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The current status and prospects are examined of the rapidly developing field that studies the
structure and properties of lyotropic nematic liquid crystals. Typical amphiphiles are presented,
and systems based on them. Typical textures and their optical properties are examined, The
physical properties of nematics are described in detail: diamagnetic, dielectric, and viscoelastic. A
special section is devoted to biaxial nematics, which have no analogs among the thermotropic
nematic liquid crystals. The features of their order parameter and elastic properties are examined.
Textures and optical properties are described. Further, molecular ordering (from NMR data)
and features of phase transitions are discussed. In closing, lyotropic cholesterics are discussed,
both those based on individual chemical compounds and those induced by chiral additives.
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INTRODUCTION

A year after the discovery of thermotropic liquid crys-
tals that form ordered phases upon melting, in 1889, Leman
found that these same phases also arise upon dissolving cer-
tain organic materials. Thus, ordered solutions were formed
in a mixture of ammonium oleate, water, and alcohol. These
liquid crystals became called lyotropic (Avca—/ dissolve).

The study of lyotropic liquid crystals proceeded practi-
cally independently of the thermotropic type. The latter
were immediately drawn into the sphere of interest of physi-
cists, whereas lyotropic liquid crystals for a long time were
an object for colloid chemistry.

It was established at the end of the 50s that only amphi-
philic molecules (literally—loving both sides) form lyotro-
pic mesophases. They contain two fragments: a hydrocarbon
chain soluble in fat (lipophilic part) and a polar head soluble
in water (hydrophilic part). Upon dissolving such amphi-
philic molecules in water, they are concentrated about the
polar heads, thus orienting the hydrocarbon tails in a certain
direction. Analogous processes occur also in a nonpolar sol-
vent—a hydrocarbon or fat. In this case the molecules of the
solvent are concentrated about the lipophilic part of the am-
phiphilic molecule. Ordered structures or micelles (mica-
grain) are formed in both cases,—groups of molecules of the
amphiphile that in turn are packed to form a superstructure.

Toward the end of the 60s two principal superstructural
lyomesophases were known1'2: the so-called "pure" phase

having a layered (lamellar) structure, and the "intermedi-
ate" phase—a hexagonal packing of cylindrical micelles. At
low concentrations of the amphiphile these phases are pre-
ceded by an isotropic micellar solution containing spherical
micelles. A solid phase is formed at high concentrations of
the amphiphile.

All these facts, together with the analogy with thermo-
tropic liquid crystals, ought to lead to the thought that
phases must exist between isotropic micellar solutions and
superstructural mesophases having an ordered arrangement
of individual structural units. In line with the accepted ter-
minology, these phases must be called nematic. In general
the structural unit can be an individual molecule, as in the
cases of the systems poly-^-benzylglutamate-chloroform or
DNA-polyethylene glycol. However, since in this case the
original phase is a micellar solution, we should have expect-
ed that the role of the structural elements would be played by
anisometric (cylindrical or discotic) micelles. These sys-
tems are also generally regarded as being nematic.

The assumption of their existence rested on a number of
facts. First of all, the theory of micelle formation had pre-
dicted3'4 that the shape of the micelles can change from
spherical to ellipsoidal at a certain concentration of the am-
phiphile. Further, direct experimental proofs existed by the
methods of light scattering,5"8 small-angle x-ray scattering,9

and diffusion10 of the existence of asymmetric micelles in a
large number of aqueous solutions of various amphiphiles.

However, as often happens, lyotropic nematics were
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discovered as the result of experiments formulated to eluci-
date completely different problems.

It was known'' that thermotropic nematics are a good
medium for studying various substances by the NMR meth-
od. They are rather rapidly and completely oriented by a
magnetic field. However, these phases suffer from one essen-
tial defect—only quite definite, most often lipophilic, sub-
stances are well soluble in thermotropic nematics. This re-
stricted the use of thermotropic nematics in the NMR
method. It was necessary to seek other media that are well
oriented in a magnetic field and that dissolve as broad a class
of substances as possible.

In 1967 Lawson and Flautt12 reported such a medium.
They found that a mixture of octyl- or decylsulfates (40 mass
percent),0 the corresponding alcohols (5%), sodium sul-
fate (5%), and water (50%) in the temperature range 10-
75 °C dissolves well both hydrophilic and lipophilic com-
pounds and is oriented by a magnetic field.

Studies of the preparations that were obtained using a
polarizing microscope showed that they form filamentous
and "schlieren" textures typical of thermotropic nematics.
The conclusion was drawn from these two facts—orienta-
tion in a magnetic field and a typical texture—that lyotropic
nematics had been obtained.

In subsequent years these lyotropic nematics have been
widely used in studying the NMR spectra of various com-
pounds (see, e.g., Refs. 13-26).

Soon other lyotropic nematics were found. Thus, as ear-
ly as 1973, Long27 proposed the system of 30% potassium
laurate (KL), 4% potassium chloride, 6% decanol, and
60% D2O, which orients well in a magnetic field, is stable in
the temperature range 10-70 °C, and is more stable to hydro-
lysis than the system with sodium decylsulfate (NaDS). In
this same year Reeves and his associates28 found a nematic
lyomesophase in the system decylammonium chloride, am-
monium chloride, decanol, and water. In subsequent years
many more new lyotropic nematics have been found, and
their number now amounts to more than twenty. Lyotropic
cholesterics having a helical superstructure have also been
obtained.

The interest in the physical properties of nematic lyo-
mesophases has become especially notable in recent years.29

However, for the present it is mainly centered on the optical
study of textures and magnetic properties. Single studies
have been devoted to such fundamental properties as elasti-
city, viscosity, and Fredericks transitions.

However, on the whole a rather interesting picture is
being drawn of a new class of liquid crystals having their
specific properties and their fields of application.

The onset of study of lyotropic nematics opens a new
chapter in the study of liquid crystals. The point is that the
types of lyotropic liquid crystals existing up to now have
been highly conservative. Electric and magnetic fields and
mechanical deformations have practically no effect on them.
Therefore one can alter the degree of order in these phases
only by changing the temperature and concentration. This
restricts the possibility of obtaining information on the dif-
ferent properties of the lyomesophases. It suffices to say that
the elastic, magnetic, and electrooptical properties of lamel-
lar and hexagonal phases have been unknown up to now.

Lyotropic nematics are oriented by a magnetic field and
by flow. Mechanical deformations also affect their order.

There are no grounds for stating that an electric field will act
on them differently from what it does on thermotropic ne-
matics. These properties offer completely new potentialities
in the study of lyomesophases. Here we should expect very
interesting results comparable in significance with those ob-
tained in studying thermotropic nematics. The physical pa-
rameters of systems of anisometric micelles will prove acces-
sible—viscoelastic, dielectric, magnetic, optical, and
electrooptical, and their dependence on the order parameter.
Yet this is not all. In contrast to thermotropic nematics, in
lyonematics all the properties arise not only from the state of
the structural elements (micelles) as such, but also from
their structure. This implies that physics acquires the possi-
bility of studying delicate processes of self-assembly of mo-
lecular aggregates and their rearrangement under the influ-
ence of physical and chemical factors, and creation and
breakdown of superstructures. This is all very significant for
the physics and chemistry of dispersed systems and phase
boundaries.

Yet the study of lyotropic nematics is especially impor-
tant for biophysics. As is known, a large number of materials
in living organisms exist in the liquid-crystalline state. This
includes a large number of organelles of cells, such as mem-
branes, myelin, and mitochondria. They include such non-
cellular forms as protein filaments of muscles, the lens of the
eye, and the head of the spermatozoon. The products of life
activity—bile, urine, and blood—also contain substances in
mesomorphic states. At present liquid crystals in living or-
ganisms are being intensively studied, and it has become evi-
dent that mesophases are remarkably adapted to the occur-
rence of life processes. Moreover, one can say that, if liquid
crystals were not formed in nature for any reason, life would
be impossible.

At present the existence in living organisms of lyotropic
lamellar and hexagonal mesophases is firmly known. How-
ever, their presence is not correlated with high lability of the
living medium, in particular, with reactions to external elec-
tric and magnetic fields that can be distinctly fixed. This
problem can be clarified by a search among materials of or-
ganic origin for lyotropic nematics, especially near tempera-
ture and concentration phase transitions from highly or-
dered to disordered states. If the search proves successful,
then quite possibly it will be found that the anisometric mi-
celles participate in transport of materials in living organ-
isms. Here it is essential that the shape of these micelles can
be easily altered, depending on the concentration, pH, and
composition of additives. But, apart from further studies,
already at present lyotropic nematics are a good model for
various biophysical processes. In particular, one can use
them to model many processes of self-assembly of organelles
of cells and viruses, and as is most important, the influence of
electric and magnetic fields on the form and properties of
various biological objects such as erythrocytes.

1. COMPOSITION AND STRUCTURE

1.1. Chemical composition

Nematic lyomesophases have been obtained with a few
types of amphiphilic molecules (Table I). They include neg-
ative amphiphilic ions such as decylsulfate (DS), laurate
(L), and positive ions such as decylammonium (DA). A
special place is occupied by the alcohols—decanol and oc-
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TABLE I. Chemical formulas of typical amphiphiles of nematic lyomesophases.

Name Chemical formula

Decylsulfate(DS)
Octylsulfate (OS)
Decanoate (DeO)
Laurate (L)
Laurylsarcosinate (LS)
Hexadecyltrimethylammonium
(HDTMA)
Hexadecylpyridinium (HDPyr)
Decylammonium (DA)
Myristyltrimethylammonium (MTA)
Decanol (DeOH)
Octanol (OeOH)
Perfluorooctanoate (PFO)
Hexyloxybenzoate (HxB)
Chromoglycate (CG)

CH3(CH2)8CH2SOj
CH3(CH2)6CH2SO;
CH3(CH2)8COO-
CH3(CH2)10COO-
CH3(CH2)10CH3NCOCH2COO-
CH3(CH2)16N(CH3r

CH3(CH2)16NC5H}-0
CH,(CH,),NHJ
CHs(CH8),,N(CHa)J
CH3(CH2)8CH2OH
CH3(CH2)6CH2OH

C,HlsO(CeH,)C02-

CH2-CHOH—CH2 —

0 0

0 COO

tanol. They take part in practically all the nematic lyomeso-
phases. However, they themselves do not form mesophases
in solvents, in particular, in water.

All these ionophiles are ionogenic. Quite recently30

nonionogenic lyonematics have been obtained—hexapo-
lyethyleneoxy-derivatives of triphenylene.

We see from Table I that the lipophilic part of most of
the amphiphilic molecules amounts to simple, unbranched
hydrocarbon chains with a number of carbon atoms greater
than eight. The polar heads are also not highly varied:
S04-,C02-,N(CH3)+, and N(C5H10)+.

The classification of nematic lyomesophases can be pat-
terned according to structural characteristics.31 It has now
been reliably established31'33 that two fundamental types of
nematics exist. Nematics of the first type are constructed of
cylindrical micelles (Fig. 1). They are often called calami-
tics (calamus—reed) and are denoted as Nc or CM (cylin-
drical micelle). The micelles of nematics of the second type
have the form of disks (see Fig. 1). Hence they are called
discotics. They are denoted in various ways: ND, NL (lamel-
lar micelle) or DM (discotic micelle). Below we shall use
the first of the cited designations.

Table II gives the composition of the systems in which
nematic lyomesophases have been found. Water and heavy
water have been used everywhere as the solvent.

One compound is known34—the surface-active dye, n-

FIG. 1. Schematic drawing of the structure of the micelles of lyotropic
nematics.

octylphenolaminopoly (ethylene oxide)—which forms an
Nc phase in diluted methyl alcohol. The only nonaqueous
nematic is the 2-octyldodecyl ester of 4-[ (1-naphthalenyla-
mino)carbonyl]-aminobenzoic acid in decane.35 There is an
indication36 of the existence of nonaqueous nematics in the
system tetraoxyethyleneglycol-hexadecane-pentane.

The nematic lyomesophases presented in Table II are
formed only in a narrow interval of concentrations, which
will be discussed below in describing the concrete mixtures.

The best studied is the NaDS-DeOH-H2O sys-
tem.31'32'36 In general this system, just like the NaOS-
OeOH-H2O system, had repeatedly previously been studied
carefully,2 but no nematic mesophase was found. The cor-
rected phase diagram in the region containing the nematic
mesophase is shown in Fig. 2.37 It has been constructed from
a study of the textures and small-angle x-ray scattering data
at a temperature of 22 °C.

The small nematic region is surrounded by three exten-
sive regions. In the micellar-solution region (M) two phases
were found at different weight concentrations of NaDS. If c
is the concentration in grams per gram of solution, then at
c<0.191 an isotropic solution (M,) of spherical micelles
exists (mean radius 35 A, mean distance between micelles 50
A). A micelle contains 26 molecules on the average. At
c>0.191 the solution remains isotropic (M2), but the mi-
celles are no longer spherical. Owing to the closeness of this
phase to the region of existence of the nematic phase ND, one
can assume that the micelles are disk-shaped.

This phase is very interesting. It is dark between crossed
polarizers, but upon shear deformation transmitting regions
appear. That is, anisotropic regions arise. The same sort of
anisotropic regions arise when the isotropic specimens are
placed in a magnetic field. In this regard, one can classify the
M2 phase as a disordered micellar phase.

The other phases can be conveniently examined along
the line shown as a dotted line in Fig. 2. This line corre-
sponds to a constant water content ( ~48%) and to an in-
crease in the ratio DeOH/NaDS from 0 to 10.8%. At
DeOH/NaDS ratios from 0 to 5.0% the hexagonal phase G
exists and amounts to a dense packing of infinite cylindrical
micelles 26 A in diameter. A hexagonal lattice with a period
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TABLE II. Composition of systems forming nematic lyomesophases with water.

Amphiphiles

a) NC:
DS, DeOH

DS
CG
L
MTA
MTA
HxB

b)ND:
DS, DeOH

DS, DeOH

DS, DeOH

OS, OeOH
DeO
DeOH, DeO
HDTMA
HDPyr, DeOH, HDTMA
L, DeOH
L, HDTMA
DA
DA, DeOH

DA, HDTMA, DeOH
LS, DeOH
MTA, DeOH
MTA, DeOH
PFO
NxB

Counterions

Na+, Cs+, Rb*, Li+

NHJ, C2H6NHJ
Cs+, Na+

Na+

K+

Br-
CHSC,H4S03

Cs+

Na+

CH3NHJ, (CH3)aSn+, NDJ,
ND3H+, NHJ

(CHS)2NH+, (CH3)3N+
Na+

Na+, CH3Pb+

Na+
Na+, K+

Na+, K+

Br-, C1-, N03
C1-, Br-

Rb+, CS+, K+, Na+

K+, Br-
C1-, BFj

C1-, CH3COO-
[(CH3)2As02J-

BFj, F-
Br-, Cl-

Na+

Br-
Br-, CH3C6H4S03

Cs+

Na+

Electrolytes

Na2S04

KC1

Na2S04
(NH4)2S04
CH3NH3C1

(CH,)3NHC1
(CH3)4NC1

[(CH3)4N]2S04
Na2S04

CH3HgN03
(CH3)3SnN03, NaN03

(CH3)3PbN03
Na2S04

KC1
KC1

NaBr, NaCI, NaN03
NaCl

NaBr, KC1, RbCl, CsCl
NaBr

NaCl, NH4C1, NH4Br
NH4C1, NH4BF4,

CH3COONa

NaCl
Na2S04
NH4Br
NH4Br

Na2S04

of 36.5 A is formed. Upon increasing the DeOH/NaDS ratio
up to 8.5%, an orthorhombic phase R arises. It consists of
infinite micelles having a rectangular cross-section (dimen-
sions 19x49 A). The micelles are packed in a centered rec-
tangular lattice. At high decanol concentrations a transition
occurs to a lamellar phase L having a layer thickness 19 A
and distance between layers 18.3 A.

The nematic lyomesophases is found in the narrow con-
centration range: NaDS (37-41%), H2O (50-56%), and
DeOH (5-9%). This is shown in Fig. 2.

In this nematic region three phases are distinguished.
The region of existence of discotics ND and calamities Nc

are shown in Fig. 2. Between them another, biaxial nematic
mesophase has been found,38 shown in Fig. 2 by dotted lines.

DeOH
20

FIG. 2. Phase diagram of the NaDS-DeOH-H,O system at room tem-
perature."7
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We shall discuss it separately below, along with other biaxial
phases.

One can use the phase diagram to estimate the concen-
tration regions where calamities and discotics exist: ND-
NaDS (37-39%), H2O (51-56%), DeOH (5-9%); Nc-
NaDS (39-41%), H2O (52-55%), DeOH (5-9%). We see
from the diagram that the concentration of decanol remains
constant throughout the region of the nematic phase. How-
ever, one must treat all these numbers with great caution.
They are only estimates, since the exact phase diagram in
this region are only estimates, since the exact phase diagram
in this region is unknown. It has been constructed from a few
points only.37 Other studies have cited other concentration
ranges of existence of the nematic phase. Thus, in the already
cited paper38 on biaxial nematics, it is stated with a citation
to Ref. 37 that a nematic mesophase at a constant water
concentration equal to 57% exists at the concentrations
NaDS (35.50-38%) and DeOH (5-7%). In Ref. 39 a re-
gion of the phase diagram was studied with a constant 7%
concentration of decanol over a broad temperature range.
One can estimate from this diagram that at 22 °C the Nc

phase exists at the concentrations NaDS (35-38%), H2O
(55-58%), and the Np phase at NaDS (34.4-35%) and
H20 (58-58.6%).

Apparently such a scatter in the concentration values
arises from the fact that the region of existence of the nema-
tic phase and the types of it depend substantially on the puri-
ty of the starting materials. Without at present discussing
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FIG. 3. Phase diagram of the NaDS-DeOH (7% )-H2O system at differ-
ent temperatures.19

this problem in essence, we shall state that, when one adds
only 0.3% Na2SO4 to the NaDS-DeOH-H2O mixture, the
calamitic transforms to a discotic.40 Figure 3 shows the
phase diagram of the NaDS-DeOH-H2O mixture at a con-
stant decanol concentration of 7% and at different tempera-
tures. The narrow region of the discotic mesophase is well
marked. It narrows with decreasing water concentration
and disappears completely at 54% H2O. Upon cooling, The
ND and Nc phases transform to the G phase. A calamitic
having a water concentration above 57% transforms on
heating to an isotropic phase with a small region of the L
phase. At higher temperatures these phases disappear and
the typical texture of the G phase appears. Upon further
heating the G phase transforms to an isotropic liquid. At
water concentrations below 57% the Nc phase transforms
to the G phase, while in most cases one observes coexistence
of the Nc and G phases. If the decanol concentration be-
comes greater than 7.5%, a layered solution is formed, the
upper layer of it is the L phase. The lower layer at constant
decanol concentration with decreasing H2O concentration
varies from an isotropic micellar solution to the ND phase,
and then to the Nc phase. At a decanol concentration below
6.5% the phase composition varies with decreasing water
concentration from a viscous isotropic solution to the Nc

phase, and then to the G phase.

1.2. Structure

The structure of a calamitic has been studied37'41 in the
NaDS-DeOH-H2O system. It amounts to a system of long,
extended cylinders whose long axes are approximately par-
allel. The mean diameter of the cylinders is about 38 A. It
was not possible to determine the length of the cylinders.
However, if we assume that their length is the same on the
average, then it must be no more than 150 A. Yet if the
length of the cylinders varies substantially, then one could
draw no conclusions on their dimensions.

The structure of the calamitic phase has also been stud-
ied in detail42'43 in the KL-KC1-H2O system. A radius of the
micelles of 14.2 A at 22 °C was found by small-angle x-ray
scattering, and the mean distance between the micelles was
47.0 A. The micelles are extended, of finite length, with their
long axes oriented approximately in the same direction.

The lengths of the cylindrical micelles for the NaDS-
DeOH-H2O and KL-DeOH-H2O systems have been esti-
mated44 from x-ray and neutron scattering data. Here it was
assumed that the diameters of the micelles are equal to the
diameters of the cylindrical aggregates in the hexagonal G
phase, being respectively 26 and 36 A for the former and the
latter systems. Then the length of the micelles in the NaDS-
DeOH-H2O system is no greater than 60 A, while in the
KL-DeOH-H2O system it is 60-66 A. The number of mole-
cules in these aggregates was determined from the volume of
the micelles. It is —90 for the former and 175-195 for the
latter system.

The structure of a discotic has been studied37 in the
NaDS-DeOH-H2O system. Disk-shaped micelles were
found with a mean thickness of 20 A and diameter 60 A.
These micelles lie approximately parallel to one another at a
mean distance of 37 A in the direction parallel to their axes,
and at 72 A in the perpendicular direction.

Similar results (thickness of micelles 20 A and diameter
65 A) were found in the same system upon adding 0.3%
Na2SO4.

In the discotic phases of the NaDS-DeOH-H2O and
KL-DeOH-H2O systems the diameters of the micelles were
estimated44'45 under the assumption that their thickness
equals the thickness of the double layer of the lamellar ND

phase. They proved to be equal to 57 A for the former and 64
A for the latter system. The number of molecules per micelle
of the former system was estimated as 145, and 215 for the
latter system. It was shown44 that, within the limits of the
ND phase, the dimensions of the micelles do not depend on
the concentration of the amphiphile and the temperature.

In the discotic phase of the NaDS-DeOH-H2O-6%
Na2SO4 system, a superstructural packing of the micelles
was found by small-angle x-ray and light scattering, with a
characteristic distance of 1000 A, called the micellar micro-
domain.46 The same sort of superstructural organization has
been found47'48 in a system containing 5% Na2SO4 and sev-
eral other concentrations of the starting components. In
these same studies the distance was found more precisely
between the micelles along the direction of the director. It
proved to be equal to 114 A.

It is not clear what the micellar microdomains are. Per-
haps they are cybotactic groups that precede the transition
to the lamellar mesophase. This is indicated by the direction
of the periodicity—along the direction of the director.

In general the distances between the micelles are not
constant. They vary with varying temperature within the
limits of the nematic phase. This is confirmed by direct x-ray
studies on the discotic phase of KL-DeOH-H2O. It was
shown49 that the distance between the micelles in the direc-
tion of the director is 46 A and does not depend on the tem-
perature, whereas the distance between the micelles in the
perpendicular direction varies symbatically with the order
parameter. Quite recently50 neutron scattering was studied
in partially deuterated KL and DeOH, which form a calami-
tic. These data showed that KL and DeOH are not homo-
geneously distributed in the cross-section perpendicular to
the long axis of the micelle. Then these cross-sections are
ellipses, while the micelle itself is an ellipsoid of general
form. The hypothesis was advanced on the basis of these data
that all lyomesophases are built of these universal micelles.
In the calamitic phase they freely rotate about their long
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FIG. 4. Structure of the boundary region of a micelle.25

axes, but about their short axes in the discotic phase, while in
the biaxial phase all rotation is hindered.

As Holmes and Charvolin51 showed with the example
of the DAC1-NH4C1-H2O system, the transition from the
lamellar to the nematic phase is complex in character. The
infinite layers break up into large regions (cybotactic
groups?), separated by water. With increasing temperature
these groups diminish and are converted into ribbons, which
then transform to discotic micelles.2'

The question is of interest of how the transition region
from the micelle to the surrounding solution is organized.
Studies performed by NMR have shown25 that the structure
of the transition regions is practically the same for all types
of lyotropic liquid crystals (Fig. 4). The region 1 belongs to
the micelle and consists mainly of hydrocarbon tails, shown
as bent lines in Fig. 4. A small amount of water molecules
diffuses into this region. In region 2, which is the transition
region proper, the polar heads are concentrated, such as
( — SO3), and counterions, such as Na+. A considerable
amount of water molecules is concentrated about these ions.
And finally, region 3, which belongs to the intermicellar so-
lution, practically consists of pure water with a small
amount of ions, e.g., Na+.

Attempts have been undertaken52 to study theoretically
the problem of interaction between micelles. Within the
framework of the Deryagin-Landau-Fervei-Overbek theory
with allowance for Coulomb repulsion and van der Waals
attraction, the free energy of interaction between the mi-
celles was calculated while varying the parameters of the
structure of the mesophases. It was found that for calamities
the interaction energy ~ k T corresponds to a length of the
cylindrical micelles ~ 1000 A at a diameter of 34 A and
mean distance between the centers of the cylinders of ~ 50
A. For discotics the interaction energy ~kTcorresponds to
a diameter of the micelle of ~ 80 A at a thickness of 28 A and
distance between micelles ~40 A. All these results do not
contradict the structural data.

1.3. Textures and optical properties

One of the fundamental arguments favoring the classifi-
cation of the lyotropic mesophases with asymmetric micelles
as nematics is the fact that they form textures typical of ther-
motropic nematics.

In the melting of a solid material in a narrow gap (20-
between two glass plates, a calamitic forms the so-

called planar texture, in which all the long axes of the mi-
celles are oriented parallel to the glass plates. Optically such
a texture behaves like a plate cut from an optically uniaxial
crystal parallel to the optic axis. Conversely, a discotic often
forms the so-called homeotropic texture, where the short
axes of all the micelles lie perpendicular to the glass plates.
Such a structure is completely analogous to a plate cut from
a solid, optically uniaxial crystal perpendicular to the optic
axis.53

Often for a more graphic presentation of textures and
their changes depending on the amount of solvent, one uses
the concentration-gradient method. Figure 5 shows a micro-
graph obtained54 from a specimen having a concentration
gradient. One can see well the sequence of phases (with in-
creasing water content): lamellar nematic, isotropic. The
nematic mesophase is identified by the schlieren texture.

Observations of textures by the concentration-gradient
method have shown37'51-54 that, in all mixtures studied thus
far, the lamellar phase transforms to the ND phase with in-
creasing water content, and the hexagonal to the Nc phase.

In the presence of two phases, ND and Nc, the latter is
manifested upon temperature or concentration change in the
form of anisotropic regions on a dark background.

Optical studies performed32-52'55 on oriented specimens
have shown that the Nc phase is uniaxial negative, and the
ND phase uniaxial positive. This arises from the fact that the

FIG. 5. Sequence of textures in a concentration gradient.54 MTABr
(14.75%)-MTATS (16.34%)-DeOH (3.28%)-NH4Br (8.20%)-H2O
(57.38%) system.
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FIG. 6. Temperature dependence of the birefringence for discotics and
calamities in the tetradecyltrimethylammonium bromide-tetradecyltri-
methylammonium phenylsulfonate (TDTMAFS)-DeOH-CsCl-D2O
system.5* Concentration of TDTMAFS (mole percent): 0.2 (/); 15 (2);
SOU); 45 (4); and 60 (5).

amphiphile molecules in the former case lie perpendicular to
the director, and parallel in the latter case.

The birefringence of lyonematics is an order of magni-
tude smaller on the average than that of thermotropic nema-
tics.56~58 Typical values are seen well in Fig. 6, which shows
the data for the tetradecyltrimethylammonium bromide-
DeOH-CsCl-H2O system in the discotic and calamitic
phases.

Vedenov and Levchenko29 derived a simple formula for
the birefringence of a lyonematic depending on the order
parameter and the fraction of the volume of the solution
occupied by micelles. Estimates by this formula yield values
of the birefringence coinciding with the experimental values.

2. PHYSICAL PROPERTIES

2.1. Diamagnetic anisotropy

The pioneer study of Lawson and Flautt12 showed that
the nematic lyomesophase of composition NaDS—36%,
DeOH—7%, D2O—50%. Na,SO2—7% has a positive dia-
magnetic anisotropy x*. = (X\\ ~ XL ) > °- Here X\\ and XL
are the diamagnetic susceptibilities in the direction of the
director and perpendicular to it, respectively.

Soon Reeves and his associates59'60 established the exis-
tence of nematic mesophases having a negative diamagnetic
anisotropy (ja <0). They are formed in the same NaDS-
DeOH-H2O system, either upon a small change in the con-

centrations of the starting components, or upon adding the
counterions K+, Li+, or Cs+.

Systems having ̂ a > 0 were called type I, and systems
having ̂ a <0 type II. The hypothesis was advanced41 that
the diamagnetic anisotropy in the NaDS-DeOH-H2O sys-
tem arises from the shape of the micelles: calamities have
X* > 0, and discotics %a < 0. However, the nematic phase in
the CsPFO-H2O system with micelles of discotic form has
^fa>0.6 1 This contradiction stimulated Boden and his
coauthors54 to study systems having polymethylene and per-
fluoropolymethylene chains. The former have ja < 0, and
the latter x* > 0. Consequently it proved possible to "con-
struct" nematic discotics and calamities, both with x* > 0
and^a < 0. Examples of such systems are presented in Table
III. Thus it was shown54 that the sign of the diamagnetic
susceptibility is not determined by the type of micelles. This
viewpoint was confirmed when discotics were found62 with
Xa > 0 and calamities with ̂ a < 0 in the NaHxB-Na2SO4-
DeOH-H2O system.

The problem of the cause of the diamagnetic anisotropy
of micelles has been examined in detail in Refs. 29 and 63.
The orientation of diamagnetic micelles by a magnetic field
can arise from two factors: first, from the diamagnetic an-
isotropy of the shape, and second, from the diamagnetic an-
isotropy of the molecules themselves.

The orientation of a diamagnetic ellipsoid having the
mean susceptibility \ placed in a medium having the suscep-
tibility Xo does not depend on the sign of (x — Xo)> and is
determined unambiguously—the principal axis of the ellip-
soid is established parallel to the field. Therefore cylindrical
micelles will orient with their long axes, and discotic mi-
celles with their short axes along the field.

If the difference in energies corresponding to configura-
tions in which the principal axis of the ellipse is parallel or
perpendicular to the magnetic field is A Wshapc, then we have

( i )

Here Kis the volume of the ellipsoid, and Dc and Da are the
diamagnetic factors in the directions of the least and greatest
axes of the ellipsoid, respectively.

The greatest value of A Wshape will occur in the case of
asymmetric ellipsoids (a~10c). In this case we have
Da = 0, while Dc = 4ir for an oblate, and 2ir for a prolate
spheroid. If we assign typical values of x and Xo (see below),
then we find from the condition AfFshape >/c7" that
H2V~ 1G2 cm3. Hence, for the usually employed values of

TABLE III. Lyotropic systems having different diamagnetic anisotropies at a tem-
perature of 20 °C.54

*a

>0

<o
<0
>0

Type of mi-
celles

Cylinder

Disk
Cylinder

Disk

Symbol

NS
Ni>
Kc
N£

Composition, mass percent

MTABr

36,0

26,6

—

15,6

MTA<tSO3

—
—

38,0
14,1

H20

64,0

63,3

62,0

59,2

DeOH

—
3,8

—
3,7

NH.Br

—
6,3
—
7,4

MTABr is myristyltrimethylammonium bromide; MTA<J>SO, is myristyltrimethyl-
ammonium toluenesulfonate.
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the magnetic fields (~1 kG), this implies that F~10~6

cm3. This means that only macroscopic diamagnetic parti-
cles can be subjected to orientation due to shape.

As is known,64 orientation owing to the diamagnetic
anisotropy of molecules depends on the sign of^0. The dif-
ference between the energies of micelles corresponding to
configurations along the magnetic field and perpendicular to
it involves the number N of molecules in the micelle, its vol-
ume F0, and the order parameter 5mo], which characterizes
the ordering of the molecules in the micelle:

olXa- (2)

Yet if the ordering of the principal axes of the micelles in a
nematic is described by the order parameter Smic, then the
difference between the energies indicated above for a system
of M micelles will be

HsMNVa (3)

One can define the quantity Smo} Smic = S as the macroscop-
ic order parameter. We shall examine these quantities in
greater detail below in a special section.

By using Eqs. (1) and (3), we can easily find the ratio of
the energy differences caused by the shape and the molecular
anisotropies:

AW,mol _— ,

A W
(4)

The calculation of this ratio is impeded by the lack of experi-
mental data on the diamagnetic susceptibilities and the an-
isotropy. However, one can estimate the latter by using the
additive scheme of atomic susceptibilities. Thus, for
X ~ (X\\ + 2fi )/3 the following values were obtained (in
COS units/mole): for NaDS -165X10"6, for KL
-155X10~6, for DeOH -124XKT6. By using the

known compositions (see above), one can adopt the typical
values x = — 6xlO~7 COS units/cm3,_and Xo = — 1
X 10 ~7 CGS units/cm3. Estimates of Xo/X have been ob-
tained under the assumption that the diamagnetic anisotro-
py arises only from the anisotropy of the methylene groups.
Typical values for all the systems are equal to about 0.1.

Upon using these values of the diamagnetic constants as
well as the typical values of S equal to 0.5-0.6 (see below),
we find that

10*.

Hence it is clear that the orientation of a lyotropic nematic is
caused by the molecular diamagnetic susceptibility.31

2.2. Orientation in a magnetic field

The orientation of diamagnetic configurations depends
on the sign of the diamagnetic susceptibility. When ja > 0
the director takes up a position parallel to the direction of the
magnetic field, and perpendicular when ̂ -a < 0.

The process of orientation of nematics in above-critical
fields has been studied in rather great detail in the N<t ,Nc ,
and ND mesophases.

Calamities with^a > 0 (N<t ) have been studied59 in the

NaDS-DeOH-H2O system using the change in the dichro-
ism in fields from 5.5 to 15 kG. In fields above 10 kG orienta-
tion occurs in the course of several minutes. In smaller fields
the orientation process is mainly completed in an hour, while
in the initial interval the orientation occurs very rapidly
(proportionally to H2), and then approaches saturation.

The orientation of sodium chromoglycate (DSCG) in
water (N<J mesophase) has been studied in a 19-kG field
applied perpendicular to the glass plates.65 It turned out
that, depending on the processing of the support glasses, a
planar disordered texture (a planar) is realized, in which the
long axes of the micelles, though lying parallel to the glass
plates, are random in orientation in this plane, or else a ho-
mogeneous ordered texture, in which the long axes of the
micelles are ordered in one direction in the plane of the glass
plates. When the support glasses are treated with chromic
acid and alcoholic KOH solution, a planar is formed after 4
hours stay in the magnetic field. When the glass plates are
rubbed, a planar is formed at first, and a homogeneous tex-
ture after 4 hours.

Discotics having x* < 0 (N^ ) have also been studied in
detail in the NaDS-DeOH-H2O system, both on pure speci-
mens and on specimens with addition of about 1 % of ferro-
fluid.66 In the latter case the orientation proceeded 103 times
faster. The initial orientation was an inhomogeneous planar,
reflecting the velocity profile in filling the capillary by flow.
It was shown that in both cases the discotic is oriented with
its principal axes perpendicular to the field. The time depen-
dences of the orientation of the pure discotic in a 6-kG mag-
netic field are exponential in character with a time constant
of 9 min. The orientation law of the ferronematic differs
from exponential.

The process of orientation of a discotic in the same sys-
tem has been studied67 by the change in textures and bire-
fringence in a 5-kG magnetic field. The initial orientation
was homeotropic, and the final orientation planar. The en-
tire process took a time of the order of an hour.

In the initial stage of orientation the homeotropic tex-
ture is slightly deformed, and birefringence appears. The
texture looks uniformly dark, but gradually lightens. As a
rule, already after 3-5 min after introduction into the field,
individual point regions arise that are visible in the micro-
scope. Their number increases with time. Then the texture
becomes wavy (Fig. 7a). Then the wavy deformation goes
over into a more complex deformation, and contours of
loops are formed. They grow and continue to gain in con-
trast.

Two forms of loops are distinguished quite clearly.
Loops of the first type (Fig. 7b) amount to inversion walls
that penetrate across the specimen. The same type of loops
has been observed in the N<t ,32 and NC M calamities. The
amount to the boundary between regions where the director
is rotated by 180°. Loops of the second type are inclined walls
(Fig. 7c). Sometimes at the instant of application or imme-
diately after removal of the magnetic field, a domain struc-
ture is formed (Fig. 7d). An analogous structure has been
found in the Nc

+ ,32-39-41;68' 14° Nc ,
65'69 and ND

 141 calamities.
The physical cause of this domain structure is reverse flow,
which leads to appearance of cylindrical lenses.70

The onset of a domain structure is governed by three
main conditions: homeotropic orientation, strong adhesion,
and a magnetic field intensity greater than the three critical
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FIG. 7. Textures at different stages of reorientation from
a homeotropic to a planar texture67 in a 5-kG magnetic
field. NaDS (4%)-DeOH (7%)-H,O (53%) system.

values for the Fredericks transition.70 Apparently a domain
structure is formed only in those specimens in which a good
initial homeotropic orientation exists. Specimens with a di-
verging cross form inversion walls upon reorientation in a
magnetic field.

As is known,71 the angle of orientation by flow 6 is de-
termined by the following relationship:

cos 29 = Vi
(5)

Here y, and y2 are the Leslie coefficients of viscosity. For
calamities that form a planar layer during flow, 0^0 and
7\>Y2- For discotics upon flow we have O^ir/2 andy,<^.

At the same time, the solution of the equation of motion
for reverse flow is determined by the sign of the ratio of the
Leslie coefficients. For transition from a homeotropic to a
planar we have

(6)

and for transition from a planar to a homeotropic

*-=-^T' (7)

Upon taking account of the relationship between y, and y,,
we obtain55 A ' < 0 for calamities, and A ' > 0 for discotics.'
This implies that, when one applies a magnetic field perpen-
dicular to the initial orientation, the rate of reverse flow for
calamities will be larger than for discotics. Therefore, as ex-
periments show, domains are formed more easily for calami-
tics and less easily for discotics.
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2.3. Viscoelastic properties

The temperature dependences of the longitudinal and
transverse bending and rotational viscosity constants have
been studied only for the ND phase.72-73 The DAC1-NH4C1-
H20

M and NaDS-DeOH-Na2S04-H20
73 systems were

studied. The usual experimental methods applicable to ther-
motropic nematics were used. The results were processed
according to the continuum theory of Oseen and Frank.64

On the whole, the results obtained for the two completely
different systems agree well.

Figure 8 shows the temperature dependences of K33/xa

for two specimens of differing composition in the DAC1-

FIG. 8. Temperature dependence of AT33/jc, of the ND in the DAC1 (7
mole percent)-NH4Cl (2.53%)-H2O (90.47%) system.57
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TABLE IV. Temperature dependence of AT, ,/Jf ,3 and Ki(/xa for an ND of composition DAC1
(7.57 mole percent)-NH4Cl (2.73 mole percent)-H,O (89.70 mole percent).72

Temperature,
°C

61,3+0,1
59,4
57,4
55,4
53,4
50,4

*,,/*„

0,512±4%
0,518
0,533
0,360
0,320
0,185

AT, ,/*. >dyn e

52±6%
68
82
70
76
68

Temperature,
°C

49,5±0,1
48,5
47,5
47,0
46,5

K\ I/KM

0,170±4%
0,128
0,098
0,075
0,052

*"n/;ra.dyne

74±6%
70
69
70
59

NH4C1-H2O system, while Table IV shows the values of
Kn/Xa and K,,/K33 for a specimen having TNl = 65.5 °C.
As we approach the lamellar phase, all the measured quanti-
ties increase with a critical index apparently equal to 2/3.
The data for K33/xa for two specimens having a different
water content fit a single curve well (see Fig. 8), which indi-
cates the magnitude of the order parameter to be indepen-
dent of the concentration of water.

The following values were obtained for the NaDS
(37.8%)-DeOH (6.2%)-H2O (51.7%)-Na2SO4 (4.3%)
system at room temperature: K33/x* = 87.4 dyne, K,,/
K33 = 0.119, KU/X* = 10.4 dyne.73 With increasing tem-
perature K33/xa sharply declines, while K, ,/^a declines in-
significantly.

Since ;̂ a ~ 10 ~ 9 COS units,'39 we have K ~ 10 7 dyne,
i.e., of the same order of magnitude as the elasticity con-
stants of thermotropic nematics. This is as yet not very un-
derstandable since, according to the self-consistent-field the-
ory, we have K~ F1/3, where Fis the volume per molecule.
Since a micelle contains at least 103 molecules, the elastic
constants of lyotropic nematics should be an order of magni-
tude larger than for thermotropic nematics. The lack of such
an increase can indicate the ease of deformation of the mi-
celles themselves.l42 This makes it necessary to take account
of the elasticity of the micelles themselves, since the constant
describing this elasticity has the magnitude 5-10~8 dyne.29

The relaxation times and the magnitudes of y,/xa,
where 7, is the rotational viscosity, are given in Table V. The
composition of the specimen is the same as is given in Table
V. These data imply that, if we assume that ja ~ 10~9 COS
units, then y, ~ 10~' poise. For the NaDS-DeOH-Na2SO4-
H2O system the estimates yield73 a rotational viscosity two
orders of magnitude larger.

However, analogous measurements performed by
NMR74 in thin, round capillaries for the Nc phase yielded
completely different results. Thus, for the NaDS (39.8%)-
Na2SO4 (4.5%)-D2O (55.7%) system, it was found that

TABLE V. Relaxation times r and rotational
viscosities Y\/Xt °f tne ND phase of the
DAC1-NH4C1-H,O system.72

Temperature,
°C

57,4
53,5
40,5

T, S

41,2
47,6
54,3

r>/x,,wHP

3,13
5,59

11,68

XJr\ = 1.8-Ur12s-cm-2, while fortheKL(33.2%)-KCl
(2.2%)-D2O (64.6%) system, it was found that x»f
7, = 5.89-10-l3 s-cm~2. If we assume as before that
Xa ~ 10~9 CGS units, then we have 7, ~ 104 poise. Appar-
ently such high values of the rotational viscosity involve the
strong orienting influence of the walls of the thin, round
capillaries.

2.4. Dielectric properties

Since the overwhelming majority of lyotropic nematics
are aqueous solutions, it is very difficult to measure their
dielectric anisotropy. Vedenov and Levchenko29 have de-
rived a formula for calculating the dielectric anisotropy by
analogy with the diamagnetic anisotropy. It implies that
£a > 0 for discotics and £a < 0 for calamities.

The conductivity (k) has been studied only for the ND

phase, both with^a <0 (DAC1-NH4C1-H2O),75 and with
X* >0 (CsPFO-H2O).76 In both cases it was found that
ki > k ||. This fact was convincingly and elegantly demon-
strated76 as follows.

One can transform the matrix of the conductivity tensor
ksj by separating the isotropic component kt, which does not
depend on the director, and the anisotropic component &a,
which depends on the order parameter:

-~ 0 0

0

0 i o

= kt

(8)

8,U

8,0

7,6

•

•

30 BO 90

FIG. 9. Dependence of the electrical conductivity on the angle between
the director and the electric-field direction for the N,J in the CsPFO-H2O
(45%) system.76
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FIG. 10. Temperature dependence of the electrical conductivity Ki, kt,
and k: (measured at an angle of 54° 44' to the director) for N,J .7* Compo-
sition of the system is the same as in Fig. 9.

The dependence of the conductivity on the angle 9
between the direction of the electric field and the director
was studied experimentally. These results are shown by the
dots in Fig. 9, while the curve is calculated by Eq. (8). The
agreement is very good. It was found from these data for the
CsPFO-H2O system that k^ =1.519 and /q = 8.658
cnvm~'.

The temperature measurements showed that the slopes
of the ky (T) curves change at the phase transitions, while
the derivatives have maxima. These data are shown in Fig.
10 for the CsPFO-H2O system. The conductivity k, was
measured at 0 = 54° 44', at which angle the second term in
Eq. (8) is zero.

The phase transitions (S-L and ND-I) are manifested
as "steps" and are accompanied by sharp peaks in the deriva-
tives of k/j with respect to temperature. The L-ND transi-
tion is manifested more sharply in the variation of k \\ and
leads to practically no change in kl .

75'76

The charge carriers in lyotropic nematics are the coun-
terions. The small change in the conductivity along the di-
rector in the ND -L transition and the analogous tempera-
ture variation of ky in both phases indicate an identical
mechanism of conduction in these phases.

A more detailed examination of the mechanism of con-
duction has been performed for the CsPFO-H2O system.76

Here charge can be transported by the Cs
+ and C7F15CO2~

ions. The latter ions are almost all bound in micelles. Part of
the Cs

+ ions is also strongly bound to the surface of the mi-
celles, but a certain quantity of them forms a diffuse bound-
ary. These are the ions that move freely and participate in the
conduction process. The proof of this is the close coinci-
dence of the ratios of the diffusion coefficients of the cesium
ions and water molecules calculated from the data on the
conductivity of this system and those experimentally mea-
sured in cesium chloride.

Attempts have been undertaken77 to calculate the con-
ductivity of ND and Nc phases by using simple models.
Thus it has been assumed that the micelles in the Nc phase
lie at the nodes of a body-centered tetragonal cell, while their
long axes are oriented along the chosen direction. The details
of the calculation are not reported. However, by varying the
parameters of the problem (the length and diameter of the
micelles, the ratio of the minimum distances between the
micelles along and perpendicular to the director), one can
obtain either a positive or negative anisotropy of conductiv-
ity.

3. THE BIAXIAL PHASE

3.1. The order parameter

The existence of a biaxial nematic phase has long been
assumed in thermotropic liquid crystals.™~82 It has been
considered possible to form it via ordering of the short axes
of the molecules78'79 or in a mixture of elongated and disk-
shaped molecules.80'1" 4) The methods of describing the or-
der parameter of a biaxial phase proposed in these studies
can be used in studying lyotropic biaxial nematics.

The biaxial phase is considered to be orthorhombic
(mmm). The ordering in this phase is characterized by two
mutually perpendicular unit vectors n and m. One of them
describes the ordering of the long axes of the molecules, and
the other the short axes. In lyotropic nematics n describes
the ordering of the long axes of the micelles, and m of the
short axes, if the micelles are orthorhombic. Yet if the biaxial
phase is formed in a mixture of calamities and discotics, then
n and m respectively characterize the ordering of their prin-
cipal axes. Then the tensor order parameter can be written as
follows:

(9)

Here S, > 0 and S2 < 0 are the scalar order parameters, and
Sy is the Kronecker symbol. In matrix notation we have

0

0

If S2 = 0, then

—J- o

4- o

o -=-

(10)

(11)

describes a uniaxial nematic phase I, in which the principal
axes are oriented along the Z axis.

If 5, = 0, then

(12)

describes a uniaxial nematic phase II, in which the principal
axes are oriented along the X axis.

The scalar order parameters are often expressed78'"0 in
terms of the parameters r and 9 denned in the plane of the
order parameter (Fig. 11). The parameter r>0 gives the
deviation from an isotropic phase, while 0<6><77-/3—the
"asymmetry parameter"—gives the deviation from uniaxial
phases. Then in a nematic phase I we have r > 0 and 0 = 0,
and in phase II r>0 and Q = 77/3. A biaxial phase corre-
sponds to r > 0 and an intermediate state of 6.

The scalar order parameters are related to r and 6 by the
following relationships78'*0:
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FIG. 11. Order-parameter plane."

t = - - r (V^3 cos 6 - s in 6),

52 = — 3 r sin 9.
(13)

Upon substituting Eq. (13) into the matrix (10), we obtain
after transformations:

-cos y-

0

0

0

0

cos 9

(14)

This matrix describes the ordering of a calamitic for 0 = 0
and a discotic for 6 = ir/3.

A thermodynamic theory of the biaxial phase has been
developed82 in the spirit of the Landau-de Gennes theory.
Upon applying an expansion of the free energy G in the two
principal invariants r3 cos 30 and r2,78 we obtain

= ar2 + 6r2 cos 36 + cr1 + dr*> cos 36

+ cr9 + /r8 cos2 36. (15)

If we neglect the terms in r6, then Eq. (15) will describe only
uniaxial nematic phases, with the sign determined by the
value of Q. For an ND we have b + r^d < 0. For an Nc this
expression is greater than zero. The transition between the
two uniaxial phases occurs when b + t^d = 0.

In a first approximation one can describe the tempera-
ture dependence of r near the transition as

(16)

Here Tm is the transition temperature. At this temperature r
reaches a minimum, and T — Tm varies continuously from a
negative to a positive value during the transition.

Taking account of the sixth-order terms in Eq. (15)
leads to formation of a biaxial phase. The uniaxial-biaxial
phase transition occurs when

= 2r3/, (17)

with/>0. Thus we have r>0 for a biaxial phase. In this
region we find

cos 39 = - (18)

Near the phase transition and in the biaxial region, if it
is narrow enough, we can assume that

b + r*d = ?> (T — Tm). (19)

Here Tm = (T\ -\- T2) /2, and 7", and T2 are the tempera-
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tures of the ND-Nbx and Nc-Nbx transitions, respectively,
We obtain the following expression from Eqs. (18) and (19)
for the region of existence of the biaxial phase:

4r3/ (20)

Along the line of the transition from the uniaxial to the
biaxial phase we have the following from Eq. (18):

(b + r2d) cos 36 = ^2r3/ cos2 36. (21 )

Then the expansion (15) will have the following form:

G = ar2 + cr4 + ere — /r6 cos2 36. (22)

We see from this expression that the transition from a nema-
tic to an isotropic phase at the point where the lines of the
uniaxial-biaxial phase and nematic-isotropic phase transi-
tions meet can be a second-order phase transition. Here the
biaxial phase disappears (for more details see Sees. 4.2 and
4.3).

3.2. Features of the viscoelastic properties

Saupe83 has developed a theory of elasticity of biaxial
nematics. This phase is considered orthorhombic (mmm),
and in keeping with the matrix of the sixth-order tensor used
to describe it, we need nine nonzero elasticity constants. If a,
b, and c are the unit vectors along the three twofold axes
associated with the local coordinate system X, Y, and Z, then
the elasticity constants have the following meaning: Kaa ,
Kbh , and Kcc are the torsion constants about the vectors a, b,
and c, respectively; Kab and Kac are the longitudinal bending
constants of the vector a in the XY and YZ planes, respec-
tively, Kba and Kbc are the longitudinal bending constants of
the vector b in the XY and YZ planes, respectively, and Kca

and Kcb are the longitudinal bending constants of the vector
c in the XZ and YZ planes, respectively.

There are as yet no experimental data on the elasticity
constants of biaxial nematics.

The equations of motion of biaxial nematics with
allowance for viscosity have been solved in Refs. 84-87.
Twelve coefficients are required to describe incompressible
nematics, and 1 5 for compressible.

3.3. Textures and optical properties

Biaxial Nbx lyomesophases were discovered in 1980 by
Yu and Saupe88 in the KL-DeOH-H2O system. Figure 12
presents89 part of the phase diagram showing the region of
existence of the Nbx phase. It was obtained at a constant
concentration of decanol equal to 6.24%. As we see from
this diagram, the biaxial phase exists in a narrow tempera-
ture range.

The proof of optical biaxiality was obtained by NMR
and optical conoscopic patterns.

A detailed study of the biaxial phase in this system has
been conducted by Saupe and his associates,82 and also by
Galerne et a/.89"91 The ND-Nbx transition is manifested on
the homeotropic texture in the form of grey spots of irregular
shape (Fig. 13). This involves the change in the circular
cross-section of the optical indicatrix to elliptical, for which
the condition of complete darkening in crossed polarizers is
no longer fulfilled. In homogeneous regions the axis along
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FIG. 12. Phase diagram of the KL-DeOH
(6.24% )-H2O system.*9

25,8

which the diamagnetic susceptibility is minimal lies parallel
to the glass plates, while the axis with the maximal suscepti-
bility is perpendicular to them.

A conoscopic pattern typical of an optically biaxial
crystal has been observed81 in a thick (2.5 mm) specimen
oriented by a magnetic field so that the axis of maximal dia-
magnetic susceptibility is directed normal to the glass plates
(Fig. 14).

Thermodynamic theory can be used to describe the
temperature dependence of the birefringence and the magni-
tude of splitting of the NMR line.

Since any tensor property of a liquid crystal depends on
the order parameter, one can show78 that the difference
between the two principal refractive indices n, and «2

 can be
determined by the following expression:

*i-*2 = •£- (Si-S,) = —£- r-ylsinO.2n, (23)

Here ac is a constant that does not depend on the tempera-
ture and the concentration.

Upon substituting Eq. ( 16) into Eq. (23), we obtain

»!-».= - - (24)

In particular, near the ND-Nbx transition, where we
can set T= Tl ~S(T] - T 2 ) , we have

"2
(25)

Near the Nc-Nbx transition, where T=T2

+ 8 (Tt — T2), we have

3 a,r ae r Ini-nz=-^-—- + -^--7^. — >

increasing temperature. In this region the axis with the
smallest diamagnetic susceptibility is established perpendic-
ular to the support glass plates. In the Nc phase the birefrin-
gence slowly declines. In this study78 a reversed biaxial and a
discotic phase were found above Nc.

Galerne and Marcerou90'91 repeated the measurement
of the temperature dependence of the birefringence using
practically the same composition, but with addition of a
small amount ( < 10 ~4 mass fraction) of a ferrofluid for bet-
ter orientation of the specimens. Their results, approximate-
ly up to 30 °C, agree well with the data of Ref. 78. However,
neither in this study nor in the later study89 were recurrent
biaxial and discotic phases found.

The temperature dependences of the diagonal elements
of the anisotropic part of the permittivity tensor at optical
frequencies were calculated from the birefringence data:

(27)

Here {n) is the mean refractive index, which is equal to
1.375.

The symmetric invariants of this tensor, which can be
treated as parameters, are written90'91 as follows:

(28)

= 4ealea28o3.

(26)

The experimental results78 for the KL (25.6% )-DeOH
(6.3%)-D2O (68.1%) system agree well with this treat-
ment. The birefringence in the biaxial phase increases with

FIG. 13. Texture of a biaxial nematic. KL(26.6%)-DeOH (2%)-H2O
(67.8%) system.

FIG. 14. Conoscopic pattern of a biaxial nematic."" KL (26%)-DeOH
(6.24%)-H,O (67.76%) system. Thickness of specimen 2.5 mm. Tem-
perature 20 °C.
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FIG. 15. Temperature dependence of the invariant <73 of the order param-
eter in the transition ND-Nbx-Nc." KL(25.6%)-DeOH(6.3%)-
H2O(68.1%) system. Thickness of specimen 100//m. Magnetic field 10
kG.

These quantities are proportional to the molecular order pa-
rameter S.

In the uniaxial phases we have cr3 = + cr2
3/2, and the

sign is completely the same as the sign of S: positive for dis-
cotics and negative for calamities. In the biaxial phase we
have

3/2 ,3/2 (29)

Figure 15 shows the temperature dependence of the in-
variant a3 in the biaxial nematic phase. In agreement with
the inequality, a3 varies linearly while changing sign.

A biaxial phase has also been observed38 in the NaDS-
DeOH-H2O system. A cross section of the system was stud-
ied at the constant water concentration 57%. The biaxial
phase exists at room temperature in the NaDS concentration
range from 36.05 to 36.15 mass percent. Conoscopic pat-
terns were observed and the dependence of the birefringence
on the temperature and the concentration was measured.

The hypothesis was advanced38 that the transition to
the biaxial phase can be explained by aggregation of discotic
micelles along the optic axis into completely anisotropic ag-
gregates. Further aggregation leads to formation of calami-
tic micelles.

This same group of authors92 studied light scattering
near the transition to the biaxial phase. They found a strong
depolarization of the scattered light at the transitions from
the discotic to the biaxial and from the biaxial to the calami-
tic phase. This agrees well with the second-order character
of these phase transitions.

Estimates have been made92 of the angle between the
optic axes in the biaxial phase. They proved very small, of
the order of 10~3 radian.

4. MOLECULAR ORDERING AND PHASE TRANSITIONS

4.1. NMR data

Lyotropic nematics are widely used as phases for study-
ing NMR spectra. This has made it possible in recent years
to amass a rather extensive experimental material that en-
ables characterizing the molecular ordering.

The measure of molecular ordering is the magnitude of
the quadrupole splitting, which is associated with the order
parameter by the following relationship93:

(30)

0,5 -

Av = - . (3 cos2 Q — 1).

50 60
Mass % D20

FIG. 16. Dependence of the deuterium quadrupole splitting ofD2O mole-
cules in the NaDS-D2O-Na2SO4 (mass ratio of NaDS to Na2SO4 = 8.75)
on the D2O concentration.941—NaDS-D2O (phase G); 2—NaDS-D2O-
Na2SO4 (4%) (phase G); 3—the same (phase N^"). Temperature
30.3 °C.

Here Q is the quadrupole splitting constant, S is the experi-
mentally determined order parameter, and fl is the angle
between the director of the mesophase and the direction of
the external magnetic field. For nematics having ̂ a > 0 we
have fl = 0°, and for nematics having ̂ a < 0, fi = 90°.

In most cases one uses the quadrupole splitting of 2D
atoms. However, data exist on using 23Na, 7Li, I33Cs, 13C,
and 21C1. In the former case the quadrupole splitting of the
deuterium atoms of D2O and of amphiphiles specially intro-
duced into the main chain has been studied.

First of all it was found that the formation of a nematic
phase from hexagonal and lamellar mesophases leads to a
decrease in the order parameter.94-95 This can be seen well
from Fig. 16, which presents the NMR data for the NaDS-
D2O-Na2SO4 system. With increasing D2O concentration
the quadrupole splitting in the G phase declines linearly. At
52% D2O a two-phase region is formed: along with the G
phase a N^" phase arises. On increasing the water concentra-
tion the nematic phase prevails. This leads to a linear decline
in the quadrupole splitting. The pure N<t phase has minimal
order and a minimal value of the quadrupole splitting.

On the whole, an analogous pattern is observed also
upon temperature change.94

The nature and concentration of the counterions con-
siderably affect the ordering of lyotropic nematics.60'96>97 In
the general case addition of salt expands the temperature
and concentration range of existence of the nematic phase,
and hence increases the order parameter. However, some-
times the influence of the counterions can be more radical.
Thus, the replacement of 5-8 mole percent of the Na+ ions
in the NaDS-DeOH-H2O system with Cs+, Rb+, and K+

ions leads to a N^ -NjJ phase transition. Analogous transi-
tions are induced by 20 mole percent NH4

+ and 15 mole
percent C2H5NH3

+. This transition occurs jumpwise.
We also see from these data that the ordering of the

polar groups in the N<f phase is smaller than in the N^
phase. In the N<t phase also the carbon chains are less or-
dered. This has been precisely established by measuring the
quadrupole splitting of deuterium atoms introduced into the
carbon chain in the positions 3,3,4,4.95 Figure 17 shows the
dependence of the quadrupole splitting of deuterium in D2O
and in the methylene group—CD2—in the NaDS-DeOH-
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FIG. 17. Dependence of the deuterium quadrupole splitting of D2O mole-
cules (1) and methylene groups—CD2 (2) in the NaDS-NaDS-3,3,4,4-
d4 (37.63%)-D2O (54.84%)-DeOH (7.53%) system on the Na2SO4

concentration. Temperature 24 °C.

D2O system on the concentration of Na2SO4. Addition of the
latter in the amount of 0.272% leads to a N<t-N,J transi-
tion. Here the quadrupole splitting varies jumpwise by a fac-
tor of 1.64. We can easily find from these data using Eq. (31)
that SC_D (N<t )/Sc_D (ND ) = 0.82. Thus the ordering of
the C-D bonds with respect to the director in micelles of
calamities is slightly smaller than in the micelles of discotics.

An increase in the water concentration reduces the or-
der of both the polar groups and the hydrocarbon chains.95

Thus, in the DAC1-D2O-NH4C1 system this can be seen
well from the dependence of the quadrupole splitting of deu-
terium of the end groups ND+ and a = CD2 on the concen-
tration of heavy water. The N^ phase exists at a D2O con-
centration above 50%, and in this region the order linearly
declines with increasing water concentration. The curves
have breaks at 59% D2O. As one can suppose, they corre-
spond to a second-order phase transition to a phase where an
isotropic liquid and an NQ mesophase coexist. A second
phase transition is observed at 63.87% D2O to a phase whose
nature has not been established.

Many different motions occur in nematics and they all
affect the experimentally established order parameter. In the
general case98 we have

The right-hand side contains the order parameters arising
from different motions: SMO—vibrations of the micelle as a
whole with respect to the director; Sco—vibrations of the
long axis of the carbon chain with respect to the normal to
the surface of the phase boundary; Sk /,- —segmental motion
of the trans-gauche type5' in the hydrocarbon chain; and
SAM—an edge effect—diffusion of the amphiphile at the
boundary of the micelle.

It is impossible at present to distinguish and analyze all
these motions. However, we can still draw some conclusions.

The most general considerations imply that the order-
ing of the different segments of the hydrocarbon chains of
amphiphilic molecules must vary. However, it is not evident
a priori how the order varies in going toward the tail of the
chain inside the micelle. This problem has been clari-

1S;5

N

8,27

3,05

a a a a a a

10

FIG. 18. Quadrupole splitting of deuterium atoms in different segments of
hydrocarbon chain of KL in the ND phase."" KL(33.7%)-DeOH
(5.2%)-KCl (5.1%)-D,O/H,O (56.0%) system.

fled99"101 by introducing deuterium atoms into different seg-
ments of the chain. Figure 18 presents the results of one such
experiment. We can see well that the order varies weakly up
to the ninth carbon atom, then sharply declines. The idea has
been advanced102'103 to explain this fact of an equilibrium
distribution of gauche conformations in the region of the
chain up to C9, with formation of a sole gauche configuration
at the end of the chain.

It was possible to calculate the order parameter of each
CD2 segment of the hydrocarbon chain from the data of Fig.
18 and to determine their temperature dependence. As we
should expect, all the order parameters decline almost lin-
early with increasing temperature and drop to zero at 69 °C,
where the system transforms to the isotropic and the G (or
L) phase. The order parameter of the region C3-C8 behaves
interestingly. At about 45 °C the NMR signal splits into
three components with an intensity ratio of 4:1:1. This leads
to a situation in which the character of the temperature de-
pendence of the order parameter for the two methylene
groups varies appreciably. Apparently this is due to the in-
crease at this temperature in the number of gauche configu-
rations.

In the transition from the lamellar to the nematic N^
phase in the DAC1-H2O and DAC1-H2O-NH4C1 systems,
the ordering of the different segments differs appreciably.l04

The end segments practically do not "sense" the phase tran-
sition, whereas the ordering of the segments closest to the
polar part varies rather considerably. This allows us to state
that the end segments behave to a certain degree indepen-
dently of the rest of the molecules of the amphiphile.

Interesting data have been obtained105"108 in studying
the segmental motions of the trans-gauche type. For differ-
ing segments x and y of a single chain we can write

(32)

If we take the y segment to be the end methyl group, then we
find that the ratio Sx /Sy =3.00 for the trans conformations
of the segment. For the end methyl group under these condi-
tions this ratio is unity. Deviation from these rules would
indicate the presence of gauche conformations.

Figure 19 shows such a situation for the NaDS-DeOH-
H2O system. We can see well that the order in NaDS and

889 Sov. Phys. Usp. 30 (10), October 1987 A. S. Sonin 889



NODS D e O H

10 2 14 6

Carbon atom number

10

FIG. 19. Ratio of the quadrupole splittings for
different segments of the hydrocarbon chain of
NaDS and decanol in the NaDS (41.1%)-
DeOH (3.6%)-H,O (55.3%) system in the
ND phase.107

DeOH is approximately constant for segments 1-8 and rap-
idly declines for the end groups. For NaDS an "even-odd"
effect is clearly marked: the degree of order of segments 1
and 3, and 2 and 4, are equal. The order in DeOH on the
average is greater. This shows that the contribution of the
gauche configurations in the decanol chain is far greater
than in the NaDS chain.

In some cases the angular dependences of the quadru-
pole splitting enable one to calculate the components of the
order-parameter tensor of a deuterated segment. Data of this
type have been obtained109 in studying the NaDS-DeOH-
Na2SO4-H2O and DAC1-NH4C1-H2O systems with substi-
tuted phenols, where the molecules of the amphiphiles were
deuterated in the a-position (see Table VI). These systems
were studied in the N^ phase. We see well that the order of
the CD2 segment closest to the polar part in the single lyotro-
pic nematic phase practically does not depend on the nature
of the amphiphile. At the same time, the low values of the
order parameter cannot be understood.

4.2. Model calculations

The common features of the phase transitions and the
temperature-dependences of ordering are well manifested in
model calculations performed within the framework of a lat-
tice model by the method of Flory.'10 We have already men-
tioned them above. The model is based on dividing space into
cubic cells, each of which contains anisometric particles in
three orientations with their principal axes along the coordi-
nate axes. Two types of particles are considered: rods and
square plates. The forces of interaction among them are tak-
en into account. The early studies of Alben80'81 allowed only

TABLE VI. Components of the order pa-
rameter of the NaDS (0.1 mole percent)-
Na,S04 (0.24)-DeOH (0.22)-H2O
(19.36)-substituted phenols (0.055) and
DAC1 (0.1 mole percent)-NH4Cl (0.26)-
H,O (16.23)-(0.055) and DAC1 (0.1 mole
percent)-NH4Cl (0.26)-H2O (16.23)-sub-
stituted phenols (0.054) systems. "w

Components of the
order-parameter
tensor

Sn
S»2

slt

NaDS

+0,155
—0,043
—0,113

DAC1

+0,146
—0,039
—0,107

for the short-range repulsion. Nevertheless, for a certain ani-
sometry of square plates it was found that, besides the first-
order phase-transition line separating the isotropic and ne-
matic phases, two lines appear on the phase diagram of
second-order phase transitions that converge to a single
point with this line. The second-order phase-transition lines
mark out the optically biaxial phase.

Chen and Deutch''' have recently examined this model
in greater detail. In addition to the short-range repulsion,
they allowed for a long-range attraction between the parti-
cles of the same two types. The long-range action potential
was chosen in the form

Here b and c are constants, A is the volume of the cell, and
Ba& is a matrix whose elements are products of the linear
dimensions of the particles.

If c>0, then the long-range attraction tends to order
the particles exactly as the short-range repulsion does, i.e.,
so that their long axes become parallel. Then a nematic
phase is realized. In this case the phase diagram differs in no
way from that obtained by Alben. However, this model en-
abled calculating the temperature dependence of the mole
fractions of particles in different given orientations, which
enables one to decide on the change in orientation in transi-
tion to different phases. As an example Fig. 20 shows these
results for certain concrete values of the parameters of the
theory.

The model yields an isotropic phase at high tempera-
ture. With decreasing temperature a first-order phase transi-
tion to a nematic phase arises. Depending on the concentra-
tion of the particles, this will be either a discotic (as in Fig.
20) or a calamitic. In the discotic phase, as we see from Fig.
20, most of the plates and the smaller part of the rods are
oriented along the Z axis. Here most of the rods are oriented
in the XYplane. However, in a uniaxial nematic phase most
of the rods (or plates) are ordered in one direction, while the
rest of the rods (or plates) are uniformly ordered in the two
other directions. With decreasing temperature this equality
breaks down, a second principal axis is formed, and the sys-
tem is converted via a second-order phase transition into a
biaxial phase.

Yet if c < 0 in Eq. (33), the attraction tends to establish
a perpendicular orientation, while the repulsion tends to
form a nematic phase. This case is especially interesting. It
leads to recurrent phases.

The calculations show that at high temperature, just as
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FIG. 20. Temperature dependence of the distribution of rods (a) and
plates (b) in the model of Chen and Deutch.' ' ' Dimensions of particles:
rods (length =1, diameter = 0.1), plates (length = 0.5, thick-
ness = 0.04). Here x, is the mole fraction of rods oriented along the X
axis, x2 along the Xaxis, and x3 along the Z axis; *4 is the mole fraction of
plates oriented along the X axis, x, along the Y axis, and *6 along the Z
axis.

in the previous case, only an isotropic phase arises. At inter-
mediate temperatures the state of the system is determined
by the competition of the long- and short-range forces. De-
pending on the concentration of particles, discotic, calami-
tic, or biaxial phases can arise. However, at low tempera-
tures the long-range attraction proves to predominate in the
configurational energy, and when c < 0 the molecules will
tend toward a disordered arrangement, so that the system
will revert from a biaxial phase to a uniaxial nematic phase,
and from it to an isotropic phase.

Figure 21 shows the phase diagram as calculated for
certain values of the parameters of the theory.

Interestingly, the biaxial region is asymmetric, and the

degree of asymmetry depends on the degree of asymmetry of
the particles being studied. The phase diagram presented in
Fig. 21 describes the sequence of phases I -> D — Nbx -»D -> I.
Such a sequence has not been observed experimentally.
However, with high asymmetry of the particles the biaxial
region acquires a large slope toward the calamitic phase, and
then one can easily realize the experimentally observed se-
quence of phases I -> D -»Nbx -»C - Nbx -»D -»I.78

In the model under study the critical points for the biax-
ial and the recurrent biaxial phase correspond to identical
concentrations. However, this arises only from the adopted
simplified relationship between the repulsive and attractive
forces. Upon taking a more exact account of this balance the
critical points will generally be manifested at different con-
centrations.

The critical points have not been studied experimental-
ly. However, we can consider a proof of their existence to be
the concentration narrowing of the biaxial phase in the KL-
DeOH-H2O system.78-80

The model being studied is fully equivalent to the phe-
nomenological approach within the framework of the theory
of phase transitions of the Landau-de Gennes type. Hence
one can find simple relationships between the parameters of
the model and the coefficients of the expansion of the free
energy in terms of the order parameter.''' Here one finds
simple equations describing the first- and second-order
phase transition lines between the isotropic and nematic
phases and the uniaxial and biaxial phases, respectively. Yet
if these phase transitions occur simultaneously, then the N-I
transition will be a second-order transition.

4.3. Critical indices

As we have already seen, phenomenological models of
the Landau-de Gennes type and calculations by the mean-
field method yield the result that the N-I and N-L phase
transitions are first-order transitions, while the uniaxial-
biaxial nematic transition is second-order. The experimental
data on the refractive indices, light scattering, and NMR
spectra 3X,78,81,92 that we have mentioned above agree as a

FIG. 21. Phase diagram calculated for certain values of the order param-
eter in the model of Chen and Deutch.'' '

whole with this pattern. Information also exists"2 on ther-
mal effects of the transitions obtained with a differential
scanning calorimeter. The DSCG (13%)-H2O-ethylene
glycol system in the L-N transition showed A.//~0.8
cal-g~', while A//~0.6 cal-g~' for the N-I transition.
However, all these data were not obtained under equilibrium
conditions, and it is very difficult to draw conclusions from
them on the features of the phase transitions in lyotropic
nematics.

However, studies have recently appeared specially de-
signed to meet all the requirements for a careful study of
phase transitions, from which we can draw the first conclu-
sions.

Kumar, Yu, and Litster1 '3 studied the first-order tran-
sition between an isotropic and an ND phase by the light-
scattering method. They worked with the DAC1-NH4C1-
H2O system in the isotropic phase. The specimens were ther-
mostatted to an accuracy of + 0.001°. Figure 22 shows the
dependence of the reciprocal of the light-scattering intensity
on the temperature. Behavior typical of thermotropic nema-
tics is shown, and far from the transition over a broad range
the reciprocal of the intensity depends on the temperature as
(T — T$n )~\ where TJJ, is the extrapolated temperature
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FIG. 22. Temperature dependence of the reciprocal of the light-scattering
intensity in the DAC1 (44.4%)-NH4Cl (4.4%)-H2O (51.6%) system.
Temperature of the N-I transition is 63 °C. "3

at which only the nematic phase is stable. For the given sys-
tem we find r$, = rNI — 0.8 °C. The two-phase region is
fixed in a range of 0.3 °C below TNI. However, hysteresis
was not observed.

These same authors'13 studied light scattering near the
nematic-lamellar phase transition. They determined a criti-
cal index for the smectic correlation length that proved equal
to 0.64 + 0.05. This value is contained in the interval of criti-
cal indices for thermotropic liquid crystals. However, it
agrees with neither the value from mean-field theory nor
with that from similitude theory.

Another interesting result is that the intensity of the
scattered light obeys a power law in an interval of 11 °C
above TNL. This indicates a prevailing role of smectic fluctu-
ations. We recall that for thermotropic nematics a deviation
from a power law is already observed above 3 °C.

We should especially consider the N-I phase transition
in the CsPFO-H2O system. It has been thoroughly studied
using the temperature dependence of the birefringence in-
duced by a magnetic field"4""7 and of the ordinary birefrin-
gence.118 If we choose the quantity Tm — T'fc, as the char-
acteristic of the transition, then with decreasing CsPFO
concentration the phase transition approaches second order
(Table VII). We note the unusual narrowness of the interval
7"NI — 71*, for this system. For thermotropic nematics and
such a typical lyotropic nematic as DACl-DeOH-H2O we
find (TNI - r*,)/TN1~3-10-3. For the CsPFO-H2O
system this quantity is ~ 5 • 10~5.

The study of the magnetic birefringence in the isotropic
phase showed a linear dependence of An///2 with a critical
index •y = 1.01 +0.04, which agrees well with the value

TABLE VII. Change in the character of the phase transition as a func-
tion of the molar concentration of CsPFO in water.'lfl

c, mole

0,30±0,005
0,37
0,40
0,43

T T* K1 Nl J N L > Iv

< 0,025
0,03±0,01

0,035±0,01
0,06±0,02

c, mole

0,49±0,005
0,53
0,57
0,61

r N 1 -7-R L ,K

0,07±0,03
0,10±0,03
0,25±0,05
0,60±0,1

from mean-field theory. In an interval of 0.3° from TNI a
deviation was observed from linear dependence caused by
strong fluctuations in the order parameter.

The extrapolation of An to zero field allowed calculat-
ing the critical index for the order parameter. It proved equal
to /? = 0.34 + 0.6. "5 A similar value

P A /.n+0,04
= U. 4U_o,06

has also been found from measuring the temperature depen-
dence of the birefringence."8 These critical indices differ
both from mean-field theory (0.5) and from the tricritical
value (0.25), but are close to the mean-field value when one
takes into account sixth-order terms in expanding the free
energy (0.34). This phase transition is described just as well
by using the scaling theory with the dimensionality d = 3
and number of components of the order parameter N= 5.

Near TNi (~0.75-10~3 K), the estimates of the jump
in the order parameter yield a value of 0.18, and K ^ 2 • 10 ~8

dyne for the elasticity constant. The strong fluctuations in
this region diminish the order parameter by a factor of al-
most two. (For thermotropic nematics a 2-3% decrease is
typical.)

Addition of Cs+ ions increases TNI — Tft,; that is, the
transition approaches first order. Here Tm and !TNL in-
crease, but the region of existence of the lamellar phase de-
creases. Hence one concludes that it is possible to form inter-
micellar complexes involving Cs+ ions. The dimensions of
these complexes decrease with increasing concentration and
temperature. "6-"7

We have already spoken above of the interesting phase
transitions between optically uniaxial and biaxial nematics.
These transitions have the features of second-order phase
transitions. They have been studied in detail by using the
temperature dependence of the birefringence and the mag-
netic-field-induced birefringence in the KL-DeOH-H2O
system by Saupe and his associates.82'119 In the first study a
value of the critical index for the order parameter was found
that agrees with the mean-field theory. However, it was
found in the later work''9 that the critical index & describing
the behavior of the order parameter near the ND -Nbx transi-
tion equals 0.37 + 0.03, while y, the critical index of the
temperature behavior of magnetic-field-induced birefrin-
gence, is 1.33 + 0.04. These data indicate the possibility of
describing the ND-Nbx transitions by using scaling theory
with d = 3 and N = 5. Cajas, Swift, and Brand120 arrived at
the same theory by examining the critical dynamics near the
N-Nbx transition. At the same time, light-scattering experi-
ments near the ND-Nbx transition12' in the KL-DeOH-
H2O system showed that its behavior is described well by the
critical indices of mean-field theory.

Such discrepancies are quite explainable by the diffi-
culty of the experiments in the region of the uniaxial-biaxial
nematic transition (narrow temperature interval of exis-
tence of the biaxial phase, breakdown of the stoichiometry of
composition of the mixture in the process of the experiment,
impurities, etc.).

5. CHOLESTERICS

5.1. Influence of chiral additives

As early as 1976 Fujiwara and Reeves105 studied the
influence of adding cholesterol (up to 4.6 mole percent) on
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FIG. 23. Cholesteric texture induced in the NH4DS-DeOH-H,O-
(NH4)2SO4 system by adding BS.1"

the NMR spectrum in the DAC1-NH4C1-H2O system. They
reported a broadening of the lines in the spectrum with in-
creasing content of cholesterol and interpreted this effect as
the formation of a lamellar phase. Lyotropic cholesterics
were first obtained two years later by Radley and Saupe.122

They used three systems:
1. CsDS-DeOH-H2O-</-tartaric acid.
2. NH4DS-DeOH-(NH4)2SO4-H2O + brucine sul-

fate.
3. DAC1-NH4C1-H2O + cholesterol.
The concentrations of the chiral additives were the fol-

lowing: tartaric acid from 7.2 to 18.8 mole percent, brucine
sulfate (BS) from 0.113 to 8.28 mole percent, and cholester-
ol from 0.50 to 3.85 mole percent. In all cases typical disor-
dered cholesteric textures were observed. Upon applying a
magnetic field in the plane of the specimen a well-ordered
texture was formed (Fig. 23), which easily allowed measur-
ing the pitch of the helix. Since the axis of the helix is estab-
lished parallel to the magnetic field, the diamagnetic anisot-
ropy of the specimens was negative.

The specific rotation was measured experimentally. It
was found to be equal to 550 for BS, 1100 for cholesterol, and
1800 deg/cm for tartaric acid.

BS and tartaric acid induce a right-handed helix, and
cholesterol a left-handed one. For all the systems a decrease
in pitch was found with increasing concentration of the addi-
tive, while in the case of cholesterol a subsequent increase
was observed.

Yu and Saupe39 studied the influence of BS addition to
the NaDS-DeOH-H2O system. They obtained cholesterics
both from discotics (ChD ) and calamities (Chc). In both
cases the pitch of the helix decreased with increasing concen-
tration of BS. However, the pitch of the helix for Chc is
almost twofold greater than for ChD. A comparison of the
magnitudes of the helical pitch presented in this study and in
Ref. 122 shows that in the latter the specimens of system 2
possessed a calamitic phase.

An optically active additive also affects the phase-tran-
sition temperatures: with increasing BS concentration the
temperature of the ChD-Chc transition was elevated (by
approximately 3 °C at 0.2 mole percent BS) and the tem-
perature of the transition to the lamellar phase was de-
pressed.

An optically active additive also affects the phase-tran-
sition temperatures: with increasing concentration of BS the

temperature of the ChD-Chc transition was elevated (by
about 3 °C at 0.2 mole percent BS) and the temperature of
the transition to the lamellar phase was depressed.

The ChD phase is easily ordered by a magnetic field, the
axis of the helix being aligned parallel to the field. The Chc

phase in a strong magnetic field forms an untwisted texture
owing to the fact that its helical axis is aligned perpendicular
to the field (;fa > 0) and it is untwisted into a nematic.

Discotic and calamatic cholesteric phases induced in
the KL-DeOH-KCl-H2O system by adding cholesterol
(0.13-0.26 mole percent) were first observed by Alcantara
et al.123 In a magnetic field they observed typical cholesteric
textures, while by using NMR spectra they found a decline
in the degree of micellar mobility as compared with the ne-
matic phases.

Neto, Liebert, and Levelut124 have studied in detail the
influence of a magnetic field on the properties of lyotropic
cholesterics. They worked with the NaDS-DeOH-H2O and
KL-DeOH-H2O systems. They added 0.05% of a ferrofluid
to reduce the orienting magnetic field intensity in these sys-
tems. It was shown that the ferrofluid does not affect the
optical properties of the mesophases that were obtained.

Just as in the previous studies, it was found that for ChD

the helical axis is aligned parallel to the magnetic field. The
specific rotation for a BS concentration of 0.4 mole percent
was 380 deg/cm, and it declines with increasing concentra-
tion of the chiral additive.

The Chc phase is untwisted by a magnetic field. When
the latter is applied in the plane of the preparation, a planar
nematic texture is formed in several hours. However, after
removing the field a texture arises from both sides of the
specimen that amounts to straight, parallel lines lying per-
pendicular to the initial application of the field. They gradu-
ally fill the entire specimen, but break down after several
hours, and the texture again becomes homogeneous without
lines. This homogeneous texture is optically active. In it the
helical axis is perpendicular to the plane of the specimen. In
this configuration the axes of the cylindrical micelles remain
perpendicular to the helical axis and parallel to the plane of
the specimen.

The intermediate banded structure arises owing to hy-
drodynamic instability caused by backflow. The situation
here is the following. In the presence of the magnetic field
the micelles are oriented along the field and parallel to the
support glasses throughout the specimen except at the ends.
After removing the field the micelles lying at the ends of the
specimen are also oriented by the glass plates parallel to their
surfaces. This leads to flow and establishment of a configura-
tion of cylindrical tubes.

The specific rotation for the same concentration of BS
in Chc is an order of magnitude larger than in ChD.l24

Cholesteric ChD phases have also been obtained
by adding chiral compounds to the DSCG-H2O sys-
tem. 65-125-143 Numerous chiral additives were used, chosen
by the principle of solubility in water and hydrogen-bonding
capability. They were added to the starting system in
amounts of 1 -30%. The most effective (yielding the smallest
helical pitch at the least concentrations) proved to be
lysine-HCl, phenylalanine, proline, and ^-glucose. Linear
dependences of the reciprocal helical pitches on the concen-
tration of the additives were obtained. Typical values of the
pitch were 15-100 //m. Here there was no simple correlation
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between the sign of the additive and the sign of the obtained
cholesteric. Thus, /-alanine and /-proline induce right-hand-
ed helices, and their of-enantiomorphs left-handed helices. It
was possible by combining additives to reduce the helical
pitch to 3-5 fim. For example, in the DSCG (15.1 %-/-alan-
ine (9.5%)-rf-lysine-HCl (9.5%)-H2O (65.9%) system a
helical pitch of less than 3 /j,m was found. Upon cooling this
and analogous systems having a small pitch become colored,
since the helical path becomes comparable with the wave-
length of visible light.

A usual behavior of the systems in a magnetic field was
found: the helical pitch decreases over the course of several
hours until it reaches a stationary value equal to about 1/3 of
the initial value. Apparently this effect involves the influ-
ence of the walls of the thin capillaries, which have a sharply
marked untwisting action for cholesterics whose pitch is
comparable with the thickness of the capillaries. Here the
magnetic field is a stabilizing factor that converts the choles-
teric to the equilibrium state.

A report126 has been published on finding a blue phase
in this system upon adding 26.07% allo-4-hydroxy-/-pro-
line. However, it was ascertained later127 that the obtained
phase is lamellar.

Recently a biaxial cholesteric phase Chbx has been ob-
tained128 by adding 0.18 mass percent BS to a biaxial nema-
tic in the NaDS-DeOH-H2O system. The mesophase Chbx

exists between ChD andChc in the temperature interval 16-
19 °C. The helical pitch of Chbx equals that of ChD and the
long axes of the biaxial micelles lie parallel to the axis of the
helix. Although it was expected a priori that that the three
cholesteric phases would have different values of the helical
pitch and the Chbx mesophase would be analogous in struc-
ture to the blue phase, yet, owing to the large energy needed
to form the latter, only one structure is realized with the axis
of the helix along the long axes of the micelles.

Defects in the Chbx mesophase have been treated theo-
retically.129 It was shown that, in contrast to uniaxial choles-
terics, the A-disclinations must have nuclei.

5.2. Chiral nematics

We are employing this generally accepted term for com-
pounds that form cholesteric phases, but are not derivatives
of cholesterol. The first such cholesteric was the system of
the hydrochloride of the decyl ester of d- (or /-)alanine-
Na2SO4-D2O at a concentration of 11.3-11.85 moles of wa-
ter per mole of amphiphile.130 Typical cholesteric-type tex-
tures were observed, which became ordered in a magnetic
field so that the axis of the helix became parallel to the field
(ja < 0). The racemic mixture of amphiphiles yields an N^
phase in this system. The enantiomorphic amphiphile yields,
besides the cholesteric phase, (at lower water content) also
an ND phase, which transforms with increasing water con-
centration to a lamellar phase, and only then to a cholesteric
phase. Unfortunately structural data are lacking on this in-
teresting case of polymorphism, whereas this is the first case
of coexistence in one system (albeit not in a single com-
pound) of both a nematic and a cholesteric mesophase.

The group of Reeves'3' has obtained a cholesteric cala-
mitic. It is formed in the sodium lauryl-/-alanine (29.73%)-
Na2SO4 (3.04%)-DeOH (4.8%)-D2O (62.43%) system.
The racemic mixture of amphiphiles forms a calamitic ne-
matic phase.

Optically active sodium N-laurylaspartate forms both
ChD and Chc phases.132 They arise in the presence of an
electrolyte and decanol. The Chc phase is formed in the
Na2SO4 (2.99 mole percent)-H2O (70.38%)-D2O
(22.11%)-DeOH (1.29%) system, and the ChD phase in
the NH4C1 (5.91 mole percent)-H2O (68.05%)-D2O
(20.42% )-DeOH (1.53%) system. The racemic com-
pounds form Nc and ND phases, respectively.

The ChD phase is well oriented in a magnetic field with
the helical axis parallel to the field. A typical helical pitch
lies in the range 60-80 fim. The Chc phase is oriented by a
magnetic field with formation of typical A. + and T+ disclina-
tions.

Continuing these studies on cholesterics having chiral
anions, Covello et al.133 obtained salts of other amino acids
(serine, valine) and found that they also form typical choles-
teric phases in aqueous systems. A cholesteric with a chiral
cationic amphiphile has recently been obtained by Goozner
and Labes.134 They synthesized D-(2)-octylammonium
chloride (D-OAC1) and studied an aqueous system contain-
ing DAC1 and NH4C1 in addition to this compound. A cho-
lesteric Cho phase was found at the following concentra-
tions: D-OAC1 (17.7%), DAC1 (36.6%), NH4C1 (5.9%),
H2O (39.8%). The cholesteric phase exists in the tempera-
ture range 16-32.5°C. A lamellar phase is formed at lower
temperatures and an isotropic phase at higher. The choles-
teric phase is formed very slowly from the smectic. Several
hours are needed to reach thermal equilibrium. The helical
pitch increases linearly with increasing temperature: it is
~ 35^m at 16 °C, and 45/zm at 32° C. Moreover, the pitch is
very sensitive to the concentration of electrolyte: a twofold
increase in its concentration decreases the helical pitch.
Moreover, one can control the helical pitch by adding opti-
cally active glucose.

A chiral nematic has been obtained135 in the potassium
N-dodecanol-/-alaninate-DeOH-H2O system. It was shown
by NMR with this example that a change in the concentra-
tion of amphiphile and DeOH alters the dimensions of the
micelles. This is accompanied by a change in the helical
pitch: the helical pitch increases with increasing concentra-
tion of amphiphile, and decreases with decreasing concen-
tration of DeOH.

In closing this Section we point out the formation of a
cholesteric phase in an aqueous solution of the polysaccha-
ride schizophyllan.136 Although the latter is a lyotropic liq-
uid crystal, yet it belongs generally to the high-molecular-
weight compounds.

CONCLUSION

Broad studies of lyotropic nematics are just beginning.
And although important results have already been obtained,
the most interesting material still lies ahead.

First of all, one must establish the connection between
the nature and structure of the molecules constituting the
system and the possibility of formation of certain types of
mesophases. At present, as in the time of Leman for thermo-
tropic liquid crystals, all lyotropic nematics have been ob-
tained fortuitously, arid there is yet no guiding idea that
might indicate the pathway of "molecular construction." A
more special, but very important problem is to obtain non-
aqueous nematics having a large electric resistivity. These
systems would make it possible to extend to lyotropic nema-
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tics the entire arsenal of means of study of the dielectric and
electrooptic properties that have made such a great contri-
bution to studying thermotropic liquid crystals.

Undoubtedly the physics of lyotropic nematics will ex-
pand our view of the molecular mechanisms of all the phys-
ical properties of liquid crystals. It is already evident in
studying the elastic, diamagnetic, dielectric, and optical
properties of lyotropic nematics that one must take into ac-
count the contribution made by the properties of the mole-
cules of the amphiphiles, counterions, and solvent, as well as
the characteristics of the micelles themselves as a whole.
Further studies in this field will enable a close approach to be
made to the construction of a molecular physics of liquid
crystals.

Here the most important problems are the construction
of a complete phenomenological theory of the physical prop-
erties of uniaxial and biaxial nematics, the elucidation of the
structure of the micelles and the changes that they undergo
in phase transitions, and the accumulation of experimental
data on the entire complex of physical properties, including
the electrooptic properties.

Studies of lyotropic nematics in earnest are just begin-
ning. Therefore it is not yet clear what practical application
they can find. However, already lyotropic nematics are being
successfully applied as solvents in studying NMR spectra.
Perhaps they will find application as ordered solvents en-
abling one to control chemical reactions that occur in them.
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