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FOREWORD 
A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d c o l 
lections of data i n specia l areas of t o p i c a l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented , 
their papers d i s t r i b u t e d a m o n g several journals or not p u b 
l i s h e d at a l l . Papers are refereed c r i t i c a l l y a c c o r d i n g to A C S 
e d i t o r i a l standards a n d receive the care fu l a t tent ion a n d proc 
essing characterist ic of A C S publ ica t ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g i n a l contr ibut ions 

not p u b l i s h e d elsewhere i n w h o l e or major p a r t a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y 
embrace b o t h types of presentat ion. 
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PREFACE 

' T ' h e impor tance of association structures of a m p h i p h i l i c molecules for 
in ter fac ia l phenomena has been r e a l i z e d i n the last ten years w i t h 

the r a p i d progress of k n o w l e d g e c o n c e r n i n g the structure of b i o m e m 
branes a n d the discovery of the p r o n o u n c e d inf luence of surfactant asso
c ia t ion structures o n the propert ies of disperse systems. 

D u r i n g the discussions at the F i f t h Internat ional L i q u i d C r y s t a l 
C o n f e r e n c e i n S t o c k h o l m i t was f o u n d that l o n g range order is the 
c o m m o n factor i n these systems. T h e discussions gave the impetus to 
c o m b i n e the present k n o w l e d g e of the structure of l i q u i d crystals w i t h 
that of pert inent in ter fac ia l p h e n o m e n a i n a v o l u m e to serve as reference 
book for researchers—such as scientists w o r k i n g i n the fields of phar 
m a c y , foods or c o s m e t i c s — w i t h a n interest i n b o t h biostructures a n d 
disperse systems. 

T h i s v o l u m e covers the s t ructura l relations b e t w e e n thermotropic 
a n d l y o t r o p i c l i q u i d crystals ( C h a p t e r s 1 a n d 2 ) a n d compares t h e m w i t h 
the m i c e l l a r systems ( C h a p t e r 3 ) . T h e in ter fac ia l aspects a n d the a c c o m 
p a n y i n g s tabi l i ty problems are covered i n Chapters 5 a n d 6 . T h e m o l e c u 
lar d y n a m i c s i n l i q u i d crystals, the importance of w a t e r structure a n d of 
counter - ion b i n d i n g for the ir s tabi l i ty are three essential factors for l o n g 
range order systems, w h i c h are treated i n Chapters 7 , 8 , a n d 9 . T h e final 
chapter b y E . J . A m b r o s e i l lustrates the change of order i n a b i o l o g i c a l 
system u n d e r m a l i g n a n t condit ions . 

I t is a pleasure to express m y grati tude to the part ic ipants i n the 
S tockholm conference for their interest a n d enthusiasm, a n d to the 
authors of the v o l u m e , w h o generously shared their k n o w l e d g e i n a n 
exc i t ing a n d r a p i d l y d e v e l o p i n g field of science. 

Stockholm STIG FRIBERG 
May 1976 

v i i 
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INTRODUCTION 

'he P l a n n i n g a n d Steering C o m m i t t e e for Internat ional L i q u i d C r y s t a l 
A Conferences r e c o m m e n d e d that the proceedings of the F i f t h Inter

nat iona l L i q u i d C r y s t a l Conference s h o u l d be p u b l i s h e d i n t w o sources. 
M o s t of the papers on thermotropic l i q u i d crystals w i l l be p u b l i s h e d i n 
Journal de Physique, a n d those d e a l i n g w i t h l y o t r o p i c systems w i l l b e 
co l lec ted as a group a n d p u b l i s h e d i n this h a r d b a c k v o l u m e . T h e C o m 
mittee asked S t i g F r i b e r g to serve as edi tor of this v o l u m e . W e are 
pleased that this v o l u m e is a par t of the A m e r i c a n C h e m i c a l Society's 
Advances in Chemistry Series. 

T h e papers appear ing i n this v o l u m e represent the c o m m o n research 
areas encountered i n lyo t rop ic systems. A n effort is m a d e to i n c l u d e 
articles connect ing the l y o t r o p i c l i q u i d crystals w i t h b i o l o g i c a l structures 
character ized b y s imi lar long-range order phenomena . T h e papers c o n 
ta ined i n this book s h o u l d serve not o n l y researchers i n the field w h o 
w a n t to e x p a n d their k n o w l e d g e of l y o t r o p i c l i q u i d crystals b u t also 
those w h o are start ing i n the field. 

January 1975 
G L E N N H. BROWN, CHAIRMAN 

Planning & Steering Committee 

ix 
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1 

Generic Relationships between Non
-Amphiphilic and Amphiphilic Mesophases 
of the "Fused" Type 

Relationship of Cubic Mesophases ("Plastic Crystals") 
Formed by Non-Amphiphilic Globular Molecules to 
Cubic Mesophases of the Amphiphilic Series 

G. W. GRAY 

Department of Chemistry, The University, Hull, HU6 7 R X , England 

P. A. WINSOR 

Shell Research, Ltd., Thornton Research Centre, Chester, CH1 3SH, England 

A generic relationship exists between lamellar mesophases 
(smectics A and C), formed by non-amphiphilic mesogens 
with lath-like molecules and "fused" lamellar mesophases, G 
(with or without solvents), formed by amphiphilic mesogens. 
A second generic relationship occurs between non-amphi
philic nematic mesophases and two-dimensionally hexagonal 
"middle" mesophases (M1, M2), formed by fibrous amphi
philic micelles. A third generic relationship is now proposed 
between three-dimensionally periodic cubic "rotational" 
mesophases ("plastic crystals"), formed by non-amphiphilic 
mesogens with globular molecules, and cubic mesophases 
(S1c, V1, V2), formed by globular amphiphilic micelles. 
Finally it is suggested that the cubic mesophase, "smectic 
D," formed by a few non-amphiphilic mesogens with lath
-like molecules, is a rotational mesophase based on globular 
groupings (of parallel molecules) that arise in the transition 
between smectics A and C. 

>"phe purpose of this account is to p o i n t out cer ta in generic relat ionships 
b e t w e e n the mesophases of the n o n - a m p h i p h i l i c ser ies—nematic , 
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2 L Y O T R O P I C LIQUID CRYSTALS 

smectic , a n d p las t i c c r y s t a l — a n d the f u s e d mesophases—middle ( M i a n d 
M 2 ) , smectic ( G ) , a n d c u b i c ( S i c , V i , a n d V 2 ) — o f the a m p h i p h i l i c series. 

T h e c u b i c a m p h i p h i l i c mesophases ( S i c , V i , a n d V 2 ) f r o m their 
in terpos i t ion i n the succession of mesophases S i c , M i , V i , G , V 2 , a n d M 2 , 
have general ly been t e r m e d ' l i q u i d c rys ta l l ine" l i k e the o p t i c a l l y aniso
t r o p i c a m p h i p h i l i c mesophases M i , G , a n d M 2 . T h e c u b i c mesophases 
f o r m e d b y n o n - a m p h i p h i l i c g lobular molecules h a v e h o w e v e r u s u a l l y 
been te rmed "plas t ic crysta ls / ' T h i s nomenclature has obscured the fact 
that these "plast ic crystals" are f u n d a m e n t a l l y l i q u i d crystals rather t h a n 
s o l i d cyrstals a n d bear a re lat ionship to the opt i ca l ly anisotropic n o n -
a m p h i p h i l i c smect ic a n d nemat ic l i q u i d crystals s i m i l a r to that b o r n b y 
the a m p h i p h i l i c c u b i c mesophases to the o p t i c a l l y anisotropic "neat" ( G ) 
a n d m i d d l e ( M i a n d M 2 ) l i q u i d crystal l ine phases. 

Mesophases of Nematic Type 

T h e in termice l lar e q u i l i b r i u m w h i c h , a c c o r d i n g to the R theory ( I , 2, 
3) is responsible for the succession of m i c e l l a r a m p h i p h i l i c so lut ion phases, 
b o t h amorphous a n d l i q u i d crysta l l ine , is s h o w n i n F i g u r e 1. 

A n a l o g o u s l y to the f o r m a t i o n of the nemat i c mesophase i n the n o n -
a m p h i p h i l i c series b y the p a r a l l e l arrangement of la th - l ike molecules 
w i t h o u t other l o n g range pos i t iona l or or ientat ional order ( F i g u r e 2 a ) , 
i n the a m p h i p h i l i c series the m i d d l e mesophases M i a n d M 2 are f o r m e d 
b y the p a r a l l e l arrangement of c y l i n d r i c a l fibrous mice l les . These m i 
celles, because of their indef ini te extension, are ar ranged i n a t w o -
d i m e n s i o n a l hexagonal lat t ice ( F i g u r e 3 ) w h i c h confers a h i g h viscosi ty 
o n these M phases that is not f o u n d w i t h n o n - a m p h i p h i l i c nemat ic phases. 

Mesophases of Smectic Type 

I n the n o n - a m p h i p h i l i c series the smect ic A mesophase is const i tuted 
b y a n extension of the p a r a l l e l m o l e c u l a r o r d e r i n g i n the nemat ic phase 
so that the p a r a l l e l l a th - l ike molecules are g r o u p e d i n p a r a l l e l indef in i te ly 
extended sheets ( F i g u r e 2 b ) . I n the a m p h i p h i l i c series, the smectic 
mesophase G ( F i g u r e 4 ) is f o r m e d b y the p a r a l l e l arrangement of indef i 
n i t e l y extended lamel la r " s a n d w i c h " micel les i n w h i c h the a m p h i p h i l i c 
molecules have a p o l a r head-to-polar h e a d pos i t ion a n d h y d r o c a r b o n 
ta i l - to -hydrocarbon t a i l arrangement w i t h solvents, i f present, p a r t i t i o n e d 
between the O , C , a n d W regions (Re f . 3, p . 273) a c c o r d i n g to their 
po lar i ty . 

I n the n o n - a m p h i p h i l i c smect ic A mesophase ( F i g u r e 2 b ) , the p a r a l 
l e l , f a i r l y r i g i d , l a t h - l i k e molecules are g r o u p e d w i t h or ienta t ional d isorder 
(at right angles to their l o n g axes) a n d end-to-end so that the molecules 
l i e stat ist ical ly n o r m a l to the sheets, const i tut ing a n o p t i c a l l y u n i a x i a l 
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4 L Y O T R O P I C L I Q U I D C R Y S T A L S 

• I I I I I I I 

J l 

I H -

II 4 ' 

m 
I I I I 1111 

Nematic Smectic A Smectic C 

Figure 2. Types of arrangement of hth-like molecules in 
certain non-amphiphilic mesophases 

The black disk represents any distinguishing feature on one face 
of the lath-like molecule which is shown as a line when viewed 
side on and as a dotted area when viewed face on. Each section 
(a), (b), and (c) represents a cross-section through an idealized 
arrangement with the molecules aligned longitudinally in the plane 
of the drawing, parallel to a plane surface that lies at right angles 
to the plane of the drawing and parallel to the margin. This cross-
section will repeat indefinitely above and below the plane of the 

drawing. 

(a) Mean longitudinal parallelism of the molecules is the sole 
regular feature of the nematic arrangement, the molecules being 
otherwise disordered in the plane of the drawing and in the plane 
at right angles to the direction of mean parallelism. In the latter 
plane, the cross-sections of the molecules are in complete two-
dimensional isotropic disorder. Although the molecules in the 
drawing are shown as equidistant and parallel, this is intended to 
represent a statistical mean equidistance and parallelism on either 

side of which there will be considerable deviations. 
(b) In addition to mean longitudinal parallelism, each molecule 
conditions the mean positions of its neighbors so that there is a 
minimizing of the mean distance between their ends or centers. 
This gives rise to layers perpendicular to the direction of mean 
parallelism. There is no additional regular feature within this 

smectic A molecular arrangement. 
(c) Additional regularities of molecular arrangement result in the 
mean relative positions of minimum energy for neighbors lying 
not with their midpoints at a minimized mean distance of separa
tion but with particular non-corresponding points at this mini
mized distance. This results in Uyers inclined to the direction of 
mean parallelism of the molecules. There is no evidence for such 
uniform polar order as shown in this section which has been drawn 
like this solely for simplicity. The average situation through many 
layers of a smectic C may be such that there is no resultant polarity 

of the order. 
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1. G R A Y A N D WINSOR Non- and Amphiphilic Mesophases 

phase. I n the a m p h i p h i l i c G mesophase ( F i g u r e 4 ) , the flexible h y d r o 
c a r b o n chains are not g r o u p e d l i k e p a r a l l e l rods b u t are arranged as i n a 
l i q u i d h y d r o c a r b o n , subject to the restr ic t ion of the a t tached p o l a r groups 
into p a r a l l e l sheets. A c c o r d i n g to the p a c k i n g of the polar_groups—i .e . , 
a c c o r d i n g to the in ter fac ia l area per p o l a r group o n t h e _ W face of the 
mice l l e , the thickness of the l i q u i d h y d r o c a r b o n reg ion , O , of the m i c e l l e 
m a y v a r y w i t h concentrat ion a n d / o r temperature , a n d i n cer ta in c i r c u m 
stances m a y b e cons iderably less t h a n t w i c e the f u l l y extended h y d r o 
c a r b o n c h a i n length . Nonetheless , there is no p r e f e r r e d m e a n d i r e c t i o n 
of i n c l i n a t i o n of C - C bonds w i t h respect to the lamel lar planes so that 
l i k e smect ic A the G phase is o p t i c a l l y u n i a x i a l . 

I n cer ta in smect ic phases (not cons idered i n d e t a i l here ) of the 
n o n - a m p h i p h i l i c series, there is a degree of temperature-dependent order
i n g of the p a r a l l e l molecules greater t h a n that o c c u r r i n g i n smect ic A 
phases. F o r example, the la th- l ike molecules m a y possess some degree of 
or ientat ional o r d e r i n g at r i g h t angles to their l o n g axes—i.e., a t w o -
d i m e n s i o n a l nemat ic o r d e r i n g — a n d m a y group other t h a n w i t h geo
metr i ca l ly corresponding points at closest a p p r o a c h distance. T h i s m a y 
result i n the planes of the sheets of molecules not l y i n g at r ight angles 
to the m o l e c u l a r l o n g axes—smectic C ( F i g u r e 2 c ) . 

I n the smectic phases of the a m p h i p h i l i c series, a l t h o u g h the h y d r o 
carbon chains themselves have a l i q u i d arrangement, a degree of o r d e r i n g 
of the po lar ends of the molecules ( - C H 2 X ) o n the p o l a r face of the 
micel les is possible . T h i s o r d e r i n g w o u l d b e expected to v a r y w i t h t e m -

d 

Figure 3. Two-dimensional, hexagonal struc
ture of the middle mesophase Mt in relation 

to the measured x-ray long spacing, d 
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6 L Y O T R O P I C L I Q U I D C R Y S T A L S 

w ^ 5 L I 

Figure 4. Diagrammatic representation of the 
structure of a G mesophase in a binary am-

phiphile/water system. 
Left of drawing: C layer contains most of am-
phiphile, hut both amphiphile^ and water are dis
tributed throughout the C, O, and W regions so 
that their respective activities are statistically uni
form throughout. Right of drawing: working ap-_ 
proximation usually used in x-ray studies. The C 
layer contains only and entirely all of the am-

phiphile present. 

perature a n d water content a n d m a y account for cer ta in a m p h i p h i l i c 
smect ic p o l y m o r p h s (e.g., neat soap phase, soap b o i l e r s neat phase G , 
E k w a l l ' s phase B ) r e p o r t e d i n the l i terature. 

Mesophases of Cubic or "Plastic Crystal" Type 

Amphiphilic Cubic Mesophases; Viscous Isotropic Phases. I n F i g u r e 
1, at posit ions w h e r e a h i g h concentrat ion of g l o b u l a r m i c e l l a r forms 
m i g h t b e expected, the c u b i c "viscous i so t rop ic " mesophases S i c , V i , a n d 
V 2 are encountered. T h i s is fur ther i l lus t ra ted b y F i g u r e 5. These meso
phases, because of their i n c l u s i o n w i t h i n the general sequence of a m p h i 
p h i l i c mesophases: 

Sic, M i , V i , G , V „ M 2 

h a v e u s u a l l y been r e c o g n i z e d as l i q u i d crystals. H o w e v e r , i n ear ly w o r k , 
L u z z a t i p o i n t e d out their three-dimensional crysta l l ine characteristics 
(4, 5, 6). 

Non-Amphiphilic Cubic Mesophases; Plastic Crystals. T h e c u b i c 
' p l a s t i c crystals" of the n o n - a m p h i p h i l i c series, to w h i c h the a m p h i p h i l i c 
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1. G R A Y A N D W I N S O R Non- and Amphiphilic Mesophases 7 

G M 2 Mesophasesf 

Cylinders or 
bimoiecular leaflets-

ta 

m 

Near spherical 

•v. 

Globular - transitional Globular-transitional Near spherical 

1 I 
N T 

Mesophases7 

Figure 5. Formation of the hexagonal, lamellar, and cubic amphiphilic meso
phases by the interactions between fibrous, lameUar, and globular micelles, 

respectively 
Sie, Vi, Vt, and Ste = optically isotropic cubic mesophases; 
Mi and Μ ζ = anisotropic, optically biréfringent, nematic type mesophases 

—parallel, indefinitely extended cylinders in two dimen
sional hexagonal array 

G = anisotropic, optically biréfringent, lamellar smectic A type 
mesophase—parallel, indefinitely extended equidistant 
leaflets 

+ = Mesophases formed by the operation of intermicellar forces 
at sufficiently close intermicellar distance and separation, 
from miceUar forms, fluid in character, organized by the 
operation of intramicellar forces dependent on composition 
and temperature 

c u b i c viscous i sotropic mesophases are gener ica l ly analogous, have u s u a l l y 
b e e n r e g a r d e d as t r u l y crystal l ine rather t h a n as l i q u i d crystal l ine . H o w 
ever, their " ro ta t iona l " mesomorphous character was c lear ly r e c o g n i z e d 
b y T i m m e r m a n n s , their discoverer ( 7 ) , a n d he ( 8 ) i l lus t ra ted the i r 
generic re la t ionship to the o p t i c a l l y anisotropic n e m a t i c a n d smect ic 
l i q u i d crystals as i n F i g u r e 6. T h i s re la t ionship is fur ther i l lus t ra ted b y 
the t h e r m o d y n a m i c data i n T a b l e I ( 9 ) , i n w h i c h the re la t ive ly h i g h heats 
of t ransi t ion f r o m s o l i d crysta l to mesophase a n d the re la t ive ly l o w heats 
of t rans i t ion f r o m mesophase to amorphous l i q u i d appear w i t h b o t h the 
anisotropic a n d the c u b i c classes of mesophase. 
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8 L Y O T R O P I C LIQUID CRYSTALS 

Liquid 
(isotropic) 

Liquid 
(isotropic) Plastic 

Crystal 
(cubic) 

Crystal Crystal 
(anisotropic) (anisotropic) 

I II III 
Journal of Physics and Chemistry of Solids 

Figure 6. Phases for systems which give: I, crystal, anisotropic 
liquid, and isotropic liquid; II, crystal and isotropic liquid; HI, 

crystal, cubic plastic crystal, and isotropic liquid (8) 

W h e r e a s the p a r a l l e l s t ructural units of n e m a t i c a n d smect ic l i q u i d 
crystals are r o d - l i k e a n d lamel lar , respect ively , i n plast ic ( l i q u i d ) crystals 
the units are ei ther g l o b u l a r molecules (see T a b l e I) or g lobular groups 
of molecules i n the n o n - a m p h i p h i l i c series, or t h e y are g lobular micel les 
i n the a m p h i p h i l i c series. M a n y types of " g l o b u l a r " organic molecules are 
k n o w n w h i c h g i v e r ise to plas t i c crystals. These molecules n e e d not b e 
str ic t ly spher i ca l but m a y be prolate ( C 1 3 C · CCI3) or oblate spheroids 
( cyc lohexane) or even s t rawberry shaped ( ( C H 3 ) 3 C · C H 2 · C H 3 ) . T h e 
i m p o r t a n t p o i n t is that w i t h i n the plas t i c c rys ta l la t t ice they u n d e r g o 
f a i r l y free t h e r m a l ro ta t ional motions a n d thus a c q u i r e effect ively near 

Table I. Comparative Thermodynamic Data for Some Compounds 
Giving Transitions from Solid Crystal to Amorphous Liquid 

Either with or without an Intermediate Mesophase 

T „ H c T a H a 

Compound Mesophase (°C)° (cal/g)" ( β Ο · (cal/g)" 
n - H e x a n e none - 9 5 36.0 = τ 0 =#. 
Cyclohexane plast ic - 8 7 19.0 6.5 7.5 
ct's-l , 2 - D i m e t h y l c y c l o - plast ic - 1 0 0 . 7 16.7 - 5 0 3.5 

hexane 
plast ic 

trans-1,2-Dimethylcyclo- none - 8 8 . 2 22.4 = 7% = # e 
hexane 

E t h y l p-azoxybenzoate smectic 114 13.8 122.6 3.5 
p - A z o x y a n i s o l e nemat ic 118 27.0 135 0.53 

a T0 = temperature of breakdown of the solid crystal lattice. 
h He — latent heat of transition at TV 
c ΤΛ β temperature of transition to amorphous liquid. For non-mesogens, ΤΛ = Te. 
d ΗΛ = latent heat of transition at ΤΛ. For non-mesogens, ΗΛ = Hc. 

t 

Liquid 
(isotropic) 

Liquid 
Crystal 

(anisotropic) 

Crystal 
(anisotropic) 

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

1,
 1

97
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

6-
01

52
.c

h0
01



1. G R A Y A N D W I N S O R N o n - and Amphiphilic Mesophases 9 

Table II. Crystalline Forms of Some Non-Amphiphilic Plastic 
Crystals (23, 24) and of Some Amphiphilic Cubic Mesophases 

Material 

C B r 4 CCI3OCI3 
Cyclopentane 
Cyc lohexane 
S i c d o d e c y l t r i m e t h y l a m m o n i u m 

ch lor ide /water 
V i d i m e t h y l d o d e c y l a m i n e o x i d e / w a t e r 
V i , V 2 var ious , anhydrous or w i t h water 

Cubic Plastic Solid Crystals 
Crystal at Lower 

(Classification of Temperatures ; 
Cubic Lattice) Crystal Type 

P a 3 monoc l in i c 
I m 3 m t r i c l in i c 
(hexagonal) 
fee 

P m 3 n 

fee 
l a 3 d , P m 3 n 

s p h e r i c a l s y m m e t r y ( 9 ) . S u c h restr ic t ion of rota t ion as occurs deter
mines the type of c u b i c lat t ice a d o p t e d ( T a b l e I I ) . W i t h comple te ly free 
rotat ion, a face-centered c u b i c latt ice w o u l d be expected. 

O n e feature of the n o n - a m p h i p h i l i c c u b i c mesophases is that they 
f requent ly s h o w m u t u a l m i s c i b i l i t y even w h e n const i tuted f r o m diss imi lar 
molecules . S u c h m i s c i b i l i t y , w h i c h contrasts w i t h the i m m i s c i b i l i t y be
t w e e n d i s s i m i l a r l y const i tuted s o l i d crystals, is also f o u n d b e t w e e n 
nemat i c mesophases, be tween corresponding smectic p o l y m o r p h s , a n d , of 
course, be tween amorphous l i q u i d s . T h i s m i s c i b i l i t y is impor tant i n its 
i m p l i c a t i o n that i n the c u b i c mesophases of the a m p h i p h i l i c series there 
c o u l d w e l l be an e q u i l i b r i u m of re la ted g l o b u l a r m i c e l l a r forms ( F i g u r e s 
1 a n d 5) rather than a s ingle c lear ly def ined f o r m . 

A n i m p o r t a n t characterist ic of the c u b i c mesophases, e i ther n o n -
a m p h i p h i l i c or a m p h i p h i l i c , is that because of the f a i r l y free t h e r m a l 
rota t ional motions of their consti tuent units , they t y p i c a l l y g ive h i g h reso
l u t i o n N M R spectra. I n this respect they behave l i k e amorphous l i q u i d s 
a n d qui te dif ferent ly f r o m convent iona l solids or f r o m mesophases s u c h 
as M i , M 2 , or G i n w h i c h rota t ion of the units is more severely restr icted. 

Shortcomings of Alternative Model Structures for 
Cubic Phases S i c , Vi> and Vz 

A n u m b e r of cont inuous network , jo inted-rod models for the struc
tures of the Sic, V i , a n d V 2 phases have been p r o p o s e d b y L u z z a t i a n d 
his col laborators (10, 11, 12) o n the basis of x-ray di f f rac t ion measure
ments. I n these models , the i n d i v i d u a l rods are close to i sodimens iona l 
a n d thus represent g lobular micel les , b u t these are p i c t u r e d , not as 
ro ta t ing at the latt ice points b u t as jo inted into cont inuous interpene
t ra t ing networks so as to confer rigidity o n the structure. Perhaps the 
m a i n object ion to these models is that, i n contrast to ro ta t iona l p las t i c 
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10 L Y O T R O P I C LIQUID CRYSTALS 

crys ta l structures ( 1 3 ) , they w o u l d not l e a d one to expect these phases 
to s h o w their character ist ic h i g h resolut ion N M R spectra b u t to behave 
s i m i l a r l y to the m i d d l e a n d neat mesophases w h i c h do not g i v e s u c h 
spectra. 

I t seems to the present authors that to account for the x-ray measure
ments i t m a y be possible to replace L u z z a t i ' s jo inted rods b y rotat ional 
g l o b u l a r micel les geometr ica l ly arranged i n a m a n n e r re la ted to that 
postula ted for the jo inted rods. T h e s tabi l i ty a n d r i g i d i t y of the phase 
w o u l d then be a t t r ibuted to latt ice forces ( v a n der W a a l s attractions a n d 
repuls ions, forces o p p o s i n g the interpénétration of e lec tr ica l d o u b l e l ay 
ers) s i m i l a r to those that confer s tabi l i ty a n d some r i g i d i t y o n the 
m i c e l l a r lattices of M i , M 2 , a n d G mesophases. A c c o r d i n g to L u z z a t i (14) 
a n d also a c c o r d i n g to the R theory (1, 2, 3, 15), the micel les themselves 
are almost d e v o i d of in te rna l r i g i d i t y . I t w i l l therefore be the in termice l lar 
forces—i .e., the latt ice forces—rather t h a n forces f r o m jo in t ing or close 
p a c k i n g (16) w h i c h confer the viscosities a n d stabil i t ies of the meso
phases 

Conditions for the Formation of Amphiphilic Mesophases 

F r o m this p o i n t of v i e w , the f o l l o w i n g condit ions must be satisfied 
for an a m p h i p h i l i c mesophase to f o r m : 

( 1 ) M i c e l l e s of appropr ia te conformation— i . e . , size a n d s h a p e — 
m u s t be present. 

( 2 ) T h e micel les of this s ize a n d shape (i.e., i n sufficient close 
p r o x i m i t y ) must be concentrated suff iciently to result i n the f o r m a t i o n of 
the mesophase latt ice at the p r e v a i l i n g temperature . A t some h igher 
temperature , this latt ice w i l l break d o w n to give the amorphous l i q u i d 
b y the dis integrat ing effect of the increased t h e r m a l m o t i o n . 

Formation of the S i c Phase in Binary Aqueous Alkyltrimethylam-
monium Halide Solutions. These considerations are w e l l i l lus tra ted b y 
the f o r m a t i o n of the S i c phase i n aqueous a l k y l t r i m e t h y l a m m o n i u m h a l i d e 
solutions (17) ( F i g u r e 7 ) . T h i s phase is apparent ly composed of S i 
m i c e l l e s — p r o b a b l y o n balance p r o l a t e — a r r a n g e d i n a p r i m i t i v e , c u b i c 
lat t ice a n d rota t ing f a i r l y f ree ly at the latt ice points . T h e latt ice is f o r m e d 
b y d o d e c y l - a n d t e t r a d e c y l t r i m e t h y l a m m o n i u m chlor ides b u t not b y the 
h e x a d e c y l or o c t a d e c y l chlorides nor b y any of the corresponding 
bromides . T h i s m a y be expressed as f o l l o w s . 

I n F i g u r e 1, w i t h i n a series of homologous a m p h i p h i l e s , a g i v e n stage 
i n the m i c e l l a r progress ion is reached at a l o w e r concentrat ion the h igher 
the h y d r o c a r b o n c h a i n length of the a m p h i p h i l e is . W i t h the h e x a d e c y l 
a n d o c t a d e c y l t r i m e t h y l a m m o n i u m chlor ides convers ion of g l o b u l a r ( S i ) 
to fibrous ( M i ) micel les apparent ly occurs at too l o w a c o n c e n t r a t i o n — 
i.e., at too great an in termice l la r d is tance—for S i c lat t ice to f o r m . R e p l a c e -
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1. G R A Y A N D W I N S O R Non- and Amphiphilic Mesophases 11 

200 

160 

120 

Ο 
ο 

| 80 

40 

0 

20 40 60 80 100 
NC12Me3Cl(%w) 

Figure 7. Phase diagram for the dodecyltrimethyl
ammonium chloride (NC 12Me3Cl)/water system (17) 

ment of C l " b y B r " again results i n displacement of the in termice l lar 
e q u i l i b r i u m i n F i g u r e 1 to the r ight . T h u s , L u z z a t i a n d R e i s s - H u s s o n 
(18) f o u n d b y x-ray di f f ract ion methods that i n d o d e c y l t r i m e t h y l a m m o 
n i u m chlor ide solutions at 2 7 ° C , S i g l o b u l a r micel les pers is ted u p to a 
concentrat ion of about 40 w t % , w h i l e w i t h the corresponding b r o m i d e 
the t ransformat ion to fibrous M i micel les o c c u r r e d at a concentrat ion of 
o n l y 5%—i.e., at a n in termice l la r separat ion distance too great for the 
f o r m a t i o n of the S i c latt ice. 

Formation of the V i and V 2 Mesophases and of the Non-Amphiphilic 
Cubic Mesophase "Smectic D " . I n F i g u r e s 1 a n d 5, the f o r m a t i o n of the 
a m p h i p h i l i c c u b i c mesophases V i a n d V 2 is a t t r ibuted to transi t ional 
g l o b u l a r m i c e l l a r forms w h i c h arise intermediate b e t w e e n the indef in i te ly 
extended fibrous ( M ) a n d l a m e l l a r ( G ) forms w h i c h constitute the 
m i d d l e a n d neat mesophases, respect ively . W i t h a f e w n o n - a m p h i p h i l i c 
mesogens (19, 20, 21, 22) a c u b i c mesophase "smect ic D " is f o u n d inter
media te i n the t h e r m a l succession of mesophases b e t w e e n smect ic A 
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12 L Y O T R O P I C L I Q U I D C R Y S T A L S 

( F i g u r e 2 b ) a n d smect ic C ( F i g u r e 2 c ) . I t is n o w suggested that this 
m a y b e caused b y the f o r m a t i o n of a ro ta t iona l c u b i c lat t ice b y g l o b u l a r 
t rans i t ional groupings of essentially p a r a l l e l molecules p r o d u c e d as transi 
t i o n a l intermediates , somewhat analogously to the trans i t ional g l o b u l a r 
micel les of the V i a n d V 2 mesophases, b e t w e e n the indef in i te ly extended 
sheets of smect ic A a n d smect ic C types, respect ive ly ( F i g u r e 2 ) . 
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Lyotropic Mesomorphism 

Phase Equilibria and Relation to Micellar Systems 

INGVAR DANIELSSON 

Department of Physical Chemistry, Åbo Akademi, Porthansgatan 3-5, 
SF-20500 Åbo (Turku) 50, Finland 

A survey is given of lyotropic mesophase structures charac
terized by the special effect of the solvent in aqueous lipid 
systems. They are compared with micelle formation. The 
equilibria between homogeneous micellar solutions and 
mesophases follow Gibb's phase law. The solutions have no 
long range order while the structural parameters of the 
mesophases are determined by the compositions. The short 
range order, which reflects the internal structure, is the 
same for different aggregates. The mesophases have fixed 
transition temperatures. Polar groups are completely hy-
drated, but the mesophases also bind "intercalated liquid." 
Association in an aqueous environment is caused by hydro
phobic interactions. Possibilities of analyzing molecular 
structure by NMR and Raman spectrometry are discussed. 
Attention is also drawn to the thermodynamic criteria influ
encing the formation of mesophases: of these only the 
activity of water is known so far. 

* " p h e t e r m l y o t r o p i c m e s o m o r p h i s m is u s e d to descr ibe the f o r m a t i o n of 
t h e r m o d y n a m i c a l l y stable l i q u i d crysta l l ine systems t h r o u g h the pene

t ra t ion of a solvent b e t w e e n the molecules of a crysta l latt ice. I n contrast 
to the thermotropic m e s o m o r p h i s m s h o w n b y m a n y p u r e substances, 
l y o t r o p i c m e s o m o r p h i s m always requires the p a r t i c i p a t i o n of a solvent. 
L y o t r o p i c a l l y mesomorphous systems, however , are u s u a l l y as sensitive 
to changes i n temperature as thermotropic systems. So far , l y o t r o p i c 
m e s o m o r p h i s m has been observed almost exclusively i n l i p i d systems 
conta in ing water . L i p i d s that s h o w l y o t r o p i c m e s o m o r p h i s m f requent ly 

13 
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14 L Y O T R O P I C LIQUID CRYSTALS 

c. 

Figure 1. Structures of aggregates in solutions of asso
ciation colloids 

(a) Pre-micellar aggregates in water solution 
(b) Ordinary micelles (Hartley micelles) in water so

lution 
(c) "Inverted? miceUes in oil solution 

f o r m thermotropic mesophases w i t h o u t any addit ions at h i g h t e m p e r a 
tures. Recent research concern ing the l y o t r o p i c m e s o m o r p h i s m a n d its 
re la t ion to m i c e l l a r system covers a w i d e field, a n d o n l y essential features 
c a n b e g i v e n here. 

T h e structure of the l y o t r o p i c a l l y mesomorphous latt ice is m a d e u p 
of m u l t i m o l e c u l a r units c a l l e d mesoaggregates. These are s u r r o u n d e d b y 
a n in tervening l i q u i d . L y o t r o p i c m e s o m o r p h i s m is therefore c losely 
re la ted to the tendency of l i p i d s to accumulate at interfaces. T h e surface 
ac t iv i ty is a consequence of the same dual i s t i c p o l a r / n o n - p o l a r m o l e c u l a r 
structure that causes the f o r m a t i o n of micel les i n solutions of association 
col lo ids (1, 2, 3,4,5,6). 

M i c e l l e s are large p o l y m o l e c u l a r aggregates i n solutions. T h e y are 
t h e r m o d y n a m i c a l l y stable because of in termolecular interactions. Some 
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2 . D A N i E L S S O N Lyotropic Mesomorphism 1 5 

types of m i c e l l a r aggregates are i l lus t ra ted i n F i g u r e 1. S m a l l aggregates 
w i t h f e w anions have been f o u n d i n solutions of short -chain salts ( F i g u r e 
l a ) . N o r m a l H a r t l e y micel les ( F i g u r e l b ) p r e d o m i n a t e i n surfactant 
solutions above the c r i t i c a l m i c e l l e concentrat ion ( C M C ). T h e l i p o p h i l i c 
groups accumulate i n the l i q u i d - l i k e inner p a r t of the aggregates. T h e 
h y d r o p h i l i c groups are d i rec ted towards water . " I n v e r t e d " mice l les 
( F i g u r e l c ) i n a h y d r o c a r b o n envi ronment have the ir po lar groups 
p i l e d u p i n the inner par t of the micel les . These i n v e r t e d micel les m a y 
also b i n d water . S m a l l " i n v e r t e d " aggregates, analogous to the pre -
micel les f o r m e d i n aqueous solutions, are f requent ly observed i n organic 
solvents—for example , i n extract ion systems used i n c h e m i c a l technology. 

W h e n m i c e l l a r aggregates are f o r m e d i n solutions a n d their aggre
gat ion numbers are not very large, they are r a n d o m l y dispersed, o w i n g 
to t h e r m a l m o t i o n . W e a k indicat ions of anisotropy are f o u n d at v e r y 
h i g h concentrations only . 

Structure of the Mesophases 

X - r a y investigations b y L u z z a t i a n d Skoulios ( 5 , 7 ) s h o w e d that the 
aggregates i n l y o t r o p i c mesophases are s t ructura l ly v e r y s imi lar to 
micel les ( F i g u r e 2 ) . I n contrast to these, however , the mesoaggregates, 
are usua l ly of inf ini te dimensions i n one or t w o direct ions . T h e y f o r m 
ordered lattices, w h i c h cause the characterist ic anisotropy. T h e macro
scopic flow propert ies of the mesophases d e p e n d on the f a i r l y free trans-
l a t i o n a l m o b i l i t y of the aggregates i n one or t w o direct ions ( F i g u r e 2 ) . 
T h e a m p h i p h i l i c molecules are anchored t h r o u g h their po lar groups o n 
the borders be tween the mesoaggregates ( t y p e 2 Ε or 2 D ) or i n the 
regions i n the mesoaggregates that are r i c h i n w a t e r ( t y p e 2 F ) . T h e 
type 2 D lamel lar phase consists of d o u b l e layers of a m p h i p h i l i c m o l e 
cules—i .e., their structure is analogous to that of b i m o l e c u l a r l i p i d 
membranes . B e t w e e n these layers there is water ; the h y d r o c a r b o n 
moieties of the molecules f o r m l i q u i d - l i k e l i p o p h i l i c inner layers that 
m a y so lubi l ize o i l . 

T h e rod-shaped aggregates, 2 E , also h a v e inner , l i p o p h i l i c a n d 
outer, p o l a r regions w i t h the p o l a r groups d i r e c t e d outwards . U s u a l l y the 
lattices are hexagonal ly arranged, b u t more c o m p l i c a t e d configurations 
have been encountered. 

T h e aqueous reg ion b e t w e e n the aggregates 2 Ε a n d 2 D is s i m i l a r 
to a n electrolyte solut ion. T h e e lec tr ica l c o n d u c t i v i t y is g o o d because of 
the f a i r l y h i g h m o b i l i t y of the counterions, a n d the v a p o r pressure of the 
water is h i g h since almost a l l l o n g c h a i n ions are b o u n d (4). 

T h e r e are no continuous water regions i n mesophases of t y p e 2 F . 
T h e i r structure resembles that of inver ted micel les . T h e i r c o n d u c t i v i t y 
is l o w , a n d their propert ies are l i p o p h i l i c . 
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16 L Y O T R O P I C L I Q U I D C R Y S T A L S 

Figure 2. Some structures in liquid crystalline systems 
of association colloids 

(E) Hexagonally packed hydrophilic rods with wa
ter-rich regions between the mesoaggregates (neat soap) 

(D) Lamellar structure (middle soap) 
(F) Hexagonally packed lipophilic rods with hydro

philic inner regions and oil-Hch regions between the 
mesoaggregates. 

T h e aggregates discussed above are a l l anisodimensional , w h i c h is 
the reason for the anisotropic character of the mesophases. I n some 
systems i t has been possible to p r o v e the existence of i sotropic h i g h l y 
viscous phases of s imi lar structure b u t w h i c h c lear ly consist of almost 
i sodimens iona l aggregates. T h e exact structure of these phases is s t i l l 
the subject of discussion, as is also the case w i t h the complex meso
phases. T h e re la t ion b e t w e e n the isotropic phases a n d g lobular proteins 
a n d plas t ic crystals of n o n - a m p h i p h i l i c substances has been discussed b y 
G r a y a n d W i n s o r ( 5 ) . 

T h e nomenclature for the different mesophases varies ; t ranslat ion 
lists for the terms used b y different authors have b e e n p u b l i s h e d b y 
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2. D A N E E L S S O N Lyotropic Mesomorphism 17 
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Acta Crystal I ogra phi θ 

Figure 3 . X-ray long spacings (A) of systems of cetyl-
trimethylammonium bromide and water as a function 
of the ratio gram water/gram association colloid (8 ) 

O O O O lameUar phase 
XX XX hexagonal phase 

· · · · crystals 

E k w a l l a n d co-workers ( I , 2, 3 ) , as w e l l as b y others. 
T h e macroscopic structure of l y o t r o p i c mesophases is reminiscent of 

emulsions that are s tab i l ized b y surfactants. M o s t of ten they are opales
cent a n d gel- l ike . It is sometimes dif f icult to ascertain the difference 
be tween m i c e l l a r a n d l i q u i d crystal l ine systems o n the one h a n d , a n d 
heterogeneous dispersions o n the other. Heterogeneous, non-crysta l l ine 
systems do not s h o w x-ray di f f rac t ion as do homogeneous m i c e l l a r a n d 
mesomorphous phases. T h e interplanear spacings corresponding to the 
aqueous a n d h y d r o c a r b o n regions i n the mesophases v a r y w i t h the v o l u m e 
f rac t ion of water , as p r e d i c t e d b y the s t ruc tura l models ( F i g u r e 3 ) ( 8 ) . 
T h e mesophases have wel l -de f ined transi t ion temperatures a n d occur i n 
w e l l - d e f i n e d compos i t ion regions ( F i g u r e s 3 a n d 4 ) ( 8 , 9 ) . 

T h e state of the h y d r o c a r b o n chains i n mesophases a n d micel les is 
ref lected i n the K r a f f t phenomena . I n aqueous solutions of surfactants 
the K r a f f t p o i n t is def ined as the temperature at w h i c h the s o l u b i l i t y 
reaches the c r i t i c a l mice l le concentrat ion; w h e n the temperature is 
increased further , the so lub i l i ty rises r a p i d l y s ince the monomers f o r m 
micel les ( F i g u r e 5) ( J O ) . L i p i d s that do not f o r m micel les f r e q u e n t l y 
start to s w e l l b y the u p t a k e of water at a w e l l - d e f i n e d temperature ; they 
are t ransformed in to a mesomorphous state ( F i g u r e 6) ( 11 ). T h e r e l a t i o n 
be tween these t w o K r a f f t p h e n o m e n a is e x p l a i n e d to some extent b y the 
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18 L Y O T R O P I C LIQUID CRYSTALS 
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Figure 4. X-ray long spacings of a 69.6% dimethyl-
dodecylamine oxide in deuterium oxide solution as a 

function of temperature (9) 

fact that the aqueous layer a r o u n d the polar groups of the surfactant 
faci l i tates the transi t ion of the l i p o p h i l i c pal isade layer to the l i q u i d - l i k e 
state that is characterist ic of the mesophases (1, 2, 3). A w e a k e n e d 
h y d r o c a r b o n - h y d r o c a r b o n interac t ion caused b y b u l k y h y d r o c a r b o n 
groups or d o u b l e bonds has a s imi lar effect (11). 

Phase Diagrams 

T h e phase e q u i l i b r i a a n d d i a g r a m m a t i c structures i n a t w o - c o m 
ponent system are i l lus t ra ted i n F i g u r e 7 (12). T h e phase diagrams 
h a v e often been d e t e r m i n e d b y inspect ion w i t h the n a k e d eye. M o r e 
exact methods i n c l u d e x-ray a n d N M R analysis, densi ty measurements, 
separat ion b y high-speed centr i fugat ion or di f ferent ia l t h e r m a l analysis. 

T e r n a r y systems of surfactant, s l ight ly p o l a r addi t ives a n d water are 
p a r t i c u l a r l y interest ing. A t y p i c a l example is the class ical m o d e l system 
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2 . DANIELSSON Lyotropic Mesomorphism 19 
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Figure 5. Phase diagram close to the Krafft point (10) 
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"Form and Function of Phospholipids" 

Figure 6. Phase diagram of the 1,2-dipalmitoyl-glycero-
3-sn phosphorylchotin-water system ( 1 1 ) 

of s o d i u m o c t a n o a t e - d e c a n o l - w a t e r at 20 ° C w h i c h has been s t u d i e d b y 
E k w a l l a n d co-workers ( F i g u r e 8) (13). Some d i a g r a m m a t i c structures 
are s h o w n ; a l l mul t iphase regions have been lef t out. I n the system, one 
finds n o r m a l H a r t l e y micel les ( L i ) , i n v e r t e d micel les ( L 2 ) , l a m e l l a r 
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20 L Y O T R O P I C LIQUID CRYSTALS 

cM 
Molecular Crystals and Liquid Crystals 

Figure 7. Schematic of a soap phase diagram and structure of some phases. 
The boundanes for the main phases of the system are 30-60% for the 

hexagonal phase and 71-82% for the lamellar phase at 20°C (12). 

structures ( D ) , mesophases consist ing of po lar rods i n an aqueous 
c o n t i n u u m ( E ) , a n d n o n - p o l a r rods i n a h y d r o c a r b o n c o n t i n u u m ( F ) . 
T h e structures of phases Β a n d C are not def ini te ly settled. 

T h e same phase e q u i l i b r i a are s h o w n i n F i g u r e 9 , b u t here the t w o -
phase a n d three-phase regions have been i n t r o d u c e d . T h e r e are eight 
three-phase triangles represent ing the e q u i l i b r i a L i - L 2 - D , L i - B - D , 
L i - C - D , L i - E - D , L 2 - D - F , D - E - G , a n d L2-F-G. I n the reg ion of the 
tr iangular d i a g r a m close to the crystal l ine s o d i u m octanoate the v e r y 
s m a l l amounts of so lut ion a n d mesophases m a k e i t di f f icul t t o separate 
the e q u i l i b r i u m phases. I n r e g i o n G the external appearance of the soap 
is crystal l ine or c u r d - l i k e ; the soap inc ludes considerable amounts of 
d e c a n o l a n d water . T h e heterogeneous systems b e t w e e n L i , B , a n d C 
d o not separate w e l l o n centr i fugat ion . T h e composit ions v a r y w i t h the 
strength a n d d u r a t i o n of the cent r i fuga l field. I n regions Β a n d C , the 
forces be tween the mesoaggregates are poss ib ly w e a k e n o u g h to be 
inf luenced b y centr i fugat ion . These phase e q u i l i b r i a are also extremely 
sensitive to temperature . 
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2. D A N E E L S S O N Lyotropic Mesomorphism 21 

Ε D 
"MTP International Review of Science" 

Figure 8. Schematic of mesomorphous structures in phase Ε, D , and F in 
the three-component system: sodium octanoate-decanol-water (1 ) 

T h e exact extension of the different phase regions i n the d i a g r a m 
is less interest ing t h a n the fact that the l y o t r o p i c l i p i d systems a lways 
f o l l o w the phase ru le f r o m a macroscopic p o i n t of v i e w . I n the ternary 
d i a g r a m ( F i g u r e 9) there are never more t h a n three phases present at 
any one t ime. E a c h three-phase tr iangle is s u r r o u n d e d b y two-phase 
regions, a n d the corners of the three-phase regions e n d i n one-phase 
regions. T h i s shows that the mesophases are rea l ly homogeneous e q u i 
l i b r i u m systems; they are not, for example , h i g h l y dispersed emulsions. 

Since the mesophases m a y conta in m o r e t h a n 9 0 % water , the pres
ence of a f o u r t h component , even as a s m a l l i m p u r i t y , m a y distort the 
w h o l e phase d i a g r a m . T h e requirements of the phase ru le w e r e of ten 
neglec ted i n earl ier studies, b u t even i n recent papers contradic tory 
diagrams can be f o u n d . 

Because of the microscopic a n d macroscopic v a l i d i t y of the phase 
ru le the micel les i n the isotropic solutions L x a n d L 2 must be r e g a r d e d 
as p o l y m o l e c u l a r complexes i n solut ion a n d not as a separate m i c e l l a r 
phase. 
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22 L Y O T R O P I C LIQUID CRYSTALS 

Decanol 

"MTP International Review of Science" 

Figure 9. Phase diagram for the three-component system: 
sodium octanoate-n-decanol-water at 20° C (1 ) . Concentra

tions expressed as weight percent. 
Li'. Region with homogeneous, isotropic aqueous solu

tion. 
L2: Region with homogeneous, isotropic decanolic solu

tion. 
B, C, D, E, F: Regions with homogeneous mesomor

phous phases. 
E: Region with homogeneous mesophase with two-di

mensional, hexagonal structure; amphiphilic rods; "normcX9 

structure. 
F: Region with homogeneous mesophase with two-di

mensional hexagonal structure; water rods; "reversed" struc
ture. 

D: Region with homogeneous mesophase with lamellar 
structure; one-dimensional swelling. 

Thermodynamics 

T o character ize the mesophases t h e r m o d y n a m i c a l l y , i t is desirable 
to h a v e d e t a i l e d k n o w l e d g e of the regions i n w h i c h phases Β a n d C 
exist i n the m o d e l system s o d i u m octanoate—decanol-water. T h e heats 
at w h i c h the mesophases are f o r m e d are somewhat easier to o b t a i n t h a n 
the c h e m i c a l potentials . T a b l e I gives some examples of the f e w ca lor i -
m e t r i c values avai lable (14, 15). 

T h e heat of s o l u b i l i z a t i o n , heat of m i c e l l e f o r m a t i o n , a n d heats of 
f o r m a t i o n of phases D a n d Ε are s m a l l i n compar i son w i t h o r d i n a r y 
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2. D A N D E L S S O N Lyotropic Mesomorphism 23 

Table I. Apparent Heats of Aggregation in Micellar 
Solutions and Mesomorphic Phases in the System: 
Sodium Octanoate—w-Pentanol-Water (14,15) 

Aqueous Solution 

3 0 % N a O O C C 7 H 1 5 

Aggregation 

M i c e l l e f o r m a t i o n 
T r a n s f e r of n - p e n t a -

n o l f r o m water to 
micel les 

F o r m a t i o n of phase 
Ε f r o m saturated 
so lut ion 

AH 

- 7.6 k J / m o l 
+ 4.5 k J / m o l 

Δ ΐ Ν Ε θ 8 = 23 J / m o l 
A l H 2 o = 300 J / m o l 

c h e m i c a l reactions. T h e entropy of the change i n G i b b s energy o n aggre
gat ion is therefore of the same order as the enthalpy. T h e f o r m a t i o n of 
micel les a n d mesoaggregates f r o m their components i n s tandard states 
is therefore g o v e r n e d b y s imi lar factors. 

( a ) T h e h y d r o c a r b o n chains have m o r e tors ional f r e e d o m i n the 
aggregates than i n the r i g i d molecular conf igurat ion s tab i l i zed b y the 
s u r r o u n d i n g water (16). 

( b ) T h e entropy increases as the s t ructured water a r o u n d the h y d r o 
carbon chains returns to " n o r m a l " behavior . T h i s is sometimes expressed, 
rather inadequate ly , as an "expuls ion of h y d r o c a r b o n chains f r o m w a t e r " 
( 1 7 ) . 

T h e b i n d i n g of counterions a n d v a n der W a a l s ' at tract ion m a k e 
fur ther contr ibut ions to the association. T h e heats of f o r m a t i o n deter
m i n e d so far, however , are insufficient. M o r e definite k n o w l e d g e about 
the nature of the b i n d i n g has been obta ined b y spectroscopic invest igat ion. 

So far i t has not been possible to measure the c h e m i c a l potentials of 
the components i n the mesophases. T h i s measurement is possible , h o w 
ever, i n solutions w h i c h are i n e q u i l i b r i u m w i t h the mesophases. I f p u r e 
water is taken as the s tandard state, the ac t iv i ty of water i n e q u i l i b r i u m 
w i t h the D a n d Ε phases i n the system N a C 8 - d e c a n o l - w a t e r is m o r e 
t h a n 0.8 (4). F r o m these activit ies i n m i c e l l a r solutions, the ac t iv i ty of 
the fa t ty a c i d salt has sometimes been ca lcula ted . T h e salt is incorrec t ly 
treated as a comple te ly dissociated electrolyte. T h e ac t iv i ty of the fa t ty 
a c i d i n solutions of short c h a i n carboxylates has also b e e n d e t e r m i n e d b y 
gas chromatography ; f r o m these determinat ions the carboxylate a n i o n 
ac t iv i ty can be d e t e r m i n e d (18). L o w C M C values for the carboxylate 
are ob ta ined (15). T h e same m e t h o d has s h o w n that the ac t iv i ty of 
s o l u b i l i z e d pentano l i n octanoate solutions is s t i l l v e r y l o w w h e n the 
so lut ion is i n e q u i l i b r i u m w i t h phase D ( F i g u r e 10) (15). 

T h e k i n e t i c m i c e l l a r units i n c l u d e about ha l f of the counterions; the 
mesoaggregates b i n d counterions even more firmly. It can be est imated 
f r o m ac t iv i ty measurements, h o w e v e r , that a considerable p r o p o r t i o n of 
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24 L Y O T R O P I C LIQUID CRYSTALS 
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Figure 10. The activity of n-pentanol in micellar solutions of sodium octanoate 
with solubilized pentanol and in equilibrium with the lamellar mesophase D. 
The abscissa indicates the mole fraction of sodium octanoate in the system (15). 

the s o d i u m ions r e m a i n free; a certa in m o b i l i t y a n d c o n d u c t i v i t y are 
reta ined. T h i s dissociat ion gives rise to a D o n n a n potent ia l , w h i c h , 
a c c o r d i n g to E k w a l l , explains the extreme w a t e r - b i n d i n g capac i ty of 
some mesophases (4). 

T h e c h e m i c a l potentials measured so far do not a l l o w the f o r m u l a 
t ion of t h e r m o d y n a m i c cr i ter ia for the f o r m a t i o n of lyo t rop ic mesophases. 
Some qual i ta t ive remarks , however , can b e made . O f par t i cu lar interest 
are E k w a l l ' s studies of the relations between the water b i n d i n g of the 
mesophases, their i o n i z a t i o n , x-ray parameters , a n d v a p o r pressures (4). 
F o r c o m m o n soaps at r o o m temperature mesophases can be observed 
o n l y i n the presence of amounts of water that hydra te the i o n i c a n d 
p o l a r groups. H y d r a t i o n is therefore characterist ic of aqueous lyo t rop ic 
mesophases as w e l l as m i c e l l a r systems ( I , 2, 3). T h e b i n d i n g of 
counterions to the micel les a n d to the mesoaggregates seems to be of a 
s imi lar electrostatic nature. T h e a d d i t i o n of N a C l great ly affects the 
lamel la r phase D a n d , to a lesser extent, phase E ; i n these phases the 
counterions are more strongly b o u n d t h a n b y micel les i n the solut ion 

α 2,3). 

I n the ternary system N a C 8 - d e c a n o l - w a t e r the influence of the 
p o l a r / a p o l a r so lubi l izate o n the f o r m a t i o n of micel les a n d mesoaggre
gates can b e seen c lear ly ( F i g u r e 9 ) . Q u i t e often the f o l l o w i n g rules of 
t h u m b for the inf luence of the solubi l izate can be u s e d : 
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2. D A N E E L S S O N Lyotropic Mesomorphism 25 

( a ) N o n - p o l a r solubi l izates are b u i l t into the l i p o p h i l i c m o i e t y of 
the aggregates w i t h l i t t le influence o n the aggregat ion numbers . T h e 
h y d r o p h i l i c surfaces of the aggregates a n d the aqueous so lub i l i ty of the 
surfactants are not changed ; excess so lubi l iza te separates as a p u r e 
substance. 

( b ) P o l a r / a p o l a r addi t ives are b u i l t into the pal isade layers a n d 
strongly inf luence the charge density, the counter ion b i n d i n g , a n d the 
interact ion w i t h water of the micel les a n d the mesoaggregates. F r o m 
aqueous solutions, excess so lubi l izate separates as a mesophase w i t h a 
h i g h water content. Non-e lec t ro lyte p o l a r addit ives i n p a r t i c u l a r i n d u c e 
the f o r m a t i o n of lamel lar mesophases, o w i n g to the decrease i n the surface 
charge densi ty of the aggregates. T h e f o r m a t i o n of r o d - l i k e mesoaggre
gates of type Ε is i n d u c e d w h e n the charge density is h i g h . 

( c ) Surfactants i n w e a k l y po lar solvents f o r m i n v e r t e d micel les 
w i t h the water s o l u b i l i z e d i n strongly po lar inner environments . F r o m 
these solutions there is also f requent ly a separation of mesophases that 
consists of lamel lar or non-polar r o d l i k e aggregates. I n these aggregates 
the water is b o u n d as h y d r a t i o n water a n d cannot be c o m p a r e d w i t h a n 
aqueous solut ion. E x a m p l e s of these cases are g i v e n b y the two-phase 
e q u i l i b r i a F - L 2 a n d F - D i n F i g u r e 9. 

I n two-component systems of association of c o l l o i d a n d water the 
sequence of phases, as the water content decreases, i s : m i c e l l a r so lut ion 
-> hexagonal ly p a c k e d p o l a r rods - » complex phases w i t h rod-shaped 
aggregates lamel lar mesophase D - » crysta l l ine surfactant. Some of 
these steps m a y b e absent, d e p e n d i n g , fo r example , o n the temperature . 

Reactions between Various Association Structures 

W e n o w t u r n to the quest ion of whether there is any successive 
re la t ionship i n v o l v e d i n l o w e r complexes, mice l les , a n d the different meso
aggregates. S u c h a succession can f o r m a l l y b e a t t r ibuted to the tendency 
of the aggregate surfaces to b e convex w h e n they are i n contact w i t h 
water or a h y d r o c a r b o n i n accordance w i t h the R theory d e v e l o p e d b y 
W i n s o r ( 5 , 6 ). T h e association processes as such are, however , v e r y fast. 
Present exper imenta l techniques s h o w that association can b e cons idered 
as a series of second-order reactions, the surfactant ions b e i n g successively 
caught at about s imi lar rates u n t i l the o p t i m a l size of the aggregates has 
b e e n reached ( 6 ) . T h e dissociat ion of the aggregates is also v e r y fast a n d 
is a first-order react ion. W e have o n l y invest igated the stat ionary 
e q u i l i b r i a and , so far, no one has been able to dec ide w h e t h e r the meso
aggregates are f o r m e d b y the res t ructur ing of smaller aggregates or 
micel les . W e can o n l y conc lude that l y o t r o p i c m e s o m o r p h i s m is almost 
a lways s h o w n b y m i c e l l e - f o r m i n g surfactants; however , l y o t r o p i c meso
phases can f requent ly be f o r m e d w i t h o u t any association i n the aqueous 
solut ion. 
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26 L Y O T R O P I C L I Q U I D C R Y S T A L S 

1/C. 1/mol 
"Liquid Crystals and Ordered Fluids" 

Figure 11. 23Na chemical shifts (in ppm) for isotropic 
solutions of sodium octanoate ( X ) and sodium octylsul-
fate ( O ) as a function of the inverse soap concentration. 

A positive δ denotes a shift to lower field ( 2 3 ) . 

T h e most impor tant n e w results concern ing the structure of micel les 
a n d mesophases i n recent years have been achieved us ing N M R methods. 
These have been p a r t i c u l a r l y successful w h e n s t u d y i n g the changes 
undergone b y groups of hydrocarbons w h e n transferred f r o m an aqueous 
envi ronment to micel les a n d mesoaggregates a n d i n the b i n d i n g of water 
a n d counterions to the aggregates (19-25). A s examples of studies of 
this k i n d F i g u r e 11 describes c h e m i c a l changes of 2 3 N a i n isotropic solu
tions of s o d i u m octanoate a n d s o d i u m octylsulfate b o t h above a n d b e l o w 
the c r i t i c a l m i c e l l e f o r m a t i o n concentrat ion (21, 22, 23). 

L a s e r - R a m a n spectroscopy is a n e w m e t h o d w i t h considerable 
p o t e n t i a l for p r o v i d i n g an explanat ion of h o w the surroundings ins ide 
the aggregates influence the crystal l ine state of the h y d r o c a r b o n chains 
a n d other groups (25,26). I t seems probable , however , that an i m p o r t a n t 
area of research on the phase e q u i l i b r i a p r o p e r w o u l d concentrate o n 
attempts to t h r o w l i g h t o n the exact t h r e m o d y n a m i c cr i ter ia for the 
association processes. E k w a l l s studies of the water activit ies of meso
phases i n the system w a t e r - d e c a n o l - s o d i u m caprylate are a n example 
of s u c h research (4). H o w e v e r , t h e r m o d y n a m i c treatment of the associa
t i o n processes presupposes measurements of the activit ies of several 
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2. D A N i E L S S O N Lyotropic Mesomorphism 27 

different components i n the systems. W h e n supplemented b y measure
ments of the heats of format ion , such studies s h o u l d p r o v i d e i n f o r m a t i o n 
about the entropy effects i n the systems a n d consequently h e l p to e x p l a i n 
the f u n d a m e n t a l causes of the association phenomenon . S u c h studies 
w o u l d also be v e r y i m p o r t a n t i n h e l p i n g to interpret spectroscopic results. 
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Micellar and Lyotropic Liquid Crystalline 
Phases Containing Nonionic Active 
Substances 
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S-114 28 Stockholm, Sweden 

TADASHI DOI 

Kao Soap Ltd., Tokyo, 103 Japan 

Phase diagrams of water, hydrocarbon, and nonionic sur
factants (polyoxyethylene alkyl ethers) are presented, and 
their general features are related to the PIT value or HLB 
temperature. The pronounced solubilization changes in the 
isotropic liquid phases which have been observed in the 
HLB temperature range were limited to the association of 
the surfactant into micelles. The solubility of water in a 
liquid surfactant and the regions of liquid crystals obtained 
from water-surfactant interaction varied only slightly in 
the HLB temperature range. 

^ - p h e phase e q u i l i b r i a of i o n i c surfactants c o m b i n e d w i t h water a n d a n 
A a m p h i p h i l i c substance such as a l o n g c h a i n a lcohol , carboxyl i c a c i d , 

or ester h a v e been invest igated i n de ta i l for a l o n g t ime {1,2). T h e n o n 
i o n i c surfactants h a v e not at tracted as m u c h interest despite the fact that 
they are suitable models for i l lus t ra t ing the association condi t ions w h i c h 
are responsible for the structure a n d f u n c t i o n of b iomembranes ; they also 
present interest ing problems i n their temperature dependent in terac t ion 
w i t h w a t e r a n d hydrocarbons . 

T h i s art ic le discusses some mice l la r a n d l i q u i d crystal l ine phases 
w i t h n o n i o n i c substances, water , a n d hydrocarbons ; a n d some factors are 
de l ineated f o r their association phenomena . L i p i d phase behavior has a n 
extremely i m p o r t a n t direct inf luence o n certa in b i o l o g i c a l p h e n o m e n a 
( C h a p t e r 10 ) a n d is treated i n C h a p t e r 4. T h e treatment here is l i m i t e d 

28 
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3. F R i B E R G E T A L . Micellar and Lyotropic Phases 29 

to one class of c o m p o u n d s — t h e n o n i o n i c surfactants c o n t a i n i n g a p o l y -
oxyethylene c h a i n as the h y d r o p h i l i c p a r t i n a d d i t i o n to the h y d r o p h o b i c 
h y d r o c a r b o n part . 

These c o m p o u n d s dif fer f r o m other surfactants i n the p r o n o u n c e d 
sensit ivi ty of their association s t ructura l organiza t ion to temperature . 
T h i s characterist ic feature was n o t e d v e r y ear ly b y S h i n o d a (3 ) w i t h 
r e g a r d to their m i c e l l a r association a n d so lub i l i za t ion . A corresponding 
sensi t ivi ty m a y also be observed i n the strong dependence of the l i q u i d 
crysta l l ine regions i n phase diagrams of the system: water , surfactant, 
a n d h y d r o c a r b o n ( 4 ) . 

F i g u r e 1 demonstrates the drast ic inf luence o n the s tabi l i ty reg ion 
of a lamel lar l i q u i d crystal l ine phase w h e n a n aromat ic h y d r o c a r b o n is 
subst i tuted b y a n a l iphat ic one. T h e l a m e l l a r phase f o r m e d b y water a n d 
emulsif ier is stable be tween 20 a n d 60 w t % water . A d d i t i o n of a n aro
m a t i c h y d r o c a r b o n (p-xy lene) to the l i q u i d crystal l ine phase increased 
the m a x i m u m amount of w a t e r f r o m 45 to 8 5 % ( w / w ) ( F i g u r e 1 l e f t ) . 
I n c l u s i o n of a n a l iphat i c h y d r o c a r b o n (n-hexadecane) gave the opposite 
result ; the m a x i m u m w a t e r content i n the l i q u i d crystal l ine state was 
r e d u c e d ( r i g h t ) . Some of the factors w h i c h g o v e r n the association be
h a v i o r of these surfactants a n d cause effects s u c h as the one above are 
treated b e l o w . 

Water—Polyoxyethylene Chain Interaction 

T h e ether br idges i n the po lyoxyethy lene c h a i n interact w i t h the 
w a t e r molecules t h r o u g h w e a k h y d r o g e n bonds ( 5 ) . Q u a n t u m m e c h a n i 
c a l calculat ions have demonstrated the sha l low energy m i n i m u m exper i -

Water Emulsifier Water Emulsifier 

Figure 1. Difference in the phase region of the lameUar liquid crystal (black) 
when an aromatic hydrocarbon (left) is replaced by an aliphatic one (right); 
demonstrates the sensitivity of the lyotropic liquid crystalline structure to weak 
intermolecular forces. The emulsifier is a polyoxyethylene (9) nonyl phenol ether. 
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30 L Y O T R O P I C L I Q U I D C R Y S T A L S 

enced i n this interact ion. T h e recent s tudy b y R a y a n d Némethy (6 ) o n 
m i c e l l i z a t i o n i n the presence of ethylene g l y c o l exposed the c o m b i n e d 
h y d r o p h o b i c — h y d r o p h i l i c interactions of the polyoxyethylene cha in . 

D i r e c t interact ion t h r o u g h the h y d r o g e n b o n d does not comple te ly 
e x p l a i n the so lub i l i ty of the po lyoxyethylene c h a i n i n water ; this c o n d i 
t i o n is w e l l i l lus trated b y the fact that i n contrast to the po lyoxyethy lene 
compounds neither the corresponding p o l y o x y p r o p y l e n e nor the p o l y o x y -
methylene substances s h o w e d a s imi lar so lub i l i ty i n water (7). T h i s 
o c c u r r e d despite the fact that the po lyoxymethylene c h a i n is more h y d r o 
p h i l i c as exempl i f ied b y calculat ions of the n u m b e r for h y d r o p h i l i c l i p o 
p h i l i c ba lance ( H L B ) f r o m group numbers (8). T h e oxypropylene group 
has a group n u m b e r of —0.15 w h i c h impl ies a h y d r o p h o b i c character. 
T h e corresponding n u m b e r for the oxyethylene group is +0 .33 w h i c h 
i l lustrates a h y d r o p h i l i c tendency. T h e oxymethylene g r o u p n u m b e r is 
cons iderably m o r e posi t ive , +0 .8 , suggesting strong h y d r o p h i l i c behavior . 
D e s p i t e this posi t ive n u m b e r the polyoxymethylene c h a i n does not confer 
water s o l u b i l i t y o n the c o m p o u n d . 

T h e reason for this anomalous behavior is not clear, b u t i t m i g h t 
i n v o l v e the s t ructural dimensions of the polyoxyethylene cha in . It appears 
general ly accepted (9 ) that the c h a i n attains a he l ix f o r m a t i o n i n w a t e r 
w i t h seven groups per he l ix revolut ion— i . e . , a 7 2 he l ix . T h e o x y g e n -
oxygen distance i n this c h a i n is 0.277 n m , w h i c h is exactly the o x y g e n -
oxygen distance i n the te t rahedr ica l ly h y d r o g e n b o n d e d w u r t z i t e structure 
of water . T h i s fact c o m b i n e d w i t h the strong temperature dependence of 
the s o l u b i l i t y of n o n i o n i c surfactants i n water (vide infra) suggests a 
possible re lat ionship be tween a long range order p o r t i o n of the water 
structure a n d the so lub i l i ty of the polyoxyethylene c h a i n . 

Micellization and Solubilization 

T h e m i c e l l i z a t i o n of surfactants has been descr ibed as a s ingle k inet i c 
e q u i l i b r i u m (JO) or as a phase separation (11). A general statist ical 
m e c h a n i c a l treatment (12) s h o w e d the s imilari t ies of the t w o approaches. 
M u l t i p l e k i n e t i c e q u i l i b r i a (13) or the s m a l l system t h e r m o d y n a m i c s b y 
H i l l ( 14) have been f r e q u e n t l y a p p l i e d i n the thermodynamics of m i c e l l i 
z a t i o n (15, 16, 17). E v e n the exper imenta l de terminat ion of the factors 
g o v e r n i n g the aggregat ion condit ions of m i c e l l i z a t i o n i n water is s t i l l a 
matter of considerable interest (18, 19) a n d dispute (20). 

T h e inf luence o n m i c e l l i z a t i o n caused b y addi t ives i n the water has 
been invest igated to a lesser extent (7, 21, 22,23), a n d the m e c h a n i s m of 
the inf luence, even for s m a l l nonelectrolyte molecules (23), has not yet 
been descr ibed u n a m b i g u o u s l y . M i c e l l i z a t i o n a n d s o l u b i l i z a t i o n i n sol 
vents other than water have been invest igated (8, 24, 25, 26, 27, 28). 
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3. F R i B E R G E T A L . Micellar and Lyotropic Phases 31 

These studies t h r o w l i g h t o n the i n i t i a l aggregat ion p h e n o m e n a , 
w h i c h results i n micel les a n d m a y also (17) constitute the necessary basis 
for unders tanding the subsequent agglomerat ion to l i q u i d crystals. V e r y 
l i t t le is k n o w n about the t h e r m o d y n a m i c condit ions for the latter associa
tions. Instead w e must r e l y o n e m p i r i c a l data to i l l u m i n a t e the basic 
mechanisms w h i c h determine the association behavior of those substances 
i n concentrated systems. V a l u a b l e i n f o r m a t i o n for unders tanding the 
drast ic inf luence of w e a k intermolecular forces o n the association struc
tures ( F i g u r e 1) is ob ta ined f r o m the p r o n o u n c e d temperature de
pendence of the s o l u b i l i z a t i o n w h i c h was observed ear ly b y S h i n o d a 
(29). H e a n d his col laborators (30, 31, 32 33) have since d e v e l o p e d this 
subject. 

Temperature Dependence and Solubilization 

W h i l e the amount of s o l u b i l i z e d h y d r o c a r b o n changes v e r y l i t t le 
w i t h temperature w h e n i o n i c surfactants are used, the s o l u b i l i z a t i o n 
capac i ty of nonionics is dras t i ca l ly in f luenced b y temperature . F i g u r e 2 
(29) shows the temperature dependence of the so lub i l i za t ion of n -hep-
tane, cyclohexane, a n d ethylbenzene i n a 1 % ( w / w ) aqueous solut ion 
of po lyoxyethylene (9.2) n o n y l p h e n o l ether. I n general , s o l u b i l i z a t i o n 
increases i n this m a n n e r close to the c l o u d p o i n t w i t h increas ing tempera
ture. S i m i l a r l y the s o l u b i l i z a t i o n of water i n hydrocarbons increases w h e n 
the temperature is r e d u c e d (25, 26). I n a n a r r o w temperature range the 
s o l u b i l i z a t i o n behavior consequent ly changes f r o m o i l i n w a t e r ( O / W ) 
to water i n o i l ( W / O ) w i t h increas ing temperature. T h e temperature 
range i n w h i c h this change is experienced was termed the phase invers ion 

0 + 
0 

Figure 2. Solubilization of three 
hydrocarbons by polyoxyethylene 
(9.2) nonyl phenol ether in water as 

function of temperature (29) 
20 40 6 
T e m p e r a t u r e , °C 

60 
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32 L Y O T R O P I C LIQUID CRYSTALS 

Figure 3. General features of mi
cellar phases in the system: water, 
hydrocarbon, and a nonionic sur
factant (wt %). A: O/W solubiliza
tion; B: surfactant phase; C: W/O 

solubilization. 
W a t e r 
1 0 0 - a 

PIT 

H y d r o c a r b o n 
1 0 0 - a 

temperature ( P I T ) b y S h i n o d a , a n d he descr ibed its dependence o n the 
c l o u d p o i n t a n d the m o l e c u l a r interactions ( 3 0 ) . 

I n the P I T range S h i n o d a observed a n isotropic l i q u i d phase c a l l e d 
the surfactant phase (31); the general features of the m i c e l l a r so lu t ion 
regions are i l lus t ra ted i n F i g u r e 3. T h e inf luence of several factors o n 
the size of the var ious regions has been a m p l y descr ibed (32, 3 3 ) . 

Water 

Hydrocarbon 
Temperature <PIT -PIT 1 >PIT 
Conformation Micelle Layer 1 

structure 
Inverse 

micelle 

T W/P^ T 0/N TW/P T0/N T0/N ' rW/F 

Figure 4. Formation of normal micelles (left), the surfactant phase 
(middle), and inverse micelles (right) may be referred to the relative 
size of the interfacial tensions against the oil (ΎΟ/Ν) and the water 

(yw/p) a t a plane interface (32) 
One interfacial tension (upper left) is considered located between water 
and the polar parts (unfilled circles) of the surfactant (upper right) and 
one (middle left) between the nonpolar part (filled circles) of the sur
factant and the hydrocarbon (middle right). The different convexities of 
the O/W interface giving normal micelles, a surfactant phase or an 
inverse micelle are formally referred to different ratios of these interfacial 

tensions (bottom of figure) at a plane interface. 
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3. F R i B E R G E T A L . Micellar and Lyotropic Phases 33 

S h i n o d a ra t iona l ized the results i n terms of a d i v i d e d tota l in ter fac ia l 
tens ion: one b e t w e e n the p o l a r parts of the surfactants a n d the w a t e r 
(yw/p)> a n d one be tween the h y d r o c a r b o n a n d the n o n p o l a r par t of the 
surfactant ( 7 O / N ) ; s imi lar reasonings have been used b y P r i n c e (34, 35) 
a n d R o b b i n s (36) ( F i g u r e 4 ) . Essent ia l ly the theory states that at l o w 
temperatures the in ter fac ia l tensions at a p lane interface 

^ W / P < ^ O / N 

w h i l e at h igher temperatures the reverse is true. I n a temperature range 
near the P I T 

^ W/P — ^ O / N 

f a v o r i n g a p l a n e interface. S h i n o d a c o n c l u d e d that a layer structure 
s h o u l d be obta ined i n w h i c h the surfactant was cont inuous a n d the o i l 
a n d water were s o l u b i l i z e d next to the h y d r o p h o b i c a n d h y d r o p h i l i c 
parts ( F i g u r e 4 ) . 

T h e surfactant phase was observed as a separate so lub i l i ty reg ion i n 
the three-component system: water , emulsif ier , a n d h y d r o c a r b o n ( 3 7 ) . 
T h e compos i t ion of the phase was extremely sensitive to temperature 
(see F i g u r e 5 ) . I n general the so lubi l i ty regions v a r y a c c o r d i n g to F i g u r e 
6. T h e P I T reg ion is character ized b y a m i n i m u m of the emulsif ier c o n 
centrat ion necessary to o b t a i n a n isotropic l i q u i d so lut ion of concurrent ly 
large amounts of w a t e r a n d h y d r o c a r b o n . 

Hexadecane 

Water TEGDE 

Figure 5. Phase regions for isotropic solutions 
in the system: water, hexadecane, and tetraoxy-

ethylene dodecyl ether (TEGDE) (37) 

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

1,
 1

97
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

6-
01

52
.c

h0
03



34 L Y O T R O P I C LIQUID CRYSTALS 

Hydrocarbon 

Water Emulsifier 

Figure 6. General features of the isotropic 
solution regions in a system: water, hydrocar
bon, and nonionic emulsifier with an oxyethyl-
ene chain length of about 4. The numbers 1-6 
show the regions at increasing temperatures. 

I f the l i q u i d crystal l ine phase is i n c l u d e d i n the d i a g r a m , the general 
features are those i n F i g u r e 7 (38). A t this temperature ( the P I T or H L B 
temperature ) increas ing amounts of emulsif ier first g ive rise to a n i so t ropic 
l i q u i d ( S ) i n a s m a l l concentrat ion range ( A - B ) , f o l l o w e d b y a phase 
transi t ion to a lamel lar l i q u i d crysta l ( Ν ) i n the concentrat ion range C - D . 

I n this context i t is instruct ive to ruminate o n the structure of the 
surfactant phase. A representative composi t ion of the phase w o u l d be 
1 0 % emulsif ier a n d e q u a l amounts of water a n d h y d r o c a r b o n . T h e con
clusions g i v i n g a layer structure (31, 32, 33) appear to be a reasonable 
basis for discuss ing the energy condit ions i m p l i e d i n the structure. I f an 
area p e r molecule of 10~ 1 8 m 2 is cons idered reasonable ( 3 9 ) , the w a t e r 
a n d o i l layers are approx imate ly 1.2 X 10~8 m thick . L o w angle x-ray 
determinat ions have s h o w n that the structure does not consist of regular 
layers w i t h constant spacings; a structure w h i c h w o u l d accommodate the 
factors w h i c h determine s tabi l i ty w o u l d be diff icult to envis ion. F u r t h e r , 
since the phase is a n isotropic l i q u i d , a regular ly layered structure is 
exc luded . 

O n e possible structure w o u l d consist of i r regular forms a m o n g w h i c h 
spheres a n d cyl inders w i t h a l ternat ively h y d r o p h o b i c a n d h y d r o p h i l i c 
outer surfaces are f o r m e d a c c o r d i n g to F i g u r e 8. T h i s suggestion has an 
i m m e d i a t e at tract ion; its features are s imi lar to c r i t i c a l phenomena [cf., 
t w o - d i m e n s i o n a l Ising's m o d e l (40)~\. T h e resemblance be tween m i c e l l a r 
associations a n d the fast fluctuation aggregates before phase separations 
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3. F R i B E R G E T A L . Micellar and Lyotropic Phases 35 

Hexadecane 

TEGDE 

Figure 7. Close to the PIT value two phases 
with a lamellar structure exist. One of these, 
the surfactant phase (S), is an isotropic liquid, 
the other one, (N), is an optically anisotropic 

liquid crystal with a lamellar structure. 

has been noted (41). T h e energy requirements of such a structure w o u l d 
be i n f o r m a t i v e as to its existence. 

Since the average inter layer distances are large a n d since the results 
of l o w angle x-ray di f f rac t ion exclude a regular layer structure, i t appears 
that the potent ia l energy m i n i m u m vs. in ter layer distance is sha l low 
e n o u g h not to inf luence the structure s ignif icant ly . T h u s , the w o r k stored 
as potent ia l energy w h e n the layers are bent appears to be a n i m p o r t a n t 

Figure 8. The possibility of a non-regular structure of the surfactant 
phase containing both oil and water dispersed and continuow is attractive 

but does not appear probable 
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36 L Y O T R O P I C LIQUID CRYSTALS 

energy factor. T h e m a g n i t u d e of this energy m a y be est imated b y u s i n g 
the compress ib i l i ty of m o n o m o l e c u l a r layers assuming the t w o inter-
f a c i a l tensions ( y w / p a n d 7 O / N ) to be e q u a l at a p l a n e interface. T h e 
energy d e m a n d is ca lcula ted f r o m the area difference at b e n d i n g 

AE = I l/c · dA 

A1 a n d A2 are areas before a n d after change, a n d c is the compress ib i l i ty 

c = — 1/ΰ · da/aîl 

i n w h i c h σ denotes area, a n d Π denotes in ter fac ia l pressure. T h e q u a n t i t y 
l/c has been est imated ( 3 5 ) , ca l cu la ted f r o m s o l u b i l i z a t i o n data ( 3 6 ) , 
or i t m a y be obta ined d i r e c t l y f r o m in ter fac ia l tension surface area deter
minat ions . Reasonable values for l/c are i n the range (0 .5 -1 ) X 10 ' 2 

J / m 2 . A s s u m i n g a conservat ively l o w va lue of 10" 3 J / m 2 the poss ib i l i ty of 
c losed figures a c c o r d i n g to F i g u r e 8 can be est imated b y ca l cu la t ing the 
energy necessary to f o r m a h a l f - c y l i n d e r b r i d g e b e t w e e n t w o layers. T h e 
distance b e t w e e n layers is assumed to be 1.2 Χ 10" 8 m , the l e n g t h of the 
h a l f - c y l i n d e r joint to be e q u a l to I, a n d the thickness of the surfactant 
layer , Δ, to be 2 Χ 10" 9 m . T h e energy can be est imated as: 

^half-cyl = Γ Μ 

dA = HI · dr 

AE = Ul/c · / dr 
J r i 

AE = Π Ζ Δ / c 

Set t ing Δ Ε e q u a l to the t h e r m a l energy kT = 4.14 Χ 10" 2 1 J , a v a l u e Z = 
6.6 Χ 10" 1 0 m is obta ined. T h i s va lue corresponds to a l e n g t h of o n l y 
about t w o molecules a n d justifies the compar i son w i t h the va lue kT. T h e 
result indicates that c losed figures such as those i n F i g u r e 8 are less l i k e l y . 

These results expose t w o different lamel lar s tructures—S a n d Ν i n 
F i g u r e 7—whose o n l y difference is i n the a m o u n t of emulsif ier . T h e 
p a c k i n g condit ions of the l i q u i d crysta l i m p l y a h i g h degree of order of 
the C H 2 groups f r o m the one adjacent to the po lar g r o u p to about t w o or 
three groups f r o m the e n d g r o u p (42, 43, 44). T h e r e is no reason to 
assume a s imi lar close p a c k i n g of the surfactant molecules i n the sur
factant phase, a n d i t seems obvious that the conformat ion of emulsi f ier 
molecules changes w h e n the phase t ransi t ion goes f r o m the surfactant 
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3. F R i B E R G E T A L . Micellar and Lyotropic Phases 37 

phase ( S ) to the lamel lar l i q u i d crysta l l ine phase ( N ) . T h e c o n f o r m a t i o n 
of the molecules i n the surfactant phase has not yet b e e n determined . 

Temperature Dependence of the Liquid Crystalline Phase 

T h e presence of a l i q u i d crysta l l ine phase at h i g h surfactant concen
trations has been s h o w n b y S h i n o d a (31), b u t the m e t h o d of presentat ion 
renders the eva luat ion of the temperature dependence of necessary e m u l 
sifier concentrations to o b t a i n the l i q u i d crysta l l ine phase diff icult . A l 
t h o u g h several phase diagrams of the system (water , emulsif ier , a n d 
n o n i o n i c surfactant) have been p u b l i s h e d (4, 45, 46, 47, 48), no results 
have b e e n g i v e n o n the re la t ion b e t w e e n the surfactant phase a n d the 
lamel lar l i q u i d crystal l ine phase i n these systems. 

T h e v a r i a t i o n of the phase regions w i t h temperature is i l lus t ra ted i n 
F i g u r e 9 (38). A t the P I T v a l u e ( A ) the surfactant phase forms a n 

Hexadecane 

Figure 9. Changes of the phase regions in the PIT value range are more pro
nounced for the micellar solutions than for the lameUar liquid crystalline phase 

formed by water and emulsifier 
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38 L Y O T R O P I C LIQUID CRYSTALS 

Hexadecane 

Figure 10. Even complex phase equilibria follow the general trends observed 
for simpler systems in the PIT range (cf. Figure 9). Emubifiers are polyoxy

ethylene nonyl phenol ethers. 

i solated r e g i o n w i t h f a i r l y constant emulsif ier concentrat ion. H i g h e r 
concentrations i n d u c e the l i q u i d crysta l l ine phase. Increased temperature 
w i l l transfer the surfactant phase reg ion to a compos i t ion conta in ing 
h igher amounts of emulsif ier. A t h igher temperatures the surfactant phase 
coalesces w i t h the cosolvency reg ion L 2 , f o r m i n g a n a r r o w s o l u b i l i t y 
r e g i o n t o w a r d the water corner. These drast ic changes of the surfactant 
phase r e g i o n contrast sharply w i t h the condit ions at l o w h y d r o c a r b o n 
content. T h e m a x i m u m s o l u b i l i t y of w a t e r i n the l i q u i d emulsif ier a n d 
the emulsif ier range for o b t a i n i n g the l i q u i d crysta l l ine phase are o n l y 
s l ight ly a l tered i n the temperature range i n F i g u r e 9 . 

A c c o r d i n g to the present results the m a r k e d changes of i sotropic 
l i q u i d regions at the P I T descr ibed b y S h i n o d a a n d co-workers (29, 30, 
31, 32, 33) appear l i m i t e d to m i c e l l a r associations a n d so lub i l i za t ion . T h e 
cosolvency of water a n d h y d r o c a r b o n i n the emulsif ier a n d the l i q u i d 
crysta l l ine phase reg ion seem to undergo o n l y s m a l l changes. 
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3. F R I B E R G E T A L . Micellar and Lyotropic Phases 39 

Phase Regions at Constant Temperature 

F i g u r e 1 shows h o w a change of h y d r o c a r b o n can affect the phase 
regions. F i g u r e 10 il lustrates the inf luence of emulsif ier propert ies . A 
r e d u c t i o n of the m e a n polyoxyethylene c h a i n l e n g t h f r o m 8.6 to 4 dras
t i c a l l y changed the phase regions. 

B o t h results agree w i t h the general t r e n d of the variat ions expected 
w h e n the P I T is considered. A t first ( F i g u r e 10A, B ) a change i n h y d r o 
c a r b o n f r o m a l iphat i c to aromatic reduces the P I T b y about 60 ° C ( 3 0 ) . 
F i g u r e 10A represents phase regions far b e l o w the P I T ; here the solu
b i l i t y is l i m i t e d to the aqueous phase; F i g u r e 10B is observed at a tem
perature near the P I T (32). T h e s o l u b i l i t y i n b o t h l i q u i d s a n d the e q u a l 
importance of these i n governing the phase regions are noticeable . A 
r e d u c t i o n of the polyoxyethylene c h a i n f r o m a n average of 8.6 to about 
4 s h o u l d fur ther reduce the P I T b y about 2 0 ° C ; F i g u r e 1 0 C il lustrates 
phase condit ions at temperatures w e l l above P I T ; the n a r r o w s o l u b i l i t y 
reg ion of the L 2 area towards the water corner is a conspicuous feature 
(cf. F i g u r e 9 ) . 

T h e behavior of a series of polyoxyethylene a l k y l ether n o n i o n i c 
surfactants is also i l lustrat ive . A c c o r d i n g to F i g u r e 11 the dioxyethylene 
( A ) c o m p o u n d does not f o r m l i q u i d crystals w h e n c o m b i n e d w i t h water . 
Its solutions w i t h decane dissolve water o n l y i n p r o p o r t i o n to the a m o u n t 
of emulsif ier . T h e tetraoxyethylene d o d e c y l ether ( B ) forms a lamel la r 
l i q u i d crystal l ine phase a n d is not so luble i n w a t e r b u t is comple te ly 
m i s c i b l e w i t h the h y d r o c a r b o n . T h e octaoxyethylene c o m p o u n d ( C ) is 
soluble i n b o t h water a n d i n h y d r o c a r b o n a n d gives rise to three different 
l i q u i d crystals : a m i d d l e phase, a n isotropic l i q u i d crysta l , a n d a lamel lar 
phase conta in ing less water . I f the h y d r o c a r b o n p-xylene is r e p l a c e d b y 
hexadecane ( D ) , a surfactant phase ( L ) a n d a lamel lar phase conta in ing 
h i g h e r amounts of h y d r o c a r b o n are f o r m e d i n c o m b i n a t i o n w i t h the tetra-
oxyethylene c o m p o u n d ( B - D ) . 

T h e results w h e n the h y d r o c a r b o n is v a r i e d i n c o m b i n a t i o n w i t h 
w a t e r a n d tetraoxyethylene d o d e c y l ether are w i t h i n the pat tern ex
p e c t e d f r o m the P I T concept. C o m b i n a t i o n w i t h the aromat ic h y d r o 
c a r b o n s h o u l d be character ized b y a l o w P I T , a n d the d i a g r a m displays a 
system above the P I T , w h i l e the regions conta in ing hexadecane s h o u l d 
possess features of a system b e l o w the P I T value . F i g u r e 11B, D confirms 
this predict ion— i . e . , 11B is the type of d i a g r a m expected at temperatures 
w e l l above the P I T ; o n the other h a n d , F i g u r e 1 1 D is d is t inc t ly b e l o w 
the P I T b u t not far f r o m i t . 

Increas ing polyoxyethylene c h a i n length ( F i g u r e 11 A - C ) increases 
the P I T , s imi lar to a n increase i n surfactant c l o u d point . T h e genera l 
t r e n d expected ( s u c h as increas ing water s o l u b i l i t y ) is also observed i n 
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40 L Y O T R O P I C LIQUID CRYSTALS 

p-Xylene p-Xylene 

Water 

Figure 11. Increasing the FIT value by altering the emulsifier hydrophilic 
group (A-C) or nature of the hydrocarbon (B-D) give changes expected from 

the PIT concept (cf. Figure 9) 
OEGDE = octaoxyethylene dodecyl ether 
EGDE = oxyethylene dodecyl ether 
T E G D E = tetraoxyethylene dodecyl ether 

the diagrams. I n a d d i t i o n the increased v o l u m e of the h y d r o p h i l i c par t 
of the emulsif ier gives rise to the f o r m a t i o n of a m i d d l e phase a n d one 
isotropic l i q u i d crysta l i n a d d i t i o n to the lamel lar structure. 

T h e temperature dependent alterations of the e q u i l i b r i a b e t w e e n 
different phases have not yet been s tudied . C o n c e r n i n g the results i n 
F i g u r e 9 , the changes a long the water -emuls i f i e r axis s h o u l d be less 
p r o n o u n c e d t h a n shifts at composit ions w i t h h igher amounts of h y d r o 
carbon . 

Conclusions 

Regions conta in ing a l i q u i d crysta l l ine phase i n systems c o m p r i s e d 
of water , a h y d r o c a r b o n , a n d a n o n i o n i c emulsif ier (po lyoxyethy lene 
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3. F R i B E R G E T A L . Micellar and Lyotropic Phases 41 

a l k y l ether) are affected b y the temperature - induced changes characteris
t i c of the variat ions b r o u g h t about i n the isotropic l i q u i d phases. These 
are most d is t inc t ive i n the phase invers ion temperature ( P I T ) range. 

T h e l i q u i d crysta l l ine regions obey the general rules for the l i q u i d 
phases, b u t o n l y w h e r e the h y d r o c a r b o n content is h i g h . A l o n g the w a t e r -
emulsif ier axis the changes w i t h temperature are s m a l l i n the P I T range; 
this indicates that the structure of the l i q u i d crystal l ine phase depends 
m a i n l y o n short range emuls i f i e r -water interactions, w h i c h l imits the 
so lub i l i ty of water into the emulsif ier . 

T h e p r e l i m i n a r y results repor ted here indicate that the general 
changes i n d u c e d i n the P I T range m a y h e l p to systematize the complex 
phase behavior of n o n i o n i c surfactants w h e n they are c o m b i n e d w i t h 
water a n d hydrocarbons . 
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4 

Liquid Crystalline Phases in Biological 
Model Systems 

K. LARSSON and I. LUNDSTRÖM1 

University of Göteborg and Chalmer's University of Technology, 
Fack, S-402 20 Göteborg 5, Sweden 

The present knowledge about molecular organization in 
lyotropic liquid crystalline phases is summarized. Particular 
attention is given to biologicaly relevant structures in lipid
-water systems and to lipid—protein interactions. New find
ings are presented on stable phases (gel type) that have 
ordered lipid layers and high water content. Furthermore, 
electrical properties of various lipid structures are discussed. 
A simple model of 1/f noise in nerve membranes is presented 
as an example of interaction between structural and electrical 
properties of lipids and lipid-protein complexes. 

' H p h e signif icance of l i q u i d crystals i n b i o l o g i c a l systems is obvious f r o m 
the fact that most l i f e processes require m o l e c u l a r d isorder a n d m o b i l 

i t y w i t h maintenance of or ientat ion of the f u n c t i o n a l groups i n v o l v e d ; this 
is just the molecu lar organizat ion that is characterist ic of the l i q u i d crys
ta l l ine state. I n a f e w cases, for example i n muscles a n d i n the nerve 
m y e l i n sheath, there are l i q u i d crysta l l ine regions w i t h three-dimensional 
extension. M o r e often, however , the structure is t w o - d i m e n s i o n a l , con
sist ing of a u n i t layer of a lamel la r l i q u i d crystal l ine phase. T h e m e m 
brane that covers a l l cells a n d c e l l organelles has a m o l e c u l a r arrange
ment of this type. S ince there are v e r y f e w p h y s i c a l methods for inves t i 
ga t ing t w o - d i m e n s i o n a l structures i n a n aqueous environment , the use of 
re lated l i q u i d crysta l l ine phases as models provides a n i m p o r t a n t basis 
for our un ders ta nding of m e m b r a n e structure. 

L y o t r o p i c l i q u i d crystal l ine phases h a d been u t i l i z e d technica l ly for a 
l o n g t i m e before their structures were k n o w n . A milestone i n the e l u c i d a 
t i o n of their structure was the i n t r o d u c t i o n of the l i q u i d c h a i n concept. 
I n 1958, o n the basis of evidence f r o m I R spectroscopy, C h a p m a n p r o -

1 Present address: Chemical Center, Box 740, S-22007 Lund, Sweden 

43 
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44 L Y O T R O P I C L I Q U I D C R Y S T A L S 

posed that a h i g h temperature phase transi t ion i n anhydrous soaps was 
caused b y m e l t i n g of the chains ( I ) . A f e w years later, the complete 
structure of the most c o m m o n l i q u i d crystal l ine phases i n s o a p - w a t e r sys
tems was revea led b y the p i o n e e r i n g w o r k of L u z z a t i a n d co-workers ( 2 ) . 

A characterist ic feature of molecules that f o r m l y o t r o p i c l i q u i d crys
tals is their surface ac t iv i ty . Because of the a m p h i p h i l i c nature of the 
molecules , they orient u p o n contact w i t h solvent molecules , g i v i n g rise to 
p o l a r a n d n o n p o l a r regions that are separated b y the po lar e n d groups. 
A l l structures k n o w n fit one of those m a d e possible b y the var ious c u r v a 
tures of the interface be tween t w o l i q u i d regions, w i t h m o l e c u l a r size 
taken into considerat ion. I t is therefore not surpr i s ing that the earl ier 
treatment of the structure of l y o t r o p i c l i q u i d crysals was unsuccessful 
since the molecules were regarded as stiff rods. 

T h e l y o t r o p i c l i q u i d crystal l ine phases re levant to b i o l o g i c a l systems 
consist of w a t e r a n d l i p i d s a n d usua l ly proteins also. T h e l i p i d s l i s ted i n 
T a b l e I occur i n c e l l membranes ; a l l f o r m l i q u i d crystal l ine phases w i t h 
water . 

D i f f e r e n t b i o l o g i c a l tissues are complex mixtures of var ious l i p i d 
types, a n d each one is u s u a l l y represented b y numerous homologs w i t h 

Lipid 

P h o s p h o 
l i p i d s 

Sphingo-
l i p i d s 

Table I. Lipids in Cell Membranes 

Typical 
Example Formula 

d i p a l m i t o - C H 2 — O C O ( C H 2 ) 1 4 C H 3 

y l l e c i - | 
t h i n C H 2 — O C O — ( C H 2 ) 1 4 C H 3 

C H 2 — Ο Ρ 0 2 Ό ( C H 2 ) 2 N + ( C H 3 ) 3 

Η Η Η 

cerebro-
side 

C H 3 ( C H 2 ) 1 2 — C = C — C — C — C H 2 — 0 — C H -

H O H N H 

C = 0 

R 

— C H — H C O H — H O C H — H O C H — H C — C H 2 O H 

I ο 1 

G l y c e r - 1-mono- C H 2 O H 
ides p a l m i t i n | 

C H O H 

C H 2 O C O ( C H 2 ) 1 4 C H 3 
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4. LARSSON A N D L U N D S T R O M Phases in Biological Model Systems 45 

different fat ty a c i d composi t ion . A remarkab le proper ty of s u c h mixtures 
is that they usua l ly behave as a single component w i t h respect to the 
phase ru le . A s is discussed b e l o w , l i p i d phase transit ions are of f u n c t i o n a l 
importance i n membranes , a n d the poss ib i l i ty of v a r y i n g the fat ty a c i d 
pat tern provides a w a y to v a r y the phase t rans i t ion temperature as w e l l 
as the t rans i t ion range. 

Structures in Lipid—Water Systems 

T h e three f u n d a m e n t a l l y o t r o p i c l i q u i d crys ta l structures are d e p i c t e d 
i n F i g u r e 1. T h e lamel lar structure w i t h b i m o l e c u l a r l i p i d layers sepa
ra ted b y water layers ( F i g u r e 1, center) is a relevant m o d e l for m a n y 
b i o l o g i c a l interfaces. D e s p i t e the disorder i n the polar r e g i o n a n d i n the 
h y d r o c a r b o n c h a i n layers, w h i c h spectroscopy reveals are close to the 
l i q u i d states, there is a perfect repet i t ion i n the d i r e c t i o n p e r p e n d i c u l a r to 
the layers. Because of this one-dimens ional p e r i o d i c i t y , the thicknesses of 
the l i p i d a n d w a t e r layers a n d the cross-section area per l i p i d m o l e c u l e 
c a n be d e r i v e d d i r e c t l y f r o m x-ray di f f rac t ion data . 

T h e hexagonal arrangement of cy l inders f o r m e d b y l i p i d molecules i n 
a cont inuous w a t e r m e d i u m ( F i g u r e 1, r i g h t ) is observed i n a l l systems 
w i t h l i q u i d crystals, p r o v i d e d that there is a m i c e l l a r state at h i g h w a t e r 
content. O n l y a f e w l i p i d s w h i c h have a large p o l a r h e a d group re lat ive 
to the h y d r o c a r b o n c h a i n p o r t i o n of the molecu le s h o w this phase, e.g. 
l y s o l e c i t h i n ( o b t a i n e d f r o m l e c i t h i n w h e n one c h a i n is r e m o v e d ) a n d 
psychosine ( re la ted to cerebroside i n the same w a y ) . T h e x-ray di f frac
t i o n pat tern of this phase can b e i n d e x e d as a t w o - d i m e n s i o n a l hexagonal 
latt ice, a n d one m a y a p p l y s imple geometry i n order to determine the 
radius of the l i p i d cyl inders , the distance b e t w e e n adjacent cy l inders , a n d 
the area per l i p i d m o l e c u l e at the w a t e r interface. 

T h e inversed hexagonal structure, w i t h w a t e r cy l inders arranged i n a 
matr ix f o r m e d b y the d isordered h y d r o c a r b o n chains ( F i g u r e 1, l e f t ) , is a 
c o m m o n structure i n aqueous systems of l i p i d s of b i o l o g i c a l o r i g i n . T h e r e 
is u s u a l l y no p r o b l e m i n d e t e r m i n i n g the true al ternat ive b e t w e e n the t w o 
hexagonal structures f r o m the x-ray data , a n d the molecu lar dimensions 
can then be ca lcula ted . T h e occurrence of this structure i n complex l i p i d s 
results f r o m the molecu lar shape; t w o h y d r o c a r b o n chains are u s u a l l y 

Figure 1. Schematic of the three most com
mon phases that occur in aqueous lipid systems 
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46 L Y O T R O P I C LIQUID CRYSTALS 

Journal of Lipid Research and Nature 

Figure 2. Egg lecithin. Left: phase diagram (3), and right: details of the 
region with low water content (4) 

l i n k e d to the po lar e n d group. I f the interface has a curvature so that the 
chains d iverge , they w i l l have more space than i n the lamel lar structure. 
T h i s structure of ten forms f r o m the l a m e l l a r one u p o n heat ing . I t is 
k n o w n f r o m spectroscopic studies that c h a i n m o b i l i t y increases t o w a r d 
the m e t h y l end . T h i s hexagonal structure is also favorable for such ther
m a l movement , a n d the t rans i t ion f r o m the lamel lar phase w h e n t h e r m a l 
m o v e m e n t increases is therefore not surpr is ing . 

O n e type of l i p i d that is d o m i n a n t i n b i o l o g i c a l interfaces is l e c i t h i n , 
a n d lecithin—water systems have therefore been examined extensively b y 
different p h y s i c a l techniques . Small 's b i n a r y system (3 ) for egg l e c i t h i n -
w a t e r is presented i n F i g u r e 2. T h e l a m e l l a r phase is f o r m e d over a large 
compos i t ion range, a n d , at v e r y l o w w a t e r content, the phase behavior is 
qui te complex . T h e i r structures as proposed b y L u z z a t i a n d co-workers 
(4 ) are either lamel lar w i t h different h y d r o c a r b o n c h a i n packings or based 
o n rods ; b o t h types are discussed b e l o w . 

T h e s w e l l i n g of l e c i t h i n ( a n d of a l l other n e u t r a l l i p i d s s t u d i e d ) p r o 
ceeds u n t i l a water layer thickness of about 20 A is reached. B e y o n d this 
l i m i t , the reg ion w i t h h i g h e r water content is often d i s c r i b e d as consist ing 
of t w o phases, w a t e r a n d the lamel lar phase. T h i s is not correct, h o w 
ever, since concentr ic structures are f o r m e d i n this w h o l e range. T h e 
spher ica l so-ca l led l iposomes, w i t h l i p i d layers a l ternat ing w i t h water 
layers, are not restr ic ted o n l y to v e r y d i l u t e systems, but , together w i t h 
the c y l i n d r i c a l arrangement of concentr ic layers, they represent a p a r t i c u 
lar s t ructura l state above the l i m i t of water s w e l l i n g . O u r k n o w l e d g e of 
the e q u i l i b r i u m state of these dispersions a n d variat ions i n shape a n d 
size of the c o l l o i d a l part ic les is v e r y l i m i t e d even t h o u g h l iposomes are 
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4. LARSSON A N D L U N D S T R O M Phases in Biological Model Systems 47 

u s e d f requent ly as m e m b r a n e models . I t is possible to break these par 
ticles m e c h a n i c a l l y , for example b y u l t rasound, a n d a large p r o p o r t i o n of 
part icles consist ing of a single b i l ayer is then obta ined. These so-cal led 
vesicles c a n be separated, a n d they have obvious advantages over l i p o 
somes as m e m b r a n e models . 

T h e phase behavior of a synthetic l e c i t h i n , d i p a l m i t o y l l e c i t h i n , as 
a n a l y z e d b y C h a p m a n a n d co-workers ( 5 ) , is d i a g r a m m e d i n F i g u r e 3. 
T h e m a i n features are the same as i n the phase d i a g r a m of egg l e c i t h i n : a 
mix ture of numerous homologs . A s a consequence of the v a r i a t i o n i n fat ty 
a c i d c h a i n length , the c h a i n m e l t i n g po in t is l o w e r e d w h i c h means that the 
c r i t i c a l temperature for f o r m a t i o n of l i q u i d crystal l ine phases is r e d u c e d . 
T h i s temperature is about 42 ° C for d i p a l m i t o y l l e c i t h i n , a n d , i f the l a 
m e l l a r l i q u i d crysta l is cooled b e l o w this temperature , a so-cal led ge l 
phase is f o r m e d . T h e h y d r o c a r b o n chains i n the l i p i d b i layers of this 
phase are extended, a n d they c a n be r e g a r d e d as crystal l ine . T h e g e l 
phase a n d the transit ions b e t w e e n ordered a n d disordered chains are con
s idered separately. 

C u b i c phases have also been observed i n l i p i d - w a t e r systems. S u c h 
a phase is not a true l i q u i d crys ta l since i t exhibits three-dimensional pe 
r i o d i c i t y , b u t a l l p h y s i c a l propert ies are closely re la ted to those of the 
lamel lar a n d hexagonal phases. F o r the structure d e r i v e d for the c u b i c 
phase of s t ront ium myris tate ( 6 ) , see F i g u r e 4. T h e l i p i d molecules are 
jo ined so that the polar groups f o r m rods, a n d these rods are jo ined into 
t w o separate three-dimensional networks . T h e l i p i d reg ion as w e l l as the 
polar r e g i o n i n this structure f o r m cont inuous m e d i a . T h e r e is also e v i 
dence for a c u b i c structure w i t h c losed water aggregates. It is f o r m e d i n 
monoglycer ides of m e d i u m c h a i n l ength w h e n the lamel lar phase is heated 

0.8 
Concentration \ 

Chemistry and Physics 
of Lipids 

Nature 

Figure 3. Phase diagram of the 
dipalmitoyllecithin-water system 

(5) 

Figure 4. The rod systems 
formed by the polar groups in 
the cubic phase that forms in 

strontium myristate (6) 

Library 
American Chemical Society 
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48 L Y O T R O P I C LIQUID CRYSTALS 

Figure 5. The binary system of monopalmitin-
water 

( F i g u r e 5 ) , a n d , w i t h longer chains ( > C 2 o ) , i t transforms into the hexa
g o n a l s tructure w i t h c losed water cy l inders u p o n fur ther heat ing . Struc
tures based o n space-f i l l ing p o l y h e d r a w e r e a n a l y z e d ( 7 ) , a n d the x-ray 
d a t a are i n g o o d agreement w i t h a structure consist ing of a body-centered 
arrangement of p o l y h e d r a w i t h faces f o r m e d b y six squares a n d eight 
hexagons (see F i g u r e 6 ) . T h i s structure was later conf i rmed b y freeze-
e t c h i n g electron microscopy (8). 

A q u e o u s systems of molecules as dif ferent as lec i thins a n d m o n o -
glycer ides have v e r y s imi lar phase diagrams (cf. F i g u r e s 3 a n d 5 ) , w h i c h 
i l lustrates that l i p i d s w i t h s imi lar size relations be tween h y d r o p h o b i c a n d 
h y d r o p h i l i c regions (expressed f o r example b y the H L B v a l u e ) g ive the 
same t y p e of w a t e r interact ion. If i o n i c groups are present, the lamel la r 

Figure 6. Cubic structures in lipid-water sys
tems based on space-filling polyhedra. The 
data from the monoglyceride-water cubic 
phases fit with the body-centered structure to 

the right. 
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4. L A R S S O N A N D L U N D S T R Ô M Phases in Biological Model Systems 49 

phase swells to a h i g h e r m a x i m u m w a t e r content, b u t , besides this , there 
are no major differences i n the behavior of i o n i c l i p i d s . 

M u l t i c o m p o n e n t systems, w h i c h c o n t a i n different types of l i p i d s a n d 
water , have the same phases as w e r e descr ibed above. T h e phase d i a 
grams are of course c o m p l i c a t e d b y the coexistence of m a n y phases i n 
e q u i l i b r i u m , but , apart f r o m that, the same relations b e t w e e n structure 
a n d the size—shape relat ions of the h y d r o p h o b i c a n d h y d r o p h i l i c regions 
of the l i p i d mixtures as i n the b i n a r y systems seem to be v a l i d . M o d e l 
systems re la ted to different diseases i n w h i c h l i q u i d crysta l l ine phases are 
i n v o l v e d w e r e s t u d i e d , p a r t i c u l a r l y b y S m a l l . A s a n example , a ternary 
system i n w h i c h the most i m p o r t a n t components of atheriosclerotic lesions 
are i n v o l v e d (10) is i l lus t ra ted i n F i g u r e 7. T h e a d d i t i o n of p h o s p h o 
l i p i d s a n d water to the phase diagrams gives a p h y s i c a l basis for under 
s tanding the f o r m a t i o n of these p a t h o l o g i c a l l i p i d deposits ( I I ) . T h e 
f o r m a t i o n of g a l l stones b y cholesterol p r e c i p i t a t i o n i n the b i l e w a s ex
a m i n e d i n a s imi lar w a y (12). 

Lipid—Protein Interaction 

A l t h o u g h the association b e t w e e n l i p i d s a n d prote ins is f u n d a m e n t a l 
i n u n d e r s t a n d i n g the p h y s i o l o g i c a l funct ions of membranes , i n f o r m a t i o n 
o n s u c h structures is v e r y l i m i t e d . Studies of a f e w systems of l i p i d s a n d 
g l o b u l a r proteins indica te that the proteins t e n d to r e m a i n i n their nat ive 
f o r m . T h e structures can be separated into t w o somewhat s i m p l i f i e d 
types. U s u a l l y the l i p i d structure seems to dominate , a n d the p r o t e i n 
molecules are incorpora ted into l i q u i d crystal l ine structures of l i p i d s . I n 
other cases, the l i p i d molecules are d i s t r i b u t e d w i t h i n the p r o t e i n uni ts , 

"Surface Chemistry 
of Biological Systems" 

Figure 7. The ternary system 
cholesteryl oleate-cholesterol-triolein 
(CO^C-TO) at different temperatures 
(10) . The darkened region corre
sponds to one isotropic phase whereas 
the remainder consists of two or three 

phases. 
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50 LYOTROPIC LIQUID CRYSTALS 

Biochimica et Biophysica Acta 

Figure 8. Molecular arrangements in aque
ous precipitates of insulin and lecithin-
cardiolipin (13). Left: the lipid bilayer struc
ture used in the preparations; center: the 
precipitate formed by a 9/1 molar ratio of 
lecithin-cardiolipin; and right: the precipi

tate formed by a 6/4 molar ratio. 

a n d i t then m i g h t be possible to crystal l ize the complex a n d to obta in a 
de ta i l ed structure determinat ion . 

A n exper imenta l c o m p l i c a t i o n is the di f f icul ty i n effecting m o l e c u l a r 
in terac t ion b e t w e e n the components . T h e u s u a l technique for p r e p a r i n g 
l i p i d - p r o t e i n phases i n an aqueous environment is to use components of 
opposite charge. T h i s i n t u r n means that the l i p i d s h o u l d be a d d e d to the 
p r o t e i n i n order to obta in a homogeneous complex since a complex sepa
rates w h e n a certa in c r i t i c a l h y d r o p h o b i c i t y is reached. If the prec ip i ta te 
is p r e p a r e d i n the opposite w a y , the compos i t ion of the complex can v a r y 
since i n i t i a l l y the p r o t e i n molecu le can take u p as m a n y l i p i d molecules 
as its net charge, a n d this n u m b e r can decrease successively w i t h reduc
t i o n i n avai lable l i p i d molecules . I t is thus not possible to prepare l i p i d -
protein—water mixtures , as i n the case of other ternary systems, a n d to 
w a i t for e q u i l i b r i u m . Systems were p r e p a r e d that consisted of l e c i t h i n -
c a r d i o l i p i n ( L / C L ) mixtures w i t h ( a ) a h y d r o p h o b i c pro te in , i n s u l i n , 
a n d w i t h ( b ) a p r o t e i n w i t h h i g h water so lubi l i ty , b o v i n e serum a l b u m i n 
( B S A ) . 

I n the i n s u l i n - L / C L complexes, i t is evident f r o m the dimensions of 
the lamel lar l i q u i d crystal l ine phase that i n s u l i n is s i m p l y associated elec
trostat ical ly w i t h the L / C L b i l a y e r a n d that i t replaces water (13). T h e 
amounts d e p e n d o n the n u m b e r of charges (see F i g u r e 8 ) . T h e l i m i t of 
p r o t e i n association is reached w h e n no more surface is avai lable at the 
b i l a y e r - w a t e r interface. 

B S A - L / C L complexes are also lamel lar l i q u i d crystals. T h e r e are 
t w o alternative models ( F i g u r e 9) w h i c h c a n e x p l a i n the observed lat t ice 
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4 . LARSSON AND LUNDSTROM Phases in Biological Model Systems 51 

Biochemistry 

Figure 9. Molecular arrangements in aque
ous precipitates of bovine serum albumin and 
lecithin-cardiolipin (14). Center: lipid bi-
layers; and left and right: two alternative 
structures of the precipitates based on the 

x-ray diffraction spacings. 

dimensions (14). I n the most probable al ternative, parts of the p r o t e i n 
molecules penetrate the l i p i d layer ; consequently , there is a h y d r o p h o b i c 
l i p i d - p r o t e i n interact ion . T h e other al ternative is that the thickness of the 
l i p i d b i l a y e r is so r e d u c e d that there are direct contacts be tween w a t e r 
a n d h y d r o c a r b o n chains. A l l ava i lab le data o n lamel lar l i p i d - w a t e r l i q u i d 
crystals reveal s imi lar values for the cross-section area per h y d r o c a r b o n 
c h a i n at the b i l a y e r - w a t e r interface that are q u i t e different f r o m those for 
this second s tructural al ternative. T h e p r o b a b l e m e c h a n i s m for f o r m a 
t i o n of the complex is therefore a n i n i t i a l electrostatic effect that br ings 
the p r o t e i n a n d l i p i d molecules together; subsequently , a structure w i t h 
o p t i m u m short-range interac t ion b e t w e e n the components is adopted . 

T h e association of l i p i d s w i t h proteins i n d i l u t e aqueous solutions 
was s tudied b y T a n f o r d (15). H e ident i f ied different types of interac t ion 
that d e p e n d o n the n u m b e r of associated l i p i d molecules . H e also ana
l y z e d the re la t ion b e t w e e n l i p i d associat ion into micel les a n d the compet
i n g b i n d i n g of l i p i d s to proteins. 

Observat ions w e r e m a d e of l i p i d - p r o t e i n phases i n w h i c h the struc
ture is d e t e r m i n e d m a i n l y b y the prote in . R a m a n spectroscopy is a u s e f u l 
m e t h o d for structure analysis of such phases. T h e structures descr ibed 
above were a n a l y z e d successful ly b y an x-ray d i f f rac t ion technique . 
L i p i d - p r o t e i n complexes, however , are of ten amorphous , a n d al ternat ive 
methods to s tudy the ir structures are therefore needed. I t was d e m o n 
strated that R a m a n spectroscopy c a n be used to o b t a i n s t ructura l in for 
m a t i o n about l i p i d - p r o t e i n in terac t ion (16, 17). I t is thus possible to 
determine the conformat ion as w e l l as the type of envi ronment of the 
l i p i d molecules . W i t h the prote in , interpretat ion is more c o m p l i c a t e d . I t 
is u s u a l l y possible to determine w h e t h e r the complex has the same p r o t e i n 
conformat ion as the component used i n the prepara t ion , or, i f a change 
occurs, i t m a y be possible to correlate i t w i t h denaturat ion of the p u r e 
prote in . F o r complexes f o r m e d b y long-cha in a l k y l phosphates a n d i n s u -
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52 L Y O T R O P I C LIQUID C R Y S T A L S 

Figure 10. Models of complexes be-
tween long-chain phosphate esters 
(sodium salts of the monoesters) and 
insulin based on Raman spectroscopy. 
Shorter chains (e.g. C10) have a pro
tein environment whereas lipid re
gions with disordered chains are 
formed when chains are longer 

( > c j . 

l i n , the s t ructura l features i n F i g u r e 10 w e r e d e r i v e d f r o m the R a m a n 
spectra. I n s u l i n remains i n its nat ive f o r m i n complexes f o r m e d b y phos
phates. I n the members w i t h l o n g chains ( > C i 4 ) , the h y d r o c a r b o n 
chains are s u r r o u n d e d b y other chains w h i c h indicates that they f o r m the 
u s u a l type of h y d r o c a r b o n c h a i n regions. W h e n c h a i n lengths are short, 
( < C i o ) , h o w e v e r , the phosphate ester molecules have a different a n d 
more p o l a r environment , a n d they are therefore l i k e l y to be d i s t r i b u t e d i n 
h y d r o p h o b i c pockets of the i n s u l i n molecules . T h e h y d r o c a r b o n chains i n 
b o t h structure types are d isordered a n d are m a i n l y of gauche c o n f o r m a 
t ion . O n d r y i n g , the components separate a n d the chains crystal l ize . A n 
i m p o r t a n t ro le of w a t e r i n l i p i d - p r o t e i n complexes is p r o b a b l y to f u n c t i o n 
as a space- f i l l ing po lar m e d i u m . 

T h e poss ib i l i ty of o b t a i n i n g i n f o r m a t i o n about l i p i d - p r o t e i n interac
t i o n makes R a m a n spectroscopy a use fu l technique for s t ructural studies 
of membranes . A s an i l lus t ra t ion of spectra r e c o r d e d f r o m b i o l o g i c a l 
samples, see the R a m a n spec t rum of a f r o g sciat ic nerve i n F i g u r e 11. T h e 
C - H stretching v i b r a t i o n r e g i o n is characterist ic of l i p i d b i layers i n a 

Figure 11. Raman spectrum of a 
frog sciatic nerve in Ringer solution 
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4. LARSSON AND LUNDSTRÔM Phases in Biological Model Systems 53 

» ! , , , , , », l l 
10 20 30 40 50 60 70 80 90 

> % ( w / w ) H 2 0 

Figure 12. The binary system tetradecylamine-water 

m a i n l y d i sordered state, w h i c h agrees w i t h findings f r o m s t ructura l studies 
of this p a r t i c u l a r m u l t i l a m e l l a r structure b y numerous other techniques . 

The Gel State in Lipid-Water Systems 

L i p i d - w a t e r ge l phases w e r e p r e v i o u s l y regarded as metastable struc
tures that are f o r m e d before separation of water a n d l i p i d crystals w h e n 
the corresponding lamel lar l i q u i d crysta l is cooled . N e w i n f o r m a t i o n o n 
g e l phases (see b e l o w ) reveals that they c a n f o r m t h e r m o d y n a m i c a l l y 
stable phases w i t h v e r y spec ia l s t ructural propert ies . T h i s characterist ic 
makes t h e m as interest ing as the lamel lar l i q u i d crystals f r o m a b i o l o g i c a l 
p o i n t of v i e w . 

T h e b i n a r y system of t e t r a d e c y l a m i n e - w a t e r is d i a g r a m m e d i n F i g 
ure 12. T h e r e are t w o ge l phases w i t h different water layer thicknesses 
b u t w i t h the same b i l a y e r structure ( 1 8 ) . T h e molecules are extended 
a n d v e r t i c a l i n the b i l a y e r i n b o t h forms , a n d the existence of t w o forms 
c a n be expla ined as fo l lows . T h e gel-I phase swells to a water layer th ick
ness of about 14 A , w h i c h is about the same as that observed i n a l l k n o w n 
lamel la r l i q u i d crystals of neut ra l molecules ( some of w h i c h can be coo led 
to give a ge l p h a s e ) . A t h i g h water concentrations, there are e n o u g h 
w a t e r molecules to ion ize a cer ta in p r o p o r t i o n of the amine groups, a n d , 
at a c r i t i c a l concentrat ion, the electrostatic r e p u l s i o n of the bi layers w i l l 
ba lance the v a n der W a a l s attractive forces. W h e n the p r o t o n concentra
t i o n of the water present was changed, this c r i t i c a l concentrat ion sh i f ted 
as expected f r o m the changed charge densi ty . 
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54 LYOTROPIC LIQUID CRYSTALS 

Figure 13. The binary system cho
lesterol dihydrogenphosphate^ivater 

Choles te ro l sulfate a n d cholesterol monophosphate b o t h f o r m aque
ous phases of the l i q u i d crysta l a n d gel type. T h i s is remarkable since i t 
is b e l i e v e d that the occurrence of l y o t r o p i c l i q u i d crystals requires a h y 
d r o c a r b o n r e g i o n f o r m e d b y flexible chains i n a l i q u i d l i k e state. T h e su l 
fate was so unstable c h e m i c a l l y that i t was impossible to obta in phase 
e q u i l i b r i a at h i g h water content, b u t the general behavior was the same 
as that of the d i h y d r o g e n monophosphate . T h e phase d i a g r a m of the sys
t e m cholesterol d i h y d r o g e n p h o s p h a t e - w a t e r is presented i n F i g u r e 13 
(19). T h e crystals exist b o t h i n anhydrous f o r m a n d as a hydrate . A q u e 
ous phases w i t h water exist o n l y at v e r y h i g h water contents. A b o v e 
about 85 w t % water , a stable gel phase is f o r m e d ; i t exists as a v e r y 
viscous homogeneous phase u p to a water content of 99 w t % . A transi
t i o n is observed w h e n the gel phase is heated; f r o m x-ray wide-angle 
d i f f rac t ion studies, this means that there is increased disorder i n the l i p i d 
b i layers . I n analogy w i t h other l i p i d - w a t e r systems, this t ransi t ion is 
therefore descr ibed as a gel —» l i q u i d crysta l t ransi t ion. A l s o , i n this case 
i t is possible to e x p l a i n the m i n i m u m water layer thickness r e q u i r e d for 
f o r m a t i o n of the ge l phase b y a c r i t i c a l electrostatic r e p u l s i o n that results 
f r o m i o n i z a t i o n of some phosphate groups. 

T h e lamel lar spacing of a m o n o g l y c e r i d e g e l phase as a f u n c t i o n of 
water content is p lo t ted i n F i g u r e 14. T h e gel phase of the neutra l mono
g lycer ide has a l i p i d b i layer thickness of 49.5 A , a n d i t swells to a u n i t 
layer thickness of 64 A (20). If a n i o n i c a m p h i p h i l i c substance (e.g. a 
soap ) is s o l u b i l i z e d i n the l i p i d b i layer , i t is possible to obta in a ge l phase 
w i t h h i g h water content. A s w i t h the g e l phases w i t h infinite s w e l l i n g 
that were discussed above, there is, however , a m i n i m u m water layer 
thickness w h i c h i n this monoglycer ide gel is about 40 A . 

T h e existence of a f o r b i d d e n water layer thickness range, w h i c h seems 
to be a general p h e n o m e n o n w i t h these ge l phases, m i g h t be relevant to 
c e l l adhes ion a n d e q u i l i b r i u m distances at c e l l contact. T h e gel repre
sents one type of l i p i d b i l ayer structure that occurs i n membranes (see 
b e l o w ) , a n d , because of the dom i nance of neutra l l i p i d molecules , the 

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

1,
 1

97
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

6-
01

52
.c

h0
04



4. LARSSON AND LUNDSTROM Phases in Biological Model Systems 55 

charge densi ty c a n b e s imi lar to that of the ge l phases descr ibed here. 
H y p o t h e t i c a l cells w i t h the same surface structure as these gel phases 
o b v i o u s l y cannot come closer to each other t h a n the l i m i t set b y the m i n i 
m u m water layer thickness unless the surface structure is changed. T h e 
presence of counterions i n the w a t e r m e d i u m of the ge l phases, however , 
has a drast ic effect o n these distances, a n d their effect o n c e l l contact d is 
tances is also w e l l recognized . A s l i t t le as 0.3 w t % s o d i u m chlor ide i n 
the aqueous m e d i u m is e n o u g h to prevent s w e l l i n g of the m o n o g l y c e r i d e 
ge l w i t h s o l u b i l i z e d i o n i c a m p h i p h i l e s above a water layer thickness of 

d(A) 

V 

/ 
/ 

: / 
/ 

/ ! 

/ 

/ 

lo 2o 3o 4o 

I 1 1 1 1 I 
1.5 2 

2.5 

Figure 14. X-ray diffraction data for the gel phase 
of a monostearin sample at 25°C. X X at pH 
5-6 the limited swelling of a monoglyceride gel; 
ana · · : at pH 7 , the swelling up to high 
water content in the presence of charged groups 
(sodium stéarate/monoglyceride molecular ratio, 

1/60). 
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56 L Y O T R O P I C LIQUID C R Y S T A L S 

14 A , a n d , consequently , there is no m i n i m u m w a t e r layer thickness. I f 
the salt concentrat ion is increased above 2 w t % , i t is not possible to get 
a n y water at a l l b e t w e e n the l i p i d bi layers . 

Membranes and the Significance of the Hydrocarbon Chain Structure 

A l t h o u g h numerous models for the structure of membranes have b e e n 
proposed , the s t ruc tura l features w h i c h are general ly accepted at present 
are rather s imi lar to the o r i g i n a l D a n i e l l i - D a v s o n m o d e l . T h e r e is c o n 
v i n c i n g evidence that the structure is d o m i n a t e d b y l i p i d b i layers . T h e 
state of order of the h y d r o c a r b o n chains is n o w b e i n g s t u d i e d extensively 
b y m a n y groups (see b e l o w ) . Less is k n o w n about the proteins. Besides 
the proteins that are located o n the outside a c c o r d i n g to the D a n i e l l i -
D a v s o n m o d e l , there are also proteins that are p a r t l y b u r i e d i n the h y d r o 
p h o b i c inter ior of the l i p i d layer ; however , l i t t le is k n o w n about the l i p i d -
p r o t e i n interact ion. 

T h e t rans i t ion b e t w e e n crystal l ine a n d m e l t e d h y d r o c a r b o n chains i n 
membranes was s tudied ca lor imetr i ca l ly , a n d the poss ib i l i ty of v a r y i n g the 
fat ty a c i d c o m p o s i t i o n a n d therefore the phase t rans i t ion temperature i n 
cer ta in microorganisms has p r o v i d e d v a l u a b l e i n f o r m a t i o n o n such t ransi 
t ions. I t is k n o w n that the t h e r m a l t ransi t ion b e t w e e n the lamel lar l i q u i d 
crysta l l ine phase a n d the ge l phase i n aqueous systems has a correspond
ence i n l iposomes, vesicles, a n d even membranes . T h i s t ransi t ion is de
s c r i b e d as a t rans i t ion b e t w e e n l i q u i d a n d crystal l ine chains. I t s h o u l d b e 
noted , however , that the chains are u s u a l l y not t r u l y crystal l ine i n the 
ge l state. T h e occurrence of a single x-ray short spac ing at 4.15 A , w h i c h 
is used for ident i f i ca t ion , shows that the chains are arranged i n a hexa
g o n a l structure w i t h ro ta t iona l or osc i l la t ional d isorder of the chains. 
T h e r e are no repor ted observations of perfec t ly crysta l l ine chains i n ge l 
phases i n aqueous systems of complex l i p i d s of the type that occurs i n 
membranes . T h e fact that the chains i n membranes are h i g h l y d i s o r d e r e d 
even w h e n they are descr ibed as crysta l l ine has cer ta in f u n c t i o n a l as
pects. T h e corresponding hexagonal arrangement of extended h y d r o c a r 
b o n chains also exists i n m o n o m o l e c u l a r films at the a i r - w a t e r interface , 
a n d , because of its l i q u i d l i k e propert ies , i t was classif ied as a l i q u i d phase 
i n the monolayer phase nomencla ture b y H a r k i n s (21). T h i s s h o u l d be 
kept i n m i n d w h e n la tera l d i f fus ion i n membranes is considered. W h e n 
m e m b r a n e l i p i d s are i n a so-cal led crysta l l ine state, the hexagonal c h a i n 
arrangement a l lows a considerable degree of la tera l m o v e m e n t of the 
molecules . M a n y recent studies ind ica te that a cer ta in p o r t i o n of the h y 
d r o c a r b o n chains i n membranes are i n a crysta l l ine state (cf. Réf . 10). 
T h e segregation of chains into o r d e r e d a n d disordered regions a n d the 
d y n a m i c propert ies i n v o l v e d i n these transit ions are therefore i m p o r t a n t 
i n u n d e r s t a n d i n g the structure a n d funct ions of b iomembranes . 

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

1,
 1

97
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

6-
01

52
.c

h0
04



4. LARSSON AND LUNDSTRÔM Phases in Biological Model Systems 57 

C h o l e s t e r o l has a p r o f o u n d effect o n the t rans i t ion b e t w e e n o r d e r e d 
a n d d i sordered chains. C a l o r i m e t r i c measurements of aqueous l e c i t h i n -
cholesterol phases revea l a b r o a d e n i n g i n the t ransi t ion temperature range 
a n d a r e d u c t i o n i n t rans i t ion energy w i t h increas ing cholesterol content; 
at a 1:1 molecu lar ra t io , no t rans i t ion is observed (22). R a m a n spectro
scopy of the same system demonstrates that the change f r o m gauche to 
trans conformat ion of the chains at the c h a i n crys ta l l iza t ion temperature 
of l e c i t h i n bi layers is successively lost w h e n cholesterol is a d d e d ; this can 
be interpreted as the f o r m a t i o n of a glassy state w h e n cholesterol is a d d e d 
(23). I t seems obvious that the r i g i d cholesterol skeleton must reduce 
the m o b i l i t y of the h y d r o c a r b o n chains i n the l i q u i d state, a n d also that 
the cholesterol molecules cannot be a c c o m m o d a t e d into any of the k n o w n 
c lose-packing arrangements of h y d r o c a r b o n chains. T h a t m o l e c u l a r sepa
ra t ion into cholesterol a n d p h o s p h o l i p i d regions is not o c c u r r i n g at the 
c h a i n c rys ta l l iza t ion temperature must result f r o m a strong association of 
the molecules of the po lar h e a d groups. O n e f u n c t i o n of cholesterol i n 
membranes m i g h t be to affect the t rans i t ion crysta l l ine τ± m e l t e d chains 
a n d the segregation of the l i p i d molecules into o r d e r e d a n d d isordered 
regions. 

I n a recent x-ray di f f rac t ion s tudy of or iented mul t i layers of a l e c i t h i n 
analog ( l -o leoyl -2-n-hexadecyl -2-deoxyglycero-3-phosphorylchol ine ) b y 
Less lauer et al. (25), the p a c k i n g of the h y d r o c a r b o n chains was discussed 
o n the basis of the observed h igh-angle di f f rac t ion . T h e avai lable in for 
m a t i o n o n h y d r o c a r b o n c h a i n p a c k i n g i n l i p i d s (cf. Refs. 26, 27, 28), h o w 
ever, was not taken into considerat ion. Since the order i n p h o s p h o l i p i d b i 
layers is a p r o b l e m of general significance i n connect ion w i t h membranes , 
w e discuss the structure of the h y d r o c a r b o n reg ion i n this par t i cu lar case. 

T h e observed short spacings (a t 0 % re lat ive h u m i d i t y ) at 4.14 a n d 
4.64 A at t r ibutable to c h a i n distances i n the p lane p e r p e n d i c u l a r to the 
chains w e r e interpreted as corresponding to a n o r t h o r h o m b i c subce l l w i t h 
la tera l axes of 8.26 a n d 5.59 A . It c a n be assumed that such a c e l l is not 
possible i n the case of crysta l l ine chains since the cross-sectional area per 
c h a i n is about 23 A 2 . E v e n i n the loose hexagonal c h a i n arrangement , 
w h e r e the chains have rota t ional f r e e d o m , the cross-sectional area per 
c h a i n is o n l y about 19 A 2 . Seven different modes of p a c k i n g the chains 
were observed; these were des ignated T||, M | | , O l , O ' l , 0||, 0'||, a n d 
H i n accordance w i t h subce l l symmetry a n d c h a i n p lane d i r e c t i o n ( 2 9 ) . 
T h e different types of c h a i n p a c k i n g can be ident i f ied b y their x-ray short-
spac ing diffract ions a l t h o u g h the re la ted subcells 0 1 a n d O ' l or 0|| a n d 
0 ' | I cannot be separated u n a m b i g u o u s l y ( 2 7 ) . T h e t w o d o m i n a n t short 
spac ing lines at 4.64 a n d 4.14 A do not agree w i t h those of the k n o w n 
c h a i n - p a c k i n g subcells , b u t this indicates that there are t w o different types 
of c h a i n arrangement. T h e most c o m m o n c h a i n - p a c k i n g subce l l for sat-
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58 L Y O T R O P I C LIQUID CRYSTALS 

Figure 15. Hydrocarbon chain 
structure of 2-oleyl-distearin based 
on x-ray diffraction. The short spac
ing data indicate that the two types 
of chain packing (Tu and O'II) are 
attributable to separation of the 
chains into bilayers with saturated 
chains and monolayers with unsat
urated chains. The long spacing 
data indicate that the unit layer 

consists of three chain layers. 

ura ted n o r m a l chains is the t r i c l i n i c T|| w h i c h has one d o m i n a n t short-
spac ing l ine at about 4.6 A . T|| a n d the o r t h o r h o m b i c p a c k i n g O l give 
the closest c h a i n p a c k i n g . I n t r o d u c t i o n of irregulari t ies i n c h a i n structure 
as w e l l as i m p u r i t i e s i n the c h a i n layers result i n a larger cross-sectional 
area per c h a i n , a n d the hexagonal arrangement ( w i t h one short spac ing 
l ine at about 4.15 A ) is then favored . 

W i t h l i p i d molecules that conta in b o t h saturated a n d unsaturated 
chains , a chain-sort ing m e c h a n i s m of ten results i n separat ion of saturated 
a n d unsaturated chains i n different layers. N o complete crysta l structure 
of s u c h a complex l i p i d is k n o w n . O n the basis of x-ray p o w d e r data for 
2-oleyl -distear in , i t is possible to der ive the p r i n c i p a l molecu lar arrange
m e n t ( F i g u r e 15) (28), a n d the separat ion of saturated a n d unsaturated 
chains can be seen. W i t h r e g a r d to c h a i n p a c k i n g , there are thus cer ta in 
advantages to a n extended m o l e c u l a r conformat ion of crystal l ine m e m 
brane p h o s p h o l i p i d s that have one saturated a n d one unsaturated h y d r o 
c a r b o n cha in . T h e poss ib i l i ty of a l i p i d phase t rans i t ion b e t w e e n the 
n o r m a l b i l ayer conformat ion i n w h i c h the p o l a r groups f o r m the outer 
surfaces a n d a n extended f o r m i n w h i c h the p o l a r groups are i n the m i d 
d le has some support i n the monolayer behavior of d ig lycer ides (SO). 

S h i e l d i n g of the p o l a r h e a d groups i n a m e m b r a n e r e g i o n w i t h l i p i d b i 
layers a n d l i q u i d chains so that their env i ronment becomes less po lar 
m i g h t result i n a phase t rans i t ion in to the extended f o r m w i t h crysta l l ine 
chains. R e p e a t e d transit ions of this t y p e are equiva lent to flip-flop m o v e 
ment of a cer ta in p o r t i o n of the l i p i d molecules , a n d transport of adsorbed 
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4. LARSSON AND LUNDSTROM Phases in Biological Model Systems 59 

ions or s m a l l molecules m i g h t b e a c h i e v e d i n this w a y . T h e r e is recent 
exper imenta l evidence that transport of ions across l i p i d bi layers can be 
effected b y p h o s p h o l i p i d molecules (31). 

Electrical Properties 

T h e e lec tr ica l propert ies of b l a c k l i p i d membranes ( B L M ' s ) have 
p r o b a b l y been s tudied more t h a n those of other l i p i d systems because of 
the great s imi lar i ty be tween B L M ' s a n d c e l l membranes . T h e e lec t r i ca l 
propert ies of B L M ' s w e r e r e v i e w e d extensively b y other authors (32, 33, 
34, 35), a n d w e sha l l therefore describe the e lectr ica l a n d p h y s i c a l p r o p 
erties of l i p i d s w h i c h are not general ly t o u c h e d u p o n i n connect ion w i t h 
B L M ' s . W e also concentrate o n those propert ies w h i c h are i n t i m a t e l y 
re la ted to the different states of order i n l i p i d systems. 

Electrical Properties of Lipid-Water Systems. T h e e lec t r ica l proper 
ties of different mesophases w e r e recent ly r e v i e w e d b y W i n s o r (36). 
Measurements demonstrated for example ( a ) that phase transitions are 
seen as changes i n e lec t r i ca l c o n d u c t i v i t y a n d ( b ) that the c o n d u c t i v i t y 
i n a m p h i p h i l i c mesophases m a y s h o w a large anisotropy d e p e n d i n g o n the 
structure of the mesophase. W e m a d e some measurements o n lamel la r 
a e r o s o l - O T ( A - O T ) water systems i n order to obta in i n f o r m a t i o n about 
the conductance of the rather t h i n water layers i n these systems (37). 
O r i e n t e d samples were p r e p a r e d b y p l a c i n g a smal l amount of A - O T be
t w e e n t w o glass slides a n d u s i n g t h i n g o l d wires (50 μία) as spacers a n d 
electrodes. I n order to a v o i d p o l a r i z a t i o n effects, c o n d u c t i v i t y was meas
u r e d b y p u t t i n g a square current t h r o u g h the sample a n d d i s p l a y i n g the 
voltage d r o p across a series resistor o n an osci l loscope. T h e vol tage d r o p 
at t = 0 ( w h i c h corresponds to inf ini te f requencies ) contains the i n f o r 
m a t i o n about the true conductance of the sample. T h e data f r o m these 
measurements are presented i n F i g u r e 16; the c o n d u c t i v i t y is p lo t ted vs. 
1/d w h e r e d is the l amel la r repeat distance (38). A r r h e n i u s plots have a 
b r e a k i n g p o i n t at a cer ta in temperature for some of the samples. I t was 
c o n c l u d e d i n Ref . 37 that the conductance of the water lamel lae cannot 
be e x p l a i n e d b y n o r m a l s o d i u m conductance a n d that the n a r r o w w a t e r 
channels affect ei ther the m o b i l i t y of s o d i u m ions a n d / o r the n u m b e r of 
free s o d i u m ions. O t h e r c o n d u c t i o n mechanisms (e.g. p r o t o n j u m p i n g 
a long a n o r d e r e d water structure ) are also possibi le . 

Some measurements were also m a d e o n lamel lar te t radecyl a m i n e -
water systems (see sect ion o n T h e G e l State i n L i p i d - W a t e r Systems) 
w i t h 8 8 - 9 5 % w a t e r u s i n g the m e t h o d descr ibed i n Ref . 37. I n this case, 
the water layer was about 1500-1600 A th ick , a n d no counterions w e r e 
present. C o n d u c t i v i t y i n the lamel lar reg ion is therefore expected to be 
caused b y protons j u m p i n g b e t w e e n the a m i n e groups of the l i p i d . F i g u r e 
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60 L Y O T R O P I C LIQUID CRYSTALS 

Figure 16. Plot of the conductivity of 
aerosol-OT (A-OT) samples vs. I / d 
where d is the lameUar repeat distance 
(38). Samples with 65.1 % A-OT were 
sometimes bistable, switching between 

high and low conductivity. 

g ι . 

g 

Ο Ο Ο 

(LAMELLAR REPEAT DISTANCE)"1 [I/A] 

Journal of Colloid and 
Interface Science 

17, a n A r r h e n i u s p lo t of the n a t u r a l l o g a r i t h m of the c o n d u c t i v i t y vs. 1/T 
for t w o samples, indicates w h a t m i g h t h a p p e n at a phase transi t ion. T h e 
c o n d u c t i v i t y changes as w e l l as the slope of the 1/T p lot . F u r t h e r m o r e , 
i t was observed that w h e n the temperature was increased, the c o n d u c t i v 
i t y first decreased r a p i d l y at the phase t ransi t ion a n d then increased to 
the va lue i n d i c a t e d i n the figure. C o n d u c t i v i t y b e h a v i o r was s imi lar for 
a l l samples tested. R o o m temperature c o n d u c t i v i t y w a s also about the 
same (0.005-0.008 1 / O m ) ; ac t ivat ion energy of c o n d u c t i v i t y was about 
0.09-0.12 e V b e l o w the phase t ransi t ion a n d i n the order of 0.2-0.4 e V 
above the phase transi t ion. 

If w e assume that the c o n d u c t i v i t y before the phase t rans i t ion is 
a t t r ibutable to protons j u m p i n g a long the l i p i d layers a n d that the n u m b e r 
of protons per l i p i d layer is g i v e n b y the n u m b e r of i o n i z e d amine groups 
(see a b o v e ) , then the m o b i l i t y of the protons is about one-tenth that of 
protons i n w a t e r a n d the ac t ivat ion energy is s imi lar to that of protons i n 
water ( i n the same temperature r e g i o n ) . A n o t h e r poss ib i l i ty is that o n l y 
about 1 0 % of the i o n i z e d a m i n e groups act as p r o t o n donors. I f this i n 
terpretat ion is correct , then protons m a y j u m p a long the l i p i d - w a t e r inter
face. C o m p a r i n g these findings w i t h those for A - O T , w e find that water 
structure becomes impor tant i n d e t e r m i n i n g c o n d u c t i v i t y w h e n the th ick
ness of the w a t e r layer is smal l . 

E l e c t r i c a l Propert ies of L i p i d M u l t i l a y e r s . B y the L a n g m u i r - B l o d -
gett t echnique (39, 40), i t is possible to o b t a i n w e l l o r d e r e d mul t i layers 
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of l i p i d s o n s o l i d supports l i k e glass, metals , a n d semiconductors . A n u m 
ber of p h y s i c a l investigations of these types of films have been m a d e , 
some of w h i c h are r e v i e w e d br ie f ly here. B l o d g e t t (41) u s e d this tech
n i q u e to prepare organic anti -ref lect ion coatings o n glass sl ides. M a n y of 
the p h y s i c a l investigations of fa t ty a c i d mul t i layers were r e v i e w e d b y 
K u h n a n d M o b i u s (42). K u h n a n d co-workers i n recent years u s e d the 
L a n g m u i r - B l o d g e t t technique i n v e r y ingenious ways ( they incorpora ted 
layers of d y e molecules i n fat ty a c i d mult i layers ) to study, a m o n g other 
things, h o w exci tat ion energy is transferred be tween molecules (42, 43). 
M a n n et al. (44) invest igated the t u n n e l i n g of electrons t h r o u g h fat ty 
a c i d monolayers ; they f o u n d that the exper imenta l data agreed w i t h the 
exponent ia l decrease i n conductance vs. thickness that is p r e d i c t e d b y 
t u n n e l theory. 

A n u m b e r of other investigations of the e lectr ica l propert ies of l i p i d 
m o n o - a n d mul t i layers w e r e p u b l i s h e d recently. I t is obvious f r o m studies 
of the c o n d u c t i v i t y of t h i n L a n g m u i r films that the e lectr ica l propert ies of 
m e t a l - o r g a n i c l a y e r - m e t a l structures c a n be descr ibed b y w e l l k n o w n 
concepts f r o m s o l i d state physics , l i k e Schot tky in ject ion of electrons f r o m 
the m e t a l into the l i p i d film (45, 46, 47). Measurements of d ie lec t r i c 
losses i n c a l c i u m stéarate a n d behenate indica te the presence of m o v e 
ments of dipoles i n the organic molecules , a n d loss peaks connected w i t h 
the amorphous a n d crysta l l ine parts of the layers were ident i f i ed (48). 

-i 1 1 r—' H 
3.0 3.1 3.2 3.3 3.4 3.5 

ι/τ no-3/*] 

Figure 17. Arrhenius plot of conductivity 1/T for a tetradecylamine-
water system. Conductivity was measured during a slow increase in 

temperature. Φ: 92% water; and O: 88% water. 
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960 

-10 volts 
seconds 

120 30 10 

10 volts 

Figure 18. C(V) curves for a metal-Ba stéarate semiconductor structure (multi-
layer thickness, ~1000 A). Capacitance levels are indicated; the max/min 
ratio depends on the parameters of the structure, and the absolute values of the 
capacitance depend of course on the area of the metal contact (a mercury 
probe). Different areas of the same sample were used to obtain the curves in 

the top and bottom figures. : an ideal, theoretical C(V) curve. 

a: curve E: the experimental equilibrium C(V) curve that was obtained when the 
structure was kept for a long time without voltage being applied. The curves dis
placed to the left of Curve Ε were obtained by applying negative voltage (10 V) 
pulses (metal negative) across the structure for the indicated periods of time. The 
curves displaced to right of Curve Ε were obtained by applying positive voltage (10 
V) pulses. These curves indicate that, during negative voltage pulses, holes are 
injected into the fatty acid whereas electrons are injected during positive voltage 
pulses; the shift along the voltage axis from Curve Ε is a direct measure of the amount 

of charge injected. 

Procar ione a n d K a u f m a n n (49) s t u d i e d the e lectr ica l propert ies of 
p h o s p h o l i p i d bi layers b e t w e e n m e t a l contacts. T h e y observed, for ex
a m p l e , i rregulari t ies i n current a n d capaci tance vs. temperature data 
w h i c h m a y b e the result of phase transit ions i n the l i p i d b i layer . T h e y 
also observed that b o t h temperature- independent ( t u n n e l i n g ) a n d tem
perature-dependent c o n d u c t i o n processes w i t h a n ac t ivat ion energy of 
0.65 e V w e r e important . 

R e c e n t l y the so-cal led C ( V ) technique was i n t r o d u c e d to the s tudy 
of l i p i d s (50, 51, 5 2 ) . T h i s is a m e t h o d b o r r o w e d f r o m semiconductor 
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4. LARSSON AND LUNDSTROM Phases in Biologicdl Model Systems 63 

surface studies, a n d i t enables one to s tudy the amount of charge stored 
or i n t r o d u c e d i n a n insulator o n top of a semiconductor . T h e technique 
is descr ibed i n Refs . 50 a n d 52. I n p r i n c i p l e , the capaci tance of a m e t a l -
organic layer semiconductor structure is measured as a f u n c t i o n of the 
p o t e n t i a l difference b e t w e e n the m e t a l a n d the semiconductor . A theo
re t i ca l i d e a l curve is represented b y the dashed l i n e i n F i g u r e 18a. F o r 
a n η-type semiconductor , a pos i t ive p o t e n t i a l o n the m e t a l electrode at
tracts electrons to the semiconductor surface, a n d w e measure the capac
i tance of the insulator itself. I f the p o t e n t i a l becomes negat ive, a r e g i o n 
deple ted of electrons is created at the semiconductor surface; w e measure 
the insulator capaci tance i n series w i t h the capaci tance of the d e p l e t e d 
reg ion , a n d the total capaci tance decreases. A t large negat ive potentials , 
the w i d t h of the deple ted reg ion becomes constant, i n d e p e n d e n t of vo l t 
age, a n d w e measure a constant ( s m a l l ) capaci tance. If there are charges 
i n the insulator , h o w e v e r , the capaci tance curve is d i s p l a c e d i n voltage. 

I t is easy to u n d e r s t a n d that pos i t ive charges i n the insulator m e a n 
that a larger negat ive potent ia l c a n be a p p l i e d o n the m e t a l before elec
trons are r e p e l l e d f r o m the semiconductor surface, a n d therefore the 
C ( V ) curve is d i s p l a c e d to the left . O b v i o u s l y , negative charges i n the 
insulator displace the curve to the r ight . B y m a k i n g meta l -s tearate (be -
henate, etc.) semiconductor structures ( w i t h a n insulator thickness of 
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64 L Y O T R O P I C LIQUID CRYSTALS 

500-100 A ) b y the L a n g m u i r - B l o d g e t t technique , w e w e r e able to d e m o n 
strate that electrons a n d holes c a n be i n t r o d u c e d into fat ty a c i d m u l t i 
layers b y a p p l y i n g large vol tage pulses across the structure (50, 5 2 ) . T h e 
curves i n F i g u r e 18a w e r e obta ined f r o m such a n experiment : negat ive 
voltage pulses i n t r o d u c e d pos i t ive charges (holes) i n the fatty a c i d m u l t i 
layers a n d posi t ive vol tage pulses i n t r o d u c e d negative charges ( electrons ) 
i n the mul t i layers . 

Measurements at dif ferent temperatures revealed that the in ject ion 
process was temperature-dependent w i t h a n ac t ivat ion energy of about 
0.65 e V ( 5 2 ) . T h i s ac t iva t ion energy is consistent w i t h c o n d u c t i v i t y 
measurements o n m e t a l - f a t t y a c i d - m e t a l structures (46, 47) a n d also 
w i t h the ac t iva t ion energy of the ( h i g h temperature) conductance of 
p h o s p h o l i p i d bi layers (49). T h e ac t iva t ion energy m a y be the difference 
b e t w e e n the semiconductor F e r m i l e v e l a n d the valence ( a n d c o n d u c t i o n ) 
b a n d edges i n the fat ty a c i d , or i t m a y b e the energy difference b e t w e e n 
some l o c a l i z e d electronic states i n the f o r b i d d e n b a n d gap of the fat ty 
a c i d a n d the b a n d edges. 

W e also s t u d i e d (50, 52) h o w long the i n t r o d u c e d charges stayed i n 
the fa t ty a c i d . I t was c o n c l u d e d that m e m o r y times i n the order of tenths 
of seconds c o u l d be obta ined at r o o m temperature ( F i g u r e 18b) . N o 
signif icant dif ference b e t w e e n fat ty acids of different h y d r o c a r b o n c h a i n 
lengths was observed i n our experiments. T h e exper imenta l results c o m 
pare f a v o r a b l y w i t h s imple theoret ica l models s imi lar to those a p p l i e d to 
a n e w type of semiconductor m e m o r y device ( 5 3 ) . 

M o r e interest ing, however , was the fact that m i n o r changes i n c o m 
p o s i t i o n a n d structure of the films c h a n g e d charge storage propert ies 
m a r k e d l y . I n t r o d u c t i o n of a s m a l l amount of erucic a c i d , a n unsaturated 
fat ty a c i d , in to a behenic a c i d m u l t i l a y e r changed the ac t iva t ion energy 
to 0.6 e V w h i c h changed s igni f icant ly the speed of charge in ject ion. L i p i d s 
w i t h fluorine-substituted h y d r o g e n of the m e t h y l group c o u l d not store 
charge to the same extent as the p u r e l i p i d s . F u r t h e r m o r e , l i p i d - s o l u b l e 
gases l i k e ether, i o d i n e , a n d halothane c h a n g e d the charge storage p r o p 
erties m a r k e d l y ; at sufficiently large concentrat ions, charge storage a b i l 
i t y almost d isappeared . W a t e r vapor , o n the other h a n d , seemed o n l y to 
increase somewhat the speed of charge in ject ion. 

These findings suggest that the charge storage a b i l i t y of fatty a c i d 
mul t i layers depends o n the m e t h y l e n d groups of the h y d r o c a r b o n chains , 
that is , o n the m e t h y l gap b e t w e e n t w o fat ty a c i d layers. T h i s also sug
gests that c o n d u c t i v i t y of crysta l l ine fa t ty acids p r o b a b l y s h o u l d be 
greater i n a d i r e c t i o n p e r p e n d i c u l a r to the h y d r o c a r b o n chains t h a n i n a 
d i r e c t i o n p a r a l l e l to the chains, the c o n d u c t i n g charges b e i n g t r a p p e d at 
the m e t h y l gap. A l t h o u g h i t is rather easy to prepare t h i n crysta l l ine 
layers for measurements a l o n g the h y d r o c a r b o n chains, i t is more di f f icul t 
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4. LARSSON AND LUNDSTRÔM Phases in Biological Model Systems 65 

to prepare a n d contact layers for p e r p e n d i c u l a r measurements. I n some 
p r e l i m i n a r y studies ( 5 4 ) , w e m a d e t h i n layers b e t w e e n glass slides b y 
m e l t i n g s m a l l amounts of fa t ty acids b e t w e e n them. B y s l o w l y hea t ing 
the sample f r o m one e n d to the other m a n y t imes ( z o n e r e f i n i n g ) , a rather 
g o o d crysta l l ine layer was o b t a i n e d w i t h the molecules or iented p e r p e n d i 
cu lar to the glass slides. G o l d wires w e r e u s e d as spacers a n d contacts 
for measurements p e r p e n d i c u l a r to the molecules , evaporated g o l d stripes 
o n the glass slides for measurements a l o n g the molecules . T h e exper i 
ments demonstrated that the c o n d u c t i v i t y p e r p e n d i c u l a r to the h y d r o 
c a r b o n chains was about 20-100 times greater t h a n that a l o n g the chains 
b e l o w the m e l t i n g p o i n t a n d that the t w o conduct iv i t ies became e q u a l 
( the p e r p e n d i c u l a r decreased as the p a r a l l e l increased) at the m e l t i n g 
p o i n t of the stearic a c i d . T h e ac t ivat ion energy of the c o n d u c t i v i t y was 
about the same p a r a l l e l a n d p e r p e n d i c u l a r to the chains ( 0 .9-1 e V ), a n d 
i t d i d not change a p p r e c i a b l y o n m e l t i n g . T h e c o n d u c t i v i t y a l o n g the 
( u n m o l t e n ) chains was of the same order as that of L a n g m u i r films 
( ~ 1 0 ~ 1 2 l /Ωπι at r o o m tempera ture ) . E v e n if the p r e p a r e d samples 
were far f r o m perfect , the findings cer ta inly indicate that the c o n d u c t i v i t y 
p e r p e n d i c u l a r to the h y d r o c a r b o n chains is greater t h a n that p a r a l l e l to 
the chains. 

I n the p e r p e n d i c u l a r d i rec t ion , there m a y be c o n d u c t i o n a long the 
po lar e n d group or b y change transfer b e t w e e n the h y d r o c a r b o n chains. 
P r o t o n c o n d u c t i v i t y is also a poss ib i l i ty . N o gas eva luat ion a n d no i n 
crease i n resistance f r o m p o l a r i z a t i o n effects were noted , however , i n our 
p r e l i m i n a r y experiments. Recent ly w e have started some studies o n elec-
t r o l y t e - l i p i d semiconductor structures. W e observed, for example , inter
esting differences i n the effect of d iva lent ions o n different l i p i d m o n o 
layers ( 5 5 ) . 

W e be l ieve that the type of investigations that are o u t l i n e d br ie f ly 
above p r o v i d e interest ing n e w i n f o r m a t i o n o n the propert ies of l i p i d s 
f r o m b o t h t e c h n i c a l a n d b i o p h y s i c a l points of v i e w . Measurements o n 
e l e c t r o l y t e - l i p i d semiconductor systems s h o u l d p r o v i d e u s e f u l i n f o r m a 
t i o n c o m p l e m e n t a r y to that o b t a i n e d f r o m B L M invest igations. F u r t h e r 
more , the gas sensi t ivi ty of the e lec tr ica l propert ies of l i p i d s c o u l d be 
u t i l i z e d i n p r a c t i c a l devices. 

Biological Implications of Structural and Electrical Properties of 
Lipids. I t is rather obvious that the structure of l i p i d s is v e r y i m p o r t a n t 
i n connect ion w i t h the f u n c t i o n of l i v i n g cells since most p h y s i o l o g i c a l 
processes occur i n l i p i d environment . T h e r e is, for example , ev idence that 
l i p i d - p r o t e i n complexes are necessary for the p r o p e r f u n c t i o n i n g of m i t o 
c h o n d r i a ( 5 6 ) . A l t h o u g h l i p i d s are most i m p o r t a n t i n p r o v i d i n g a suit
able m a t e r i a l for f u n c t i o n a l complexes ( i o n i c channels , e lectron transport 
systems, receptor units , e tc . ) , their o w n p h y s i c a l propert ies are cer ta in ly 
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66 L Y O T R O P I C LIQUID CRYSTALS 

not unre la ted to the f u n c t i o n of l i v i n g systems. F u r t h e r m o r e , dif ferent 
l i p i d systems m a y serve as models f r o m w h i c h extrapolations to a c o m 
ple te ly different s i tuat ion can be made . T h e t h i n w a t e r channels i n cer
t a i n lamel lar systems m a y b e s imi lar to the i o n i c channels of nerve m e m 
branes w h e r e the channels m a y ac tua l ly b e created b y p r o t e i n molecules . 
P r o t o n c o n d u c t i v i t y a l o n g l i p i d - w a t e r interfaces, interest ing as such, m a y 
also m o d e l the p r o t o n c o n d u c t i v i t y of cer ta in proteins or po lypept ides 
w i t h p r o p e r s ide groups. T h e e lectronic propert ies of l i p i d s m a y be i n 
teresting i n connect ion w i t h e lectron donors a n d e lectron acceptors o n 
opposite sides of a membrane . Is i t , for example , possible to transport 
electrons across a l i p i d , thereby creat ing a difference i n potent ia l? Inter
esting i n this connect ion is the fact that electrons m a y t u n n e l against a 
p o t e n t i a l gradient as l o n g as sui table energy levels are present. A r e the 
e lectronic traps that are present i n a m e m b r a n e caused b y the l i p i d s or b y 
macromolecules w i t h propert ies s imi lar to those of the l i p i d s w i t h r e g a r d 
to charge storage? A n d , i f so, is i t not conce ivable that m a n y of the t r i g 
g e r i n g funct ions of c e l l membranes (nerve w a l l s , nerve endings , r e t i n a l 
m e m b r a n e , s m e l l receptor sites, etc. ) have a n electronic or ig in? It is not 
possible that charge storage is a short t e r m m e m o r y used i n some of the 
processes i n o u r bra in? These are just a f e w of the questions w h i c h are 
i n s p i r e d b y the e lec tr ica l propert ies of l i p i d s a n d l i p i d - p r o t e i n complexes. 
T h e first assumption of e lectronic processes i n l i v i n g systems was p r o b a b l y 
that of S z e n t - G y o r g y i about semiconduct ion i n proteins ( 5 7 ) , a n d he a n d 
others demonstrated af terwards that proteins m a y be a par t of charge 
transfer complexes a n d that the ir c o n d u c t i v i t y increases w h e n they are 
treated sui tably ( d o p e d ) ( 5 8 ) . Rosenberg et al. discussed semiconduc
t i o n i n proteins i n some d e t a i l (60). T h e observed photosensi t iv i ty of 
B L M ' s that conta in c h l o r o p h y l l (59, 61, 62) indicates that e lectronic p r o c 
esses occur across the m e m b r a n e . T h e evidence for e lectronic processes 
i n l i v i n g systems is thus v e r y great, a n d of course e lectronic processes are 
k n o w n to take place i n the chloroplasts a n d i n the m i t o c h o n d r i a . 

W e recent ly p r o p o s e d a comple te ly e lectronic m o d e l for the exc i tab i l 
i t y of nerve membranes that is based o n the assumpt ion of e lectron-do
na t ing , e lectron-accepting, a n d electron-storing propert ies of macromole 
cules or of p r o t e i n - l i p i d complexes w h i c h constitute the i o n i c channels of 
the nerve m e m b r a n e (63). T h i s m o d e l , w h i c h is based o n s imple p h y s i c a l 
concepts w i t h easi ly def ined parameters, reproduces the e m p i r i c a l 
H o d k g i n - H u x l e y equations rather w e l l a n d also explains h o w different 
types of drugs m a y w o r k o n nerves. T h e m o d e l is easily extended to other 
exci table complexes l i k e the receptor p r o t e i n c o m p l e x at nerve synapses 
a n d the r o d o p s i n molecules i n the ret ina . N o r is i t inconce ivab le to b u i l d 
a m o d e l f o r the f u n c t i o n of s m e l l that is based o n electronic t r igger ing of 
i o n i c channels w h i c h are affected b y molecules adsorbed onto or dis -
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4. LARSSON AND LUNDSTROM Phases in Biological Model Systems 67 

so lved i n the l i p i d s of a l l membranes . T h i s rather speculat ive section is 
o n l y to r e m i n d us that, e v e n i f most of the l i v i n g processes d o occur i n a 
w a t e r y environment w i t h ions serving as i m p o r t a n t charge carriers, the 
electronic propert ies of macromolecules a n d l i p i d bi layers m a y b e i m p o r 
tant i n ways not n o r m a l l y thought of. I t is needless to say that the elec
t ronic propert ies are in t imate ly re la ted to the s t ructura l propert ies of the 
macromolecules , the l i p i d s , a n d their complexes. 

W e sha l l e n d this sect ion b y s h o w i n g h o w v e r y general p h y s i c a l 
p h e n o m e n a m a y expla in a n exper imenta l observat ion o n nerve m e m 
branes w h i c h , to our k n o w l e d g e , was not e x p l a i n e d satisfactori ly before 
(64). W h e n w e s tudy the current t h r o u g h a nerve m e m b r a n e at a poten
t i a l difference so that the i o n i c channels are open, w e find a noise i n the 
current whose p o w e r spec t rum is p r o p o r t i o n a l to 1/f w h e r e / is the fre
quency . T h i s 1/f noise, w h i c h c a n b e observed d o w n to v e r y l o w fre
quencies ( ^ 10 H z ) , is rather p u z z l i n g since i t is k n o w n that ( a ) the gat
i n g processes ( o p e n i n g of i o n i c channels) h a v e t ime constants i n the order 
of 0.1-1 msec, a n d ( b ) the ions flowing t h r o u g h a n o p e n c h a n n e l s p e n d 
about 0.1 msec i n the channel . H e n c e , these condi t ions do not p r o d u c e 
the large t ime constants that are necessary i n order to exp la in 1/f noise 
d o w n to 10 H z ( t ime constants about 0.1-1 sec ) . 

T h e 1/f noise is of ten a t t r ibuted to the potass ium current t h r o u g h 
the nerve membrane , a n d i t is then re lated to the n u m b e r of ions that 
pass a potass ium c h a n n e l per u n i t t ime, i.e. the conductance of the ( o p e n ) 
channel . It was recently demonstrated that 1/f noise can be e x p l a i n e d b y 
s imple assumptions about the propert ies of the l i p i d s a n d the l i p i d -
c h a n n e l molecule complexes i n nerve membranes (65, 66 ) . F i r s t of a l l , 
w e assume that the l i p i d b i l a y e r or the h y d r o c a r b o n chains w i t h i n i t have 
a l i q u i d crysta l l ine p r o p e r t y i n that the free energy of the b i l a y e r depends 
o n the gradient of the d i r e c t i o n of the molecules or segments of the mole 
cules. Secondly , the movement of the chains (or segments of t h e m ) is 
descr ibed b y a di f fus ionl ike e q u a t i o n that is used to describe fluctuations 
i n l i q u i d crystals. F i n a l l y , w e assume that the fluctuations i n the d i r e c t i o n 
of the l i p i d molecules (or segments of t h e m ) close to a n i o n i c c h a n n e l 
m o d u l a t e the c o n d u c t i v i t y of the channel . F i g u r e 19 is a v e r y s i m p l e d i a 
g r a m of this m o d e l . T h e movements of the l i p i d molecules m a y , for exam
p l e , affect the channe l geometr ica l ly , or they m a y m o v e charged groups, 
thereby c h a n g i n g the electrostatic potent ia l seen b y ions m o v i n g t h r o u g h 
the channel . B y us ing these rather s imple assumptions, i t was possible to 
determine 1/f noise d o w n to l o w frequencies . T h e ca lcu la t ion of the noise 
spec t rum is f o u n d i n Refs . 65 a n d 67. O u r p h y s i c a l m o d e l is a n al ternat ive 
to models based o n c h a n n e l statistics; i t prov ides a basis f o r fur ther studies 
of 1/f noise i n nerve membranes . A l t h o u g h i t has a l l the general features 
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68 L Y O T R O P I C LIQUID CRYSTALS 

(a) 

Figure 19. Schematic of how an 
ionic channel in a nerve membrane 
can be affected by the direction of 
the lipid molecules (a) or of their 
segments (b). The direction of the 
molecules can determine the geo
metrical configuration of the channel 
and/or change the position of the 
charged groups that affect the po
tential seen by a positive ion, thereby 

affecting the mobility of a channel. 

of the exper imenta l ly observed noise, there are several possibi l i t ies w h i c h 
w e r e not accounted for . F o r example , d o the i o n i c channels ( a n d the cur 
rent t h r o u g h t h e m ) affect the movements of the l i p i d molecules? I n o u r 
s imple m o d e l , the noise p o w e r is p r o p o r t i o n a l to IK2 w h e r e I K is the potas
s i u m current . If the potass ium current consists of the s u m of t w o i n d e 
pendent currents, one o u t w a r d a n d one i n w a r d (because of act ive trans
p o r t ) , do w e get a 1/f noise even w h e n I K = 0? T h e tentative answer is 
yes, b u t this remains one of the interest ing questions w h i c h s h o u l d b e 
answered b y future studies. 

A n interest ing exper iment i n connect ion w i t h 1/f noise i n nerve m e m 
branes w o u l d be to study the noise i n current t h r o u g h B L M ' s that conta in 
a n ionophore l i k e g r a m i c i d i n . I t is k n o w n that the c o n d u c t i v i t y of B L M ' s 
c o n t a i n i n g g r a m i c i d i n does not change a p p r e c i a b l y at the m e l t i n g p o i n t 
of the h y d r o c a r b o n chains of the B L M , w h i c h indicates that g r a m i c i d i n 
acts as a n i o n i c c h a n n e l ( 6 8 ) . If the m o v e m e n t of the h y d r o c a r b o n chains 
modulates the c o n d u c t i v i t y of the g r a m i c i d i n i o n i c channel , w e w o u l d ex
pect , however , the m a g n i t u d e of the noise to increase at the m e l t i n g of 
the h y d r o c a r b o n chains. 
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4. LARSSON AND LUNDSTROM Phases in Biological Model Systems 69 

Final Remarks 

W e have s u m m a r i z e d some of the present k n o w l e d g e of the s t ructura l 
a n d p h y s i c a l propert ies of l i q u i d crystal l ine systems. W e are aware that 
a n u m b e r of interest ing findings a n d methods of investigations w e r e not 
m e n t i o n e d . T h e m a i n purpose of this c o m m u n i c a t i o n however , was to 
discuss br ief ly our o w n a n d closely re lated fundings a n d ideas. W e have 
also speculated about the possible b i o l o g i c a l s ignif icance of propert ies of 
l i p i d s a n d l i p i d - w a t e r systems. It is evident that m o d e l systems a n d 
p h y s i c a l propert ies of l i p i d s that are not general ly thought of m a y be of 
interest i n connect ion w i t h the m o d e l l i n g a n d the unders tanding of c e l l 
membranes . 
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5 

Recognition of Defects in Water-Lecithin 

L Phases 

M . KLÉMAN and C. C O L L I E X 

Laboratoire de Physique des Solides, Université de Paris-Sud, 
91405-Orsay, France 

M . VEYSSIÉ 

Laboratoire de Physique de la Matière Condensée, Collège de France, 
75231 Paris Cedex 05, France 

The textures in homeotropic lamellar phases of lecithin are 
studied in lecithin—water phases by polarizing microscopy 
and in dried phases by electron microscopy. In the former, 
we observe the L phase (the chains are liquid, the polar 
heads disordered)—the texture displays classical Friedel's 
oily streaks, which we interpret as clusters of parallel dislo
cations whose core is split in two disclinations of opposite 
sign, with a transversal instability of the confocal domain 
type. In the latter case, the nature of the lamellar phase is 
less understood. However, the elementary defects (negative 
staining) are quenched from the L phase; they are dislo
cations or Grandjean terraces, where the same transversal 
instability can occur. We also observed dislocations with an 
extended core; these defects seem typical of the phase in 
the electron microscope. 

' I p e x t u r e s of lyo t rop ic mesophases have been the object of numerous 
observations b y o p t i c a l (1,2,3) a n d electronic (4,5,6,7) microscopy . 

E x c e p t for the p ioneer ing w o r k of L e h m a n n (1) a n d F r i e d e l (2) w h o 
i n t e n d e d to i d e n t i f y the var ious k inds of defects w h i c h constitute the 
textures, the purpose of these observations was to recognize the different 
exist ing phases—lamel lar , hexagonal (or i n the soaps language : neat 
phase, m e d i a n phase, e t c . ) — i n corre lat ion w i t h x-ray data . 

A s imi lar a i m has p r o m p t e d our interest i n the propert ies of l y o -
tropics i n their l a m e l l a r modi f i ca t ion , i.e. i n this same structure that is 

71 
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72 L Y O T R O P I C LIQUID CRYSTALS 

Figure 1. La lecithin-
water phase. The cir
cles represent the polar 
heads, the wiggly lines 
the hydrophobic chains. Water 

characterist ic of thermotropic smectics, for w h i c h studies of defects are 
c u r r e n t l y u n d e r w a y (8). T h e r e is cer ta inly a f u n d a m e n t a l interest i n 
the s tudy of defects. F i r s t , let us note that the w o r d defect is not mere 
te rminology w h i c h hides our ignorance of crysta l imperfect ions , b u t 
rather that defects can be u n a m b i g u o u s l y def ined as t o p o l o g i c a l entities 
that are re lated i n a specific w a y to the symmetries of the perfect 
m e d i u m ( 9 ) . A l s o , their presence must be taken into account i n inter
p r e t i n g m a n y p h y s i c a l measurements since they general ly create (or 
re lax) l o n g range stresses i n a w a y that is characterist ic of the elastic 
propert ies of the m e d i u m . A n n e a l i n g of defects has to be unders tood as 
a step t o w a r d obta in ing perfect samples. T h e i r mere presence s trongly 
affects b u l k transport propert ies ; our i n i t i a l interest i n the subject was 
i n d e e d i n s p i r e d b y discussions w i t h L a n g e a n d G a r y - B o b o w h o recent ly 
s t u d i e d (10) d i f fus iv i ty i n egg-yolk l e c i t h i n - w a t e r systems as a f u n c t i o n 
of water content. 

I n this paper w e describe t w o types of observations o n egg-yolk 
l ec i th in . W e present the results of our s tudy of homeotropica l ly or iented 
samples of L a phases b y p o l a r i z i n g o p t i c a l microscopy. T h i s s tudy p r o 
vides evidence, a m i d apparent ly nons imi lar aspects, of the existence of a n 
elementary t y p i c a l object w h i c h w e have interpreted as a dis locat ion. W e 
also s tudied t h i n samples of stained l e c i t h i n i n the h i g h v a c u u m of the 
electron microscope. I n a d d i t i o n to the defects that are t y p i c a l of this 
t y p e of sample , w e observed the same elementary object as i n L a l e c i t h i n . 

Optical Studies 

L a w a t e r - l e c i t h i n is a lamel lar structure i n w h i c h the p o l a r heads 
( the p h o s p h a t i d y l chol ine g r o u p of l e c i t h i n ) constitute t w o - d i m e n s i o n a l 
d i sordered arrays i n contact w i t h water , whereas the chains are i n the 
m o l t e n state i n between water layers i n d isordered moieties (see F i g u r e 
1 ) . ( F o r a r e v i e w of x-ray studies of lecithin—water phases, see Ref . 11.) 
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5. KLEMAN ET AL. Defects in Water-Lecithin La Phases 73 

Figure 2. Typical network of 
defects in a Φν) < 24% sample 

(crossed polars) 

Figure 3. Typical network of 
defects in α Φν) > 24% sample 

(crossed polars) 

W e s tudied samples of La l e c i t h i n w i t h 1 6 - 2 9 % water at r o o m tempera
ture. T h e samples w e r e p r e p a r e d be tween t w o microscope glass slides 
that were first treated w i t h a su l fochromic solut ion, then care fu l ly r i n s e d 
w i t h d i s t i l l e d water a n d d r i e d . T h e y were observed b y transmission 
p o l a r i z i n g microscopy. Just after deposi t ion b e t w e e n the slides, the 
samples present a h i g h l y d i sordered texture w h i c h s trongly diffuses l ight . 
A f t e r compression ( squeez ing) a n d / o r shearing p a r a l l e l to the plates, 
one obtains an o v e r a l l h o m e o t r o p i c or ientat ion that is p e r t u r b e d b y 
defects. T h e thickness of the samples is i n the order of 20/*. 

T h e texture differs s ignif icant ly w i t h water content. I n the less 
h y d r a t e d phases (<£w < 24 w t % ), the orientat ion process gives rise to 
very large homogeneous domains w h i c h appear b l a c k b e t w e e n crossed 
polars , w i t h rare b r i g h t defect l ines o r g a n i z e d i n a n e t w o r k pat tern i n 
the m i d d l e of the sample ( F i g u r e 2 ). S u c h a pat tern is m o b i l e w h e n one 
shears the spec imen gent ly , a n d i t is not at tached to the glass plates. 
A t h igher water content ^ w > 2 4 % ) , the same m e c h a n i c a l treatment 
of squeezing a n d strong shearing is far less efficient i n anneal ing the 
o r i g i n a l d isordered texture. T h e homeotropic regions are of smaller size, 
separated b y large bunches of defects i n a more or less p o l y g o n a l arrange
ment ( F i g u r e 3 ) . T h i s change i n the aspect of the mesophase is rather 
sharp for the c r i t i c a l concentrat ion of 2 4 % . It is not iceable that the 
effective shear viscosi ty of the samples b e l o w 2 4 % (as eva luated b y 
h a n d ) is v e r y l o w , whatever the i n i t i a l densi ty of defects m i g h t be , a n d 
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74 L Y O T R O P I C LIQUID CRYSTALS 

Figure 4. Longitudinal stria-
tions in the same field as in 
Figure 2 (the crossed polars 
make an angle of 45° with the 

stnations) 

i t decreases fur ther as the densi ty decreases w i t h subsequent shearing. 
( S i m i l a r anneal ing of defects b y shear was repor ted i n the t h e r m o t r o p i c 
smectic phase of D A D B — s e e Ref . 12). I n contrast to this behavior , the 
i n i t i a l effective viscosity of high-water-content samples is very large a n d 
does not decrease s ignif icant ly w i t h subsequent shear ing; s u c h b e h a v i o r 
is re la ted to the observed s m a l l decrease i n defect density. These facts 
c o u l d be correlated to the a n o m a l y i n di f fus iv i ty measured b y L a n g e a n d 
G a r y - B o b o (10) at the same c r i t i c a l concentrat ion of 2 4 % , a n d w e then 
infer that b o t h the di f fus ion anomaly a n d the change i n visco-elast ic 
propert ies s h o u l d be a t t r ibuted to the same int r ins ic reason. 

I n spite of the s t r ik ing dif ference i n the aspect of the samples w i t h 
h i g h a n d l o w water contents, the t o p o l o g i c a l nature of the defects f o r m 
i n g the texture remains the same; their densi ty a n d arrangement change 
o n l y as i n a scal ing change. I n par t i cu lar , w e not ice that the f o l l o w i n g 
propert ies of the arrangements are v a l i d for the w h o l e range of w a t e r 
content. 

( a ) Those l ines (I) w h i c h enter i n the f o r m a t i o n of the n e t w o r k 
merge at nodes w h e r e their w i d t h s a d d apparent ly as intensities o n a 
K i r c h o f f n e t w o r k ( conservation l a w of the w i d t h s ). T h i s is most v i s i b l e 
o n w e l l annealed low-water-content samples (see F i g u r e 2 ) . 

( b ) L i n e s appear to consist of bunches of v e r y t h i n l ines (see the 
l o n g i t u d i n a l striations i n F i g u r e 4) whose transversal dimensions a n d 
distances can be as s m a l l as the reso lv ing p o w e r of the microscope. 
These l o n g i t u d i n a l striations are general ly di f f icul t to observe because of 
the v e r y l o w contrast, a n d spec ia l p o l a r i z a t i o n condit ions are r e q u i r e d . 
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5. K L E M A N E T A L . Defects in Water-Lecithin La Phases 75 

Figure 5. Transversal striations in the same 
field as in Figure 2 (crossed polars parallel or 

perpendicular to the striations) 

( c ) O n the same lines (I) a t y p i c a l transversal structure appears 
that is most v i s ib le w h e n the l i n e is a long one of the niçois direct ions 
( F i g u r e 5 ). T h i s transversal structure is c lear ly reminiscent of the struc
ture descr ibed b y L e h m a n n a n d F r i e d e l as a d o r n i n g the o i l y streaks of 
a l c o h o l - l e c i t h i n samples. T h e re la t ionship b e t w e e n l ines (I) a n d o i l y 
streaks is discussed b e l o w . 

( d ) Some confoca l domains (c) are c lear ly apparent , either p i n n e d 
o n l ines (I) or (less often) isolated i n the b u l k ( F i g u r e 6 ) . B e t w e e n 
crossed polars , they appear as br ight c i rcu lar b lobs separated i n f o u r 
e q u a l quadrants b y the b lack brushes of a Mal tese cross. T h i s aspect is 
consistent w i t h the expected shape of confoca l domains i n a n h o m e o t r o p i c 
spec imen. T h e argument is as fo l lows . S ince the asymptot ic direct ions 
of the h y p e r b o l a of c are a long the director at a l o n g distance of the 

Figure 6. Some visible con
focal domains. The transversal 
striations are clearly visible. 
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Figure 7. Scheme of a confocal domain in 
an homeotropic sample. Lamellar details are 
not featured. Broken line: axis of revolution. 

el l ipse a n d since the spec imen is homeotropic , the h y p e r b o l a is degener
a ted to a straight l i n e ; hence the el l ipse is degenerated to a c i rc le , the 
D u p i n cyc l ides to tor i . T h i s is d e p i c t e d i n F i g u r e 7. ( F o r a r e v i e w of 
c o n f o c a l domains geometry, the best i n t r o d u c t i o n is Ref . 2. F o r details 
o n the discovery of these t o p o l o g i c a l propert ies , see Ref . 13. F o r a m o r e 
recent v i e w , together w i t h a discussion of the l inks w i t h dis locat ions, 
see Ref . 14. ) 

(e ) T h e most s ingular par t of a c d o m a i n is cer ta inly a long the 
axis of revo lut ion . T h i s s ingular i ty can be r e m o v e d a n d r e p l a c e d b y a 
less energetic core structure (see F i g u r e 8 ) . W e be l ieve that s u c h a 
conf igurat ion explains at best the large lines ( L ) w h i c h appear most ly 
i n h igh-water-content samples ( F i g u r e 3) as parts of the ne twork , b u t 
also o n less w e l l annealed parts of low-water -content specimens ( F i g u r e 
9 ) . N o t e , however , that a conservat ion l a w seems to a p p l y also to L 
lines a n d that they, as w e l l as I l ines, have a l o n g i t u d i n a l a n d a trans
versa l texture. W e assume that the l o n g i t u d i n a l s tructure i n L l ines is 
of the type p i c t u r e d i n F i g u r e 8, a n d w e sha l l argue that, apart f r o m 
some differences i n size especia l ly a n d i n the w a y of assembl ing defects, 
there s h o u l d not be a f u n d a m e n t a l difference b e t w e e n I a n d L l ines. 

Figure 8. Removal of the core structure of a c domain. Lamellar 
are not featured. Broken line: axis of revolution. 
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5. K L E M A N E T A L . Defects in Water-Lecithin La Phases 77 

Figure 9. L lines in low-
water-content specimen 

Discussion of Optical Studies 

F r i e d e l (2) in terpreted the transversal striations o n o i l y streaks as 
s m a l l adjacent confoca l domains that have a tendency to gather i n l ines. 
W e a l ready noted that s u c h a s i tuat ion exists i n D A D B (12) ( b u t the 
lines are at tached to the sur face ) , a n d that c domains p i n u p o n I l ines; 
moreover , o i l y streaks i n cholesterics have clear confoca l domains . 
H o w e v e r , the transversal striations on I or L lines are not compat ib le w i t h 
c domains since w e do not see there the t y p i c a l Mal tese cross; o n the 
contrary, the h y p e r b o l i c direct ions w o u l d b e at a s m a l l angle to the 
sample p lane i f they exist. W e do not reject Fr iede l ' s explanat ion, b u t w e 
must m a k e i t c o m p a t i b l e w i t h observations, p a r t i c u l a r l y w i t h the l o n g i 
t u d i n a l striations. 

A c c o r d i n g to F i g u r e 8, l o n g i t u d i n a l striations are p a r a l l e l d i s c l i n a -
t i o n l ines. P a r a l l e l d i sc l ina t ion lines of opposite s ign p a i r i n dislocations 
( F i g u r e 10) , a n d i t is more convenient a n d more p h y s i c a l to consider 
these latter defects as the e lementary objects, since i t is w e l l k n o w n that 
the Burgers ' vector fo l lows a conservat ion l a w of the K i r c h k o f f type at 
nodes. ( F o r a r e v i e w of the i d e a of d isc l inat ion , see Ref . 15. ) T h e defect 
i n F i g u r e 8 can itself b e d i v i d e d into t w o dislocat ions of opposi te s ign 
( F i g u r e 11) . Because of the constancy i n thickness of the observed 
samples, each l ine (I or L ) is a s u m of dislocations whose tota l Burgers ' 
vector is zero or v e r y smal l , i n the order of the b o u n d a r y surfaces fluctua
tions. T h e conservat ion l a w observed o n w i d t h s at nodes is therefore 
not a necessary c o n d i t i o n , b u t rather i t impl ies that each dis locat ion 
keep its i n d i v i d u a l i t y at the node. 
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78 L Y O T R O P I C LIQUID CRYSTALS 

Figure 10. Fairing of two 
disclination lines of opposite 
signs (lamellar details are 
not featured) (top); a less 
probable model for the core 
of a dislocation (middle); 
and focal line appearing on 
the dislocation in order to 
release locally deformation 

energy (bottom) 

T h i s last conc lus ion is cer ta in ly i n agreement w i t h the core m o d e l 
of the dis locat ion that w e propose i n F i g u r e 10 ( t o p ) . T h e core m o d e l 
i n F i g u r e 10 ( m i d d l e ) is less real is t ic s ince i t w o u l d r e q u i r e that some 
of the h y d r o p h o b i c chains be i n contact w i t h water ; also, such a dis loca
t i o n w o u l d i m m e d i a t e l y disappear o n a s imi lar dis locat ion of the opposi te 
s ign. I n contrast, dislocations of the first type ( F i g u r e 10, t o p ) keep 
the ir i n d i v i d u a l i t y easily because their disappearance b y f u s i o n w i t h a 
dis locat ion of the opposite s ign requires some k i n d of permeat ion ( that 
is di f f icul t i n lyotropics—see Ref . 16) or b r e a k i n g of the layers. 

C o n c e r n i n g the transversal striations, w e re turn to Fr iedel ' s bas ic 
i d e a that the easiest deformations possible i n a l a m e l l a r m e d i u m are 
those w h i c h keep the thickness of the layers constant. T h i s is the m a i n 
p r o p e r t y of confoca l d o m a i n s — t h e y i n v o l v e o n l y splay energy ( i n the 
b u l k ) . O n the contrary, a d is locat ion is at tended b y a d e f o r m a t i o n i n 
the thickness of the layers w h i c h involves an energy of the same order 
as that of a so l id . T h e m o d e l i n F i g u r e 10 ( t o p ) needs no d e f o r m a t i o n 
energy i n the reg ion s u r r o u n d i n g L i ( + 1/2 d isc l ina t ion )̂  b u t the 
v i c i n i t y of Li is d e f o r m e d b y a change i n layer thickness. W e m a y 
i m a g i n e that such a s i tuat ion can b e re laxed at p e r i o d i c intervals b y 
f o c a l lines (see F i g u r e 10, b o t t o m ) (at the expense of l ine energy a n d 
splay energy) w h i c h p l a y the role of the hyperbolae , whereas L plays 
l o c a l l y the role of the el l ipse. T h e dis locat ion does not t ransform ent ire ly 
to w e l l b e h a v e d confoca l domains because that w o u l d u n d o u b t e d l y 
r e q u i r e permeat ion . H o w e v e r , let us note that i n a system i n w h i c h 
permeat ion is easier, the process of t ransformat ion can be complete ( for 
cholesterics, see Ref . 17; for thermotropic smectics, see Ref . 8 ) . 
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5. K L E M A N E T A L . 79 

W t 

Figure 11. Two disclinations whose 
topological sum is zero (top); their 
topological équivalent: two disloca
tions L j L / and L 2 L S ' of opposite 
sign (middle); and different pairing 
of two disclinations of opposite sign 

(bottom) 

Electron Microscopy Observations 

T h e specimens are p r e p a r e d f r o m a c o l l o i d a l d ispers ion of egg-yolk 
l e c i t h i n i n excess water . I n order to obta in reasonable contrast, the 
water is d o p e d w i t h l e a d acetate ( approx imate ly 0.25 w t % ). H o w e v e r , 
w e have no i d e a of the p r o p o r t i o n of l e a d i n the final p r o d u c t , w h i c h is 
p r e p a r e d as fo l lows . A microscope g r i d is soaked i n the so lut ion a n d 
t h e n a l l o w e d to d r y either i n a ir or o n its edge o n filter paper . T h e 
spec imen is then i n t r o d u c e d i n t o the h i g h v a c u u m ( ^ 10" 6 torr ) of the 
e lectron microscope ( P h i l i p s E M 3 0 0 ) a n d observed at 100 k V w i t h the 
h e l p of a t i l t i n g stage. 

T h e less w e l l g r o w n parts of the specimens ( t y p i c a l w h e n the spec i 
m e n dries i n a i r ) consist of l a y e r e d structures p e r p e n d i c u l a r to the sample 
surface ( F i g u r e 12) . D i f f r a c t i o n patterns d i s p l a y o n l y r ings at a distance 
corresponding to the layer thickness; there is no evidence of any k i n d of 
order i n the layers. T h i s seems to be conf i rmed b y p r e l i m i n a r y x-ray 
di f f rac t ion studies of the d r i e d p r o d u c t u n d e r a v a c u u m of ~ 10 ' 4 t o r r — 
one obtains a l ayer parameter i n the order of 45 A w h i l e the chains 
r e m a i n i n a m o l t e n state ( 1 8 ) . T h e aspect s h o w n i n F i g u r e 12 does not 
dif fer f r o m that o b t a i n e d b y convent iona l e lectron m i c r o s c o p i c studies b y 
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80 L Y O T R O P I C LIQUID CRYSTALS 

Figure 12. Electron microscopy—the layers are 
wound up into typical disclinations 

f r e e z e - e t c h i n g or negat ive s ta ining of l i p i d - w a t e r phases, a n d i t just 
confirms the tendency of the layers to keep a constant thickness. 

M o r e interest ing are the specimens obta ined b y d r y i n g o n filter 
paper . I n the best parts are b e a u t i f u l homeotropic areas approx imate ly 
2000 A th i ck w h i c h can be observed w i t h o u t any s t ructura l change for 
hours , except for a s l ight recrys ta l l iza t ion of P b w h i c h has n o effect o n 
observations. T h e r e is no i n d i c a t i o n whatever of o r d e r i n g i n the layers. 
W e classify the observed defects as ( a ) G r a n d j e a n terraces, ( b ) d is loca
t i o n l ines, ( c ) extended diso lca t ion l ines, a n d ( d ) other objects (see 
Réf . 1 9 ) . 

Grandjean Terraces. F i g u r e 13 pictures a step o n the surface as 
seen u n d e r different condit ions of t i l t . T h e r e is a reversal i n contrast f r o m 
one side of the step to the other, a n d f r o m posi t ive t i l t to negat ive t i l t . 
T h e contrast is r e a d i l y unders tood i f w e assume that i t is a t t r ibutable 
m a i n l y to absorpt ion contrast—the electrons are t ransmit ted better i n the 
regions w h e r e the layers are p a r a l l e l to the b e a m ( c h a n n e l l i n g effect) 
t h a n i n the r e g i o n w h e r e the planes are p e r p e n d i c u l a r to the b e a m . A l s o , 
a n y strong d e f o r m a t i o n w o u l d decrease the contrast i n b r i g h t field image . 
W e therefore c o n c l u d e f r o m F i g u r e 13 that the layers of the G r a n d j e a n 
terraces do not stop a b r u p t l y , b u t rather they s lope d o w n at a n angle of 
a p p r o x i m a t e l y 4 5 ° . T h e thickness of the w h i t e or d a r k bands i n the 
t i l t e d spec imen v i e w s suggests that the terrace is a f e w layers t h i c k 
( 2 - 5 l a y e r s ) . F i g u r e 14 depicts our concept of the d i s t r i b u t i o n of the 
layers w h i c h h a v e to s p i r a l into discl inat ions i n order to e x p l a i n the 
contrast. W e d o not exc lude the poss ib i l i ty that s y m m e t r i c a l arrange
ments keep the thickness constant. 

Dislocation Lines. F i g u r e 15 represents a l ine w i t h characterist ic 
t ransversal striations. T h e thickness of the sample changes r a p i d l y f r o m 
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5. K L E M A N E T A L . Defects in Water-Lecithin La Phases 81 

Figure 13. Grandjean terrace (arrow indicates the axis of tilt) 

Figure 14. Grandjean terrace—schematic 

Figure 15. Dislocation lines 
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82 L Y O T R O P I C LIQUID CRYSTALS 

Figure 16. Extended dislocations. The thickness of the 
sample increases from right to left perpendicular to the 
first family, and from bottom to top past the unique trans

versal line. 

one side of the striations to the other s ide; hence the Burgers ' vector of 
the defect is large, u n d o u b t e d l y m u c h larger than that of the G r a n d j e a n 
terrace i n F i g u r e 13. I t is not possible to ascertain whether the defect 
i n F i g u r e 15 is a d is locat ion close to the surface ( G r a n d j e a n terrace ) or 
a d is locat ion i n the b u l k . F r o m the compar ison of F i g u r e s 13 a n d 15, w e 
c o n c l u d e that there is a c r i t i c a l size for dislocations above w h i c h they 
d i s p l a y a transversal ins tab i l i ty of the type w e a n a l y z e d above ( F i g u r e 
10, b o t t o m ) . T h e change i n contrast of the streaks w i t h different t i l t 
angles suggests some k i n d of di f f rac t ion contrast. 

Extended Dislocation Lines. F i g u r e 16 pictures the lines (at t i l t 
angle 0 = 0 ) w h i c h are revealed as p lanar defects i n the b u l k w h e n the 
t i l t i n g is at other angles. T h e spec imen changes i n thickness f r o m edge 
to edge ( thickness contrast is not total ly apparent i n the figure, b u t a 
v a r i a t i o n i n r i b b o n w i d t h , f r o m one r i b b o n to another, is v i s i b l e ) . There 
fore , the p l a n a r defects correspond to the locat ion of an extended dis loca
t i o n w i t h a v e r y p e c u l i a r core d i s t r ibut ion . O n one side of the p l a n a r 
defect there must be, let us say, 20 layers, w i t h 19 layers o n the other 
s ide ; the layers o n b o t h sides fit a long a c o m m o n length . T h i s is a k i n d 
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5. K L É M A N E T A L . Defects in Water-Lecithin La Phases 83 

20 

19 
Figure 17. Sche
matic fitting of re-

18 gions of different 
thickness in Fig-
ure 16. Horizon
tal: first family 

17 of lines; vertical: 
unique transver-

sal line. 

of ep i tax ia l contact w h i c h has the advantage of k e e p i n g the layer th ick
ness constant f r o m side to side, w h i l e the lamel lae suffer a s m a l l d is 
or ientat ion of ~ 1/20 r a d i a n (see F i g u r e 18) . T h i s disor ientat ion is 
cer ta in ly re laxed at a s m a l l distance f r o m the defect. A n o t h e r p l a n a r 
defect of the same t y p e crosses the first f a m i l y of p lanar defects a n d 
induces a displacement of the first f a m i l y . 

A c c o r d i n g to the measured w i d t h of the defects, the dislocations to 
w h i c h they correspond have a Burgers ' vector of t w o to five parameters 
(assuming the parameter e q u a l to 45 A ) . F i g u r e 17 diagrams the 
repar t i t ion of the lines i n the observed reg ion ( the numbers correspond 
to arbi t rary values of the thickness measured i n parameter u n i t s ) . O n e 
notices that the effect of the jogs i n d u c e d b y the u n i q u e dis locat ion is to 
accommodate thicknesses of the same order of magni tude . It is also 
reasonable to assert that the jogs are smaller for smaller thickness. T h e 
epi tax ia l fitting is d i a g r a m m e d i n F i g u r e 18. I t necessitates contact of 
the chains w i t h the polar heads, w h i c h is poss ible o n l y i f free water is 
absent. 

Conclusion 

T h i s s tudy has concentrated o n the defects observed i n l y o t r o p i c 
lamel lar phases, a n d i t has p u t into evidence the specific character of 
the textures c o m p a r e d to classical thermotropic smectic phases. I n l e c i -

Figure 18. Fitting of the epitaxial layers: planar defect (left) and local con
figuration of molecules along the planar defect (right) 

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

1,
 1

97
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

6-
01

52
.c

h0
05



84 LYOTROPIC LIQUID CRYSTALS 

t h i n , the essential defect is the dis locat ion w i t h a core s tructure that is 
reasonably in terpre ted as t w o disc l inat ions of opposite s ign. T h e trans
versa l instabi l i t ies deve lop w i t h the size increas ing w i t h the Burgers ' 
vector ; a l t h o u g h re la ted to curvature elast ici ty, they never reach the 
f o r m of a true c o n f o c a l d o m a i n . T h e o v e r a l l texture is a c o m p r o m i s e 
b e t w e e n curvature elast ic i ty a n d one-dimens ional s o l i d elasticity. 
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Dynamic Phenomena in Lyotropic Liquid 
Crystals—A Brief Review 

CLARENCE A. MILLER 

Department of Chemical Engineering, Carnegie-Mellon University, 
Pittsburgh, Pa. 15213 

Transport phenomena and other dynamic processes in lyo
tropic liquid crystals have received relatively little research 
attention. However, they can be quite important in practice 
because relatively long times are often required to reach 
equilibrium when a liquid crystal is present. Moreover, 
understanding of equilibrium behavior seems to have 
reached a point where additional work on dynamic phe
nomena would be productive. Accordingly, the available 
information on such phenomena is reviewed. It consists 
mainly of measurements of viscosity, diffusivity, electrical 
conductivity, and chemical reaction rates in liquid crys
talline materials. Some possible areas for future research 
are identified and discussed briefly. 

*~T*he s tudy of e q u i l i b r i u m situations has d o m i n a t e d research to date 
A o n lyo t rop ic l i q u i d crystals. M u c h has been learned about structure 

of the various l i q u i d crystal l ine phases w h i c h occur i n systems c o n t a i n i n g 
water , one or more a m p h i p h i l i c compounds , a n d perhaps a n o i l . Phase 
diagrams have been de termined for numerous b i n a r y a n d ternary systems 
a n d for some quaternary systems. C o n s i d e r a b l e u n d e r s t a n d i n g has been 
d e v e l o p e d o n h o w b o t h phase structure a n d phase e q u i l i b r i u m d e p e n d o n 
temperature, molecular structure of the a m p h i p h i l i c c o m p o u n d s a n d o i l , 
a n d electrolyte concentrat ion i n the water . R e v i e w s of such i n f o r m a t i o n 
m a y be f o u n d i n other chapters of this v o l u m e a n d elsewhere ( J , 2, 3 ) . 

Impor tant questions about e q u i l i b r i u m situations r e m a i n to be an
swered, a n d a strong c o n t i n u i n g research effort i n this d i r e c t i o n is essen
t i a l . Nevertheless , enough is n o w k n o w n about e q u i l i b r i u m to just i fy a 
strong p a r a l l e l effort t o w a r d unders tanding n o n e q u i l i b r i u m p h e n o m e n a — 
a n effort m u c h greater t h a n exists at present. 
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86 L Y O T R O P I C LIQUID CRYSTALS 

D y n a m i c processes are p r o m i n e n t a m o n g p o t e n t i a l appl icat ions of 
l y o t r o p i c l i q u i d crystals. I t is k n o w n , for example , that e m u l s i o n s tabi l i ty 
is greatly enhanced w h e n l i q u i d crys ta l forms at the surfaces of the 
drops (4). H o w e v e r , emuls ion f o r m a t i o n is i n v a r i a b l y a d y n a m i c process, 
i n v o l v i n g fluid flow a n d transport of the surfactant f r o m one l i q u i d to 
the d r o p surfaces a n d the other l i q u i d . S ince the t ime r e q u i r e d to r e a c h 
e q u i l i b r i u m i n systems conta in ing l i q u i d crystals can sometimes be qui te 
l o n g — w e e k s or months—the need for k n o w l e d g e about dynamics of the 
process is evident . 

A n o t h e r potent ia l a p p l i c a t i o n is i n detergency. C e r t a i n types of d i r t 
are r e m o v e d b y f o r m a t i o n of a l i q u i d crystal l ine phase conta in ing water , 
detergent, a n d d i r t (5,6). O f p r i m a r y interest here are the rate at w h i c h 
the l i q u i d crysta l forms a n d w h e t h e r or not i t forms u n i f o r m l y over the 
entire surface of the d i r t par t ic le (discussed b e l o w ) . 

L i q u i d crystals are w i d e l y b e l i e v e d to be c losely re la ted to m e m 
branes of l i v i n g cells a n d have been u s e d as m o d e l systems i n studies 
to unders tand m e m b r a n e behavior . A m o n g d y n a m i c processes of interest 
here are transport of var ious species across membranes a n d var ious 
motions a n d deformations of membranes . 

E x i s t i n g k n o w l e d g e of n o n e q u i l i b r i u m p h e n o m e n a i n lyo t rop ic l i q u i d 
crystals is r e v i e w e d i n this art icle . F i r s t , a f e w remarks are m a d e about 
w o r k o n h y d r o d y n a m i c a n d e l e c t r o h y d r o d y n a m i c instabi l i t ies i n thermo-
t r o p i c l i q u i d crystals a n d the poss ib i l i ty of a p p l y i n g i t to l y o t r o p i c sys
tems. T h e n avai lab le results o n transport propert ies—viscos i ty , e lec tr ica l 
c o n d u c t i v i t y , a n d d i f f u s i v i t y — i n l y o t r o p i c systems are s u m m a r i z e d . A f t e r 
a br ie f section o n c h e m i c a l reactions i n l i q u i d crystal l ine phases, the 
importance of invest igat ing fur ther the kinet ics of g r o w t h a n d dissolut ion 
of l i q u i d crystals is discussed. F i n a l l y , some comments are m a d e about 
d y n a m i c p h e n o m e n a i n b i o l o g i c a l systems. I n v i e w of the re la t ive ly 
s m a l l amount of at tent ion g i v e n so far to n o n e q u i l i b r i u m p h e n o m e n a , a 
c o n t i n u i n g effort is made throughout the art icle to d e a l w i t h not o n l y 
w h a t is k n o w n b u t also w i t h w h a t is u n k n o w n a n d s h o u l d be invest igated. 
T h e reader is p r e s u m e d to have a general i d e a of the e q u i l i b r i u m p r o p 
erties of l i q u i d crystals r e v i e w e d i n other chapters of this volume—e .g . , 
the basic structure of the various types of l i q u i d crystals f o u n d i n 
l y o t r o p i c systems. 

Applicability of Work on Hydrodynamic Instabilities 
of Thermotropic Liquid Crystals 

I n sharp contrast to the s i tuat ion for l y o t r o p i c systems, d y n a m i c 
behavior of thermotropic l i q u i d crystals has rece ived considerable re
search attention. It is useful , therefore, to b e g i n b y assessing the i m p l i c a 
tions of this w o r k for l y o t r o p i c systems. 
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6. MILLER Dynamic Phenomena—A Brief Review 87 

A n act ive research area for thermotropic materials is s tudy of electro-
h y d r o d y n a m i c instabi l i t ies ( 7 ) . M u c h w o r k has dealt w i t h t h i n layers 
(about 10-100 μτη) of nemat ic l i q u i d crystals conf ined b e t w e e n p a r a l l e l 
plates. T h e plate surfaces are treated or a magnet ic field is a p p l i e d so 
that the molecules are i n i t i a l l y aligned—e.g. , w i t h their l o n g axes p a r a l l e l 
to the plates. W h e n a potent ia l difference of sufficient m a g n i t u d e (of ten 
o n l y a f e w volts ) is a p p l i e d b e t w e e n the plates, ce l lu lar convect ion sets 
i n w i t h some resul t ing d i s r u p t i o n of the i n i t i a l m o l e c u l a r a l ignment . A t 
somewhat h igher voltages a l ignment is even fur ther d i s r u p t e d , a n d 
scattering of l i g h t pass ing t h r o u g h the mater ia l gives i t a t u r b i d appear
ance. T h i s p h e n o m e n o n is the basis of cer ta in d i s p l a y devices. 

T h e o r e t i c a l analysis indicates that occurrence of s u c h convect ive 
instabi l i t ies depends o n anisotropy of e lec tr ica l c o n d u c t i v i t y a n d dielec
tr ic propert ies i n the i n i t i a l a l i g n e d nemat i c mater ia l . T h a t is, c o n d u c 
t i v i t y p a r a l l e l to the d i rec t ion of a l ignment m u s t differ f r o m c o n d u c t i v i t y 
p e r p e n d i c u l a r to this d i rec t ion . C a l c u l a t i o n of the s tabi l i ty c o n d i t i o n 
requires k n o w l e d g e not on ly of these anisotropic e lectr ica l propert ies b u t 
also of anisotropic elastic a n d viscous propert ies w h i c h oppose d i s r u p t i o n 
of the a l ignment a n d flow. 

V a r i o u s other instances of h y d r o d y n a m i c a n d e l e c t r o h y d r o d y n a m i c 
instabi l i t ies i n nemat ic a n d , to a lesser extent, smectic l i q u i d crystals 
have been invest igated. N o at tempt is m a d e here to r e v i e w this w o r k . 
F o r the present discussion, i t is sufficient to note that ( a ) most of the 
w o r k has dealt w i t h or iented layers h a v i n g anisotropic propert ies , a n d 
( b ) some interest ing instabi l i t ies arise i n or iented layers w h i c h do not 
occur for i sotropic materials . A n example of the latter is ce l lu lar con
vec t ion i n a fluid layer conf ined be tween h o r i z o n t a l plates m a i n t a i n e d 
at different temperatures. W i t h an isotropic fluid, convect ion can arise 
o n l y i f the l o w e r plate is hotter t h a n the u p p e r plate. T h e n , fluid near 
the l o w e r plate is less dense a n d tends to rise w h i l e fluid near the u p p e r 
plate is denser a n d tends to sink. W i t h a n or iented layer , h o w e v e r , 
convect ion can arise even w h e n the u p p e r plate is hotter i f the anisotropy 
of t h e r m a l c o n d u c t i o n propert ies is of a p a r t i c u l a r type ( 8 ) . 

O n e potent ia l a p p l i c a t i o n of the w o r k o n or iented nemat ic phases 
of r o d l i k e molecules is to solutions c o n t a i n i n g c y l i n d r i c a l micel les . O r i 
entat ion c o u l d be ach ieved b y a shear field or perhaps b y a n electr ic field. 
G o t z a n d H e c k m a n (9 ) conf i rmed the existence of anisotropic e lec tr ica l 
c o n d u c t i v i t y for a concentrated surfactant solut ion i n a shear field. T h e y 
used their results to show that the solut ion conta ined c y l i n d r i c a l rather 
than p la te l ike micel les . O f course, the m a g n i t u d e of the e lec tr ica l c o n 
d u c t i v i t y i n an aqueous m i c e l l a r so lut ion s h o u l d be qui te different f r o m 
that i n the nemat ic phase of a n organic mater ia l . So the condit ions for 
a n d types of e l e c t r o h y d r o d y n a m i c instabi l i t ies c o u l d be different as w e l l . 
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88 L Y O T R O P I C LIQUID CRYSTALS 

L i t t l e w o r k seems to have been done o n t h i n or iented layers of 
l y o t r o p i c l i q u i d crystals a l t h o u g h there is one recent report of prepara t ion 
of such a layer of the l e c i t h i n - w a t e r lamel lar phase ( J O ) . A s i n d i c a t e d 
b y B r o c h a r d a n d de Gennes (11), theories of the h y d r o d y n a m i c s of 
thermotropic smectic materials c a n be a d a p t e d to descr ibe or iented 
layers of lamel lar l i q u i d crysta l i n l y o t r o p i c systems. 

A f e w observations c a n be m a d e about possible h y d r o d y n a m i c insta
bi l i t ies i n l y o t r o p i c l i q u i d crystals. F i r s t , the avai lab le data o n l y o t r o p i c 
materials show viscosities i n the range of 1-50 poise (see b e l o w ) . T h e 
nemat ic materials i n w h i c h instabi l i t ies have been s tudied have viscosit ies 
a r o u n d 0.1 poise. H e n c e , instabi l i t ies i n v o l v i n g ce l lu lar convec t ion s h o u l d 
be h a r d e r to p r o d u c e i n l y o t r o p i c materials . A n o t h e r p o i n t is that or iented 
layers of materials conta in ing a l ternat ing lamel lae of l i p i d a n d w a t e r 
s h o u l d exhib i t t remendous anisotropy i n such propert ies as e lec tr ica l 
c o n d u c t i v i t y a n d di f fus iv i ty . T h e anisotropy of transport propert ies i n 
nemat ic materials is m u c h less w i t h values of a g i v e n p r o p e r t y i n d i r e c 
tions p a r a l l e l a n d n o r m a l to the a l i g n e d molecules rare ly d i f f e r i n g b y 
more than a factor of 2. T h e extreme anisotropy of transport i n lamel la r 
l y o t r o p i c phases c o u l d great ly inf luence the forms of instabi l i t ies w h i c h 
occur . F i n a l l y , because fluid interfaces act to or ient a m p h i p h i l i c m o l e 
cules, an or iented lamel lar phase b o u n d e d b y at least one fluid phase 
c o u l d be p r o d u c e d . T h e possibi l i t ies of flow a l o n g a n d deformat ion of a n 
interface be tween fluid a n d l i q u i d crysta l offer prospects of a l te r ing the 
f o r m of h y d r o d y n a m i c instabi l i t ies . 

Transport Properties of Lyotropic Liquid Crystals 

M o s t n o n e q u i l i b r i u m systems are charac ter ized b y v a r i a t i o n of v e 
loc i ty , temperature , compos i t ion , or e lec tr ica l potent ia l w i t h pos i t ion a n d 
the consequent transport of m o m e n t u m , energy, mass, or electr ic charge. 
N a t u r a l l y , t ransport of t w o or more of these m a y occur s imultaneously . 
A t t e n t i o n is focused here, however , o n situations w h e r e o n l y one transport 
process occurs a n d a transport coefficient can be ca lcu la ted f r o m its 
measured rate. F o r example , t h e r m a l c o n d u c t i v i t y c a n be ca l cu la ted i f 
the rate of energy transport a n d the temperature v a r i a t i o n i n the system 
are measured. 

A s i n d i c a t e d above, m u c h interest exists i n d y n a m i c b e h a v i o r of 
t h i n a l i g n e d layers of nemat ic l i q u i d crystals. I t is not surpr i s ing to find, 
therefore, that measurement of the anisotropy of transport propert ies 
has been the object ive of m a n y studies of thermotropic systems. T h e 
l i terature o n anisotropic t h e r m a l c o n d u c t i v i t y i n nemat ic l i q u i d crystals 
has been r e v i e w e d recent ly b y R a j a n a n d P i c o t (12). A m o n g the studies 
of anisotropic d i f fus ion are those of Y u n a n d F r e d r i c k s o n (13), B l i n e 
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6. MILLER Dynamic Phenomena—A Brief Review 89 

et al (14, 15), a n d Z u p a n c i c et al. (16). These references are g i v e n 
m a i n l y as examples of the w o r k o n thermotropic systems. T h e techniques 
used m e r i t s tudy b y those interested i n measur ing anisotropy of transport 
propert ies i n lyo t rop ic systems. 

M o s t of the w o r k o n transport i n l y o t r o p i c l i q u i d crystals has deal t 
not w i t h t h i n or iented layers b u t w i t h samples m a d e u p of m a n y s m a l l 
regions w i t h v a r y i n g orientations. Transpor t coefficients ob ta ined f r o m 
these experiments are thus averaged over or ientat ion. T h e macroscopic 
structure of the l i q u i d crysta l can s ignif icant ly inf luence transport . 

T h e next three sections s u m m a r i z e exist ing data o n transport coeffi
cients. T h e r m a l c o n d u c t i v i t y is not m e n t i o n e d because no measurements 
of this proper ty i n lyo t rop ic l i q u i d crystals appear to have been reported . 

Viscosity 

V i s c o s i t y measurement is a w e l l - k n o w n technique of s t u d y i n g c o l 
l o i d a l systems. Viscosi t ies for solutions conta in ing l i q u i d crysta l l ine mate
r i a l have b e e n repor ted d u r i n g studies of aqueous m i c e l l a r solutions. T h e 
p r o b l e m i n in terpre t ing m u c h of this data is that deta i led phase diagrams 
w e r e not repor ted w i t h the viscosi ty data . H e n c e , i t cannot be establ ished 
whether a par t i cular measurement represents propert ies of a l i q u i d crys
tal l ine phase or of a two-phase or three-phase mixture conta in ing some 
l i q u i d crystal . Perhaps phase diagrams d e t e r m i n e d i n recent years c o u l d 
b e used to p r o v i d e such i n f o r m a t i o n about some exist ing data . 

A quest ion w h i c h has attracted some attention over the years is the 
o r i g i n of viscoelast ic propert ies of aqueous surfactant solutions conta in ing 
a d d e d electrolyte (17, 18, 19). O n e m e c h a n i s m w h i c h has been sug
gested is that micel les i n these systems are e longated a n d f o r m a ne twork 
structure. A n o t h e r is that the viscoelast ic solutions conta in some l i q u i d 
crysta l l ine mater ia l , p r o b a b l y as s m a l l part ic les . I t w o u l d seem that 
whether any l i q u i d crysta l is present c o u l d b e resolved b y d e t e r m i n i n g the 
phase d i a g r a m a n d m a k i n g appropr ia te rheo log ica l measurements o n a 
g i v e n system of interest. I n any case, rheo logy of mixtures of i sotropic 
solutions a n d l i q u i d crystals seems not to have been t h o r o u g h l y a n d 
systematical ly invest igated. 

S o l y o m a n d E k w a l l (20) have s tudied rheology of the var ious p u r e 
l i q u i d crysta l l ine phases i n the s o d i u m c a p r y l a t e - d e c a n o l - w a t e r system at 
20 ° C , for w h i c h a de ta i l ed phase d i a g r a m is avai lable . T h e i r experiments 
u s i n g a cone-and-plate viscometer s h o w that, i n general , apparent v is 
cosity decreases w i t h increas ing shear rate (pseudo-plast ic b e h a v i o r ) . 
V a l u e s of apparent viscosi ty w e r e a f e w poise for the l amel la r phase 
(p la te l ike micel les a l ternat ing w i t h t h i n water l a y e r s ) , 10-20 poise for 
the reverse hexagonal phase ( p a r a l l e l c y l i n d r i c a l micel les w i t h p o l a r 
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90 LYOTROPIC LIQUID CRYSTALS 

groups a n d water i n inter ior of m i c e l l e s ) , a n d 20-50 poise for the n o r m a l 
hexagonal phase ( p a r a l l e l c y l i n d r i c a l micel les w i t h h y d r o c a r b o n chains 
i n mice l l e inter iors ; cont inuous aqueous p h a s e ) . Interest ing r h e o l o g i c a l 
behavior was observed for the lamel lar phase w h e n water content was 
about e q u a l to or s l ight ly greater t h a n the m a x i m u m water of h y d r a t i o n 
of the po lar groups of the soap a n d a lcohol . U n d e r these condi t ions , 
apparent viscosi ty was m u c h h igher d u r i n g i n i t i a l stages of shear ing t h a n 
at later t imes. T h e authors speculated that w i t h s m a l l amounts of u n 
b o u n d water , the micel les a c h i e v e d some f r e e d o m of m o t i o n a n d c o u l d 
f o r m three-dimensional structures not possible w i t h l o w e r w a t e r content. 
F o r larger amounts of u n b o u n d water the v e r y h i g h viscosities d u r i n g 
i n i t i a l shear ing were not observed. A s discussed b e l o w , changes i n d i f 
f u s i o n behavior have been seen i n lamel lar phases of other systems f o r 
water contents corresponding to the m a x i m u m water of h y d r a t i o n . These 
p h e n o m e n a cer ta in ly m e r i t fur ther invest igat ion. 

O t h e r w o r k o n lamel la r phases has conf i rmed that they are q u i t e 
viscous a n d that v e r y h i g h apparent v iscos i t ies—or even y i e l d i n g b e h a v i o r 
— o c c u r d u r i n g i n i t i a l de format ion at some composit ions (21, 22, 23). 
N i x o n a n d C h a w l a (21 ) f o u n d i n the w a t e r - p o l y s o r b a t e 80 -ascorb ic a c i d 
system that the structure l e a d i n g to i n i t i a l y i e l d i n g was i r revers ib ly 
b r o k e n d o w n b y r e c y c l i n g the sample several t imes over a range of shear 
rates—the behavior of the r e c y c l e d m a t e r i a l b e i n g pseudoplast ic . 

H y d e et al. (24) f o u n d that the p e a k apparent v iscos i ty of l a m e l l a r 
l i q u i d crysta l f e l l b y about t w o orders of m a g n i t u d e as a l c o h o l c h a i n 
l ength was r e d u c e d f r o m 15 to five i n w a t e r - a l c o h o l - T e e p o l systems. 
H o w e v e r , the complete p ic ture of h o w various types of a m p h i p h i l i c 
c o m p o u n d s a n d their mixtures inf luence viscosi ty is not avai lable . I n 
par t i cu lar , i t is not k n o w n u n d e r w h a t condit ions f a i r l y l o w viscosities of 
l i q u i d crystals c a n b e a c h i e v e d a l t h o u g h H a l l s t r o m a n d F r i b e r g (22) 
repor t viscosities of about 0.2 poise for some composit ions i n the water— 
monocapry l in—tr icapry l in system. A s i n d i c a t e d prev ious ly , l o w viscosities 
increase the possibi l i t ies for occurrence of h y d r o d y n a m i c instabi l i t ies 
i n v o l v i n g ce l lu lar convect ion . 

E v e n w h e n compos i t ion is fixed, viscosi ty a n d other r h e o l o g i c a l p r o p 
erties m a y d e p e n d o n the size a n d arrangement of a l i g n e d domains w i t h i n 
a sample of l i q u i d crysta l l ine mater ia l . N o studies of this mat ter seem 
to h a v e been m a d e , however . S u c h s t ructura l characterist ics do inf luence 
e lectr ica l c o n d u c t i o n a n d di f fus ion i n l i q u i d crystals, as discussed fur ther 
b e l o w . 

A n o t h e r quest ion w h i c h has r e c e i v e d l i t t le at tention is whether a 
shear field can itself inf luence the condit ions w h e n l i q u i d crysta l l ine 
m a t e r i a l is f o r m e d . D o e s some l i q u i d crys ta l f o r m because of the or ient-
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6. MILLER Dynamic Phenomena—A Brief Review 91 

i n g effect of shear o n c y l i n d r i c a l or flat micel les , i n compos i t ion ranges 
different f r o m those i n d i c a t e d b y the e q u i l i b r i u m phase d iagram? T h e 
w o r k of F a l c o et al (25) w i t h the w a t e r - h e x a n o l - h e x a d e c a n e - p o t a s s i u m 
oleate system suggests that the answer is sometimes yes. F r i b e r g a n d 
S o l y o m (26) observed that shear ing a p a r t i c u l a r e m u l s i o n caused l i q u i d 
crysta l l ine m a t e r i a l to f o r m at the d r o p surfaces a l t h o u g h no l i q u i d crysta l 
was i n i t i a l l y present a n d the o v e r a l l system compos i t ion was i n a r e g i o n 
of the phase d i a g r a m w h e r e no l i q u i d crysta l s h o u l d occur . A s i n d i c a t e d 
p r e v i o u s l y , whether l i q u i d crysta l forms is of great impor tance for e m u l 
s ion stabi l i ty . F u r t h e r studies are needed to c la r i fy h o w shear affects the 
f o r m a t i o n a n d break u p of l i q u i d crystal l ine mater ia l . 

Electrical Conductivity1 

Interpretat ion of some of the ear ly data o n e lectr ical c o n d u c t i v i t y is 
uncer ta in for the same reason as m e n t i o n e d above for viscosi ty—viz . , 
l ack of d e t a i l e d phase diagrams for the systems s tudied . M u c h i n f o r m a 
t ion can be obta ined, however , f r o m the investigations w h i c h h a v e been 
better def ined. 

F i g u r e 1 shows the results obta ined b y Franco is a n d Skoul ios (27) 
o n the c o n d u c t i v i t y of var ious l i q u i d crystal l ine phases i n the b i n a r y 
systems w a t e r - s o d i u m l a u r y l sulfate a n d w a t e r - p o t a s s i u m laurate at 
50 ° C . A s m i g h t be expected, the water-cont inuous n o r m a l hexagonal 
phase has the highest c o n d u c t i v i t y among the l i q u i d crystals w h i l e the 
l amel la r phase w i t h its b i m o l e c u l a r leaflets of surfactant has the lowest 
c o n d u c t i v i t y . F r a n c o i s (28) has presented data o n the c o n d u c t i v i t y of 
the hexagonal phases of other soaps. She has also discussed the m e c h a 
n i s m of i o n transport i n the hexagonal phase a n d its s i m i l a r i t y to i o n 
transport i n aqueous solutions of r o d l i k e polyelectrolytes . 

W i n s o r (17) describes h o w electr ica l c o n d u c t i v i t y varies d u r i n g 
a d d i t i o n of a n a l cohol to a n aqueous m i c e l l a r so lut ion conta in ing some 
s o l u b i l i z e d o i l . C o n d u c t i v i t y i n i t i a l l y decreases as m i x e d ( a n d p r o b a b l y 
la rger ) micel les conta in ing b o t h surfactant a n d a l c o h o l are f o r m e d . W h e n 
l i q u i d crysta l ( p r e s u m a b l y h a v i n g a lamel lar s tructure) starts to appear 
i n e q u i l i b r i u m w i t h the m i c e l l a r so lut ion, c o n d u c t i v i t y decreases even 
faster. A s more a l cohol is a d d e d , the aqueous solut ion disappears , on ly 
l i q u i d crys ta l is present, a n d the c o n d u c t i v i t y reaches a m i n i m u m . A d d i 
t i o n of s t i l l m o r e a l c o h o l results i n the appearance of an oi l -cont inuous 
m i c e l l a r so lut ion a n d an increase i n c o n d u c t i v i t y . E v e n t u a l l y a l l l i q u i d 
c rys ta l disappears, the increase i n c o n d u c t i v i t y ceases, a n d c o n d u c t i v i t y 

1 Note added in proof. Since this article was written, a review of electrical con
duction in liquid crystals has appeared: P. A. Winsor, "Liquid Crystals and Plastic 
Crystals," Vol. 2, p. 122ff, G . W . Gray and P. A . Winsor, Eds., Ellis Horwood, 
Chichester, 1974. 
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92 L Y O T R O P I C LIQUID CRYSTALS 

W a t e r , 7o 
Kolloid-Zeitschrift 

Figure 1. Electrical conductivity of liquid crystal
line phases in water-sodium lauryl sulfate (Curve I) 
and water-potassium laurate (Curve II) systems (27). 
Regions ah, he, de, and fg correspond to mxcellar 
solution, hexagonal phase, intermediate phase, and 

lamellar phase respectively. 

of the o i l phase decreases w i t h further a l c o h o l addit ions . S imi lar results 
have been repor ted b y H y d e et al. (24). 

E l e c t r i c a l c o n d u c t i v i t y i n an or iented sample of lamel lar phase s h o u l d 
be h i g h l y anisotropic because ions are far more easily t ransported a long 
the aqueous layers between the large, flat micel les then across the micel les . 
F o r a sample w i t h m a n y different regions or domains of v a r y i n g orienta
t ion , the domains h a v i n g micel les approx imate ly p e r p e n d i c u l a r to the 
a p p l i e d p o t e n t i a l dif ference p r o v i d e a signif icant barr ier to current flow. 
T h u s , the re la t ive ly l o w c o n d u c t i v i t y values f o u n d d u r i n g the w o r k just 
descr ibed seem reasonable. E k w a l l et al. (29) have also measured l o w 
conduct iv i t ies (10" 5 -10~ 4 o h m " 1 c m " 1 ) i n the lamel lar phase of the aerosol 
OT—water system. 

H o w e v e r , the h i g h l y anisotropic c o n d u c t i v i t y w i t h i n each d o m a i n 
also means that o v e r a l l sample c o n d u c t i v i t y is sensitive to features of the 
macroscopic phase structure. Factors w h i c h promote par t i cu lar arrange
ments of adjacent domains s h o u l d inf luence c o n d u c t i v i t y . So s h o u l d 
s t ructural defects w i t h i n a d o m a i n w h i c h w o u l d a l l o w apprec iable charge 
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6. MILLER Dynamic Phenomena—A Brief Review 93 

transport p e r p e n d i c u l a r to the micel les . S t i l l another factor is the effect 
of the a p p l i e d p o t e n t i a l difference itself i n or ient ing domains . W i n s o r 
(17), G i l c h r i s t et al. (30), a n d F r a n c o i s a n d Skoulios (31) have r e p o r t e d 
signs that s u c h or ientat ion occurs. W h e t h e r the a p p l i e d field can also 
inf luence the condit ions w h e n the l i q u i d crys ta l forms— i .e . , w h e t h e r the 
phase d i a g r a m is field dependent—seems not yet to have been inves t i 
gated. 

Diffusivity 

T h e w i d e s p r e a d interest i n transport across membranes of l i v i n g cells 
has l e d to studies of d i f fus ion i n lyot ropic l i q u i d crystals. B i o l o g i c a l m e m 
branes are general ly thought to conta in s ingle b i m o l e c u l a r leaflets of 
p h o s p h o l i p i d mater ia l , leaflets w h i c h are l i k e the large, flat micel les of 
l amel lar l i q u i d crystals. N o effort is made here to r e v i e w the l i terature on 
transport either across actual ce l l membranes or across single b i m o l e c u l a r 
leaflets ( b l a c k l i p i d films) w h i c h have often been used recent ly as m o d e l 
systems for m e m b r a n e studies. Instead, experiments w h e r e lamel lar 
l i q u i d crystals have been u s e d as m o d e l systems are discussed. 

Several investigators have used radioac t ive tracer methods to deter
m i n e di f fus ion rates. B a n g h a m et al. (32) a n d Papahadjopoulos a n d W a t -
kins (33) s tudied transport rates of radioact ive N a + , K + , a n d C I " f r o m 
s m a l l particles or vesicles of lamel lar l i q u i d crys ta l to a n aqueous so lut ion 
i n w h i c h the part icles were dispersed. L i q u i d crystal l ine phases of sev
eral different p h o s p h o l i p i d s a n d p h o s p h o l i p i d mixtures w e r e used . B e 
cause of uncertainties r e g a r d i n g par t i c le geometry a n d size d i s t r ibut ion , 
di f fus ion coefficients c o u l d not be ca lculated . I n f o r m a t i o n was obta ined , 
however , s h o w i n g that the transport rates of K + a n d C I " i n a g i v e n l i q u i d 
crysta l c o u l d differ b y as m u c h as a factor of 100. M o r e o v e r , re la t ive 
transport rates of K + a n d C l ~ were qui te different for different p h o s p h o 
l i p i d s . T h e authors considered that ions h a d to diffuse across p la te l ike 
micel les to reach the aqueous phase. 

Franco is a n d V a r o q u i (34) measured di f fus ion rates of C s + i n the 
hexagonal l i q u i d crystal l ine phases of the w a t e r - c e s i u m myristate a n d 
w a t e r - c e s i u m laurate systems. I n each case d i f fus iv i ty was obta ined as a 
func t ion of temperature for a g iven l i q u i d crysta l composi t ion . V a l u e s of 
1-2 Χ 10" 5 c m V s e c were repor ted for 6 0 ° - 8 0 ° C . D i f f u s i v i t y was about 
a n order of m a g n i t u d e l o w e r i n the ge l phase of the ces ium myris tate 
system. 

A x i a l d i f fus ion of several radioact ive ions a n d molecules i n c a p i l l a r y 
tubes conta in ing the lecithin—water lamel lar phase was s t u d i e d b y L a n g e 
a n d G a r y B o b o (35, 36). A s s h o w n i n F i g u r e 2, dif fusivit ies increased 
w i t h increasing water content i n the l i q u i d crysta l except for a sharp d r o p 
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94 L Y O T R O P I C LIQUID CRYSTALS 

Mass Fraction Water 
Journal of General Physiology 

Figure 2. Diffusion of ions in lecithin-^vater lamellar phases 
at 18°C as a function of phase water content, Φ ω . Upper curve 
gives diffusion coefficients of CI" and Rb+ relative to that of Na+. 

Lower curve gives the diffusion coefficient of Na+ (36). 

at a compos i t ion of about 24 w t % water . T h i s composi t ion corresponds 
to the m a x i m u m water w h i c h can be t ight ly b o u n d b y p o l a r groups of the 
l e c i t h i n molecules . T h e re lat ive transport rates of C I " a n d the cations 
also changed at this compos i t ion (see F i g u r e 2 ) , a n d a b r u p t changes i n 
l i q u i d crysta l viscoelastic behav ior were noted as w e l l . T h e authors con
c l u d e d that some s t ructura l change i n the phase, poss ib ly a reorientat ion 
of the l e c i t h i n p o l a r groups, caused the s u d d e n change i n propert ies at 
this compos i t ion . A s discussed earl ier , S o l y o m a n d E k w a l l (20) saw 
s u d d e n changes i n rheo log ica l behav ior of the lamel lar phase i n another 
system at a compos i t ion corresponding to the m a x i m u m t i g h t l y b o u n d 
water . 

A s F i g u r e 2 indicates , i o n diffusivit ies were i n the range of 10" 7 to 
10" 6 c m V s e c at 18 ° C . So w e r e dif fusivit ies of benzene a n d urea , b u t w a t e r 
di f fus iv i ty was somewhat h igher , about 0.8-3.0 Χ 10" 6 c m 2 / s e c . T h e shape 
of the di f fus iv i ty curves for these molecules was about the same as that 
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6. MILLER Dynamic Phenomena—A Brief Review 95 

g i v e n for ions i n F i g u r e 2, i n c l u d i n g the sharp d r o p at 2 4 % water . These 
values are effective diffusivit ies t h r o u g h m a t e r i a l w i t h m a n y domains of 
v a r y i n g orientat ion. I n v i e w of the re la t ive ly s m a l l act ivat ion energies of 
di f fus ion ( < 6 k c a l / m o l e ) ca lcu la ted f r o m the v a r i a t i o n of diffusivit ies 
w i t h temperature , the authors c o n c l u d e d that d i f fus ion i n each d o m a i n 
o c c u r r e d a long the t h i n aqueous layers be tween the large flat micel les ( or 
w i t h i n the micel les for b e n z e n e ) . 

T h e di f fus ion rates of the var ious ions d i f fered b y less than a factor 
of 3 (see F i g u r e 2 ) — a difference m u c h less than that f o u n d i n the studies 
descr ibed above for l i q u i d crystal l ine part icles i n solut ion. T h e reason is 
p r e s u m a b l y that ions must be transported across at least one b i m o l e c u l a r 
leaflet at the interface be tween the l i q u i d crystal l ine par t i c le a n d the 
solut ion. N o such interface existed i n the experiments of L a n g e a n d 
G a r y B o b o . 

I t is also of interest that the same g r o u p of workers f o u n d s l ight ly 
different diffusivit ies a n d no sharp d r o p at 2 4 % water w h e n the l i q u i d 
crysta l was p r e p a r e d b y an earl ier procedure (37, 38). T h e authors n o w 
fee l that some inhomogeneites p r o b a b l y existed i n m a t e r i a l p r e p a r e d b y 
the earl ier procedure ( a l though results were r e p r o d u c i b l e ). I n any case, 
the different results fur ther emphasize the importance to transport of the 
macroscopic structure of the l i q u i d crystal . 

D e v a u x a n d M c C o n n e l l (39) measured a la tera l d i f fus ion coefficient 
of about 2 Χ 1 0 - 8 c m 2 / s e c at 2 5 ° C for p h o s p h a t i d y l c h o l i n e ( P C ) di f fus ing 
a l o n g b i m o l e c u l a r leaflets i n an or iented w a t e r - P C lamel lar phase. S p i n -
l a b e l e d P C was u s e d i n this w o r k . 

W i t h sp in echo N M R techniques, C h a r v o l i n a n d R i g n y (40) f o u n d a 
di f fus ion coefficient of about 2 χ 10" 6 c m 2 / s e c for potass ium laurate i n 
the c u b i c l i q u i d crystal l ine phase i t forms w i t h water . 

A l s o us ing the N M R m e t h o d , B l i n c et al. (14, 41) report diffusivit ies 
of water of 2 - 8 Χ 10" 5 c m 2 / s e c at var ious temperatures i n the n o r m a l hex
agonal phase of the w a t e r - s o d i u m palmi ta te system. A t different c o m 
pos i t ion w h e r e the lamel lar phase exists at these temperatures, the ir 
values of diffusivit ies a long the aqueous layers range f r o m 0.7-3 Χ 10" 5 

c m 2 / s e c . These values are about an order of m a g n i t u d e h igher than those 
g i v e n above (36), the compar i son p r o v i d i n g a r o u g h i n d i c a t i o n of h o w 
m u c h di f fus ion is s l o w e d b y the existence of m a n y domains of different 
orientations. 

Chemical Reaction 

It m i g h t be expected that the ordered arrangement of molecules i n 
l i q u i d crystals c o u l d m o d i f y the rates of some c h e m i c a l reactions f r o m 
those observed i n isotropic l i q u i d solutions. A h m e d a n d F r i b e r g (42) 
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96 LYOTROPIC LIQUID CRYSTALS 

s tudied hydrolys is of p - n i t r o p h e n y l laurate i n the w a t e r - h e x a n o l - c e t y l t r i -
m e t h y l a m m o n i u m b r o m i d e system. T h e y f o u n d that the react ion rate was 
greater b y a factor of 2 or 3 i n the lamel lar l i q u i d crysta l l ine phase than 
i n the i sotropic m i c e l l a r solut ion. I n the hexagonal phase the react ion 
rate was o n l y s l ight ly above that of the m i c e l l a r solut ion. M u r t h y a n d 
R i p p i e (43) h a d p r e v i o u s l y discussed a s i tuat ion where the rate of ester 
hydrolys is was smaller i n the l i q u i d crystal l ine phase of a n o n i o n i c sur
factant than i n the isotropic solut ion. 

T h e mechanisms b y w h i c h l i q u i d crystals inf luence react ion rates 
need fur ther s tudy. P r e s u m a b l y , one impor tant factor is the effect of 
o r d e r i n g o n entropy changes of various steps of the react ion. B a c o n (44) 
has cons idered this factor i n connect ion w i t h the a b i l i t y of thermotropic 
l i q u i d crystals to increase the p o l y m e r i z a t i o n rate of phenylacetylene . 

Kinetics of Liquid Crystal Formation and Dissolution 

T h e results descr ibed above s h o w that transport rates i n l i q u i d 
crystals d e p e n d not o n l y o n the s m a l l scale structure of the phase—e.g., 
w h e t h e r i t is l amel lar or hexagona l—but also on aspects of the large scale 
or macroscopic structure. T h i s conc lus ion is especial ly a p p l i c a b l e to the 
l a m e l l a r phase w i t h its t remendous degree of anisotropy w i t h i n a d o m a i n 
of a l i g n e d p la te l ike micel les . T h e arrangement of domains of v a r y i n g 
or ientat ion a n d the existence of s t ructura l defects w h i c h m i g h t faci l i tate 
transport p e r p e n d i c u l a r to the micel les w i t h i n a d o m a i n w e r e m e n t i o n e d 
above as b e i n g of p a r t i c u l a r interest. I n the extreme case of comple te 
a l ignment of an entire sample , a m a t e r i a l w i t h propert ies far m o r e aniso
t ropic t h a n seen i n thermotropic l i q u i d crystals w o u l d exis t—a matter of 
possible interest i n its o w n right. 

I n v i e w of the impor tance of macroscopic structure, fur ther studies 
of l i q u i d crysta l f o r m a t i o n seem desirable . C e r t a i n l y , the rates of l i q u i d 
c rys ta l nuc lea t ion a n d g r o w t h are of interest i n some a p p l i c a t i o n s — i n 
emulsions a n d foams, for example , w h e r e f o r m a t i o n of l i q u i d crys ta l b y 
n o n e q u i l i b r i u m processes is an important s t a b i l i z i n g f a c t o r — a n d i n de-
tergency, w h e r e l i q u i d crysta l f o r m a t i o n is one means of d i r t r e m o v a l . 
A s n o t e d p r e v i o u s l y a n d as i n d i c a t e d b y the w o r k of T i d d y a n d W h e e l e r 
(45), fo r example , rates of f o r m a t i o n a n d disso lut ion of l i q u i d crystals 
can b e v e r y s low, w i t h weeks or months r e q u i r e d to achieve e q u i l i b r i u m . 
W o r k w h i c h w o u l d c l a r i f y w h e n a n d w h y phase t ransformat ion is fast or 
s l o w w o u l d b e of va lue . A n o t h e r top ic of possible interest is w h e t h e r the 
presence of a n interface w h i c h orients a m p h i p h i l i c molecules can affect 
the rate of l i q u i d crysta l f o r m a t i o n at, for example , the surfaces of drops 
i n a n emuls ion . 

H o w e v e r , interest i n the process of l i q u i d crys ta l f o r m a t i o n is not 
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6. MILLER Dynamic Phenomena—A Brief Review 97 

Figure 3. Growth of liquid crystalline fila-
ments towards aqueous solution of sodium 
laurate (right) after it has been contacted 

with decanol (left) (46) 

l i m i t e d to its rate. T h e inf luence of the condit ions of phase t ransforma
t i o n o n the m o r p h o l o g i c a l features m e n t i o n e d above mer i t fur ther s tudy. 
T h e effects of flow, electr ic fields, a n d interfaces o n or ient ing domains of 
a l i g n e d micel les c o u l d be s tudied . E v e n w i t h o u t such effects, L a w r e n c e 
(6) suggests, based o n observations of phase texture w i t h a p o l a r i z i n g 
microscope, that p a r t i c u l a r arrangements of domains m a y occur w h i c h 
greatly inf luence, for example , rheology of the l i q u i d crystal . 

A n o t h e r aspect of g r o w t h is m o r p h o l o g i c a l s tabi l i ty . C o n s i d e r the 
case of detergency w h e r e l i q u i d crysta l forms at the surface of a d i r t 
p a r t i c l e i n contact w i t h a detergent solut ion. Observat ions of the process 
indica te that l i q u i d crysta l u s u a l l y forms not as a layer of u n i f o r m t h i c k 
ness, as one m i g h t expect, b u t as a series of filaments w h i c h g r o w t o w a r d 
the aqueous phase (see F i g u r e 3 ) . S m a l l part ic les of l i q u i d crysta l break 
off f r o m the filament t ips a n d are swept a w a y (5 , 46). T h e process is 
e v i d e n t l y closely re la ted to numerous observations over the years of 
l i q u i d c rys ta l f o r m i n g as " m y e l i n figures" (6, 47). S ince a u n i f o r m layer 
of l i q u i d crysta l w o u l d p r e s u m a b l y be less easi ly r e m o v e d f r o m the sur
face of the d i r t par t ic le , the f o r m a t i o n of l i q u i d crysta l as filaments speeds 
u p the detergency process. 

T h e filaments w h i c h g r o w f r o m a d i r t par t i c le are reminiscent of 
dendrites w h i c h of ten f o r m near a surface at w h i c h l i q u i d solidifies. T h e 
b e a u t i f u l patterns o f snowflakes seen u n d e r magni f i ca t ion are d e n d r i t i c 
structures, for example . It is n o w general ly b e l i e v e d that w h e n a so l id i f i -
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cat ion front does not r e m a i n smooth b u t develops a d e n d r i t i c structure, 
the reason is an ins tabi l i ty of the surface ar i s ing f r o m heat a n d mass 
transport effects (48). I n a s imi lar w a y , di f fus ion c o u l d be one factor 
l e a d i n g to filaments rather t h a n smooth surfaces d u r i n g f o r m a t i o n of 
l i q u i d crystal l ine phases (49). 

W h i l e the emphasis of this section has been o n kinetics of l i q u i d 
crysta l format ion , the rate of l i q u i d crysta l dissolut ion m a y also be of 
interest—e.g., i n connect ion w i t h b r e a k i n g foams a n d emulsions b y a d d 
i n g materials w h i c h destroy the l i q u i d crystal l ine structure. 

Biological Systems 

A n exc i t ing potent ia l a p p l i c a t i o n of k n o w l e d g e about l y o t r o p i c l i q u i d 
crystals is i n b i o l o g i c a l systems. A n o t h e r chapter i n this v o l u m e discusses 
b i o l o g i c a l systems as its chief subject. H e r e on ly a f e w remarks are m a d e 
about d y n a m i c phenomena . 

T h e close re lat ionship between c e l l membranes a n d l i q u i d crystals 
has a l ready been c i ted as a s t imulus for research o n transport of ions a n d 
various u n c h a r g e d molcules i n l i q u i d crystals. H o w e v e r , d y n a m i c be
h a v i o r of membranes is not l i m i t e d to transport processes. A m b r o s e (50) 
has p r o v i d e d a fasc inat ing descr ipt ion of c e l l surfaces i n constant m o t i o n 
w i t h p s e u d o p o d i a cont inua l ly f o r m i n g , g r o w i n g , a n d disappear ing . H e 
also n o t e d that s u c h behavior is qui te different for n o r m a l a n d cancer 
cells, at least for the c e l l types he s tudied . 

T h e o v e r a l l c e l l surface reg ion is general ly considered to have b o t h 
a b i m o l e c u l a r leaflet conta in ing p r i m a r i l y p h o s p h o l i p i d s a n d an u n d e r 
l y i n g " p l a s m a g e l " layer c o n t a i n i n g m a n y long microf ibr i l s . A l i g n m e n t of 
the microf ibr i l s is observed w h e n the c e l l surface extends to f o r m pseudo
p o d i a , a c c o r d i n g to A m b r o s e . U n d e r these condit ions , the p l a s m a g e l 
c losely resembles a n or iented layer of l i q u i d crystal . T h e m i c r o f i b r i l a l i g n 
ment p r e s u m a b l y influences the stress d i s t r ibut ion w i t h i n the c e l l surface 
reg ion a n d m a y thus a i d i n causing de format ion of the c e l l surface. Some 
p r e h m i n a r y thoughts about m e c h a n i c a l properties of c e l l surfaces have 
been a d v a n c e d b y Fergason a n d B r o w n (51) a n d A m b r o s e ( 5 0 ) , b u t 
fur ther w o r k is needed. 

D e p o s i t i o n of l i q u i d crysta l l ine m a t e r i a l c o n t a i n i n g cholesterol esters 
o n the inner surfaces of h u m a n arteries is another n o n e q u i l i b r i u m process 
i n w h i c h m u c h interest exists. N o d o u b t there are other examples as w e l l 
w h e r e d y n a m i c p h e n o m e n a i n v o l v i n g l i q u i d crystals are i m p o r t a n t i n 
b i o l o g i c a l systems. 

Conclusions 

A l t h o u g h d y n a m i c behavior of l y o t r o p i c l i q u i d crystals is i m p o r t a n t 
i n var ious appl icat ions , re la t ive ly l i t t le w o r k has been done o n the subject. 
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6. MILLER Dynamic Phenomena—A Brief Review 99 

T h e former factor explains w h y a n art ic le o n d y n a m i c p h e n o m e n a is i n 
c l u d e d i n this v o l u m e ; the latter explains w h y the art ic le is as m u c h a 
survey of topics for fur ther research as i t is a r e v i e w of past w o r k . Pros
pects of exc i t ing n e w research developments i n this field seem br ight . 
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7 

Some Aspects of Liquid Crystal 
Microdynamics 

JEAN CHARVOLIN 

Laboratoire de Physique des Solides1, 
Bât. 510, Université Paris-Sud, 91405 Orsay, France 

Interest in thermotropic liquid crystals has focussed mainly 
on macroscopic properties; studies relating these properties 
to the microscopic molecular order are new. Lyotropic 
liquid crystals, e.g. lipid-water systems, however, are better 
known from a microscopic point of view. We detail the de
scriptions of chain flexibility that were obtained from recent 
DMR experiments on deuterated soap molecules. Models 
were developed, and most chain deformations appear to re
sult from intramolecular isomeric rotations that are com
patible with intermolecular steric hindrance . The character
istic times of chain motions can be estimated from earlier 
proton resonance experiments. There is a possibility of col
lective motions in the bilayer. The biological relevance of 
these findings is considered briefly. Recent similar DMR 
studies of thermotropic liquid crystals also suggest some 
molecular flexibility. 

T n thermotropic l i q u i d crysta l studies, great effort was expended i n i n -
A vest igat ing macroscopic propert ies such as order , e last ic i ty, a n d viscos
i ty . These propert ies d e p e n d , of course, o n m i c r o s c o p i c parameters that 
are characterist ic of the interact ions b e t w e e n i n d i v i d u a l molecules . S ince 
most mesogen molecules are v e r y complex s t ructura l ly , these interact ions 
are expected to d e p e n d great ly o n the m o l e c u l a r conformat ion . N e v e r t h e 
less, thermotropic l i q u i d crystals have b e e n a n a l y z e d m a i n l y as assemblies 
of r i g i d c y l i n d r i c a l rods. Studies that a t tempt to relate macroscopic a n d 
m i c r o s c o p i c orders are just b e g i n n i n g . T h e p r e l i m i n a r y findings f r o m s u c h 
studies w e r e discussed at the F i f t h Internat ional L i q u i d C r y s t a l C o n f e r 
ence; they indica te that the t r a d i t i o n a l r o d p i c t u r e is not adequate for 
a real unders tanding of most l i q u i d crystal l ine phases. T h i s p o i n t of v i e w 

1 Laboratoire associé au CNRS. 
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102 L Y O T R O P I C LIQUID CRYSTALS 

a) lamellar b) hexagonal 

Figure 1. Schematic representation 
of two lyotropic mesophases. The 
lamellar phase (left) is a periodical 
stacking along one dimension of soap 
and water hmellae. In the hexagonal 
phase (right), the soap cylinders are 
organized in a two-dimensional array. 

is re in forced b y recent theoret ical considerations that stress the i m p o r 
tance of e n d chains i n the t h e r m o d y n a m i c s of smectic ( I ) a n d nemat ic 
( 2 ) mesophases. 

It is interest ing that w o r k o n the in te rna l motions of the molecules 
that p r o d u c e l y o t r o p i c mesophases is m o r e a d v a n c e d . T h i s is m a i n l y 
because of the impor tance of the microscopic properties of these systems 
i n s o l u b i l i z a t i o n a n d in ter fac ia l prob lems , problems w h i c h are encountered 
i n i n d u s t r y as w e l l as i n c e l l m e m b r a n e b i o l o g y . T h e s t ructura l a n d f u n c 
t i o n a l roles of l i p i d molecules i n b iomembranes are m u c h discussed; i n 
vestigations of the p h y s i c o c h e m i c a l propert ies of l i p i d m e d i a thus m i g h t 
p r o v i d e orientations for b i o l o g i c a l studies. M o r e o v e r , the findings o n the 
f lex ib i l i ty of the paraff inic chains i n l y o t r o p i c mesophases m i g h t also be 
re levant to s imi lar problems i n thermotropic mesophases. 

Paraffinic Chain Flexibility in Bilayers 

L i p i d - w a t e r systems are the s implest of l y o t r o p i c l i q u i d crystals. B e 
cause of the strong a m p h i p a t i c character of l i p i d s , these systems con
stitute dis t r ibut ions of t w o m e d i a : the aqueous a n d the paraff inic . T h e 
m u c h divers i f ied geometry of the dis tr ibut ions was demonstrated b y x-ray 
(3 ) . T o summar ize br ief ly , the m o l e c u l a r aggregates can be lamel lae , 
r ibbons , rods, or spheres o r g a n i z e d i n l o n g range lattices w i t h per iodic i t ies 
i n one, t w o , or three dimensions . T h e simplest w a y to unders tand this 
r i c h p o l y m o r p h i s m is to assume that the paraff inic chains are flexible i n 
order to fill u n i f o r m l y the i r r e g u l a r l y shaped volumes that are avai lab le 
to t h e m . T h i s i d e a is compat ib le w i t h the short range disorder detected 
at the m o l e c u l a r l e v e l b y w i d e - a n g l e x-ray scattering ( 3 ) . T h e schematic 
representations of t w o l y o t r o p i c mesophases ( F i g u r e 1) depic t the co
existence of a l o n g range order w i t h a short range disorder . W e sha l l 
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7. C H A R V O L I N Microdynamics 103 

focus our interest o n some studies of paraff inic c h a i n b e h a v i o r i n b i l a y e r 
l amel la r structures. 

Magnetic Resonance Studies. Several exper imenta l techniques that 
are sensitive to l o c a l fluctuations have been used. O f these, nuc lear m a g 
net ic resonance ( N M R ) y ie lds , i n this p a r t i c u l a r field, the most re l iab le 
quant i ta t ive data . I n the past, most N M R studies, l y o t r o p i c as w e l l as 
thermotropic , w e r e of the protons that are natura l ly present i n the mole 
cules. H o w e v e r , i n such anisotropic systems, the r e s i d u a l d i p o l a r c o u 
p l i n g b e t w e e n the protons are v e r y large, a l l nuclear spins are c o u p l e d , 
a n d i t is imposs ib le to resolve specific m o l e c u l a r groups ( 4 ) . A decis ive 
step was the N M R s tudy of deuterated molecules ( D M R ) . Since the 
d i p o l a r coupl ings be tween deuterons are neg l ig ib le , the system is one of 
u n c o u p l e d spins. Di f fe rent m o l e c u l a r groups can be d is t inguished b y di f 
ferences i n the m o t i o n a l averag ing of the q u a d r u p o l a r coupl ings of their 
C - D bonds . 

I n the presence of a q u a d r u p o l a r c o u p l i n g , the N M R l ine of a d e u -
teron is spl i t into a symmetr ic doublet . W i t h a n ax ia l e lectr ic field g r a d i 
ent (e . f .g . ) , the double t spac ing i n f requency units is g i v e n b y : 

AV= l f ! ^ ( 3 c o s 2 0 - l ) ( 1 ) 
4 h 

w h e r e e2qÇ/h is the static q u a d r u p o l a r c o u p l i n g constant a n d θ is the 
angle b e t w e e n the e.f.g. axis a n d the magnet ic field. M o t i o n s of this axis 
m o d u l a t e 0, a n d they s h o u l d be t ime-averaged i f the m o t i o n frequencies 
are larger t h a n the static interact ion. If the m o t i o n is anisotropic a n d 
admits an axis of symmetry , E q u a t i o n 1 becomes: 

3 e2qQ . 3cos 2 0' - 1 , Q . Λ , ( T } . 
Δ ν = — - ~ - < 2 > ( 3 c o s Φ — !) ( 2 ) 

w h e r e θ' a n d ψ are the angles m a d e b y the symmetry axis w i t h the e.f.g. 
axis a n d the magnet ic field, respect ively. A n effective q u a d r u p o l a r c o u 
p l i n g constant is measured w h i c h i s : 

e2qQ 3cos 2 0' - 1 , 3cos 2 0' — 1 
g > w h e r e < > 

c a n be def ined as the order parameter , S, of the axis of the e.f.g. re la t ive 
to the axis of symmetry . 

A spec t rum of perdeuterated potass ium laurate i n or iented s o a p -
water mul t i layers (5 ) is presented i n F i g u r e 2. T h e measured q u a d 
r u p o l a r c o u p l i n g constants are m u c h smaller than those of a static C - D 
b o n d , w h i c h are about 167 k H z ( 6 ) ; the r e s i d u a l q u a d r u p o l a r spl i t t ings 
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104 L Y O T R O P I C LIQUID CRYSTALS 

d-C1 2K,217.H20 
(lamellar m e s o p h a s e , 8 2 ° C ) 

« I » I—» I I I I 1 1 I I I I • ι ι ι I . • ι 

0 5 10 15 20 

Frequency (kHz) from 13 MHz 

Figure 2. A DMR spectrum obtained at 13 MHz with 
an oriented sample. The normal to the lamella is at π/2 
from the external magnetic field. Only half the spec
trum, which is symmetric about the zero central fre
quency, is pictured. Each line can be attributed to a 
methylene, or methyl, group; the greater the shift, the 

closer the group to the polar head. 

revea l that anisotropic in t ramolecular motions take place a n d average 
m u c h of the static c o u p l i n g . T h e measured spl i t t ings are thus propor 
t i o n a l to the order parameters S of the C - D bonds w i t h respect to the 
o p t i c a l axis of the l i q u i d crystal . S ince the spl i t t ings are dist inct , the 
a m p l i t u d e s of the motions m u s t v a r y a l l a long the c h a i n . V a r i a t i o n i n the 
s p l i t t i n g w i t h loca t ion of the methylene o n the c h a i n is p lo t ted i n F i g u r e 
3. See l ig a n d N i e d e r b e r g e r ( 7 ) deuterated speci f ical ly each methylene 
group of s o d i u m decanoate a n d observed v e r y s imi lar v a r i a t i o n i n a 
ternary lamel la r system ( s o d i u m d e c a n o a t e - d e c a n o l - w a t e r ) . S u c h a 
c u r v e c a n be cons idered a n accurate representat ion of c h a i n flexibility i n 
the paraff inic m e d i u m . 

Chain Deformations. A s t r ik ing feature of the splitt ings i n F i g u r e 3 is 
t h a t — e x c l u d i n g the first, second, a n d last three segments of the c h a i n — 
a l l the other methylene groups have near ly the same order parameter . 
F o r a n isolated c h a i n , this w o u l d be v e r y o d d because each segment is 
expected to have greater or ientat ional f r e e d o m t h a n the p r e c e d i n g one. 
I n other w o r d s , the flexibility of a free c h a i n c o u l d not y i e l d such a 
pla teau . H o w e v e r , for a c h a i n i n a b i layer , the steric repulsions b e t w e e n 
n e i g h b o r i n g chains s h o u l d also be cons idered ; they result f r o m the con
straints i m p o s e d b y the p a c k i n g of the l i p i d polar heads at the interface. 
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7. C H A R V O L I N Microdynamics 105 

0 , 0 2 1 1 ι 1 ' ' ι ι ι ι 1 L 
0 1 2 3 Λ 5 6 7 8 9 10 11 

Carbon number (from polar head) 

Figure 3. Variation in the order parameter S of 
a C-D bond as the distance from the polar head 
increases. S is defined refotive to the symmetry 

axis of the lamella. 

Recent ly , de Gennes cons idered the s i tuat ion i n w h i c h the m e a n 
spac ing b e t w e e n chains, w h e n measured n o r m a l l y to the c h a i n e longat ion 
axis, remains u n i f o r m i n the regions of the bi layers w i t h o u t c h a i n ends. 
H e demonstrated that the steric interactions constra in the chains i n such 
a w a y that or ientat ional disorder cannot increase a long the c h a i n as i t 
w o u l d for a n isolated c h a i n ( 8 ) . T h e decrease of the order parameters 
for the last f e w segments is t h e n e x p l a i n e d b y the presence of m a n y c h a i n 
ends i n the centra l reg ion of the b i l a y e r w h i c h makes the steric h i n d r a n c e 
m u c h less stringent. I f this interpretat ion is correct, then the fact that this 
d r o p involves the last three segments of the c h a i n impl ies that the c h a i n 
ends are not conf ined to a p lane i n the exact center of the b i layer , b u t 
rather that they are d i s t r i b u t e d over a reg ion of sizeable thickness. T h i s , 
i n t u r n , impl ies that the c h a i n deformations are not restr ic ted to s m a l l 
angle torsions or flexions of the bonds , b u t they also i n v o l v e i someric rota
tions a r o u n d the C - C bonds w h i c h can m o v e the c h a i n e n d apprec iab ly . 
A free c h a i n w i t h η l inks has about 3 n ro ta t ional isomers (9 ) m a n y of 
w h i c h are cer ta inly s t i l l accessible i n the mesophase. T o describe i n de
t a i l the t h e r m a l motions b e t w e e n a l l these conformations w o u l d be a n 
o v e r w h e l m i n g task. H o w e v e r , a f e w v e r y specific models can be d e v e l 
o p e d i f one considers o n l y the s implest isomers. 

A c h a i n subgroup has three ro ta t ional isomers because of rotations 
a r o u n d the C - C b o n d ( 9 ) : one trans ( t ) isomer w h i c h is d e p i c t e d i n the 
s t ructura l sketch a n d t w o gauche ( g + a n d g") isomers that have h igher 
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106 L Y O T R O P I C LIQUID CRYSTALS 

H R ' 

Chain subgroup 

energies t h a n the trans isomer ( Δ Ε ~ 500 c a l / m o l e ) . F o r a c h a i n , de
partures f r o m the low-energy all-trans state can be n a m e d a c c o r d i n g to 
the succession of the c h a i n C - C b o n d conformations . A n isolated gauche 
c o n f o r m a t i o n has a tg + t or a tg"t sequence, a n d a k i n k (10) can b e w r i t t e n 
as tg + tg ' t or tg"tg + t . T r a n s sequences o n b o t h sides of a k i n k r e m a i n 
p a r a l l e l to each other; they are shi f ted o n l y lateral ly . 

I n reference to m o d e l i n g , the occurrence of i solated gauche con
format ions w i t h e q u a l p r o b a b i l i t y a l l a long the c h a i n y ie lds a n exponent ia l 
decrease i n the order of the methylene a long the c h a i n . A s was stated 
above, this is r u l e d out b y the D M R measurements. W e conc lude that this 
m o d e l c o u l d represent the behavior of a n isolated c h a i n fixed at one e n d 
b u t not that of a c h a i n i n a b i l a y e r since i t does not take into account the 
steric repuls ions b e t w e e n n e i g h b o r i n g chains. See l l ig a n d N i e d e r b e r g e r 
(7 ) d i d consider this factor ; they c o m b i n e d t w o gauche isomerizat ions of 
different s ign into a k i n k (10) that migrates a long the c ha in . T h i s m o b i l e 
defect decreases e q u a l l y the order of a l l methylene groups, l eav ing the 
t w o parts of the c h a i n o n ei ther s ide of i t p a r a l l e l to the b i l a y e r n o r m a l . 
Q u a n t i t a t i v e agreement w i t h F i g u r e 3 is g o o d i f one assumes a p r o b a b i l 
i t y pt ~ 0.8 for a l i n k to be i n a trans state. I n this one-chain m o d e l , 
n e i g h b o r i n g molecules are i n t r o d u c e d i m p l i c i t l y because one is restr ic ted 
to defects w h i c h do not change the overa l l d i rec t ion of the c ha in . O t h e r 
defects of this type , w i t h different ranges a long the c h a i n (11), c o u l d be 
cons idered as w e l l . S u c h models , w h i c h i n t r o d u c e in termolecular coop-
erat iv i ty a r b i t r a r i l y b y e l i m i n a t i n g presupposed unfavorab le conforma
tions, sk ip the interest ing aspect of possible col lect ive deformations of 
l i p i d s i n b i layers . 

Several approaches to the many-chains p r o b l e m have been p r o p o s e d : 
d e t a i l i n g t w o - c h a i n interact ions (12), so lv ing exact t w o - d i m e n s i o n a l lat
t ice models ( 1 3 ) , a n d c a l c u l a t i n g a self-consistent m o l e c u l a r field a p p r o x i 
m a t i o n (14). I n this last a p p r o a c h , M a r c e l j a extended to l y o t r o p i c l i q u i d 
crystals some of the ideas he d e v e l o p e d for thermotropic systems (2). 
M o r e specif ical ly , the p a c k i n g of the l i p i d po lar heads at the interface is 
i n t r o d u c e d t h r o u g h a la tera l pressure t e r m w h i c h is est imated f r o m sur
face pressure measurements i n monolayers . Stat is t ical averages are then 
eva luated b y s u m m a t i o n over a l l conformations of a c h a i n i n the field that 
result f r o m n e i g h b o r i n g molecules . T h e ca lcu la ted b e h a v i o r of the order 
of the c h a i n l inks agrees w i t h F i g u r e 3 a n d Ref . 7. A pa lmi ta te c h a i n 
( C i 6 ) w o u l d t h e n h a v e f o u r l inks i n gauche conformations w h i c h agrees 
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7. C H A R V O L I N Microdynamics 107 

w i t h earl ier t h e r m o d y n a m i c ca l cu la t ion ( 1 5 ) . T h i s theory also gives good 
agreement w i t h the measured t h e r m o d y n a m i c propert ies of the transi t ion 
w h e r e a l l the chains are i n a r i g i d , all-trans conformat ion . 

It is interest ing to note that s p i n l a b e l experiments revea l a monotonie 
decrease i n the order f r o m h e a d to ta i l ( 7 ) w h i c h contrasts w i t h the 
prev ious ly discussed p la teau that is obta ined b y deuteron experiments. 
A l t h o u g h i t is not possible at the m o m e n t to e l iminate the i d e a of p e r t u r b 
i n g effects f r o m the n i t rox ide labe l , i t is nevertheless interest ing to attempt 
to compare E P R a n d D M R data o n l y i n terms of l i p i d behavior . Recent ly , 
G a f f n e y a n d M c C o n n e l l (16) suggested that one c o u l d reconci le the t w o 
types of experiments b y t a k i n g i n t o account the i r different t ime scales. 
A m o t i o n is sa id to be fast i f its f requency is larger t h a n the fre
q u e n c y of the interact ion i t modulates ; this is the so-cal led m o t i o n a l -
n a r r o w i n g c o n d i t i o n . T y p i c a l values for the interactions are 10 s H z i n 
E P R a n d 10 5 H z i n D M R . A m o t i o n w h i c h has a f requency of 1 0 5 - 1 0 8 

w o u l d appear as a s low m o t i o n i n E P R ( a d i s t r i b u t e d spec t rum is ob
served) a n d as a fast m o t i o n i n D M R ( a n a r r o w e d spectrum is o b s e r v e d ) . 
I n the G a f f n e y a n d M c C o n n e l l m o d e l ( 1 6 ) , l o c a l fast mot ions , w i t h 
frequencies greater t h a n ~ 10 8 H z , are responsible for the monotonie 
decrease i n the s p i n l a b e l order parameters, a n d each methylene g r o u p 
occupies a larger effective v o l u m e t h a n the p r e c e d i n g one. T h e reg ion 
near the interface is then a w e a k densi ty reg ion . A plaus ib le so lut ion to 
this p a c k i n g p r o b l e m is a col lect ive b e n d i n g of the chains : their e longat ion 
axis, w h i c h is n o r m a l to the b i l a y e r i n the t a i l r eg ion , is t i l t ed i n the v i c i n 
i t y of the interface ( 1 7 ) . T h i s m o d e l accounts for the E P R spectra i f one 
assumes a static b e n d i n g angle, or, to express i t di f ferent ly , i f one assumes 
that the b i l a y e r has l o c a l b i a x i a l i t y at times > 10" 8 sec; the f a i l u r e of 
D M R experiments to detect any b i a x i a l i t y i n potass ium laurate b i layers 
(5 ) c a n be e x p l a i n e d b y the fact that the l i fe t ime of this b i a x i a l i t y is 1 0 " 5 -
10" 8 sec. T h i s t i l t angle, w h i c h affects the first methylene groups, w o u l d 
then in t roduce a r e d u c i n g factor into the expressions of their D M R spl i t 
t ings, thereby t rans forming into a p la teau the monotonie decrease i n the ir 
order that is caused b y fast motions . I n this m o d e l , contrary to that of de 
Gennes , the m e a n la tera l spac ing is not constant t h r o u g h the bi layers . A s 
has been stated, this assumption is suppor ted most ly b y the n e e d for a 
b e n d i n g angle as a fitting parameter for the E P R spectra ( 1 7 ) . N e v e r t h e 
less, i t remains a d e s c r i p t i o n of the behavior of l a b e l l e d chains w h i c h , i n 
the absence of d i rec t conclus ive experiments , c a n s t i l l be cons idered some
w h a t different f r o m that of n o n l a b e l l e d molecules demonstrated b y 
recent experiments i n the thermotropic field ( 1 8 ) . ( O r d e r parameters 
a n d t i l t angles d e t e r m i n e d b y s p i n l a b e l experiments i n S m C phases de
p e n d o n the l o c a t i o n of the l a b e l o n the a lkoxy c h a i n of the molecule . ) 

D y n a m i c s of the D e f o r m a t i o n s . A complete descr ip t ion m u s t also 
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108 L Y O T R O P I C LIQUID CRYSTALS 

p r o v i d e the character ist ic t imes of the motions a n d their ac t iva t ion ener
gies. T h i s can be obta ined f r o m N M R experiments t h r o u g h the m o d u l a 
t i o n of the s p i n H a m i l t o n i a n b y the motions . I f / ( ω ) is the spectra l d e n 
sity associated w i t h a fluctuating s p i n H a m i l t o n i a n , the re laxat ion rate of 
the Z e e m a n energy at f r e q u e n c y ω c a n be a p p r o x i m a t e d b y Γ ι " 1 oc / ( ω ) . 
F o r example , the spectral densi ty of a fluctuating magnet ic field w i t h an 
exponent ia l corre la t ion f u n c t i o n w o u l d be <h2> 2T c (1 + ω 2 Λ ) _ 1 , w h e r e 
<h2> is the m e a n q u a d r a t i c strength of the interac t ion , a n d Tc is the 
corre la t ion t ime of its variat ions. M e a s u r e m e n t of the re laxat ion rate as a 
f u n c t i o n of f requency , i n the laboratory f rame ( Tf1 ) a n d i n the rotat ing 
f rame ( T i p " 1 ) , provides i n f o r m a t i o n about the corre la t ion funct ions of 
the motions i n a d y n a m i c range f r o m a f e w H e r t z to 10 8 H z . 

I n this field, the resolut ion of D M R is p r o m i s i n g . H o w e v e r , exper i 
ments on deuterated molecules have just b e g u n , a n d the nuclear relaxa
t i o n was not yet a n a l y z e d . W e can just present here some p r e l i m i n a r y 
ideas that w e r e obta ined f r o m p r o t o n re laxat ion experiments (19). Be 
cause of the nature of d i p o l a r interact ion , w e are d e a l i n g w i t h a m u l t i s p i n 
system; this entails some complex problems of nuc lear s p i n d y n a m i c s 
w h i c h are b e y o n d the scope of this discussion. T h e quant i ta t ive analysis of 
p r o t o n re laxat ion data is thus far f r o m s t ra ight - forward (20). W e shal l 
l i m i t ourselves to a qua l i ta t ive interpretat ion of the f requency dependence 
of the re laxat ion rate that is s u m m a r i z e d schemat ica l ly i n F i g u r e 4. I m 
portant re laxat ion effects appear i n b o t h h i g h a n d l o w f requency regions. 

io L 

C1 2K,28% D20 
lamellar mesophase, · : 90 °C , 0 : 5 5 ° C 

- O -

- · -

1 ι m l 
10 10 -2 10" 10' 10' 

Frequency ( MHz ) 

Figure 4. Schematic representation of proton relaxation rates as func
tion of frequencies. No measurements were made in the 0.1 MHz range 

which is between the domain of the Tip and Tt techniques. 
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7. C H A R V O L i N Microdynamics 109 

T h e h i g h f r e q u e n c y re laxat ion is a t t r ibuted i n p a r t to the m o d u l a t i o n 
of in termolecular d i p o l a r interact ions b y the t rans la t ional d i f fus ion . T h e 
cutoff f r e q u e n c y (60 M H z at 5 5 ° C ) corresponds to the l o c a l di f fus ive 
j u m p f requency that is est imated f r o m measurements of the d i f fus ion 
coefficient (D ~ 10" 6 c m 2 / s e c at 5 5 ° ) (19, 2 1 ) . T h i s cutoff f r e q u e n c y 
also varies i n temperature w i t h the same ac t iva t ion energy ( E a c t ~ 0.25 
e V ) as the di f fus ion f requency . 

T h e l o w f requency re laxat ion c a n then be a t t r ibuted to the m o d u l a 
t i o n of i n t r a - a n d in termolecular interact ions b y the deformat ions of the 
molecules . I n this r e g i o n , the Tlp~x curves are not s imple L o r e n t z i a n s as 
they s h o u l d be i f o n l y one m o t i o n were responsible for the relaxat ion. 
T h e y c a n be a n a l y z e d as a superposi t ion of L o r e n t z i a n curves w i t h dif fer
ent characterist ic frequencies whose l o w e r l i m i t is about 10 5 H z . T h i s 
suggests that the c h a i n deformations result i n the appearance of a d i s t r i b u 
t i o n of modes, each w i t h its o w n l i fe t ime. T h e slowest m o d e has a tem
perature- independent characterist ic t ime of 3.5 X 10~6 sec; i t c o u l d be a 
l o n g w a v e l e n g t h de format ion of the molecule . W e cannot der ive accurate 
determinat ions f o r the fastest l o c a l modes. A theoret ica l cons iderat ion 
b y A g r e n (22), that develops a Rouse analysis f a m i l i a r i n the f ie ld of 
p o l y m e r physics (23), estimates their characterist ic t imes at about 10~8 or 
10" 9 sec; these c o u l d interfere w i t h t ranslat ional d i f fus ion i n the h i g h fre
q u e n c y re laxat ion range. O n e must remark that, since each m o t i o n m o d u 
lates several interactions of different o r i g i n , i t is effectively hopeless to t r y 
to interpret the values of the m o d u l a t e d interactions that are d e r i v e d 
f r o m re laxat ion data . C o n s e q u e n t l y , re ly o n l y o n the f r e q u e n c y a n d t e m 
perature dependences of the re laxat ion rates a n d never o n the i r absolute 
values. 

Discussion. W e can n o w propose a coarse descr ip t ion of the paraf
finic m e d i u m i n a lamel lar l y o t r o p i c mesophase (potass ium l a u r a t e -
w a t e r ) . F a s t t rans la t ional d i f fus ion , w i t h D ~ 10 ' 6 at 90 ° C , occurs w h i l e 
the c h a i n conformat ion changes. T h e characterist ic t imes of the c h a i n 
deformations are d i s t r i b u t e d u p to 3.10" 6 sec at 9 0 ° C . Presence of the 
s o a p - w a t e r interface a n d of n e i g h b o r i n g molecules l imi ts the n u m b e r of 
conformations accessible to the chains. These findings conf i rm the con
cept of the paraff inic m e d i u m as a n anisotropic l i q u i d . O n e m u s t also 
compare the frequencies of the slowest de format ion m o d e ( 1 0 6 H z ) a n d 
of the l o c a l d i f fus ive j u m p ( 10 9 H z ). W h e n one molecule wants to s l ip 
b y the side of another, the w a y has to be free. If the s w i n g i n g motions of 
the molecules , or their slowest de format ion modes , w e r e u n c o r r e c t e d , the 
molecules w o u l d have to w a i t about 10" 6 sec b e t w e e n t w o di f fus ive jumps. 
T h e r a p i d d i f fus ion c o u l d then be unders tood i f the s low motions w e r e 
col lect ive motions i n the lamel lae . I n this respect, the s l o w motions c o u l d 
d e p e n d o n the macroscopic structure ( l amel la r or c y l i n d r i c a l , for example) 
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110 L Y O T R O P I C LIQUID CRYSTALS 

whereas the fast motions appear to b e q u a l i t a t i v e l y i n d e p e n d e n t of i t a n d 
governed essential ly b y the densi ty of the m e d i u m (19, 24). U n f o r t u 
nately , no other invest igat ion besides ours has been done i n the l o w fre
q u e n c y reg ion so far. 

A s is r e p o r t e d i n T i d d y ' s recent, w e l l d o c u m e n t e d r e v i e w (25), m o r e 
a n d more re laxat ion experiments are concerned w i t h l i p i d s of b i o l o g i c a l 
significance i n ves icular structures w h i c h approximate b iomembranes more 
t h a n our lamel lar l y o t r o p i c l i q u i d crysta l can. Because of the complex i ty 
of the molecules a n d the somewhat uncer ta in state of d e t e r m i n i n g struc
t u r a l parameters of vesicles, the interpretat ion of these data is sometimes 
less s t ra ight forward t h a n i n the case of s imple l y o t r o p i c l i q u i d crystals. 
Nevertheless , such p h y s i c a l studies revea l that, i n a d d i t i o n to their r i c h 
p o l y m o r p h i s m , l i p i d - w a t e r systems exhib i t complex d y n a m i c propert ies 
that are associated w i t h m o l e c u l a r deformations a n d fluidity. T h e l i p i d 
m e d i u m thus appears capable of fast, l o c a l , s t ructural transformations i n 
response to external p h y s i c o c h e m i c a l s t imulat ion . Transpor t propert ies i n 
a n d across the b i layer , for example , are re lated to the c h a i n t rans i t ion 
f r o m a n o r d e r e d to a d i sordered state that is i n d u c e d b y temperature 
var ia t ion . W h a t e v e r interest such p h e n o m e n a m i g h t present i n the inter
pre ta t ion of b i o m e m b r a n e propert ies (26), n o t h i n g can yet be sa id about 
the ir impor tance i n b i o l o g i c a l funct ions . T h e b i layer is a n extreme over
s impl i f i ca t ion , a f ragmentary representat ion of ac tua l membranes , a n d 
m u c h is to be expected f r o m c o m p l e x l i p i d s a n d proteins as w e l l as f r o m 
l i p i d - p r o t e i n interactions. 

Alkyl Chain Behavior in Smectic Phase 

T h e deuteron spec t rum obta ined f r o m a thermotropic smectic A 
phase is presented i n F i g u r e 5. T h e b u t o x y b e n z y l i d e n e - p - o c t y l a n i l i n e 
molecu le ( B B O A ) was synthesized after deuterat ion of the o c t y l an i l ine 
group. F r o m the center (zero f r e q u e n c y ) of the spectrum, there appear 
successively: a m e t h y l l ine , a p a r t i a l l y deuterated p h e n y l group double t , 
in termediate methylene l ines, a n d the l ine of the methylene close to the 
b e n z y l group. These findings a n d their re la t ion to previous c a l c u l a t i o n (2) 
are presented a n d discussed i n a p r e l i m i n a r y report (27). A t this t ime, 
l i q u i d crysta l studies appear to be at a cross-point. S t u d y of the m i c r o -
d y n a m i c s of thermotropics c a n benefit f r o m the m o r e a d v a n c e d state of 
this w o r k for lyotropics , whereas the experience ga ined i n the o p t i c a l 
macroscopic studies of thermotropics is use fu l i n the l y o t r o p i c field for 
inves t igat ing col lect ive motions such as those discussed above. 

Conclusion 

Some recent D M R a n d E P R experiments w i t h l y o t r o p i c l i q u i d crystals 
have been descr ibed br ie f ly a n d in terpre ted i n terms of the flexibility of 
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7. CHARVOLIN Microdynamics 111 

A 
Smectic A phase, 58.5°C 

B.B,d.O.A 

ο 
- J — ι — ι — ι ι I ι ι ι ι L 
10 20 30 
Frequency (kHz) from 13 MHz 

ι ι I 
AO 

Figure 5. A DMR spectrum obtained at 13 MHz with 
the thermotropic sample BBOA in the smectic A phase. 
Only half the spectrum, which is symmetric about the 

zero frequency, is pictured. 

paraff inic chains. Some findings about la tera l d i f fus ion of the molecules 
i n the b i l a y e r w e r e c i ted . T h e characterist ic t imes of these motions were 
discussed o n the basis of previous p r o t o n re laxat ion experiments. T h i s set 
of data permits a p r e l i m i n a r y descr ip t ion of the l i p i d m e d i u m . C o m p a r 
isons w i t h l i q u i d paraffins c o u l d be a t tempted : the densities do not differ 
drast ica l ly ( T h e c h a i n disorders i n l y o t r o p i c l i q u i d crystals a n d i n l i q u i d 
paraffins are character ized b y analogous x-ray diffuse bands at 4.5 A " 1 . ) 
a n d c h a i n deformations resul t ing f r o m reorientations a r o u n d the C - C 
bonds are also present (28). H o w e v e r , a n o r i g i n a l a n d f u n d a m e n t a l dif fer
ence is i n t r o d u c e d b y the p a c k i n g of the polar heads at the interface : l i p i d 
d i f fus ion a long the d i r e c t i o n n o r m a l to the interface is of v e r y l o w p r o b 
ab i l i ty , a n d c h a i n ends are l o c a l i z e d either at the interface or i n the cen
t ra l r e g i o n of the b i layer . T h u s , there is less free v o l u m e i n the b u l k of 
each hal f b i l a y e r t h a n there is i n l i q u i d paraffins w h e r e the c h a i n ends are 
d i s t r i b u t e d u n i f o r m l y . T h i s greater la tera l cohesion c o u l d be a n i m p o r t a n t 
factor i n the deve lopment of long-wave length col lect ive modes i n l i p i d -
w a t e r systems, the existence of w h i c h is suggested b y o u r d y n a m i c data . 
( A theoret ical a p p r o a c h to col lec t ive modes i n l i p i d - w a t e r systems was 
presented at the F i f t h Internat ional L i q u i d C r y s t a l Conference . I n a d d i 
t i o n to the u s u a l smect ic modes , w h i c h d e p e n d o n the s y m m e t r y of the 
system, a n extra h y d r o d y n a m i c m o d e appears that is re la ted to the pres
ence of t w o components , i.e. to fluctuations i n the relat ive concentrations 
of water a n d l i p i d s (29).) 
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112 LYOTROPIC LIQUID CRYSTALS 

H o w e v e r , i f reference is m a d e to thermotropic studies, col lect ive m o 
tions i n smectic phases have wavelengths that extend u p to the o p t i c a l 
w a v e l e n g t h . I n this respect, they w e r e invest igated better b y light-scat
te r ing techniques t h a n b y a technique as l o c a l as N M R . F i n a l l y , no th ing 
has been sa id about m o l e c u l a r rotat ion a r o u n d the l o n g axis, a d o m a i n 
w h e r e l o c a l techniques c a n s t i l l be useful . W i t h a flexible d i sordered 
c h a i n , i t is di f f icul t to d i s t i n g u i s h c lear ly be tween the relat ive reorienta
tions of its segments a n d its o v e r a l l ro ta t ion ; o n the other h a n d , i f b i layers 
w i t h t i l t e d chains i n trans conformations are cons idered ( 3 0 ) , i t w o u l d 
be of great interest to determine i f their macroscopic b i a x i a l i t y p r o 
ceeds f r o m a n y anisotropy i n the o v e r a l l ro ta t ion of the molecu le . A 
s imi lar p r o b l e m arises i n the thermotropic field w i t h unders tanding 
the b i a x i a l smectic C a n d H phases. T h i s po in t was m u c h discussed at 
the F i f t h Internat ional L i q u i d C r y s t a l Conference . I t was demonstrated 
recent ly for T B B A i n S m H phase that no anisotropy i n the o v e r a l l rota
t i o n of the molecule a r o u n d its long axis is apparent at times longer than 
about 1 0 1 0 sec ( 3 1 ) . 
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8 

Biowater 

E. FORSLIND 

Division of Physical Chemistry, The Royal Institute of Technology, 
100 44 Stockholm 70, Sweden 

Starting from the mixture model, the structural behavior 
of water in the presence of dissolved simple ions is dis
cussed from the point of view of defect formation and 
lattice distortions at interfaces. The observed behavior of 
the ions and the water lattice is applied to a number of 
unsolved biological problems in an attempt to elucidate the 
specific interface phenomena that are characteristic of such 
systems. 

^ l t h o u g h i t is w e l l r e cogni ze d that the o v e r w h e l m i n g major i ty of b i o -
l o g i c a l reactions take p lace i n d i l u te aqueous solutions, v e r y l i t t le 

at tention has been p a i d to the water as a react ion partner , especial ly 
f r o m the s t ructura l po int of v i e w . I sha l l discuss a f e w prob lems that are 
associated w i t h the presence a n d the f u n c t i o n of water i n b i o l o g i c a l 
systems. 

A Model for the Structure of Liquid Water 

Star t ing f r o m the m i x t u r e m o d e l of water , w h i c h is based o n the 
i n t r o d u c t i o n of latt ice defects i n the t h e r m a l l y e x p a n d e d ice latt ice, w e 
s h a l l first consider some i o n - w a t e r interact ions that m o d i f y the structure 
of water . A n i l lustrat ive example is f o u n d w h e n the solubi l i t ies of per-
chlorates are c o m p a r e d . I n general , solubi l i t ies are h i g h . H o w e v e r , 
potass ium, r u b i d i u m , a n d ces ium perchlorates have a very s low so lub i l i ty 
i n c o l d water ; this, i n fact , is u t i l i z e d i n the m a n u f a c t u r e of K C 1 0 4 . T h e 
r e d u c t i o n i n s o l u b i l i t y can b e t raced b a c k to the s t ructura l propert ies of 
water . A l t h o u g h the conformat ion of the C 1 0 4 " te t rahedron is s imi lar to 
that of the water te trahedron that i t replaces, the difference i n geometr i 
c a l dimensions prevents a s i m p l e subst i tut ion. O n disso lut ion of the 
C 1 0 4 " i o n , a certa in amount of water latt ice d is tor t ion must occur i n 
order to achieve a reasonable fit b e t w e e n the t w o structures. 

114 
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8. F O R S L i N D Biowater 115 

A s a rule , the dis tor t ion of the water lat t ice that is f o u n d i n water 
w i t h o u t a solute ( I ) can easi ly take p lace i n cooperat ion w i t h the 
a c c o m p a n y i n g cat ion except i n the cases of potass ium, r u b i d i u m , a n d 
ces ium. These ions are large enough to fill the cavities of the water latt ice 
a n d to attenuate the lat t ice v ibrat ions , thus p r e v e n t i n g a l o c a l col lapse of 
the structure a n d an increase i n the n u m b e r of interst i t ia l water mole 
cules. T h e n o r m a l water structure is essentially re ta ined, a n d the latt ice, 
s tab i l i zed b y cations of the p r o p e r size, rejects the complex nonf i t t ing 
i o n (2). 

T h e case of perchlorate behavior i l lustrates h o w a n apparent ly 
s imple , steric effect i n one solute component can p r o f o u n d l y affect the 
interact ion between the water a n d the w h o l e solute. I n an attempt to 
e luc idate the solvat ion m e c h a n i s m of s imple electrolytes, B e r g q v i s t a n d 
F o r s l i n d (3 ) m a d e an N M R invest igat ion of the water p r o t o n resonance 
i n a l k a l i h a l i d e solutions. T h e y observed c h e m i c a l shifts that were i n 
u n a m b i g u o u s agreement w i t h the findings of H e r t z a n d Spalthoff (4) 
a n d H i n d m a n ( 5 ) , b u t they d e v e l o p e d a different scheme for the sepa
ra t ion of the shifts that are p r o d u c e d b y cations a n d anions. B y u s i n g 
the p r o t o n resonance shifts to measure the m e a n energy change of the 
h y d r o g e n bonds, a n d the i o n i c volumes a n d the polar izabi l i t i es to char
acterize the solutes, they accounted for the e lectronical ly f a v o r e d i o n i c 
charge distr ibut ions i n the interact ion w i t h the water latt ice. T h e y 
assumed the same p o l a r i z a t i o n propor t iona l i ty factors for a l l cations a n d 
a c o m m o n p o l a r i z a t i o n m e c h a n i s m for cations a n d anions, w h i c h is reason
able for ions w i t h comparable e lectronic structures. F i n a l l y they ne
glected the c o u p l i n g crossterms, i.e. the n o n a d d i t i v e contr ibut ions to the 
shift . 

T h e assumptions were tested on the observed shifts of 19 a l k a l i 
h a l i d e salts; the results were v e r y satisfactory except i n t w o cases, those 
of l i t h i u m a n d fluorine. D i s r e g a r d i n g for the m o m e n t the b e h a v i o r of the 
l i t h i u m a n d fluorine ions, the p i c t u r e that emerges f r o m the invest igat ion 
m a y be s u m m a r i z e d as fo l lows . 

T h e r e is a steric c o n t r i b u t i o n to the m a i n shif t that is a lways p o s i 
t ive , i.e. i t corresponds to a decrease i n h y d r o g e n b o n d energy. I n other 
w o r d s , the steric d is turbance is a lways d i s rupt ive , d i s p l a c i n g the oxygen 
atoms f r o m their n o r m a l m e a n posit ions. I t is counteracted b y a p o l a r i z a 
t i o n shift that is a lways negative, i.e. i t corresponds to a n increased 
h y d r o g e n b o n d energy. T h e t w o effects p r a c t i c a l l y cance l each other i n 
the case of potass ium, whereas the negat ive contr ibut ions dominate f o r 
the smal ler a n d the larger cations as expected. H o w e v e r , the shif t for 
the l i t h i u m i o n , as d e t e r m i n e d heur is t i ca l ly , is far b e y o n d the v a l u e 
expected f r o m the p o l a r i z i n g shif t cont r ibut ion , w h i c h is expected to be 
v e r y w e a k for H t h i u m . T h i s m a y indicate a considerable c o n t r i b u t i o n to 
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116 L Y O T R O P I C LIQUID CRYSTALS 

the negative shif t that is d e r i v e d f r o m the v i b r a t i o n a l at tenuation of the 
w a t e r lat t ice a t t r ibutable to interstit ials . F o r a l l the anions except 
fluorine, the steric pos i t ive shift dominates over the negat ive p o l a r i z i n g 
cont r ibut ion . T h e dev ia t ion i n the fluorine shift , as d e t e r m i n e d heur is t i -
ca l ly , is expected for reasons a l ready c i ted . 

These a n d s imi lar findings have l e d to the concept of s tructure 
makers a n d structure breakers a m o n g the ions (6). T h u s , the a l k a l i ions 
are a l l cons idered structure makers . O f the h a l i d e ions, C l ~ , Br" , a n d Γ 
are a l l s tructure breakers, whereas F " is an exception. 

T h e r e is, however , a second w a y of def in ing the structure breakers 
that is based on the behavior of the water oxygens u n d e r the effect of 
the solutes ( 7 ) . W h e n the n u m b e r of interst i t ia l water oxygens exceeds 
the n o r m a l concentrat ion ( I ) , w e o b v i o u s l y are d e a l i n g w i t h a structure 
breaker. T h e process m a y be reversed, a n d b y extending the def in i t ion 
i n Ref . 7, w e conc lude that structure m a k i n g occurs w h e n the n u m b e r of 
inters t i t ia l oxygens decreases b e l o w the n o r m a l value . T h i s can occur , 
for example , at an interface that displays specific adsorpt ion of water . 
T h e c o u p l i n g of w a t e r molecules b y h y d r o g e n b o n d i n g to a heavier or 
more r i g i d substrate reduces the t h e r m a l v i b r a t i o n a l ampl i tudes of the 
w a t e r latt ice. T h e t h e r m o d y n a m i c e q u i l i b r i u m of the lattice, w h i c h is 
n o r m a l l y m a i n t a i n e d b y the at tenuating effect of the interst i t ia l m o l e 
cules w h i c h str ike a balance be tween defect f o r m a t i o n a n d latt ice v i b r a 
tions, can n o w b e at ta ined i n par t b y the c o u p l i n g to the substrate. T h e 
i m p l i c a t i o n , of course, is a r e d u c t i o n i n the n u m b e r of interstit ials n e e d e d 
to m a i n t a i n e q u i l i b r i u m a n d a consequent decrease i n water densi ty . 
B o t h effects, s trengthening of the h y d r o g e n bonds a n d decrease i n 
densi ty , can occur s imultaneously as is ev idenced b y the w e l l k n o w n 
re lat ive viscosi ty plots of the a l k a l i hal ides vs. concentrat ion ( 8 ) . 

Biological Processes 

W e m a y n o w assemble the foregoing i n f o r m a t i o n into a m o l e c u l a r 
descr ip t ion of a f e w b i o l o g i c a l processes i n w h i c h the interact ion b e t w e e n 
w a t e r a n d m e t a l ions plays a n i m p o r t a n t role. F i r s t some p r o b l e m s 
re la ted to s ignal transfer i n nerve cells are discussed. T h i s is f o l l o w e d 
b y some comments o n the m e c h a n i s m operat ing at nerve synapses i n 
w h i c h , i n a d d i t i o n to the s o d i u m a n d potass ium ions, a specific trans
mi t ter substance a n d c a l c i u m ions take part . 

S o d i u m a n d potass ium ions are v i t a l to the n o r m a l f u n c t i o n i n g of 
the nerve ce l l . T h e ions are separated b y the ce l l m e m b r a n e w i t h s o d i u m 
o n the outside a n d potass ium o n the ins ide of the res t ing ce l l . A m o d e l 
of the basic membrane , w h i c h i n p r i n c i p l e was b u i l t as a b i layer accord
i n g to the w e l l k n o w n D a v s o n - D a n i e l l i - R o b e r t s o n scheme b u t w h i c h 
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8. FORSLIND Biowater 117 

i n c l u d e d water as a s t ruc tura l component , was presented i n a short 
c o m m u n i c a t i o n at this conference. T h e m o d e l is descr ibed i n some d e t a i l 
i n t w o recent publ ica t ions (9, J O ) . H e r e I sha l l be content to s u m m a r i z e 
the p r i n c i p a l features of the l e c i t h i n - w a t e r system w i t h emphasis o n the 
water structure that is assumed to determine the i o n i c transport t h r o u g h 
the membrane . 

T h e pos i t ive ly charged chol ine e n d group of the l e c i t h i n molecule is 
fitted into a water latt ice i n s u c h a w a y that the l e c i t h i n molecu le takes 
u p a n area of about 57 A 2 pro jec ted o n the m e m b r a n e surface. T h e w a t e r 
molecules b e l o n g i n g to the water latt ice become c o u p l e d to the h y d r o -
p h i l i c oxygens of the phosphate groups a n d ester l inkages , thereby f o r m 
i n g a continuous ne twork of water br idges . T h e quar ternary ni trogens, 
each s u r r o u n d e d b y three m e t h y l groups, substi tute a water m o l e c u l e ; 
the methyls become e m b e d d e d i n the adjacent cavities of the water 
latt ice, a v o i d i n g interference w i t h the water structures. T h e lone p a i r 
electrons of the i m m e d i a t e l y adjacent water molecules are d i r e c t e d 
t o w a r d the posi t ive n i t rogen, a n d the s trongly h y d r o p h o b i c , p o s i t i v e l y 
c h a r g e d group is thus na tura l ly a c c o m m o d a t e d b y the water latt ice. 

L e t us n o w consider the i o n i c transport t h r o u g h the b i layer . T h e 
spac ing between the a l k y l chains of the lec i thins is large, some 7 A . 
D i f f u s i o n a l processes can obv ious ly take place as i n a water latt ice , a n d a 
pos i t ive charge is needed to keep the cations i n p lace o n either s ide of 
the membrane , p e r m i t t i n g a l i m i t e d transfer of water a n d anions. T h e 
l ec i th in molecule can be either ( a ) a neutra l d i p o l e w i t h a pos i t ive 
charge at the quar ternary n i t rogen a n d a negat ive charge o n the phos
phate group w h i c h has ejected a pro ton to the water latt ice, or ( b ) p o s i 
t i v e l y charged w i t h the p r o t o n re turned to the phosphate group. L e t us 
consider the latter state as n o r m a l ; the m e m b r a n e is at rest, a n d i t forms 
a barr ier to the cations. T h e n a l l that is needed to o p e n the barr ier is 
r e m o v a l of the protons f r o m the phosphate groups. A poss ible m e c h a 
n i s m to p r o d u c e this effect is p r o v i d e d b y p r o t o n transfer i n the water 
br idges that l i n k the phosphate groups i n the essentially t w o - d i m e n s i o n a l 
in ter lec i th in n e t w o r k that forms part of the s u r r o u n d i n g water latt ice . 
W e sha l l re turn to this tr igger m e c h a n i s m later. 

F i r s t , h o w e v e r , let us see w h a t can h a p p e n to the external a n d 
in terna l posi t ive ions. T h e s o d i u m concentrat ion is h i g h e r outside the 
m e m b r a n e w h i l e the opposite is true of the potass ium i o n . F u r t h e r m o r e , 
the potass ium i o n fits w e l l into the cavi ty of the water latt ice, a n d the 
s i d i u m i o n causes the cavi ty to contract w i t h o u t , however , p r o d u c i n g a 
l o c a l collapse a n d rupture of the h y d r o g e n bonds to the remainder of 
the latt ice. 

Ins ide the c e l l membrane , the axoplasm forms a gel , m o v i n g s l o w l y 
a w a y f r o m the centers of p r o t e i n synthesis i n the m a i n c e l l b o d y . T h e 
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118 LYOTROPIC LIQUID CRYSTALS 

axon appears to conta in specific channels , the m i c r o t u b u l i , for the m o r e 
r a p i d transport of metabol i tes ; these c a n also be expected to p e r m i t 
f a i r l y r a p i d m o v e m e n t of cations a long the axon. Ins ide the ge l sur
r o u n d i n g the m i c r o t u b u l i there is water that is s t ructura l ly s tab i l ized b y 
h y d r o g e n b o n d i n g to the s o l i d g e l phase a n d b y the f o r m a t i o n of in te rna l 
interfaces a r o u n d h y d r o p h o b i c groups of the so l id . I t l i k e w i s e seems 
reasonable to assume that a very important s tab i l iza t ion m e c h a n i s m is 
i n operat ion because of the fit of potass ium ions into the water cavit ies. 
T h e r e are several k n o w n cases of such s tab i l iza t ion i n other g e l - f o r m i n g 
systems, e.g. i n c lay gels either i n their nat ive state or i n d r i l l i n g m u d s . 
L e t us therefore assume that the axoplasm is s tab i l i zed b y potass ium, 
w h i c h is o b v i o u s l y the i o n that is energet ical ly pre fer red to the gel . O n e 
other possible reason for the specific adsorpt ion of the cat ion is the 
tendency of every h y d r o g e l to exchange protons w i t h the water phase ; 
this is compensated for b y counterions w i t h a l o n g l i fe t ime i n the 
adsorbed state. 

H a v i n g thus a d v a n c e d some arguments for the selective fixation of 
potass ium w i t h i n the gel , w e note that the l o c a l i o n transport process at 
the R a n v i e r node, consequent to a nerve i m p u l s e , is a lways i n i t i a t e d b y 
the entrance of s o d i u m f o l l o w e d b y the expuls ion of potass ium. I t 
appears that the c o n d i t i o n for potass ium release is not, at first, the tr igger 
process b u t the entrance of s o d i u m into the axoplasm. T h e possible 
sequence of events m a y then be as fo l lows . 

R e m o v a l of the phosphate protons f r o m the leci thins b y the t r igger 
process turns a f e w of the pos i t ive chol ine e n d groups d o w n t o w a r d the 
negat ive phosphate oxygen w h i c h permits a f e w s o d i u m ions to penetrate 
the water layer of the membrane . T h e water latt ice dis tor t ion a r o u n d a 
s o d i u m i o n i n b u l k water is enhanced i n the m e m b r a n e because of the 
dis turbance a r o u n d the chol ine methyls that occurs o n their reversal , 
a n d a n avalanche of s o d i u m ions is released i n the opening . T h e s o d i u m 
ions, penetrat ing into the axoplasmat ic ge l , d i s turb the water structure 
b y c o m p e t i n g w i t h the potass ium ions that s tabi l ize the water a n d act as 
counterions to the negat ive charge left o n the s o l i d phase as the result of 
protolysis . A certain n u m b e r of potass ium ions are released, a n d they 
m o v e out of the c e l l a long the concentrat ion gradient . A s they enter the 
d i s t u r b e d m e m b r a n e , they b e g i n to compensate the r e m a i n i n g negat ive 
charges o n the l e c i t h i n ; they r e p e l the posi t ive c h o l i n e e n d groups to 
their n o r m a l posit ions a n d r a p i d l y b l o c k fur ther entrance of s o d i u m ions. 
T h e potass ium i o n deple t ion is e l i m i n a t e d b y ions that move , s l i g h t l y 
d e l a y e d , i n the m i c r o t u b u l i to the zone of dis turbance. O r d e r is restored. 

T h e dis turbance has, however , generated a n e w p r o t o n w a v e (2) 
that is p r o p a g a t e d as a b a c k shif t of protons a l o n g the h y d r o g e n b o n d 
n e t w o r k to the next R a n v i e r n o d e w h e r e the process is repeated. I t is a n 
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8. F O R S L i N D Biowater 119 

o p e n quest ion h o w m u c h the m y e l i n sheaths par t i c ipate i n this p u l s e 
transfer. T h e y are cer ta inly b u i l t for the task, a n d the m o r p h o l o g y of 
the junct ion be tween the c e l l m e m b r a n e a n d the S c h w a n n c e l l w o u l d 
favor a close cooperat ion. 

The Synaptic Mechanism 

A n interest ing difference is f o u n d be tween the f r e q u e n c y - m o d u l a t e d 
s igna l transfer i n nerve cells a n d the a m p l i t u d e - m o d u l a t e d m e c h a n i s m 
opera t ing at synapses i n w h i c h specif ic transmitter substances a n d 
c a l c i u m ions are i n v o l v e d as w e l l as s o d i u m a n d potass ium. C a l c i u m a n d 
s o d i u m ions have about the same P a u l i n g radius a n d comparable i o n i c 
volumes . W i t h c a l c i u m , however , the charge is d o u b l e d a n d so is the 
i o n i c field. T h i s leads to a water latt ice d is tor t ion i n w h i c h the h y d r a t i o n 
shel l of six oc tahedra l ly coord ina ted water molecules is separated f r o m 
the r e m a i n d e r of the latt ice, essentially as the result of unfavorab le 
or ientat ion of the h y d r o g e n bonds. T h e dis tor t ion is not as p r o n o u n c e d 
as i t is w i t h m a g n e s i u m i o n w h i c h has the same charge as c a l c i u m b u t 
a smaller ion ic diameter . I n fact, the v o l u m e of the m a g n e s i u m - w a t e r 
h y d r a t i o n complex is less t h a n 5 0 % that of the corresponding c o o r d i n a 
t i o n complex i n l i q u i d water . 

I sha l l assume that w e are concerned w i t h a cho l inerg ic transmitter . 
C l o s e to the presynapt ic membrane , clusters of s m a l l vesicles are h e a p e d 
r e a d y to e m p t y their contents of acetylchol ine into the synapt ic cleft . 
A certa in amount of spontaneous acetylchol ine ejection does occur , h o w 
ever, a n d this gives rise to a r a n d o m d i s t r i b u t i o n of s m a l l signals w h e n 
the transmitter substance reaches the postsynaptic membrane . Unless 
there is a co inc idence i n space a n d t ime of the spontaneous ejection 
events to m a k e several signals cooperate, the barr ier to a p r o p a g a t i n g 
i m p u l s e i n the postsynaptic m e m b r a n e is never exceeded. T h e ejection 
m e c h a n i s m is apparent ly u n k n o w n a l though i t is obvious that the a r r i v a l 
of the motor nerve i m p u l s e is somehow connected w i t h the release of 
the vesicles. T h e synapt ic cleft is some 50-100 A w i d e ; moreover , i t 
abounds i n acety lchol ine esterase w h i c h r a p i d l y breaks d o w n the m o l e 
cules to m a k e t h e m ineffective. I t is evident that a substantial release of 
transmitter substance is needed i n order to p r o d u c e a p r o p a g a t i n g s ignal . 

N o w , i t has been observed that c a l c i u m ions are needed (11, 12, 13, 
14) for the release of acetylchol ine . I f w e assume the same trigger m e c h a 
n i s m as was descr ibed prev ious ly , w e see that the penetrat ion of c a l c i u m 
gives rise to a m u c h stronger w a t e r lat t ice a n d m e m b r a n e structure 
b r e a k d o w n t h a n does that of s o d i u m . T h e b i layer m e m b r a n e of the 
vesicles, w h i c h is t i g h t l y c o u p l e d to the presynapt ic m e m b r a n e via the 
cytoplasmat ic water , is affected e q u a l l y s trongly a n d the p r o b a b i l i t y of 
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120 LYOTROPIC LIQUID CRYSTALS 

vesic le b r e a k d o w n is enhanced. T h e released acetylchol ine gives rise to 
the character is t ic two-phase s ignal i n the sarco lemma a n d its i n v a g i n a 
tions into the transverse tubule system. T h e r e the p r o p a g a t e d pulse 
s i m i l a r l y releases the c a l c i u m i o n avalanche f r o m the t e r m i n a l cisternae 
into the sarcoplasmic r e t i c u l u m a n d the myof ibr i l s , thereby i n i t i a t i n g the 
musc le contract ion. 

Literature Cited 

1. Forslind, E., Q. Rev. Biophys. (1971) 4 (4), 325. 
2. Forslind, E., Jacobsson, Α., "Water: A Comprehensive Treatise," F. Franks, 

Ed., Vol. 5, Plenum, New York, 1974. 
3. Bergqvist, M., Forslind, E., Acta Chem. Scand. (1962) 16, 2069. 
4. Hertz, H. G., Spalthoff, W., Z. Elektrochem. (1959) 63, 1096. 
5. Hindman, J. C., J. Chem. Phys. (1962) 36, 1000. 
6. Hertz, H. G., Zeidler, M. D., Ber. Bunsenges. (1970) 69, 821. 
7. Walrafen, G. E., J. Chem. Phys. (1970) 52, 4176. 
8. Bernal, J. D., Fowler, P. H., J. Chem. Phys. (1933) 1, 515. 
9. Forslind, E., Kjellander, R., Sven. Naturvetensk. (1974) 9, 174. 

10. Forslind, E., Kjellander, R., J. Theor. Biol. (1975) 51, 97. 
11. Weber, Α., "Bioenergetics," D. R. Sanadi, Ed., Vol. 1, p. 203, Academic, 

New York, 1966. 
12. Ottoson, D., "Nervsystemets Fysiologi," Natur och Kulturs, New York, 

1970. 
13. Karlson, P., "Biochemie," Georg Thieme, Stuttgart, 1967. 
14. Lehinger, A. L., "Biochemistry," Worth, Stockholm, 1970. 
RECEIVED November 19, 1974. 

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

1,
 1

97
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

6-
01

52
.c

h0
08



9 

Ion Binding and Water Orientation in Lipid 
Model Membrane Systems Studied by N M R 

GÖRAN LINDBLOM and NILS-OLA PERSSON 

Division of Physical Chemistry 2, The Lund Institute of Technology, 
Chemical Center, Lund, Sweden 

GÖSTA ARVIDSON 

Department of Physiological Chemistry, University of Lund, Lund, Sweden 

The static quadrupole effects of alkali metal ions and deu-
terons in NMR spectra of anisotropic mesophases are dis
cussed. Lamellar lyotropic liquid crystals composed of 
lecithin, heavy water, and varying concentrations of sodium 
chloride and cholesterol were studied at different tempera
tures. The observed quadrupole splittings of 23Na and 2H 
in these systems are interpreted to indicate that the number 
of water and sodium binding sites increases with increasing 
temperature or electrolyte concentration. A model is pro
posed where the increased binding of sodium ions and water 
is related to a conformational change of the phosphorylcho-
line group. The results obtained on cholesterol-containing 
samples may indicate that a rearrangement of the molecular 
organization of the bilayer occurs at a molar ratio of 4:1 
between lecithin and cholesterol. 

C e v e r a l recent investigations u s i n g various p h y s i c o c h e m i c a l methods 
^ have p r o v i d e d c o n v i n c i n g evidence to support the content ion that the 
bas ic structure of most b i o l o g i c a l membranes consists of a p h o s p h o l i p i d 
b i l a y e r (1,2,3,4). Studies o n p h o s p h o l i p i d m o d e l membranes can there
fore b e expected to y i e l d re levant i n f o r m a t i o n o n the ro le p l a y e d b y 
p h o s p h o l i p i d s i n d e t e r m i n i n g the characterist ic propert ies of b i o l o g i c a l 
membranes ( 5 ) . O n e i m p o r t a n t aspect of this p r o b l e m concerns the 
mechanisms of in terac t ion b e t w e e n the p h o s p h o l i p i d s a n d other m e m 
brane constituents such as cholesterol , proteins , a n d different i n o r g a n i c 
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122 L Y O T R O P I C LIQUID CRYSTALS 

ions. T h e impor tance of the h y d r o p h o b i c parts of the p h o s p h o l i p i d 
molecules i n d e t e r m i n i n g the general propert ies of the inter ior of the 
p h o s p h o l i p i d b i l a y e r has been invest igated i n great d e t a i l since the p i o 
n e e r i n g w o r k of C h a p m a n et al. (6). F a r less is k n o w n about the i o n i c 
interact ions i n v o l v i n g the p o l a r head-groups at the surface of the phos
p h o l i p i d b i layer . O b v i o u s l y m u c h more w o r k o n m o d e l m e m b r a n e sys
tems is n e e d e d before w e can acquire a deta i led unders tanding at the 
m o l e c u l a r l e v e l of p h y s i o l o g i c a l l y important , i o n i c processes i n b i o l o g i c a l 
membranes—e .g. , the selective transport of a l k a l i m e t a l ions, the inter
ac t ion w i t h d iva lent cations s u c h as C a 2 + a n d M g 2 + , i o n i c interactions w i t h 
proteins , a n d the ac t ivat ion of certa in m e m b r a n e - b o u n d enzymes b y m e t a l 
ions. A m o n g the problems to be e l u c i d a t e d are the conformat ion a n d 
or ientat ion of the p o l a r h e a d groups of the p h o s p h o l i p i d molecules , the 
structure of water at the b i l a y e r surface, a n d the interrelat ionships be
t w e e n the i o n i c structure of the po lar h e a d groups a n d the m o l e c u l a r 
organ iza t ion of the h y d r o p h o b i c par t of the b i layer . T h e a i m of the 
present w o r k is to demonstrate some of the potential i t ies of N M R spec
troscopy i n investigations of i o n i c interactions a n d water structure i n 
lamel lar mesophases of l i p i d s . L a m e l l a r (or smect ic ) mesophases of 
a m p h i p h i l i c l i p i d s are composed of l i p i d b i layers intercalated b y water 
spaces (7). Extens ive w o r k d u r i n g recent years has p r o v e d that lamel lar 
mesophases p r o v i d e excellent m o d e l systems for m e m b r a n e research (8). 

Quadrupole Splittings in NMR Spectra 

Static q u a d r u p o l e effects i n N M R are observed i n solids (9 ) a n d also 
i n anisotropic l i q u i d crystals (10, 11, 12). F o r n u c l e i w i t h s p i n q u a n t u m 
numbers , I, greater than the d i s t r i b u t i o n of posi t ive charge over the 
nucleus c a n b e nonspher i ca l a n d the s i tuat ion can be descr ibed i n terms 
of a nuc lear electr ic q u a d r u p o l e moment . T h e interact ion be tween the 
q u a d r u p o l e moment , eQ a n d electr ic field gradients , eq , shifts the energy 
levels of the nuclear s p i n states. 

T h e nuclear sp in h a m i l t o n i a n (H) for the Z e e m a n (Hz) a n d the 
q u a d r u p o l e (HQ) interactions m a y be w r i t t e n 

H = H Z + HQ = - „ L 7 z + £Q Σ V-Q AQ (1) 
q = -2 

eQ 
HQ is expressed i n f requency a n d ftQ = 21(21 —- l)h' VL * S k a r m o r 

precession f requency . Vq values represent the i r r e d u c i b l e components of 

the e lectr ic field gradient tensor, a n d Aq values are i r r e d u c i b l e tensor 

operators w o r k i n g on the nuc lear s p i n funct ions . A l l these tensors are of 
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9. L I N D B L O M E T A L . Ion Binding and Water Orientation 1 2 3 

the second rank. Vq a n d Aq i n E q u a t i o n 1 c a n be expressed i n any co
ordinate system. It is most convenient , however , to have the s p i n opera
tors g i v e n i n a laboratory- f ixed coordinate system since the nuc lear s p i n 
is q u a n t i z e d a long the a p p l i e d magnet ic field. T h e electr ic field gradients , 
o n the other h a n d , are most convenient ly expressed i n a p r i n c i p a l axis 
coordinate system fixed at the nucleus. T h e q u a d r u p o l a r h a m i l t o n i a n c a n 
then be w r i t t e n : 

#Q = 0Q Σ A , ' L (QLM) ( 2 ) 

w h e r e Dq>q is a W i g n e r rotat ion matr ix e lement of the second rank, a n d 
ŒLM is shor thand notat ion for the appropr ia te E u l e r angles s p e c i f y i n g the 
t ransformat ion f r o m the m o l e c u l a r f rame ( M ) to the laboratory f rame 
( L ) . I f the molecu lar m o t i o n has to b e taken in to account , the h a m i l 
tonian i n E q u a t i o n 2 becomes t ime dependent t h r o u g h the t ime de
pendence of n L M . W h e n the fluid is i sotropic , i n the sense that a l l 
orientations are e q u a l l y p r o b a b l e , the m e a n values of the second-order 
W i g n e r rotat ion matr ix elements are zero, a n d the q u a d r u p o l e in terac t ion 
contr ibutes o n l y to relaxat ion. I n an anisotropic m e d i u m l i k e a l a m e l l a r 
or hexagonal l i q u i d crysta l the m e a n v a l u e of HQ is no longer zero, a n d 
one can observe q u a d r u p o l e split t ings i n the N M R spect rum. 

C o n s i d e r a lamel lar mesophase, b e i n g macroscopica l ly a l i g n e d so 
that the s y m m e t r y axis, re ferred to as the director , has the same d i r e c t i o n 
throughout the sample. I f the t ransformat ion f r o m the m o l e c u l a r c o o r d i 
nate system to the laboratory system is p e r f o r m e d via the director c o o r d i 
nate system ( D ) , E q u a t i o n 2 reads 

#Q = 0Q Σ ( -D< Aq^ T>q>q ( Q D M ) Dm ( O L D ) ( 3 ) 
qq'q" 

H e r e Ω# speci fy the t ransformat ion f r o m coordinate system / to system i . 
I n E q u a t i o n 3 o n l y Dq>q ( Ω Ο Μ ) varies w i t h the m o l e c u l a r m o t i o n . S ince 
a m p h i p h i l i c l i q u i d crystal l ine systems general ly are c y l i n d r i c a l l y s y m 
m e t r i c a l a r o u n d the director Oq>q ( Ω Ο Μ ) = 0 i f q' ^ 0 . I f i t also is 
assumed that a nucleus stays w i t h i n a d o m a i n of a g i v e n or ientat ion of 
the director over a t ime that is l o n g c o m p a r e d w i t h the inverse of the 
q u a d r u p o l e interact ion , one n o w obtains f o r the static q u a d r u p o l e 
h a m i l t o n i a n 

#Q = 0Q Σ ( - 1 ) * ν - * Aq^ D O Q (Q D M ) D^a (Q LD) (4) 
qq" 

I n the l i m i t w h e r e the nuc lear Z e e m a n t e r m i n the nuc lear s p i n h a m i l 
t o n i a n is m u c h larger than the q u a d r u p o l e interact ion , i t is o n l y the sec
u l a r part of HQ that contr ibutes to the t ime- independent h a m i l t o n i a n , H 0 . 
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124 L Y O T R O P I C LIQUID CRYSTALS 

H0 = - v j z + *ψ (3 cos 2 0 L D - 1 ) ( 3 / , 2 - I 2 ) (5) 
Ό 

3 
where VQ = ^ /3Q eg a n d the order parameter 

£ = - {(3 cos 2 0DM — 1) + ν s i n 2 0 D M cos 2#DM} 

H e r e 0DM is the angle b e t w e e n the director a n d the largest component , 
eq, of the electr ic field gradient tensor, a n d η is the asymmetry parameter . 
T h e different coordinate systems u s e d are s h o w n i n F i g u r e 1. 

T h e h a m i l t o n i a n i n E q u a t i o n 5 gives, f o r the case w h e r e the s p i n 
q u a n t u m n u m b e r is e q u a l to 3 / 2 (as f o r 2 3 N a ) f o u r energy levels (cf. 
F i g u r e 2 ) . 

#3/2 = - 3 / 2 vL + 1/2 vQS (3 cos 2 0 L D - 1 ) 

#1/2 = - 1 / 2 νL - 1/2 vQS (3 cos 2 0 L D - 1 ) 

(6) 

#-i/2 = 1/2 vL - 1/2 vQS (3 cos 2 0 L D - 1 ) 

#-3/2 = 3 /2 νL + 1/2 vQS (3 cos 2 0 L D - 1 ) 

Chemica Scripta 

Figure 1. Schematic of the mesomorphous structure in a lamellar 
phase. The different coordinate systems used in the text are outlined: 
laboratory frame (L), director frame (D), and molecular frame (M). 
0LD and 9DM are angles between the ζ axis in laboratory-director 

systems and director-^nolecular systems, respectively (13). 
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9. L i N D B L O M ET AL. Ion Binding and Water Orientation 125 

m , 
- 3 / 2 
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Β 
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Figure 2. Energy levels for 1 = 3/2 with m , = ±1/2 and m 7 = 
±3/2 showing NMR transitions without (B) and with (A and C) 
a first-order quadrupole splitting and with double quantum tran
sitions (D and E). The ifallowed* transitions Amr = ± I and the 
A m / = ±2 transitions are indicated. The corresponding spectra 
are shown to the right: (I) spectrum for vnS (3COS2 0LD — 1) = 0; 
(II) spectrum to first order in quadrupole interaction; and (III) 

spectrum showing transitions where A m 7 = ± 2 . 

F o r deuterons the s p i n q u a n t u m n u m b e r is e q u a l to 1, a n d E q u a t i o n 5 
gives three energy levels. 

F o r an or iented sample w i t h a u n i f o r m direc tor or ientat ion the 2 3 N a 
N M R spectrum at a w e a k r a d i o f r e q u e n c y field thus consists of three 
e q u a l l y spaced peaks. T h e relat ive m a g n i t u d e of the three resonance 
l ines is governed b y the transi t ion probabi l i t i es b e t w e e n the different 
energy levels. I t turns out (9 ) that the centra l l ine contributes 4 0 % of 
the tota l intensi ty w h i l e each of the satellites contributes 3 0 % . T h e 
deuteron N M R spec t rum consists of t w o e q u a l l y intense peaks. 

W e define a n exper imenta l quant i ty , w h i c h w e c a l l the q u a d r u p o l e 
sp l i t t in g ( 1 3 ) , as the distance ( i n H z ) b e t w e e n t w o adjacent peaks 
obta ined i n the C W (cont inuous w a v e ) N M R spect rum, c o r r e s p o n d i n g 
to the distance A - B or B - C i n F i g u r e 2. F o r an or iented l i q u i d crysta l l ine 
sample one obtains f r o m E q u a t i o n 6: 

Α(θ) = I vQS (3 cos 2 0LD - 1 ) (7) 

C o m p a r i s o n of exper imenta l data w i t h E q u a t i o n 7 makes i t possible to 
determine h o w the director is or iented w i t h respect to the constraint 
(14) responsible f o r macroscopic a l ignment . 

W h e n a po lycrys ta l l ine m a t e r i a l or a n u n a l i g n e d anisotropic meso-
phase is used, the spectral shape of the N M R s ignal shows a t y p i c a l p o w -
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126 L Y O T R O P I C LIQUID CRYSTALS 

Figure 3. Continuous wave 2H NMR spectrum of a lamellar liquid 
crystalline sample containing dimyristoyllecithin with a choline-N-
C2H3 group. The water content of the sample was 25% (w/w), and 

the temperature was 25°C. 

der pat tern . T h i s spectra l shape is obta ined since here a l l values of 
cos 0 L D are e q u a l l y p r o b a b l e a n d the distance be tween major absorpt ion 
m a x i m a i n the N M R spec t rum, Δρ , corresponds to that f o r 0 L D = 9 0 ° of 
a marcoscopica l ly a l i g n e d sample . T h e s y m b o l Δρ for a " p o w d e r " sample 
is g i v e n b y 

A t y p i c a l p o w d e r s p e c t r u m of 2 H for a C 2 H 3 g r o u p loca ted at the 
chol ine n i t rogen of a p h o s p h o l i p i d molecule , is s h o w n i n F i g u r e 3. 
E q u a t i o n s 7 a n d 8 are v a l i d i f i t is sufficient to consider o n l y one b i n d i n g 
site for the deuteron or i o n i c n u c l e i s tudied . I n the systems cons idered, 
m o r e t h a n one type of b i n d i n g site exists, a n d a n exchange of species is 
o c c u r r i n g b e t w e e n the sites. I n cases w h e r e this exchange is m u c h faster 
t h a n the spl i t t ing difference o n l y one sp l i t t ing i n the N M R spec t rum is 
observed, a n d this is g iven b y 

w h e r e p\ is the f rac t ion of deuterons or ions i n site i . I n some l y o t r o p i c 
l i q u i d crysta l l ine systems conta in ing heavy water a n d a c o m p o u n d h a v i n g 
a n — O H (15) or a n — N H 2 (16) g r o u p , for example , the deuterons can 
exchange b e t w e e n the water a n d the a l c o h o l or amine molecules . R e 
cent ly i t was s h o w n (15) exper imenta l ly that s l o w or in termedia te ly fast 
deuteron exchange m a r k e d l y changes the spectra l shape. I n the reg ion 
of in termedia te exchange rate a b r o a d e n i n g of the N M R s i g n a l appears, 
a n d f r o m N M R p o w d e r spectra e x h i b i t i n g s u c h b r o a d e n i n g caused b y 
exchange, i t was possible to determine the exchange t i m e (15). I t is 
interest ing that this m e t h o d makes i t possible to determine exchange 
t imes m u c h shorter than those w h i c h can be o b t a i n e d u s i n g o r d i n a r y 
p r o t o n N M R methods. 

Δ ρ = I vQS (8) 

Ap = I Σ ρ^ vtf Si I (9) 
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9. L I N D B L O M E T A L . Ion Binding and Water Orientation 127 

I n systems w h e r e the deuterons s tudied are i n the l i m i t of s l o w 
exchange, i n f o r m a t i o n about the order parameter often can be extracted. 
F o r deuterons i t is a g o o d a p p r o x i m a t i o n to assume that the q u a d r u p o l e 
c o u p l i n g constant, b e i n g of in t ramolecular o r i g i n , is independent of 
sample compos i t ion a n d temperature . F r o m exper imenta l data w e can 
then use E q u a t i o n s 7 or 8 to ca lculate the absolute v a l u e of the order 
parameter f r o m a n assumed va lue of the q u a d r u p o l e c o u p l i n g constant. 
T h i s m e t h o d has been used for studies of the degree of or ientat ion of the 
a l iphat i c chains of soap molecules (17, 18) a n d of h y d r o x y l group d e u 
terons of alcohols of lamel lar mesophases ( 1 9 ) . F o r ions i n so lut ion the 
s i tuat ion is c o m p l i c a t e d b y the absence of any k n o w l e d g e of the q u a d r u 
p o l e c o u p l i n g constant. Therefore , i t is di f f icul t to extract i n f o r m a t i o n 
on the order parameter f r o m 2 3 N a q u a d r u p o l e spli t t ings. H o w e v e r , b y 
u s i n g a s i m p l e electrostatic m o d e l i t is possible to ra t ional ize the counter-
i o n q u a d r u p o l e spl i t t ings for at least some a m p h i p h i l i c systems (13). 

Ref . 13 contains a m o r e complete discuss ion of static q u a d r u p o l a r 
effects for a m p h i p h i l i c mesophases. T h a t w o r k also inc ludes a treat
ment of counter ion q u a d r u p o l e relaxat ion for l i q u i d crysta l l ine systems; 
a br ie f out l ine of this discussion is g i v e n i n the next section. 

Quadrupolar Relaxation 

F o r n u c l e i w h i c h possess electr ic q u a d r u p o l e moments , a general ly 
v e r y p o w e r f u l re laxat ion m e c h a n i s m is a f forded b y the interactions of 
the q u a d r u p o l e m o m e n t w i t h fluctuating electr ic field gradients . F o r 
such n u c l e i , this t ime-dependent in terac t ion is usual ly the d o m i n a n t 
re laxat ion m e c h a n i s m . N o w e l l - d e f i n e d re laxat ion times ( Γ ι or T2 ) exist 
for n u c l e i w i t h s p i n q u a n t u m numbers , ί > 1 unless the m o l e c u l a r m o t i o n 
is r a p i d w i t h respect to the resonance f requency at w h i c h the measure
ment is made . F o r a nucleus h a v i n g I ^ 3 / 2 the re laxat ion t imes are w e l l 
def ined (20) o n l y i n the l i m i t of "extreme narrowing"— i . e . , / ( ω 0 ) = 1(0), 
w h e r e J is a spectra l densi ty as def ined b e l o w a n d ω 0 is the L a r m o r p r e 
cession f requency ( this c o n d i t i o n is the same as say ing that <Û0TC < < 1 
w h e r e Tc is the corre la t ion t ime charac ter iz ing the t i m e dependence of 
the in te rac t ion) . 

1 / Γ ι 1/T* = 2 4 τ τ 2 ( 2 7 - 1 ) ( 2 / + 3 ) Joo(0) (10) 

w h e r e 

CO 
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128 L Y O T R O P I C LIQUID CRYSTALS 

T h e N M R spectral shape is a L o r e n t z i a n curve , a n d the l i n e w i d t h , 
Avi / 2 , at ha l f -he ight of the absorpt ion peak, gives a measure of the s p i n 
re laxat ion rates t h r o u g h Δ ν ι / 2 — 1 / π Τ 2 . 

W h e n J ( 0 ) τ ^ 7 ( ω 0 ) a n d I = 3/2, the N M R s igna l consists of t w o 
super imposed L o r e n t z i a n curves ( a a n d b ) w i t h the relat ive intensities 
of 3 :2 a n d l inewidths g i v e n b y (13, 20) : 

Av\l2 = ( 1 6 τ / 5 ) * V ( 1 + Ï72/3){JOO(0) + J-nM} ( H a ) 

Δ Λ / 2 = (16χ/5 ) ^ 2 ( 1 + ^ 2 / 3 ) { 7 - ι ι ( ω 0 ) + / - 2 2 ( 2 ω 0 ) } ( l i b ) 

w h e r e 7 is a r e d u c e d spectral density def ined b y 

J M = β or2 [vqH0) v<H0)]~l Λ ' » 

Recent exper imenta l observations h a v e s h o w n that a s i tuat ion w i t h t w o 
s u p e r i m p o s e d lorentz ian curves i n the N M R spectra for s o d i u m ions 
o c c u r i n some b i o l o g i c a l tissues (21, 22). 

T h e expressions for the l i n e w i d t h s i n a spec t rum w i t h q u a d r u p o l e 
spl i t t ings for n u c l e i w i t h 7 = 3 / 2 has been d e r i v e d (13). T h u s the centra l 
p e a k has the same l i n e w i d t h as the n a r r o w component i n E q u a t i o n l i b . 
I n Ref . 13 the l i n e w i d t h s of the t w o satellites have also been ca lcu la ted 
to b e : 

Av1/2 = (ieT/5)vQ*(l + i^/3){7oo(0) + 7 - ι ι ( ω 0 ) + 7 - 2 2 ( 2 ω 0 ) } (12) 

I n the systems u n d e r considerat ion the ions exchange b e t w e e n d i f 
ferent b i n d i n g sites r a p i d l y c o m p a r e d w i t h the rate of re laxat ion, a n d 
the observed l i n e w i d t h is g i v e n b y : 

A * o b . = Σ piAvi (13) 

w h e r e p\ is the f rac t ion of ions i n site i charac ter ized b y the in t r ins i c 
l i n e w i d t h Δνι. T h e effect of exchange o n the re laxat ion rate of q u a d r u p l e 
n u c l e i is discussed i n m o r e d e t a i l i n Ref . 13. T h u s there are three m a i n 
factors that de termine the observed l i n e w i d t h s — n a m e l y , the electr ic field 
gradients, the spectral densities, a n d the d i s t r i b u t i o n of the ions over the 
different b i n d i n g sites. 

Material and Methods 

D i m y r i s t o y l - a n d d i p a l m i t o y l l e c i t h i n were synthesized b y acy la t ion 
of sn-glycero-3-phosphorylchol ine w i t h fatty a c i d anhydr ides as descr ibed 
b y C u b e r o Robles a n d v a n d e n B e r g (23). T h e sn-glycero-3-phosphoryl -
chol ine was p r e p a r e d b y deacyla t ion of egg-yolk l e c i t h i n a c c o r d i n g to 
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9. L i N D B L O M ET AL. Ion Binding and Water Orientation 129 

Brockerhof f a n d Y u r k o w s k i (24), a n d the fa t ty a c i d anhydr ides w e r e 
synthesized a c c o r d i n g to Sel inger a n d L a p i d o t ( 2 5 ) . P h o s p h a t i d y l e t h a -
n o l a m i n e was p r e p a r e d f r o m f resh ly extracted egg-yolk l i p i d s b y c o l u m n 
chromatography o n a l u m i n a a n d s i l i c i c a c i d . [ M e - 2 H ] D i m y r i s t o y l l e c i -
t h i n was synthesized b y m e t h y l a t i o n of d i m y r i s t o y l p h o s p h a t i d y l - N , N -
d i m e t h y l e t h a n o l a m i n e w i t h [ 2 H ] m e t h y l i o d i d e ( f r o m G e i g y ) i n the 
presence of cyc lohexylamine as descr ibed b y S lo tboom et al. (26). D i -
m y r i s t o y l p h o s p h a t i d y l - N , N - d i m e t h y l e t h a n o l a m i n e was obta ined b y de-
m e t h y l a t i o n of d i m y r i s t o y l l e c i t h i n w i t h s o d i u m benzenethiolate a c c o r d i n g 
to Stoffel et al. (27). A l l l e c i t h i n preparat ions were p u r i f i e d b y s i l i c i c 
a c i d c o l u m n chromatography. Choles te ro l ( M e r c k A G ) was recrys ta l l ized 
f r o m ethanol several t imes before use. T h e p u r i t y of a l l l i p i d preparat ions 
was checked b y th in- layer c h r o m a t o g r a p h y o n s i l i ca ge l i n several d i f 
ferent solvent systems. 

I n magnet i c resonance one measures a component of the magnet iza 
t ion , M(t). T h i s is usua l ly o b t a i n e d i n one of t w o w a y s : ( 1 ) b y "pre 
p a r i n g " the s p i n system i n a g i v e n n o n e q u i l i b r i u m i n i t i a l state t h r o u g h 
the a p p l i c a t i o n of a r a d i o f r e q u e n c y ( r f ) field pulse , or ( 2 ) b y p e r t u b i n g 
the system u n d e r s tudy cont inuous ly b y a p p l y i n g a cont inuous r f w a v e . 
I n the p u l s e d N M R experiment the decay of the magnet iza t ion is d i r e c t l y 
observed as a f u n c t i o n of t ime, whereas i n the continuous w a v e ( C W ) 
N M R exper iment the magnet ic resonance spec t rum is observed, a n d this 
s p e c t r u m can be associated w i t h the F o u r i e r t ransform of the t i m e -
dependent magnet izat ion . 

W h e n one wishes to measure, for example , large q u a d r u p o l e spl i t 
tings or b r o a d l i n e w i d t h s , a w i d e l i n e N M R ins trument is genera l ly used . 
I n this w o r k the 2 3 N a a n d 2 H C W N M R measurements w e r e done w i t h 
a V a r i a n V-4200 N M R spectrometer, w h i c h is a broadl ine instrument . 
T h e r e c o r d i n g of exper imenta l data has been descr ibed p r e v i o u s l y (28, 
29, 30). F o r samples w h e r e the intensi ty is not sufficient f o r a single C W 
N M R spec t rum a n d w h e n the sp l i t t ing is not too large a n d the re laxat ion 
t ime is short enough, i t is advantageous to use p u l s e d N M R . T h e per
turba t ion of an intense r f pulse produces a magnet iza t ion w h i c h has a 
ro ta t ing component i n the p lane p e r p e n d i c u l a r to the external magnet i c 
field. T h e rotat ing transverse magnet iza t ion induces an electr ic current 
i n a c o i l enclosing the sample, a n d the observable p u l s e d N M R s ignal is 
descr ibed b y this transverse magnet izat ion . T h e specif ic pulse u s e d i n 
the exper iment is ident i f ied b y the n u m b e r of angular degrees t h r o u g h 
w h i c h i t rotates the nuclear s p i n magnet iza t ion . T h e expectat ion v a l u e 
of the transverse magnet iza t ion f o l l o w i n g a 9 0 ° pulse is g i v e n b y (31): 

<M+(t)> = iM o exp( - i<^)cos(G> '0 (14) 

w h e r e M 0 is the e q u i l i b r i u m magnet iza t ion p a r a l l e l to the a p p l i e d m a g 
net ic field. T h e transverse magnet iza t ion rotates at the resonance f re 
q u e n c y ω0. A q u a d r u p o l e sp l i t t ing gives r ise to the l o w f r e q u e n c y cosine 
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130 LYOTROPIC LIQUID CRYSTALS 

terms w h i c h m o d u l a t e the a m p l i t u d e of this h i g h f r e q u e n c y ro ta t ing 
magnet iza t ion . T h u s ω' i n E q u a t i o n 14 contains the same i n f o r m a t i o n as 
Δ(θ) or Δρ g i v e n i n the above section. T h e p u l s e d N M R w o r k was per 
f o r m e d w i t h a B r u k e r 322s pulse spectrometer. A t y p i c a l q u a d r u p o l e 
sp l i t p u l s e d N M R decay curve for the deuterated N - m e t h y l g r o u p of 
l e c i t h i n i n a lamel lar mesophase is s h o w n i n F i g u r e 4, w h e r e the q u a d r u 
p o l e sp l i t t ing , Δ ( i n m s ) , is also i n d i c a t e d . T h e great advantage of the 
pulse N M R exper imentat ion is that the t ime r e q u i r e d to obta in the N M R 
spec t rum is several hundredths that r e q u i r e d b y C W methods. F u r t h e r 
more , the sensit ivity can b e increased several t imes b y t ime averag ing 
several scans o n a computer of averaged transients ( C A T ) . T h i s tech
n i q u e can g ive 10-100 f o l d enhancements i n signal-to-noise ratios c o m 
p a r e d w i t h C W methods. F o r the spec t rum i n F i g u r e 4, 200 scans w e r e 
used. A different p u l s e d N M R m e t h o d for d e t e r m i n i n g double t spl i t t ings, 
based o n relaxat ion t ime measurements ( T2 a n d T 3 ) has been d e v e l o p e d 
b y Woessner (32) (T3 is ob ta ined f r o m 9 0 ° - 9 0 ° pulse sequences) . 

Double Quantum Transitions 

T h e appearance of a sharp centra l peak i n the deuteron N M R spec
t r u m f o r u n a l i g n e d l y o t r o p i c l i q u i d crystal l ine samples has been observed 
b y several authors (30, 33, 34). T h i s has been interpreted i n terms of 
phase inhomogeni t ies (35) or i sotropic m o t i o n (36). H o w e v e r , recent ly 
Wenners t rôm et al. s h o w e d for a lamel lar a m p h i p h i l e - w a t e r mesophase 
that this c o u l d be referred to d o u b l e q u a n t u m transitions (37). I t is 
expected that d o u b l e q u a n t u m trans i t ion peaks appear i n N M R spectra 
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9. L i N D B L O M ET AL. Ion Binding and Water Orientation 131 

also for other q u a d r u p o l a r n u c l e i i n unor iented mesophases. It fo l lows 
f r o m the ca lcula ted energy levels for I = 3 / 2 g i v e n above that d o u b l e 
q u a n t u m transitions m a y , at sufficiently strong r f fields, appear at the 
frequencies : 

a n d 

0 ) D = E-v* ~ E * » = V L - 1/2 V Q S (3 cos 2 0LD - 1 ) 

ω Ε =
 E-v\- E l / 2 = vL + 1/2 V Q S (3 cos 2 0LD - 1 ) 

F o r a mesophase composed of s o d i u m octanoate, decanol , a n d h e a v y 
water such d o u b l e q u a n t u m transitions for 2 3 N a are easi ly observed, as 
s h o w n i n F i g u r e 5. T h i s figure shows that at l o w r f field ampl i tudes a 
t y p i c a l 2 3 N a p o w d e r spec t rum is obta ined , b u t at h i g h r f field strengths 
n e w peaks arise i n the spectrum. 

T o o b t a i n a g o o d signal-to-noise ra t io , i t is of ten u s e f u l to w o r k w i t h 
a h i g h r f field a m p l i t u d e w h e n measur ing q u a d r u p o l e spl i t t ings. Because 
i t is easy to detect d o u b l e q u a n t u m transitions f o r u n a l i g n e d mesophases, 
one has to be care fu l i f large r f fields are used . W h e t h e r a n observed 
peak is a t t r ibutable to d o u b l e q u a n t u m transit ions or not can b e inves t i 
gated f r o m the saturat ion behavior (cf. F i g u r e 5 ) . H o w e v e r b y u s i n g 
the p u l s e d N M R technique , the diff iculties w i t h d o u b l e q u a n t u m trans i -

a 

Figure 5. ^Na NMR spectra of a lamellar mesophase sample of the 
system sodium octanoate-decanol-^vater. The rf field amplitude was 
increased in the order a,b,c,d. Peaks arising from double quantum 

transitions are clearly shown (cf. Figure 1). 
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132 L Y O T R O P I C LIQUID CRYSTALS 

tions are c o m p l e t e l y a v o i d e d since i n the p u l s e d N M R exper iment the r f 
field a m p l i t u d e is zero w h e n the spec t rum is recorded . 

Results and Discussion 

2 3 N a N M R S tudies . V a r i o u s techniques have b e e n used i n studies 
of the ro le p l a y e d b y ions i n different b i o l o g i c a l systems (5, 38, 3 9 ) . I n 
par t i cu lar N M R methods have appeared to offer considerable promise . 
F o r some years w e have b e e n s t u d y i n g the b i n d i n g of s m a l l ions a n d 
water molecules to c o l l o i d a l aggregates. T h e N M R invest igations w e r e 
concerned w i t h counter ion l i n e w i d t h s (40), counter ion q u a d r u p o l e spl i t 
t ings (29), counter ion c h e m i c a l shifts (41), a n d h e a v y water deuteron 
q u a d r u p o l e split t ings (19). N o t e that a l l the a l k a l i ions can b e s tudied 
b y N M R . A m o n g the ions of p a r t i c u l a r interest i n connect ion w i t h the 
f u n c t i o n of b i o l o g i c a l membranes (e.g., N a + , K + , C a 2 + , a n d M g 2 + ) , s o d i u m 
ions are best sui ted for N M R studies. Therefore our studies o n the inter
actions of s m a l l ions i n m o d e l m e m b r a n e mesophases have been per
f o r m e d m a i n l y w i t h 2 3 N a N M R . I n f o r m a t i o n has b e e n o b t a i n e d f r o m 
investigations o n b o t h N M R l i n e w i d t h a n d q u a d r u p o l e spl i t t ings. 

O u r previous studies of i o n b i n d i n g i n m i c e l l a r solutions a n d l y o 
t r o p i c mesophases h a v e s h o w n (42, 43) that a change i n the N M R l ine-
w i d t h can be interpreted i n terms of a change i n the in terac t ion b e t w e e n 
the counterions a n d the charges at the a m p h i p h i l i c surfaces. These 
investigations were done w i t h systems conta in ing a n i o n i c a m p h i p h i l e . 
L e c i t h i n s are z w i t t e r i o n i c molecules w i t h o u t net charge over a w i d e p H 
range. H o w e v e r , i t is reasonable to assume that there is a n interact ion 
b e t w e e n s o d i u m ions ( f r o m salt a d d e d to the samples) a n d the c h a r g e d 
phosphate groups of the l e c i t h i n molecules since b o t h 2 3 N a l i n e w i d t h s 
a n d 2 3 N a q u a d r u p o l e split t ings observed i n these systems are qui te large. 
W e thus assume that the i o n - i o n interact ion gives the d o m i n a n t cont r i 
b u t i o n to the e lectr ic field gradient d e t e r m i n i n g the m a g n i t u d e of l ine -
w i d t h s a n d spli t t ings ob ta ined (cf. Ref . 13). H o w e v e r , recent ly w e 
observed 2 3 N a q u a d r u p o l e spli t t ings also for a n o n i o n i c a m p h i p h i l i c l i q u i d 
crysta l l ine system (44), i n d i c a t i n g that for at least some systems i o n -
d i p o l e interactions must b e taken into account. 

I n a l l o u r l i n e w i d t h studies the w i d t h of the centra l p e a k was 
measured— i .e . , the l i n e w i d t h o b e y i n g E q u a t i o n l i b . I n Ref . 45 w e 
r e p o r t e d 2 3 N a l i n e w i d t h studies o n a lamel lar mesophase conta in ing 
egg-yolk l ec i th in . T h e effect of cholesterol o n the l i n e w i d t h was invest i 
gated, a n d w e f o u n d that w i t h increas ing cholesterol content i n the 
p h o s p h o l i p i d bi layers a m a r k e d r e d u c t i o n i n the l i n e w i d t h was observed. 
I n accordance w i t h s imi lar investigations f o r s i m p l e s o a p - a l c o h o l - w a t e r 
l amel la r mesophases (42, 43) this is in terpreted as a p a r t i a l release of 
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9. L I N D B L O M E T A L . Ion Binding and Water Orientation 133 

s o d i u m ions f r o m the c h a r g e d surfaces of the lamel lae o n a d d i t i o n of 
cholesterol . 2 3 N a l i n e w i d t h studies of the effect of different anions o n 
the s o d i u m i o n b i n d i n g a n d of the compet i t ion b e t w e e n N a + a n d other 
a l k a l i ions a n d also C a 2 + a n d U 0 2

2 + have b e e n p e r f o r m e d (45). I t w a s 
f o u n d that neither B r " or Γ nor C a 2 + or U 0 2

2 + h a d any signif icant effect 
o n the s o d i u m i o n interact ion. T h e compet i t ion exper iment gave the 
f o l l o w i n g i n f o r m a t i o n about the re lat ive affinities for the interact ion of 
different ions w i t h the l ec i th in -cho les te ro l l amel lae : K + ions interact m o r e 
strongly w i t h the a m p h i p h i l i c molecules than the N a + ions. T h e other 
a l k a l i ions are b o u n d more w e a k l y t h a n s o d i u m ions, the affinities b e i n g 
i n the sequence K + > N a + > R b + > C s + ~ L i + . P a r t of this affinity se
quence was also o b t a i n e d i n s imi lar experiments b u t w i t h the a i d of the 
q u a d r u p o l e sp l i t t ing measurements (29). C o m p e t i t i o n studies w i t h 
s o d i u m a n d c a l c i u m ions u t i l i z i n g q u a d r u p o l e spl i t t ings have also b e e n 
p e r f o r m e d w i t h lamel lar mesophases of egg y o l k p h o s p h a t i d y l e thanol -
amine a n d h e a v y water . W h e n par t of the s o d i u m c h l o r i d e was subst i 
tu ted b y c a l c i u m c h l o r i d e , the s o d i u m q u a d r u p o l e sp l i t t ing decreased 
m a r k e d l y , i n d i c a t i n g , contrary to l e c i t h i n mesophases, a strong b i n d i n g 
of C a 2 + to phosphat idy le thanolamine molecules i n the b i layer . 

S o d i u m a n d deuteron q u a d r u p o l e spl i t t ings i n mesophase samples 
conta in ing f u l l y saturated, synthet ic lec i thins have also been invest igated 
(46). T h e dependence of the s o d i u m q u a d r u p o l e sp l i t t ing was s tudied 
w i t h respect to ( a ) the cholesterol content of the p h o s p h o l i p i d meso
phase, ( b ) temperature , a n d ( c ) the s o d i u m ch lor ide concentrat ion i n 
the water layers. T h e results can b e interpreted a c c o r d i n g to a s imple 
p h y s i c a l m o d e l w i t h o n l y t w o b i n d i n g sites—i.e., the ions are either b o u n d 
to the lamel lae or are m o v i n g f ree ly i n the w a t e r layer . I t is also assumed 
that i o n exchange b e t w e e n these different sites is r a p i d c o m p a r e d w i t h 
the difference i n sp l i t t ing b e t w e e n the sites. 

Effect of Cholesterol on 2 3 N a Splitting. F i g u r e 6 shows h o w the 
s o d i u m q u a d r u p o l e s p l i t t i n g depends o n cholesterol content i n d i m y r i s t o y l 
l ec i th in lamel lae at f o u r different temperatures. A s m a y be i n f e r r e d f r o m 
this figure a m i n i m u m i n the sp l i t t ing , for a l l the temperatures invest i 
gated, is ob ta ined at about 15 w t % cholesterol i n the l i p i d b i layers , 
corresponding to a m o l a r rat io of lec i th in :choles tero l of about 4 :1 . T h e 
interpretat ion of the var ia t ion of the sp l i t t ing has been br ie f ly discussed 
i n a p r e l i m i n a r y repor t (46). I t was suggested that w h e n cholesterol is 
a d d e d , there is a p a r t i a l release of s o d i u m ions f r o m the lamel lae ( cf. the 
l i n e w i d t h exper iment discussed a b o v e ) , g i v i n g r ise to the i n i t i a l decrease 
i n the sp l i t t ing . T h e increase i n the q u a d r u p o l e sp l i t t ing of the s o d i u m 
ions w h i c h occurs as the cholesterol content of the b i layer increases 
b e y o n d 15 w t % m a y be expla ined b y an increase i n the order parameter , 
caused b y a rearrangement of the m o l e c u l a r p a c k i n g i n the b i layer . E v i -
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134 L Y O T R O P I C LIQUID CRYSTALS 

Figure 6. Observed 23Na 
quadrupole splitting for lamel
lar mesophase samples of 
dimyristoyllecithin-cholesterol-
2H20 as a function of the 
cholesterol concentration at 
four different temperatures: 
16°C ( ·•), 30°C ( V ) , 40°C (·), 
and 48° C (O). In all samples 
the salt solution (0.8M NaCl in 
2H20) accounted for 25% of 
the total sample weight. The 
concentration of cholesterol is 
expressed as the percentage (by 
weight) of cholesterol in the 

lecithin-cholesterol mixture. 

10 

Ό 10 2 0 3 0 
96 cholesterol of lipid 

dence f r o m x-ray di f f ract ion studies ( k i n d l y p e r f o r m e d b y K . F o n t e l l ) 
supports this idea . I t was f o u n d ( F i g u r e 7 ) that at a m o l a r rat io of 4 :1 
b e t w e e n l e c i t h i n a n d cholesterol ( c o r r e s p o n d i n g to a cholesterol con
centrat ion of 1 5 % ( w / w ) ) there is a n a b r u p t change i n the effect caused 
b y the a d d i t i o n of cholesterol o n the area o c c u p i e d b y each l i p i d m o l e c u l e 
at the b i l a y e r surface. 

I n the presence of cholesterol the sp l i t t ing exhibits the same t r e n d 
o n b o t h sides of the C h a p m a n transi t ion p o i n t for p u r e D M L . T h i s gives 
fur ther suppor t for the i d e a that cholesterol transforms the g e l phase to 

0.6 0 7 0.8 
Mole fraction DML in the lamellae 

Figure 7. Area per molecule at the amphiphilic surface (calculated from 
x-ray data by K. Fontell) as a function of the mole fraction of dimyristoyl-

hcithin (DML) in the lecithin-cholesterol bilayer 
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9. L I N D B L O M E T A L . Ion Binding and Water Orientation 135 

10 

< 

M 

ο 

5 Ο 

0 
molal cone. NaCl 

4 

Figure 8. 23Na quadrupole splittings as a 
function of the sodium chloride concentration 
in the water hyer for lamellar mesophase 
samples composed of 75% dimyristoyllecithin 
and aqueous salt solutions accounting for 25% 

a l i q u i d crystal l ine state (47). Recent ly w e s h o w e d f r o m a l ine shape 
analysis of p r o t o n magnet ic resonance spectra of mesophases composed 
of l e c i t h i n a n d cholesterol that the effect of cholesterol is to enhance the 
p h o s p h o l i p i d la tera l d i f fus ion i n the b i l a y e r (48). 

Effec t of Sal t C o n c e n t r a t i o n a n d T e m p e r a t u r e . W i t h increas ing 
s o d i u m c h l o r i d e concentrat ion there is a considerable increase i n the 
2 3 N a q u a d r u p o l e sp l i t t ing ( F i g u r e 8 ) . T h i s is also seen w h e n the t e m 
perature of the sample is increased (46). H o w e v e r , i f t h e n u m b e r of 
b o u n d s o d i u m ions r e m a i n e d u n c h a n g e d , one w o u l d expect a decrease 
i n the sp l i t t ing as the salt concentrat ion or temperature is raised. W e 
therefore suggest that increases i n electrolyte concentrat ion or tempera
ture affect the conformat ion of the p o l a r e n d groups of the l e c i t h i n 
molecules i n such a w a y that the n u m b e r of s o d i u m i o n b i n d i n g sites is 
increased. T h i s conclus ion is s u p p o r t e d b y our deuteron N M R studies 
descr ibed b e l o w . 

D e u t e r o n N M R Studies . WATER DEUTERON QUADRUPOLE SPLITTINGS. 
M a n y water deuteron N M R studies of l y o t r o p i c mesophases have been 
r e p o r t e d ( 1 0 ) , s h o w i n g that de ta i l ed i n f o r m a t i o n o n the w a t e r or ienta
t i o n c a n b e obta ined i n this w a y . Mesophases composed of a soap a n d 
water h a v e been s tudied extensively i n r e g a r d to h o w the degree of 
or ientat ion of water a n d a lcohol O H groups depends o n sample compos i 
t i o n , soap e n d g r o u p , counter ion , a n d temperature , for example ( 1 9 , 4 9 ) . 
P r e v i o u s l y , w e br ie f ly repor ted water deuteron N M R studies of l e c i t h i n 
l a m e l l a r mesophases (45,46) conta in ing either egg-yolk lec i thins or f u l l y 
saturated synthet ic leci thins . These investigations c a n b e s u m m a r i z e d as 
f o l l o w s : 

of the total weight 
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L Y O T R O P I C LIQUID CRYSTALS 

Figure 9. Temperature dependence of the water deu
teron quadrupole splitting of a lamellar mesophase sample 
composed of 75 wt % Id-mixture of dimyristoyl- and 
dipalmitoyllecithins and 25 wt % 0.8M NaCl in 2H20 

( a ) I n analogy w i t h s o a p - w a t e r systems (49) the water deuteron 
s p l i t t i n g decreases w i t h increas ing water content. 

( b ) A d d i t i o n of cholesterol increases the deuteron spl i t t ings. T h i s 
was interpreted as b e i n g caused b y a n intermediate exchange of d e u 
terons between c h o l e s t e r o l - 0 2 H a n d 2 H 2 0 i n analogy w i t h previous 
findings i n s i m p l e s o a p - w a t e r systems ( 1 5 ) . H o w e v e r , the l e c i t h i n -
choles tero l -water system seems m o r e complex . T h u s w e have not ob
served separate deuteron N M R signals f r o m the t w o deuteron sites i n 
quest ion, a n d w e have not f o u n d any large changes i n the spli t t ings after 
c h a n g i n g the p H of the samples several units . ( D e u t e r o n exchange 
be tween 0 2 H groups a n d 2 H 2 0 is acid-base ca ta lyzed a n d s h o u l d there
fore b e m a r k e d l y p H dependent . ) F u r t h e r studies are n e e d e d f o r a n 
u n a m b i g u o u s interpretat ion of these deuteron N M R spectra. 

( c ) F o r egg yolk—leci thin systems the sphtt ing was smaller w i t h K + 

t h a n w i t h other a l k a l i ions a d d e d to the lamel lar mesophase samples 
(cf. 2 3 N a l i n e w i d t h data discussed a b o v e ) . 

( d ) W i t h increas ing temperature there is an increase i n the d e u 
teron sp l i t t ing for l e c i t h i n samples b o t h w i t h a n d w i t h o u t cholesterol . 
I n F i g u r e 9 the temperature dependence for a 1:1 mix ture of d i m y r i s t o y l -
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9. L i N D B L O M ET AL. Ion Binding and Water Orientation 137 

a n d d i p a l r n i t o y l l e c i t h i n is s h o w n . I n a l l cases a n d i n agreement w i t h 
s imi lar investigations b y others (50, 51) w e f o u n d that the sp l i t t ing 
decreases w i t h increas ing temperature b e l o w the C h a p m a n transi t ion 
temperature whereas i n the l i q u i d crysta l l ine reg ion the s p l i t t i n g increases 
w i t h increasing temperature. T h e effect of the a d d e d s o d i u m ch lor ide o n 
the C h a p m a n transit ion p o i n t for the different lec i thins w a s n e g l i g i b l e 
(46). It is interest ing that near the transi t ion temperature the deuteron 
q u a d r u p o l e sp l i t t ing approaches zero. A t least t w o explanations can b e 
offered for this p h e n o m e n o n : ( 1 ) T h e water molecules are m o v i n g iso-
t r o p i c a l l y at the g e l - t o - l i q u i d crysta l transi t ion. A n isotropic environment 
m i g h t arise if, for example , the lamel lae breaks d o w n into smaller pieces 
at the transi t ion temperature. T h i s explanat ion seems, however , less 
p r o b a b l e since the temperature dependence of the 2 3 N a q u a d r u p o l e 
sp l i t t ing (46) a n d the 2 H q u a d r u p o l e s p l i t t i n g of the c h o l i n e - N - C 2 H 3 

g r o u p (see b e l o w ) d i d not s h o w any discontinuit ies at the phase t ransi 
t ion temperature. (2 ) T h e r e is an exchange be tween sites h a v i n g differ
ent signs on the order parameters. T h i s c o u l d be unders tood i f w e 
consider the f o l l o w i n g s i m p l e m o d e l . A s s u m e that on ly t w o b i n d i n g sites 
are avai lable for the water molecules—viz . , the phosphate a n d the chol ine 
groups. These t w o sites m a y have different signs o n their order p a r a m e 
ters (cf. calculat ions of the order parameter for different orientations of 
2 H 2 0 molecules i n a lamel lar mesophase p e r f o r m e d b y Johansson a n d 
D r a k e n b e r g (16)). I f the populat ions of water molecules are al tered 
b y temperature changes, the observed behavior of the sp l i t t ing can be 
obta ined. S u c h changes i n the n u m b e r of water molecules i n the t w o 
sites c o u l d arise i f there is a temperature-dependent interact ion be tween 
the chol ine group a n d the phosphate group— i .e . , i f the conformat ion of 
the chol ine group depends o n the temperature. I t s h o u l d also b e noted 
that the order parameter is zero w h e n 0DM = 54 .7° ( i f η = 0 ) , b u t since 
this has to h a p p e n exactly at the phase transi t ion temperature , this is 
cons idered to be too unreal is t ic to b e a p r o b a b l e explanat ion. W e have 
started a systematic s tudy of several different l y o t r o p i c mesophase systems 
w i t h the h o p e of b e i n g able to solve this p r o b l e m . 

T h e increase i n the 2 3 N a q u a d r u p o l e sp l i t t ing w i t h increas ing electro
lyte concentrat ion descr ibed i n a previous section also l e d us to the 
suggestion that the conformat ion of the chol ine group is a l tered b y salt 
a d d i t i o n . W e assume that the interact ion b e w e e n the - N + ( C H 3 ) 3 g roup 
a n d the phosphate group can be al tered either t h r o u g h a specif ic inter
ac t ion of the a d d e d ions w i t h the charged groups of the l e c i t h i n molecules 
or b y a non-specif ic effect a r i s ing f r o m the change i n i o n i c strength i n 
the aqueous layers. B y p e r f o r m i n g a compet i t ion exper iment u s i n g the 
methods descr ibed above w e hope to be able to dec ide w h i c h one of the 
effects is more important . 

A s s h o w n i n F i g u r e 10 the water deuteron q u a d r u p o l e sp l i t t ing i n 
creases w i t h increas ing electrolyte concentrat ion. T h i s m a y w e l l fit w i t h 
the m o d e l discussed above i f the postulated conformat ion change of the 
p o l a r h e a d groups consists of a s tretching out of the c h o l i n e groups a w a y 
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1 3 8 L Y O T R O P I C LIQUID CRYSTALS 

1.0 

η 

< 

0.5 

0 2 M , N a C l 4 

Figure 10. Water deuteron quadrupole splitting 
as a function of sodium chlonde concentration for 

the same samples as in Figure 8 

f r o m the lamel la r surface. A r o u n d every chol ine g r o u p w e s h o u l d t h e n 
have an enhanced o r d e r i n g of the w a t e r molecules , resul t ing i n an i n 
creased deuteron q u a d r u p o l e spl i t t ing . 

DEUTERON QUADRUPOLE SPLITTINGS OF THE C H O L I N E - N - C 2 H 3 GROUP. 
T h e 2 H q u a d r u p o l e sp l i t t ing of the c h o l i n e - N - C 2 H 3 g r o u p of d i m y r i s t o y l 
l e c i t h i n was s t u d i e d as a f u n c t i o n of temperature (see F i g u r e 1 1 ) a n d 
s o d i u m c h l o r i d e concentrat ion. C o n t r a r y to w h a t was observed f o r w a t e r 
2 H spl i t t ings , no drastic change i n the sp l i t t ing is o b t a i n e d at the C h a p m a n 
transi t ion temperature . A decrease i n s p l i t t i n g w i t h increas ing tempera
ture is expected since an increase i n t h e r m a l m o b i l i t y s h o u l d cause a 
decrease i n the order parameter (cf. E q u a t i o n 8 ) . F r o m E q u a t i o n 8 a n 
order parameter , S ~ 0 . 0 1 , at 2 5 ° C has been ca lcu la ted f r o m the observed 
2 H q u a d r u p o l e s p l i t t i n g Δ ρ — 1 . 5 k H z . T h e q u a d r u p o l e c o u p l i n g constant 
(e?qQ/h) was assumed to b e 1 7 0 k H z , as d e t e r m i n e d for the C - 2 H b o n d 

w 

< 
2.0 

Figure 11. Temperature de
pendence of the choline-N-
C2H3 deuteron quadrupole split
ting of a lamellar mesophase 
sample composed of 75 wt % 
[ N - C 2 H S ] dimyristoyllecithin in 

H20 

1.5 

20 30 
temperature. 
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9. L I N D B L O M E T A L . Ion Binding and Water Orientation 139 

Ν Ν 

Ρ Ν Ρ U heat 
salt 

Figure 12. Schematic picture of suggested conformational changes 
of the phosphorylcholine group at the surface of the lecithin hilayers 

i n paraffins (52). A free ro ta t ion of the m e t h y l group a n d a n i sotropic 
ro ta t ion about the c h o l i n e - C - N ( C H 3 ) 3 b o n d reduce the effective q u a d r u 
p o l e c o u p l i n g constant b y a factor of about 9 (see e.g., Ref . 5 3 ) . I f these 
motions are taken into account , S « 0.1. 

Conclusion 

T h e data o b t a i n e d so far o n the effects of heat a n d electrolyte c o n 
centrat ion o n the q u a d r u p o l e spl i t t ings of s o d i u m ions a n d h e a v y water 
i n l amel la r mesophases of lec i thins are a l l consistent w i t h the m o d e l 
d e p i c t e d i n F i g u r e 12. A l t h o u g h the p r o p o s e d c o n f o r m a t i o n a l change 
of the p h o s p h o r y l c h o l i n e g r o u p s t i l l must be r e g a r d e d as a tentative 
in terpreta t ion of our data , w e h a v e recent ly o b t a i n e d a d d i t i o n a l results 
w h i c h strongly support the present m o d e l . T h u s w e f o u n d that the 
q u a d r u p o l e sp l i t t ing of the c h o l i n e - N - C 2 H 3 g roup is r e d u c e d w h e n 
s o d i u m ch lor ide ( 3 . 0 M ) is a d d e d to the d i m y r i s t o y l l e c i t h i n sample . 
T h i s cer ta inly means that the a d d i t i o n of salt decreases the o r d e r i n g of 
the chol ine groups as w o u l d be expected i f they m o v e out f r o m the 
p lane of the b i l a y e r surface. 

Future Aspects 

T h e a p p l i c a t i o n of N M R spectroscopy i n studies of i o n i c interactions 
a n d w a t e r structure i n m o d e l m e m b r a n e systems s u c h as p h o s p h o l i p i d 
lamel la r mesophases is a re la t ive ly n e w field of research. I t is , h o w e v e r , 
obvious f r o m the results o b t a i n e d that the present ly descr ibed methods 
of N M R spectroscopy can p r o v i d e u n i q u e i n f o r m a t i o n o n m e m b r a n e 
structure w h i c h cannot be g a i n e d b y other methods . A s soon as the 
results f r o m m o d e l m e m b r a n e systems c a n b e in terpre ted u n a m b i g u o u s l y , 
these techniques s h o u l d find m e a n i n g f u l appl ica t ions i n the s tudy of 
b i o l o g i c a l membranes . Present experience leads us to expect r a p i d d e v e l 
opment i n this d i rec t ion . I t m a y also b e foreseen that invest igations o n 
b i o l o g i c a l membranes s h o u l d be great ly f a c i l i t a t e d b y selective l a b e l l i n g 
in vivo of specif ic m e m b r a n e components—e.g., b y f e e d i n g a n exper i -
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140 L Y O T R O P I C LIQUID CRYSTALS 

m e n t a l a n i m a l 2 H - l a b e l e d chol ine . I n a recent p r e l i m i n a r y deuteron N M R 
s tudy (54) w e h a v e s h o w n that this is possible i n a n invest igat ion of 
ra t - l iver m i t o c h o n d r i a l a n d m i c r o s o m a l membranes . 
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10 

Liquid Crystals and Cancer 

E. J. AMBROSE 

Chester Beatty Research Institute, Royal Cancer Hospital, 
Fulham Rd., London SW3 6JB, England 

A feature of most cancer cells is that they exhibit a disturb-
ance of the ordered structures and biological regulation 
observed in normal cells. Evidence is presented, based on 
studies of living cells and on electron microscopy, which 
indicates that the arrangement of molecules within the 
plasma membrane and of subsurface microfilaments has 
certain properties that are similar to those of liquid crystals. 
These liquid crystalline properties are disturbed in malig
nant cells. 

/ ^ a n c e r biologists have recognized for a n u m b e r of years that one of 
^ the most characterist ic features of cancer cells is a dev ia t ion f r o m 
the organ ized a n d coordinated behavior of n o r m a l cells, b u t i t has been 
extremely di f f icul t to p i n p o i n t these studies i n molecu lar terms. W i t h 
the finding of a more precise molecular basis for descr ib ing the structure 
of b i o l o g i c a l membranes a n d the molecular aggregates k n o w n as cyto
p l a s m i c filaments w h i c h occur w i t h i n the c e l l c y t o p l a s m , a descr ip t ion 
of certa in aspects of ce l l behavior that are observed i n m a l i g n a n c y has 
become possible. 

I n p h y s i c o c h e m i c a l terms, l i q u i d crystals are usual ly def ined as a 
state of matter of a single molecu lar species. I n l i v i n g organisms, n u m e r 
ous types of b o t h s m a l l a n d large molecules occur. Nevertheless , cer ta in 
propert ies of these m u l t i c o m p o n e n t systems can be recognized as b e i n g 
re la ted to propert ies that are s tudied b y p h y s i c a l chemists w h e n they are 
invest igat ing l i q u i d crystals. I n cancer cells, the three ce l lu lar c o m 
ponents w h i c h are of p a r t i c u l a r interest are the p h o s p h o l i p i d s of t h e 
p l a s m a membrane , the ac t in l ike subunits of the microf i laments w h i c h he 
just beneath the p l a s m a membrane , a n d the microtubules w h i c h he 
deeper i n the cytoplasm. A p a r t i c u l a r l y interest ing a p p r o a c h to the 
general p r o b l e m of evidence for decreased order w i t h i n the ce l lu lar 
structures of cancer cells has been N M R studies w h i c h p r o v i d e evidence 
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10. AMBROSE Liquid Crystals and Cancer 143 

Figure 1. Fibroblast cells as seen by stereoscan microscopy 
Left: Surface of cell in tissue culture (X 18,000) 

Right: Cell after removal of the plasma membrane by ion etching to 
reveal oriented subsurface microfilaments (similar to Figure 2c) 

(X 18,000) 

for increased m o l e c u l a r t u m b l i n g of the water molecules i n the cyto
p l a s m ( 1 ). T h e re lat ionship be tween these various studies that indica te 
a dis turbance of molecular organizat ion i n cancer cells is considered i n 
this paper . 

Subsurface Structures with the Appearance of "Nematic Liquid Crystals 

Beneath the outer or p l a s m a m e m b r a n e of m a m m a l i a n cells lies a 
subsurface region of the cytoplasm. A s imple w a y to observe this sub
surface region is to remove the p l a s m a m e m b r a n e b y e tch ing a n d then 
to examine i t b y stereoscan microscopy (2). A l t h o u g h l i q u i d crystals i n 
general are h i g h l y lab i le , the large scale structures that occur i n l i v i n g 
cells can be reasonably w e l l preserved b y suitable fixation, p a r t i c u l a r l y 
b y freeze subst i tut ion or b y the use of g lutara ldehyde f o l l o w e d b y freeze 
d r y i n g or freeze substitutions ( 3 ) . T h e p lasma m e m b r a n e c a n be r e m o v e d 
b y b o m b a r d i n g the spec imen w i t h h y d r o g e n ions i n a h i g h f r e q u e n c y 
e lectr ica l discharge ( i o n e tching ). F o r the results of such an experiment , 
see F i g u r e 1 w h i c h pictures the outer surface of the p l a s m a m e m b r a n e 
( F i g u r e 1, lef t ) a n d the subsurface structure after e tching ( F i g u r e 1, 
r i g h t ) . F r o m studies b y s tandard transmission electron microscopy , to
gether w i t h the findings f r o m various specific reactions w i t h heavy mero-
m y o s i n , i t is n o w clear that these subsurface microf i laments (d iameter 
~ 60 A ) are very s imi lar to the ac t in filaments of smooth muscle . W i t h 
these are associated m y o s i n molecules ; the a c t i n - m y o s i n - l i k e complex has 
calc ium-sensi t ive , magnes ium-dependent A T P a s e ac t iv i ty l i k e that of 
smooth muscle . 

Microf i laments of the ac t in type are f o r m e d b y l inear aggregat ion of 
corpuscular molecules of ^ 6 0 A diameter ( F i g u r e 2 e ) . T h e filaments 
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144 L Y O T R O P I C LIQUID CRYSTALS 

(J) 

Figure 2. Cell structure in mammalian tissue 
(a) Section through the surface region of a cell showing subsurface microfilaments 

exposed by etching away part of the surface with hydrogen-ion bombardment 
(b) Plan of subsurface region of a cell bounded by plasma membrane. Microfilaments 

are aligned as in Figure lb. 
(c) Bundles of microfilaments (cortical microfilaments), some lying in branching 

pseudopodia 
(d) Network microfilaments in the leading edge region of a migrating fibroblast 

(hmettar region) 
(e) Formation of microfilaments by aggregation of subunits 

(f) Coiled filaments in the actin of smooth muscle 
(g) Section through the leading edge of a migrating fibroblast moving on a glass 

surface (L: lamellar cytoplasm, R: ruffled membrane) 
(h) Structure of striated muscle before contraction (schematic) (My: myosin, Act: 

actin) 
(i) Structure of striated muscle after contraction. Actin filaments slide toward each 
other between myosin molecules. Myosin head proteins attach to the actin filaments 

(not shown). 
(j) Staggered arrangement of myosin and actin in smooth muscle. During contraction, 

both actin filaments and myosin molecules slide past each other. 
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10. AMBROSE Liquid Crystals and Cancer 145 

c o i l i n twos into helices ( F i g u r e 2f ). I t is not k n o w n w h y the filaments 
f o r m i n the subsurface reg ion of the cy toplasm. T h i s is the reg ion of 
var ious gradients (e.g. i o n i c gradients a n d e lec tr ica l potent ia ls ) close to 
the membrane , w h i c h m a y poss ib ly affect the aggregat ion of the sub-
units . T h e r e are var ious ways i n w h i c h the filaments m a y be associated. 
S ince they are near the b o u n d a r y p r o v i d e d b y the c e l l m e m b r a n e , there 
w i l l be a m a r k e d tendency to p r o d u c e a molecular felt ( F i g u r e 2a ). W h e n 
there is a conta in ing sheet or tube of p l a s m a m e m b r a n e , this m a y assist 
i n the a l ignment of the molecular felt as i n F i g u r e s 1, left a n d 2b. It is 
clear f r o m stereoscan a n d transmission electron microscopic studies that 
the filaments t e n d to associate i n bundles ( cor t i ca l microf i laments ) ( F i g 
ure 2 c ) . These are p a r t i c u l a r l y conspicuous i n g l i a l cells w h i c h p r o d u c e 
extremely l o n g a n d sometimes b r a n c h i n g p s e u d o p o d i a ; i t is poss ible that 
these bundles , together w i t h the microtubules descr ibed b e l o w , m a y p l a y 
some role i n m a i n t a i n i n g these elongated p s e u d o p o d i a as is suggested i n 
F i g u r e 2c. 

A n interest ing re lat ionship exists be tween the ac t inomyos in l ike sub
surface microf i laments f o u n d i n fibroblasts, e p i t h e l i a l cells , g l i a l cells , 
etc., a n d the microf i laments of smooth a n d str iated muscle . F i g u r e 2 h 
depicts the re lat ionship between ac t in filaments a n d m y o s i n filaments i n 
str iated muscle . T h e m y o s i n molecules do i n fact have a massive h e a d 
p r o t e i n ( h e a v y m e r o m y o s i n ) w h i c h contains the A T P a s e ac t iv i ty a n d 
associates w i t h the ac t in filaments d u r i n g contract ion. A c c o r d i n g to the 
H u x l e y a n d H a n s o n (4) s l i d i n g filament m o d e l , m u s c u l a r contrac t ion 
takes place as d e p i c t e d i n F i g u r e 2 i . A s i t occurs i n the l imbs of m a m 
mals , this t y p e of muscular contract ion is r a p i d a n d l i m i t e d i n the extent 
of contract ion. It is a h i g h l y coordinated ac t iv i ty cont ro l l ed b y motor 
neurons. D u r i n g the contract ion of s tr iated muscle , the ac t in filaments 
s l ide w i t h i n the m y o s i n assemblies, as s h o w n . 

I n smooth muscle , the a l ignment of m y o s i n molecules is less precise ; 
the n e i g h b o r i n g molecules m a y be staggered as i n F i g u r e 2j. D u r i n g 
contract ion, the ac t in filaments s l ide w i t h respect to m y o s i n molecules , 
a n d m y o s i n molecules s l ide w i t h respect to each other. T h i s gives possi 
b i l i t ies for m u c h greater contract ion, a n d a state of contrac t ion c a n b e 
m a i n t a i n e d for l o n g per iods , e.g. i n c l a m muscle i t m a y persist for several 
days. 

W i t h the subsurface filaments, there is a fur ther progress ion t o w a r d 
a l o w e r degree of o r d e r i n g of ac t inomyosin l ike contract i le elements. 
W i t h the filaments i n F i g u r e l b , a l inear contract ion rather s imi lar to 
that of smooth musc le m i g h t be expected whereas i n regions of n e t w o r k 
filaments ( F i g u r e 2 d ) , i t m i g h t b e expected that the contractions w o u l d 
be less coordinated , a p p r o x i m a t i n g somewhat the supercontract ion of 
b i o c h e m i c a l preparat ions of ac t inomyos in gels w h e n A T P is a d d e d . 
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146 L Y O T R O P I C LIQUID CRYSTALS 

Cellular Function of Microfilaments 

C l e a r l y , i n smooth a n d str iated muscle , the a c t i n o m y o s i n filaments 
are synthesized to such an extent that the cytoplasm becomes filled w i t h 
filaments; the or ientat ion a long the e longated musc le c e l l is h i g h a n d the 
structure i n F i g u r e 2 h resembles somewhat that of a smectic phase of a 
l y o t r o p i c l i q u i d crystal . T h e b i o l o g i c a l effect is to p r o d u c e l inear con
t rac t ion b y s l i d i n g of the filaments. I n smooth muscle , the appearance is 
somewhat s imi lar to that of a nemat ic phase, again p r o d u c i n g l inear con
tract ion . I n other c e l l types such as fibroblasts a n d e p i t h e l i a l cells, m i c r o 
filament synthesis is m u c h r e d u c e d . T h e subsurface sheets ( F i g u r e 2 b ) 
n o w p l a y a ro le i n generat ing ce l l surface movements . F o r example , 
contract ion of s u c h a subsurface sheet m a y p r o d u c e w r i n k l e s i n the 
p l a s m a membrane , thereby i n i t i a t i n g the f o r m a t i o n of surface waves 
( u n d u l a t i n g membranes ) l ike sea waves ( F i g u r e 2 g ) . These waves p l a y 
a n impor tant ro le i n ce l lu lar locomot ion , e n a b l i n g the c e l l to progress 
a long the surface b y m a k i n g intermit tent contact w i t h the substratum 
( F i g u r e 2 g ) . 

O n the other h a n d , the n e t w o r k filaments ( F i g u r e 2 d ) w o u l d be 
expected to p r o d u c e more i r regular surface movements . T h e y are f o u n d 
p a r t i c u l a r l y o n the l e a d i n g a n d spreading edges of the c e l l ( F i g u r e s 2 d 
a n d 2 g ) . T h e y p r o d u c e large scale ruff led membranes w h i c h seem to 
attach to the substratum a n d to p r o v i d e the m a i n locomot ive force b y 
their subsequent contract ion. E v i d e n c e that the microf i laments are 
closely i n v o l v e d i n the ce l lu lar l o c o m o t i o n of tissue cells has come f r o m 
use of the d r u g cytochalas in B . T h i s d r u g causes a revers ible d i s t u r b 
ance of the microf i lament structure. These changes are v i s i b l e i n electron 
microscope sections ( 5 ) . W h e n treated w i t h this d r u g , cells are u n a b l e 
to generate surface movements that are capable of i n i t i a t i n g ce l lu lar 
locomt ion . W h e n the d r u g is r e m o v e d , the cells rega in their a b i l i t y to 
p r o d u c e c e l l surface movements , a n d they m o v e o n the substratum. 

Changes in Subsurface Microfilaments in Cancer 

I n m a l i g n a n t cells, the organizat ion of subsurface microf i laments is 
r e d u c e d (2, 6). T h i s change is apparent w h e n m a l i g n a n t b r a i n t u m o r 
cells are c o m p a r e d w i t h the n o r m a l h u m a n g l i a l cells f r o m w h i c h they 
or ig inated . S i m i l a r conclusions were reached b y M c N u t t , C u l p , a n d 
B l a c k (7 ) w h o used r e p l i c a a n d transmission electron microscopic m e t h 
ods, a n d b y V a s i l i e v a n d G e l f a n d ( 8 ) w h o used stereoscan as w e l l as 
transmission electron microscopy . T h e r e is a general progress ion f r o m 
the n o r m a l c e l l to the m o r e di f ferent iated tumor c e l l a n d finally to the 
h i g h l y anaplast ic a n d invasive m a l i g n a n t ce l l ( F i g u r e s 3f a n d 3g ). Some 
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10. AMBROSE Liquid Crystals and Cancer 147 

or ientat ion of filaments is preserved i n the more di f ferent iated cells , b u t 
t h e y start to f o r m o n their l e a d i n g edge i r regular p s e u d o p o d i a that are 
v a r i a b l e i n length a n d diameter . T h e regular f o r m a t i o n of w a v e l i k e 
movements is r e d u c e d . These i r regular p s e u d o p o d i a have been c a l l e d 
p o l y p o d i a . T h e y are associated w i t h surface regions w h e r e no o r g a n i z e d 
subsurface filaments ( c o r t i c a l microf i laments ) can be observed. I n the 
h i g h l y m a l i g n a n t cells, the coordinat ion of c e l l surface movements is lost, 
a n d h i g h l y i r regular p o l y p o d i a l movements are p r o d u c e d . 

Cytoplasmic Microtubules 

C y t o p l a s m i c microtubules represent another type of ce l lu lar fiber 
that is w e l l k n o w n as f o r m i n g the mi to t i c s p i n d l e d u r i n g mitosis . T h e y 
are also present i n the cy top lasm of cells d u r i n g interphase. L i k e m i c r o 
filaments, they are f o r m e d b y the aggregat ion of corpuscular units in to 
filaments ( F i g u r e 3 c ) , b u t i n this case the filaments then aggregate 
fur ther to f o r m h o l l o w tubes 270 A i n diameter ( F i g u r e 3 b ) . Because of 
their tubular f o r m , these fibers are c o m p a r a t i v e l y r i g i d . T h e y also aggre
gate to f o r m structures that resemble somewhat n e m a t i c l i q u i d crystals. 
T h e y g r o w f r o m an aggregat ion center, general ly ar i s ing f r o m bodies 
k n o w n as centrioles w h i c h l i e close to the nuclear m e m b r a n e i n a n i m a l 
cells. T h e y therefore t e n d to l ie m a i n l y w i t h i n the i n t e r n a l cy toplasm. 
A s w i t h ac t inomyos in , w h e n microtubules are synthesized i n large q u a n 
tities so that they fill the cytoplasm, they can p r o d u c e h i g h l y o r d e r e d 
structures. F o r example , axonemes of he l iozoa are p a c k e d w i t h m i c r o 
tubules w h i c h i n transverse section l ie i n a s p i r a l array ( F i g u r e 3 d ) ( 9 ) . 

Biological Function of Microtubules 

M i c r o t u b u l e s can b e d i s r u p t e d b y treat ing cells w i t h c o l c e m i d , w i t h 
out d a m a g i n g the locomotory f u n c t i o n of the ce l l . S u c h treatment of 
e longated cells s u c h as g l i a l cells i n cul ture causes t h e m to lose their 
s p i k y p s e u d o p o d i a ( F i g u r e 3e) ( 5 ) . Nevertheless they are s t i l l able to 
migra te o n the substratum. T h e y show u n d u l a t i n g c e l l surface m o v e 
ments as before ; the subsurface microf i laments are not d i s turbed . T h i s 
a n d other evidence indicates that the m i c r o t u b u l a r assemblies p l a y a ro le 
i n p r o v i d i n g a cytoskeleton. T h e y enable the c e l l to m a i n t a i n an elongated 
f o r m , p a r t i c u l a r l y i n the case of very l o n g a n d spike l ike p s e u d o p o d i a . 

A s far as cancer is concerned, disturbances of m i c r o t u b u l a r organiza
t i o n do not appear to p l a y an impotrant role (10, 11, 1 2 ) . Dis turbances 
of these structures b y c o l c e m i d a n d loss of l o n g s p i k y p s e u d o p o d i a d o 
not affect the capac i ty of cancer cells to i n v a d e n o r m a l tissues. 
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14S L Y O T R O P I C LIQUID CRYSTALS 

Figure 3. Structure of normal and malignant cells 
(a) Elongated glial cell (connective tissue cell of the brain). In
set shows microtubules lying in the elongated pseudopodia. 

(b) Shape of a microtubule (diameter, 270 A) 
(c) Formation of filaments constituting microtubules from sub-

units 
(d) Transverse section through the spikey pseudopodium (ano-
neme) of a heliozoan showing spiral packing of microtubules 
(e) Effect of treatment with colcemid (5-10 ii,glml) on the 
shape of the glial cell in (a). Microtubules break down, but 
ruffled membranes are generated on the leading edge and the 

cell continues to move. 
(f) Moderately malignant tumor cell derived from a fibroblast. 
Some breakdown of subsurface microfilament organization has 
occurred. Irregular pseudopodia (polypodia) are produced on 

the leading edge. 
(g) Anaplastic tumor cell showing irregular surface movements 
of polypodia and complete loss of organization of subsurface 

microfilaments 

Liquid Crystalline State of the Plasma Membrane 

T h e Singer a n d N i c h o l s o n (13) m o d e l for the p l a s m a m e m b r a n e , 
w h i c h n o w receives m u c h support , is bas ica l ly a smectic l i q u i d c rys ta l con
sist ing of one b i l a y e r of p h o s p h o l i p i d ( F i g u r e 4 a ) . T h e p h o s p h o l i p i d b i 
layer contains cholesterol at a concentrat ion w h i c h depends o n c e l l type. 
E m b e d d e d i n the l i p i d l i q u i d crysta l He prote in molecules . Some of 
these p r o t e i n molecules transverse the entire l i p i d b i l a y e r a n d c o m m u n i 
cate b o t h w i t h the ins ide a n d the outs ide of the cells. Some of these m a y 
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10. AMBROSE Liquid Crystals and Cancer 149 

^ R z R Figure 4. Structure of the Singer 
? ?A? îêî ? fêà Ρ ? · ? Λ ? ? ? î a Nicholson fluid mosaic model for 
11 l i l 1 1 RH 1 1 1 11 ift l i 1 1 161 the plasma membrane 
A A A A A A g g A A A A A A A A A A A A (a) Section of normal cell (schematic). 

. The phospholipid bilayer contains cho-
*α' lesterol molecules; protein molecules are 

R R R dispersed within the liquid crystal bi-
a/jj/ layer (R: receptor for wheat germ ag-

t flDÉDfc glutinin) 

? ? 0 ? · · · ? ? î (b) Section of tumor cell showing in-A^A^AA^AA^AA creased cholesterol content of the lipid 
bUayer and aggregation of wheat germ 

(b) receptors 
b e i n v o l v e d i n transport phenomena . O t h e r proteins are o n l y p a r t i a l l y 
e m b e d d e d i n the p h o s p h o l i p i d b i layer . T h i s fluid m o z a i c m o d e l a l lows 
the p r o t e i n molecules considerable m o t i l i t y . C e r t a i n of these proteins 
conta in receptor sites for proteins obta ined f r o m plant seed germ, k n o w n 
as lectins, w h i c h are capable of agglut ina t ing cells. 

O f par t i cu lar interest is a prote in obta ined f r o m wheat germ w h i c h 
has speci f ic i ty for cancer cells (14). A p u r i f i e d p r o t e i n (15) that was 
p r e p a r e d f r o m w h e a t g e r m speci f ical ly agglutinates a suspension of 
mal ignant cells i n preference to the n o r m a l cells f r o m w h i c h they w e r e 
d e r i v e d . T h e w o r k of Singer a n d N i c h o l s o n (13) indicates that this 
change i n agg lut inab i l i ty of cancer cells is a t t r ibutable to a n al terat ion 
i n the pos i t ion of the receptor sites w h i c h come together a n d f o r m 
clusters ( F i g u r e 4 b ) . W h e t h e r this change i n the fluid m o z a i c is caused 
b y an alterat ion i n the l i q u i d crystal l ine propert ies of the l i p i d phase 
( e.g. most tumor cells have a n increased cholesterol content i n the m e m 
brane) or whether i t is caused b y an increased affinity of receptor site 
proteins for each other is not k n o w n at present. Nevertheless , these phe
n o m e n a , as d e p i c t e d i n F i g u r e 4, c lear ly i l lustrate the impor tance of 
l i q u i d crysta l l ine p h e n o m e n a i n e x p l a i n i n g the surface propert ies of 
m a l i g n a n t cells. 

General Conclusions Concerning the Involvement of 
Liquid Crystalline Phenomena in Cancer 

T h e importance of c e l l surface changes i n m a l i g n a n c y has l o n g been 
recognized (16), b u t u n t i l recent ly studies i n this field w e r e concerned 
m a i n l y w i t h the p e r i p h e r a l surface propert ies a n d w i t h g lycoprote ins , 
p a r t i c u l a r l y the a c i d i c s ia lomucoprote ins . R e d u c e d cell—cell adhesiveness 
is one of the most s t r i k i n g b i o l o g i c a l characteristics of cancer cells. F o r 
example , the sheet of n o r m a l ep i the l ia l cells i n tissue cu l ture ( F i g u r e 5a) 
has cont inuous c e l l contacts at the c e l l borders . T h e earliest change 
observed i n m a l i g n a n c y is the appearance of gaps be tween the cells 
w h i c h indicates r e d u c e d c e l l - c e l l adhesiveness ( F i g u r e 5 b ) . S u c h 
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150 L Y O T R O P I C LIQUID CRYSTALS 

Figure 5. Structure of normal and 
malignant tissue 

(a) Sheet of normal epithelial cells in 
tissue culture showing continuous contact 

of the cell borders 
(b) Moderately differentiated carcinoma 
cells derived from epithelium showing 

gaps in cell-cell contacts 
(c) Section through a normal membran
ous tissue (chick chorioallantoic mem
brane) (E: outer layer of epithelium, C: 
connective tissue, T: tumor cell showing 
polypodial activity when it is first placed 

on the normal tissue) 
(d) The same as (c), 2 hrs later. A poly
podial extension of the tumor cell has 
forced a passage between the normal epi
thelial cells thereby initiating the process 

of tumor invasion. 
(e) Group of normal fibroblasts in mono-
foyer tissue culture in normal culture me
dium with normal physiological potassium 

concentration (6mM) 
(f) The same as (e), in the presence of 
35mM potassium. The normal cells have 
acquired the morphology and contact be
havior of tumor cells (this process is 

reversible). 
(e) (f) 

changes i n the b i o c h e m i c a l const i tut ion of the surface m a y i n v o l v e c o n 
f o r m a t i o n a l a n d p a c k i n g p h e n o m e n a of the glycoproteins i n w h i c h the 
l i q u i d crystal l ine propert ies of the fluid m o z a i c m e m b r a n e ( d e s c r i b e d 
a b o v e ) m a y p l a y a part . H o w e v e r , f r o m this p o i n t of v i e w , i t is p r i n c i p a l l y 
the dis turbance of the l i q u i d crystal l ine order of the subsurface m i c r o f i l a 
ments w h i c h is n o w at tract ing interest i n cancer research. Perhaps these 
changes s h o u l d be regarded as symptomat ic of the general tendency 
t o w a r d a r e d u c t i o n i n the molecular order i n cancer tissues, changes 
w h i c h are not yet f u l l y expla inable i n terms of l i q u i d crysta l l ine 
p h e n o m e n a . 

Nevertheless , the i n v o l v e m e n t of the surface p o l y p o d i a i n the char
acterist ic b i o l o g i c a l propert ies of cancer cells has n o w been d e m o n 
strated. E v e n before not iceable changes i n c e l l - c e l l contacts can b e 
observed, the appearance of ragged l e a d i n g membranes of cells, s h o w i n g 
loss of subsurface microf i lament organizat ion , m a y be indica t ive of 
invas ive cancer. T h e impor tance of the p o l y p o d i a so f o r m e d is i l lus t ra ted 
b y t ime-lapse pic tures of the contacts b e t w e e n m a l i g n a n t cells a n d w h o l e 
tissues (11, 12) ( F i g u r e s 5c a n d 5 d ) . F i g u r e 5c depicts a sect ion of a 
n a t u r a l membranous tissue w i t h an ep i the l ia l sheet o n its outer surface. 
W h e n a cancer c e l l is first p l a c e d o n the sheet, i t exhibits i r regular p o l y 
p o d i a l surface movements , but , qui te r a p i d l y , one of these surface 
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10. AMBROSE Liquid Crystals and Cancer 151 

probes penetrates be tween the n o r m a l cells a n d secures a p o i n t of 
anchorage ( F i g u r e 5 d ) , thereby i n i t i a t i n g the invas ive process. 

A s to the o r i g i n of the alterations i n m o l e c u l a r o r d e r i n g of sub
surface microf i laments , l i t t le is k n o w n at present, b u t i t is not i m p o s 
sible that changes i n the i o n i c m i l i e u c o u l d account for these changes i n 
the state of aggregation. W e have f o u n d that a change i n the external 
potass ium concentrat ion s u r r o u n d i n g n o r m a l fibroblasts does not affect 
the ir capac i ty to g r o w , d i v i d e , a n d migrate , b u t i t does cause t h e m to 
lose the smooth u n d u l a t i n g membranes of their surface a n d to generate 
i r regular p o l y p o d i a l movements l i k e cancer cells ( F i g u r e s 5e a n d 5 f ) . 
T h i s finding suggests that a change i n the p e r m e a b i l i t y of the m e m b r a n e 
itself that leads to a changed i o n i c m i l i e u of the cy top lasm c o u l d b e a 
factor i n d i s t u r b i n g the supermolecular structure of the cytoplasm. 
A d d i t i o n a l exper imenta l w o r k is needed before these characteristics of 
cancer cells can be f u l l y unders tood. 
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Dendritic structure 98 
Detergency 97 
Deuteron N M R studies 135 
Deuteron quadrupole splitting, 

water 135 
Diffusion, anisotropic 88 
Diffusion, translational 109 
Diffusivities, ion 94 
Diglycerides 58 
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Instabilities of thermotropic liquid 

crystals, hydrodynamic 86 
Insulin 51,52 
Interface, soap-water 109 
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Ion(s) 

binding 121 
diffusivities 94 
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metal 122 

Ionic gradients 145 
Isodimensional aggregates 16 
Isotropic phases, viscous 6 
Isotropic solutions 89 

Κ 
Kinetics of formation and 

dissolution 96 
Krafft phenomena 17 

L 
Lamellae 102 

dimyristoyllecithin 133 
lecithin-cholesterol 133 

Lamellar 
G mesophases 11 
mesophases 122, 127 
phase 29,89 
structures 19 
tetradecyl amine-water systems 59 
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Larmor precission frequency . . . . 122 
Laser-Raman spectroscopy 26 
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-cholesterol lamellae 133 
-cholesterol phases 57 
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egg yolk 136 
L phases, defects in water- . . . 71-84 
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-water systems 46 
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in cell membranes 44 
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model membrane systems . . . . 121 
protein interaction 49-53 
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Lipid(s) (continued) 
semiconductor structures, 

electrolyte 65 
-water systems 102, 110 

electrical properties of 59 
gel state in 53 

Liposomes 56 
Liquid crystalline phase, tempera

ture dependence of the 37 
Liquid crystalline phases 28 
Lorentzian curves 128 
Lyotropic mesomorphism 13-26 
Lysolecithin 45 

M 
Magnetic resonance 103 
Matrix, Wigner rotation 123 
Membrane ( s ) 56 

black lipid 59 
-bound enzymes 122 
cell, lipids in 44 
nerve 67 
plasma 148 
presynaptic 119 
systems lipid model 121 

Meromyosin 145 
Mesoaggregates 14 
Mesophases 

conditions for formation of 
amphiphilic 10 

cubic 1,6 
lamellar 122, 127 
lamellar G 11 
nematic 2,102 
non-amphiphilic and amphiphilic 1 
non-amphiphilic cubic 6 
smectic 102, 122 
smectic A ( non-amphiphilic ) . . 2 
structure of 15 
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Metal ions 122 
Micelles 14 

Hartley 
inverted 15 

Micellization of surfactants 30 
Microdynamics 101-112 
Microfilaments 143 

cellular function of 146 
changes in subsurface 146 
cortical 145, 147 
microsomal membranes 140 

Microtubules, biological function of 147 
Microtubules, cytoplasmic 147 
Middle M mesophases 11 
Mitochondrial 140 
Monocaprylin-tricaprylin system . . 90 
Monoglyceride gel phase 54 
Monoglycerides 47, 48 
Monostearin 55 
Morphological stability 97 
Muscle 

clam 145 
smooth 145 
striated 145 

Myelin 119 
Myofibrils 120 
Myosin 143 

Ν 
23Na splitting, effect of 

cholesterol on 133 
Nematic crystal 1 
Nematic mesophases 102 
Nerve membranes 67 
Network filaments 146 
p-Nitrophenyl laurate 96 
N M R 121 
Node, Ranvier 118 
Non-amphiphilic 

and amphiphilic mesophases . . . 1 
mesophases 

cubic 6 
nematic 2 
plastic crystal 6 
smectic A 2 
smectic C 2 
smectic D 2 

Nonionic emulsifier 40 
Nonionic substances 28 
Non-polar solubilizates 25 

Ο 
Oblate spheroids 8 
2-Oleyl-distearin 58 
Order 101 
Orientation, water 121 
Oxypropylene group 30 

Ρ 
Paraffinic chain flexibility 102 
Phase 

alkyl chain behavior in smectic 110 
equilibria 13 
lamellar 29 
lecithin cholesterol 57 
regions at constant temperature 39 
smectic 112 
surfactant 32-34 
viscous isotropic 6 

Phenomena, Krafft 17 
Phosphate( s ) 137 

alkyl 51 
Phosphatidyl choline group 72 
Phosphatidyl ethanolamine 133 
Phospholipid(s) 57, 98, 148 

bilayer 121, 149 
PIT 33, 34, 39 
Plasma gel 98 
Plasma membrane 148 
Plastic crystal(s) 1,2 

mesophases (non-amphiphilic).. 6 
Polar/apolar additives 25 
Polymorphism 110 
Polyoxylethylene alkyl ether 

nonionic surfactants 39 
Polyoxyethylene compounds 30 
Potassium laurate-water 109 
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Potassium oleate system, water-
hexanol-hexadecane- 91 

Presynaptic membrane 119 
Prolate spheroids 8 
Protein interaction, l ipid- 49-53 
Psychosine 45 

Q 
Quadrupolar coupling constant . . . 103 
Quadrupolar relaxation 127 
Quadrupole splittings 122 

water deuteron 135 
Quantum transitions, double 130 

R 
Ranvier node 118 
Relaxation, quadrupolar 127 
Repulsions, steric 104 
I theology 97 
Rod-shaped aggregates 15 
Rotation matrix, Wigner 123 

S 
Salt concentration and temperature, 

effect of 135 
Sarcoplasma reticulum 120 
Schwann cell 119 
Semiconductor structures, 

electrolyte-lipid 65 
Shear 89,90 
Sialomucoproteins 149 
Signal, frequency-modulated . . . . 119 
Smectic(s) 

crystal 2 
mesophases 102,122 

A (non-amphiphilic) 2 
C (non-amphiphilic) 2 
D (non-amphiphilic) 2 

phase(s) 112 
alkyl chain behavior 110 

thermotropic 72 
Smooth muscle 145 
Soap-water interface 109 
Sodium chloride 133 
Sodium octanoate 26 
Sodium octylsulfate 26 
Solubilizates, non-polar 25 
Solubilization 30 

temperature dependence and . . 31 
Spectroscopy, Laser-Raman 26 
Spheroids, oblate 8 
Spheroids, protate 8 
Splitting(s) 

of choline-N-C2H3 group 138 
effect of cholesterol on 2 3 N a . . . 133 
water deuteron quadrupole . . . . 135 

Stability, morphological 97 
Steric repulsions 104 
Striated muscle 145 
Strontium myristate 47 
S .rfactant(s) 25 

micellization of 30 

Surfactant(s) (continued) 
phase 32-34 
polyoxyethylene alkyl 39 

Synaptic mechanism 119 
Synthetic lecithin 47 

Τ 

Teepol systems, water-alcohol- . . . 90 
Temperature 133 

dependence and solubilization . . 31 
dependence of the liquid 

crystalline phase 37 
effect of salt concentration and 135 
phase regions at constant 39 

Tetradecyl amine-water system . . 53, 59 
Textures 71 
Thermodynamics 22 
Thermotropic 96 

liquid crystals, hydrodynamic 
instabilities of 86 

smectics 72 
Transients, computer of averaged 130 
Transitions, double quantum . . . . 130 
Translational diffusion 109 
Transmitter, cholinergic 119 
Transport properties 88 

U 
Ultrasound 47 
Unaligned anisotropic mesophase 125 

V 
Vesicles 47, 56, 119 
Viscosity 101 
Viscous isotropic phases 6 

W 
Water 

-alcohol-Teepol systems 90 
-cesium laurate systems 93 
-cesium myristate 93 
deuteron quadrupole splittings 135 
-hexanol-cetyltrimethylammo-

nium bromide system . . . . 96 
-hexanol-hexadecane-potassium 

oleate system 91 
lecithin L phases, defects in . . .71-84 
orientation 121 
polyoxethylene chain interaction 29 
-potassium laurate 91 
-sodium lauryl sulfate 91 
system ( s ) 

gel state in l ipid- 53 
lamellar tetradecyl amine- . . 59 
l ipid- 102, 110 
structures in l ipid- 45 
tetradecyl amine- 53 

Wigner rotation matrix 123 

X 
p-Xylene 29 

Ζ 

Zeeman energy 108 
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