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Towards the molecular-statistical modelling of the optically
isotropic mesophase in neat systems: from the thermodynamic
point of viewt

KAZUYA SAITO*, TAKASHI SHINHARA and MICHIO SORAI

Research Center for Molecular Thermodynamics, Graduate School of Science,
Osaka University, Toyonaka, Osaka 560-0043, Japan

(Received 24 March 2000 in final form 26 May 2000; accepted 15 June 2000)

Phase diagrams of some compounds showing optically isotropic mesophases are compared
as a function of the number of paraffinic carbon atoms per molecular core. In spite of a wide
range of the transition temperatures, the number of paraffinic carbon atoms required for the
appearance of the isotropic mesophases is limited within a narrow range, irrespective of molecular
structure and/or intermolecular interaction. Combining this finding with the previous results
obtained from thermodynamic studies, a possible framework towards molecular-statistical

modelling is proposed.

For a long time, compounds showing optically isotropic
mesophases were limited to those designated as ANBC(n)
(1: 4'-n-alkoxy-3'-nitrobiphenyl-4-carboxylic acids, n in
parenthesis being the number of carbon atoms in the
alkoxy chain) [1-3], ACBC(n) (2: 4'-n-alkoxy-3'-cyano-
biphenyl-4-carb oxylic acids) [3] and BABH(n) [3: 1,2-bis-
(4-n-alkoxybenzoyl)hydrazines] [ 4, 5]. Nowadays, how-
ever, many compounds are known to exhibit isotropic
phases [6-11], and molecular structures of the cubic
mesogens involved in this communication are shown in
figure 1. The structures and properties of the isotropic
phases have gradually become of general interest. Although
X-ray diffraction studies have established space groups
for some isotropic phases [ 12], even in these cases, there
is no definite structural model on the molecular level.
It is, therefore, urgent to elucidate the isotropic phase
at the molecular level.

It is known that similar morphologies are observed
in lyotropic liquid crystals and block copolymers.
Extensive theoretical treatments based on the properties
of the surface (interface) formed there have been made
[13, 14]. What corresponds to the assumed surface is
clear (or trivial) for them; a bilayer formed by surfactant
in the former case and an interface in the ‘phase
separation’ in the latter. Although similar (or even the
same) morphologies suggest that such treatments are
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applicable to the isotropic mesophases in the neat systems,
the correspondence is unclear. Molecular models of the
isotropic mesophases in the neat systems would enable
us to imagine what occurs in this exotic aggregation
state and how it occurs, and consequently deepen our
understanding of it.

In previous studies on ANBC(n) and BABH(n)
[15-19], we have shown some important characteristics
from the aspect of thermodynamics. Those relevant to
the following discussion can be summarized as follows:

(a) The cubic mesogens commonly exhibit marked
solid—solid phase transitions [ 16-18]. These phase
transitions are related to the disordering process
of the terminal alkoxy chains. The terminal chains
are not completely, but highly disordered in the
isotropic mesophases.

(b) This highly disordered alkoxy chain in the
isotropic mesophase behaves like a solvent in
lyotropic systems [15].

(c) The terminal alkoxy chains are more disordered
in the isotropic mesophases (0.5JK~!CH; ' in
terms of entropy) than in the neighbouring SmC
phase, whereas the spatial arrangement of the
molecular core is more ordered in the iso-
tropic phase than in the SmC phase by (1 + 0.5)
R (R = gas constant) in terms of entropy [18].

(d) The isotropic phases of ANBC and BABH may
be identical in nature in spite of their different
phase sequences (on heating, SmC — CubD in
ANBC and Cubic - SmC in BABH) [18].

Liquid Crystals ISSN 0267-8292 print/ISSN 1366-5855 online © 2000 Taylor & Francis Ltd
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Figure 1. Structure of ANBC(n) (1), ACBC(n) (2), BABH(n) (3), a tetracatenar (four chain) bipyridine (4), [Ag(4-alkoxy-
stilbazole),1C;,H,5sSO5 (5), [Ag(3,4-dialkoxystilbazole), |CF;SO; (6) and [Ag(3,4-dialkoxystilbazole),1C,,H,,, . {OSO; (7).

(e) The inverted phase sequence results from the
competing contribution of the chain and molecular
core to the entropy of transition. The ‘alkyl-chains
as entropy reservoir’ mechanism is identified as
a new type of influence that modifies the phase
behaviour of molecular systems [18, 19].

As exemplified in figure 1, most compounds show-
ing the isotropic mesophases have a similar molecular
structure. That is, the molecules consist of a rather rigid
core at the centre and some flexible alkyl chains, forming
a very symmetrical structure. It may be necessary to
make a comment on ANBC (1) and ACBC (2). In the
mesomorphic phases, the ANBC (and probably ACBC)
molecules form carboxylic acid dimers through hydrogen
bonding [20, 21]. It is not clear at present whether a
dimerized or dimeric type structure, common for all the
molecules in figure 1, is necessary for the appearance of
the isotropic phases. Another similarity in the molecular
structures can be recognized: the molecular core com-
monly possesses some sites that offer interaction in the
lateral direction. These similarities naturally lead us to
suspect common physical properties. The identification

of these common properties will greatly help in pro-
posing a framework of the molecular model of the
isotropic phase. It is emphasized that the present purpose
is not to find common factors governing the appearance
of all known cubic phases, but to extract the charac-
teristics of a group of cubic mesogens. In this respect, it
is clear to us that exceptional systems exist and do not
fit the following discussion. However, to concentrate
attention on some common characteristics, even though
they are not common for all known systems, could be
the way to obtain new ideas. For exceptional systems,
more extensive and detailed treatments could follow the
simple framework suggested in this paper.

In a previous paper [15], we showed that the phase
diagram of ANBC is essentially governed by the number
of the paraffinic carbon atoms within the system through
a study of ANBC-n-alkane binary systems. It is quite
interesting to see whether this holds for other com-
pounds. The selected compounds [7-11,21] shown in
figure 1 cover a variety of combinations of molecular
structure and intermolecular interaction: the size of the
molecular core varies (4 and others); the number of alkyl
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chains attached to the molecular core is two (1 and 5)
or four (4, 6 and 7); the paraffinic carbon atoms are
attached directly to the core (1, 4 and 6) or supplied
from the counter anion (5 and 7); the core is either a
single unit (4-7) or a dimer formed through hydrogen
bonding (1). Finally, the intermolecular interaction may
be a simple hydrogen bond, a dipolar interaction (1), or
Coulombic interactions mediated by counter ions (4-7).

The finding (c) mentioned above holds for the com-
pound 5 [7] as seen in figure 2, though the data are
slightly scattered. Here 7 is the number of the paraffinic
carbon atoms per molecular core; that is, it is the number
of chains attached to the core (2 or 4)Xx the chain
length + the number of carbon atoms within the counter
anion (if applicable). Since the entropy of transition
from the SmC phase to the isotropic phase of 5 increases
linearly, the paraffinic carbon atoms are in a more
disordered state in the isotropic phase than in the SmC
phase. An extrapolation to n.= 0 gives an estimate of
the entropy of transition assignable to the spatial
arrangement of the molecular core. As clearly seen from
figure 2, this entropy contribution is negative. The
entropy contribution by a paraffinic carbon atom in 5
is roughly the same as those in 1 and 3, as discussed
previously [ 18]. This strongly suggests that the isotropic
mesophases of the neat compounds are, at least from a
thermodynamic point of view, the same or quite similar
to one another. A detailed discussion concerning the plot
shown in figure 2 has been given in a previous paper
[18].

Figures 3—7 show the n.—T phase diagrams for com-
pounds 1 [22] and 4-7 [7-11]. Here Col, denotes a
hexagonal columnar mesophase. The phase diagrams are
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Figure 2. Entropy of transition from the SmC phase to the
isotropic (cubic) mesophases as a function of nc. Open
circles, 1 (ANBC); closed circles, 3 (BABH); plus sign, 5.
Due to the dimerization through hydrogen bonds the
value of nc is twice the chain length of 1.
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Figure 5. nc-T phase diagram of 5.

generally similar in spite of the wide range of transition
temperatures. This implies that the phase diagrams of
these systems are essentially determined by geometrical
factors.
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Figure 6. nc-T phase diagram of 6.
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Figure 7. nc—T phase diagram of 7. The filled circles represent
the case where n varies with m = 12. The plus signs and
crosses are for the cases where m varies with n =4 and 6,
respectively.

A point to be emphasized is that, in spite of the wide
variety of systems, the lower critical carbon number
required for the isotropic phases lies in a rather narrow
range around 25. These facts suggest that the phase
diagrams of these compounds depend primarily on the
number of the paraffinic carbon atoms in the system,
and only weakly on the details of the system such as the
molecular structure, location of the paraffinic carbon
atoms or the intermolecular interactions. The existence
of the lower critical number implies that a certain
amount of paraffinic carbon is necessary for the appear-
ance of the isotropic phase. On the other hand, the
presence of an upper critical number is seen in some
cases. These facts suggest strongly that an optimum range
of paraffinic carbon atom content exists for stabilization
of the isotropic phase. Although not much is known for
ACBC (2), the available information [3] is compatible
with these findings.

Figure 7 displays an interesting feature for the com-
pounds 7 [10], where two kinds of phase diagrams are
superimposed. One is a phase diagram for the change
in length of the chain directly attached to the molecular
core while keeping the counter anion identical, whereas

the other is the phase diagram for the change in the
chain length of the counter anion while keeping the
cation identical. The coincidence between the two kinds
of phase diagram is almost perfect. This indicates that
the location and nature of the paraffinic carbon atoms
has only a secondary influence on the phase diagram.
This is fully consistent with our previous conclusion
(b) [15].

The phase behaviour of BABH (3) has a different
character from those described above. The cubic phase
of BABH appears in the range 16 < n.< 20 [4, 5], values
which are smaller than those given above. The core of
the BABH molecule is also smaller than those of others.
Besides, the cubic phase of BABH is located on the low
temperature side of the SmC phase, while other isotropic
phases discussed above appear on the high temperature
side. This inversion in the phase sequence results from
the small entropy contribution of the chain [18, 19],
and the stable region of the isotropic phase is therefore
considered to cover the case of BABH.

Now we summarize our findings and suggest a
guideline for constructing a molecular-statistical model
of the isotropic phase, while concentrating our attention
on the phase transition between the cubic and SmC
phases. Since the difference in entropy of the chain is
small (though this difference does determine the phase
sequence) [ 18, 19], we may assume that the chain acts
as a continuum to fill the voids produced in the higher
order structure of the cores, as a zeroth approximation.
The system to be considered thus consists of the hard
rod-like cores and the space-filling fluid [15, 18, 19].
The volume fraction must be selected to match the
experimental phase diagram shown in figures 2—6. The
hard cores attracts each other in a lateral direction as
seen from figure 1. The nature of the interaction, such
as of long or short range forces, is unimportant as we
have shown here. If some phases with cubic higher order
structures have a smaller entropy than the SmC phase
by about R, they are possible candidates for the isotropic
mesophase experimentally observed [ 18]. Of course, the
cubic structure(s) must not contradict existing infor-
mation concerning the space groups of the isotropic
phases. The next step is to include the entropy of the
fluid, which will determine the phase sequence [ 18, 19].

A short comment is in order concerning the thermo-
dynamic location of the Col, phase with respect to the
isotropic phase. Figure 8 shows the entropy of transition
from the cubic phase to the Col, phase of 7 [8] as a
function of n.. The n. dependence is weak, implying
a comparable disorder of the alkyl chains. If a line is
tentatively drawn, ignoring the data corresponding to
ne = 36, the slope is negative. The negative slope suggests
that the chain is slightly more disordered in the cubic
phase than in the Col, phase. A more important point
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Figure 8. Entropy of transition from the cubic phase to the
Col,, phase as a function of n¢ for 7 with m = 12.

is the positive contribution is to be assigned to the
molecular core. That is, the Col,, phase seems to be more
disordered than the cubic phase with respect to the
spatial arrangement of the core by about 10 J K~ ! mol ™!
in terms of entropy. It is dangerous to develop too
detailed a discussion based upon only one plot, but we
believe that the analysis based on plots of entropy of
transition against n. or chain length [17] does allow
us to deepen our molecular understanding of liquid
crystalline states.

In this communication, we have outlined the thermo-
dynamic requirement of the molecular model for iso-
tropic mesophases in neat systems. We hope that this
outline stimulates further theoretical studies.
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