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Abstract. This review synthesizes the most valuable recent information on
lyotropic liquid crystals topic, laying on 70international pubications. It presents a general
description of the lyotropic behavior from the micdlisation processto the spedfic liquid
crystals ordered structures conception. Thermodynamic conditions are detailed too. A
succinct clasdficaion of the lyotropic liquid crystals, upon both geometricd configuration
of the structures and the hydrocarbon chain conformation, is also presented.
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1. INTRODUCTION

Liquid crystals, also named “mesophase”, are organic substances that pure, or in
aqueous lutions, are cgable to read a spedal state of aggregation, intermediary between
liquid state and solid state. They preserve baoth the flow proprieties of a liquid and the
ordering of a aystal and present multiple anisotropies. The existence domain, also named
“mesomorphic” is very well defined by two distinct temperatures situated at its limits; the
lower one is the melting pant at the solid state border and the higher one is the clearing
point upon which the isotropic liquid state begins.

Pure organic substances, providing liquid crystals reat the mesomorphic domain
by varying temperature and have been named Thermotropic Liquid Crystals (TLC). Other
organic substances, in aqueous lutions, read the mesomorphic domain by varying
temperature and concentration and have been named Lyotropic Liquid Crystals (LL C).

Depending on d moleaular ordering, these two types of liquid crystals may form a
number of spedfic structures [1, 2]. Hence the transition from the solid state to the liquid
isotropic state is not a single one, but a succession of transitions passng by several
thermodynamicadly stable phases. The microscopic investigation (texture observation) may
be mnsidered one of the most important methods for the identification and the ulterior
classfication of thislarge number of different liquid crystalli ne phases.

Certain steric conditions for moleaules are necessary to provide TLC [3].
Moleaules have to be rather long and to dispose of: some planar regions; some double or
triple bounding which means a rigid zone wrresponding to the moleaular long axis; some
polar groups and some weak dipolar groups at one of the ends. A spedfic structure of a
TLC molecule mnsists of at least two benzene cycles interconneded by a rigid group and
bounded to flexible lateral groups.

The moleaules giving TLC are ale to arient themselves with the long axis parall el

to a cetain diredion, defined by the N versor, also named diredor. By consequence, they
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can exist in a series of different structures such as nematic, smedic or cholesteric phases
[4]. Each of them is defined by some ordering particularities: the nematic phase has a
moleaular paralel ordering but the structure is not stratified; the smedic phase has a planar
stratified structure and the cholesteric phase has a helicoidally structure. TLC are of a great
interest as a reseach topic in physics and chemistry and have found applicaions in many
other domains such as optical devices, nondestructive testing of materials and medicine
(tissues thermography).

Molealar spedes able to form LLC, also cdled amphiphilic or surfadants, have
two dstinct parts very much unlike as lubility. One part is hydrophilic, with a high
solubility in polar solvents, while the other one is hydrophobic, with a high solubility in
hydrocarbon. This part of the molecule mnsists of long linea or ramified hydrocarbon
chains with or without benzene ¢ycles. Thisis a goodreason to imagine such a molecule &
a little sphere representing the hydrophilic “head” continued with a long zigzag “tale’
representing the hydrophobic chain. Conforming to the nature of the hydrophili ¢ part, the
amphiphilic moleaule may belong to one of the following types. ionic, nonionic, or
Zwitterionic.

In solution, at certain concentrations, the amphiphilic moleaules form aggregates
with dfferent shapes, which bewmme structural units and by ordering lead to spedfic
structures, such as lamell ar, cubic, hexagonal, nematic or cholesteric. Like for thermotropic,
lyotropic orderingis charaderized by the N diredor.

Parameters describing the lyotropic mesomorphism are investigated by multiple
experimental techniques such as opticd microscopy in polarized light, neutron scatering or
fluorescence quenching. Complementary investigations about molecular organizaion and
motion in LL C can be obtained from X-ray structural analysis and from magnetic resonance
studies of deuterated compound.

The main lyotropic surfadants are of two types: soaps and phospholipids. Lately,
LLC have become very important in the biomedicd reseach too[5, 6], because of the great
number of living structures implied: cdl membrane and vesicles [7], myelin [8], muscles
and red cdls[9], nucleic adds[10, 11, 12], etc.

For a long time, the study of TLC and LLC was independently performed and
made the interest of the wlloidal chemistry research. Physicists too have shown very much
interest to this area and they started a sustained and profound comparative study, finalized
by alarge number of publications.

In this paper, only the lyotropic liquid crystals field will be investigated.

In Sedion 2, the aygregation process is discussed in terms of temperature,
concentration and padking parameter; thermodynamic conditions are dso detail ed. In
Sedion 3, the classificaion of the LLC based upon the geometrica configuration of the
aggregates ordering in different structures and the onformational asped of the
hydrocarbon chain are presented.

2.MICELLAR SOLUTIONS

Temperature, as an important parameter, conditions the gpeaance of a cetain
phase, both in thermotropic and lyotropic liquid crystals, but becaise lyotropics are
solutions of at least two compounds, temperature is not the determinant parameter, but the
concentration. Further discussions about lyotropics imply water as high pdarity solvent
[13] and whenever solutions will contain more than two compounds, it will be spedfied.
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Up to a certain concentration named critical micdle mncentration (CMC),
lyotropics did not yet aggregate, the moleaular disorder still existing. At the CMC value, a
spontaneous organization network of the amphiphilic moleaules begins and moleaular
aggregates of colloidal sizes appea; they have been cdled “association micelles’. But the
solution did not yet show liquid crystals behavior and is cdled “isotropic micdlar solution”
(19). If the oncentration increases more, lyotropic specific structures appea with a
structural order even up to three dimensions and the solution beames an anisotropic one,
more or lessviscous. Only in this case, the micdlar solution isaliquid crystal.

The micdlar aggregates contain a large number of monomers depending on the
chemicd composition of the surfadant, the aggregate shape, the temperature and the
concentration.

Experimental observations, performed by fluorescence quenching [14], NMR [15],
and small angle scatering measurements [16], give an aggregation number N of ~60 for
monovalent surfadant with 11 methylene groups in the dkyl chain and ~80 for divalent
surfadtant with 14 methylene groups. Typicd surfadants from the first kind, as SDS

(sodium dodegylsulphate C,,SO , Na), can have the aggregation number between 50 and

100
The micdlar aggregation is a dynamica processthat suppases reversibility; ead

seoond, some 10° to 10° monomers are taking part to the aygregation and in the same
time, about 0.1 to 10 micdles are bre&ing . Both processes rates are related to the

CMC value axd become faster as this one increases, The micdle lifetime is about 10 2 to
10 seaonds [17, 18]. Both local moleaular dynamics (flexions, torsions, isomeric rotations)
and surface diffusion effeds are superposing. The density of the medium essentially
governs fast motions, while slow motions are more related to the locd structural
parameters. Development of maaoscopic investigations, such as conductivity
measurements or infrared spedroscopy of water and pdar head bands, can help the
interpretation of moleaular dynamics.

Temperature dso, must be taken into acaunt for micdle aygregation, because it
introduces a new condition: it has to be lower than a cetain value, known as the “point
Krafft” (PK), listed in Table 1 [19], together with the CM C values for various surfadants.
In Table 1, substances in the first five lines are nonionic surfadants and in the last three

lines are ionic surfadants, C,, represents the number of carbon atoms of the dkyl chain

and EO , represents the number of the ehylene oxide groups of the pdar heed.

Table1l.
Typicd CMC values for some usual surfadants.
Surfadant Krafft temp. CMC mol dm™ 2
C, EO, 25 9.9x10°°
C,, EO, 20 9.5x10™"
C,, EO, 25 6.8x10°°
C,, EOg 25 7.1x10°°
C,, EO, 25 9.0x10°°
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C4SO,Na 25 1.3x10"?
C,, SO,Na 25 8.3x10°°
C,, SO, Na 25 2.1x107"

Remark that, the CMC values reduce by a factor of 10 for ead addition of two
CH , groupsto the alkyl chain for nonionic surfactants and of four CH , groupsto the dkyl

chain for monovalent ionic surfadants.

The CMC was determined from conductivity and pH measurements and it has been
found that it is considerably higher for bivalent ionic surfadants than for monovalent
analogues containing the same number of methylene groups in the alkyl chain, probably
depending on the increasing eledrostatic repulsion between the polar headgroups [20]. For
charged surfadants, the electrostatic interadions are often the dominating fador in
determining the properties of the systems. Comparison between monovalent and divalent
amphiphilic moleaules behavior in lyotropic solutions, demonstrates that physicochemicd
diff erences become important.

Under the CMC value, some physicd parameters such as density, eledricd
conductibility, osmotic pressure axd bdl temperature incresse with concentration, but
present suddenly a significant variation upon the CMC value, asin Fig. 1, [21].

At concentration higher than CMC value, most of the monomers form a film at the water
surfacetill saturation. After that, a new equili brium is established and the micdlisation
processgeneralizesin the bulk.
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Fig. 1 - Sodium dodecyl sulphate physicd properties behavior before and after reading the
criticd micdlar concentration (hatched zone)

The amphiphilic molecules free aergy [22] may decreasse mnsiderably by
forming large aggregates (N>40). Chemicd exchanges between monomers and micdles
can be described by the chemicd patential equili brium:

nf+kBT|nclznﬁ;+kBWTln% 1)

where nf and nﬁ; are chemicd standard pdentials for a free monomer and for a

monomer in a micdle, respedively; C; and C,, arethe molar fractions of monomers and

micdles, respedively; the logarithmic terms are the entropies of the mixtures in water and
in micdlesand N is the aggregation number.

Suppaosing N is constant and known, one aan determine the molar fradion of the
micdle and the CMC value by impasing the conditi on that the monomer concentration is
maxima:



Lyotropic liquid crystals. 1. Spedfic structures

0
—_h )
u

The shape of the aygregates in isotropic micdlar solutions is ordinary sphericd
(globular) as swownin Fig. 2.

Fig. 2 - Sphericd micelle

In a mesomorphic state, aggregates can have different other shapes, such as
cylindricd, rod-like or disc-like.

In aqueous Dlutions micdles are cdled normal, meaning that the heal of the
amphiphilic molecules are in contad with water molecules, while the hydrocarbon tails
entirely occupies the interior of the micdles. Below a cetain spedfic water content which
appeas to be determined by the maximum cgpadty of the hydrophili c groups for binding
water, the two parts of the amphiphili c molecule interchange position and micel es beacome
revased. The same moleaular arrangement also occurs at any concentration in all the
solutions with nonpdlar solvents.

The aggregation shapes are submitted to a geometricd constraint; one of the three
dimensions must be limited by the value 2, where | is the amphiphilic moleaule length in
complete extension. That is why, the most convenient shape is the sphericd one, but also
rods, lamellaeor discs are avail able.

To classfy and study those structures, the introduction of a pacing parameter P is
imposed:

\'
P=— 3
al
where v is the molecular volume and a is the medium areaof the aoss sedion of the polar
head.
For an amphiphili ¢ micdle with a sphericd shape of radiusr, the total micdlar
areaA and the volume V are:
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4 \Y}
A:Na:4pr2 and V=Nv= §pr3 hence a= 3— (4)
r

Making the same cdculation for a cylindricd micdle of radius r or alamellar one
of width 2r and ignoring the edge dfect, the possble values of the medium areaof the aoss
sedion of the pdar head a and the pading parameter P are:

1
as 3— and P< é for sphericd aggregates (radiusr) (5)
r
1 — :
asd 2— and P< E for cylindricd aggregates (radiusr) (6)
r
Y 1 . ,
a?® — and > <P<1 forlamellaeor discs (width 2r) 1)
r

For molecules with a cetain hydrocarbon chain length, the pading pattern
strongly depends on the size of the polar head. All shapes just mentioned are possble if the
values a are large enough; if nat, only the disc shape is available. The grea flexibili ty of the
hydrocarbon chains, make impossble the estimation of the smallest values for r which
implies certain difficulties to predsely define the maximal values for a.

Both theoreticd and experimental observation [23] show that surfadants with the
head composed by many groups regularly form sphericd micdles, those cmpaosed by less
groups form rods and those compaosed by even less groups, form discs. At the CMC, the
entropy favors the aygregation and small er aggregates are preferred, i.e. spheres to rods and
rodsto discs.

The micdlar aggregation is the result of a wmplex process caled the hydrophobic
effed, which describes the interadion between nonpolar surfadants and water. It is well
known that nonpolar surfadtants are dmost insoluble in water and generally have avery
small degreeof solubility.

A thermodynamic analyze of the process $iows that the immersion of hydrocarbon
in water at room temperature, can be dways associated to an increasing entropy, a
deaeasing to zero enthalpy and a resulting high positive free energy.

In a series of recent publicaions [24, 25, 26], this matter is discussd in detail.
They consider the hydrophobic effed as a result of two contributions; the first one imposed
by the surfadant ordering around water molecules and the second one imposed by the
credion of a cavity in water, sufficiently large to include the nonpolar chains.

Thefirst contribution is associated with negative entropy, because water moleaules,
in the vicinity of a nonpolar compound have less possble mnfigurations than the “free
water” and are not able to built hydrogen bridges with the solute. The strong hydrogen
bridges between water molecul es themselves justify small values of the enthalpy.

The second contribution is justified by the high energy required by the construction
of the nonpdlar cavity in the water. On one hand, the energy value is large becaise of the
higher degree of cohesion between water moleaules through the hydrogen bridges and on
the other hand, becuse of the smaller dimension o water molecules in comparison with
those of the surfadant. The strong bounding creaed by the hydrogen bridges that water
provides, leadsto a very high ordered agqueous gructure.
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The hydrophobic &fed is very week for nonpolar solutions, because of the
repulsion that arises between water molecules and hydrocarbon or any other nonpolar
groups. Otherwise, the ordering shall increase, reducing the entropy.

The spedfic micdle shape, closing inside the hydrocarbon tail s of the amphiphili c
moleaules, favorsthe aedion of a hydrocarbon zone, far from the water molecules.

Hence both thermodynamic conditions implied in the micdlar stability are solved,;
the minimizaion of the hydrophobic interadions and the maximization o the hydrophilic
interadions as well .

In aqueous lutions, the micellar surfaceis rather rough, because the heals of the
amphiphilic molecules overcross the ided geometricd micdlar surface for about 0.2-0.5
nm. The eistence of small volumes between the polar heals increases the posshility of
counterions bounding.

The number of counterionsin the diff use layer deaeases because of the very strong
bounding between them and amphiphilic ions of the surfactant, which contribution to the
micdlar superficial potential is of a grea importance That distribution favors the sudden
deaease of the molar conductance and of the dedricd conductibility near the CMC value.

In nonpolar solvents, because of their small eledricd permittivity, the micdlar
aggregation becomes more difficult. The interadions with the solvent are weaker and the
micdle aggregation pattern is of the reversed type; the polar heads form the micdlar core
while the dkyl chains form the micdlar surface contacting the nonpdar solvent.

The poar core of the revased micdles develops cohesion on the behaf of the
dipdar bounding and the hydrogen bridges, in complete oppdaition with the hydrocarbon
core of the normal micelles, where the mainly sphericd shape supposes high osmotic
presaire which confines the hydrocarbon tails and make them have different proprieties
than the freesurfadant molecules.

In nonpolar solutions, the micdli sation processdoes not begin at the CMC value,
but upper and the number of the micdlesis rather smaller than the normal miceles formed
in a pdar solvent. The number of revesed micdles could increase only in the presence of
small quantities of water to solve the bounding of the pdlar groups.

In conclusion, deaeasing the surfadant concentration urder CMC, leas to the
micdle dissociation and the solution turns up to the initial isotropic liquid state; at CMC,
micdlar solutions appea, but they are not yet liquid crystals becaise of ordering absence;
increasing concentration leads to the extension d the micdlar ordering till completely
ordered phases appea, which redly means the liquid crystal state. Temperature onstraints
are dso imposed.

3.LYOTROPIC ORDERING

In order to identify all the lyotropic phases, there ae some important methods of
investigation, such as polarized light microscopy, X-ray scattering and RMN spedroscopy.
Here ae the different phases reveded by these  methods; lamellar L, cubic | or V,
hexagonal H, nematic N, cholesteric Ch and some i ntermediate ones.

All of them, with one exception, are birefringent and present typicd textures; the
cubic phases are isotropic (like micellar solutions) so, they cannot be deteded in polarized
light investigation, but they have dso a high viscosity, which make the difference Thereis
a particular phase, not yet mentioned named gel, where both the surfadant and the water
have avery slow mohili ty, while mohili ty of all the other phasesis high, like & liquids.
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Every phase distinguishes from another by the spedfic long distance symmetry of
the arangement of the micdlar aggregates and by the micellar surface airvature. Excepting
the lamellar phase, with a planar molecular arrangement, all the other phases can be
considered as continuous in the polar region, at least.

Lyotropic phases can be foundin anormal or arevesed state and the index 1 or 2
respedively, will be atadhed to the gopropriate phase symbal.

One can found for the lyotropic phases, different other names belonging to the
usual soap manufadure terms, due to the dired applicaion of that kind of amphiphilic in
pradicd life.

By adding water to an amphiphilic aystal, the crystaline structure turns into a
lamellar normal one, aso called neat soap. If the water addition process continues, the
cubic normal phase also cdled viscous isotropic appeas followed by the hexagonal normal
phase dso cdled midde soap and then the micdlar isotropic liquid state, presenting
asociation micdles, is obtained.

Not all amphiphili c surfadants have the same phase succession as presented here,
but the hydration processaways finali zes by the isotropic liquid state for all of them.

Amphiphili c aggregates are dways associated in such a structure to fulfill the free
energy minima. The main forces implied in these structures are dedrostatic and dspersive.
The dispersive ae generally weak forces, but sometimes they may govern the ordering
interadions between moleaules. The dedrostatic ae atradive forces between ions or
dipdes (ion-ion, dipole-dipdle, and ion-dipdle). Increasing temperature may destroy these
arrangements.

Depending on temperature and concentration, al lyotropic phases can occur in the
same solution passng by multiple phase transiti ons.

In this sdion, the lyotropic ordering is discussed in two dstinct paragraphs; in the
first one (3.1), the main charaderistics of al mentioned phases are detailed, while in the
seoond one (3.2), a supplementary phase typology is reveded by means of the multiple

conformational states of the hydrocarbon chain, symboized by a,b,b¢d,ab and g.

3.1 Spedfic Structures
3.1.1. Lamellar structure — Neat soap

The structural unit for the lamellar phase is the simple and dauble layers. It has to
be mentioned that the bilayer, as a repetitive unit, forms the main matrix of the biological
membranes that contain phospholi pids as lyotropic compounds and not soaps.

The ordered hilayer structure is formed by amphiphilic moleaules dispaosed in bi-
dimensiona infinite layers, delimited by water layers, al of them having a paralel
dispasition. The ionic heals of the molecules are mntading the ajueous medium, while the
hydrocarbon chains are interdigitating in order to avoid water. The bil ayers are disposed one
under another through the third dmension, periodicdly alternating with water layers, likein
Fig. 3[27].

Becaise the bilayer ordering is not disturbed by the gravitational effed, the
repetitive verticd distance between layers is constant. This phase is not a viscous one and
the bilayers can dlip easily one on the other. The spedfic opticd charaderistics of its
textures make eaier the identificaion of this phase.

The opticd axisis parall el to the long axis of the molecules of the layers; the phase
can be opticdly uniaxial, positive or negative, depending on the temperature val ues.
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Fig. 3 - Lamellar structure: (@) bilayer, (b) monolayer, (c) rippled bilayer; arrowsindicae
water layer location.

The usual investigation method for the lamellar phase is the X-ray scattering that
gives the foll owing results [28]: the width of the double layer is of 30-40 A, smaller than the
double of the amphiphilic moleaule length; the width of the intercdated water layers is of
about 20 A. These figures vary with temperature and concentration in the limits of the
lamellar phase. The hydrocarbon chain folding configuration or the tilt angle of the
moleaulesin the layer determines the width variation.

3.1.2. The abic structure — Viscous I sotropic

As the name of the structure indicates, in that case, micelles arrange themselves in
a aubic pattern and show always three different padking forms: cubic, cubic face cetered
and cubic body centered. There ae two distinct micdlar aggregation shapes. the first oneis
sphericd and forms the | phase while the second one is rod-like, interconneded in a three
dimensional scheme and form the V phase. Considering also the normal and the revesed
arrangements in both | and V phases, finely they are four different cubic structures in
discussion.

From an opticd point of view, cubic phases present no texture, because they are
isotropic and can be distinguished from the isotropic micdlar solutions only by their high
viscosity.

The aubic phases | and V can be orredly identified one from another by their
predse locaion among other phases. In the hypothesis of increasing progressvely the
surfadtant concentration, the | phase locaion is between the isotropic micdlar solution and
the hexagonal one, while the V phase locdion is between the hexagonal phase and the
lamellar one.

The | phase has the simplest configurations; al three mentioned pading forms are

present for instance in the C,,EO,,/water solution in a normal |, arrangement. For that

nonionic surfadant solution, a polyhedral representation in all threepadking forms (seeFig.
4129]) has been appropriate.
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Fig. 4 - Cubic phasesin apolyhedral micdlar arrangement

Configuration (a) has been the subjed of several hypotheses concluded as the
following one: the poyhedra volume onsists in two sphericd micdles and six disc
micdles. This padking retwork is convenient with the energetic stabili ty conditi on too.

Configurations (b) and (c) are very well described by consideringidenticad miceles
with quasisphericd shape proposed by Seddan [30].

There ae surfadants that form the cubic | phase in a reversed |, arrangement;
micdles are supposed to be sphericd, of two dfferent sizes, disposed in the (d)
configuration [31].

In al revesed structures, the padcing constraint r<l| for sphericd micdles, does
not work any more becaise of the external disposition of the hydrocarbon tail s. That is why,
two different micdle sizes are dlowed to grow and to coexist in the same solution.

In the V phase, the threedimensional |attice @nsists of short rod-like micdles with

the face arvature fadng water (V,), or the nonpdar solvent (V,). They form three
interesting bicontinous network (seeFig. 5)

@ (b) ©

Fig. 5 - Cubic phases with “bicontinous’ structure

For the (@) network in Fig. 5, Luzatti [32] supposes that both surfadtant and water
form short cylinders that couple together three by three ad form two independent
interdigitating branches.

Luzatti and Tardieu [33] propose for the (b) network in Fig. 5, two tetrahedral
interwoven ramificaions, arranged in a double diamond structure, and for the (¢) network in
Fig. 5, they propose long water cylinders joined six by six in a abic pattern.

3.1.3. Hexagonal structure — middle soap
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If increasing solvent concentration in the cubic phase, the hexagonal phase occurs
and forms normal structures H,, or revesed structures H,, acwrding to the solvent
polarity.

Micdles are very long aggregates, rodlike, which can have drcular, square,

redangular or hexagonal cross gdions. These rod-like aygregates are the structura unit of
that structure.

With no resped to the cntinuaus medium nature, rods disperse with their
long axis in a parale disposition, creaing hexagonal, tetragonal or orthorhomboidal
patterns.

The amphiphilic molecules arrangement is a radial one, around the rod long axis,
with the polar groups exposed to the exterior in the H , structure, or with the hydrophobic

tails exposed to the exterior in the H , structure; the continuous medium is water and
hydrocarbon, respedively. Both the normal and the reversed types are shown in Fig. 6.

@ (b)

Fig. 6 - Schematic representation of anormal (a) and revesed (b) hexagonal phase

Using X-ray scattering [34], it has been found that normal rods have adiameter of
1.3 to 2 kigger than the hydrophobic chain length. The dimension o the separation zone
between rods is in the 0.8-3 nm ranges for the reve sed type, and up to 5 nm for the normal
type. Both types dow similar opticd textures and present a higher viscosity in the
hexagonal phase than in the lamell ar phase.

3.1.4. The nematic structure

Certain solutions of lyotropic surfadtant present nematic structures, like
thermotropic nematics, i.e. orienting themselves in external magnetic field or under
medhanicd stressand showing typicd Schlieren textures when observed in polarized light.

Lyonematic structures were discovered by Lawson and Flaut [35] by adding the
corresponding acohol to agueous lutions of ionic surfadants with 8 and 10carbon atoms
of akyl chain. Many ionic ternary solutions sich as SDS/decanol/water, sodium
degylsulphate (SdS)/decanol/water and paassum laurate (KL)/decaol/water, form
nematic structures in a relatively narrow concentration/temperature range. Other ionic
surfadants, as short chain fluorocarbon derivatives, show nematic phases in binary
structures with water. The most extensively investigated example of these compoundsis the
cesium per-fluoro-octanoate (CsPFO).
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Surfadants that give nematic phase usually have the polar head group o
the type SO, CO,, N(CsHy) " or N (CH,)"; their akyl tails have over 8 carbon
atoms and are of no ramified type.

An example of nonionic surfadant that forms a nematic structure in a binary
agueous lution is the C,;;EO,. Recently it was down [36] that other nonionic
surfadants, such as hexapolyethil enoxi triphenil derivatives, present lyonematic phases.

Aggregates in the nematic phase ae finite and anisotropic, due to the one-
dimensional ordering characterized by the diredor N, and present an important
trandational disorder.

There aetwo dfferent micdle shapesin nematics, asin Fig. 7 [37]:

(@) (b) (© (d)

Fig. 7 - Representation of nematic phases: (a) discotic micelles like rounded bricks; (b)
cross dion in adiscotic micell e showing amphiphilic moleaules distribution; (c) rod-like
cdamitic micdles; (d) cross dion in cylindricd micdle showing amphiphili c molecules

distribution

Concluding the experimental observations, three types of nematic phases are
implied: the nematic discotic phase N, the nematic cdamitic phase N . and the nematic

biaxial phase N, . Both N4 and N . phases are opticaly uniaxial and the oriented

samples investigations reveded that N, is uniaxial positive and N is uniaxial negative

[38, 39, 40].

The discotic phase is formed by planar disc micdles and is related more to the
lamellar phase, becaise micdles are built like rounded bricks or ruler shaped, rather than
circular discs. The cdamitic phase is formed by rod-like short miceles, and is related to the
hexagonal phase.

In a @ncentration/temperature representation, the biaxial nematic phase dways

occurs between N ; and N . phases. By consequence, some authors are presenting it as a

mixture of the two types of micdles found in that ones. The N, phase has been found by

Yu and Saupe [4]] in the ternary solution KL/decanol/water in a narrow temperature
domain at a mnstant decanol concentration of 6.24% and has been studied in detail by
Gderneet al [42, 43, 44].
According to experimental observations, it has been found that the foll owing five
lyonematic solutions only, present all threenematic phases:
- potassum laurate/decanol/water [45, 46]
- sodium decylsulphate/decanol/water [47,48]
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- potassum laurate/decylammonium chloride/water [49,50]
- sodium decylsul phate/decanol/water/sodium sulphate [48]
- sodium dodecyl sulphate/decanol /water [51]
The eidence of al three nematic phases was confirmed by conoscopic
microscopy and RMN spedroscopy, after adding deuterated water in small quantiti es.
The microscopy in polarized light shows typicd nematic Shlieren textures;, a

planar texture for the N . phase (as a monocrystal cut paralel to the opticd axis) and a

homotropic texture for the N , phase (as a monocrystal cut perpendicular to the opticd

axis). In order to improve the understanding and study of the nematic textures and their
dependence on concentration, Neto et al [52] proposes the gradient concentration method
that better indicates the phase successon.

Lyotropic nematic structures are locaed between the well ordered phases
(lamellar, cubic, hexagonal) and the wmpletely disordered phases (micdlar isotropic
solutions).

Recently, the N, phase of the KL/decanol/water solution was X-ray investigated

[53] and it has been found that the micdle sedion is elli pticd instead of being circular, as
the random distribution of potassum laurate and decanol moleaules around the micelle long
axis, indicates.

Extending this theory, the general geometric shape of a nematic micelle an be

described by an elli psoid with three &es, [, |,, | 5 . In this case, discotic and cdamitic
micelles appea only in the geometricd conditions |,~ 1,> |5 and [,> 1,~ I,
respedively. The diredor N has the orientation of the| ; axisin the N ; phase and of the
|, axisinthe N phase. The N phase is considered to have rhombohedra micelles with
two axes and is charaderized by two perpendicular directors, N and M. The first one
describes the long axes ordering and the second one describes the short axes ordering [54,
55]. According to the theory that the N, phase aould be amixture of cdamitic and discotic
micdles, then N and M diredors would charaderize their own dredors, respedively, as
well as the global miceles ordering [56, 57]. In the N . phase micdles rotate aound the

long axes, in N, phase they rotate aound the short axes, while in the N phase dl

rotations are frozen.

Further measurements on lyotropic nematic phases [58] have revealed a more
interesting approach of this controversial subjed. Within alarge interval of temperature and
concentration, the micdles mainly preserve two axes of symmetry and have, on average,
the form of curved platelets (orthorhombic with three &es). Thus, only the different spatial
and thermal orientational fluctuations of the platelets make the differentiation between
phases, so that their resulting maaoscopic symmetries become related to the probability
distribution of orientation of the axes. That requires two dredions, denoted by N and m

(headless vedors) assciated with the Euler angles (b,g) and a , respedively. The
probabili ty distribution of the longest orthorhombic axisto be oriented in the diredion N is
expressd by P (b,g) :(‘f(l%,r%)da . Figure 8 [58] shows the isotropic and nematic
configurationsin terms of this probabili ty.
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@ (b) © (d)

Fig. 8 - Probability distribution (indicated by adouble arow) of the longest
orthorhombic axisto be oriented in agiven diredionn , in the (a) isotropic, (b) N, (¢) N 4

and (d) N, phase. In (b) and (c) the pair of figures symbalizes the evolution from the
isotropic-like to the rod-like (b) and disc-like (c) configurations of P(n ); in (d), the two
possble representations of P(n) that possess threemaxima (left) and threeminima (right),
ill ustrate the intermediary charader of N phase symmetry with resped toN . and N
phases symmetries

Nematic cdamitic (b) and nematic discotic () representations in Fig. 8 can be
equivalently replacel by revolution elli psoids and the nematic biaxial (d), by an €lli psoid
with three different axes, perfedly concordant with the other descriptions mentioned
before. According to the X-ray and neutron dffradion measurements [59], the biaxial
phase produces by a simple change of the micdlar shape assumed to transform from a flat

disc (N 4) or an elongated cylinder (N ) to a biaxial ellipsoid (N, ). This micdle shape

mall eabili ty can also be the explanation of the fad that cdamitic structure turns easily into
adiscotic one by adding only 0.3% sodium sulphate in the SDS ternary solution.

As mentioned by Hendrix [54] and Veradni [60], nematics can also be dasdfied
by their orientation in a magnetic field and then belong to ane of the two foll owing types: to
the type, if the diredor orients parall el to the magnetic field, having pasiti ve anisotropy of
the magnetic susceptibility, or to the type Il, if the diredor orients perpendicular to the
magnetic field, having negative anisotropy of the magnetic susceptibili ty.

Changes of the relative mncentration of the nematic solutions compounds imply
changes of the anisotropy of the magnetic susceptibility sign [61]. The sign inversion can
be dtributed to bah the change of the moleaular susceptibility sign and the change of the
micdlar aggregation state.

As for thermotropics, when adding very small quantities (even under 0.1% in
weight) of an opticd adive substance to lyonematics, they reat a new structural ordering
and turn into twisted nematics, conserving only the initial micdle shape, whil e the structure
becomes twisted in a spiral, like tholesterics. The opticd active substance has to be water-
soluble and to have bounding cgpadties, like dl the lyotropic solutions compounds.

Experiments demonstrate that the sign o the opticd adivity of the alded
substance and the sign of the induced opticd adivity in the nematic structure ae not related
[62]. RMN spedroscopy reveded that the variation of solution composition induce
dimensional changes of the micdles. It was found that the path of the spira structure
follows nealy this variation: it increases with increasing amphiphilic concentration and
deaeases with deaeasing decanol concentration.
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The study of lyotropic nematics is very important for biophysics too, becaise of
the grea number of biological systems presenting nematic structures. In this case, the
surfadant, in adjunction with proteins, is organized in simple or multi ples bil ayers with the
hydrophili c head pdnting outwards; normal and reversed vesicles form as well.

3.2. Hydrocarbon Chain Conformation
3.2.1, Liquid-like conformation: & type

The a -type conformation of hydrocarbon chain shows a high dsorder in the
hydrocarbon region, liquid-like, as it is shown in Fig. 9 [63]. However, the average of the
chain arientation is perpendicular to the amphiphili c-water interface and improves with the
deaeasing sedion of the polar head locdized in the interface.

Even if X-ray scatering is not very suited for liquids investigation, it supplies
severa valuable aguments that suppart the liquid-like cnformation theory of lyotropics
[64]. Here ae some of them: as for liquids, a diffuse band is observed in the large angles
scatering; in the nonlamellar phases, for geometricd considerations, the hydrocarbon
disordered chains appea to be folded in an irreguar way, in smaller spaces, than in the
bilayers; in the lamellar phase, the width of the bilayers deaeases by about 30% and a

delocdizaion of the CH; groups is observed, when passng from a more rigid
conformation to an & -conformation.

€Y (b)

(© (d) (e

Fig. 9 - Liquid-like conformation:
(a) normal lamellar phase; (b) normal hexagonal phase; (¢) revesed lamellar phase;
(d) revesed hexagonal phase; (€) revesed cubic phase

All the phases having chains in liquid-like conformation, display a peaulliar
temperature dfed when raising temperature. It consists in deaeasing values of the bilayer
thickness (in the lamellar phase), or of the micdle diameter (in the nonlamellar phases)

with an unusually high linea thermal coefficient (of the order of 107K l) [64].
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3.2.2. Ordered conformation: b, b’ and d type

At not so high temperature, the hydrocarbon chains bemme very ordered. That
implies that only rotations around the molecule ais are dlowed. The ajueous medium
instead, is in a liquid-like cnformation, without mobility restrictions, having very rapid
rotational and translational movements.

In the lamellar phase, where amphiphilic are organized in bilayers, al three
conformation types, b (paralel), b’ (tilted) and d (coiled into helices), are possble &

Fig. 10[65] shows.

@ © ©

(d) G

Fig. 10 - Lamellar phase with chainsin ordered conformation:
(8) structure of the L, phase with stiff and parallel chains; (b) structure of potassium

soap (gel phase) with interdigitating parallel chains, (c) structure of the L ,. phase
with tilted extended chains, (d) two-dimensional periodic structure of a rippled
4 Phase with a tetragonal

lattice where the light lines represent the hydrocarbon chains coiled into helices with
their axis perpendicular to the lamellaeand the heavy lines represent the polar groupsiif
two adjacent layersin registry

Such conformations have been observed in the lamellar phase in many lyotropic
solutions with amphiphili c moleaules presenting one or two (different) alkyl chains.
A redangular lattice was observed with Rb soap, at low temperature and a square

lattice L ,, with a side of 4.8 A, was observed in dry lecithin [66], both with chains

perpendicular to the lamellae. In the L ;, phase, the polar heads are ordered in a two-
dimensional lattice, with the same symmetry as the hydrocarbon chains.

A hexagonal |attice (side 4.8 A) appears most frequently with chainsin b or b’
conformation in synthetic ledthin. The thickness of the bil ayer is related to the dkyl chain
with CH, groups in extended trans-trans configurations; in the d conformation, the



Lyotropic liquid crystals. 1. Spedfic structures

thicknessof the bilayer is smaller because chains are wiled into helices. That demonstrates
that the mmplete dongation d the diains does not determine the two- dimensional
ordering.

The rotational disorder is present in al configurations, except the redangular
lattice, where it may be partialy frozen.

In b and b’ conformations, the CH ; groups of two adjacent hydrocarbon layers
are in registry in the middle of the bilayer and form a thin liquid-like zone [20, 67].
Concerning the poar heads, a two-dimensional ordering was not yet reveded.

Lamellaein b’ conformation, represented in Fig. 10(d), are dl distorted [66]

becaise the distortion propagates from layer to layer. The lattice is two-dimensional, one
dimension being the lamellar repeding distance and the other, the cmmon periodicity of
the distortion which is of hundreds of Angstroms. A very strong correlation was observed
between lamellae it may be intermediated through the water layer by the forces between
polar heal groups.

Even if strong long range interadions were observed in al three @nformationsin
discussion, interadions at moleaular level seems not to exist and threedimensional
ordering do not appear.

3.2.3. Mixed conformation: @ b and g type

Phases appeaing at high surfadant concentrations have the hydrocarbon chainsin
a very rigid, ordered b conformation and the transition to the more fluid disordered a
conformation suppases the existence of mixed domains, even for chemicaly homogenous
chains. For example, duringthe @ ® b conformation transition of the diacyl lipids, a
segregation process of the heterogeneous chains takes place the longest and the most
saturated chains organize themselvesin b microdomains, whil e the other chains remain in

the & conformation. So, the & b chain conformation is a disordered mosaic of & and
b domains, asit isshownin Fig. 11[68, 69] (a):

€Y (b)

Fig. 11 - Mixed conformations: (&) lipid lamellaeof the L , , phase representing a

g
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Both & and b conformation microdaomains are similar with those of infinite

domains appeaing in L, and L , phases. The dimension of the a b microdomains is

estimated to be of the order of hundreds of Angstroms.

Sometimes, at high surfactant concentrations, the microdamains are organized in a
two-dimensional lattice depending on the lamellar periodicity along z-axis and on the
length of @ and b conformation microdomains aong the x-axis. That is the ase of the
g conformation of the hydrocarbon chains, shown in Fig. 11(b). This kind of lattice

involves the existence of very strong interadions between lamellag creaed by the polar
heal groups [70]. In Fig. 11(a), the water layers separating amphiphilic bilayers are
sufficiently thick to hinder such interadions.
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