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ON THE FLEXIBILITY GRADIENT OF FATTY ACID SPIN 
LABELS 

VLADIMIR LEON, BARNEY L -  BALES* AND FRANCISCO 
VILLORI A 
Centro de  F i s i c a ,  I . V . I . C . ,  Apartado 1827, Caracas 
101, Venezuela 

(Submitted f o r  pub l i ca t ion  January 3, 1980) 

I n t r i n s i c  f l e x i b i l i t y  of f a t t y  ac id  and ester sp in  
l a b e l  probes i n  t h e  nematic MBBA i s  inves t iga t ed .  
The " f l e x i b i l i t y  grad ien t"  i n  t h e  absence of such 
a gradien t  i n  t h e  support ing medium is remarkably 
s t rong .  The order ing of f l e x i b l e  l a b e l s  is com- 
pared wi th  t h a t  of more r i g i d  l a b e l s  i n  MBBA and 
wi th  t h e  molecules of MBBA themselves. 

INTRODUCTION 

Recently, sys temat ic  s t u d i e s  have begun t o  b e  made on 
t h e  behavior  of s o l u t e  molecules d isso lved  i n  nematic 
p h a ~ e s . l - ~  These s t u d i e s ,  c a r r i e d  out  by a wide v a r i e t y  of 
techniques,  seek t o  extend t h e  understanding of t h e  e f f e c t  
or  o r i e n t i n g  pseudo p o t e n t i a l s  on s o l u t e  molecules and con- 
ve r se ly ,  t h e  e f f e c t  of impur i t i e s  on t h e  thermodynamic prop- 
er t ies  of t h e  l i q u i d  c r y s t a l .  We have used EPR t o  s tudy n i -  
t rox ide  r a d i c a l s  i n  nematics, p a r t l y  motivated by t h e  possi-  
b i l i t y  of understanding b e t t e r  t h e  analogy between nematics 
and t h e  b i o l o g i c a l  membrane, and have begun t o  extend these  
s t u d i e s  t o  f l e x i b l e  n i t r o x i d e  r a d i c a l s .  Our f i r s t  s t u d i e s  
have been c a r r i e d  ou t  wi th  t h e  six n i t r o x i d e s  1(12,3) ,  I(5, 
10) , I (1,14) ,  I1 (12,3) , I1 (5,lO) , I1 (1,14) where t h e  genera l  
s t r u c t u r e  is  as fol lows:  

I(m,n) X = CO H 

II(m,n) X = C02Me 

The l a b e l s  I(m,n) have been e m  loyed ex tens ive ly  i n  b i -  

2 

Y 
o l o g i c a l  systems and model systems. 9 - 7  A r ecu r r ing  r e s u l t  

*Permanent address:  Department of Physics  and Astronomy, 
C a l i f o r n i a  State Univers i ty ,  Northr idge,  Northr idge,  CA. 
91330. Author t o  whom correspondence should be  d i r e c t e d .  
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i n  a wide range of systems incorpora t ing  l i p i d  b i l a y e r s  o r  
similar s t r u c t u r e s  is t h e  so-cal led "f l e x i b i l i t y  grad ien t"  
which is  a decrease  i n  t h e  order  parameter of t h e  oxazoli- 
d ine  r i n g  as n increases .  
en t  is understood as follows: t h e  ac id  head group more o r  
less is  f i rmly  f ixed  a t  t h e  l ipid-water  i n t e r f a c e .  
creases, t h e  oxazol id ine  r i n g  is inc reas ing ly  deeper i n t o  
t h e  l i p i d  b i l a y e r  where S decreases  wi th  n because i n t r a -  
and in te rmolecular  fo rces  a l low more molecular motion. The 
order  parameter of t h e  l a b e l  i s  supposed t o  reflect  somewhat 
t h e  order  of t h e  support ing medium thus  t h e  f l e x i b i l i t y  gra- 
d i e n t  of t h e  l a b e l  is s a i d  t o  i n d i c a t e  a corresponding f lex-  
i b i l i t y  g rad ien t  i n  t h e  medium and t h i s  view i s  supported 
q u a l i t a t i v e l y  bu t  no t  q u a n t i t a t i v e l y  by o t h e r  methods. 
Q u a l i t a t i v e l y  one might understand t h e  discrepancy i n  terms 
of an i n t r i n s i c  f l e x i b i l i t y  g rad ien t  i n  t h e  l a b e l s  them- 
selves t h a t  dominates t h e  envis ioned cooperat ive order  t h a t  
is  supposed t o  e x i s t  i n  a l i p i d  b i l a y e r .  We wanted t o  shed 
l i g h t  on such an  i n t r i n s i c  g rad ien t  i n  these  l a b e l s  by 
s tudying them i n  a system wi th  no f l e x i b i l i t y  g rad ien t ,  a 
nematic l i q u i d .  

v. LEON, B. L. BALES and F. VILLORIA 

General ly  t h e  f l e x i b i l i t y  gradi-  

A s  n in- 

A similar problem of t h e  e f f e c t  of t h e  f l e x i b l e  end 
cha ins  a t t ached  t o  t h e  more r i g i d  aromatic  cores  of t h e  
nematic molecules themselves has  received t h e o r e t i c a l  and 
experimental a t ten t ion .*- I2  F l e x i b i l i t y  g rad ien t s  have 
been observed and i n  some casesl0,l1 i n t e r p r e t e d  i n  terms 
of order  parameter r e f e r r e d  t o  a s i n g l e  molecular-fixed 
axis system. 

EXPERIMENTAL 

MBBA purchased from Eastman Kodak and s p i n  l a b e l s  pur- 
chased from Syva Associates ,  Palo Al to ,  CA. were used a s  
received.  A i r  s a t u r a t e d  samples approximately 1 mM were 
placed i n  3 mm quar tz  tubes  and s tudied  a t  x-band a f t e r  
checking t h a t  n e i t h e r  degassing nor  us ing  lower concentra- 
t i o n s  changes t h e  r e s u l t s  repor ted  here .  The EPR were re- 
corded and t h e  temperature w a s  con t ro l l ed  and measured as 
before .  

The order  parameters were determined by 

= 0.83 (Al l / a i  - 1 )  
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FLEXIBLE MOLECULES 231 

where t h e  f i r s t  l i n e  of equat ion (1) is due t o  Hubbell and 
McConnell’ and t h e  second l i n e  is derived using t h e  molecu- 
lar  f ixed  parameters AZZ,  kX, and a N  given by GaffneyT3 
where All is  t h e  l i n e  sepa ra t ion  of t h e  th ree - l ine  n i t rox-  
i d e  spectrum i n  t h e  nematic phase and a i  i s  t h e  sepa ra t ion  
i n  t h e  i s o t r o p i c  phase. For d e t a i l s  see, f o r  example, 
r e fe rence  5. 

RESULTS AND DISCUSSION 

The l a b e l s  I(m,n) and II(m,n)  i n  MBBA gave t y p i c a l ,  
s imple th ree - l ine  n i t r o x i d e  EPR s p e c t r a  i n  t h e  temperature 
range 25-60°C. The l i n e  spacings and l inewidths  were such 
t h a t  t h e  r ap id  motion formalism necessary t o  make equat ion 
(1) valid is appl icable .  Details concerning t h e  r o t a t i o n a l  
motion and t h e  magnetic parameters w i l l  be given elsewhere. 
Here we concent ra te  on t h e  va lue  of S as a func t ion  of n 
which is  shown f o r  t h e  l a b e l s  I(m,n) i n  Figure 1 toge the r  
w i th  order  parameters of o the r  non-f lexible  l a b e l s  and of 
t h e  MBBA molecule i t s e l f .  Also shown are d a t a  from t h e  
l i t e r a t u r e  f o r  I(m,n) i n  two model membrane systems. Re- 
markable is t h e  fact  t h a t  i n  s p i t e  of t h e  l ack  of t r a n s l a -  
t i o n a l  order  i n  t h e  nematic l i q u i d  c r y s t a l  t h a t  might lead  
t o  a c o l l e c t i v e  f l e x i b i l i t y  grad ien t  i n  t h e  medium, t h e  
l a b e l s  do show a g rad ien t  comparable t o  t h a t  i n  o the r  
systems. One does not  expect t h e  va lues  of S t o  be  t h e  
same i n  these  very  d i f f e r e n t  systems. 
ac id  head group (low n)  one expects  S t o  be l a r g e r  i n  the  
model membrane systems because of t h e  anchoring e f f e c t  men- 
t ioned  above. This  would be  absent  i n  t h e  nematic and t h i s  
is  c l e a r l y  observed i n  Figure 1. 
i n t e r a c t i o n  of t h e  ac id  head group wi th  MBBA which is ap- 
parent  when the  order  parameter of 1(12,3)  is  compared wi th  
t h a t  of I I (12 ,3 ) .  See Table 1. 

Indeed near  t h e  

There is  some s p e c i f i c  

TABLE 1. Order parameters i n  MBBAa 
T(’C) 1(1,14) I I (1 ,14 )  I (5 , lO)  I I (5 , lO)  1(12,3) I I (12 ,3)  

36 .ll . 11 .14 . 11 .18 .14 

31  .13 .13 . 2 1  .22 .31 .16 

26 .15 .15 .33 .33 .43 .29 

2 1  .17 .17 .46 .43 .51 .39 
aTemperature, l 0 C .  The EPR order  parameters are 

accura t e  t o  5 .01. 
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232 V. LEON, B. L. BALES and F. VILLORIA 
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FIGURE 1. The order  parameter, S, vs t h e  bond number, n ,  
f o r  s p i n  l a b e l s  I(m,n) i n  (a] aqueous d i spe r s ions  of egg 
l ec i th in -cho le s t e ro l  (2:l mole r a t i o ) ,  r e f e rence  4 ,  (b) de- 
canol-sodium decanol b i l a y e r s ,  r e f e rence  6,  (c)  MBBA, 
T = 26"C, t h i s  work. Along the  r i g h t  hand edge are indica-  
ted  order  parameters i n  MBBA a t  26°C of DTBN, d i - s - b u t y l -  
n i t rox ide ;  3CB, t r icholorobenzene,  r e fe rence  1; MBAT, N-(p- 
methoxy benzylidene) -4-amin0-2,2,6, 6- te t ramethylpiper idi-  
no-1-oxyl, a rod- l ike  n i t r o x i d e ,  r e fe rence  3; and MBBA, 
r e f e rence  1. 
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FLEXIBLE MOLECULES 233 

Fur ther  away from the  head group, t h e  order  of t h e  a c i d s  
and esters is e s s e n t i a l l y  t h e  same which shows t h a t  t h e  
s p e c i f i c  i n t e r a c t i o n  wi th  t h e  ac id  does not  a f f e c t  t h e  in- 
t r i n s i c  f l e x i b i l i t y  g rad ien t  of i n t e r e s t  here .  

To fac i l i t a te  our d iscuss ion  of f l e x i b l e  molecules i n  
an o r i e n t i n g  medium, we imagine two idea l i zed  cases. 
f irst  , w e  envis ion  a pe r fec t  b i l a y e r  of f l e x i b l e  molecules 
i n  which long range cooperat ive e f f e c t s  and t h e  i n t r i n s i c  
f l e x i b i l i t y  of i nd iv idua l  molecules i n t e r p l a y  t o  produce t h e  
observed f l e x i b i l i t y  g rad ien t .  Presumably deuteron magnetic 
resonance of deutera ted  soap molecules and l i p i d s  measures 
t h i s . 1 4 ~ 1 5  In t h e  second, w e  imagine a f l e x i b l e  molecule, 
perhaps anchored at one end, t h a t  i s  subjec ted  t o  a mean 
o r i e n t i n g  f i e l d  t h a t  is s p a t i a l l y  i n v a r i e n t ,  i .e.,  a l l  por- 
t i o n s  of t h e  f l e x i b l e  molecule are subjec ted  t o  t h e  same 
mean o r i en t ing  p o t e n t i a l .  
t r u e  f o r  t h e  f l e x i b l e  end cha ins  of nematic molecules i n  t h e  
nematic mesophase and we assume t h a t  it descr ibes  t h e  s i t u a -  
t i o n  of t h e  f a t t y  ac id  s p i n  l a b e l s  i n  MBBA. 
f a t t y  a c i d  s p i n  l a b e l s  i n  t h e  l i p i d  b i l a y e r s ?  

I n  t h e  

This  is  probably approximately 

What about t h e  

Of c e n t r a l  importance h e r e ,  is t h a t  t h e  f l e x i b i l i t y  

This  being 
g rad ien t  and t h e  order  of t h e s e  l a b e l s  are large--cornpar- 
a b l e  t o  those  observed i n  o r i en ted  b i l a y e r s .  
t h e  case, it seems inescapable  t h a t  t h e  f l e x i b i l i t y  gradi-  
e n t  observed f o r  t hese  l a b e l s  i n  b i l a y e r  systems is domina- 
t ed  by t h e  type  of i n t e r a c t i o n s  envis ioned i n  t h e  second 
i d e a l i z e d  case mentioned above. I n  o t h e r  words, t h e  cont r i -  
bu t ion  of coopera t ive  phenomena t o  t h e  f l e x i b i l i t y  grad ien t  
i n  l i p i d  b i l a y e r s  would only weakly a f f e c t  t h e  observed 
s p i n  l a b e l  f l e x i b i l i t y  grad ien t .  This  is t h e  v i e w  of 
See l ig  and Niederberger . We have e l imina ted  u n c e r t a i n t i e s  
a s soc ia t ed  wi th  macroscopically disordered systems wi th  t h e  
poss ib l e  a t t endan t  d i f f i c u l t i e s  
t h e s e  r e s u l t s  seem t o  support  t h e i r  view. 

due t o  slow motion,16 so 

The second idea l i zed  case mentioned above, l eads  t o  an  
exponent ia l  decrease  of t h e  order  parameter wi th  t h e  number 
of bonds sepa ra t ing  t h e  n i t r o x i d e  group from t h e  anchor 
po in t .  The anchor poin t  provides  a r e fe rence  frame from 
which t o  measure t h e  segmental o rder  parameters b u t  i n  t h e  
present  case, t h e r e  is no such r e fe rence  frame; however, Bos 
and Doanell and Dong e t  a1.lo have suggested r e f e r r i n g  a l l  
segmental order  parameters t o  a s i n g l e  molecular f i xed  axis 
system. 
c a r r y  out  a d e t a i l e d  ana lys i s  t o  estimate t h e  molecular f i x -  
ed order  parameter bu t  it is  i n t e r e s t i n g  t o  suppose t h a t  t h e  

With only t h r e e  experimental po in t s ,  w e  can no t  

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
 0

4:
02

 2
3 

Fe
br

ua
ry

 2
01

3 



234 V. LEON, B. L. BALES and F. VILLORIA 

measured order  parameters of II(m,n) va rys  exponent ia l ly  
wi th  t h e  bond numbers from t h e  cen te r  of mass (which would 
be  t h e  r e f e r  nce frame of t h e  molecular order  parameter). 
Thus S = S,S1 where k is  t h e  number of bonds between t h e  
cen te r  of m a s s  and t h e  oxazol id ine  r i n g  and So is t h e  mole- 
cu la r  f i xed  order  parameter. This  would r e q u i r e  t h a t  I I ( m ,  
n) b e  symmetric and t h a t  t h e  cen te r  of mass not  depend on n,  
n e i t h e r  of which ob ta ins ,  bu t  s u r p r i s i n g  t h i s  model f i t s  
p r e t t y  w e l l  wi th  S o  = 0.57 and S 1  = 0.80 a t  25OC tak ing  t h e  
cen te r  of mass t o  be  a t  carbon number 9.  Obviously more 
va lues  of n are necessary t o  e s t a b l i s h  t h e  exponent ia l  de- 
pendence bu t  it does seem clear t h a t  t h e  r i g i d  body order  
of t h e s e  f l e x i b l e  molecules approaches t h a t  of MBBA at  25OC, 
S = 0.58 and t h a t  of a nematic- l ike s p i n  probe, N-(p-methoxy- 
benzylidene)-4-amino-2,2,6,6-tetramethypiperidino-l-o~l 
disso lved  i n  MBBA, S = .54. 
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