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STUDIES OF STRUCTURE AND MOLECULAR DISTRIBUTION 
I N  LYOTROPIC RIBBON AGGREGATES 

J.W. DOANE,(1) G. CHIDICHIM0,(2) and A. GOLEMME(2) 

( l ) L i q u i d  C r y s t a l  I n s t i t u t e ,  Kent S t a t e  U n i v e r s i t y ,  

(2 )D ipa r t imen to  d i  Chimica, U n i v e r s i t a  d e l l a  Ca labr ia ,  

Abs t rac t  A l y o t r o p i c  phase c o n s i s t i n g  o f  e longated 
r i b b o n  aggregates on a r e c t a n g u l a r  l a t t i c e  i s  formed 
w i t h  a t e r n a r y  m i x t u r e  o f  potassium p a l m i t a t e  (KP) ,  
potassium l a u r a t e  (KL) and water. Deuterium NMR 
and x-ray s t u d i e s  o f  mo lecu la r  f a c t o r s  which a f f e c t  
t h e  fo rma t ion  o f  t h e  aggregate system are  reviewed. 
By s e l e c t i v e  d e u t e r a t i o n  o f  t h e  l i p i d s  i t  i s  shown 
t h a t  t h e  KL and KP molecules a re  n o t  u n i f o r m l y  d i s -  
t r i b u t e d  th roughout  t h e  r i b b o n  aggregate. The l e s s  
abundant KL molecules w i t h  t h e  s h o r t e r  hydrocarbon 
cha in  a r e  more concent ra ted  a t  t h e  edges o f  t h e  
r i bbons  where t h e r e  i s  h igh  cu rva tu re  whereas t h e  
more abundant KP molecules are  more concent ra ted  i n  
t h e  c e n t r a l  l a m e l l a r  r e g i o n  o f  t h e  aggregate. The 
shape o f  t h e  r i b b o n  and molecu la r  o r d e r i n g  w i t h i n  
t h e  r i b b o n  a re  a l s o  reviewed. 

Kent, Ohio 44242 

87030 Arcavacata d i  Rende (CS) ,  I t a l y  

INTRODUCTION 

It i s  w e l l  known t h a t  v a r i e t i e s  o f  d i f f e r e n t  aggre- 
ga te  s t r u c  u res  can be formed by m i x t u r e s  o f  s u r f a c t a n t s  
and water.!-6 On t h e  o t h e r  hand, t h e  molecu la r  f a c t o r s  
which govern aggregate fo rma t ion  a re  n o t  comple te ly  under- 
stood. Our i n t e r e s t  has been t o  i s o l a t e  some o f  these 
mo lecu la r  f a c t o r s  by choosing a s imp le  system o f  compounds 
which p rov ide  a s imp le  aggregate s t r u c t u r e  which can be 
e a s i l y  probed and s tud ied .  We r e p o r t  here  a rev iew o f  ou r  
r e s u l  t s on a t e r n a r y  m i x t u r e  o f  po tass i  um palmi t a t e  (KP) , 
potassium l a u r a t e  (KL) and water. A t  a s u i t a b l e  concentra- 
t i o n  o f  these m a t e r i a l s ,  t h i s  system can p rov ide  a sequence 
o f  s imp le  aggregate s t r u c t u r e s  as t h e  temperature i s  v a r i e d  
ove r  a temperature range f rom 2 5  t o  100OC. 
t u r e s  i nc lude :  An e longated  c y l i n d r i c a l  aggregate on a 

These s t r u c -  
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26 J.  W .  DOANE, G. CHIDICHIMO AND A .  GOLEMME 

rectangular  l a t t i c e ,  an elongated ribbon aggregate a l so  on 
a rectangular l a t t i c e ,  and a lamellar  bi layer  s t ructure .  
The transformation of t h e  system from one phase t o  another 
involvin 

t i v e l y  deuterated mater ia l s ,  we have found t o  be particu- 
l a r l y  useful in  t h a t  i t  provides a signal which depends 
on: The aggregate shape and dimensions, the  d is t r ibu t ion  
of t he  l i p i d  components within the  aggregate and  between 
d i f f e ren t  coexis t ing aggregate s t ruc tu res ,  and the  molecu- 
l a r  ordering w i t h i n  t he  aggregate. 

t e rnary  mixtures shown i n  Table I .  

these s t ruc tu res  has been followed using 
2H-NMR7-  9 and x-rays.11,12 The 2 H - N M R  technique on selec- 

I n  t h i s  paper we review our r e s u l t s  on two par t icu lar  

TABLE I Lipid-water mixtures and  associated phases where 
the  symbols RB,, R,, L , and L B  stand f o r  phases 
consis t ing o f  elongate8 ribbon aggregates, elon- 
gated cy l indr ica l  aggregates,  lamellar  b i layers  
w i t h  melted chains and  lamellar  b i layers  with 
frozen chains respect ively.  

Mole 56 

Composition K P  KL H20 Phases 

I 36' 41 O 12.33 1.67 86.00 LB+R, <-> LB+RB, <-> La 
36' 51 I1 7.95 1.11 90.97 LB+R, <-> RB, <-> RB,+L, 

Maintaining the  molar compositions I a n d  I1  i n  Table I 
above we have used various se l ec t ive ly  deuterated mater ia ls  
t o  study d i f f e ren t  molecular fea tures  of the  aggregate 
systems. 
t he  head groups of t he  two l i p i d  components a re  the  same. 
They d i f f e r  i n  chain length only allowing us t o  i s o l a t e  
th i s  molecular fea ture  i n  aggregate formation. 

An advantage of t he  K P ,  K L ,  water system i s  t h a t  

T H E  RIBBON STRUCTURE 

X-ray studies have been car r ied  out on system I by 
Benigni e t  a1.11,12 A t  temperatures above 4 1 O C  i n  the  
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STRUCTURE OF RIBBON AGGREGATES 21 
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FIGURE 1. I l l u s t r a t i o n  o f  t he  rectangular l a t t i c e  for :  
A. elongated ribbon s t ruc tures .  B. Elongated 
cyl indrical  s t ruc tures .  

system the  d i f f r ac t ion  atterns resemble those of t he  
lamellar  La s t ruc ture . l f  The low angle re f lec t ions  occur 
as in teger  mult iples  of  b i layer  spacing. A measured 
b i layer  spacing o f  36.4 w was reported f o r  t he  mixture of 
system I.  
t o  be melted. 
temperatures a l so  show the f ami l i a r  o i l y  s t reak tex ture  
associated with the  neat phase. 

complicated with several  new f ine ly  textured d i f f r ac t ion  

2 H - N M R  observations show the  hydrocarbon chains 
Polar iz ing microscope s tudies  a t  these 

Below 41OC the  x-ray d i f f r ac t ion  pat terns  become more 
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28 J .  W .  DOANE, G. CHIDICHIMO AND A. GOLEMME 

halos appearing i n  t he  small angle region. These l i n e s  can 
be grouped i n t o  two s e t s  of spacings. 
indices  def ines  a two-dimensional pr imit ive rectangular 
un i t  ce l l  where each spacing i s  given by l /d2 = (h/a)2 t 
( k / b ) 2  where 2 a n d  
c e l l  parameters respectively.11 Based on this  indexing 
scheme the  l a t t i c e  s t ruc tu re  i s  shown in  Figure 1. 

The value of 2 was measured t o  45.5 8 and approxi- 
mately constant w i t h  temperature whereas the  value of b 
decre sed w i t h  decreasing temperature reaching a value of 

a t  temperatures below 41°C t h e  ribbon phase coex t s  w i t h  
a lamellar  phase with a b i layer  spacing of 38 !.I7 2H-NMR 
de tec ts  th is  coexis t ing lamellar  phase as  well as  shows 
t h a t  i t  i s  of a n  L B  type i n  which the  end chains a r e  
r i  gid.8s9 

four  d i f f e ren t  samples involving d i f f e ren t ly  deuterated 
groups: 
deuterated;  KP-d3, methyl group deuterated; KP-d31, 
perdeuterated potassium palmi t a t e ;  and 2 H 2 0  i n  which only 
t h e  water was deuterated.  
spectral  patterns f o r  d i f f e ren t  deutera e subs t i tuents  

The u t i l i t y  of t he  2 H - N M R  measurement in  aggregate 
s tud ies  i s  t h a t  the time sca le  of t he  measurement i s  
su f f i c i en t ly  long t h a t  a molecule has ample time t o  d i f fuse  
over a l l  of i t s  relevant  o r i en ta t ions  within the aggre- 
gate. M i t h  a d i f fus ion  constant,  D z cmz/sec and a 
measurement time t z sec a molecule d i f fuses  a d ' s -  
tance within the aggregate o f  z = 10-5 cm = 1000 8;. 
As t he  2H-NMR s ignal  i s  s t rongly dependent upon t he  
molecular or ien ta t ion  i n  t h e  aggregate, self-diffusion 
over t he  aggregate modulates t he  signal and y i e lds  an 
average signal t h a t  r e f l e c t s  t he  shape and dimension o f  
t h e  aggregate. The quan t i t i e s  measured from the  deuterium 
signal a r e  the quadrupole coupling constant7 v 

t i e s  qi a r e  the  principal components o f  the e l e c t r i c  f i e l d  
gradient tensor  a t  t he  nuclear s i t e  created by the 
carbon-deuteron o r  oxygen-deuteron bonds within the  mole- 
cule.  
by mol ecul a r  rnoti on. 

The choice of 

represent  t he  short  and long unit  

55.4 1 a t  33OC. The x-ray d i f f r ac t ion  pat terns  show tha t  

Deuterium NMR s tud ie s  o f  system I were performed on 

KP-a-d2, where t h e  a-posit ion of the KP chain was 

Figure 2 shows representat ive 

which a re  cha rac t e r i s t i c  of each phase. 4-41 

= e2qzQ/h 
and the asymmetry parameter7 n = (qx-q ) /qz.  P he q u a n t i -  

These a r e  the  quan t i t i e s  which a re  time averaged 
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STRUCTURE OF RIBBON AGGREGATES 29 

FIGURE 2. Aggregate s t ruc tu re  and associated spectral  
pa t te rns  of a mixture consis t ing of 12.33 mole % 
KP, 1.67 mole % K L ,  and  86.00 mole % water. The 
2H-NMR spec t ra l  pa t te rns  on the  l e f t  are from 
KP-a-d2; i n  cen ter  from KP-d3 and on the  r i g h t  
from 21-120. 
t r a  a r e  from the  LB phase. The LB spectra  a re  
not shown above on the  KP-a-d2 and  KP-d3 spectra.  

The small outer  peaks on 2H20 spec- 
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30 J .  W .  DOANE, G .  CHIDICHIMO AND A. GOLEMME 

The s p e c t r a l  p a t t e r n s  shown i n  t h e  h igh  temperature 
phase o f  F i g u r e  2 a re  a l l  q u i t e  c h a r a c t e r i s t i c  o f  t h e  L, 
phase. The shape o f  t h e  p a t t e r n s  are  a l l  n e a r l y  i d e n t i c a l  
and demonstrate t h a t  t h e  phase i s  u n i a x i a l  (n=O). Each 
of  these s p e c t r a l  p a t t e r n s  can be r e a d i l y  s imu la ted  w i t h  
one a d j u s t a b l e  parameter, namely V Q ~  ( L ,  rep resen t ing  
t h e  L,.phase). The magnitude o f  t h i s  q u a n t i t y  i s  repre-  
s e n t a t i v e  o f  t h e  t i m e  average o r i e n t a t i o n a l  o rde r  o f  t h e  
deu te ra ted  segment i n  t h e  L, phase. The u - p o s i t i o n  o f  t h e  
hydrocarbon c h a i n  i s  more ordered than  t h e  methyl segment 
as evidenced by t h e  broader  pa t te rn .  The 2H20 s igna l  i s  
q u i t e  narrow s ince  t h e  water  d i f f u s e s  th roughout  t h e  
r e g i o n  between t h e  l i p i d  b i l a y e r s  d u r i n g  t h e  course o f  t h e  
NMR exper iment y i e l d i n g  a t ime  average o f  t h e  o rde r  
everywhere between t h e  b i  1 ayer. 

The s p e c t r a l  p a t t e r n s  f o r  t h e  l i p i d s  observed i n  t h e  
low temperature phase ( l o w e r  s e t  i n  F ig .  2 )  a re  u n i a x i a l  
l i k e  those i n  t h e  h i g h  temperature phase, b u t  approx i -  
mate ly  h a l f  t h e  w i d t h  i n  which I v Q ~ I  4 I u q L J / 2  where t h e  
s u p e r s c r i p t s  C and L s tand  f o r  t h e  c y l i n d r i c a l  and lamel-  
l a r  aggregates r e s p e c t i v e l y .  T h i s  i s  a w e l l  known 
c h a r a c t e r i s t i c  o f  t h e  c y l i n d r i c a l  s t r u c t u r e .  

tempera ture  r e g i o n  i s ,  u n l i k e  t h e  l i p i d  s igna ls ,  by no 
means c h a r a c t e r i s t i c  o f  u n i a x i a l i t y .  
e a s i l y  understood i n  t h a t  t h e  c y l i n d e r s  a re  packed on a 
r e c t a n g u l a r  l a t t i c e .  U n l i k e  t h e  l i p i d  molecules which 
a r e  con f ined  t o  d i f f u s e  w i t h i n  t h e  c y l i n d r i c a l  aggregates 
d u r i n g  t h e  measurement t ime, t h e  water molecules d i f f u s e  
among t h e  aggregates and t h e  t i m e  average o f  t h e  s i g n a l  
r e f l e c t s  t h e  asymmetry o f  t h e  r e c t a n g u l a r  l a t t i c e .  An 
es t ima te  o f  t h e  r a t i o  a/b can be determined from t h e  
measured va lue  of rl f rom t h e  water  s i g n a l  which i s  con- 
s i s t e n t  w i t h  t h e  x-ray measurement.9 

A t  temperatures i n t e r m e d i a t e  between 41 and 3 6 O C  t h e  
2H-NMR s p e c t r a l  p a t t e r n s  r e f l e c t  t h e  r i b b o n  shaped aggre- 
gates. A s i m u l a t i o n  o f  these s p e c t r a l  p a t t e r n s  requ i resa  
f i n i t e  va lue  f o r  bo th  V Q  and n which we l a b e l  as vgRB 
and n R g  f o r  t h e  r i b b o n  s t r u c t u r e .  Values f o r  these quan- 
t i t i e s  a re  ob ta ined f rom f i t s  t o  t h e  exper imental  s p e c t r a l  
pa t te rns .  It i s  a l s o  p o s s i b l e  t o  c a l c u l a t e  values f o r  
V Q R B  and nRB based on a s imp le  model whereby t h e  r i bbon  
s t r u c t u r e  i s  v i s u a l i z e d  as c o n s i s t i n g  o f  a c e n t r a l  

It i s  noted t h a t  t h e  2H20 s i g n a l  f rom t h e  lower  

Th is  f e a t u r e  i s  
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STRUCTURE OF RIBBON AGGREGATES 31 

lamellar  region ( L  i n  Figure 3) capped on each s ide by 
one-half of a cyl inder  ( region C of Figure 3 ) .  
l e t  W be the  probabi l i ty  of a l i p i d  molecule res iding in 
the lamellar ,  L ,  region and l-W the  probabi l i ty  of 
res iding i n  the cy l indr ica l  end ,  C region then i t  i s  a 
s t r a i g h t  forward ca lcu la t ion  t h a t : ?  

If  we 

1 f o r  7 5 W 1 -(3W+1) C 

1 f o r  0 5 W '7 4 
(1 1 

i vQ % =  

1 f o r  7 i lil i 1 3-3w 
1 t3W 

n R =  { - 
f o r  o i w 5 1 

3 
3w 

Figure 4 shows the  values of W obtained by measured values 
of q R B ,  vRB and the  use of Eqs. (1) .  

The temperature dependence r e f l e c t s  t he  change in  
the  aggregate s i z e  with temperature. In system I t he  
s i z e  o f  t he  lamellar  region decreases w i t h  decreasing 
temperature unt i l  36°C where the  system undergoes a phase 
t r a n s i t i o n  in  which the aggregates become cyl indrical  in  
shape. 
ent  f o r  t he  a and the  methyl posi t ions of the chains. 
The simple model above does not predict  th is  feature.  I t  
i s  believed t h a t  t h i s  i s  due t o  a s l i g h t l y  d i f f e ren t  time 
average conformation of the mol ecul e in  the  cyl i n d r i  cal 
end such t h a t  t he  terminal methyl group experiences the  
lamellar  order more of ten t h a n  t he  a-posit ion s imi la r  t o  
t h a t  sketched i n  Figure 3. The f a c t  t ha t  the value of W 
f o r  t he  a posi t ion and the  water i s  nearly the  same 
r e f l e c t s  t he  f a c t  t h a t  t he  water, while diffusing over 
t he  surface of t he  aggregate,  averages in the  same way 
as the  a-posit ion which i s  a l so  near t he  surface. 
d i s  the s i z e  of the lamellar  region and r the  radius of 
t he  cyl indrical  end (see  Figure 3) then one can mode17~9 
the  value of W = 2d/i?dt2nr)= ( l t w / d ) - l .  
model t he  values of d / r  range from 21.5-0.4 as  the  

I t  i s  i n t e re s t ing  t h a t  t he  values of W are  d i f f e r -  

I f  

From t h i s  
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32 I. W .  DOANE. G. CHIDICHIMO AND A. GOLEMME 

FIGURE 3. I l l u s t r a t i o n  of t he  ribbon s t ruc tu re  and the  
symbols used in the  text. The model i l l u s -  
t r a t e s  t he  preference of the  short  chain 
l i p i d  i n  t he  regions of curvature and pref- 
erence of t he  more abundant long chain l i p i d  
i n  t he  lamellar  region. 

temperature i s  decreased from 41 t o  36OC which implies 
t h a t  t he  ribbons a re  more nearly cyl indrical  than lamellar  
in dimension. I t  wi l l  be shown next, however, t ha t  t h i s  
ca lcu la t ion  i s  not e n t i r e l y  correct .  
assumes t h a t  t he  molecule i s  unbiased in i t s  preference 
f o r  t he  lamellar  or cy l indr ica l  regions. Next, we sha l l  
show evidence t h a t  KP p re fe r s  t he  lamellar region a n d  K L  
prefers the  cy l indr ica l  region. 

MOLECULAR DISTRIBUTION 

The calculat ion 

The r e l a t i v e  d i s t r ibu t ion  of K L  and KP within the  
aggregate s t ruc tu re  i s  ea s i ly  determined with deuterium 
N M R  by measuring the  value of \I f o r  each component.10 
Such a study was car r ied  out using system I1 of Table I .  
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FIGURE 4. Measured temperature dependence o f  t he  prob- 
a b i l i t y ,  W ,  t h a t  t he  deuterated segment o f  t he  
KP molecule res ides  in  the  lamellar region o f  
t he  ribbon aggregate. 
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34 J.  W. DOANE, G. CHIDICHIMO AND A. GOLEMME 

A t  t h i s  pa r t i cu la r  concentration of KP, K L  a n d  water, a 
pure ribbon phase over an in te rva l  of temperatures can be 
formed. Table I1 shows the  measured values of W f o r  four 
d i f f e ren t ly  deuterated compounds a t  a temperature within 
the  ribbon phase.1° I t  i s  recognized in t h i s  t ab le  
t h a t  the probabi l i ty  t h a t  a KL molecule l i e s  in  the  
lamellar  region as  measured from b o t h  deuterated s i t e s  
i s  s ign i f i can t ly  l e s s  than t h a t  f o r  a KP molecule. 
f ea tu re  i s ,  i n  f a c t ,  wha t  one might expect in  t h a t  t he  
l e s s  abundant shor te r  chain l i p i d s  would be expected t o  
pack e a s i e r  in  the  cy l indr ica l  edge region of t he  
aggregate where the re  i s  h i g h  curvature. 

This 

TABLE I 1  Measured values of t he  probabi l i ty  W t ha t  a 
molecule res ides  in  the lamellar region o f  t he  
aggregate f o r  t he  ternary system of composition 
I1  (of Table I )  a t  t he  temperature o f  44OC. 
Values shown f o r  four  d i f f e ren t ly  deuterated 
compounds. 

Material (Deuterated Posi t ions)  W 2 .05 

KP (a-posi t ion)  

K L  (a-posi t ion)  

KP (methyl posi t ion)  

KL (methyl posi t ion)  

0.35 

0.15 

0.60 

0.40 

Another i n t e re s t ing  observation on t h i s  system was 
t h a t  t he re  was no L g  phase observed i n  t he  spectra  of the 
K L .  Even the  La s ignal which dominates the  KP spectra  a t  
high temperatures i s  considerably reduced i n  the  KL 
spectra .  This i s  added evidence t h a t  t he  K L  l i p i d s  
prefer  the s t ruc tu res  where the re  i s  curvature. 

F ina l ly ,  as observed in composition I ,  t he  methyl 
groups show a l a rge r  value of bI than the  a posit ions.  
This points o u t  t he  inadequacy of t he  model which involves 
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STRUCTURE OF RIBBON AGGREGATES 35 

two simplifying assumptions: 1 )  The ordering of the 
methyl segment of the chain i s  the same in the lamellar 
as in the cylindrical edge of the aggregate. 2 )  The 
edges o f  the  ribbon can be modeled as t h e  half of a per- 
fect  cylinder. A more accurate model of the ribbon 
structure would therefore be one i n  which the edges of 
the ribbon are no t  as simple as  described above. 

DISCUSSION 

The presence o f  the small mole % of K L  i n  the KP- 
water system therefore h a s  the effect  of fracturing the 
1 amellar structure a t  lower temperatures into elongated 
ribbon aggregates. 
regions o f  high curvature (cylindrical edges) of the 
ribbon aggregates. 
r ibbons  become more cylindrical i n  shape the KP l ipids  
leave the ribbon aggregates, migrate t o  the coexisting L B  
phase. 

These studies7-10 have provided us with a clearer 
view of some of the molecular factors involved in aggre- 
gates formed from ternary mixtures. The 2 H - N M R  technique 
appears well suited for  these types of studies. I t  i s  
fortunate t h a t  t h e  s ize  of the aggregates and the r a t e  
of molecular diffusion are well suited for  the time scale 
of the 2 H - N M R  measurement and t he i r  study. 
on other l ipid systems are in progress. 
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