, are the principal values of &. 
nitrogen hyperfine tensor here has cylindrical symmetry, we 
find 

Since the 

Y 
& L 

A,, - = (A,, - AL) Qoo I 
Similar expressions hold for the g tensor. The measured values - 
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TCNE:: A PROBE FOR POLAR ANISTROPIC SYSTEMS 279 

5 9f A,, and A 
g,, = 2.0024 and g -0.47 gauss r e s p e c t i v e l y ,  wh i l e  

By in t roduc ing  i n  t h e  above equat ion  t h e s e  components and t h e  
va lues  determined from t h e  spectrum of Fig.  l a ,  & A,, = 
= 1.18 and A,.= 1.83 gauss ,  w e  have a t  once P2 = 9 =-0.104. 
A s l i g h t l y  g r e a t e r  va lue  of 
Ad 2 
g,, = 2.00277 and z' = 2.00271. The l a t t e r  va lue ,  however, i s  
c e r t a i n l y  less accura t e  than  t h e  one determined from t h e  a n i -  
so t ropy  of t he  hype r f ine  t enso r .  The nega t ive  s i g n  of P2 shows 
t h a t  TCNE i s  p r e f e r e n t i a l l y  o r i e n t e d  w i t h  i t s  a x i s  perpen- 
d i c u l a r  t o  t h e  d i r e c t o r .  I t  may be no t i ced  t h a t  t h e  ESR spec-  
t rum e x h i b i t s  some low i n t e n s i t y  peaks near  t h e  c e n t r a l  l i n e .  
We a t t r i b u t e  t h e s e  t o  "forbidden" t r a n s i t i o n s  which become 
p a r t i a l l y  a l lowed when t h e  d i r e c t o r  of t h e  l i q u i d  c r y s t a l  m a -  
kes an  angle  w i t h  t h e  magnetic f i e l d  in t e rmed ia t e  between 0 
and 90 degrees .  

i n  e thano l  s o l u t i o n  are known t o  be 5.77 and 
i 

= 2.0029. I 
* 

h. 

(-0.12) can be c a l c u  Po a t e d  from 

4 

The e x i s t e n c e  of a non-vanishing o rde r  parameter.shows 
t h a t  t h i s  a n i o n i c  s p i n  probe i s  r e s i d e n t  i n  an ordered reg ion .  
This could be t h e  hydrophobic co re  o r  t h e  p o l a r  head i n t e r f a c e  
A s  a t h i r d  p o s s i b i l i t y  w e  may conceive t h e  probe be ing  ordered 
by pu re ly  s t e r i c  e f f ec t s , even  i f  i t  i s  d i s so lved  i n  the  water  
phase.  I n  f a c t  t h e  th i ckness  of t h e  water  l aye r  may be a s  
small a s  7 i,6 thus  comparable wi th  t h e  s i z e  of t h e  probe. To 
tes t  t h i s  l a s t  hypothes is ,  monodomain samples were prepared by 
homeotropic a l ignment  of t h e  l i q u i d  c r y s t a l  between two c l o s e -  
l y  spaced p a r a l l e l  g l a s s  p l a t e s . 6  Spec t ra  were then  taken w i t h  
t h e  magnetic f i e l d  p a r a l l e l  and perpendicular  t o  t h e  p l a t e  
normal, and t h e r e f o r e  t o  t h e  d i r e c t o r .  The l a r g e r  va lue  of t h e  
hype r f ine  s p l i t t i n g ,  which was co inc iden t  w i th  A measured i n  
t h e  polydomain sample, was found w i t h  t h e  app l i ed  f i e l d  perpen 
d i c u l a r  t o  t h e  d i r e c t o r .  S ince  i n  the  water  phase t h e  TCNE' 
r a d i c a l ,  which is l a t h - l i k e ,  should p r e f e r  t o  be, on average,  
o r i e n t e d  w i t h  i t s  a x i s  perpendicular  t o  the  l a y e r ,  w e  would 
expec t  t h e  l a r g e r  component of A t o  be  found when t h e  d i r e c t o r  
i s  p a r a l l e l  t o  t h e  magnetic f i e l d .  W e  may then conclude t h a t  
t h e  probe does no t  r e s i d e  i n  t h e  w a t e r  l ayer .  The most a t t r a c -  
t i v e  hypothes is  i s  t h a t  t h e  r a d i c a l  s i t s  a t  t h e  p o l a r  i n t e r -  
f a c e  r a t h e r  than  i n  t h e  i n n e r  hydrophobic reg ion .  Strong i n d i -  
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c a t i o n  i n  t h i s  d i r e c t i o n  comes from t h e  observa t ion  t h a t  t h e  
i s o t r o p i c  s p l i t t i n g  cons t an t  a = (A -t 2AL ) / 3  = 1.61 gauss ,  

II 
i s  c l o s e r  t o  t h e  va lue  measured i n  a p o l a r  s o l v e n t ,  eg  e t h a n o l  
(1.6071, than i n  MeTHF (1.575).5 To t r y  a v e r i f i c a t i o n  of t h i s  
guess w e  have d i s so lved  a paramagnetic s a l t ,  N i C 1 2 ,  i n  t he  lyo-  
t r o p i c  mixture .  The N i 2 +  paramagnetic ions  a r e  expected t o  pro-  
v ide  an e x t r a  r e l a x a t i o n  mechanism f o r  t h e  e l e c t r o n  s p i n  of 
TCNE', provided ions  and probe can come i n  c l o s e  con tac t .  I n  
F ig .  l b  w e  show t h e  ESR spectrum a f t e r  t h e  a d d i t i o n  of N i C 1 2 .  
We can see  t h a t  t he  l i n e s  a r e  no t i ceab ly  broadened thus i n d i -  
c a t i n g  t h a t  t h e  e x t r a  r e l a x a t i o n  mechanism i s  e f f e c t i v e .  Since 
N i C 1 2  i s  most probably conta ined  i n  t h e  water phase,  i t  seems 
confirmed t h a t  %NET, which i n t e r a c t s  w i th  t h e  N i 2 +  ions ,  r e -  
s i d e s  i n  t h e  p o l a r  i n t e r f a c i a l  reg ion .  I f  t h i s  i s  t h e  case ,  t h e  
XNES an ion ic  probe can poss ib ly  be  used t o  i n v e s t i g a t e  v a r i a -  
t i o n s  a t  t h e  p o l a r  i n t e r f a c e  i n  model o r  r e a l  membranes. 
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