
This article was downloaded by: [Tomsk State University of Control
Systems and Radio]
On: 19 February 2013, At: 12:39
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T
3JH, UK

Molecular Crystals and
Liquid Crystals Incorporating
Nonlinear Optics
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl17

Respective Roles of Molecular
Shape and Chemical Structure
on the Symmetries of
Mesophases
Y. Hendrikx a & A. M. Levelut a
a Laboratoire de Physique des Solides, Université
de Paris-Sud, Bǎtiment 510, 91405, Orsay, France
Version of record first published: 03 Jan 2007.

To cite this article: Y. Hendrikx & A. M. Levelut (1988): Respective Roles of
Molecular Shape and Chemical Structure on the Symmetries of Mesophases,
Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics, 165:1,
233-263

To link to this article:  http://dx.doi.org/10.1080/00268948808082203

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, sub-licensing, systematic supply, or distribution in any form
to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948808082203
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not
be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 1
9 

Fe
br

ua
ry

 2
01

3 



Mol. Cryst. Liq. Crysr., 1988, Vol. 165, pp. 233-263 
Reprints available directly from the publisher 
Photocopying pcrmitted by license only 
0 1988 Gordon and Brcach Science Publishers S.A. 
Printed in the United Statcs of America 

Respective Roles of Molecular 
Shape and Chemical Structure on 
the Symmetries of Mesophases 
Y. HENDRIKX and A. M. LEVELUT 
Laboratoire de Physique des Solides, Universite de Paris-Sud, Batirnent 5 10, 
91405 Orsay, FfafJCe 

(Received December 23, 1987) 

Analogies between thermotropic and lyotropic Liquid Crystals were underlined at the 
earliest time of their investigation, since “smectic” is an old concept shared by the 
two domains. However, during the last decades, the differences between thermotropic 
and lyotropic systems were emphasized more than their similarities. As an example, 
the structural description is completely different for the two classes of mesophases. 
On one hand, the thermotropic systems are considered as close packed assemblies of 
rigid molecules, rods or discs, while on the other, the lyotropic systems appear as 
assemblies of aggregates with various shapes which mainly depend on the chemical 
structures and associated properties of the molecules. 

Recently, important progress in the synthesis of mesogens have brought new results. 
Taking these into account, it appears that the gap between the two classes of materials 
is vanishing and that the primitive analogy might be viewed in a more general frame. 
The wide variety of structures might be considered within a unique description in terms 
of a two media organization (paraffinicipolar or aromatic) separated by interfaces, 
where the nature of the interactions (ionic force or chemical linkage) is an important 
factor of structural modulation. 

1. INTRODUCTION 

Two distinct classes of liquid crystals exist, the thermotropic and 
lyotropic. The structure of the mesophases involves two major as- 
pects. Macroscopically, the structure corresponds to a space group 
which describes the symmetry properties and deals with the crystalline 
character of the phase. Microscopically, it is concerned with the or- 
ganization and conformation of the molecules. The disordering which 
always exists at this level is responsible of the liquid character of the 
mesophases. Both thermotropic and lyotropic molecules give rise to 
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234 Y. IiENDRIKX AND A. M. LEVELUT 

several mesophases which may be classified according the same space 
groups. Nevertheless from a microscopic point of view, the ther- 
motropic and lyotropic molecules are quite different owing to their 
shape and chemical structure. 

The molecular shape is the most important feature of the molecules 
forming thermotropic mesophases. The earliest studied molecules of 
such mesophases can be considered as rigid rods. Later, it was shown 
that rigid discs generate also mesophases. The organizations of both 
kinds of molecules have symmetries compatible with the individual 
molecular properties and the shape and anisometry of the involved 
molecules. These properties have introduced the name “mesogen” 
which applies to components which form mesophases and which we 
will restrict to t h e  components forming thermotropic mesophases. 

In the opposite way, the chemical structure is the most important 
feature of molecules forming lyotropic mesophases in presence of a 
solvent. One part of such molecules has a great affinity with the 
solvent while the other part is excluded from it. Therefore these 
molecules, called “amphiphilic molecules,” form interfaces between 
two media. One of them contains the solvent and those parts of the 
molecules which are soluble in the solvent, the other contains only 
the  parts of the molecules which are excluded from it. The interfaces 
can be organized in periodic structures with lattice parameters large 
compared to the dimension of the molecules, i.e., the molecules lose 
their individuality. 

In the last few years new thermotropic mesogenic molecules have 
been synthesized and the gap between the polymorphism of the two 
classes of liquid crystalline phases has been reduced. The similarities 
between the structures or molecular organizations of both classes of 
mesophases has become more obvious. 

This will be presented and discussed in several steps. We will first 
compare the thermotropic smectic and lyotropic lamellar phases. Sec- 
ondly, we will show how the polymorphism of the disc-like ther- 
motropic mesogens recall that of lyotropic systems. Finally we will 
point out that the concept of mesophases made of aggregates, so far 
restricted to the lyotropic liquid crystalline phases, may be extended 
to the thcrmotropic ones. 

2. LAYERED PHASES 

The layered phases form one of the most common classes of meso- 
phases. They are encountered both for thermotropic and for lyotropic 
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SYMMETRIES OF MESOPHASES 235 

liquid crystals (LC). Before there were any structural investigations 
at the molecular scale, G.  Friedel’ derived the existence of the layer 
structure from textural observations and gave the name “smectic” to 
the thermotropic layered mesophases by reference to the soaps, un- 
derlining the similarities of the two kinds of mesophases. Such phases 
are made of 1D periodical stacks of infinite, planar lamellae. In a 
thermotropic lamellar phase each lamella is an assembly of parallel 
molecules that can be packed without any periodical translational 
order parallel to the lamellar plane. If the long axis of the molecule, 
i.e., the director, is perpendicular to the lamellar plane, this phase 
is optically uniaxial since in general the molecule undergoes an un- 
iaxial rotation around its long axis. This is the Smectic A (Sm A) 
phase shown in Figure la .  The long axis of the molecule can be tilted, 
and one obtains a Smectic C (Sm C) which is optically biaxial, as 
shown in Figure lb .  In lyotropic systems the lamellar L, phase (using 
Luzzati’s notation2) has the same symmetry as the Sm A phase. Never- 
theless, the structure is different at a local scale. A lyotropic is at 
least a two component system made of an amphiphilic molecule and 
a solvent (oil or water). In general we will restrict ourselves to mix- 
tures of amphiphilic molecules with water that illustrate the poly- 
morphism of lyotropic liquid crystals. The L, phase of amphiphilic 
molecules in presence of water is that of a periodical stacking along 
one dimension of alternate homogeneous layers of amphiphilic mol- 
ecules and water with flat interfaces.3 The hydrophobic part of the 
amphiphilic molecules are located inside the lipid layers while the 

a )  b )  c l  

FIGURE 1 
mesophases: 

Schematic representation of the molecular organization in lamellar fluid 

a) SmA, b) SmC, c) La. 
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236 Y .  HENDRIKX AND A. M. LEVELUI' 

hydrophilic part is located at the surface of the layers (amphiphilei 
water interface). The water medium has only a weak anisotropy and 
the lipid medium is uniaxial as shown in Figure lc.  No tilted equivalent 
of the L, phase exists, but in both classes of mesophases one en- 
counters layered structures in which a 2D crystalline ordering takes 
place in each layer. 

In fact, knowing the configuration of the molecules, one can easily 
understand how this configuration acts upon the molecular organi- 
zations in the mesophases. Therefore we will develop this idea through: 

1) the comparison of the properties of the perfect Sm A and L,, 
phases; 

2) the comparison of the other layered phases obtained in both 
systems and, 

3 )  the occurrence of structural fluctuations in layered phases. 

2.1. Comparison of the Srnectic A and L, phases 

Let us first look at the mesogenic molecules. A smectogenic molecule4 
is built with a semi flexible rod-like core, usually phenyl rings linked 
together by more or less flexible links such as: -C-0, -CH=N--, 

I I  
0 

--CH=CH-, -CH,--CH,-, etc.; and one or two paraffinic chains 
whose length is usually between 1 and 20 carbon atoms grafted in para 
positions. The stability of the Sm A phase is increased with increasing 
length of the paraffinic chains. In this paper we do not intend to discuss 
in detail the different molecules that could form a Sm A phase. The 
crude description given above and the examples in Figure 2 are sufficient 
for our understanding of the interactions that imply a Sm A phase: first, 
the long axis of the molecules need to be more or less parallel to each 
other (high orientational order parameter) and, second, the segregation 
between aromatic and aliphatic parts due to the weak amphiphilic char- 
acter of the smectogenic molecules drive their lamellar organization. In 
lyotropic systems the amphipatic character of the molecules is of im- 
portance. The hydrophobic part of amphiphilic molecules is generally 
an alkyl chain of the order of 8-20 carbon atoms; the hydrophilic part 
is either a anionic or cationic polar group or a nun-ionic one, for example 
an alcohol function or a polyoxyethylene group (CH,-CH,-O),.5 The 
earliest studied lyotropic systems are those of soaps whose molecules 
are alkali salts of fatty acids. Amphiphilic molecules can form meso- 
phases when they are mixed with water according their hydrophobic- 
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SYMMETRIES OF MESOPHASES 

H , C ~ O ~ H = ~ C ,  H, 

237 

0 0 

R1 -CO -0CH2 
I 

R 2 - C O - O C H  0 
I 
CH,-O~OCH,-CH, -N+-(cH,), 

b 

a 

b 

C 

d 

e 

FIGURE 2 Examples of mesogenic molecules 
a) Typical smectogenic molecule. 

The polymorphism is: Cr - SmB f--) SmA - N - I .  
b) Molecule bearing a high longitudinal dipole with a Cr - SmA - N - I poly- 

morphism. 
c) Lath-shaped molecules3 which behaves as two linked rod-like molecules. 
d) Alkali soap. 
e) Typical lipid of biological interest: lecithins. R, and R, are hydrocarbon chains. 

lipophilic balance. Some biological lipids2 that are the constituents of 
the membranes and form an important class of lyotropic molecules have 
two paraffinic chains grafted on one polar head (for instance phospha- 
tidy1 choline). Furthermore, block copolymers6 can form mesophases 
with a preferential solvent of only one of the two components. The 
most important parameter of a lyotropic mesophase and, specially, of 
a lamellar one is the mean area per molecule at the amphiphile/water 
interface. This depends on the polar interactions at the interface, on 
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238 Y .  HENDRIKX AND A.  M. LEVELUT 

the concentration of the lipid in the solvent, and on the temperature. 
Typical examples of amphiphilic molecules are given in Figure 2. 

A comparison between the results of similar experiments sensitive to 
the local organization, such as X-ray diffraction or NMR studies of 
Sm A and L, phases, give an idea of the difference of behavior of the 
two phases due to the differences in their components. If we look for 
the layering organization (X-ray diffraction) both the periodicity and 
the electronic density profile along the normal to the layers are different. 
In Sm A phases the periodicity is given by the molecular size, in general 
equal to the length of the rod like molecules. However, in some cases 
for assymetric molecules ended by only one paraffinic chain, one has a 
bilayer structure with a head to head, tail to tail array or with interdi- 
gitation of aromatic cores due to some dipolar interactions. The peri- 
odicity is then respectively equal to twice the molecular length or ap- 
proximatively to one core length plus two chain lengths.' In both cases 
the Sm A layer can be divided into one aromatic central sublayer sur- 
rounded by two paraffinic sublayers. In lyotropic systems the lipidic 
sublayer has a thickness which is less than twice the length of the hy- 
drocarbon chain while the periodicity can vary with the amount of 
solvent. In thermotropic Sm A phases it lies between 2 and 6 nm and 
the boundary between aromatic and paraffinic sublayers is smooth. The 
electronic density profile can be described in first approximation by a 
sinusoidal function8 of the coordinate perpendicular to the layer plane, 
since only one Bragg reflection order is seen. In lyotropic lamellar phases 
the periodicity exceeds in some cases a few tens of nm. The segregation 
between the solvent and the hydrophobic part of the molecule is nearly 
perfect: the description of the electronic density profile along the co- 
ordinate perpendicular to the layer plane needs the use of several har- 
monics,9 and two or three reflection orders are currently observed. 

If we now give a tentative description of the intra layer ordering, the 
two phases also appear different. In many descriptions of the Sm A 
ordering the molecule (aromatic core and paraffinic chain) is generally 
considered as a unique entity while in lyotropic systems the two media 
(solvent and lipid layer) behave differently. On the X-ray diffraction 
pattern of an oriented sample of Sm A, shown in Figure 3a, one can 
see a broad diffuse scattering with a crescent shape; the maximum of 
intensity is found in the equatorial plane perpendicular to the director 
at a scattering vector of thc order of 2d0.45 nm I .  This scattered 
intensity occurs from C-C interferences whose main contribution arises 
from pairs of atoms bclonging to parallel close neighboring molecules. 
No distinction can be made between carbon pairs issued from the ar- 
omatic medium and pairs belonging to the paraffinic medium. The 
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SYMMETRIES OF MESOPHASES 239 

FIGURE 3 X-ray diffraction patterns of oriented samples of the lamellar phases. 
a) SmA molecule: Figure 2a; T = 56°C. 

The Bragg reflections on the layer planes arc overexposed and surrounded by an 
elongated diffuse zone corresponding to X-rays scattered by the undulation modes 
of the layers. 

Two Bragg peaks are visible at small angle. The diffuse scattered intensity by 
undulation modes is weak and not seen here. 

b) La phase: decylammoniurti chloride/H20/NH,C1 T = 32°C. 

angular extension of the crescents give a measure of the global order 
parameter; its value is comparable to those extracted from dielectric 
(optical) or diamagnetic measurements which give the core order pa- 
rameter."' Moreover it is obvious that the two moities of a molecule, 
occupy a cylindrical volume of the same section at least if the layer 
thickness is equal to one or twice times the molecular length. The mean 
area per molecule is about 0.25 nm2.11 In a lyotropic L, phase the solvent 
medium is nearly locally isotropic and gives an isotropic ring for a 
scattering vector 2d0.32 nm- I while the chains give a diffuse ring similar 
in position to that observed for a Sm A phase at a scattering vector 
equal to 2dU.45 nm-': Figure 3b. The mean area per chain is deduced 
from the thickness of the amphiphilic layer which can be deduced from 
the periodicity of the phase, knowing the concentrations and molar 
specific volumes of the amphiphilic molecules and water.' 

Nuclear magnetic resonance experiments on perdeuteriated chains'2.13 
give information on the order parameter of the deuteriated methylene 
and methyl chains links, i.e., about the conformational state of the 
chains. As illustrated in Figure 4, from the order parameter curve of 
the paraffinic chains in a Sm A phase compared to that of the paraffinic 
chains with similar length in an L, phase, we may infer that, in both 
cases, the paraffinic chains have a similar behavior. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 1
9 

Fe
br

ua
ry

 2
01

3 



240 Y. HENDRIKX A N D  A. M. I.EVEI.UT 

CARBON NUMBER 
FIGURE 4 DMR measurements. 
SmA: T = 55°C; SmB: T = 45°C; molecule: Figure 2a. L<t: 7' = 70°C; molecule: 

Evolution of the orientational disorder (Av), , /(Av),  of the chain links as a function o l  
the carbon number along the chains. (L,,, carbon number from polar head). The abscis 
scale of the SmB and L, phases has been shifted. 

CH,-(CH,),--COOK 

We can suinmarize the comparison between Sm A and L, phases 
as follows: the two phases have the same symmetry; the characteristic 
lengths are nearly the same for all Sm A phases while they vary in a 
large extent in lyotropic L, phases; the organization in lamellae is a 
consequence of the amphipatic character of the two kinds of mole- 
cules but the segregation in a Sm A phase is less important than in 
a lyotropic lamellar phase where the segregation between the polar 
and apolar groups is complete; the conformation of the paraffinic 
chains is similar into both mesophases, but in Sm A phases the packing 
of rod like cores plays an important role while in the L, phases the 
conformation of the chains is driven by the fact the chains are linked 
to the polar groups anchored at the amphiphile/water interface, and 
they become more disordered when the mean area per polar group 
increases. At last, in the lyotropic lamellar phases, the solvent will 
necessarily play a role on the interactions between adjacent layers. 

It is clear that the molecular shape of the mesogens drives the 
smectic organization while the chemical structure of the amphiphilic 
molecules, and, specifically, the nature of their polar groups, are the 
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SYMMETRIES OF MESOPHASES 24 1 

main factors that act upon the structural features of the lyotropic L, 
phases. We will see in the following section how the problems of 
shape and chemical structure act on the polymorphism of the me- 
sophases obtained with each kind of molecule. 

2.2. Other layered phases 

Several other lamellar phases are seen as well for thermotropic me- 
sogens (smectic phases) as for lyotropic ones. First of all, a tilted 
fluid smectic phase is seen in thermotropic liquid crystals. As we have 
already explained, the intralayer ordering is similar in Sm C and 
Sm A phases except that the director is tilted with respect to the 
normal to the layer in a Sm C phase. The tilt angle can vary from 
zero starting at a Sm A-Sm C transition up to a large limit value 
(-50"). Different kinds of interactions have been proposed in order 
to explain this phase which has no equivalent in lyotropic systems. 
Meyer and Mac Millan14 had underlined the importance of dipolar 
interactions, but it appears that the molecules undergo a quasi- 
uniaxial rotation along their long axis and dipolar interactions are 
nearly cancelled except if the molecules are chiral.lS However it has 
been recently pointed out by Barber0 and Durand'' that a quadru- 
polar gradient (related to the order parameter gradient) induces di- 
poles. The depolarizing field associated with these dipoles minimizes 
the energy by tilting the molecules. Such a gradient exists at an 
interface and in a modulated ( i e .  lamellar) liquid. The occurrence 
of a Sm C phase is a consequence of these interactions ("ordoelec- 
tricity"). Nevertheless, one can also think that steric interactions exist 
between the semi flexible rod-like cores. 

The occurrence of periodical stacks of 2D ordered layers is general. 
We will discuss mainly the case of the hexagonal lattice in the layer 
which is encountered in both thermotropic" and lyotropic'* meso- 
phases. A lowering of the entropy of the system can act first on the 
in-plane ordering of the molecules. If the uniaxial rotation of the 
molecules is maintained and if their long axis is perpendicular to the 
layer plane, then the molecular array becomes hexagonal inside each 
layer. These phases are the Smectic B (Sm B) phase for thermotropic 
mesogens and the L, phase' for lyotropic systems. In both cases, 
tilted equivalents of these phases exist. The lattice is then centered 
rectangular but corresponds to a quasi-hexagonal array of parallel 
molecules. However, the analogy between the symmetries of the two 
kinds of mesophases masks a noticeable difference in the local or- 
ganization. 
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242 Y .  HENDRIKX AND A. M. LEVELUT 

Considering the transition Sm A-Sm B, no drastic changes in the 
conformation of the paraffinic chains occur (Figure 4). The transition 
affects mainly the core ordering while the chains keep their melted 
state. Nevertheless, some three-dimensional correlations can exist 
between the in plane positions of molecules belonging to adjacent 
layers. In a given smectogenic series these correlations vanish with 
increasing chain length and true 2D ordering is generally seen for 
long paraffinic chains while the so-called crystalline Sm B, which is 
in fact an orientationally disordered crystal, exists for very short chain 
lengths, even if there is no Sm A phase. 

Anyway, the chain keeps a disorder conformation and a confir- 
mation of this can be found in the diffraction pattern. When the 
structure is 2D hexagonal (or pseudo hexagonal), the width along 
the director of the diffraction peaks that characterize this hexagonal 
ordering is comparable to the inverse core length and does not vary 
with the number of carbon atoms of the paraffinic chains.I7 

The La-L, transition corresponds to a crystallization of the paraffinic 
chains, and in the L, phase they undergo a whole trans conformation. 
This appears from the structural parameters: a small area per chain 
(-0.195 nm2) and a large thickness of the amphiphilic bilayer. Moreover 
the electron density profile along the director shows a good localization 
of the terminal methyl groups” (Figure 5) .  The presence of water layers 
between the lipid layers, wherein the molecules are organized in a 
hexagonal array, docs not allow any positional correlation between the 
in-plane coordinates of molecules belonging to adjacent layers: we have 
a strictly 2D ordering. Another problem concerns the quality of the 
“2D crystalline” lattice.” This problem is related to the theoretical study 
of the melting of a 2D crystalline lattice and we will not discuss this 

I 7r 

FIGIJRE 5 
the director, n, of thc phase. Rcported from refereiicc 9. 

L, phase. Elcctron density profile, p,  of the amphiphilie bilayer along 
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SYMMETRIES OF MESOPHASES 243 

point here. The lamellar ordered phases can be considered as an alter- 
native stacking of more or less crystalline layers with liquid ones. For 
thermotropic smectics the crystalline medium is constituted by the mo- 
lecular cores while the paraffinic medium is made of uniaxial liquid 
layers. In lyotropic systems the paraffinic chains are crystallized, and 
the aqueous medium is fluid. Therefore there is a noticeable difference 
between the two phases. In Sm B phases the order is driven by the 
cores whose shape allows a close packing of molecules in uniaxial ro- 
tation while the chains have a less important role. In L, phases the 
chains are more or less crystallized owing to interactions with the aqueous 
medium due to the chemical structure of the molecules. Moreover it 
must be emphasized that in thermotropic mesophases all crystalline 
layers can be derived from the same hexagonal lattice while in lyotropic 
mesophases, the chemical characteristics of the amphiphilic molecules 
may be at the origin of a diversification in 2D plane lattices.”lx 

A survey of the layered structures in both classes of LC has under- 
lined the differences in the behavior of the two kinds of molecules. 
Differences also appear in the transformations which destroy the 
layered structures. 

2.3. Perturbations of layered structures 

The most studied and also the most evident perturbation that can 
occur in a Sm A lies in the transition towards a Nematic. A Nematic 
(N) is an assembly of parallel rod like molecules with a liquid like 
positional order of the molecules in three directions of space. There- 
fore the main change occurring at a Sm-N transition occurs in the 
1D periodicity. In other words the amplitude of the longitudinal 
fluctuations increases in Sm A phase and, finally, all correlations 
between the position of the centers of mass along the director axis 
disappear. Consequently, the segregation between cores and chains 
also disappears. 

Contrariwise, in lyotropic systems, owing to the strong amphipatic 
character of the molecules made of strictly apolar and polar groups, 
the segregation between both parts of the molecules is always man- 
ifest. Therefore, whatever the perturbation of the lamellar structure 
may be, the system still exhibits hydrophobidhydrophilic interfaces. 
These interfaces which are flat, i .e. ,  whose curvature is zero in the 
lamellar phases, can change in shape and their curvature takes values 
which allow other shapes for the aggregates of molecules. The ag- 
gregates may be micelles, ribbons or cylinders. The micelles can form 
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244 Y .  HENDRIKX AND A.  M. LEVELUT 

isotropic solutions or anisotropic fluids (lyotropic nematic phases). 
The ribbons and cylinders are generally packed in a two dimensional 
lattice. We will only consider the occurrence of 2D lattices of ribbons 
that may be viewed as perturbations of the lamellar structure. Rib- 
bons can be considered as limited lamellae, and ribbon phases exist 
for the two classes of LC. 

In thermotropic phases, the N phase is not only the intermediate 
state between the isotropic liquid and the lamellar Sm A phases, but 
also can be the intermediate state (reentrant N) between two Sm A 
(or C) phases of different periodicity, since it corresponds to the 
disappearance of the periodicity. Moreover, one can imagine that, if 
the two periods are in competition, the constraints in the lamellar 
phase structure can be released by nematic domains.’ The whole 
system may be organized in a periodic ribbon structure. An analogy 
between these phases (Sm A and Sm C) and ribbon phases in lyotropic 
systems can be rnadelv: in both cases a periodical modulation of the 
intra-lamellar ordering occurs. Nevertheless, looking at precursors 
effects, the two systems bchavc differently. In smectic phases there 
are columns of molecules which are out of phase with the layering 
periodic order. These columns induce a localization of X-ray scat- 
tering intensity in discs perpendicular to the director as shown in 
Figure 621.~‘) When the Sm A or the Sm phase is approached, 
correlations between the columns are established, and the scattering 
discs become rings. Entering in the ribbon phases the columns are 
developed in periodically spaced walls. In lyotropic L, phases, in- 
homogeneities appear inside the lipidic bilayers. These inhomogene- 
ities induce X-ray diffuse scattering intensity localized in a hollow 
cylinder of axis parallel to the director of the phase, and the latter 
is either a precursor of a nematic phase2’ or of a ribbon phase.22 In 
this last case approaching the phase transition, the intensity vanishes 
in the central part of the cylinder, i.e., correlations appear between 
layerszz as shown in Figure 6b. 

Once more it appears that both classes of mesophases behave dif- 
ferently. The dense packing of parallel cores is a permanent feature 
of the thcrmotropic mesogens, while the continuous amphiphile/water 
interface is the important feature in the lyotropic systems. Pertur- 
bations of this interface give rise to many different structures, for 
example several assemblies of infinite cylinders with various shape. 
In the case of thermotropic LC, the occurrence of infinite cylinders 
on a hexagonal lattice is unexpected unless one changes the structure 
of the molecules. The polymorphism is sensitive to specific intra- 
molecular interactions while, in the lyotropic systems, it seems to be 
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a 

Y’ 

I 1 
Y 

b 

FIGURE 6 
lamellar phases showing pretransitional features near a 2D mcsophase. 
a) SmA in the vicinity of a SmA-SmC transition. 

Intensity contours for the small angle area of the diffraction patterns of 

C,H,,-0 cp - N = CH cp - 0 CHZ - cp - CN. In A Bragg peaks of the layer 
structure surrounded by the thermal scattering intensity; in B Bragg reflection of 
the third harmonic wavelength. A diffuse band perpendicular to the director lies 
between B and the first spot A ;  the intensity along the band is modulated. 

b) A Monocrystalline domain of a L, phase of the SdSil-decanoliwater system (molar 
SdSil-decanol ratio: 2,26). The director, n, of the phase is along the horizontal 
axis of the figure. Beside the Bragg peak, diffuse lateral scattering bands are 
observed along q, (scattering vector perpendicular to n). 
(The arrow indicates the extinction of scattcrcd intcnsity due to sample absorption). 
Reported from reference 22b. 

entirely explained by the interfacial behavior such that the poly- 
morphism will be limited if one kept homogeneous interfaces. 

3. CYLINDRICAL PHASES 

In the second important class of mesophases, assemblies of parallel 
cylinders of infinite length form 2D networks. If the cylinders have 
a circular section, they form a hexagonal network of space group 
symmetry, P 6/m 2/m 2/m, with no periodical translational order along 
the six-fold axis.23 The “hexagonal phase” is the analogue with a 2D 
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ordering of the liquid layered Sm A and L, phases. This hexagonal 
phase was first put in evidence in lyotropic systems. Other cylindrical 
phases with orthorhombic and monoclinic symmetries also exist, and 
are intermediate states between the La phase and the hexagonal one. 
Thermotropic LC are able to form phases with the same symmetry 
as the hexagonal one if the molecules are disc-shaped. 

We will first discuss the hexagonal lyotropic mesophases and their 
transformations. Thereafter, we will explain how disc-like thermo- 
tropic molecules can form hexagonal phases with the same symmetry 
and we will compare the polymorphism obtained with a disc-like 
mesogen with that encountered in some lyotropic systems. 

3.1. Cylindrical phases in lyotropic systems 

Several studies have been devoted to the structure of the hexagonal 
and intermediate phases in lyotropic systems of soaps, detergents, 
block copolymers and lipidic molecules of biological interest. In this 
paper we shall deal with hexagonal phases and intermediate phases 
made of amphiphjlic molccules in presence of water. 

The hexagonal lattice is put in evidence by X-ray diffraction. It is 
generally assumed that the interface bctween the aqueous medium 
and the paraffinic chains has a circular symmetry. From the lattice 
parameter, the concentrations and the partial specific volumes of the 
amphiphilic molecules and water, one can derive the diameter of the 
circular section of the cylinders. In general it is 5 twice the length 
of an extended molecule.’ This implies that the paraffinic chains fill 
the inner part of the cylinders as shown in Figure 7a. These cylinders 
are embedded in a continuous water medium, and the phase is called 
“direct” or type I hexagonal phase, H, (in Luzzati’s notation2). If 
the cylinders have circular sections it implies that the curvature of 
the apoladpolar interface is homogeneous. The area of the polar head 
groups has a value intermediate between those of the lamellar and 
isotropic phases. 

In lyotropic systems of diacylphospholipids the structure elements 
are infinite cylinders or rods filled with water; they contain the polar 
head groups and are embedded in a continuous disordered paraffinic 
medium such as sketched in Figure 7b. This phase is called “inverted” 
or type I1 hexagonal phases2 (cfr. those of anhydrous divalent cation 
soaps which in fact have been the first and for a long time the only 
known thermotropic hexagonal phases24). Complex hexagonal phases’ 
with two polar/apolar interfaces for each cylinder, as shown in Figure 
7c, have also been proposed. 
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SYMMETRIES OF MESOPHASES 247 

a )  b )  

C )  

FIGURE 7 
hexagonal mesophases: 

Schematic representation of the molecular organization of the lyotropic 

a) direct, b) inverted, c) complex. 

The paraffinic chains are always in a liquid-like state as opposed 
to the paraffinic chains in the lamellar phases which may be in a 
liquid-like or rigid state. Such as in the L, phase, they give a diffuse 
scattering ring at  a scattering vector equal to 2~10.45 nm- ' .  Their 
conformational state is similar to that in the L, phase. This is sup- 
ported by the order parameter curves recorded by nuclear magnetic 
resonance on perdeuteriated chains of the same soap in both phases.2s 
One could expect that, in the hexagonal phase, the disorder of the 
chains should increase with respect to that in the lamellar phase, as 
the mean area per polar group in the hexagonal phase increases 
significantly as well as the curvature. However, it has been shown 
that the chain behavior around its elongation axis is quasi independent 
of the shape of the investigated aggregate.26 

Lyotropic systems consisting of one amphiphile species go from the 
hexagonal phase (homogeneous curvature with finite value) to the 
lamellar phase (homogeneous curvature with zero value), crossing 
one or more intermediate phases (depending on the chemical struc- 
ture of the involved amphiphilic molecule) separated by biphasic 
domains. The structural phase transformations are function of the 
amphiphile concentration and the temperature. The hexagonal and 
lamellar phases generally extend over a wide concentration range, 
while the intermediate phases most often exist in narrow domains of 
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248 Y. IIENDRIKX AND A. M. LEVELUT 

the phase diagrams. Therefore, a careful exploration of the phase 
diagrams is needed in order to localize and identify these phases. 

The earliest reported sequence of intermediate phases observed 
with increasing amphiphile concentration from the hexagonal to the 
lamellar phase in a variety of monovalent cation soaps and detergents 
involves three 2D phases (distorted hexagonal, rectangular, complex 
hexagonal) followed by a 3D periodically ordered cubic phase.3 For 
instance, the whole sequence has been observed in the potassium 
palmitate/water system.5 

It seems also worthwhile to mention the polymorphism observed 
in the phosphatidyl choline or egg lecithiniwater system. Besides the 
hexagonal, H,, and lamellar La, phases, the three dimensional phases, 
rhomboedral, R,, and cubic, Q,, have also been ob~erved .~ '  Re- 
cently, in the sodium dodecyl sulfateiwater system, besides the al- 
ready known two dimensional, H,, and monoclinic (distorted hex- 
agonal phase), M, (P 2/m), phases, three,  three dimensional 
rhomboedral, R,, cubic, Q,, and tetragonal, T,, phases were iden- 
tified.2H The space groups of the 3D phases have not yet been iden- 
tified. 

It must be noted that the topologyz9 of the 3D intermediate me- 
sophases differs from that of the 2D cylindrical ones. For instance 
the cubic phase corresponds to a finite number of interwoven infinite 
media. Hence the above mentioned phase transformations imply 
changes in topology of the structures associated with changes of the 
amphiphileiwater interfaces, i.e., with the curvature of the interfaces. 
The driving force inducing changes in the shape of the interfaces has 
recently been analyzed in terms of stresses that can be released by a 
change in structure.3" 

Intermediate phases have also been observed in lyotropic systems 
made of two amphiphile species in the presence of water, and it seems 
that the polymorphism of some binary systems (one amphiphile spe- 
ciesiwater system) is enhanced when a second amphiphile species is 
added. For instance, 2D cylindrical mesophases have been identified 
in the sodium decyl sulfate (SdS)/l-decanol/water system." 12 Here 
we consider the mesophases that were identified following a particular 
line of the SdS/l-decanollwater phase diagram. Along this line, the 
water content (47.55 percent by weight H,O) and temperature (23°C) 
are maintained constant and the SdS molecules are progressively 
replaced by decanol molecules. The sequence of phases when the 
decanol/soap molar ratio increases from zero to 2.63 is as follows: 
2D Hexagonal phase tf 2D Rectangular phases with different sym- 
metries fs 1D Lamellar phase, or: P 6/m 2/m 2/m - C 2/m 2/m 2im 
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SYMMETRIES OF MESOPHASES 249 

c, P 2,/a 2,/b 2/m c, Lamellar. We shall give an approach to the 
phase transformations based on, among other parameters, the chem- 
ical structure of the amphiphilic molecules. Both amphiphilic species 
have similar chain lengths, CH,-(CH,),-, but different polar heads. 
One is the ionic sulfate group: -0S0,Na; the other is the non-ionic 
hydroxyl group: -OH. 

We first deal with the 2D structures. The unit cell and symmetry 
elements characteristic of the 2D rectangular lattices are given in 
Figure 8 a and b. Following the above sequence, phase transforma- 
tions take place when decanol molecules are added to binary SdS/ 
water mixtures, although the water content and the temperature re- 
main constant. Obviously, the non-ionic decanol molecules may be 
seen as the driving force for these transformations, and we shall give 
an insight of the mechanisms which are involved. 

The shape of the cylinders through the whole sequence has been 
determined by X-ray and neutron diffraction ~ t u d i e s . ~ l - ’ ~  In a SdSi 
water mixture, the cylinders have a circular section, and, when the 
amount of decanol is increased, the section becomes more anisotropic 
along with the decanol concentration. This anisotropy is associated 
with inhomogeneous distribution of both amphiphilic molecules. Such 
inhomogeneous distribution implies the relative concentrations of the 
non-ionic hydroxyl and ionic sulfate groups are modulated along the 
interface, hence the mean area per polar head at the interface, and 

c 21m 21m 21m 

p 2 , h  2 , l b  21m 

I i  
c 2 / m  

*:!$ 
p 2 ,  /a 

FIGURE 8 Molecular organization and symmetry elements in the rectangular phases 
of a lyotropic system and a thermotropic one. (a) centered rectangular phase in a 
lyotropic ternary system; (b) rectangular herring-bone structure in the same system; 
(c) centered rectangular phase; and (d) herringbone structurc in disk-like mesogcns. 
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250 Y. HENDRIKX AND A. M. LEVELUT 

therefore the shape of the amphiphiMwater interface changes, i. e. 
the normal section of the cylinders deviates from that of a circle. 
Fluctuations of the relative concentrations of both amphiphiles pro- 
mote the coexistence of interfaces with differcnt curvature.33.35 

However, in spite of changes of the interface which is the more 
pronounced with increasing the decanol content, the symmetry of the 
hexagonal lattice is preserved until the decanol/SdS molar ratio is 
0.15. At this stage only the intra-aggregates properties are affected. 
The aggregates are still parallel and cquidistant. Their non-circular 
sections must be orientationally disordered along their long axis with 
at least a six-fold symmetry. When the decanol/SdS molar ratio is 
0.15, the deformation of the section of the infinite amphiphilic rods 
becomes too large and they lose the mean six-fold symmetry imposed 
by the hexagonal lattice: the latter transforms into a 2D centcred 
rectangular lattice, C 2/m 2/m 21m. Both intra- and inter-aggregate 
properties arc affected. The aggregates cannot be but infinite ribbons. 
Their normal section may be schematized as a piece of amphiphile 
bilayer limited on both sides by hemispherical caps. The anisotropy 
of the section is l.S.32 The non-uniform distribution of both ionic and 
non-ionic polar hcads induces a modulation of the surface charge 
density at the interface. The surface charge density is lower in the 
domains of the interface where the relative concentration of the al- 
cohol groups is high, i.e., where the curvature of the interface ap- 
proaches that of a flat one. Due to their anisotropic section, the 
aggregates behave like quadrupoles. This may account for the trans- 
formation of the C 2/m 2/m 2/m phase into the P 2,/a 2,/b 2/m one. 
The packing of the aggregates is governed by interactions between 
aggregates which contain an electrostatic repulsive term. The longi- 
tudinal long axis of the ribbons are parallel to each other in both 
lattices, but, with increasing decanol content, one may expect the 
quadrupolar component of the electrostatic repulsive interactions be- 
comes rapidly strong enough to promote the herring bone structure 
of the P 2,/a 2,/b 2/m space 

The occurrence of the lamellar phase for a still higher decanol/soap 
ratio is lcss obvious. The cylindrical and lamellar phases are separated 
by a polyphasic domain. The structurc of the lamellar phase near the 
boundary of the polyphasic domain deviates from that usually pro- 
posed. In the first section of this paper it has been evoked that the 
X-ray pattern shows diffuse scatterings in addition to the Bragg re- 
flections characteristic of 1 D structure. The diffuse scatterings which 
characterize intra layer modulations of density have been interpreted 
as resulting from water pores or channels piercing the amphiphilic 
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SYMMETRIES OF MESOPHASES 25 1 

bilayers.*' These water regions must be associated with highly curved 
interfacial amphiphile boundaries within the lamellae, and the exist- 
ence of water channels would suggest that the lamellae are made of 
parallel cylinders without any long range correlation between adja- 
cent layers. 

The 2D rectangular phases lie also in the vicinity of the nematic 
phases. When water is added to the first ones, a uniaxial nematic 
phase occurs whose aggregates probably result from the fragmenta- 
tion of infinite ribbons. This is supported by the fact that the aggre- 
gates of a nematic phase of the same type in a similar ternary system 
are finite rods whose normal section (perpendicular to their major 
symmetry axis) is not circular.36 When this uniaxial phase is diluted, 
it transforms into the uniaxial phase of the other type, crossing the 
biaxial one, and the aggregates are disc-like, with a flattened core 
surrounded by a hemi spherical rim. The relation between the shapes 
of the aggregates of the nematic phases and their ordering has been 
put forward by X-ray" and light scattering studies.38 

A rich polymorphism has been put forward in the above ternary 
system. It results from the difference in chemical composition of the 
two amphiphilic molecules or, more precisely, from the difference 
between their polar heads that promotes modulations of the inter- 
facial curvature therefore allowing changes in the shape of the ag- 
gregates. Moreover, the interactions between anisotropic aggregates 
can give rise to changes of the symmetry of the mesophases. Although 
it is not the most general, such a sequence can be put in parallel with 
sequences observed with thermotropic mesogens, and this will be 
outlined in the following section. 

3.2. The cylindrical phases with thermotropic mesogens 

New mesophases, built with mesogens having other molecular shapes 
than those described so far were discovered at the same time in several 
places. All these molecules have a flat core surrounded by six long 
paraffinic chains. The molecules can pile up to form cylinders and 
the cylinders form a regular two-dimensional array. The first example 
was reported in 1978 by S.  Chandrasekhar et ~ 2 1 . ~ ~  Furthermore, it 
appears that the lattice could be either hexagonal or rectangular, but 
the coordination of a cylinder is always six.4" 

It is clear that the column is built with the same constraints as the 
lamellae in a smectic: the cores are parallel, a segregation between 
chains and cores takes place, and the paraffins are in a melted state 
which insures the decorrelation between adjacent columns. It is there- 
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252 Y. HENDRIKX AND A. M. LEVELU’I‘ 

fore obvious that many points of the comparison between lyotropic 
and thermotropic lamellar mesophases can also be underlined in the 
case of the columnar mesophases. Nevertheless, some specific prop- 
erties of the columnar mesophases allow one to draw a better parallel 
between the two kinds of mesophases. First, the contribution of the 
paraffinic chains to the molecular weight is large and therefore many 
physical properties are mainly governed by the behavior of the chains. 
Second, the ordering of the cores inside each column has a smaller 
impact upon the global behavior of the system. Not only is the screen- 
ing of the chains more efficient, but, in addition, a periodical 1D 
ordering inside the columns is in theory u n e x p e ~ t e d . ~ ~  Consequently, 
even if the linear positional correlation function between cores can 
change from one sample to another, the phase is qualitatively always 
the same. In other words, the identity of the physical properties can 
be found assuming a suitable change of the length scale. 

It appears that the correspondence between the structure of the 
lyotropic and thermotropic columnar phases is more obvious than for 
lamellar phases. A phase sequence similar to the one described above 
can be found in some truxene derivatives, which we would now like 
to present. Among all the possible mesogenic flat cores, the truxene 
series,42 shown in Figure 9, bring interesting insight upon the disc- 
like polymorphism. They all undergo several columnar mesophases 
for a chain length between 6 and 14 carbon atoms. For X = 

R 

R 

FIGURE 9 The truxene derivntivcs 
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S, R = CH,-(CH,),--O-, one can have three columnar meso- 
phases. The sequence is, with increasing temperature4? 

Crystal ++ Nematic * P 2,/a ++ C 21x1 * 

P 6/m 2/m 2/m t) Isotropic liquid. 

The unit cell and symmetry elements of the rectangular phases are 
given in Figure 8 c and d.  This sequence is very similar to that which 
describes for the ternary SdS/l-decanol/water system : P6/m 
2/m 2/m t, C2/m 2/m 2/m t, P 2,/a 2,/b 2/m. The difference between 
the orthorhombic groups for the lyotropic system and the monoclinic 
groups for the thermotropic is due to the fact that the director in the 
thermotropic columnar rectangular mesophases is not parallel to the 
columnar long axis. 

Let us look at the molecular organization in the sequence, P2,/a 
t, C2/m t, P6/m 2/m 2/m. Inside each column, all the heteroaromatic 
cores are parallel and the plane of the cores makes an angle of about 
50" with the column axis. The chains are in a melted state, and they 
fill the space between two columns. We will discuss in the following 
section the problem of their specific volume. There are various ex- 
periments (NMR,44 X-ray diffraction) which show that the chains lie 
on average in a plane perpendicular to the column axis. The aniso- 
tropy of a column section is mainly localized in the core region and 
at the interface between chains and core, which contains the carbox- 
ylic linkages. Therefore we can consider that the interface between 
the paraffinic chains and the second medium bears a quadrupole. 
The shape of the columns and the interactions between adjacent 
columns are similar in this case as well as for the lyotropic, SdS/l- 
decanol/water, ribbon phases. Let us remark however that the ani- 
sotropy of the section of a column is constant and on the order of 
1.15 for a chain length of 9 carbon atoms while it varies between 1 
and -1.5 in the case of a cylinder of the lyotropic system. 

The herring-bone structure is the most ordered one in both systems. 
With increasing temperature, the amplitude of vibration of a column 
along its long axis increases. The two columns of the rectangular 
lattice become equivalent (the azimutal direction for the tilt is the 
same), and the lattice is centered rectangular. In fact, the C 2/m 
phase exists only for four derivatives of the series: n = 9, 12, 14 and 
15. For the other derivatives one goes directly to the true hexagonal 
lattice that, in fact, corresponds to a uniaxial disorder of the tilt 
director. The stability domain of the C 2/m is small and recalls the 
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narrow domain of the equivalently described lyotropic phase. Evi- 
dence that the cores are still tilted in the hexagonal phase can be 
found in the lattice spacing measurements that show no important 
variation through the three columnar phases. This has been confirmed 
by birefringence measurements in the hexagonal phase of a triphen- 
ylene ester that also presents a columnar phase of symmetry P21/a.45 

Another surprising feature is the occurrence of a low temperature 
nematic phase. In fact, the existence of this phase is characteristic of 
the truxene cores. Besides in this series, the occurrence of a nematic 
phase is rare and only seen when alkoxy benzoyloxy chains are grafted 
on a triphenylene or truxene core. In the last case, the sequence, 
P 2,/a * N * C2/m CJ N ,  has been ob~erved .~ '  

three Looking at the series: X = CH,, R = O-C-C,,H,,,+ 
II 
0 

features help to understand the sequence: Crystal fs N - P 2,/a - 
P 6/m 2/m 2/m: 

i) As we increase the temperature the correlation length for the 
$tacking of the cores along a column increases. 

ii) The specific gravity in the nematic phase is higher than in the 
P2,/a phase. 

iii) The diffraction pattern of the nematic phase oriented in a mag- 
netic field indicates some pretransitional columnar ordering. 

It is somewhat paradoxical that the apparent correlation length for 
the stacking of the cores increases as the temperature increases. More- 
over, the increment of the molar specific volume at the transition 
from the nematic to the P2Ja columnar phase is independent of the 
length of the grafted chains and therefore corresponds to an increment 
of 2% of the core specific volume. Let us assume that the configu- 
ration of the molecules inside a column does not change with tem- 
perature. As we decrease the temperature going from the hexagonal 
phase, the mean distance between two cores tends to decrease. But, 
as the configuration remains unchanged, the chain packing is sub- 
mitted to a distorsion force inducing a splay deformation. 

In a first step, the response of the system can be a modulation of 
the core-core distance as predicted by de G e n n e ~ . ~ '  Nevertheless, it 
is possible to release the distorsion forces by putting randomly spaced 
defects inside the columns. Consequently, the correlation length for 
this ordering can decrease even as the temperature is decreased. On 
a second step, the constraint is sufficiently high, breaking the column 
and inducing a nematic having short range columnar ordering. How- 
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SYMMETRIES OF MESOPHASES 255 

ever, simultaneous changes in the molecular conformation can occur 
and, at low temperature, new columnar phases can follow the ne- 
matic. 

A priori, the molecular architecture of a disc-like mesogenic mol- 
ecule is completely different from that of a lipid. Nevertheless, if we 
consider the column or the ribbon as the elementary aggregate, the 
similarities between both can be easily underlined. On one hand, the 
unidimensional character of the aggregate enhances the properties of 
universality. On the other, the occurrence of lyotropic ternary systems 
in which two kinds of lipids can be inhomogeneously shared in the 
aggregate has raised the question of the influence of interactions 
between aggregates upon the mesophase symmetry, while this prob- 
lem was previously restricted to thermotropic mesophases. Moreover, 
under the action of the temperature (mesogenic aggregates) or of the 
amount of water (amphiphilic aggregates), the cylinders can be bro- 
ken into finite aggregates forming a nematic mesophase in both cases. 

However, the same amphiphilic molecule can undergo both the 
lamellar and the columnar phase by simple variation of the water 
content. The two kinds of mesogens, smectogens and discogens, give 
distinct mesophases of different symmetry and are immiscible even 
in the nematic phase. The ability of a lyotropic system to form a wide 
variety of mesophases has been reproduced for hybridous thermo- 
tropic mesogens. This will be the subject of our last section. 

4. THERMOTROPIC LIQUID CRYSTALS: TRANSITION FROM 
THE SMECTIC TO THE COLUMNAR PHASES 

In the previous section we have shown how the discovery of ther- 
motropic disc-like molecules have brought new elements into the 
comparison between thermotropic and lyotropic liquid crystals. 
Nevertheless, the major difference between them originates in the 
fact that the first result from organizations of individual molecules 
while the second result from organizations of molecular aggregates. 
In the first case, the shape of the interface between aromatic and 
paraffinic moieties is determined by the core structure, and only weak 
changes of the structural elements (column, lamella) can occur. In 
the second case, the elasticity or flexibility of the paraffinic/polar 
interface allows different shapes for the aggregates and therefore 
ensures a rich polymorphism that involves lD,  2D and 3D periodical 
structures, while the conformational state of the molecules is nearly 
constant. 

However cubic mesophases have also recently been observed with 
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some thermotropic m e ~ o g e n s . ~ ~  Moreover, the existence of a tran- 
sient hexagonal phase has been reported for one compound that forms 
a cubic phase and several smectic  phase^.^' Such a hexagonal phase 
may have a structure similar to that of the thermotropic hexagonal 
mesophase of anhydrous divalent cation soaps.24 The occurrence of 
ribbon phases with polar rod like molecules is another example which 
illustrates precursor effects toward a change in the topology of the 
mesophases. 

Since the shape of the molecule seems to be the first factor which 
governs the organization of the molecules in a thermotropic meso- 
phase, variations of core shape or position and number of grafted 
chains have been undertaken by chemical scientists. It appears that 
cones0 and ring” shaped cores form columnar mesophases when the 
number of grafted chains is sufficient to ensure good compactness at 
the aromatic/paraffinic or core/chain interface. Oppositely, changing 
the number of grafted chains at  each end of a rod-like core does not 
disturb the smectogenic character, if the number of chains is not to6 
high.’* An intermediate shape between a rod-like core and a disc- 
like one can be ensured by the synthesis of lath-shaped molecules.53 
With such molecules, only smectic C and nematic phases have been 
observed . 

Another interesting example is found in charge transfer complexes 
or ionic radical salts.s4 Let us look at the molecular organization in 
the mesophase of a complex 1/1; the donor belongs to a thioaryl- 
pyranilidene series with four grafted alkyl chains and the acceptor is 
the small TCNQ molecule. The neutral donor does not undergo any 
liquid crystalline phase. Upon complexation with TCNQ (and not 
with I, or ClO,) a lamellar mesophase appears around T = 120°C. 
Nevertheless, stacks of donor molecules with a core-core distance 
of 3.4 A are still present in the mesophase. The layer thickness is 
rather small compared to the molecular size and the mean area per 
chain in each lamella is 0.36 nm2, which is larger than the usual value 
in a smectic phase. 

It has recently been shown that several flat cores with electronic 
donor properties inducc mesogenic properties when associated with 
counter ions. Depending on the core size and on the number of grafted 
chains, the mesophase can be either a lamellar or a columnar phasess 
based on the global symmetry of the organic partner. In fact, due to 
the ionic character of the two components which form this mesophase, 
the discrimination between the thermotropic and lyotropic character 
is not obvious. Moreover, the role of the smallest ionic species (gen- 
erally B F i  or (210;) has not yet been put clearly in to  evidence. The 
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strong interaction between the organic electron donors favors local 
columnar order with a short core-core distance of 0.34 nm. This 
strong intramolecular interaction is specific of a thermotropic liquid 
crystal. 

During the last three years a new class of mesogenic molecules, 
the phasmidic compounds,s6 have been synthesized. Owing to their 
chemical structure, they may behave either as rod-like or/and as disc- 
like shaped molecules. Therefore, the phasmidic compounds are the 
best candidates to form mesophases similar to lyotropic mesophases. 
Their aromatic part is a long rod-like core made of at least five phenyl 
(or cyclohexane) rings linked by Shiff bases or carboxylic groups; two 
or three n-alkoxy long chains are grafted in ortho and para positions 
on each terminal phenyl group. Many of these compounds show a 
hexagonal columnar mesophase. Rod-like cores with four grafted 
chains (two at each end), also known as biforked me~ogens,~'show 
a N and a Sm C phase for short chain lengths (<C,,) and a hexagonal 
phase for longer chain lengths. Compounds with intermediate chain 
length may present a polymorphism where both Sm C and columnar 
phases exist. Moreover, in the same range of chain length, a transition 
from a hexagonal mesophase into a cubic one is also observed. 

The molecular organization of the biforked mesogens in the Sm C 
phase is the usual one: the tilt angle is about 50" and the layer thickness 
is compatible with the idea of parallel assembly of molecules in their 
extended conformation. Moreover, total miscibility is found with the 
Sm C and N phases of rod-like compounds.5* 

Despite the low symmetry of the phasmidic molecules (six chains 
and four chains or biforked compounds), the most frequently ob- 
served mesophase is hexagonal. This phase is encountered if the semi- 
flexible rod core is sufficiently long (five or six phenyl rings) and if 
the paraffinic mass exceeds the aromatic one. Cores and chains are 
in a liquid state with a mean core-core or chain-chain distance of 
0.45 nm. The lattice spacing of the hexagonal network and the value 
of the specific molecular volume support the concept of cylindrical 
aggregates similar to those of a lyotropic inverted hexagonal meso- 
phase. A slice of a column 0.45 nm thick, contains at least three 
molecules. The number of chains in the same slice, for a given core 
length, does not depend on the chemical structure of the core nor 
on the number of chains grafted on each core.59 Therefore, a column 
is made of a central region which contains the aromatic core sur- 
rounded by an external region of paraffinic chains. These regions 
look the same for all the compounds, and the chain area at the 
interface between core and chains is 0.25-0.30 nm.' 
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The knowledge of the molecular organization in phasmidic hex- 
agonal mesophases help us to understand the polymorphism of this 
new class of molecules. 

For a low paraffinic content (4 short chains) the mesomorphic state 
is driven by the core-core interaction. Because of the long rod-like 
core, smectic and nematic phases are observed (the core specific 
volume is probably higher than in a normal smectic phase). By in- 
creasing the chain length one can obtain a sequence where the Smectic 
C phase is followed at higher temperature by two dimensional oblique 
and hexagonal phases. As the temperature is increased the confor- 
mational disorder of the chains destroys the parallel core ordering 
and therefore favors a curvature of the interface between the aromatic 
and the paraffinic moities. 

Let us remark that with some biforked mesogens, cubic phases also 
occur. Only one case has been studied by X-ray diffraction. The 
sequence is: 

Crystal fs (Sm C) f) Cubic-. I 
T J  

Hex 
The Smectic C phase is metastable and has not been studied; the 
cubic phase has a body centered cubic structure with a lattice spacing 
of 16.2 nm; the hexagonal phase has a large lattice spacing of 13.5 
nm. It is obvious that the cubic phase and this new hexagonal phase 
with large lattice size are mesophases where the curvature of the 
interface between the aromatic and the aliphatic region is weak and 
inhomogeneous. If the cubic phase is not yet understood, the hex- 
agonal phase has a structure similar to that of a lyotropic complex 
hexagonal phase. It can be described as follows: the central part of 
each column, similar to the columns of hexagonal mesophases gen- 
erally observed in phasmidic compounds, is surrounded by a second 
molecular layer whose curvature is weak (Figure 10). Increasing the 
chain length in the same series, hexagonal phases with lattice spacing 
between 4 and 5 nm occur and therefore correspond to the ones 
generally encountered. 

The similarities between the polymorphism of the lyotropic me- 
sophases and that of the phasmids appears clearly. In the first ones, 
the transformation of the lamellar into the hexagonal phase is man- 
aged by the lipid (amphipatic)/water interfacial curvature ; in the lat- 
ter, by the interfacial curvature between two amphipatic media. In- 
termediate steps involve phases whose structure elements exhibit 
inhomogeneous interfacial curvatures. 
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FIGURE 10 Molecular organization in a thermotropic complex hexagonal structure. 

It must be pointed out that, up to now, no Sm A has been put into 
evidence with phasmidic compounds. Much of work remains to be 
done in the search of new pure thermotropic mesogenic compounds 
and in the study of binary mixtures of phasmidic molecules with other 
mesogenic and specially rod-like molecules. 

5. CONCLUSION 

Liquid crystals were discovered one hundred years ago. An important 
contribution in this field is that of G. Friedel who demonstrated that 
many thermotropic and lyotropic mesophases were both organized 
in periodic stacks of liquid layers. In that way, he has pointed out an 
essential simularity relating thermotropic and lyotropic layered phases. 
Since then, the two classes of mesophases, thermotropic and ly- 
otropic, were described according to their own specificities. 

Layered thermotropic mesophases result from the organization of 
individual mesogens with a rigid rod-like core, and therefore the 
important physical parameter is the orientational order. Layered ly- 
otropic mesophases result from the organization of aggregates of 
amphiphilic molecules, and therefore the apolar/polar interfaces are 
important. The aggregates of layered lyotropic structures are lamel- 
h e ,  B priori similar to the smectic thermotropic layers. Nevertheless, 
the smectic organization is driven by the core ordering of rod-like 
mesogens, while the mean area per polar head, which depends on 
the chemical structure of the amphiphilic molecules, is the main fea- 
ture of the lamellar lyotropic organization. 

After the discovery of disc-like mesogens, the structures of the 
thermotropic columnar mesophases were described in analogous terms 
to those of smectics, while a unique description also holds for the 
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lyotropic mesophases of various symmetries. Disc-like mesogens are 
able to form thermotropic columnar phases, while a large number of 
lyotropic systems give rise to organizations of cylindrical aggregates. 
The area of the section of a column is defined by one disc-like me- 
sogen, while that of a cylinder is defined by a large number of am- 
phiphilic molecules. The organization of the molecules of one am- 
phiphilic species in lyotropic cylindrical mesophases may be affected 
by the chemical properties of the system which induce changes in the 
molecular interactions and consequently impose a peculiar shape to 
the liquid/liquid interface, i .e.,  to the shape of the cylinders of the 
mesophase. Moreover, the interactions between the cylindrical ag- 
gregates are then affected, and the resulting structures can be com- 
pared to those of arrays of stacks of disc-like mesogens. These stacks 
can also have an anisotropic section, due to  the molecular shape or 
induced by the core orientation. Nevertheless, the interface between 
cores and chains is homogeneous along the columnar axis. Similarities 
of the properties of interfaces (paraffinic/aqueous or core media) 
induce similar interactions between cylinders, and therefore the struc- 
tures have nearly the same symmetry. 

Owing to their chemical structure, both thermotropic (aromatic 
core/aliphatic chains) and lyotropic (aliphatic chaindpolar groups) 
molecules form molecular organizations which divide the space into 
sub-spaces or into media with different properties. This particularity 
confers a double character to the liquid crystals: they may be con- 
sidered at one and the same time as the homogeneous bulk matter 
of a single species or as a unique entity composed of two distinct 
media. The concept of homogeneous matter has been enhanced, and 
therefore thermotropic liquid crystals were compared to molecular 
crystals, until the discovery of phasmidic compounds. The phasmidic 
mesogens show that their core interactions may be less important 
compared to the chemical segregation between their aromatic and 
paraffinic parts. The concept that thermotropic mesophases may re- 
sult from the packing of aggregates becomes more and more obvious 
since the synthesis of the phasmids. Indeed, these mesogens form 
mesophases whose structure elements are no longer individual mol- 
ecules but stacks of molecules whose shape depends on the interface 
between the semi-rigid core and the liquid aliphatic chains. Therefore, 
different mesophases are formed and the polymorphism obtained with 
phasmidic mesogens is comparable to the rich polymorphism of ly- 
otropic mesophases. It now appears that the same physical concepts 
apply to the organization of the molecules in both kinds of meso- 
phases. 
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Until now, the emphasis was put upon the existence of interfaces 
between two media as a consequence of the amphipatic character of 
the molecules. Questions are now arising on the mechanisms of the 
variation of their curvature and modifications of the topology which 
induce phase transformations. One goes progressively from a struc- 
tural description of the different organizations toward an attempt to 
understand the mechanisms associated with the phase transforma- 
tions, through the evolution of the shape or curvature of the inter- 
faces. 

Note 

In this paper we have presented some particular features of thermotropic and lyotropic 
LC, and therefore it  is not a complete compilation of all the known structures and 
systems. More exhaustive reviews have already been written. Examples of such reviews 
can be found in the first issue of the Journal de Chimie Physique, Paris, 80, 1983, and 
in Advances in Liquid Crystals, Volume 1, cdited by G. H. Brown. 
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