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CRYSTALS OF INTERFACES : 
THE CUBIC PHASES OF AMPHIPHILE/WATER SYSTEMS 

J .  Charvolin 

Laboratoire de Physique des Solides*, Bâtiment 510, Uniuers i t é  Paris-Sud, 
91405 Orsay, France 

Résumé - Les i n t e r f a c e s  son t  l e s  i n t e r f a c e s  l i q u i d e / l i q u i d e  formés 
par  l e s  molécules amphiphiles.  I l s  s t r u c t u r e n t  l ' e space  en deux 
mil ieux:  p o l a i r e  e t  pa r a f f i n ique .  Dans c e r t a i n e s  condi t ions  c e t t e  
o rgan i sa t i on  peut  ê t r e  pér iod ique  su ivan t  3  dimensions e t  de symé- 
t r i e  cubique. Ces c r i s t a u x  cubiques son t  t o u t  à f a i t  i nhab i tue l s  
dans l e  sens où l e u r  ordre  à longue d i s t ance  n ' e s t  pas l e  r é s u l t a t  
de l a  propagat ion d'un o rd re  molécula i re  à c o u r t e  d i s t ance .  On 
peut  l e s  v o i r  comme des c r i s t a u x  formés pa r  deux l i q u i d e s  séparés  
par  un i n t e r f a c e .  Nous l e s  cons idèrerons  en r e l a t i o n  avec l e  pro- 
blème du par tage  de l ' e s p a c e  pa r  des su r f ace s  minimales pé r iod i -  
ques. 

Abs t rac t  - The i n t e r f a c e s  a r e  t he  l i q u i d - l i q u i d  i n t e r f a c e s  b u i l t  
by amphiphi l ic  molecules.  They organize space i n  two media: p o l a r  
and p a r a f f  i n i c .  Under c e r t a i n  condi t ions  t ,his  o rgan i za t i on  may 
p re sen t  a  3-d p e r i o d i c i t y  of cubic  symmetry. Such cubic  c r y s t a l s  
a r e  q u i t e  unusual i n  t he  sense  t h a t  t h e i r  long range o rde r  i s  not  
t he  r e s u l t  of t he  propagat ion of a  s h o r t  range order .  They can be 
seen a s  c r y s t a l s  formed by two l i q u i d s  s epa ra t ed  by an i n t e r f a c e .  
We s h a l l  analyze them i n  r e l a t i o n  wi th  t he  problem of space p a r t i -  
t i o n  by p e r i o d i c  minimal su r f ace s .  

1  - INTRODUCTION 

Amphiphilic molecules,  such a s  soaps ,  de t e rgen t s  and l i p i d s ,  a r e  wel l  
known f o r  t h e i r  aggregat ion proper ty  when put  i n  presence of  water  and 
f o r  forming t h e  s t r u c t u r e s  of m i c e l l a r  and l i q u i d  c r y s t a l l i n e  phases 
wi th  var ious  degrees of o rder .  The d i l u t e d  m i c e l l a r  phases a r e  disorde- 
red  a t  long range and t h e  concent ra ted  ones may sometimes e x h i b i t  a  
long range o r i e n t a t i o n a l  o rde r  of t he  nematic type. The more concentra-  
t e d  l y o t r o p i c  l i q u i d  c r y s t a l s  a r e  t r a n s l a t i o n a l l y  ordered.  Most o f t e n ,  
i n  t he  l a t t e r  case ,  l a r g e  zones of t he  phase diagrams a r e  occupied by 
s t r u c t u r e s  ordered  along 1 o r  2 dimensions, such a s  t he  we l l  known l a -  
me l l a r  o r  hexagonal phases.  There a r e  a l s o  a  few examples of  phase dia- 
grams where s t r u c t u r e s  ordered along 3 dimensions can be found i n  r a -  
t h e r  narrow zones. We s h a l l  be concerned wi th  t he se  s t r u c t u r e s  which, 
f o r  cases  known up t o  now, have a  cubic  symmetry. They a r e  no t  t o  be 
confused wi th  t he  3-d c r y s t a l l i n e  S t a t e s  of amphiphi l ic  molecules which 
a r e  c l a s s i c a l  molecular c r y s t a l s  of complex symmetries. To make appa- 
r e n t  the  very p a r t i c u l a r  na tu r e  of  t he se  3-d s t r u c t u r e s ,  a s  wel l  a s  t he  
d i f f i c u l t i e s  of t h e i r  s t udy ,  we s h a l l  b r i e f l y  d i s cus s  one of  them on 
t he  b a s i s  of i t s  p i c t o r i a l  r e p r e s e n t a t i o n  i n  f i g . 1 .  

*Laboratoire associé  au CNRS ( L A  no 2 ) .  

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985315

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1985315


JOURNAL DE PHYSIQUE 

Fig. 1 - Schematic r ep re sen t a t i on  o f  t he  cubic  s t r u c t u r e  b u i l t  by t he  
mixture p o t a s s i  m l au ra t e /36% water  i n  weight a t  100°C. The diameter  
o f  a  rod i s  28 x. 
This i s  one of t he  f i r s t  cubic  s t r u c t u r e s  which was e s t a b l i s h e d  wi th  
some c e r t a i n t y l .  I n  t h i s  s t r u c t u r e  t he  amphiphi l ic  molecules aggregate  
i n  smal l  cy l i nde r s  which a r e  joined 3  by 3  and b u i l d  two 3-d l a t t i c e s  
which a r e  unconnected and mutual ly interwoven. These two i n f i n i t e  l a t -  
t i c e s  of amphiphi l ic  molecules a r e  s epa ra t ed  by one i n f i n i t e  aqueous 
medium. 

This s t r u c t u r e  has body-centered cubic  symmetry wi th  s p a t i a l  group 1  
A t  t h e  l o c a l  l e v e l  t h e  amphiphi l ic  molecules a r e  d i sordered  and d i f f â g  
along t he  rods of  t he  t r u c t u r e  wi th  a  t r a n s l 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 ,  D 2.2 1 0 - ~  cm2s-', which i s  r a t h e r  c lo se  t o  t h a t  of melted paraf- 
f i n s ,  D %10-5  cm2s-l 2. Such a  s t r u c t u r e  i s  cha rac t e r i zed  by t h e  coe- 
x i s t e n c e  of long range c r y s t a l l i n e  o rde r  and s h o r t  range l i q u i d - l i k e  
d i so rde r .  I t  is  the re fo re  q u i t e  o r i g i n a l  and a b s o l u t e l y  d i s t i n c t  from 
the  c r y s t a l s  o f  amphiphi l ic  molecules a s  i t s  long range o rde r  does no t  
r e s u l t  from the  propagat ion of  a  s h o r t  range o rde r  3. From t h e  above 
d e s c r i p t i o n  we might Say t h a t  t h i s  phase i s  an ordered entanglement 
of two l i q u i d s  s epa ra t ed  by an i n t e r f a c e .  We s h a l l  fol low t h i s  po in t  
of view, a t  a  d e s c r i p t i v e  l e v e l ,  when we s h a l l  cons ider  l a t e r  on t h a t  
t he  s t r u c t u r e s  b u i l t  by amphiphi l ic  molecules i n  presence of water  a r e  
o rgan i za t i ons  of i n t e r f a c e s  between two continuous l i q u i d  media. Howe- 
ve r  it must n o t  be fo rgo t t en  t h a t  t h e  meaning u sua l l y  conveyed t o  t he  
term " l i qu id"  i s  n o t  app l i cab l e  he re  g l o b a l l y  because of  t h e  an iso t ro-  
p i c  molecular  behaviors  induced by t he  ex i s t ence  of t he  i n t e r f a c e  4. 

The s t r u c t u r e  presen ted  above was determined by small  angle  X-ray sca t -  
t e r i n g .  I t  was a  p a r t i c u l a r l y  favorab le  case  because of  t he  r e l a t i v e l y  
l a r g e  number of r e f l e c t i o n  o rde r s  observed,eight t o  ten. Since then  o the r  
cubic  phases have been discovered but  t h e  s i t u a t i o n  i s  n o t  always s o  
favorab le  and t he  number of observed o rde r s  can be i n s u f f i c i e n t  t o  
a l low f o r  an unequivocal c h a r a c t e r i z a t i o n  of a  complex s t r u c t u r e .  On 
the  b a s i s  of such l i m i t e d  da t a  t he  s o l u t i o n  proposed can only  be bu t  



one among s e v e r a l  o t h e r s  p o s s i b l e .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  a rgue  
w i t h  a  l a r g e r  s e t  o f  d a t a  i n c l u d i n g  t h o s e  p rov ided  by o t h e r  techniques .  
But ,  even t h e n ,  t h e r e  i s  always some degree  o f  u n c e r t a i n t y  l e f t  and 
i n  o r d e r  t o  a p p r e c i a t e  i t  we s h a l l  c o n s i d e r  b r i e f l y  t h e  v a r i o u s  me- 
thods  used  t o  c h a r a c t e r i z e  c u b i c  s t r u c t u r e s .  

I I  - METHODS 

D i r e c t  o b s e r v a t i o n s  - 
The 3-d phases  appear  v e r y  d i f f e r e n t  from t h e  1-d and 2-d l a m e l l a r  o r  
hexagonal phases .  They a r e  v e r y  c l e a r  and o p t i c a l l y  i s o t r o p i c  whereas 
t h e  l a t t e r  a r e  a  b i t  t r a n s l u c i d ,  s c a t t e r  l i g h t  and a r e  o p t i c a l l y  a n i -  
s o t r o p i c .  Also t h e y  have a  much s t i f f e r  c o n s i s t e n c y .  A t  l a s t ,  because  
o f  t h i s  c o n s i s t e n c y ,  t h e y  can  n o t  t o  be  confused w i t h  t h e  f l u i d  d i s o r -  
de red  m i c e l l a r  phases  which have s i m i l a r  o p t i c a l  p r o p e r t i e s .  

Observa t ion  under t h e  microscope 

There i s  no t e x t u r e  v i s i b l e  under  t h e  p o l a r i z i n g  microscope because 
o f  t h e  o p t i c a l  i s o t r o p y  and t h i s  approach might be  thought  t o  be  o f  
no he lp .  However, i n  a  few c a s e s ,  i t  has  been p o s s i b l e  t o  o b t a i n  q u i t e  
a  noteworthy in fo rmat ion  when n u c l e a t i o n  and growth o f  monocrysta ls  o f  
c u b i c  phases  can be  observed For  i n s t a n c e  germs o f  a  3-d  phase may 
grow a s  t h e  po lyhedra  shown i n  F ig .2 .  

F ig .  2 - Polyhedra  o f  a  c u b i c  phase  s e p a r a t i n g  from an i s o t r o p i c  so lu -  
t i o n  i n  t h e  sodium d i ( 2  ethylhexyl)acetate/water system. T h e i r  s i z e  
i s  abou t  10  u m  (from a  photograph i n  ( 5 ) )  

Th i s  o b s e r v a t i o n  e x a m p l i f i e s  t h e  c r y s t a l l i n e  n a t u r e  o f  t h e  phase .  

X-Ray s c a t t e r i n g  (3) 

This  method has  been t h e  most powerful  one up t o  now. A s  always w i t h  
l y o t r o p i c  l i q u i d  c r y s t a l s  two r e g i o n s  a r e  t o  e  d i s t i n g u i s h e d  i n  t h e  
diagrams. A t  l a r g e  a n g l e s ,  f o r  v a l u e s  o f  s = o f  Bbout ( 4 . 5  A)-1, 
a  d i f f u s e  band i s  observed which d e m o n s t r a t e s x d i s o r d e r e d  s t a t e  o f  
t h e  molecules  i n  t h e o s t r u c t u r e .  A smal l  a n g l e s ,  i n  a range o f  s va- 
l u e s  from about  (10 ~ ) - 1  t o  (100 i ) - l ,  narrow Bragg r e f l e c t i o n s  a r e  
observed which demonstra te  t h e  long  range c r y s t a l l i n e  o r d e r  o f  t h e  
s t r u c t u r e .  The number o f  o r d e r s  obse rved  v a r i e s  from about  2  t o  17 
accord ing  t o  t h e  system s t u d i e d .  In  g e n e r a l  i t  i s  n o t  too  h igh  i n  
hydra ted  sys tems ,  between 2 and 1 0 ,  a s  t h e  c h a r a c t e r i s t i c  s i z e  o f  t h e  
s c a t t e r i n g  e lement ,  t h e  t h i c k n e s s  o f  t h e  a m p h i p h i l i c  o r  aqueous media,  
i s  r a t h e r  l a r g e  and makes t h e  s t r u c t u r e  f a c t o r  d e c r e a s e  r a p i d l y .  I t  
can be h i g h e r ,  up t o  17 ,  i n  anhydrous systems where t h e  p o l a r  heads  
and i o n s  o f  impor tan t  e l e c t r o n i c  d e n s i t i e s  a r e  l o c a l i z e d  i n  ve ry  na r -  
row p o l a r  domains. The s m a l l  a n g l e  r e g i o n  o f  a  t y p i c a l  powder spectrum 
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i s  shown i n  f i g .3 .  
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Fig. 3  - Microdensitometer t r a c e  of t h e  X-ray powder diagram of t he  cu- 
b i c  phase of  t h e  mixture potassium l au ra t e /36% water  i n  weight a t  100°C. 
Eight  o rde r s  a r e  v i s i b l e .  The camera i s  of  t h e  Guin ie r  type.  

A l 1  s p e c t r a  can be indexed i n  a  cubic  l a t t i c e  whose space group can 
be known i n  p r i n c i p l e  from t h e  de te rmina t ion  of t h e  absent  r e f l e c t i o n s .  
However e r r o r s  a r e  f requent  because a  r e f l e c t i o n  may be a c c i d e n t a l l y  
suppressed.  One p o s s i b i l i t y  i s  the  f o r t u i t o u s  coïncidence o f  a  zero of  
t he  s t r u c t u r e  f a c t o r  wi th  t h e  p o s i t i o n  of  an o rde r  of r e f l e c t i o n .  This  
can be de t ec t ed  by varying t h e  cond i t i ons ,  temperature,  water  con t en t ,  
even tua l l y  t he  l eng th  of t he  p a r a f f i n i c  chain of  t he  amphiphi l ic  mole- 
c u l e s ,  i n  o rde r  t o  change t he  s t r u c t u r e  f a c t o r  o r  t he  parameter o f  t h e  
ce11 and t o  suppress  t he  coïncidence.  Another one i s  an imperfect  d i s -  
t r i b u t i o n  of monocrystal l ine domains which can be such t h a t  some r e t i -  
c u l a r  p lanes  a r e  no t  a t  t he  Bragg's  cond i t i on  f o r  r e f l e c t i o n .  This  may 
happen because of t he  a b i l i t y  of cubic  phases t o  grow l a r g e  monocrystak. 
However when t h e  monocrystals a r e  very l a r g e  i t  may be pos s ib l e  t o  work 
wi th  mono-domains 6 .  F i n a l l y ,  t h e r e  a r e  a  few examples of  e r r o r s  becau- 
s e  o f  spur ious  r e f l e c t i o n s  which fo r ce  t he  indexing i n t o  a  wrong d i r ec -  
t i o n .  This  happens when the  sample i s  a c c i d e n t a l l y  i n  one of  t he  neigh- 
bor ing  polyphas ic  zones. surrounding t he  narrow cubic  zone, then  a  su-  
pe rpos i t i on  of s p e c t r a  i s  analyzed a s  one unique spectrum. A l 1  t he se  
f a c t s  a r e  major handicaps t o  c o r r e c t  indexing o f  t h e  spec t r a .  Once they 
a r e  understood and e l im ina t ed  a  s t r u c t u r a l  model can be proposed. This  
model should be t e s t e d  by c a l c u l a t i n g  t h e  s c a t t e r e d  i n t e n s i t y  f o r  t he  
d i f f e r e n t  o rde r s  and comparing them wi th  t he  experimental  ones. In  t h e  
case where t he  number of o rde r s  i s  r a t h e r  low t h e  model i s  n o t  always 
unique and more information must be looked f o r  i n  o rde r  t o  make a se -  
l e c t i o n .  A f i r s t  complementary in format ion  is  provided by t h e  examina- 
t i o n  of  t h e  s t r u c t u r e s  and s t r u c t u r a l  parameters  o f  t he  neighboring 
phases i n  t he  phase diagram. When they a r e  ordered  phases they  a r e  or -  
dered along 1 o r  2 dimensions s o  t h a t  they  can be cha rac t e r i zed  e a s i l y  
and t h e i r  s t r u c t u r a l  parameters  wel l  known. For i n s t ance  t h e i r  mean 
a r ea  pe r  amphiphi l ic  molecules a t  t he  i n t e r f a c e ,  t h e  convexi ty of  t h e i r  
i n t e r f a c e ,  the  c o n t i n u i t i e s  o f  t h e i r  aqueous and p a r a f f i n i c  media a r e  
known and t he se  c h a r a c t e r i s t i c s  should show a  monotonous behavior  when 
going through the  cubic  phase s epa ra t i ng  them. Cer ta in  models can be 
e l imina ted  t h a t  way. To go f u r t h e r  complementary information can be 
brought by spec t roscopic  s tud ies ,  p a r t i c u l a r l y  nuc l ea r  magnetic resonan- 
ce. 



Nuclear magnetic resonance 

This technique s ee s  t he  aqueous and p a r a f f i n i c  media of a  cubic  phase 
as  i s o t r o p i c  l i q u i d s .  This  ho lds  t o  t he  f a c t  t h a t  t he  t r a n s l a t i o n a l  
d i f f u s i o n  of  t h e  molecules along t he  i n t e r f a c e s ,  t he  normals of which 
a r e  i s o t r o p i c a l l y  o r i e n t e d ,  averages ou t  a l 1  t he  non s c a l a r  i n t e r a c -  
t i o n s  of  t he  n u c l e i  wi th  t h e i r  environment. The NMR s i g n a l s  i n  t he  cu- 
b i c  phases a r e  t h e r e f o r e  ha rd ly  d i f f e r e n t  from those  i n  t he  d i sordered  
m i c e l l a r  phases and no t  very s e n s i t i v e  t o  t h e  d e t a i l s  o f  t he  s t r u c t u r e s  
of  i s o t r o p i c  phases 2.  However t h i s  drawback due t o  t h e  t r a n s l a t i o n a l  
d i f f u s i o n  can be tu rned  i n t o  a  p o s i t i v e  advantage. Indeed a  NMR tech-  
nique was developed, t h e  s tudy  of  s p i n  echos i n  an inhomogeneous magne- 
t i c  f i e l d ,  which al lows f o r  t h e  measurement of  t he  t r a n s l a t i o n a l  d i f fu-  
s i o n  of molecules when i t  occurs  over  d i s t ances  of  about 1 Fm and f o r  
du ra t i ons  of a  few mi l l i seconds .  The a p p l i c a t i o n  of t h i s  technique t o  
t he  problem of  the  cubic phases can t h e r e f o r e  provide an important  to -  
po log i ca l  information about t h e  ex tens ion  of t he  aqueous and p a r a f f i n i c  
media 8. For i n s t ance  i t  should al low one t o  choose between a  cubic  
s t r u c t u r e  made of f i n i t e  m i c e l l e s ,  where t h e  t r a n s l a t i o n a l  d i f f u s i o n ,  
o f  t he  amphiphi l ic  molecules i s  r e s t r i c t e d  on d i s t ances  of about 30 A ,  
and a  cubic  s t r u c t u r e  of  small  rods connected t o  i n f i n i t y  such a s  t he  
one drawn i n  f i g . l . ,  where t he  molecules may d i f f u s e  over  l a r g e  d i s tan-  
ces  9 .  

E lec t ron  microscopy (10) 

This should be t he  most d i r e c t  method, and r a t h e r  we l l  f i t t e d  i f  one 
compares i t s  r e s o l u t i o n  wi th  t h e  c h a r a c t e r i s t i c  dimension of t h e  aggre- 
ga t e s  i n  t he  l y o t r o p i c  phases.  However i t  can no t  be used d i r e c t l y  
without  p r epa ra t i on  of t h e  sample because of t he  damaging e f f e c t s  o f  
t he  high vacuum and e l e c t r o n  beam and because of t h e  very low c o n t r a s t  
o f  t h e  amphiphi l ic  molecules.  Usual p re t rea tments  which permit  e lec t ron  
microscopic obse rva t i ons ,  chemical f i x a t i o n  and s t r a i n i n g ,  modify t h e  
sample s t r u c t u r e .  I t  i s  pos s ib l e  t o  overcome some of t he se  d i f f i c u l t i e s  
by c ryo f ixa t i on .  In  genera l  t h e  observa t ion  i s  i n d i r e c t .  The sample 
i s  quenched a t  low temperature,  then f r a c t u r e d ,  even tua l l y  t h e  su r f ace  
i s  etched by evapora t ion  of some water ,  and a  heavy metal r e p l i c a  of  
t h e  su r f ace  i s  made which i s  observed by e l e c t r o n  microscopy. I t  must 
be a sce r t a ined  t h a t  t h e  s t r u c t u r e  of t he  sample has n o t  been modified 
dur ing  t h e  s e v e r a l  s t e p s  of t h i s  procedure. One way c o n s i s t s  i n  con- 
t r o l l i n g  i t  a f t e r  quenching by X-ray s c a t t e r i n g .  This i s  being develo- 
ped and t h e  f i r s t  photographs of cubic  phases supported by such a  
c o n t r o l  have j u s t  been publishedlO.One on them i s  shown i n  f i g . 4 .  

Such a  photograph demonstrates  unambiguously t h e  c r y s t a l l i n e  cubic  
s t r u c t u r e  and should be of cons iderab le  he lp  t o  analyze t he  s t r u c t u r e s  
a s  our  understanding of f r a c t u r e  propagat ion i n  such m a t e r i a l s  develops.  
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Fig.  4 - Freeze  f r a c t u r e d  e l e c t r o n  micrograph o f  sunf lower  o i l  monogly- 
ce r ides /cy tochrome C/water c u b i c  phase .  Ro ta to ry  shadowed w i t h  W-Ta 
b u t  c o n t r a s t  i s  r e v e r s e d  (shadows a r e  b l a c k ) .  Not ice  t h e  d i f f e r e n t  
f r a c t u r e  P l a n e s  through t h e  phase .  From r e f e r e n c e  (10) .  

I I I  - PROPOSED STRUCTURES 

We have c l a s s i f i e d  t h e  phases  d i s c u s s e d  i n  t h e  l i t e r a t u r e  accord ing  
t o  t h e  s p a t i a l  group which can  be deduced from t h e  examinat ion o f  
t h e i r  X-ray diagrams. The f i r s t  two, I agd  and Png, a r e  c o n s i d e r e d  a s  
c e r t a i n .  The o t h e r s  Im3m, Pmgn, Fdgm a r e  s t i l l  m a t t e r s  o f  d i scuss ion .  

Th i s  is a  body c e n t e r e d  c u b i c  l a t t i c e .  I t  i s  q u i t e  widespread.  I t  was 
seen  f o r  t h e  f i r s t  t ime i n  anyhydrous s t r o n t i u m  soaps  and t h e  f i r s t  cu- 
b i c  s t r u c t u r e  b u i l t  w i t h  rods  was t h e n  proposed ( l a ) .  I t  i s  represen-  
t e d  i n  f i g . 5  where t h e  rods  a r e  t h e  l o c i i  o f  t h e  s t r o n t i u m  i o n s ,  t h e  
p a r a f f i n i c  cha ins  o f  t h e  soap molecules  be ing  d i s o r d e r e d  a l 1  around.  

S i n c e t h e n  s i m i l a r  c u b i c  s t r u c t u r e s  were found i n  egg l e c i t h i n s  c o n t a i -  
n i n g  a  s m a l l  amount o f  w a t e r  ( l b ) ,  i n  between l a m e l l a r  and i n v e r t e d  
hexagonal  phases ,  and i n  potass ium c a r b o x y l a t e s  and a l k y l  t r i m e t h y l  
ammonium bromides w i t h  h i g h e r  w a t e r  c o n t e n t  ( l c ) ,  i n  between l a m e l l a r  
and d i r e c t  hexagonal  phases .  I t  i s  t h e  l a t t e r  c a s e  which i s  r e p r e s e n t e d  
i n  f i g . 1  where t h e  smal l  soap  c y l i n d e r s  have t h e  rods  o f  f i g . 5  f o r  
axes .  I t  i s  q u i t e  n o t i c e a b l e  t h a t  t h e  l o c a t i o n s  o f  t h e s e  c u b i c  phases  
i n  t h e  phase  diagrams i n d i c a t e s  t h a t  t h e  same s t r u c t u r e  may e x h i b i t  
d i f f e r e n t  t o p o l o g i e s .  When t h e  phase  i s  p r e s e n t  on t h e  low w a t e r  con- 
t e n t  s i d e  o f  t h e  l a m e l l a r  phase  t h e  two aqueous rod  s t r u c t u r e s  a r e  i m -  
bedded i n  a  con t inuous  p a r a f f i n i c  m a t r i x ,  when t h e  phase i s  p r e s e n t  on 
t h e  h i g h  w a t e r  c o n t e n t  s i d e  o f  t h e  l a m e l l a r  phase  t h e  topo logy  i s  i n -  
v e r t e d ,  t h e  two rod  s t r u c t u r e s  o f  soap  molecules  a r e  imbedded i n  a  con- 
t i n u o u s  aqueous m a t r i x .  Other  s t r u c t u r e s ,  a p p a r e n t l y  s i m p l e r ,  were 



Fig .  5 - The ce11 o f  t h e  c u b i c  s t r u c t u r e  1 t h e  rod a r e  t h e  axes  o f  
e i t h e r  w a t e r  c h a n n e l s ,  a t  low w a t e r  ~ o n t e n f 3 ~ ' o r  soap  c y l i n d e r s ,  a t  
h i g h  w a t e r  c o n t e n t .  

proposed f o r  some above c a s e s .  They have been demonstra ted t o  be i n c o r -  
r e c t .  Never the less  we t h i n k  i n t e r e s t i n g  t o  c o n s i d e r  them t o  i l l u s t r a t e  
t h e  use  o f  NMR i n  t h i s  problem. An o u t d a t e d  p roposa1  i s  t h a t  o f  t h e  bo- 
dy-cen te red  c u b i c  Imjm packing o f  s p e r i c a l  m i c e l l e s  shown i n  f i g . 6 .  

F ig .  6 - A body c e n t e r e d  c u b i c  a r r a y  o f  s p h e r e s .  

A more r e c e n t  one1' i s  t h a t  of t h e  body c e n t e r e d  c u b i c  1a3dpacking of  
i n f i n i t e  s t r a i g h t  c y l i n d e r s  shown i n  f i g . 7  

Fig .  7 - A body c e n t e r e d  c u b i c  a r r a y  of  i n f i n i t e  s t r a i g h t  c y l i n d e r s , a )  
p e r s p e c t i v e  view, b) view down a  t r i g o n a l  a x i s .  
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Both can be r e j e c t e d  on t he  b a s i s  on c r y s t a l l o g r a p h i c a l  argumentslO,lz ,  
bu t ,  i n  a d d i t i o n ,  they  would imply molecular  behaviors  which a r e  
no t  compatible  wi th  t h e  NMR da t a .  These da t a  show t h a t  t h e  amphiphi l ic  
molecules d i f f u s e  r ap id ly  on nacroscopic  d i s t a n c e s ,  which e l in i ina tes  
t he  s t r u c t u r e  b u i l t  wi th  f i n i t e  m i c e l l e s ,  and have an i s o t r o p i c  beha- 
v i o r ,  which e l im ina t e s  t h e  s t r u c t u r e  b u i l t  wi th  s t r a i g h t  cy i nde r s  
along which t he  molecules rhould  have an u n i a x i a l  behavior  '1 I t  is  
however no t  impossible  t h a t  t he  body cente red  cubic  s t r u c t u r e  of  i n -  
f i n i t e  s t r a i g h t  cy l i nde r s  e x i s t s  i n  c e r t a i n  systems a s  suggested by a  
r ecen t  NMR s tudy  of  t h e  hexagonal phase o f  t he  hexaethylene g lyco l  do- 
decyl e the r /wa te r  system 13. 

Groups Pnj andPn3m 

These a r e  p r imi t i ve  cubic  l a t t i c e s .  Both groups were proposed but  they  
look s i m i l a r  a t  low r e s o l u t i o n  and we s h a l l  use Pn only s i n c e  i t  is  
of h i g h e s t  symmetry. I t  was proposed f i r s t  f o r  a  paosphat idy l  e thanola-  
mine/water system, t he  l i p i d  having been e x t r a c t e d  from i n s e c t s l 4 .  Mo- 
r e  r e c e n t l y  it was met i n  t he  g lyce ro l  monooleate/water system 15. The 
s t r u c t u r e  i s  represen ted  i n  f  i g .  8. 

Fig. 8  - The cubic  s t r u c t u r e  Pn3, t he  rods a r e  t h e  axes of water  chan- 
n e l s .  

The rods a r e  water  channels  which a r e  connected fou r  by f o u r  a t  t e t r a -  
hed ra l  angles .  They b u i l d  two unconnected but  interwoven diamond l a t -  
t i c e s  which a r e  i s o l a t e d  from each o t h e r  by a continuous b i l a y e r  of 
amphiphi l ic  molecules of complex shape. 

Group Im3rn 

This i s  a  body cen te red  cubic  l a t t i c e  wi th  i n f i n i t e  aqueous and paraf -  
f i n i c  media. The s t r u c t u r e  i s  represen ted  i n  f i g .9 .  

We mention i t  because it r e c e n t l y  appeared i n  t he  l i t e r a t u r e  a s  being 
a  p o s s i b l e  candida te  f o r  t h e  g lyce ro l  monooleate/water system d iscus-  
sed above 16. I t  must be abandoned now a s  a  b e t t e r  understanding of  t h e  
phase diagram and a  thorough a n a l y s i s  o f  t he  X-ray da t a  have l e d  t o  an 
indexing i n  p e r f e c t  agreement with t h e  one r epo r t ed  abovel7. There i s  
t h e r e f o r e  no X-ray evidence f o r  Imgm up t o  now. The i n t e r p r e t a t i o n  of 
e l e c t r o n  micrographs of  p ro lamel la r  bodies  i n  t he  membrane system of 
e t i o l a t e d  leaves  of  Avena  S a t i v a  sugges ts  a  s t r u c t u r e  which might have 
t h i s  space group 18. However t h i s  i s  q u i t e  d i f f e r e n t  a  s i t u a t i o n  a s  the  
samples s t u d i e d  here  a r e  b i o l o g i c a l  o rgan i t e s  whose membranes con t a in  
no t  on ly  l i p i d s  bu t  many o t h e r  b i o l o g i c a l  molecules too.  



Fig. 9 - The cubic  s t r u c t u r e  1 with  i n f i n i t e  aqueous and p a r a f f i n i c  
media, t h e  rods a r e  t he  axes m3mof t he  water  channels.  

This i s  a  p r imi t i ve  cubic  l a t t i c e .  This phase i s  wide-spread. I t  was 
found f i r s t  i n  Na-caprylate/organic so lvents /water  systems,  i t  has 
been observed s ince  then i n  dodecyl trimethylammonium ch lo r ide /wa te r ,  
egg l e c i t h i n / w a t e r ,  l a u r y l  decaethylene g lyco l  e t h e r j w a t e r ,  sodium o r  
potassium soaps/organic so lvents /water  systems. I n  a l 1  these  cases  t he  
l o c a t i o n  of t he  phase i n  t he  phase diagram i s  i n  t he  water  r i c h  reg ion ,  
between t h e  hexagonal and m i c e l l a r  phases. The s t r u c t u r e  has been pro- 
posed t o  c o n s i s t  of a  3-d network of rods of f i n i t e  l e n g t h ,  a l 1  c rys-  
t a l l o g r a p h i c a l l y  equ iva l en t ,  which meet 3 by 3 a t  one end and 4  by 4  
a t  t he  o t h e r  t o  form the  bars  of a  system of cages,  each cage enc los ing  
a  s p h e r i c a l  m l ~ e l l e ;  t he  rod and t he  mice l l e s  a r e  p a r a f f i n i c  and imbed- 
ded i n  water  . This i s  a  c l a t h r a t e - t y p e  s t r u c t u r e .  I t  i s  represen ted  
i n  f ig .10 .  

Fig. 10 - The "c l a th r a t e "  s t r u c t u r e  P , t he  rods and do t s  a r e  t h e  
axes and c e n t e r s  of t he  p a r a f f i n i c  ro2znand mice l l e s .  

This complex s t r u c t u r e  i s  no t  supported by r ecen t  NMR s t u d i e s  which do 
no t  d e t e c t  t he  t r a n s l a t i o n a l  d i f f u s i o n  of amphiphi l ic  molecules over  
long d i s t ances  implied by t he  ex i s t ence  of  an i n f i n i t e  network of con- 
nec ted  rods 2 0 9 2 1 .  This would be i n  favor  of a  s t r u c t u r e  of f i n i t e  
amphiphi l ic  aggrega tes .  

This cubic face  cen te red  l a t t i c e  was mentioned f o r  l i p i d s  e x t r a c t e d  
from Pneudamonan FLuahencenn i n  presence of water  and f o r  T r i t on  d e t e r -  
gen ts  i n  presence of o rganic  s o l v a n t s  14. Systems p re sen t ing  t h i s  sym- 
metry a r e  under i n v e s t i g a t i o n .  
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Remark about t h e  terms of t h e  d e s c r i p t i o n  

We in t roduced  t h e  s t r u c t u r e s  a s  c r y s t a l s  of i n t e r f a c e s  s epa ra t i ng  t h e  
p a r a f f i n i c  and aqueous media bu t  we represen ted  them,from fig.5 to  10, 
a s  networks of rods which a r e  t h e  axes of t he se  p a r a f f i n i c  o r  aqueous 
media. Indeed t h i s  i s  t he  most r igorous  r ep re sen t a t i on  because t he  da- 
t a  e s s e n t i a l l y  g ive  access  t o  t h e  d i r e c t i o n s o f  symmetry. How can we de- 
duce t he  geometr ical  shapes of t he  i n t e r f a c e s  from the  networks o r  rods? 
This may be r e l a t i v e l y  easy  t o  do i n  r a t h e r  d e s c r i p t i v e  manner when 
the  rods a r e  t h e  axes of t h e  soap aggrega tes .  We know t h a t  t h e i r  d i a -  
meter can n o t  exceed twice t he  l eng th  of  a  molecule, so  we j u s t  increa-  
s e  it up t o  t h a t  value.  This  i s  what we d i d  i n  f i g . 1  which was drawn 
only t o  make t h e  n a t u r e  of t h e  phase pe rcep t ib l e .  However t h i s  i n t u i -  
t i v e  way of in t roduc ing  t h e  i n t e r f a c e s  i s  n o t  app l i cab l e  when the  rods 
a r e  axes of water channels  whose r a d i i  a r e  no t  known. Moreover, it does 
no t  b r ing  any new i n s i g h t  i n t o  t he  necessary  p r i n c i p l e s  which might 
c o n t r o l  t he  s t r u c t u r e  of t he  phases. We have t h e r e f o r e  chosen t o  d i s -  
cuss  a  no t ion  which might be u s e f u l  i n  t h i s  r e s p e c t ,  t h a t  o f  p a r t i t i o n  
su r f ace s  i n  l i q u i d  media whose shapes may be def ined  on t h e  b a s i s  of 
simple p r i n c i p l e s .  

IV - PARTITION SURFACES 

Such a  no t i on  i s  suggested by t h e  examination of s t r u c t u r e s  Png o r  
1 shown i n  f i g . 8  and 9 .  Here t he  rods a r e  t he  axes of water  chan- 
ng?!! organized i n  two interwoven aqueous media and s epa ra t ed  from each 
o t h e r  by one continuous medium of  amphiphi l ic  molecules wi th  t he  l i q u i d  
l i k e  behavior  descr ibed  i n  t h e  in t roduc t ion22 .  The c e n t r a l  p a r t  o f  t h i s  
b i l a y e r ,  occupied by the  methyl ends of t he  cha in s ,  de f ine s  a  geometri- 
c a l  s u r f a c e  wi th  t h e  phys ica l  p r o p e r t i e s  of a  l i q u i d  f i l m  which p a r t i -  
t i o n s  space i n  two c e l l s  which a r e  everywhere i n  contac t .This  p a r t i t i o n  
su r f ace  has a  s u p e r f i c i a l  t en s ion ,  which minimizes t he  t o t a l  a r e a ,  i t  
a l s o  experiences equa l  p r e s su re s  on both s i d e s  a s  t he  c e l l s  a r e  a t  equi- 
l ib r ium,  s o  t h a t  i t s  curva ture  has t o  be zero everywhere. These condi- 
t i o n s  impose c e r t a i n  types of s u r f a c e s  which were indeed considered 
by p h y s i c i s t s  and mathematicians a t  t he  end of  t h e  l a s t  cen tury  a f t e r  
Plateau'work on soap f i lms .  For i n s t ance  Lord Kelvin showed t h a t  space 
can be f i l l e d  and homogeneously p a r t i t i o n e d  i n t o  equal  and s i m i l a r l y  
s i t u a t e d  c e l l s  by a  polyhedron, t he  a - t e t raka ïdekahedron ,  which i s  
der ived  from t h e  or tho- te t raka ïdekahedron  shown i n  f i g .11  by s l i g h t  
curving of  t he  edges aad warping o r  t he  f ace s  i n  o rde r  t o  keep t h e i r  
i n t e r n a 1  t ens ions  balanced. 

Fig. 11 - An or tho- te t raka ïdekahedron .  This s p a c e - f i l l i n g  polyhedron 
has 8  hexagonal f ace s  and 6 square f ace s .  

This a- te trakaïdekahedron does no t  f i t  our  purpose a s  i t  concerns f i n i -  
t e  c lo sed  c e l l s  bu t  we quote i t  because an assembly of such polyhedra 
i s . a  s imple i l l u s t r a t i v e  s o l u t i o n  t o  t h e  key i deas  of  Our problem: t h e  



f ace s  b u i l d  a  minimal p a r t i t i o n  su r f ace ,  t h e i r  cu rva tu re  is  n u l l ,  the  
tens ions  a r e  balanced between hexagonal and square f a c e s ,  which meet 
3  by 3 a t  d ihed ra l  angle? of 120°, and along t he  edges,  which meet 4  
by 4 a t  angles  of 109 28. We quote i t  a l s o  because i t  was used t o  v i -  
s u a l i z e  t h e  su r f ace s  i n  1 cubic  s t r u c t u r e s ,  a s  shown i n  t h e  i n s e t  
of f i g .14 .  I f  such a  visu@?zat ion i s  t opo log i ca l l y  c o r r e c t  i t  is in-  
c o r r e c t  a s  f a r  a s  t he  physics  of f i l m  i s  concerned because t h e  neces- 
s i t y  t o  open some f ace s  of t he  a - te t raka ïdekahedra  t o  make t he  c e l l s  
communicate des t roys  t he  balance of  t he  t ens ions  i n  t h e  f i lms .  On the  
o t h e r  hand t he  problem of i n f i n i t e  3-d c e l l s  was i m p l i c i t l y  considered 
by Schwarz and Neovius when they c a l c u l a t e d  p e r i o d i c  minimal su r f ace s  
wi th  n u l l  cu rva tu re  and submit ted t o  var ious  boundary condit ions24.  
These s u r f a c e s  which p a r t i t i o n  space i n  a  bicont inuous manner were re-  
c e n t l y  re - in t roduced  t o  support  an argument i n  favor  of bicont inuous 
s t r u c t u r e s  i n  t he  middle phases of microemulsions 2 5 .  I f  t h e i r  r o l e  i s  
n e c e s s a r i l y  l i m i t e d  i n  t h i s  case ,  because microemulsions a r e  disordered 
while  t he  su r f ace s  a r e  ordered along 3-d l a t t i c e s ,  t he se  p e r i o d i c  sur -  
f ace s  have been thought t o  be r e l evan t  t o  t h e  problem of cubic phases. 
For i n s t ance  we suggest  i n  f ig .12 ,13 ,14 ,  i n  t he  cases  of P  and Im3,,, s t r u c t u r e s ,  t h a t  space might be p a r t i t i o n n e d  i n  two aqueouS reg ions  
by su r f ace s  s i m i l a r  t o  those c a l c u l a t e d  by Schwarz. 

Fig. 1 2  - P a r t  of t he  su r f ace  s epa ra t i ng  t he  water  channels  i n  t he  
s t r u c t u r e  Pn3. I t  was drawn from t h e  compact packing of te t rakaidekahe-  
d r a  opened on fou r  hexagonal f ace s  shown i n  t he  i n s e t  and used only 
a s  a  guide f o r  t he  eye . ( see  t h e  t e x t ) .  The su r f ace  looks c l o s e  t o  
Schwarz's t e t r a h e d r a l  minimal su r f ace .  

An element of  a  su r f ace  c a l c u l a t e d  by Schwarz shown i n  f ig .13  might 
f i t  i n  t he  Pn3 . s t ruc tu re s  because of i t s  symmetry and because t he  t o -  
t a l  su r f ace  1 s  ob ta ined  by t h e  j ux t apos i t i on  of such elements along 
a  cubic  l a t t i c e .  
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Fig. 13 - An element of a  Schwarz's s u r f a c e  wi th  might f i t  i n  s t r u c t u -  
r e  Pn3. The s t r a i g h t  l i n e s  on t he  f ace s  of t h e  cubic  ce11 a r e  t he  boun- 
dary condi t ions  on which t he  su r f ace  i s  defined.  The i n f i n i t e  su r f ace  
i s  ob ta ined  by juxtaposing such element along a  cubic  l a t t i c e .  

Fig. 14 - P a r t  o f  t he  s u r f a c e  s epa ra t i ng  t h e  water  channels i n  t he  
s t r u c t u r e  Im3m ( the  ex i s t ence  of  which has n o t  been f i rmly  e s t a b l i s h e d  
y e t ) .  I t  was drawn from t h e  compact packing of te t raka ïdecahedra  ope- 
ned on t h e i r  square f ace s  shown i n  t he  i n s e t  and used only  a s  a  guide 
f o r  t he  eye ( see  t he  t e x t ) .  The su r f ace  might be Schwarz's p e r i o d i c  
minimal su r f ace .  

I n  o rde r  t o  b r ing  o u t  t h i s  idea  of p a r t i t i o n  su r f ace  we considered 
cubic  phases of t h e  i nve r t ed  type ,  where water  channels  a r e  s epa ra t ed  
by one continuous p a r a f f i n i c  b i l a y e r .  I n  t he  case  of phases of t he  d i -  
r e c t  type,  where p a r a f f i n i c  channels a r e  imbedded i n  a water  mat r ix ,  
the  equ iva l en t  su r f ace  i s  t o  be looked f o r  i n  t h i s  mat r ix ,  f o r  i n s t an -  
ce t he  s u r f a c e  along which t h e  e f f e c t s  of t he  a n i s o t r o p i c  f i e l d s 2 6  of 
the  two f ac ing  amphiphile/water i n t e r f a c e s  balance each o the r .  

This analogy between c r y s t a l l i n e  cubic  phases and p e r i o d i c  minimal 
s u r f a c e s ,  a l though a t t r a c t i v e  a t  t h i s  coa r se  l e v e l  of a  f i r s t  approach 
and u s e f u l  t o  f e e l  t he  n a t u r e  of t he  problem, should no t  be pushed 
f u r t h e r  a t  t he  moment. The reasons a r e  t h a t  t he  mathematical bases  of 



t h e  two problems a r e  d i f f e r e n t  and t h e r e f o r e  t h e i r  s o l u t i o n s  a r e  n o t n e -  
c e s s e r a l y  t h e  same. Schwarz and o t h e r  mathemat ic ians  c a l c u l a t e d  minimal 
s u r f a c e s  f o r  boundary c o n d i t i o n s  d e f i n e d  i n  a n  u n i t  ce11  and were con- 
ce rned  w i t h  such  s u r f a c e s  which can pack p e r i o d i c a l l y  keeping t h e i r  
p r o p e r t i e s  of  minimal s u r f a c e s  ( s e e  f i g . 1 3 ) .  Also t h e  f i n i t e  s u r f a c e s  
d e f i n e d  by t h e  boundary c o n d i t i o n s  i n  t h e  u n i t  ce11 a r e  s t a b l e  w i t h  
r e s p e c t  t o  s m a l l  d i sp lacements  and t h i s  p r o p e r t y  i s  k e p t  f o r  t h e  i n f i -  
n i t e  p e r i o d i c  s u r f a c e  a s  t h e  boundary c o n d i t i o n s  o f  t h e  u n i t  c e l l s  a r e  
i m p l i c i t l y  main ta ined .  I f  we now s u p p r e s s  t h e  boundary ç o n d i t i o n s  i n  
t h e  u n i t  c e l l s ,  a s  i t  shou ld  be t h e  c a s e  f o r  t h e  a m p h i p h i l i c  f i l m  i n  
t h e  c u b i c  phase ,  i t  i s  n o t  obvious  a t  a l 1  t h a t  t h e  p e r i o d i c  minimal 
s u r f a c e s  remain s t a b l e .  F i n a l l y  t h e  s u r f a c e s  c o n s i d e r e d  by t h e  mathema- 
t i c i a n s  a r e  i s o l a t e d  s u r f a c e s ,  i . e . t h e y  do n o t  i n t e r a c t ,  b u t  t h o s e  o f  
t h e  p h y s i c a l  sys tem s t r o n g l y  i n t e r a c t  th rough  a t t r a c t i v e  Van d e r  Walls 
f o r c e s  and r e p u l s i v e  e l e c t r o s t a t i c  and h y d r a t i o n  fo rces26 .  

I n  s p i t e  o f  some morphological  s i m i l a r i t i e s  between t h e i r  s o l u t i o n s  
t h e  mathemat ical  and p h y s i c a l  problems appear  fundamental ly  d i f f e r e n t .  
P a r t i c u l a r l y  i f  i n  t h e  f i r s t  c a s e  e x t r i n s i c  boundary c o n d i t i o n s  d e t e r -  
mine t h e  morphology o f  t h e  s t r u c t u r e  t h e y  d o n ' t  e x i s t  i n  t h e  second 
c a s e  and we must look f o r  a  s u b s t i t u t e .  I n  t h e  n e x t  pa ragraph  we s h a l l  
c o n s i d e r  t h e  p o s s i b l e  r o l e  of  t h e  spontaneous monolayer c u r v a t u r e  i n  
t h i s  r e s p e c t .  

V - MONOLAYER CURVATURE 

We have c o n s i d e r e d  a n  i n f i n i t e l y  t h i n  g e o m e t r i c a l  s u r f a c e  which we 
i d e n t i f i e d  i n  t h e  c a s e  o f  i n v e r t e d  phases  w i t h  t h e  l o c u s  o f  t h e  CH3 o f  
t h e  b i l a y e r .  In  p r i n c i p l e  t h i s  s u r f a c e  has  ze ro  c u r v a t u r e  b u t  t h i s  
does n o t  imply t h a t  t h e  c u r v a t u r e  i s  z e r o  f o r  each monolayer o f  amphi- 
p h i l i c  molecules  on e i t h e r  s i d e  o f  i t .  Indeed,  a s  shown i n  f i g . 1 5  where 
we c o n s i d e r  t h e  c u r v a t u r e  of  a  s u r f a c e  p a r a l l e l  t o  a  s a d d l e  s u r f a c e  
w i t h  ze ro  c u r v a t u r e ,  t h e  c u r v a t u r e  a t  t h e  amphiph i le /wa te r  i n t e r f a c e  
i s  d i f f e r e n t  from zero .  

Fig .  15  - A s a d d l e  s u r f a c e  S  w i t h  p r i n c i p a l  s e c t i o n s  1 and 2 ,  t h e  cen- 
t e r s  of  c u r v a t u r e  O and O 2  a r e  on t h e  normal n ,  t h e  c u r v a t u r e  of t h e  
s u r f a c e  R - l  - Rj l i s l ze ro  a s  Ri = R2 = R. A p a r a l l e l  s u r f a c e  S v  a t  a  
d i s t a n c e  'Q has  a  non ze ro  c u r v a t u r e  (R +R)- l  - (R2-R)-l % - 2 t  R - 2 .  

1 

I f  we t r y  t o  e s t i m a t e  i t s  v a l u e  w i t h  t h e  s t r u c t u r a l  d a t a ,  i . e . w i t h  
R = to t h e  molecu la r  l e n g t h  and R%2 go, we f i n d  I C I  % 1 / 2  Ro which i s  
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in te rmedia te  between t h a t  of a  l ame l l a r  p h a s e , l l l =  0 ,  and t h a t  of a  
hexagonal phase , lClc l /L  .The same would be v a l i d  f o r  d i r e c t  phases of 
the  same type where theOsurface  wi th  zero  cu rva tu re  i s  w i th in  t he  
aqueous medium between t he  p a r a f f i n i c  rods ,  a  p a r a l l e l  su r f ace  moving 
away from i t  t o  f i t  on t he  amphiphile/water i n t e r f a c e  s ee s  i t s  curva- 
t u r e  i nc r ea s ing  from zero t o  a  vaTue which i s  t h a t  of t he  cu rva tu re  
of t h e  i n t e r f a c e  i t s e l f .  Thus t he  bu i ld ing  of a  cubic s t r u c t u r e  may be 
seen a s  a  way chosen by an amphiphile/water system t o  accomodate a  
weak homogeneous curva ture  i n  each monolayer. This po in t  can be b e t t e r  
app rec i a t ed  by'examining t he  l oca t i ons  of cubic  phases r e l a t i v e  t o  
t h a t  o f  l ame l l a r  and hexagonal phases i n  t he  phase diagrams. To do s o  
we r e f e r  t o  t h e  hypo the t i ca l  phase diagram shown i n  f ig .16 .  I t  r ep re -  
s e n t s  t h a t  of an amphiphile/water system p re sen t ing  almost every known 
phase except  those  e x i s t i n g  on t he  low water  conten t  s i d e ,  a  complica- 
t ed  reg ion  which can no t  be schematized i n  a  simple way. 

O Water  content 100 

Fig. 16 - An hypo the t i ca l  amphiphile/water phase diagram (hatched r e -  
gions a r e  polyphasic  domains) 

The i n t e r e s t  o f  such a  diagram i s  t h a t  i t  p re sen t s  t h e  phases i n  t h e i r  
n a t u r a l  o rde r  of occurence a s  t he  water  conten t  i nc r ea se s .  A r e a l  pha- 
s e  diagram p re sen t s  only a  few of them, f o r  i n s t ance  t h e  i nve r t ed  pha- 
s e s  f o r  d i - a l k y l  amphiphiles o r  t h e  d i r e c t  phases f o r  mono-alkyl am- 
p h i p h i l e s ,  but  they always appear wi th  i nc r ea s ing  water  conten t  f o l l o -  
wing t h e  sequence given i n  f ig .16.  For i n s t ance  an i nve r t ed  hexagonal 
i s  be fo re  a  l ame l l a r  phase, whereas a  d i r e c t  hexagonal comes a f t e r .  
When the  cubic  phases e x i s t  they a r e  l o c a l i z e d  i n  t he  in te rmedia te  
zones a ,  6, y .  In  zone a ,  i n  between t he  i nve r t ed  hexagonal and lamel- 
l a r  phases ,  t h e  s t r u c t u r e s  can be I  ( l i p i d ç )  o r  Pn3 (monoglycerides), 
wi th  networks of  water  channels  imbgaged i n  a  continuous medium of 
amphiphi l ic  molecules.  In  zone B,  i n  between t h e  l ame l l a r  and d i r e c t  
hexagonal phases,  t he  structure is 1 wi th  a  network of amphiphi l ic  
molecules imbedded i n  a  ~ o n t i n u o u 8 ~ ~ w a t e r  matr ix.  In  zone y ,  i n  be t -  
ween t he  d i r e c t  hexagonal and m i c e l l a r  phases,  t h e  s t r u c t u r e  proposed 
from x-ray da t a  i s  P of t he  c l a t h r a t e  type,  wi th  rods and micel les ,  
bat we have seen t hap3n th i s  s t r u c t u r e  i s  s t i l l  a  mat te r  of deba te ,  a s  
NMR f a i l s  t o  d e t e c t  t he  i n f i n i t e  network of rods ,  and we s h a l l  no t  
cons ider  i t  any longer .  We see  c l a r l y  on t h i s  phase diagram t h a t  in -  
c r ea s ing  t he  water  conten t  i nc r ea se s  t h e  curva ture .  I f  we Say t h a t  t he  
curva ture  i s  nega t i ve  on t he  low water  conten t  s i d e  of t h e  l ame l l a r  
phase and p o s i t i v e  on t h e  h igh  water  conten t  s i d e ,  i t  i nc rea se s  from 
- l / L o  i n  t he  i nve r t ed  hexagonal t o  O i n  t he  l ame l l a r ,  then l / L o  i n  
the  d i r e c t  hexagonal and f i n a l l y  2 / R o  i n  t he  d i r e c t  m i c e l l a r  phase. 



The cubic  phases Iagd and Png with curva tures  between O and - l / R o ,  o r  
+ 1 / R  , a r e  t h e r e f o r e  l o g i c a l l y  l oca t ed  i n  t he  in te rmedia te  zones a,B. 
But n8w why a r e  complex cubic  s t r u c t u r e s  needed f o r  r e a l i z i n g  S t a t e s  
of weak monolayer curva tures?  A f i r s t  understanding of  t h i s  po in t  can 
be found cons ider ing  t he  d r iv ing  fo r ce s  f o r  t he  curving of t he  monola- 
ye r s  and t he  c o n s t r a i n t  under which they e x e r t  t h e i r  a c t i o n .  The cur-  
va ture  r e s u l t s  i n  p a r t  from a  competi t ion i n  t he  amphiphi l ic  l a y e r  
between t h e  e l e c t r o s t a t i c  i n t e r a c t i o n s  of t h e  po l a r  heads, which tends 
t o  p u l l  them a p a r t  when t he  water  conten t  i nc r ea se s .  and t he  entropy 
of t he  p a r a f f i n i c  cha ins  and t h e i r  i n t e r a c t i o n s  which tends to  keep them in 
an almost cons tan t  conformational  s t a t e  4.  I f  only t he se  l o c a l  terms 
were considered every homogeneous cu rva tu re  might be envisaged by sim- 
p l y  curving t he  f l a t  i n t e r f a c e s  of t he  l ame l l a r  phase i n  a  c y l i n d r i c a l  
o f  s p h e r i c a l  manner, a s  shown i n  f i g .17 .  

Fig. 17 - Deformations of  t he  f l a t  i n t e r f a c e  of  a  l ame l l a r  phase(a)  
i n t o  c y l i n d r i c a l  ones,  wi th  p o s i t i v e  cu rva tu re  i n  ( b ) ,  wi th  nega t i ve  
cu rva tu re  i n  ( c ) .  In bo th  cases  i n t e r f a c e s  a r e  t o  be c r ea t ed  i n  t h e  
p a r a f f i n i c  medium. In  (b) t h i s  i n t e r f a c e  d i sappears  when R % R  , d i r e c t  
hexagonal phase. In  (c) t h e  sma l l e r  R t h e  e a s i e r  it is  f o r  t h 8  cha ins  
t o  make i t  d isappear  by i nc rea s ing  t h e i r  e longa t ions  f i l 1  t he  ho l e ,  
i nve r t ed  hexagonal phase. 

However, except  when t h e  r ad iu s  of curva ture  R i s  about t he  average 
molecular  l eng th  R a s  i n  d i r e c t  hexagonal o r  m i c e l l a r  phases,  o r  
smal l ,  a s  i n  i n v e r t i d  phases,  t he  system must c r e a t e  new i n t e r f a c e s  
wi th in  t h e  p a r a f f i n i c  l a y e r s  which in t roduce  a  supplementary i n t e r f a -  
c i a l  energy. The bu i ld ing  of a  minimal s u r f a c e  of t he  type of  those  
d i scussed  above might be t h e r e f o r e  a  way t o  accomodate a  weak sponta-  
neous monolayer curva ture  wi thout  an e x t r a  c o s t  of i n t e r f a c i a l  energy. 

Obviously, i n  t h i s  p i c t u r e ,  t h e  c l a s s i c a l  l ame l l a r  and hexagonal pha- 
s e s  a r e  examples of  accomodation t o  zero and % l / R  monolayer curvatu-  
r e s .  When t h e  condi t ions  a r e  such t h a t  t h e  i n t e r f a e i a l  curva ture  i s  
zero everywhere t he  only pos s ib l e  minimal p a r t i t i o n  su r f ace s  a r e  f l a t  
and t h e  phase i s  l ame l l a r .  When t h e  condi t ions  a r e  such t h a t  t he  i n t e p  
f a c i a l  curva ture  i s  about t he  i nve r se  o f  t he  molecular l ength  every- 
where t he  aggregates  a r e  c y l i n d r i c a l ,  t he  minimal p a r t i t i o n  su r f ace s  
a r e  t o  be organized i n  a  honey comb s t r u c t u r e  23 and t h e  phase i s  he- 
xagonal. We might a l s o  add,  i n  an even more specu l a t i ve  manner, t h a t  
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when t h e  condi t ions  a r e  such t h a t  t h e  i n t e r f a c i a l  curva ture  i s  about 
twice t h e  i nve r se  of t he  molecular  l ength  everywhere t he  aggregates  a r e  
s p h e r i c a l  m ice l l e s ,  t he  minimal su r f ace s  a r e  t o  be ,o rgan i zed  i n  a - t e t r a -  
kaidecahedral  s t r u c t u r e  23 and a  concent ra ted  m i c e l l a r  s o l u t i o n  must 
p r e sen t  t he  s h o r t  range body cen t e r ed  cubic  s t r u c t u r e  a s  shown by a  
r ecen t  experiment 28. 

F i n a l l y  t he  observa t ion  of  o t h e r  phase diagrams sugges t  t h a t  t he  forma- 
t i o n  of  a  cubic  phase i s  no t  t h e  only way p o s s i b l e  f o r  an amphiphile/=- 
t e r  system t o  c o n c i l i a t e  t he  c o n s t r a i n t  o f  a  weak curva ture  wi th  t h a t  
of a  compact p a r a f f i n i c  medium. Ce r t a in  systems e x h i b i t  phases wi th  
r ec t angu la r  symmetry i n s t e a d  of  cubic  phases i n  t he  same zones a ,  z7 .  
Those r ec t angu la r  phases,  l i k e  t he  one shown i n  f i g .18 ,  a r e  assemblies  
of i n f i n i t e  r ibbons wi th  non c i r c u l a r  s e c t i o n .  Here t he  curva ture  va- 
r i e s  a long t he  i n t e r f a c e  from about O i n  t he  c e n t r a l  core  of t he  r i b -  
bon t o  about l / E o  a long  i t s  edge, and i t  i s  t h e  average va lue  which i s  
weak. 

Fig. 18 - Schematic r ep re sen t a t i on  o f  a  r ec t angu la r  phase. The aggre- 
ga t e s  a r e  i n f i n i t e l y  long r ibbons organized along a  2-d l a t t i c e  wi th  
r ec t angu la r  symmetry. 

Such inhomogeneous s o l u t i o n s  may be p r e f e r r e d  i n  a  system wi th  two am- 
p h i p h i l e s ,  a s  i t  has been shown t h a t  cu rva tu re  f l u c t u a t i o n s  may be made 
more favorab le  by concen t r a t i on  f l u c t u a t i o n s  w i th in  t he  aggrega tes  29, 
o r  i n  i o n i c  systems,  where f l u c t u a t i o n s  o f  t h e  i o n i c  d i s t r i b u t i o n  might 
occur.  Conversely non-ionic  systems wi th  only one amphiphile,  where no 
such f l u c t u a t i o n s  may occur ,  a r e  known t o  p r e f e r  t h e  l e s s  inhomogeneous 
s o l u t i o n s  of  t h e  cubic  phases. 

V I  - CONCLUSION 

There were two a spec t s  i n  Our p r e s e n t a t i o n  of  t h e  cubic  s t r u c t u r e s  f o r -  
med by amphiphi l ic  molecules.  The f i r s t  was a  c r i t i c a l  d i s cus s ion  of 
t he  e x i s t i n g  s t r u c t u r a l  d a t a  i n  t he  " In t roduc t ion"  and i n  t h e  paragraphs 
"Methods" and "Proposed S t ruc tures" .  The second was a  somewhat conjec- 
t u r a l  s ea r ch  f o r  a  conmon p r i n c i p l e  underlying t h e  apparent  complexity 
of t h e  s t r u c t u r e s ,  i t  was developped i n  t h e  paragraphs " P a r t i t i o n  sur -  
faces"  and "Monolayer curvature".  I n  t he  f i r s t  o f  t he se  las t  paragraphs 
we s t a r t e d  t h i s  approach r e c a l l i n g  t h a t  t he  experimental  evidences i n -  
d i c a t e  t h a t  t h e  aqueous and p a r a f f i n i c  media have l i q u i d - l i k e  behaviors  
and t h a t  t he  cubic  s t r u c t u r e s  may be analyzed a s  two i n f i n i t e  c e l l s  o f  
one medium sepa ra t ed  by a  f i l m  of t he  o t h e r  (The c e l l s  a r e  water  c e l l s  
and t h e  f i l m  i s  p a r a f f i n i c  , fo r  t he  i nve r t ed  s t r u c t u r e s ,  t he  c e l l s  a r e  
p a r a f f i n i c  and t he  f i lm  aqueous f o r  t he  d i r e c t  s t r uc tu re s ) .The re  i s  
t h e r e f o r e  an analogy between t h e  cubic  phases and t he  problem of  space 
p a r t i t i o n n i n g  by l i q u i d  f i lms  which can be so lved  by t h e  i n t roduc t ion  



of minimal s u r f a c e s  w i t h  ze ro  c u r v a t u r e  s e p a r a t i n g  c e l l s  w i t h  e q u a l  
p r e s s u r e s .  A c e r t a i n  number o f  such  s u r f a c e s  were c a l c u l a t e d  by mathe- 
m a t i c i a n s  and i t  was proposed i n  t h e  l i t e r a t u r e  t h a t  some o f  them 
might f i t  i n  t h e  s t r u c t u r e s  proposed f o r  t h e  c u b i c  p h a s e s . F i r s t  it was not 
c l e a r  where t h o s e  s u r f a c e s  shou ld  be looked f o r .  Obviously  t h e y  a r e  
n o t  t o  be  confused w i t h  t h e  amphiph i le /wa te r  i n t e r f a c e s  b u t  r a t h e r  
would be t h e  i d e a l  s u r f a c e s  i n  t h e  p a r t i t i o n n i n g  f i l m s  where t h e  e f f e c t  
o f  t h e  p r e s s u r e s  i n  t h e  two c e l l s  ba lance  e a c h  o t h e r .  Second a l though  
a t t r a c t i v e  t h i s  a n a l o g y m u s t b e  cons ide red  w i t h c a r e  i f  used t o  go beyond 
t h i s  s imple  approach.  The two problems a r e  indeed  n o t  s i m i l a r .  The s u r  
f a c e s  i n  t h e  mathemat ical  problem a r e  i n f i n i t e l y  t h i n  and non i n t e r a c -  
t i n g  s u r f a c e s  whi thou t  c u r v a t u r e  e l a s t i c i t y  and s u p p o r t e d  by w e l l  de- 
f i n e d  boundary c o n d i t i o n s  i n  t h e i r  u n i t  c e l l .  The s u r f a c e s  i n  t h e  
p h y s i c a l  problem a r e  a s s o c i a t e d  w i t h  s t r o n g l y  i n t e r a c t i n g  f i l m s  o f  f i -  
n i t e  t h i c k n e s s  which have a  c u r v a t u r e  e l a s t i c i t y  and which a r e  n o t  sup- 
p o r t e d  by any boundary cond i t ions .Those  two problems do n o t  have neces- 
s a r i l y  t h e  same s o l u t i o n s .  I n  t h e  l a s t  pa ragraph  "Monolayer c u r v a t u r e "  
we r e s t r i c t e d  Our scope c o n s i d e r i n g  o n l y  t h e  p o s s i b l e  r o l e  o f  t h e  spo* 
taneous c u r v a t u r e  o f  each monolayer on e i t h e r  s i d e s  o f  p a r t i t i o n  s u r -  
f a c e  w i t h  ze ro  c u r v a t u r e  t o  b u i l d  a  p a r t i c u l a r  s t r u c t u r e .  Th i s  monola- 
y e r  c u r v a t u r e ,  which was n o t  c o n s i d e r e d  by t h e  mathemat ic ians ,  i s  t h e  
f e a t u r e  which d i s t i n g u i s h e s  t h e  a m p h i p h i l i c  medium from t r u e  l i q u i d s .  
I t  i s  imposed by t h e  degree  o f  h y d r a t i o n  and t h e  t empera tu re  o f  t h e  
system. Most l i k e l y  t h i s  p h y s i c a l  c o n s t r a i n t ,  which a c t s  under  t h e  
n e c e s s i t y  o f  keeping t h e  compacity o f  t h e  p a r a f f i n i c  medium, f o r c e s  t h e  
system t o  choose one minimal p a r t i t i o n  s u r f a c e  among s e v e r a l  o t h e r s . I t  
would now be  tempting t o  s t u d y  t h e  l o c a l  c u r v a t u r e s  o f  t h e  p a r t i t i o n  
s u r f a c e  a s s o c i a t e d  w i t h  t h e  minimal f r e e  energy o f  c u r v a t u r e  f o r  a  g i -  
ven spontaneous c u r v a t u r e  i n  each monolayer. However t h e  e x i s t i n g  ex- 
p r e s s i o n s  o f  t h i s  energy a r e  harmonic approximat ions  which can n o t  
g i v e  account  o f  t h e  s t r o n g  c u r v a t u r e s  e x h i b i t e d  by t h e  s t r u c t u r e s  30. 
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