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This paper reviews the physical properties of liquid-crystalline phases arising in solutions containing
molecules of amphiphilic substances. The basic characteristics of micelle formation in dilute solutions, models
of sphere—disk or sphere—cylinder structural transformations, as well as phase transitions related to the
appearance of lyotropic mesophases in the system, including nematic, lamellar, hexagonal, and others, are
examined. The results of experimental and theoretical investigation of “solvation” forces acting between
micelles in the solvent, as well as recently studied models of swelling of lamellar phases are presented. The
phenomena occurring near the inversion point of microemulsions in amphiphile—oil—water systems are
examined briefly. The role of liquid-crystalline ordering in some biological systems is discussed.
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1. INTRODUCTION

Lyotropic liquid crystals (LLC) or, in other words,
lyotropic mesophases, arise in solutions containing
asymmetrical molecules of amphiphilic (AP) sub-
stances,!’ which, due to their structural characteristics,
have a tendency to combine into aggregates called mi-
celles, containing several tens and more molecules.
As the concentration of the substance increases, the
number of micelles in the solution increases and ther-
modynamically stable mesophases, namely, nematic,
hexagonal, lamellar (smectic), cubic, and possibly
others, can form.

In spite of the fact that the existence of a liquid-
crystalline phase in an agueous solution of ammonium
oleate was established by O. Leman about 100 years
ago, significant progress in the study of LLC has been
achieved only in the last twenty years. During this

UAnother name—surface-active substance—reflects the ten-
dency of amphiphiles to concentrate on the surface of an
interface between phases.
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period, phase diagrams of solutions of different amphi-
philes were studied and the basic physical properties
of lyotropic mesophases were established.*™ Interest
in these investigations was due primarily to their close
relation to the general biological problem of the self-
assembly of supermolecular structures of living cells:
cell membranes, chloroplasts, myelin sheath of neu-
rons, gray matter of the brain, and other structures
are in an essentially liquid-crystalline state* and, in
addition, they include a considerable amount of AP
substances—lipids and phospholipids. In addition, the
totality of interactions determining the collective be-
havior of AP molecules in solutions plays an important
role in the formation of the structure of high-molecular
compounds making up living organisms: proteins, nu-
cleic acids, polysaccharides, etc.

A number of physical phenomena occurring in lyotro-
pic systems, such as structural transformations of mi-
celles, alternation of mesophases, and others, turn out
to be related to the change in the number of water mole-
cules bound to the polar heads of the amphiphile. In ad-
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dition, the more concentrated systems correspond to a
smaller amount of water per polar head. This charac-
teristic is observed in the analysis of experimental da-
ta obtained while studying both LLC!™ themselves and
dilute micellar solutions® in systems of AP molecules.
We note that analogous phenomena usually do not arise
in thermotropic liquid crystals and, correspondingly,
are not discussed in reviews concerned with thermo-
tropic mesomorphism.58

This review is not concerned with an exposition of all
original papers concerned with the problem under study,
whose number is increasing rapidly. A more complete
list of references on the problems considered here can
be found in Refs. 1-5.

2. STRUCTURE OF BASIC LYOTROPIC
MESOPHASES

a) Lyotropic mesogens: amphiphilic substances and
block copolymers

The specific physicochemical properties of LLC are
due to the asymmetric structure of the constituent AP
molecules: these are usually quite long (20~30 &) mol-
ecules, which have distinct hydrophilic, i.e., having a
strong affinity to water, and oleophilic, i.e., having a
strong affinity to oil, parts. We shall present several
examples.

Detergents—salts of fatty acids—contain a flexible
paraffin chain C H,,,, (“fatty tail”) connected to a polar
group (“head”) (Fig. 1a). The number of atoms in the
paraffin chain n~6-20 and, in addition, there can be
several chains. The head consists of a group of atoms
connected by polar bonds-ICOOK, ~NH,Cl, -0OSQ, Na,
etc., which can dissociate completely or partially in a
polar solvent. Molecules of this type include, in par-
ticular, the following: sodium dodecyl sulfate C ,H, .-
0SO, Na (SDS), which is widely used in experimental in-
vestigations of LLC; common soap which is a mixture
of sodium salts of stearic and palmitic acids; and,
aerosol OT (AQT), which has the following structural
formula

CH,—CH, 0
CH,— (CH,),— - CH,— 0b—CH— SO;Na
CH,—(CH,),—CH—CH,—OC—(I:H,
CH_.,—(IIH, b

In biology, the lipids and phospholipids, which are
biological detergents and also have amphiphilic proper-
ties, play an important role. The former includes, for
example, cholesterol and the latter includes lecithins

)
CH,—O~(I'IJ—R,,.

R,,—-C—O—(:JH ?- (IJH,
CHZ—E—O—CHz—(CHz),—l\'I"—CH,.

CHj,
where R, and R, are paraffin chains.

Molecules of alcohols have an amphiphilic nature but
they do not form lyotropic mesophases by themselves,
although they can greatly alter the composition of an ex-
isting LLC. These compounds belong to the group of
so-called “cosurfactants.”
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FIG. 1. Schematic illustration of lyotropic (a) and thermo-
tropic (b) mesogens.

a)

For comparison, Fig. 1b illustrates schematically
the structure of a molecule of a thermotropic mesogen,
whose characteristic features are the presence of a
rigid section (shaded rectangle in Fig. 1b), which is re-
sponsible for the elastic behavior of the liquid crystal,
and comparatively flexible “tails.”

In contrast to thermotropic mesogens, molecules of
AP substances forming LLC, as a rule, do not contain
rigid structural parts. The appearance of elastic prop-
erties in solutions of amphiphiles is related to the spe-
cific capability of the latter to combine into micelles—
aggregates, which, for a fixed composition, tempera-
ture, and pressure of the solution, have a definite shape
and size corresponding to the minimum of the thermo-
dynamic potential of the system. In addition, it is pre-
cisely the high conformational flexibility of hydrocar-
bon tails, which permits the latter to pack easily into
micelles with different geometrical shapes (spheres,
cylinders, layers), that is the necessary condition for
the observed variety of lyotropic mesophases in sys-
tems of AP molecules.®®

Some of the types of aggregates forming in solvents
with different polarity are illustrated in Fig. 2. In all
cases, the heads of the AP molecules are surrounded
by the polar solvent (usually water), while the tails are
located in the fatty (hydrophobic) environment. The
“golden” rule of chemistry is thereby satisfied: “like
dissolves in like.”

By examining the change in the free energy of the so-
lution due to the addition of a single AP molecule to the
solvent, we can estimate independently the contribu-
tions from the lipophilic and hydrophilic parts: aF
= AF; p+ AFyp. Such a separation makes sense for suf-
ficiently long molecules and, on the whole, corresponds
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FIG. 2. a) Gibbsian monolayer on the interface between fatty
and polar media; b) spherical micelle formed by amphiphilic
molecules in a polar solvent; c) inverted spherical micelle in
a fatty medium; d) lamella (bilayer) in a polar medium (cell
membranes have a similar structure); e) inverted lamella
(soap film); f) bubble-vesicle formed by amphiphilic molecules
in a polar medium.
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to the actual experimental situation, in particular, for
substances similar to AOT or SDS. Due to its large di-
pole moment or charge (if the head is ionized), the
polar group of the amphiphile attracts molecules of the
solvent, forming together with them several hydrogen
bonds and, in the process, the free energy of the sys-
tem decreases in polar media: AF,;;<0. On the other
hand, the change in free energy contributed by the fatty
tail in a polar solvent (so-called hydrophobic interaction
energy) turns out to be positive due to the large de-
crease in the entropy of the liquid near the dissolved
molecules. In fatty media, the energy of solvation of
the molecule is low and the decrease in the entropy of
the solvent makes dissolution disadvantageous. The ra-
tio between the absolute values of AFy, and AF; , char-
acterizes the so-called hydrophilic-lipophilic balance of
the amphiphile (Sec. 6¢).

Thus, when a molecule of the amphiphile is located
on the boundary of the fatty and polar media, as illus-
trated in Fig. 2, its energy is lower than in the polar
medium by the magnitude of the energy of the hydro-
phobic interaction and is less than in the fatty medium
by the magnitude of the energy of solvation of the polar
head.

Liquid crystalline phases can also arise in solutions
containing some polymers. The simplest examples of
this kind are, apparently, solutions of polypeptides,**
for example, poly-y-benzyl-L-glutamate (PBG), which
can exist in some solvents in the form of a helices,
stabilized by hydrogen bonds. Under certain conditions,
these helices may be viewed as being rigid.

A more complicated mesomorphic behavior is ob-
served in solutions of so-called block copolymers.
This term refers to chain-like molecules constructed
from various types of monomers A, B, C, and so on,
which are joined into chains in the form of large
blocks, for example,

...A..,.AB...BC...C...
Nt Ny N )
na ng ne

Polymers constructed from different monomers (A),,,
(B) 5, and so on, in most cases, do not intermix,*? in-
asmuch as the gain in entropy obtained with the mutual
penetration of two macromolecules is insufficient to
compensate for the loss in the interaction energy of the
monomers arising in this case. In the case of block
copolymers, complete separation of segments of the
chain is prevented by covalent bonds between the mono-
mer blocks, on the strength of which the solution does
not separate into macroscopic phases. However, the
tendency for spatial separation of different sections of
the polymer molecule, as in the case of AP substances,
leads to the appearance of microheterogeneity in the
solution.

In this paper, LLC in solutions of polymers are not
examined in detail. A review of their properties can be
found in Refs. 11 and 13.

b) Review of the properties of lyotropic liquid
crystals

The structural unit of LLC are micelles, which are
aggregates of AP molecules whose shape and size are
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determined by the physical properties of the corre-
sponding lyotropic mesophases.

Most experimental data obtained in investigations of
LLC (x-ray diffraction, NMR and EPR spectroscopy,
optical and magnetic measurements, viscoelastic prop-
erties, and others!'™®) of different composition, as well
as dilute micellar solutions (data from NMR, elastic
and quasi-elastic light scattering, low-angle neutron
scattering, fluorescence, and viscosity®) can be match-
ed assuming that the following basic types of micelles
appear in the solutions: spherical (normal and invert-
ed), cylindrical (normal and inverted), and disk-shaped
(see Fig. 2). The shape, dimensions, and concentration
of micelles can vary depending on the composition and
temperature of the solution; in this case, the physico-
chemical properties of the system also change consid-
erably. The following macroscopic phases, which are
intermediate between the pure solvent and the pure AP
substance, are distinguished experimentally.

1) Isotropic micellar solutions. When the concentra-
tion of AP substance exceeds some critical value c*,
called the critical concentration for micelle formation
{CMC), at sufficiently high temperatures T > Ty, (T «,
is the so-called Krafft temperature®), micelles, which
are thermodynamically stable aggregates usually con-
taining several tens of AP molecules each, are formed
in the solution. For a small excess of the solution con-
centration above ¢ *, the shape and the aggregation num-
ber of the micelles remain practically unchanged and
their concentration increases approximately propor-
tionately to ¢ — c¢*. A dilute micellar solution with
¢z c* is not, strictly speaking, a separate phase, dif-
fering from the true molecular solution existing with
c<c*, and it is not separated from the latter by some
special line on the phase diagram. However, micelle
formation is accompanied by a considerably change in
the structure of the short-range order of the solution:
a predominant mutual orientation of AP molecules,
analogous to their orientation in LC phases, appears
within a single aggregate (see Fig. 2). From a general
point of view, micelle formation in solution represents
a pretransitional phenomenon, analogous, for example,
to the appearance of cybotactic clusters in nematics
near the point at which the smectic modification of a
thermotropic LC appears.’*!> As more AP molecules
are added, two different cases are encountered:

A) At some concentration ¢ = ¢ ** (so-called second
critical concentration for micelle formation), the struc-
ture of the micelles can change, for example, a sphere-
disk or sphere-cylinder transition can occur. The
change in the structure of the aggregates can also be
caused by a change in temperature or (and) composition
of the solution.

B) The solution can separate into two phases contain-
ing a different amount of AP substance'® and, in this
case, there exists a critical stratification point near
which critical scattering of light by the solution is ob-
served.!” The phase containing a large amount of
amphiphile, depending on the shape and concentration of
the micelles, can be both isotropic and anisotropic
(liquid-crystalline). The shape and size of the aggre-
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gates usually change with the formation of the LC
phase. For example, the isotropic-solution-hexagonal-
phase phase transition occurs due to the increase in the
length of cylindrical micelles (Figs. 3 and 4).?

2) Hexagonal phases are formed by cylindrical mi-
celles (CM) of indefinite length, packed into a two-di~
mensional lattice with hexagonal symmetry (Fig. 5).
The structure of the micelles can be normal or invert-
ed depending on the type of AP substance and on the
solvent. Thus SDS molecules in a polar solvent usually
form normal micelles (Fig. 4), while aerosol OT mol-
ecules, which contain two fatty tails, form inverted
aggregates (see Fig. 3). The diameter of normal CM
is approximately 10-309% shorter than the length of the
completely extended molecule of the amphiphile, and
the distance between the cylinders varies in the range
8-50 A depending on the water content. For inverted
micelles, the diameter of the water cylinder is 10-20 A
and the distance between them is about one-and-a-half
times the length of the fatty tails of the AP molecules.'™

3) Lamellar (smectic) phases are formed by disk-
shaped micelles (DM) with an indefinite diameter
(lamellae). The thickness of the lamellae is approx-
imately 10-30% smaller than twice the length of the
amphiphile (Fig. 6), and the size of the water gap var-
ies from several angstroms to several tens of ang-
stroms, depending on the water content in the system.
If a given substance forms hexagonal phases with both
the normal and inverted micelles, then the position of
the lamellar phase on the phase diagram, as a rule,
corresponds to AP concentrations that are intermediate
between the hexagonal phases. However, exceptions to
this rule are possible (Fig. 7). As the temperature in-
creases, the lamellar phase goes over into an isotropic
micellar solution, as illustrated in Figs. 3, 4, and 7,
and sometimes into another liquid-crystalline phase
(see Fig. Ta).

Depending on the temperature and composition of the
solution, the AP molecules in the lamellae can be in
the “melted” or “crystalline” states (see Fig. 6).
Models of structures in which molecules with both lig-
uid and solid hydrophobic tails are present in a single
lamella have also been proposed.!*#'2® However, it is
noted in Ref. 3 that the x-ray diffraction data, on the
basis of which this conclusion was reached, can also
be brought into agreement with the assumption of the
existence of a mixture of two phases in the system, as
illustrated in Figs. 6a and b, whose separation is im-
peded by the high viscosity of the solution.

FIG, 3. Phase diagram of
the binary solution AOT/
H,0.18

PP |
1] 20 40 50 80 100
A0T, %

2)The notation is explained in Table I.
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FIG. 4. Phase diagram of
sodium laurate and water,

100 80 60 40 20 0
NaL,%

Lamellar phases arising on solidification of paraffin
chains accompanying a decrease in temperature have
been given the name “gels.” The thickness of the la-
mellae in these phases can equal one®* or two®® lengths
of a completely extended AP molecule. The molecules
are packed into a two-dimensional hexagonal lattice,
and the area per molecule in the bilayer is close to the
minimum possible value, 20 A%, The long axes of the
molecules can be tilted relative to the normal to the AP
layer.2® The water gap is 10-20 A wide, but it can in-
crease to ~200 A with the addition of a small amount of
ionic amphiphile (such as soap).2®-%7

Thus, according to the classification adopted for
thermotropic LC, gels correspond to B, and B,
smectic phases.®

4) Cubic phases can arise in the case of solution con-
centrations between the hexagonal phase and the iso-
tropic micellar solution (Fig. 8) or between the lamel-
lar and hexagonal phases (see Figs. 3, 4, Ta, and 8).
These phases are essentially not liquid-crystalline, but
belong to the class of so-called plastic crystals, since
they exhibit a three-dimensional periodicity. Due to the
high viscosity (n~10? poise) and the isotropy of the op-
tical and magnetic properties, the cubic phases are al-
so called viscous isotropic phases. Their structure
has not been uniquely established. For phases situated
between the hexagonal phase and the micellar solution,
it has been proposed that the most likely structure is
one in which spherical micelles are packed into a cubic
lattice (Fig. 9a), while for a phase in a range of con-
centrations intermediate between the lamellar and hexa-~
gonal modifications, it is possible to have a structure
formed by a system of comparatively short rod-shaped
micelles connected into two interpenetrating networks??
(Fig. 9b). For this range of concentrations, another
structure has also been proposed in the form of a con-

S TN NS AR TS s 7
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FIG. 5. Schematic diagram of the packing of normal (a) and
inverted (b) micelles in the hexagonal phase.
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FIG. 6. Structure of L, (a) and Lg (b) lamellar phases.

a)

tinuous periodic surface, separating the entire space
into two interpenetrating regions: polar and fatty.3°

The mesophases examined, i.e., hexagonal, lamellar,
and cubic, belong to *“classical” LLC, often arising in
binary systems. However, as a rule, a specific AP
substance forms only some mesophases of those enum-
erated above. In multicomponent systems, containing,
in addition to the amphiphile, cosurfactants and inor-
ganic salts as well, all the indicated phases can be ob-
served. A large number of phase diagrams of solutions
of AP substances, including multicomponent systems,
has been compiled by Ekwall.!

5) So far, it has been possible to obtain nematic and
cholesteric mesophases only in some multicomponent
systems, containing, in addition to the AP (sodium
decyl sulfate NaC,,,* potassium laurate KL, and
others) and water, a certain cosurfactant and (or) some
amount of inorganic salt as well; in addition, these
phases are stable over a quite narrow range of temper-
atures and concentrations of components.®:3* The ex-
istence of three types of nematics has now been estab-
lished experimentally: uniaxial, consisting of disk-
shaped micelles N;3'* and cylindrical micelles N ,**"%
and biaxial.?” There are no experimental data on the
shape of the micelles in the latter case.

One of the basic properties of nematics is their
ability to align in a magnetic field. The time of the cor-
responding transient process in a field of the order of
10* G varies in the range from 1-10* s depending on the
water content of the specimen. The size of the micelles
can be determined from an analysis of x-ray diffraction
and NMR data. For the system sodium decyl sulfate
(decanol) Na,SO,, the CM are 600~800 A long and have
a diameter of about 40 A, while the diameter of the DM
constitutes 500—1000 A. The distance between the cylin-

7.°%]

80

40

40 9.2 I 2.6 10
Ry, 0(CH40)5H
b)

10 20 30
Ha0,%

a}
FIG. 7. Phase diagrams of monoolein/ water (Ref. 20) (a)
and CHy;—(CH,);; (C,H,0)sH/H,O (Ref. 21 (b) systems.
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FIG. 8. Phase diagram of a solution of dodecylammonium

chloride in water, 28

ders varies in the range 100-200 A and the distance be-
tween disks varies in the range 100-500 A.%®

Nematics of the type N, have negative dielectric and
positive diamagnetic anisotropy: ¢,<0 and x,>0. On
the other hand, for N,, £,>0 and x, <0.%° In absolute
magnitude, ¢, and X, are much smaller than in the case
of thermotropic LC. Thus the magnitude of the aniso-
tropy of the index of refraction of a lyotropic nematic
(LN) is of the order of #,~107®, while for thermotropic
systems, characteristically, »,~107".%® Frank’s moduli
for LN are, apparently, also smaller than for thermo-
tropic LC.

The cholesteric modifications of LLC can be obtained
either by adding chiral molecules to a nematic®® or in a
nonracemic mixture of levo- and dextrorotary AP sub-
stances.®® Chiral phases in solutions of DM and CM and
phase transformations of the type NF==N} have been
investigated.3-36:40-41

6) Different investigators have indicated the possibil-
ity of the appearance of more complicated mesophases,
not mentioned in Secs. 1-5, in some comparatively rare
cases. These include, in particular, complicated cubic
phases consisting of bilayer bubbles (vesicles) of the
type illustrated in Fig. 2f, complicated hexagonal
phases consisting of bilayer CM, tetragonal phases
containing CM with a rectangular or elliptical cross
section, and others.! However, as noted in Ref. 3, the
experimental data (primarily x-ray diffraction data), on
the basis of which the structures mentioned have been
proposed, in a number of cases, have not been con-
firmed by more careful investigations and, in other
cases, admit an ambiguous interpretation. For this
reason, further experimental investigations are re-

N/
NN
e
AN
e A
TN TN |
FIG. 9. SCh::matic diagram of the packing ;i‘ spherical

micelles in the phase of the cubic I; type (a) and a model
of the structure of the V, phase (b).
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quired in order to confirm the thermodynamic stability
of complex mesophases.

¢) Notation

Different systems of symbols are used in the litera-
ture to denote lyotropic mesophases.!'***** In this pa-
per, we shall follow the notation used by a French
group??;, some additions are introduced in Ref. 3. In this
notation, the lamellar phases are denoted by the symbol
L (lamellar, neat) with the lower subscript a if the hy-
drocarbon chains within the micelles are liquid (L), p
is the chains are solid but normal to the plane of the
lamellae (L)), g* if rigid molecules are tilted with re-
spect to the surface of the bilayer, and 7 if part of the
molecules are in the liquid state and the remaining mol-
ecules are in the solid state (L,=L_,). The hexagonal
phases are denoted by H, and H, (hexagonal, middle),
where the subscript 1 indicates that the micelles form-
ing the LLC are normal and the subscript 2 indicates
that the micelles are inverted. The cubic phases are
labeled by the symbols I, and I, (isotropic) for spherical
micelles and V, and V, (viscous) for cylindrical mi-
celles. We shall denote the nematic phases by N, and
N, for CM and DM, respectively, and by N,, for the bi-
axial phase. In what follows, just as in Ref. 6, an
asterisk is used to denote mesophases that do not coin-
cide with their mirror image (chiral LLC), for exam-
ple, N&, N, and so on. Finally, we shall denote mi-
cellar solutions by L, I, or I, depending on the form
of the micelles arising: spherical, disk-shaped, and
cylindrical, respectively. All notation is collected in
Table I, where, for convenience, the notation used in
Refs. 1, 42, and 43 is also presented.

3. ISOTROPIC MICELLAR SOLUTIONS
a) Thermodynamics of micelle formation

Micelles arise in solutions of AP molecules when the
concentration of the latter exceeds a certain critical
value ¢c* (CMC). Experimentally, a break is observed
at ¢ = ¢* in the concentration dependence of the coeffi-
cients of surface tension, osmotic pressure, viscosity,
electrical conductivity, light scattering, and others.®
The change in some of the physical properties of the

TABLE 1. Notation for lyotropic mesophases.
Phases Ekwalt’ Luzzati*? Winsor*> This paper
Isotropic mi-
cellar solutions Is, Ip, Ic
Nematics Ncs Np, Npx
Cholesterics N(‘:, Nb etc.
Lamellar phases:
Liquid layers B, D Lqo G Lg
Solid layers Dy L, Ly Lg, Ly’
Intermediate case
Hexagonal phases: Lag, Ly, Py Lap, Ly
Normal mi(felles E Hy M, H,
Inverted micelles F Hip M, H,
Bilayer micelies H, H, Hg He
Cubic phases: LT T o Q s I
Spherical micelles 1 1y L2 I a1 10 1
Cylindrical micelles LR HE 1 Qur Vi, Va Vi, ¥y
““Tetragonal phases”:
Normal micelles c c
Inverted micelles K K
“Rectangular phase™ R R
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solution, related to the onset of the formation of mi~
celles, is shown schematically in Fig. 10. The quantity
c* greatly depends on the temperature of the solution
and the presence of salts, alcohols, etc. For each type
of molecule, there exists a critical temperature, below
which micelles do not form: the Krafft temperature.®
The CMC decreases with increasing length of the fatty
tail in a homologous series of substances and, in addi-
tion, for a small number of carbon atoms in the chain,
n~10-15, this dependence is linear, while for large
values of » and in the presence of several hydrocarbon
chains, there can be a deviation from the linear law.*
For molecules of the type SDS with »~10, the CMC is
usually several hundredths of a mole per liter at room
temperature.

We shall examine a solution containing a collection of
aggregates with a different number of molecules N
(aggregation number), which can dissociate according
to the chemical reaction

Ay == Ay, + A, (v

Assuming that the solutions of the monomers A, as well
as of the micelles A, are weak, we shall write the con-
dition of thermodynamic equilibrium of the system under
study in the form?*®

WO+ Tloeg=pP +TNlacy, (2)

from where we find the equilibrium concentration of
micelles with aggregation number N:

ex—cllexp (N

M 3

The total concentration of AP molecules is given by the
expression

: T
c=¢;+ Z Nc{"exp(N——T-—).
N=2

(4

In (2)-(4), u{®) indicates the standard chemical poten-
tial of the amphiphilic molecules forming the micelle.
The dependence of u(},’) on the aggregation number must
be found from an analysis of the microscopic structure
of the micelle (see Sec. 3c). Two types of dependences
of p(:’ on N are, in principle, possible, leading to dif-
ferent behavior of solutions with increasing c¢,.*® In the
first case, u‘,?) decreases monotonically with increas-
ing aggregation number and reaches a finite limit as
N—=x, ie.,

p¥ ~pL +alN?, a, p>0. (5)

N

A

<2

201 o0z
Cy

FIG. 10. Variation of the osmotic pressure of the solution

(p"), coefficients of viscosity @), electrical conductivity (o)

and surface tension (@) near the critical micelle concentration

for SDS (c*~8§+107% M),
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For p>1, the series (4) converges fo_r all values C,<C,
and the average aggregation number N is a smooth func-
tion of ¢,, increasing indefinitely when the concentration
of AP molecules of the system reaches the value c,,.
For p<1, the series (4) diverges, beginning with some
critical value of the concentration at which aggregates
with N = begin to form spontaneously in the solution.
The behavior of the system for the intermediate case

p =1 depends strongly on the value of a: for small «a,
only small micelles arise, while for large o, aggre-
gates with N~2v¢,e® arise.*

The second of the possibilities mentioned above is
realized if ¢'®) reaches a minimum for some finite val-
ue N= M. In this case, the average aggregation number
of micelles arising in the solution is N~ M. As a rule,
the number M is large and, depending on the composi-
tion of the solution, can reach values M ~10%2-10%° We
find the critical concentration for micelle formation,
defined as the concentration of the amphiphile for which
C,=C,, from(3):

0w _ o O) __ 1 (0)
Mnii PMTpl “;JH—MizPMTHI . (6)
The quantity ¢* defined in this manner is, in some
sense, an arbitrary characteristic of the solution, inas-
much as its thermodynamic functions vary smoothly as
a function of ¢, near ¢*. The micellar solution is not
separated by a special line on the phase diagram from
the true molecular solution of AP molecules and, for
this reason, is not a special phase with respect to it.
Nevertheless, it is possible to establish a definite
analogy between CMC and the point ofthe true phase
transition.?” It turns out that the width of the region in
which the change in the analytical dependence of the
thermodynamic functions of the solution, for example,
the osmotic pressure, is of the order of Ac,=c*M™ and
decreases to zero is M ~«~. Thus, as the aggregation
number increases to infinity, the CMC becomes a singu-
lar point of the thermodynamic functions of the solution,
just as the critical point in a second-order phase tran-
sition.*?

Inc*~

We shall examine, following Ref. 47, the simplest
model of a micellar solution, in which only aggregates
of one type containing M AP molecules are present. In
this case, instead of (3,4) we have

cuetrery (), %)

cmect ety (i 272, o
Let us calculate the osmotic pressure of the solution

pom= T et tnp (s ) o

as a function of the total concentration of the amphiphile
c,- Using the notation
~ P(")_Pm
r=fe;,, y=feu, posmz—ﬂf—T—, f=exp (_"_T_L) s
we shall write relations (8) and (9), which determine in

an implicit form the functional dependence p_, (c,),
a=z+faM, y=z+ MfzM. (10)

The function x = x{y), defined by the second of these
equations, is a smooth function for real x for any finite
M. However, in the complex x(y) plane, it has M -1
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singular points. As M increases, the number of poles
increases and, in addition, two of them approach the
real axis from the side of the upper and lower half-
planes, respectively, near the point

7 & g = (M) (MM,

At M =<0, the distance between the singularities in the
complex plane, decreases arbitrarily. This situation
is analogous, in a certain sense, to the distribution of
zeros of the partition function of a ferromagnetic ma-
terial.*®* We introduce instead of x the variable £ de-

fined as

.z::.z,i (1+_JT§!") .

We expand Eq. (10) in inverse powers of the aggregation
number with x=x_; retaining only terms linear with re-
spect to M™*, we obtain

Y(2) = y{3e) + 2 M E 4+ —1),
A (y) = n (o) + w LM

From here, we find the slope and curvature of the curve
a(y):

dn 1 da M

W ArET W Tz (4 (11)
It follows from (11) that the characteristic change in
the concentration of the amphiphile, at which the slope
of the osmotic pressure changes, constitutes
Ac,~c*M™ and, in addition, the curvature of the curve
psmiC,) increases arbitrarily as M =~ .

We note that analogous results were obtained in Ref.
47 for some more complicated models of micellar solu-
tions, containing micelles with different aggregation
numbers.

b) Micelle structure in dilute solutions

If the dimensions of the aggregates are small com-
pared to the wavelength of light, then the intensity of
the radiation scattered at an angle 6 relative to the di-
rection of propagation of the incident beam is given by
the expression?®

et §

I(8)=1, )zc,(i—!—coszqy) (—Mivﬁ—ZBci) .

2mt n} <ai
07 )N, dey

(12)

where I is the intensity of the incident light, X is the
wavelength of the light, #, is the index of refraction of
the pure solvent, M, is the molecular weight of the
aggregate, N, is the Avogadro number, B is the second
virial coefficient, and c, is the total concentration of
the AP substance. Measurements of the quantities
K6) and 7 = fi{c,) permit determining M, and the second
virial coefficient from Eq. (12). According to (12), the
quantity R(8) = K6)(1+ cos?6)™I;* does not depend on the
scattering angle 8. Taking into account the finiteness of
the particle sizes leads to the appearance of dissym-
metry in the scattering, which is usually expressed in
the form

Key 1

o = wer@ 2B (13)
The form of the function P(6) depends on the geometri-
cal shape of the particles in the solution. Thus, for
spherical particles of radius R, P(6) was calculated by
Rayleigh and has the form®®
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P(0)=[;3,— (sinz-—zcosz):r, 2= A"f;“ sin—g-; (14)

for rod-shaped particles of length L, greatly exceeding
the diameter,
¥ . ~

PO)== | Sla-[SBUD Ty Begnl.  (19)
Thus the measurement of the dissymmetry of scattering
and comparison with Egs. (14) and (15) permit drawing
a conclusion concerning the geometrical dimensions of
the aggregates. For small z and y, i.e., for A»R, L,
or for low angles 8, the function P(8) can be expanded
in a series:

gL g (dmngyZ 0B 16
P@O)=1—g Rl (5%9)"sin* 3. (16)

The quantity R,, called the radius of gyration, in this
expression is a convenient experimentally observed
characteristic of the aggregates. If the particles are
spherically shaped, then R2=(3/2)R?; for a flattened
ellipsoid of revolution with semiaxes « and b (a>b),
R3=(2/5)d" + (1/5)b%, for a rod of length L with diame-
ter D, R?=(L?*/12)+(D?/8).

Experimental investigations of the elastic scattering
of light established the presence of aggregates of AP
molecules in solutions containing, in some cases,
several hundreds of particles;*"> in addition, values of
the radius of gyration obtained in this case agree with
the conjectured appearance of rod-shaped micelles,
possibly, partially deformed. The size and shape of
the aggregates greatly depend on the composition of the
solution. Thus the sphere-cylinder transition can be
initiated by the addition of an inorganic salt to the solu-
tion (Fig. 11). The section of the dependence
My = My{c,), corresponding to the smaller slope,
agrees with spherical micelles with aggregation num-
ber N~102, while the section with large slope corre-
sponds to CM. The longest micelles, obtained in Ref.
54, correspond to the values N= 986, L= 597 A (M,
= 284,000, R, =172 A).

An independently measured characteristic of the ag-
gregate is its hydrodynamic radius R,, which is related
to the coefficient of diffusion of micelles D by Ein-
stein’s relation

r, (1
6nnD

Ry =

1 1

L
-2 -15 -f =05 0
19(Cy*C5)

.

FIG. 11. Dependence of the aggregation number of micelles
in an aqueous solution of SDS on the concentration of NaCl. 5
1) 25°C; 2} 30°C; 3) 35°C; 4) data in Ref. 55.
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where 7 is the viscosity and T is the temperature of the
solution.

The quantity D can be measured, for example, with
the help of quasi-elastic scattering of light.5?33

It is demonstrated in Refs. 52 and 53 that in a SDS
solution with NaCl concentration ¢,>0.6 M, aggregates
with R, >100 A and aggregation number N=10® can ap-
pear. The angular dependence of the scattered light
agrees with the assumption of large cylindrical mi-
celles.

The magnitude of the coefficient of viscosity of a mi-
cellar solution 7 is related with its value n* corre-
sponding to CMC, by the relation

n =n* {1 + vo), (18)

where ¢ is the volume fraction of the solution occupied
by the micelles, the coefficient of the “characteristic
viscosity” v depends on the shape of the particles:%®
v= 2.5 for a sphere and v= 16 J/15 arctan J for a flat-
tened ellipsoid of revolution with semiaxes a>b (J = a/
b), and

s N Je
V=
52/ ~15) © 5(iIn2s —0.5)

14
1

for an elongated ellipsoid of revolution with J>10. Fig-
ure 12 shows a graph of the dependence v = I{N) for a
solution of dodecylammonium chloride.*®'5" The slope of
the curve for aggregation numbers in the range N= 103~
10* corresponds to CM {deformed). In Ref. 56, the de-
crease in slope for N >10* was interpreted as a transi-
tion of the micelles into a coiled state, analogous, for
example, to the helix-coil transition in DNA.%® It
should be noted, however, that the slope of the curve

U N) for large N can also be brought into agreement
with the assumption of the appearance of disk-shaped
micelles in the solution, for which, as also for coils,
v~y N. For this reason, the conclusion that coiled
states of large micelles appear must be confirmed by
investigations of the internal structure of aggregates,
for example, with the help of NMR® or with the use of
fluorescence probes.5'5°

The change in the conformation of hydrocarbon
chains within micelles accompanying the sphere-cylin-
der transition leads to a sharp change in the NMR spec-
tra (see Sec. 4¢), which was observed by Tiddy and
Staples® for a SDS solution. In Ref. 60, the change in
the conformation of fatty tails accompanying the sphere-
cylinder transition at the point ¢ = ¢** led to a change
in the fraction of pyrene molecules (fluorescence probe)
in the dimerized state within the hydrocarbon nucleus of
the micelles.

lgv
2_

a ) 1 )
2 J 4
IgN
FIG. 12, Dependence of the coefficient of the characteristic

viscosity of a solution of dodecyldimethylammonium chloride
on the aggregation number of micelles. °f
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Measurements of the fluorescence intensity at fre-
quencies corresponding to the dimerized state also led
to the conclusion that CM arise in the solution.

c) Models of the sphere-cylinder structural transition

We shall first discuss the general characteristics of
SM-CM and SM-DM transitions and we shall show that,
in general, they must occur abruptly.? We introduce
the quadrupole moment tensor of a micelle

0u5=<§ (riariﬂ—%'aaﬂrzi)>y (19)

where r_ are the coordinates of the atoms in AP mole-
cules in the micelle, and the brackets indicate averag-
ing over the states of the micelle with a fixed aggrega-
tion number N. Assuming that @ is small near the
transition point, we expand the chemical potential of
the AP molecules in powers of @

i (Qu,p) =t (0)+ 36 SPQ* 4 55 SpQ+ ... . (20)

The coefficient ¢ in this expression vanishes at some
critical value ¢ = ¢ ** of the amphiphile concentration
(or the electrolyte concentration, temperature, etc.)
and b may be assumed to be constant. Expression (20)
formally coincides with the Landau—de Gennes expan-
sion in the theory of thermotropic nematics® %% and, in
general, the coefficient b, as in Ref. 6, differs from
zero. Indeed, substituting the tensor @_, in the “uni-
axial” form

10 0
oaazo(o t 0)
ap

00 —2
into (20), we obtain
pn(@) = py (0) + 3aQ® — 26Q° +- dQ* + . .. . (21)

Since the case @ >0 corresponds to DM, while the case
Q <0 corresponds to the case CM, there is no basis for
assuming that p (@)= p (~-@). Therefore, 5+0 and
sphere-cylinder or sphere-disk transitions, in general,
occur abruptly®’ and, in addition, @ changes from 0 to
the value Q.= b/d. In analogy with thermotropic ne-
matics,® %77 it may be expected that the minimum of
expression (20), in some range of parameters of the
solution in which the magnitude of the coefficient b is
anomalously small, will be achieved with pair-wise
different principal values of the tensor Q,,, i.e., the
biaxial form of the micelle may turn out to be more
advantageous than the uniaxial form. The transition of
uniaxial micelles into biaxial micelles can proceed
smoothly.

Biaxial micelles are structural units of tetragonal
mesophases C and K,''3 and, apparently, of biaxial ne-
matics as well.

The use of the phenomenological expansion (20), just
as in the general theory of phase transitions,®® permits

3)A particular case of this assertion is the result of the well-
known Rayleigh problem concerning stretching of a charged
metallic drop,% where the sphere-ellipsoid transition also
occurs abruptly. We note that the drop stretches as the
charge on it increases, while the micelle stretches as the
charge on it decreases (see below).
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studying the loss of symmetry by aggregates of AP
molecules, as a result of which there arises the possi-
bility of the formation of anisotropic liquid-crystalline
phases in solutions. We shall consider in greater detail
the interactions between amphiphilic molecules re-
sponsible for the structural transformations of micelles.

We shall begin with an analysis of the simplest model
of a micelle.*®"**7® In this model, it is proposed that
the hydrocarbon tails within the aggregate are in a
“melted” state and the state of AP molecule in a mi-
celle is characterized by a specific volume v, and spe-
cific area s, per polar head. Experimental data®® show
that ¢, varies insignificantly with an increase in the
aggregation number from 10% to 10%, so that it may be
assumed that v,~const. The specific area s, is deter-
mined from the condition that the interaction energy for
AP molecules interacting with one another and with the
solvent is minimum:

WP = fas+ 20D g, (22)
where the first term represents the energy of interac-
tion of water with the hydrocarbon nucleus of the mi-
celle and a is the coefficient of surface tension at the
oil-water interface, while the second term is the Cou-
lomb repulsion energy of the heads in a medium with
dielectric permittivity ¢, approximately equal to the
energy stored in the field of a capacitor whose gap-size
is of the order of the Debye radius 7. The quantity g
in (22) represents the gain in the free energy of hydro-
phobic interaction, arising with the displacement of the
hydrocarbon tail from the polar medium into the fatty
medium. Since g is proportional to the number of car-
bon atoms in the tail of the AP molecule, expression
(22) leads to a linear dependence of lnc* (see (6)) on
the number n in agreement with the experimental data.’
Minimizing (22), we find

g l/ % (23)
The radius of the spherical micelle R and the aggrega-
tion number N are determined by the relations
Doy dn /T (24)

’ s 5o

R—

obtained from the condition that all AP molecules in the
aggregate have a constant specific volume v, and speci-
fic area s, (23).

From geometrical considerations, it follows that ex-
pressions (23) and (24) make sense if the radius of the
spherical micelle R is less than the length of a com-
pletely extended AP molecule 1, i.e.,*

3v,
. (25)

S>> So=

Thus, in the model examined, the transition to non-
spherical aggregates accompanying the breakdown of
condition (25) is related to the packing of hydrocarbon
chains within a micelle. Different forms of nonspheri-
cal aggregates, which are possible for §5<S,, are ex-
amined in Ref. 46. Apparently, the strongest assump-
tion made in this reference was the requirement that
the specific area be constant for all constituent mole-
cules of the micelle.™ At the same time, from physical
considerations, it may be expected that the area per
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polar head, for example, on the end and lateral sur-
faces of CM, willbe different, An indirect confirmation
of this is given by NMR data, obtained with oriented
specimens of lyotropic nematics (LN), which are exam-~
ined in Sec. 4c. For this reason, we shall examine a
model of structural transformations of micelles, which
permits the appearance of groups of AP molecules with
different specific area per polar head within a single
aggregate.®!

As before, we shall assume that the quantity s, de-
pends uniquely on the pressure, temperature, and
composition of the solution, but not on the size of the
aggregate. This is valid if the Debye screening radius
is small compared with the dimensions of the micelles.
In addition, the region occupied by the polar heads of
the amphiphiles, interacting with one another and with
the solvent, can be viewed as a separate two-dimen-
sional phase, whose equation of state depends on the
temperature and concentration of the solution. In
studying the structural transformation of micelles,
initiated by a change in the ionic strength of the solu-
tion, it is convenient to use another quantity instead of
the electrolyte concentration: the fraction p of union-
ized polar heads of AP molecules. For ionic AP of the
type AOT or SDS, the quantity p is close to one for low
salt concentrations in the solution ¢, and decreases
with increasing ¢,. Depending on p and T, the two-
dimensional “liquid if polar heads” (TLH) can be in dif-
ferent states, differing by the magnitude of the specific
area per polar head s. Since the specific volume of AP
molecules v, is nearly independent of the shape of the
micelles, this being related to the high conformational
flexibility of hydrocarbon tails, a change in s must lead
to a change in the curvature of the surface of the aggre-
gates.

In general, the phase diagram of TLH will consist of
regions corresponding to a single phase with a definite
value of the specific area per polar head as well as to
“two-phase” regions, in which groups of polar heads,
differing by the specific area and, therefore, the curva-
ture of the given section of the aggregate surface, are
present on the surface of a micelle. If the system also
contains co-surfactants, for example, alcohol, which
affect the state of the TLH, then “three-phase” regions
can appear in the phase diagram. We note that different
phases of TLH can likewise be distinguished by the mu-
tual orientation of the polar groups of molecules on the
surface of micelles.

The case of a single phase is apparently realized for
“classical” TLH: cubic I, hexagonal H, ,, and lamellar
L, mesophases. The case of two-phase TLH corre-~
sponds to L; ;, and N ;,, as well as complex hexagonal
H, and tetragonal C and K phases. In the case of biaxi-
al nematics N,,, the TLH is apparently a three-phase
liquid.

In the simplest case, when it is possible to neglect
the change in the free energy of the fatty tails with a
change in the curvature of the surface of the aggregate,
the sequence of changes in the shape and size of mi-
celles is determined by the requirement that the length
of the line separating the TLH phases be minimum.%
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Indeed, we shall examine the section of the phase dia-
gram that includes the two-phase region of TLH, il-
lustrated in Fig. 13. In a certain temperature range,
when a fraction of uncharged heads p = p, is reached, a
section with the high temperature L-phase will appear
on the surface of a micelle. For p-p, <p,, the L-
phase must arise in the form of a circular spot on a
spherical micelle, which in this case assumes a “digk-
shaped” form. As p increases and, therefore, the frac
tion of the surface occupied by the L-phase increases
as well, the CM phase in which the low-temperature
phase is concentrated on the end-faces of the cylinder,
becomes more advantageous. In this case, the length
of the boundary separating the phases is practically in-
dependent of the length of CM, equal approximately to

L SL,

L oS P

D s p—pe
This explains the fact that micelles with large aggrega-
tion numbers usually have a cylindrical shape (see
above). When the value p = p, is reached, the length of
CM increases, leading in concentrated solutions to the
formation of nematic or hexagonal phases.

If the differences of the free energies of the hydro-
carbon tails differ in cylindrical and disk-shaped mi-
celles, then the alternating order, indicated above, of
the structural transformations of micelles can break
down,® and large disk-shaped aggregates, forming ne-
matic and lamellar phases, can appear.

A decrease in the specific area per polar head of the
amphiphile on the surface of micelles with increasing
concentration of the solution is a manifestation of a
general law observed in the analysis of all lyotropic
mesophases: the number of water molecules bound to
the hydrophilic surface of the aggregates decreases
with the addition of amphiphile, inorganic salts, etc.
to the solution. A change in the specific area, as in-
dicated above, leads to a change in the shape and di-
mensions of micelles, and, under certain conditions,
to phase transformations between different liquid-
crystalline modifications.

d) Stratification of micellar solutions

As the concentration of AP molecules in solution in-
creases, together with the change in the shape of the
aggregates, the long range order in the position of the
centers of gravity of the micelles can also change. The
simplest phenomenon of this type is separation of a mi-
cellar solution into two isotropic phases, which is often
observed, for example, for nonionic AP substances
such as dodecyloxyethylene glycol monoether:

CH; — (CH,),, — (0 — CH, — CH,)s — OH (C,,Eq) % 72-75.

7
1'\
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FIG. 13. Section of the phase diagram of a two-dimensional

“fluid of polar heads.”®
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The phase diagram of the system H,D/C,E,, illustrat-
ed in Fig. 14, has a lower critical point of stratifica-
tion with parameters c,=12.5 mg/cm?® and 7T,

= 50.35°C.'" As the critical point is approached, light
scattering increases strongly,’™ '™ which indicates the
appearance of inhomogeneity in the solution with di-
mensions comparable to the wavelength of visible
light. An investigation of the conformation of hydrocar-
bon tails, performed using the NMR method,?® shows
that in this case the state of the fatty tails within the
micelles does not change significantly. This indicates
that the aggregates of AP molecules arising in a solu-
tion of C,,E; are clusters consisting of several spheri-
cal micelles bound together either by van der Waals
forces or by means of polyvalent ions, which could be
present in the solution in small numbers.”®

Light- scattering measurements in the critical region!’
showed that the scattering intensity satisfies the Orn-
stein- Zernike relation for critical opalescence™:

_ 1(8=0) k_émT
=Trem: k=3

and, in addition, I(6 = 0) and ¢ as functions of £ = (T,

- T)/T, in the region 107 >¢>1073, ¢ = ¢, behave in ac-
cordance with the predictions of the “classical” theory
of the critical point

_ dlnd 9=0)
v= — = 0.97 £ 0.05,

1(®)

sin 9,

dlng

TR 0.53 + 0.05.

V= —

Measurements of the temporal correlation function of
the scattered light gave, for the hydrodynamic radius
R, (17), the value R,=~0.9¢.

4, LYOTROPIC NEMATICS

a) Orientational ordering in solutions of rigid rod-
shaped molecules

Nematic phases are the most symmetrical of all LC
phases and are characterized by the presence of a dis-
tinguished direction of orientation of the long axes of
molecules in the system.5™® Apparently, the simplest
systems in which orientational ordering can appear are
solutions of rigid rod-shaped particles of biological
origin: the mosaic tobacco virus (MTV) or desoxyri-
bonucleic acid (DNA) or synthetic polymers such as
PBG.!'!® The MTV particles are cylindrically-shaped
protein aggregates with a length of L =300 A and a
diameter of D= 200 A, while the DNA molecules (D= 20
A, L=10°-10% A) and PBG molecules (D= 20 A,
L=10%-10* A) are long hydrogen-bond- stabilized
helices.%° %

The simplest model predicting the appearance of ne-
matic ordering in a system of rigid rods was examined

A
100

]
201
i

Cp 0 6 100

Cro g%
FIG. 14. Phase diagram of an aqueous solution of dodecyl-
hexaoxyethylene glycole monoether (Cy,E;).'¢ I, +I} indicates
the two-phase region.
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by Onsager™ (see also Ref. 6), and the phase diagram
of a two-component system, containing anisotropic par-
ticles, was constructed by Flory with the help of a lat-
tice-model calculation.”®-8°

We shall discuss a model of orientational order in a
solution of anisotropic rigid particles which is analo-
gous to the model examined by Meier and Saupe® ™3
(see also Refs. 6-~8).

The thermodynamic potential of the homogeneous
solution, containing N solvent molecules and f(a) par-
ticles, whose distinguished axes are oriented along the
unit vector a, can be written up to second-order terms
in the concentration in the form

O=Np,+T S doaf (a) In (I%HT} S doa S doaf (a) f () U (a, @'),

(26)
where u, is the chemical potential of the pure solvent.
The scalar function U(a,a’) =U(a-a’) depends on the
temperature and pressure of the solution and the angle
between the vectors a and a’. We shall expand U(a-a’)
in Legendre polynomials and, in addition, for simplici-
ty, we shall retain only the first two terms:

U(aa’):lgo UP,(aa") = U,+U,P, (aa’). (27

We shall determine the regions of stability of the iso-
tropic and nematic phases on the temperature-concen-
tration diagram. For this, we shall write out the con-
ditions for I-N equilibrium, i.e., equality of the chemi-
cal potentials of the solvent and of the solute in con-
tiguous phases. Using (26) and (27), we obtain the fol-
lowing system of equations:

Ter+ 4 Ul =Tex+ 5 Usth+ 5 cksUs, (28a)
(28b)

where we have introduced Tsvetkov’s order parame-
ter®

s =S dogP, (an) f (nn)/SdoaPD(un) f (an).

Ty (am) = = N exp [ 2 (e;—cn) —F ensPa (am) |,

(29)

In (28) and (29), n is a unit vector oriented along the
distinguished axis in the nematic (director) and ¢, ,
are the total particle concentrations in the isotropic
and nematic phases. Substituting (29) into (28b), we
obtain an equation for the order parameter s, analogous

to that studied in Refs. 81-83 and 6:
1

met( 43, = faree,
m
(30)
3 Uyens __ 3 Usen
m=— ey b=

For small &, the only solution of this equation is s =0,
which corresponds to a stable isotropic phase. If V,
<0, then for some value of £ a solution with s#0 ap-
pears. Equality of the thermodynamic potentials of the
phases &,= &, corresponds to the value £= £ ~0.33,
i.e.,

o e T .
AR T /AN

(31)

in this case, the order parameter in the nematic phase
s=s,~0.44. We determine the jump in concentrations
accompanying the transition /=N from (28a):

S —CoN Eos? ~ 2-10-2
ey T, %\ T, 2
3 (147752 Ty (32)
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In this expression, it is assumed that the condition of
stability of the isotropic solution relative to stratifica-
tion is satisfied®®

%:-‘-T+U,,>o, (33)

1

which guarantees that the denominators in (32) are posi-
tive.

Figure 15 shows the experimental phase diagram of
a PBG/DMP solution (N, N-dimethylformamide).!! Evi-
dently, at high temperatures the model under study de-
scribes qualitatively correctly the mutual distribution
of phases, but at low temperatures (7<20°C), there is
considerable disagreement. Namely, as T decreases,
a phase with finite shear moduli arises in the solution.
This suggests the formation of a three-dimensional net-
work, formed by the rod-shaped particles of PBG,
which can be either periodic as, for example, the cubic
phase illustrated in Fig. 9b, or disordered similar to
polymer gels.'? The details of the structures arising in
the PBG/DMF system for T<120°C are still not clear.

b) Three types of nematics in solutlons of
amphiphllic molecuies

The greater complexity in the case of nematics aris-
ing in solutions of AP molecules, as compared with the
simple picture examined in the preceding section, is
related to the change in the sizes and shapes of mi-
celles accompanying the phase transition I==N. This
circumstance is characteristic for LLC, in which a
phase transformation is usually the result of the re-
structuring of aggregates of molecules and complicates
the interpretation of the experimental data.

We shall discuss the results of some experimental
work on the investigation of the internal structure of
LN. The following methods are most widely used:

a) Investigation of the orientation of specimens in a
magnetic field:

b) NMR spectroscopy;
c) Birefringence and scattering of light; and,
d) X-ray diffraction.

The first specimens of LLC, capable of aligning in a
magnetic field of several kilogauss over a time of about
one hour, were obtained by Lawson and Flault* in the
four-component system NaC,,/C, H,,0/H,0/Na, SO,.
Later, LLC, aligning in a magnetic field over a time of
1-10° s, were obtained in a number of three- and

02 2.6 10
PBG/DMF |

FIG. 15. Phase diagram of a solution of PBG in N, N-dime-
thylformamide. !!

4)see also the review in Ref. 200.
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four-component systems.:3% Ag is well known, it is
precisely this property that is characteristic of nematic
mesophases,®®

Investigation of the optical properties showed that LN
are uniaxial (with the exception of the biaxial phase
discovered by Yu and Saupe®?); in addition, 'there are at
least two types of nematics that are distinguished by
the sign of the diamagnetic anisotropy and the index of
refraction®®

Xa =Xy —XLs "a=';lu—7'1, (34)

where the indices || and L refer to the directions along
the distinguished axis and an axis perpendicular to it,
respectively. Namely, the distinguished axis of type
N, specimens is oriented along the applied magnetic
field, i.e., x{>0 and, in this case, n;<0. On the other
hand, type N, specimens are oriented perpendicular to
the field; in this case, x?<0 and n?>0. This behavior
agrees with the proposition that N, phases consist of
cylindrical micelles, while N, phases consist of disk-
shaped micelles (which is reflected in the notation). To
clarify this assertion, we shall write down the free en-
ergy of interaction for a dilute solution of anisotropic
particles (uniaxial ellipsoids) in a magnetic field:

Fy=—7 {&m@®HE, (35)

where m(r) is the magnetic moment per unit volume.
For the solvent, we have

m (r) =y H (r), (36)

for points within micelles, oriented along the principal
axis a,

m (1) =X H+ (X — %) a (Ha), (37

where Yy, . are the transverse and longitudinal magnetic
susceptibilities of the particles. Substituting (36) and
(37) into (35) and averaging over the orientations of a,
we obtain an expression for the diamagnetic suscepti-
bility tensor of the solution:

Xin =0 [xL+‘D (%’;u +%;J_ '—’XL) ] +d>&ll‘XJ.) Siks (38)

where & indicates the fraction of the volume of the so-
lution occupied by micelles, and the tensor order pa-
rameter® is

Sip = <a,ak —';T 'Slk> - (39)

Lining up the z axis of a Cartesian coordinate system
with the direction of the director n, we obtain

" —1 00
Sin =T5( 0 —1 0) f
0 0 2/

where the quantity s coincides with the order parameter
(29). Thus the anisotropy of the permeability of the
solution is proportional to the parameter describing the
ordering of the axes of anisotropic particles.

At the present time, there are no experimental data
on the absolute magnitude of x, for LN. In a model in
which the interior of a micelle is an isotropic medium
with permeability y,, differing from x;, the appear-
ance of anisotropy of the susceptibility is related with
the difference in the demagnetizing factors », , paraliel
and transverse to the axes of the particle. Here
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(g =1+ 4myx)

It A7 (Le— L)t () —xy)

X = T T (re— o) (i 4y, (o — 70) (40)
2 4n (Ko — X2 (1 — ). (40a)
For CM with L> D, »,= 0 and », = 1/2 (Ref. 63), i.e.,
Xa =7 (X0 — xu)*®s > 0, (41a)
while for DM with D>> 2], »,=1 and » =0, i.e.,
Ya = — 2 (1o — %1)°Ds < 0. (41b)

However, in view of the smallness of the diamagnetic
permeability of substances (x~10"°~107%) the absolute
value of x, according to (41), is extremely small, so
that the anisotropy of the magnetic properties of the hy-
drocarbon nuclei of CM or DM, related to the presence
of a definite packing order of the fatty tails of the mole-
cules, can make a large contribution to x,. This is
confirmed by NMR data.?® In this case, the quantity x,
will be determined by the difference between the sus-
ceptibilities of CH, groups parallel to and perpendicular
to the C—C bonds x{: and the degree of ordering of the
orientations of these bonds s._ relative to the axis of
the micelle:

ta =g Sc-c® (Ud-c— 14 _)- (42)

For CM, s... <0 and for DM, s, >0. Since the abso-
lute magnitude of xz_. is greater than the absolute
magnitude of xg-c, as in (41), x,>0 for cylinders and
X, <0 for disks.®

The anisotropy of the dielectric permittivity of the
solution at optical frequencies, when the wavelength of
light exceeds the size of a micelle, can be described by
expressions analogous to (38)—(40) (we neglect the
anisotropy of the dielectric permittivities of the hydro-
carbon nuclei of the micelles):

eo—eL)H% | —x,)
[eL+nl(<en.,—eL))1 = (43)
i.e., £,>0 for CM and g, <0 for DM. The value of ¢,
for ¢; > g, equals g, = (1/2)ps(», - »,), from where we
obtain an expression for the anisotropy of the index of
refraction:

1
8 =E)—8 =5 PS5

Ky—%
{2
n, — ————— S.
a 41/3_L P

(44)

Thus N, type LN must have negative birefringence and
Ny type LN must have positive birefringence. For

¢ ~0.1, it follows from (44) that |n,| ~1073, which
agrees with the experimental value of this quantity.®

The assumption of disk-shaped micelles in N, and
cylindrically-shaped micelles in N is confirmed by
x~ray diffraction measurements for magnetic-field
aligned specimens.®® The Bragg reflections turn out to
be diffuse, indicating the absence of ordering of the
centers of gravity of micelles and some orientational
disordering of their axes.

In the biaxial nematic phases N,,, obtained by Yu and

5)Mesophases in solutions of amphiphiles, whose fatty tails
contain one or several aromatic rings, are examined in
Ref. 201. In this case, the sign of the anisotropy of the
magnetic susceptibilify can change.
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Saupe,® the dielectric permittivity and magnetic perme-
ability tensors have three different values. An analysis
of the lattice model of a fluid consisting of anisotropic
particles shows® that the biaxial phase can be thermo-
dynamically stable if the dimensions of the molecules in
the three directions satisfy certain relations. For ex-
ample, for molecules in the form of rectangular paral-
lelepipeds with sides L, > L, >L, for L, = 10L,, the biaxi-
al phase arises only if L} <L, <L}*, where L}=2.5L,
and Lj*=5L}. For L,<L}, the N, nematic phase is
the thermodynamically stable phase, while the N
mesophase is thermodynamically stable for L, <L}*.

¢) NMR spectroscopy of lyotropic liquid crystals®

In the NMR method, the absorption of high-frequency
electromagnetic radiation by nuclear spins, precessing
in an external magnetic field, is measured. In princi-
ple, any isotopes with nonzero spin can be used for this
purpose; the most widely used spins for investigations
of LLC are 'H, %D, '3C, *Na, *P, and others.*™® The
Hamiltonian, describing the interaction of spins with an
external magnetic field H parallel to the z axis and with
neighboring atoms, has the form

H=Hz+ Ho+ Ha- (45)

Here, #, describes the Zeeman splitting of levels in a
magnetic field:

Hz= h? 2 j; y
&, is the dipole-dipole interaction of spins on different
nuclei:

Stp=—5 W) 3 (T 3y (Br)—225), (46)

1riyl2 rizl®

i)
where It is the spin operator of the ith nucleus, Al is
its magnetic moment, and 7, is a vector connecting the
ith and jth spins. The last term in (45) %, describes
the interaction of nuclei with I= 1, having a quadrupole
moment, with a nonuniform electric field:

1 5 _ 0% Ai “i
ﬁ[Q:FZ Q;BTQ;IB, Qas = S d3rpe (3Ta’ﬁ*rz’5as)~ (47)

Here <pi(r) is the electric field potential in which the
ith nucleus is located, pi(r) is its charge density, Q%,
is the electric quadrupole moment tensor related to
Ii by the relation®-2°

Ai 3 £i%i | Fifi
O =iy [Fals + BT S 001 (T4 1)]. (48)

Neglecting &7, and &, the spectrum of eigenvalues
of (45) has 27+ 1 equidistant levels. Correspondingly,
the absorption spectrum for an alternating electromag-
netic field will have a single line at the frequency

0, = 2hyH.

The dipole-dipole and quadrupole terms in (45) lead to
splitting of the NMR lines. For typical thermotropic
nematics, the dipole term (46) makes the main contri-
bution to the splitting,®'® since in this case the reso-
nance is observed on nuclei coupled to the rigid part of
the mesogen. On the other hand, for lyotropic sys-
tems, when AP molecules do not have rigid parts, the

$For a more detailed discussion of the problems touched upon
here, see Refs. 86-88,
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rapid relative motion of neighboring nuclei, character-
istic of liquids, decreases the contribution of the di-
pole-dipole forces™ and the quadrupole Hamiltonian
(47) makes the main contribution to the splitting of
NMR lines. In a field that is axially symmetric with re-
spect to the z axis, we have®®

2 9%

— =a,

29 'y
ax: — 8y

923

= —2a,

while the displacement of levels is given by the expres-
sion

AE = grat— 1 U +1)— 313,

where @ is the electric quadrupole moment of the nu-
cleus. The splitting of the NMR line equals (/= 1)

Av= _332 . (49)

This quantity for different nuclei varies in the range
10-10° Hz. If there is a spread in the directions of the
distinguished axes of micelles relative to the direction
of the magnetic field, then instead of (49) we have

Av:l%ﬁ—"— . (50)

We note that the long time for reorientation of LN per-
mits performing measurements on rotating specimens.
Yu and Saupe®” investigated the splitting of the NMR line
in Ng,, which have no axial symmetry.

Figure 16 shows an example of the dependence of the
magnitude of the quadrupole splitting of the NMR line of
deuterium, which is a constituent of heavy water, added
to a KL solution.®® In this case, only molecules of
water directly coupled to the hydrophilic surface of the
micelles by hydrogen bonds (1-2 molecular layers)
contribute to the splitting and, in addition, depending on
the temperature and the degree of ionization of the
polar heads of the AP molecules, the amount of
“bound” water and the degree of its orientation can
vary.)’? Let us examine the upper curve in Fig. 16.
For a concentration of potassium laurate exceeding
40%, the solution is in the hexagonal phase (Fig. 17),
i.e., the given axes of the micelles are completely or-
dered: s=1. The decrease in Av in Fig. 16 indicates
a change in the inhomogeneity of the electric field lead-
ing to splitting of the line [the parameter “g” in (49)

1500

1000

500 “\Q._._

50 60 70
0,0 o
D,0 KL %
FIG. 16. Variation of the magnitude of the quadrupole split-
ting of the NMR spectrum. 1) KL/ D,0; KL/ D,0+2% KCI,
T=30.3°C; 3) two-phase region.

D This weakening, in particular, gives rise to the well-known
narrowing of NMR lines in liquids and gases.?
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FIG. 17. Change of a portion of the phase diagram of an
aqueous solution of potassium laurate in the presence of
29, KCl.

and (50)]. The appearance of a second doublet in the
NMR line with the addition of 2% KC1 salt to the solu-
tion indicates that new groups of water molecules,
whose degree of orientation differs from the orientation
on the lateral surfaces of the cylinder, appear on the
surface of the micelles. We can conjecture (and this
proposition is confirmed by data on the orientation of
specimens in a magnetic field and investigations of the
textures and x-ray diffraction patterns) that the second
doublet originates with the water molecules bound on
the end-faces of the CM.

d) Structural transformations of nematics

Figure 17 illustrates schematically the change in the
section of the phase diagram of a water solution of po-
tassium laurate caused by the addition of 2% KCI to the
system,® from which it is evident that the formation of
the nematic phase with the addition of an amphiphile to
the system precedes the appearance of ordering of the
centers of gravity of micelles. It may be assumed that
nematic ordering appeared in this case due to the in-
crease in the length L of CM, caused by the addition of
the electrolyte. Indeed, according to (31), the fraction
of the volume of the solution occupied by micelles, for
which the nematic phase arises, is given by the expres-
sion

3 2

= R T T R (51)
where v, is the specific volume of the solvent mole-
cules. For C,<« 1, the long-range van der Waals
forces make the main contribution to U,. In this case,
|Uyl ~L?, i.e., ¢ (L)~L™, if the average distance be-
tween micelles exceeds L and |U,| ~ L, i.e., ¢,{L)
= @ ) = const, if the distance between the cylinders
is small compared to L. Thus the critical concentra-
tion of an amphiphile in (51) is a decreasing function of
the length of the CM. A qualitatively analogous behav-
ior of the function ¢ (L) was obtained in calculations by
Flory.”™'%° The experimental curves, obtained for a
solution of PBG in dioxane, are illustrated in Fig. 18.

In the experimental situation being studied,® ¢, ,
~30%, while with the addition of salt, the length of CM
L= L(c,) increases (see Secs. 3 b and ¢ and Fig. 11).
The transition I, = N, initiated by the addition of a
certain electrolyte to the system, occurs in an analo-
gous manner.%

Yu and Saupe® and Forrest and Reeves®® observed the
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FIG. 18. Critical volume fraction of PBG in dioxane?:

1) a,(L); 2) &,(L).

phase transition N.= Ny, initiated by the addition of an
inorganic salt or (and) a cosurfactant (decanol) to the
system. The phases N, and N;, can coexist, for exam-
ple, in the region of the phase diagram illustrated in
Fig. 19, since in this region, the lines separating the
phases H, and I, I, and I,,, and I, and L, converge.
The addition, for example, of a salt, as we saw above,
increases the sizes of aggregates and the possibility of
orientational ordering.

The appearance of a biaxial nematic phase deserves
special attention.?” Figure 20 shows a section of the
phase diagram of the system KL/D,0/decanol, which
contains a narrow N,, region. Yu and Saupe reported in
Ref. 37 that they also observed an analogous phase in a
SDS solution. An investigation of a lattice model shows
that the biaxial nematic phase is thermodynamically
stable, if the sizes of the particles in the system fall
into a certain range®® (see also Sec. 4b). For this rea-
son, one result of Ref. 37 is a proof of the thermody-
namic stability of triaxial micelles. This fact can ap-
parently be related to the influence of alcohol on the
dimensions and shape of aggregates in solutions of
amphiphiles.

Molecules of alcohols dissolve not only in the polar
medium surrounding the head of the AP molecules, but
also in the hydrocarbon nucleus of micelles; in this
case, the energy of the interface between the polar and
fatty media decreases strongly.®® Thus the presence of
alcohol, generally speaking, facilitates the formation
of large aggregates in solutions of AP molecules. Ex-
perimental data on quasi-elastic light scattering show
that the addition of alcohol can indeed lead to the ap-
pearance of large disk-shaped micelles and, in addition,
the cosurfactant is distributed in them nonuniformly:
the alcohol density is higher at the perimeter of the disk
and lower in the plane of the lamellae.®>'® This is ap-
parently related to the presence of voids in the packing
of AP molecules near the curved surface, which are
filled by the hydrophobic parts of the cosurfactant.

Two situations can arise when alcohol is added to a

Ce

FIG. 19. Portion of a phase diagram clarifying the formation
of nematic phases (see text).
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FIG. 20. Portion of the phase diagram of an aqueous solution
of KL containing 6.24% decanol.?’

solution containing CM. First of all, the cylinders can
restructure into DM, which has been observed in a
number of systems*®; in particular, the transition

N. =N, initiated by the addition of alcohol, was ob~
served in Refs. 34 and 36. Second, a circular cylinder
can flatten into a biaxial aggregate, which in its turn
can lead to the formation of LL.C with low symmetry of
the type N,,. The latter case was apparently realized
in Ref. 37.

In concluding this section, we note that clarification
of conditions of the appearance of such phases as N,
C, K, and H, in solutions is of great significance both
for the physics of LLC in itself and for the study of the
mechanisms of self-assembly of different supermolecu-
lar structures of living cells. In particular, some sec-
tions of the surface of aggregates in structures of the
type V,, , illustrated in Fig. 9 and in analogous so-
called microtrabecular cellular structures (Fig. 21)
have very different curvatures. The thermodynamic
stability of such formations is apparently ensured, just
as in the mesophases mentioned, by the nonuniform dis-
tribution of cosurfactant and (or) charges of the polar
heads on the surface of the aggregates.

The same thing can be said of vesicles (see Fig. 2f),
myelin figures, and other formations, examined in the
literature as models of biomembranes.* %" Usually
metastable, aggregates of this type can be thermody-
namically stable under certain conditions.

e) Energy of elastic distortions

In the presence of external fields, the state of a ne-
matic in which the director n at each point is parallel
to a fixed direction is, generally speaking, incompati-
ble with the conditions imposed on n by the walls bound-
ing the specimen, as a result of which the field of the
director becomes distorted: n=n(r). In the macro-

» @MOL@%
oo
TN

FIG. 21. Schematic diagram of the microtrabecular structure
of a live cell.®
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scopic continuous approach, the energy of the distorted
state of a uniaxial nematic is described by the Oseen-
Frank free energy®™®:

Fa=-5 { dir (K, (divn)*+ K, (n rot n*+ Ky [n rot nJ?). (52)
The first term in (52) describes transverse bending
(splay), the second term describes twisting (twist), and
the third term describes longitudinal bending (bend).

An expression for the energy of elastic distortion of bi-
axial nematics is obtained in Ref. 98.

The elastic constants K,, K,, and K, are usually de-
termined from measurements of the critical field #,
giving rise to reorientation of the director in a speci-
men with fixed dimensions: Frederiks effect®%'%%; in
this case, the magnitude of the anisotropy of the dia-
magnetic susceptibility must be determined from inde-
pendent experiments. At the present time, there are no
data on y,; according to preliminary estimates,?-1%°
Fx.l ~ 1078,

On the surface of glass, AP molecules align along
the normal to the glass surface. For this reason, in
the space between two glass plates, LN of the type N
form a planar texture, in which the director is parallel
to the surface of the plates, while N, type LN form a
homeotropic texture (the director is oriented along the
normal; Fig. 22). If an external magnetic field, which
has a component along the normal to the plates, is now
imposed on the specimen, then for ¥ >H,, a reorienta-
tion of the director will occur in the interior of the spe-
cimen. This orientation can be observed by optical
methods. The magnitude of H, is inversely proportion-
al to the gap size d between the plates and is related to
Frank moduli entering into (52). Saupe ef al.!® mea-~
sured H.d for Ny in a system of decylammonium
chloride NH,C1/H,0 and determined the values of X,/
Ix,| and Ka/lx‘l as a function of the temperature of the
specimen (Fig. 23). Assuming that |yx,| ~1078, the data
in Ref. 100 lead to the estimate K, ,~107® dynes, which
agrees in order of magnitude with analogous quantities
for thermotropic nematics.®®

Estimates based on an investigation of the dynamics
of the Frederiks effect (see the next section) show that
for LN of the type N, the Frank moduli can be one to
two orders of magnitude smaller: K~10"7-10"® dynes.
It is interesting to compare this value with the bending
energy of CM, which can be determined from the data
in Ref. 57, if it is assumed that the break in the depend-
ence of log v plotted against log N with N~10* (see Fig.
12) is indeed related to the formation of a coiled state
of CM in the solution.

The energy of the weakly deformed state of CM is
given by the expression®®

al b)
FIG. 22. Homeotropic (a) and planar (b) texture of nematics.

762 Sov. Phys. Usp. 26(9), Sept. 1983

§ o) &= 1%l
ES °‘”r/l"-a]
K]
. 8r
- L
L
S |
-20  -15 -19 -5 0

B
77,

FIG. 23. Temperature dependence of Frank’s moduli of the
Np phase (7. 57% decylammonium chloride, 2.73% NH,CI,
89. 70 molar % H,0),!%

L
a 8, \2 , (d8,\z
fd:TSdl[(—dz') +('d1 ) ]'
where 6, , are the angles of rotation of the axis of CM

relative to the unperturbed state, The mean-square
distance between the ends of the CM equals

(53)

=22 (54)

- (l{_ 14+ e-LT/a) A

a

For L< Lc=a/T, R*~L, and for L> L., R®=2LL..
The quantity L, and, therefore, g are determined from
Fig. 12: L,~1600 A. If it is assumed that the distance
between CM in N is =200 A, then the elastic constant
of LN, related to bending of CM, constitutes

Ky= = =2 ~ 5.0 dynes . (55)

ar

Thus, in general, the possibility of deformation of CM
must be taken into account in calculating the energy of
elastic distortions. We note that an analogous situation
arises for LLC in solutions of polymers,:%

Aside from smooth distortions, for which n(r) varies
continuously from point to point, when observing LN in
a polarizing microscope, singular lines (nuclei of dis-
clinations) are observed.®® The structure of these de-
fects of the director field in LM is the same as in the
case of thermotropic nematics, i.e., nuclei with integer
and half-integer Frank indices are possible. In the bi-
axial phase N, ,*" disclinations with integer Frank index
were not observed. We note that topological considera-
tions indicate that linear defects in N,, can have a more
complicated structure than in uniaxial nematic meso-
phases,'® but this problem has not yet been studied in
detail experimentally.

f) Relaxation processes in lyotropic nematics

The investigation of the dynamic properties of LN at
the present time is only beginning. Of the five coeffi-
cients of viscosity, which, as is well known,%™® enter
into the equations of nematodynamics, data are avail-
able only for the coefficient of rotational viscosity v,,
measured for solutions of several compositions by
Fujiwara and Reeves'® (N,) and Haven ef al.*® (Np).

Fujiwara and Reeves!® investigated the reorientation
of the director in an external magnetic field, described

by the equation®
—y,é:%xgH‘ sin 26, (55')

where 0 is the angle between n and the direction of the
field H. Measurements of the angle 6 as a function of
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time from NMR data, performed in Ref. 103, gave the
following values for the N, phases: x,/v, =5.89-1073
s+cm™ for D,0/KL/KCI (64, 56; 33, 22; 2, 21) and
X,/ = 1.80+10"*% s- cm™ for D,0/LaC,,/Na,SO, (55, 69;
39, 71; 4, 54), where the numbers in parentheses indi-
cate the weights of the corresponding components.
From the data presented, for x,~107% we obtain 7, ~10*
poise. The value of 7,, obtained in Ref. 100 in the Ny
nematic phase from investigations of the dynamics of
the Frederiks transition, is much smaller: 7, ~1 poise.

The appearance of convective instability in the N
phase (40.5% NaC,,, 7.1% decanol, and 52.4% water),
accompanying the application of an external magnetic
field perpendicular to the initial direction of the direc-
tor of the planar texture (Fig. 24), was observed in Ref.
104. As a result of the instability, vortex motions
arise in the nematic layer; the size of the vortices in a
field H= 15 kG is about 80 um along the y axis and is
independent of the thickness of the specimen for d >100
um. The distance between the vortices in the x, 2
plane (see Fig. 24) equals the thickness of the specimen.
We note that an analogous instability was investigated
for thermotropic nematics.'®®

A superstructure in the spacing of DM in the Ny
phase with a period of 10-20 um was discovered in Ref.
106 (from the diffraction of helium-neon laser light).
One possible reason for the appearance of this struc-
ture, as in Ref. 104, could be the convective instability
of a nematic in a magnetic field.

The equations of hydrodynamics for biaxial nematics
are discussed in Refs. 98 and 107-109.

In LLC, arising in solutions of AP molecules, the re-
laxation process (usually unimportant for thermotropic
nematics) related to restructuring of the sizes of mi-
celles to their equilibrium values, determined also by
the local concentrations of the components of the sys-
tem, could be important. The time for this process
may be comparable to other characteristic relaxation
times, for example, the reorientation time of the direc-
tor on the application of a magnetic field. According to
NMR data, obtained for dilute micellar solutions,®*°
the order of magnitude of the restructuring time of mi-
celles for amphiphiles such as SDS is about 1 s with C
= C* and decreases rapidly as more amphiphile is add-
ed to the solution. For this reason, complete local
equilibrium of all degrees of freedom may not be
achieved, even in quite slow processes. The relaxation
process indicated is especially important when concen-
tration and temperature gradients are present in the
system.

FIG. 24. Schematic diagram of convective flows initiated in
a nematic by application of a magnetic field.!"
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5. LAMELLAR PHASES

a) Thermodynamics of formation of lamellar phases
in solutions

Phenomenologically, the formation of a layered
structure of lamellar phases (see Fig. 6) can be viewed
as the appearance of a density wave in the spatial dis-
tribution of AP molecules®'1*°;

p (1) = po + 0, COS go2. (56)

In this expression, p, represents the modulus of the or-
der parameter, differing from zero in the smectic
phase. In lyotropic systems, the structural transition
into the L, phase could be initiated by a change in the
temperature as well as by a change in the composition
of the solution (see, for example, Figs. 3, 4, 7, 8, 14,
and 17). From purely symmetry considerations,® ®® it
follows that the appearance of the wave (56) could be
due to a second-order phase transition. However, the
interaction of the order parameter p, with other de-
grees of freedom, for example, with fluctuations of the
director accompanying the transition Ny= L %2-112-113
leads to a first-order transition. On experimental
phase diagrams, the region of the L, phase is usually
separated from the isotropic solution or LN by a two-
phase region.

X-ray diffraction and NMR data show® that near the
transition into the L, phase, the size of micelles in an
I,, N solution increases. Thus, in a N nematic, near
an interface with I, the diameter of DM is D= 300-500
A, while as the L, region is flpproached, the diameter
reaches approximately 2000 A. In observations under a
polarizing microscope, embryos of the lamellar phase
(“small bars”) are visible near the interface between
the phases I,—L_ in an isotropic solution. The growth
of micelles leads to an increase in Frank’s modulus K,
(Fig. 23)*® and, probably, K,, as occurs in the case of
thermotropic nematics.57

The thermodynamic potential of an inhomogeneous
weak solution of rigid anisotropic particles has the
form [compare (26)]

O=Np,+T S dog S d3rp (r, a) Inp—(:&l

+% S d3r S d3r’ S dog S doa-p(r, a)p(r’a’)u(r—r’, a, a'),
(57)

where p(r,a) is the density of particles (cm™), whose
distinguished axis is oriented along the unit vector a,
and #(r-1r’,a,a’) is the correlation function of the uni-
form solution. Expression (57) corresponds to the as-
sumption, usually made in the Kirkwood-Monroe theory
of crystallization,!'* 1% that the lamellar phase forms
via a first-order phase transition, close to a second-
order transition (the jump in p, at the transition point
is small). In this case, the magnitude of the wave vec-
tor g, in (56) is determined from the condition that the
Fourier component of the correlation function

ulq, a, a’)=‘$1'_ S dtre-iT u (r, a, a’)

is maximum. As also in the analysis of the transition
I-N, we shall represent the expression for u (r,a,a’) in
the form of an expansion in cos(mgyz) and P(a-a’) and
we shall retain only the first few terms of the series
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[compare (27)]:
W (e, 8, ) 2 g+ ty 008 ,2P; (38) -+ 1yP (a8); (58)

where, u,, , are functions of the coordinates. Mini-
mizing (57) keeping the number of particles fixed, we
obtain

p(z, n)=Aexp[—-%—V(z, a)], A=const, (59)

where the self-consistent potential acting on a particle
at the point r, taking (56) and (58) into arcount, has the
form

V(z a)= [ dou [ @p(rs a)u(r—r, ax)
= ¢ [Uy+ UysPy (8n) + Ugo cos g,z).

(60)
Here, s is Tsvetkov’s parameter

s == (D, (an)) (61)

and o is the MacMillan parameter, describing the ap-
pearance of the density wave:

o == (P, (an) co8 ¢y3). (62)

Expressions (59)-(62), obtained in Refs. 111 and 116,
for U, ,<0, describe both the nematic-smectic transi-
tion and the nematic—isotropic-solution transition. Fig-
ure 25 shows the phase diagram of a solution of rigid
anisotropic particles in the (&, T) plane, where &=U,/
U,, obtained as a result of a numerical solution of Egs.
(59)-(62). If it is assumed that & increases with in~
creasing sizes of micelles, which is apparently valid
near the triple point I,~N,-L_, when the distance be-
tween CM is of the same order of magnitude as their
diameter, then the phase diagram of the solution in the
(T,c,) plane will be qualitatively analogous to the dia-
gram illustrated in Fig. 25.

In thermotropic LC, the quantity ¢, is determined on-
ly by the length of the molecules ¢,= 27/1, and remains,
practically constant in the region of existence of the
liquid-crystalline phases.®’” In LLC, in solutions of
AP molecules, the period of the lamellar structure can
increase with the addition of water to the system from
several angstroms to several tens and hundreds of ang-
stroms, depending on the type of AP substance. For
this reason, the forces of interaction between micelles,
which determine the period of the lamellar structure,
must be discussed in greater detail.

b) Interactions of micelles in solutions

The contributions of the following interactions be-
tween lamellae in solutions can be distinguished experi-

/9202 |V ¢,

25 28 /fo‘y,z

% [U;
FIG. 25. Portion of the phase diagram of a solution near the
triple point I,—Np~L,.
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mentally: van der Waals attraction of AP layers
(F,q), repulsion of double electrical layers of plates
(Fp.), and a specific interaction related to the distor-
tion of the structure of the solvent in the gap between
the lamellae (F,,). The total repulsion force between
AP plates per cm? is given by the sum

F= dew‘+ FDL + Fss,- (63)

The van der Waals and electrostatic forces have been
studied experimentally and theoretically for a long time,
in particular, in connection with the problem of the
stability of hydrophobic colloids*!?418 (see the somewhat
more recent review in Ref. 119). The general method
for calculating F,, initially proposed by Lifshitz,'*®
was later applied to bodies of different shapes'®'™22;

for thick plates separated by a distance dy, the follow-
ing expression is obtained:

Fyaw =~ﬁ§n (64)

where A is Hamaker’s constant, which depends on the
dielectric constants of the AP layers and of the solvent
(in order of magnitude, A~107'? erg). The magnitude of
the electrostatic repulsion of double layers numerically
equals the osmotic pressure of ions in a plane midway
between the surfaces of the plates!?3:!'7:

Fpp, = nT. (65)

The distribution of the potential in the gap is determined
from Poisson’s equation

dp _ Au:n e-eW/T (66)

dz?
with the boundary condition'?*

dy /2
n { doe-ewr 2 (67)
] 0

from which the magnitude of the osmotic pressure (65)
is determined. In (66) and (67), ¢ is the dielectric per-
mittivity of the solvent, s, is the specific area per polar
head of the amphiphile, and a, is their degree of ioniza-
tion. The dependence of &, on the state of the solvent in
the gap could play an important role.!25128

The solution of (66) and (67) has the form!'?*

w=-€—lncos’kz, k=]/-§. (68)
The quantity » is determined from the relation

kd . kd g

S8 =% (69)

taking into account the expression for & (68).

The existence of the last term in (63) was discovered
by Parsegian et al. in experiments on swelling of la-
mellar phases of lecithin in a water solution of dexstran
(polymer), coils of which with a diameter of about 40
A do not penetrate into the gap between the lamellae,
and their presence therefore affects only the osmotic
pressure of the solution.!?7:128:12¢ By measuring the os-
motic pressure of the polymer solution that balances
the repulsive force of the layers (63), it is possible to
find the dependence of Fgs on the gap size. According
to Refs. 127, 128, and 124, this dependence can be ap-
proximated by the expression

Fy,=Fpe "%/ F,=1,0.101 dynes/cm?, (70)
a=1,93A.
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Later on, the existence of a contribution to the inter-
action between bodies depending on the structure of the
solvent was confirmed by direct measurements of the
force of repulsion of mica plates by Izraelcehvili
et al.'**1% ]t was demonstrated in Ref. 130 that as the
gap size changes, the interaction force acting between
the plates oscillates with a period that approximately
equals the diameter of the solvent molecule (Fig. 26).

A review of research related to the measurement of
Fy, can be found in Ref. 132.

We note that the qualitative difference between the re-
sults in Refs. 127 and 129 is apparently not accidental,
but is related to the difference in the orienting effect of
crystalline aluminosilicate surfaces of mica and amor-
phous AP plates on the solvent: in the latter case, the
oscillations in the pressure are “smeared” due to the
translational and rotational motion of AP molecules in
the bilayer.

The role of long-range forces in biological systems
is discussed in Refs. 133 and 134,

Attempts have been made to analyze the “solvation”
forces theoretically with the help of computer calcula-
tions using the Monte Carlo method.!® In Refs. 136-
139, the quantity Fy, was obtained from an analysis and
subsequent numerical calculation of the equation for
the correlation function of an inhomogeneous liquid.*°
The calculations yielded an oscillatory dependence of
the force of interaction between two surfaces, the gap
between which is filled with a liquid, on the whole
analogous to Fig. 26. It should be noted, however, that
the number of oscillations in these papers (usually 2~3)
is appreciably smaller than the number observed ex-
perimentally {7-10). This could be related to the fact
that under the conditions in Refs. 130-131, some pre-
transitional effects are manifested (growth in the cor-
relation radius of the solvent), related to the proximity
of the point of crystallization of the liquid (7 - 7)) /7T,
~0.1). A phenomenological theory, within the frame-
work of which this phenomenon can be taken into ac-
count, was proposed by Mercelja et al.>* in connection
with experiments performed by Parsegian et al. (see
Ref. 126). In Ref. 142, it is proposed that the interac-
tion between the solvent molecules and the polar heads
of AP molecules of the lamellae gives rise to the ap-
pearance of some ordering of its structure, which can
be described by an order parameter . At a tempera-
ture above the point of the liquid-crystal phase transi-
tion, examined as a first-order transition close to a
second-order transition, the Landau expansion for the

£, arbitrary units
)

'
~

-2

FIG. 26. Dependence of the force of interaction of two mica
plates in the liquid [(CH,),Si0l, on the gap size d;.
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free energy per em? of area of the plates has the form
8,02

~7 d 2 ~

S dz[c(—Eq) +ant+ ] (71)
-2
The orienting action of the plates in this model is given
by the boundary conditions

dw
ﬂ(==—2—)=—ﬂ(1=—%)=ﬂo- (72)
Minimizing {71) and applying (72), we obtain

— sh (z/%,)
n (1) =My sh (dw/zgo) ’

F=F,=

Fss = (73)

an 3 "
FEEy T =T
It follows from this expression that near 7, when the
coefficient 7 is small, the range of the solvation forces
can increase considerably. In Ref. 142, the parameter
7 is interpreted within the framework of a molecular
field theory, which is a generalization of Pople’s mod-
el of the structure of water '*3 as a quantity proportion-
al to the excess electrical polarization of the liquid in
the gap.®

One of the internal inadequacies of the model'* ' jg

the impossibility of explaining the oscillatory depend-
ence of the pressure on the gap size and, what is more
important, the absence of a transition from the hydro-
philic to the hydrophobic surface of the plates. Indeed,
the sign of the “solvation” interaction forces acting be-
tween hydrophobic surfaces in water, in contrast to hy-
drophilic surfaces, corresponds to attraction (for refer-
ences and a discussion see, for example, Ref. 144),
while the expression for Fg (75) with @>0, i.e. T>T,,
is always positive.” This disagreement can be elimin-
ated if the entrainment of water into the region of the
polar heads is taken into account explicitly.'?® We write
the expression for the free energy of the solvent for

Tz T, in the form

F=Fot+ 4 [ arfarfmaem moe)+ e @, (74)

in which p(r) represents the fluctuation of the density of
the liquid and ¢(r) is the excess potential in which the
water molecules in the gap between the plates are locat-
ed. Minimizing (74), we obtain the equation

[@rk (e e =—o )

E(r) = — S A3 K-t (r, vy (r'). (75)

It is convenient to separate explicitly the correlation
function of the homogeneous liquid —u(r — r’) out of the
expression for K(r,r’), after which the equation for
pir) assumes the form

—farve—mbe+ mpm+ (oo Mpm=ow. (752)

In this expression, the last term on the left side differs
from zero only in the region of the polar heads of AP
molecules. We shall express the free energy of the lig-
uid (74) in terms of the eigenvalues and eigenfunctions
of the operator K:

1 (@1 Pn)®
F=Fy— g 2 =3
‘ ’ ‘ T ' ' n
~ J @ =) b )+ v 0+ [ dre (e, 1) un ) =22 .
_ (76)
#)An analogous interpretation of the order parameter was used
in calculations of the solvation forces in Ref. 202.
9)The force of attraction of hydrophobic surfaces in a polar
solvent was recently measured directly by J. Israelachvily
and P. Pashley. %
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Near the point of crystallization of the liquid, the cor-
relation function v(g) has a sharp peak at |g,l = lqg,!
= |q,) =q,, where 27/4, is the period of the crystal lat-
tice of the solvent for T< T, Substituting into (76} ¥,
in the form

Yn (r) =¥n () cos (goy) cos (20%)»

we obtain for ¥ (x) the equation
o d a—
~B (@~ 0) 0@+ [ deu, )b @)= 22 ey (1)

where we have used the relations

I—T
T—pw(9) lay=a,~q, & Tc[ To <

+€:(qo—q=)‘] ’

’ ! ’ ,
u(z, z')= %wj dy S dz S dy j dz’ o8 gy c08 @ozQ (1, ') CO8 goYy’ COS Qg2

The integral term in {77) is negative near hydrophilic
surfaces of AP plates, which corresponds to entrain-
ment of water into the region of the polar heads of the
amphiphiles, so that Eq. (77) can have solutions that
are localized near the lamellae (analog of discrete
levels in quantum mechanics, for example, in a Morse
potential®®). It is natural to interpret this part of the
density of the liquid as “bound” water, which is the
source of the NMR signal'™® of LLC (see Sec. 4b). If the
magnitude of the last term in (77) is sufficiently large,
then it is possible for the lowest eigenvalue A, of the op-
erator K to vanish, which corresponds to the point of
crystallization of “bound” water.

We shall examine the case when (77) has only one dis-
crete level with A;>0. The eigenfunction y{(x) at large
distances from the AP plate has the following asymptot-

ic behavior:
. T—To—Ay )

Py (Z) = 1y €08 (¢o%) eXP ( - —g: To (78)

The correction to the eigenvalue 2, related to the pres-
ence of a second surface situated at a distance d_, from
the first one equals

Ay (dw) — Ao (00) 22 2T o (o () { u (2, ) | o (dw—2))
~ 2T, S dz S dz'yy (2) u (2, )08 @y (dw— 2)

xaxp(—'i"éﬂ—= T——z;fc—_;'“—)

(79)
Substituting (79) into (76) and differentiating with re-
spect to d,, we obtain an expression for the “solvation”
component of the force

a 3 2d,, T—T¢—Mh
X S dz S dz'u (z, ') 08y (z— dw)cos g, (z' —dv)
: T—Tc—M
x exp (SE2 )}

(80)

which under the condition [ dx [ dx ‘u(x,x ") §i(x) cosq(d,,
- x) <0 corresponds to repulsion between two hydro-
philic surfaces.

¢) Characteristics of swelling of lameliar phases.
Gels

When water is added to a lamellar phase of LLC, two
limiting cases of swelling are distinguished experimen-
tally*s:
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1) All the added solvent penetrates into the space be-
tween the polar heads of AP molecules, increasing the
specific area s, of the amphiphile. The period of the
lamellar structure in this case remains approximately
constant (Fig. 27a).

2) The value of d, proportional to the amount of add-
ed water, increases with the specific area per polar
head remaining constant (Fig. 27b).

Intermediate types of swelling of lyotropic smectics
is also possible, as is a change in the type of swelling
accompanying a change in the composition of the solu-
tion (for example, with the addition of a cosurfactant).

The first type of behavior is observed for AP sub-
stances such as soap (sodium, potassium, and other
salts of fatty acids), SDS, etc.'’'*® For LLC in solu-
tions of these substances, there is a maximum amount
of water, corresponding to a water gap between lamel-
lae 15-20 A thick, that can be pulled into the region of
the polar heads of AP molecules. As this value is ex-
ceeded, the L, phase goes over into an isotropic solu-
tion I, or into a nematic N,,. With the addition of water,
the specific area per polar head varies in the range
from 25-30 to 40 A? (in this case, the thickness of the
lamellae decreases and the water gap increases in such
a way that the total period of the lamellar structure of
LLC remains constant).

Gel phases arising in solutions of such amphiphiles
as monoglycerides (Fig. 28) also exhibit limited swell-
ing. As the temperature decreases, the gel goes over
into a crystalline state; in this case, the specimen may
be both free of water entirely or contain some water.2?

Substances such as AOT, monopalmitin, and others!
exhibit the second type of swelling. The specific area
per AOT molecule in the bilayer at 20°C constitutes s,
= 68 A? and remains practically constant with the water
content in the specimen varying from 25 to 80% (see
Fig. 28).

Qualitatively, the nature of the swelling does not de-
pend on the length of the fatty tail in the homologous
series of the given substance, but is determined only by
the shape of the polar head of the AP molecule. By
adding a third substance (usually an amphiphilic sub-
stance?) to a two~component system exhibiting type 1
swelling, it is possible to obtain a lamellar phase that
exhibits unlimited swelling. In this case, the necessary

igd
25 Hy0,% &0 20
135, ' i
A0T 1 181 {
18}
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o B 1L vfﬂsl 141 L S L 1 i
o5 0 14 192 ez 4% o5 yQfe)
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a

FIG. 27. Dependence of the area per polar head of the amphi-
phile on the water content of the specimen (a) (Z is the number
of moles of water per mole of SDS) and of the period of the
lamellar structure (b) of the L, phase on the volume fraction
of the amphiphile ¢.!+14¢
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FIG. 28. Phase diagram of the tetradecylamine/ water

system. %’

conditions for such a transition are: a) appearance of
an interlayer of “unbound” water and b) weakening of
the bond between the cations Na*, K* and so on and the
residues of the fatty acids.! The first of these condi-
tions is checked by measuring the vapor pressure of
water as a function, for example, of the alcohol content
in the system (Fig. 29a). For a decanol concentration
corresponding to a transition to unlimited swelling of
the L phase (Fig. 29b), the vapor pressure rapidly
approaches a value corresponding to the pure solvent.
The second condition can be checked by measuring the
width of the NMR line of the appropriate cations.!'**7
This same method can be used to observe the weakening
of the bond between water molecules and the surface of
lamellae at the time of the transition to unlimited swell-

ing.lvlqﬁ

The transition to unlimited swelling can also be ini-
tiated by the addition of a small amount of easily ion-
izable amphiphile, for example, soap, to the system
(Fig. 30).%7

A simple model of the characteristics of swelling of
the lamellar phases of LLC is proposed in Ref. 125.
We write the osmotic pressure of ions (65) in the form

=N (81)

where N is the density of ions on the plates and a, is
the degree of dissociation. As the simplest assumption
about the dependence a (d,) we shall examine a model
in which o, decreases linearly with increasing average
(over the water gap) order parameter:

dg, /2
ai=ao“'"'1‘_Pm ‘Po=% S dzy, (z), (82)
—dg, /2
where [compare (78)]
h Py \ =
R L I = RO

Substituting (83) into (82), we obtain

AP, Torr Hz0, %
g
40
f
2 2
G a
70 50 30 Ha00% ! 3 5
Decanol/NaCgimole)
a} b)

FIG. 29. Dependence of the osmotic pressure of the solution
of sodium caprylate/decanol/water on the water content (a)
and the dependence of the limiting content of the solvent in the
L phase on the number of moles of decanol per mole of sodium
caprylate (b).!
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FIG. 30. Limited swelling of a monoglyceride gel with pH=7
(1), unlimited swelling of the gel on addition of 1/60 part of
sodium stearate (2).%7

a=a,+c,[1—(%) th (dz—‘g)] (84)

In the model being examined, ¥,(x) (83) describes the
ordering of the free water (outside the region of the
polar heads of the AP layer), arising as a result of the
interaction of the solvent with the surface of the mi-
celles. Substituting (84), (81), (70), (65), and (64) into
(63), we obtain an equation relating the equilibrium val-
ue of the thickness of the water gap d_ to the osmotic
pressure of the external solution (or saturated vapor
pressure) p’:

R
This dependence is illustrated schematically in Fig. 31,
The “shelves” on this curve are drawn in accordance
with Maxwell’s rule of areas. The nonuniqueness of the
dependence d_(p’) (85) for small d, is related to the de-
pendence of the degree of ionization of the polar heads
on the order parameter in the water gap (84). As the
osmotic pressure decreases, for values p’= p/, a phase
transition occurs between the “quasicrystalline” and
“liquid-crystalline” states. Inclusion of the oscillations
of the pressure F (Fig. 26) leads to the possibility of
the existence of several “quasicrystalline” phases for
p’=p], differing by the water content.*?5-*26 With the
addition of water, i.e., with p’<p], two cases are en-
countered. If the first term in (85) is sufficiently small
(N<N,), then with p’= p; a phase transition occurs, as
a result of which a mesophase is formed with a high
water content, for example, I, or N3'°’ (shown by the
dashed line in Fig. 31). For large N (N>N_), the swell-

o
s

iy D‘ll ;z d’;\“"/ d,

FIG. 31. Theoretical curve of the dependence of the osmotic

pressure of water in the L phase on the period of the lamellar
structure.

W According to Ekwall,! a lamellar mesophase of the type
“B,’ whose properties and position on the phase diagram
are close to the N nematic phase, can arise at this point.
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ing will be continuous up to large magnitudes of the
water gap d,. The value of the parameter N= N_has a
meaning analogous to the critical liquid-vapor tempera-
ture,

The quantity N can be changed by adding an ionic
amphiphile?” or alcohol, which weakens the strength of
the bond between the cations and the bilayer.! Thus the
model described above qualitatively describes many
characteristics of swelling of LLC, observed experi-
mentally.

Solidification of paraffin chains accompanying the
formation of gels is usually accompanied by a decrease
in the thickness of the lamellae and, correspondingly,
an increase in the specific area per polar head.?4:14®
This transformation, which has been widely investi-
gated, in particular, in phospholipid membranes with
an excess of water (vesicles), represents a collective
phenomenon of a phase-transition type, which is mani-
fested as an abrupt change in the thermodynamic func-
tions of the system.?#:150°151 NMR data show'% that
cooperative tilting of the axes of molecules in a lamella
occurs near the gel-formation point. A change in the
pH of the solution, addition of inorganic salts, etc. have
a considerable effect on the transition tempera-
ture.'®®% For additional references concerning this
problem see Refs. 97 and 155-159.

d) Structural defects. Permeation

In preparing specimens, different types of damage to
the ideal packing of the lamellae—defects—appear in
them. Some of the defects can be removed by the action
of shear stresses, a magnetic field, etc. on the speci-
men; removal of the remaining defezts requires dis-
placement of macroscopic quantities of matter and, for
this reason, they can exist practically indefinitely un-
der normal conditions. A specimen with defects that
have not been removed is in a metastable state. There
is a profound relation between the characteristic re-
maining defects, arising in a liquid-crystalline phase,
and the topological structure of the region of variation
of the corresponding order parameter (in the case of a
uniaxial nematic, for example, this region represents
a sphere with unit radius with equivalent diametrically
opposite points: the projective surface),!02:189-162 g4 that
the study of the structure of defects in a specimen, for
example, with the aid of an optical or an electron mi-
croscope,!® is a convenient method for distinguishing
LC phases. The textures of different mesophases are
compared for LLC in Refs. 164 and 165 (see also Refs.
1, 4, 163, 166).

In the case of L phases, the period of the lamellar
structure is determined by the conditions determining
a minimum of the thermodynamic potential, so that the
lowest energy will correspond to deformations of the
structure for which the magnitude of the water gap is
constant and equal to its equilibrium value (with the
exception of some special lines). This condition is
satisfied by edge dislocations and different confocal
domains,'® of which the simplest are myelin figures.'®”
The energy of distortions, related to the formation of
the latter, is discussed in Ref. 166 within the frame-
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work of Helfrich’s model. 68

The presence of edge dislocations in L phases, of
which there can be at least two types in lyotropic smec~
tics (Fig. 32), leads to the formation of so~-called Gran-
jean terraces,® observed in optical and electron micro-
scopes.'®® A technique for direct observation of dislo-
cations in L phases is proposed in Ref. 169.

Distortions of the lamellar structure can appear at
the point of gel formation L, ==L;. Indeed, the tilting
of molecules in the L, phase decreases the thickness
and, therefore, increases the area of the lamellae.
Since the time of the corresponding relaxation process
is large, it may be expected that a Helfrich-Juro type
wave-like deformation, observed in thermotropic
smectics,® will occur. In lyotropic systems, such dis-
tortions have indeed been observed in studying the x-
ray diffraction patterns and electron~microscope
data.??:151-16¢ A mechanism is proposed in Ref. 171 for
the appearance of a two-dimensional inhomogeneous
structure of phospholipid layers, caused by a coopera-
tive tilting of the molecules in the lamellae. As a re-
sult, a two-dimensional monoclinic lattice is formed
with two different periods, which corresponds to the
data.??'!'s! A simple model for the appearance of wave-
like modulation, which is a generalization of the Mar-
Celja and Radic approach' (see Sec. 5b) is examined
in Ref. 172. An analogous transformation can occur in
liposomes (bubbles of the type illustrated in Fig. 2f, but
with a multilayered wall). In this case, an initially
spherical aggregate assumes the form of a regular poly-
gon: a dodecahedron or an icosahedron.!™ We note that
liposomes in the form of dodecahedra have been ob-
served experimentally.!”°

The structure of defects in lamellar phases of AP
molecules depends greatly on the water content of the
specimens. Thus, with a 24% water content in the L
phase of lecithin, the texture of the specimen is ob-
served to change sharply.'®® The coefficient of diffusion
of ions changes sharply at the same point.!'™'!™ (One
reason for this behavior could be the dependence of the
sizes of DM, forming the lamellar phase, on the con-
centration of AP substance and ions in the solution (see
Secs. 3 and 4).

The investigation of nonequilibrium properties of
LLC is only beginning.!™ We shall consider only the
measurements of the so-called coefficient of permea-
tion of the smectic A, in the L phase.'®® The concept of
“permeation” was introduced by Helfrich!’® to describe
transport of matter of smectic and cholesteric LC in
which the spatial position of the layers and of the helic-
es remains unchanged. By definition,® A, represents a
kinetic coefficient, relating the macroscopic flow of
matter accompanying deformation of the layered struc-
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FIG. 32. Two types of edge dislocationg in lyotropic
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ture:

%u v,

u—vi=h, (CZ+8 51, 6+Fr=0. (86)

Here 7 is the rate of displacement of the layers in the
direction of the normal, chosen along the z axis; v, is
the component of the macroscopic velocity; € is the vol-
ume compression of the medium; and B and C are the
moduli of elasticity; for more details see Ref. 6. The
coefficient x, determines the damping decrement of the
wave perturbations in the L phase with wave vector
parallel to the z axis. For 6= 0, we obtain from (86)

% =A,Bg% (87

The relaxation process of *quenching” of dislocations in
the lecithin-water system, which includes the coal-
escence of dislocation loops in the same gap between
the lamellae, as well as the penetration of “excess”
lamellae through infinite bilayers, was studied in Ref.
169, If it is assumed that it is precisely the latter pro-
cess that determines the duration of the relaxation of

a newly prepared specimen in a state with a regular
system of edge dislocations with period d/¢, then, as-
suming in (87) g~ n/d and 7= 10° s and using for the
modulus of elasticity the value B=2-10 erg/cm?

(Ref. 176), we obtain A, = 107*° ¢m?/poise (T = 37°C).
The characteristic permeation time is apparently de-
termined by the process of exchange of AP molecules
between lamellae in the case of the dislocations in Fig.
32a and by the “flip-flop” process (exchange of mole-
cules between two layers of a single lamella) in the case
of the dislocation in Fig. 32b.

6. HEXAGONAL AND SOME OTHER MESOPHASES.
APPLICATIONS TO BIOLOGICAL SYSTEMS

a) Hexagonal and related phases

As the concentration of the solution containing CM in-
creases, i.e., I or N, the latter usually transforms
into a state in which the centers of gravity of the mi-
celles are packed into a two-dimensional crystalline
lattice, while the long axes of the micelles are oriented
perpendicular to the plane of ordering.

The phases that are encountered most often among
LLC with two-dimensional periodicity are the so-called
hexagonal phases H, and H, (see Fig. 3, 4, 7, 8, and
others). LLC of the type H, are formed from CM with
a circular cross section, packed into a two-dimensional
hexagonal lattice (Fig. 5a). The presence of periodicity
in the spatial distribution of micelles leads to the ap-
pearance of distinct Bragg reflections in the x-ray dif-
fraction patterns, which is one of the main indications
of this type of phase. In the optical range, H, is trans-
parent and birefringent. The viscosity of H, phases is
greater than the viscosity of cubic LLC and lower than
the viscosity of lamellar phases: 20-45 poise.}!):!

The volume fraction of amphiphile in solution for
which hexagonal phases are formed is a decreasing
function of the ratio of the axes of the CM, qualitatively
analogous to that illustrated in Fig. 18. The phase
transition I_-H, occurs when the anisotropy parameter
of the micelles L/D reaches some critical value, which
corresponds to the theories of Flory or Meier-Saupe
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(see Sec. 4). The extension of MacMillan’s model*!® to
the case of the appearance of two-dimensional ordering
in a plane perpendicular to the direction of the long
axes of CM can apparently give a more detailed picture
of the behavior near the triple point I ~N ~H,.

The critical value of the ratio L/D for CM is very
sensitive to the degree of hydration of the polar heads
of the AP molecules: the H, phase in a solution of
cetyltrimethylammonium bromide arises for a volume
fraction of the amphiphile ¢ ,~25% and L/D~ 58, while
the micelles of cetyltrimethylammonium chloride re-
main practically spherical right up to the transition
point with ¢ ,~40%.'*™ A small deformation of spheri-
cal micelles is also observed in solutions of some non-
ionic amphiphiles. A model of the structure of the hex-
agonal phase, in which the anisotropic aggregates form
chains consisting of several spherical micelles, is dis-
cussed in Ref. 178.

As the content of the solvent in the specimen increas-
es, the period of the hexagonal lattice of H, increases
and, in addition, in the region of highest water content,
the distance between the cylinders increases approxi-
mately proportionately to the square root of the solvent
concentration, which corresponds to swelling of LLC
without a change in the CM structure. In this range of
parameters in the specimen, in addition to water bound
to the hydrophilic surfaces of the micelles, there is
some “free” water.

The specific area per polar head of AP molecule on
the surface of CM in the H, phase is smaller than the
analogous quantity for spherical micelles and greater
than for lamellae. Figure 33 shows the dependence of
s on the water content of the specimen.!''*® We note
that the points corresponding to AP molecules with
identical polar groups, fall on a single straight line
independent of the length of the hydrocarbon tail. This
circumstance corresponds to the fact, already men-
tioned in the preceding section, that the nature of the
swelling of LLC is determined primarily by the struc-
ture of the polar heads of the AP molecules.

The hexagonal phases with inverted micelles H, in
two-component solutions usually arise in cases when
the amphiphile contains several fatty tails: for exam-
ple, two hydrocarbon chains in the case of AQT (see
Fig. 3) or four chains in the case of cardiolipin.!™ Al-
though H, mesophases have not yet been studied ade~
quately at the present time, the general characteristics
of the swelling of the LLC being studied, on the whole,
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FIG. 33. Dependence of the specific area per the polar head
of soaps in the H; phase on the water content (Z is the number
of moles of water per mole of soap). 46
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correspond to the picture presented above. Namely,
the period of the crystalline structure and the specific
area per polar head of amphiphile decrease with in-
creasing amphiphile concentration in the system.! The
magnitude of the area s in H, is less than in the lamel-
lar phase; for example, for AQT s = 50~60 A?, while
in the L phase, s = 86 A% The transition L, ~ H, can
be initiated by the addition to the system of ions binding
easily to polar heads of the amphiphile and decreasing
the degree of their hydration. In the case of cardiolip-
in, such ions are bivalent calcium ions.*™

Hexagonal phases with inverted micelles can also
arise in three-component solutions, containing, in addi-
tion to water and the amphiphile, a certain amount of
cosurfactant, for example, decanol.!

At the present time, the important problem of the
structure of the phases found in equilibrium with H,
from the side of large concentrations of the amphiphile
is not clear. Apparently, in the case of some nonionic
amphiphiles,*”™ such a phase could be a cubic phase,
formed by weakly deformed spherical micelles packed
into a face-centered lattice. For ionic AP substances
such as soaps, the structure illustrated in Fig. 9b%° or
Scriven’s® bicontinuous model, which is close to it, is
more likely.

b) Cholesterics

Helical twisting of the director, arising in solutions
of rigid chiral particles, has been most completely
studied at the present time for synthetic PBG polypep-
tides.}''18° There are only several papers concerning
solutions of AP molecules with a cholestric superstruc-
ture.

In a lyotropic system, a cholosteric mesophase can
be obtained either by dissolving chiral molecules in a
nematic®® or by using a nonracemic mixture of levo-
and dextrorotary AP molecules.®® According to the
number of nematic mesophases, three types of choles-
trices canm, in principle, exist: N*, N3, and N¥, of
which the first two have been obtained experimentally
in solutions of a certain composition,%-38:3¢-4

In the case of cholesterics of the type N%, the magni-
tude of the optical rotation can apparently be calculated
in a model developed in Ref, 181 for solutions of PBG
polymers (a review of other theories for the appear-
ance of cholesteric ordering in liquid crystals is given
in Ref. 182). In this model, the helical twisting of the
director is due to the long-range van der Waals forces,
whose magnitude, as is well known,2°122 jg expressed
in terms of the permittivities of the solvent and of the
solute. Chiral molecules added to the micellar solu-
tion are dissolved in the hydrocarbon nuclei of the mi-
celles, the symmetry of their susceptibilities relative
to mirror reflections is lost, and the form of CM is
probably distorted. Within the framework of the model
in Ref. 181, solutions containing CM not having the in-
dicated element of symmetry differ only quantitatively
from solutions containing PBG type molecules.

The distortions of the structure of CM, caused by the
addition of chiral molecules to the system, have not
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been studied experimentally. The textures of the N¥
mesophases are analogous to the textures of PBG solu-
tions.*® It is demonstrated in Ref. 40 that the cholester-
ic helix of a N¥ specimen can be untwisted in an exter-
nal magnetic field.

The structure of Nj cholesterics is apparently most
similar to chiral smectics arising in thermotropic sys-
tems.® In this case, the most probable reason for the
helical twisting of the field of the director (normal to
DM) is the appearance of a screw distortion of DM,
caused by the addition of chiral molecules. In contrast
to thermotropic smectics, such a deformation is al-
lowed in Nf due to the finite dimensions of DM.

Similar to the manner in which a change in the com-
position of a solution can lead to the structural trans-
formation N ==N, (see Sec. 4), the addition of a certain
amount of cosurfactant to a N¥ mesophase gives rise to
the formation of a LLC of the type N*,3*

Data are not presently available on the appearance of
a helical structure in other types of LLC, for example,
in lamellar or hexagonal phases.

¢) Three-component water-amphiphile-oll systems.
Microemuisions

When a small amount of hydrophobic substance, such
as oil, is added to a micellar solution, the molecules
of the hydrophobic substance are distributed in the hy-
drocarbon nuclei of the micelles, i.e., they are solu~
bilized. There is an extensive literature, reviewed in
Ref. 183, on this process, which is of great importance
in different applications. We shall discuss only the re-
sults of some experimental work on the phenomenon of
inversion of microemulsions, studied in detail by Shin-
oda, Friberg, and others, 931847188

With solubilization of oil, the radius of the micelles
increases, reaching in some cases several hundreds of
angstroms.'®” Micellar solutions, in this case, are
called microemulsions, following MacBain. The capa-
bility of micelles to swell in oil is usually limited and
when some critical concentration is reached, the latter
separates in the form of a separate phase. The radius
of the micelles, corresponding to this value of the con~
centration, can be estimated from a model analogous
to that examined in Sec. 3c. In particular, we shall
represent a micelle in the form of a spherical drop of
oil, whose surface is covered by a single layer of am-
phiphile. The surface area of the water-amphiphile
interface, per polar head s_,,, is determined from the
condition that the free energy of interaction of the am-
phiphile with the water be minimum, while the specific
area of an AP molecule éo /s on the amphiphile-oil in-
terface minimizes the energy of interaction of the sur-
factant with the oil. The quantities s ,, and s_,, depend
on the temperature and composition of the solution, and
their ratio characterizes the so-called hydrophilic-
lipophilic balance of the given AP substance. Since, in
general, s, #s /., the radius of curvature of the mi-
celle surface must be finite. Assuming that the dimen-
sions of the polar and nonpolar parts of the molecule
are approximately equal, which is valid for a number of
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nonionic amphiphiles of the type C,,E., we obtain the
limiting value of the radius of a micelle

~ Vot Vil

R~ V‘w/s—v-’o_/s o (88)
where I, is the total length of the AP molecule. The
quantity v's,,, ~ Vs, ,, depends on the temperature and
composition of the solution and, for some values of the
parameters, its sign can change. In this case, the sign
of the curvature of the micelle surface changes, i.e. a
transformation of the emulsion of the type O/w = w/0
occurs (*oil in water”-“water in 0il”’). In the work by
Shinoda et al.,'® % the inversion of the emulsion oc-
curred at some critical temperature, called the phase
inversion temperature, (7,,). Near this temperature,
the turbidity of the solution increases sharply and the
phenomenon of critical opalescence can be
observed.'®19 The appearance of liquid-crystalline
phases, one of which (the anisotropic phase) is lamellar
with alternating layers of oil, amphiphile, and water,
while the second is optically isotropic, was observed in
a narrow temperature range near 7 ;. The conditions
for the appearance of these phases and their structural
models are discussed in Ref. 187.

In the first papers of Shinoda et al., nonionic AP sub-
stances with polyoxyethylene polar heads, whose inter-
action with water has a number of specific characteris-
tics related to the structure of the polar groups, were
used. However, in later work by Shinoda, Friberg,
et al., the inversion of the emulsions was observed in
solutions of other amphiphiles,®'*® for example, in the
system C,NH,C1/C,NH,/H,0/oxylene (Fig. 34). In Ref.
188, it is also reported that the behavior of a solution
analogous to Ref. 34 was observed with the addition of
alcohol and salt to the SDS/water system. These facts
establish a relation between the properties of the ionic
and nonionic substances.

d) Liquid crystals in biology

As already mentioned in the introduction, the interest
in liquid-crystalline structures arising in solutions of
AP molecules is related primarily to biological applica-
tions. It was noted a long time ago that the molecular
organization of many organelles inside cells and living
tissue of organisms is close to the structure of liquid
crystals: smectics, cholesterics, and others.? *'19
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FIG. 34. Phase diagram of a solution of octylammonium
chloride/octylamine / water /xylene.'® The shaded area is
the three-phase region.
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Moreover, the term “liquid crystal” itself was intro-
duced in connection with investigations of the optical
properties of the cholesterol ether, a substance of
biological origin.

In recent years, the self-assembly of different bio-
logical structures has been studied intensively*®?; here,
the term “self-assembly” refliects the fundamental fact
that a number of supermolecular aggregates in living
cells do not require the expenditure of energy for sup-
port of their existence, but arise spontaneously in solu-
tions with an appropriate composition {at a certain tem-
perature), similar to micelles in solutions of AP mole-
cules (see Sec. 3). From this point of view, the forma-
tion of DM lamellae in solution represents a model of
self-assembly of a lipid membrane, playing the most
important role in the functioning of the organism %1%
The investigation of the physicochemical properties of
artificial membranes and, in particular, their interac-
tion with proteins,®® which in living organisms catalyze
biochemical reactions, plays an important role in the
study of the activity of cells. A number of cellular or-
ganelles are organized according to the lamellar phases
of LLC. These include, in particular, chloroplasts,
mitochondria, and others.

As already indicated in Sec. 4a, nematic LLC can
arise in solutions of rod-shaped particles of biological
origin: MTV, DNA, and others. Buligan investigated
the packing of DNA in chromosomes and he showed that
the latter represents a drop of cholesteric liquid crys-
tal and, in addition, the process of chromosome split-
ting in cell division is related to the motion of screw
dislocations.®*

An important direction in these investigations is the
study of the appearance of liquid crystals in the human
organism as a result of some diseases: artheroscler-
osis, cholelithiasis, and others.*'%:1%7 For example,
the appearance of artherosclerosis can be interpreted
as resulting from the breakdown of metabolism, as a
result of which the concentration of cholesterol in the
cell membranes of blood vessels reaches a level at
which the liquid-crystalline phase begins to separate
out. The precipitation of stones in cholepithiasis has
an analogous explanation.'®®

A possible relationship between the liquid-crystalline
state of cell membranes and, in particular, phase
transitions in them, which change the form of cells with
the appearance of cancer is discussed in Ref. 198.

7. CONCLUSIONS

The existence of a variety of liquid-crystalline struc-
tures in solutions of amphiphilic molecules, described
above, is ultimately related to the appearance of two
parts with very different properties—hydrophilic and
lipophilic—in the makeup of AP molecules. To empha-
size this property, AP molecules are also called di-
philic. In principle, it is possible to obtain substances
whose molecules contain a large number of different
sections, for example, block copolymers with three
and more blocks per chain. The appearance of liquid-
crystalline phases (cubic, hexagonal, and lamellar) can
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likewise be observed in solutions of block copoly-
mers.'® The limiting case of this class of substances
are copolymers, each link of which has a definite de-
gree of solubility in water and oil—proteins. In living
organisms, proteins are constructed from twenty
“canonical” amino acids, whose sequence in the chain
is determined genetically. The properties of amino
acids vary from extremely hydrophilic to hydrophobic,
including intermediate cases. For this reason, a pro-
tein placed in a water solution forms a configuration
that ensures minimum contact of the hydrophobic amino
acids with the water and, in addition, a rearrangement
or replacement of even one amino acid can lead to a
change in this configuration or, as it is said, to a ter-
tiary structure of the protein and a change in its cataly-
tic properties. The investigation of these and other
properties of proteins in solutions is an extremely com-
plicated and biologically important problem, which
must be solved in order to understand and control the
vital processes occurring in living organisms.
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