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ABSTRACT: We propose a new theoretical method to study hydrogen-bonded supramolecular liquid
crystals. It is based on our recent theory of associating polymer solutions combined with McMillan’s
molecular theory of liquid crystallization. We derive phase diagrams of supramolecular liquid crystals
consisting of two different species of molecules, such as dimers and trimers. In such phase diagrams,
liquid crystallization and two-phase separation coexist. There are two different types of phase separa-
tion: one is caused by the first-order transitions of liquid crystals, and the other is demixing by repulsive
interaction between the different species of molecules. As a result, multicritical phenomena such as
tricritical point, Flory’s chimney type two-phase region, etc., appear. Comparison of phase diagrams of
dimerized supramolecular liquid crystals with those of corresponding flexible polymers suggests that a
new microphase separation transition may occur inside the layers of the smectic A phase.

I. Introduction

Some rigid molecules are known to undergo liquid
crystallization when hydrogen-bonded to each other. For
example, aromatic acid derivatives with alkoxy or alkyl
terminal groups form dimers due to a hydrogen bond
between their carboxylic acid groups and show meso-
morphism.2~* Association between different species of
molecules also induces the isotropic/anisotropic phase
transition.>® Mesophases of some liquid-crystalline
molecules are stabilized by a hydrogen bond with
different species of molecules. More markedly, some
nonmesogenic molecules form a compound with a me-
sogenic core when hydrogen bonded. Compounds formed
by hydrogen bonds are often called “supramolecules”,
because molecules assemble into superstructures. A
supramolecule with liquid crystallinity is called a “su-
pramolecular liquid crystal”. Supramolecular liquid
crystals exhibit various new properties and functions.
For example, they are easily switched between the
isotropic phase and anisotropic one by changing ther-
modynamic conditions.

Liquid-crystalline molecules are classified into two
main categories: thermotropic liquid crystals and lyo-
tropic liquid crystals. Thermotropic liquid crystals
change from the isotropic liquid state to a liquid-
crystalline one at a certain temperature on cooling.
Lyotropic liquid crystals, being dissolved in an ap-
propriate solvent, liquid-crystallize when their concen-
tration reaches a threshold value. Supramolecular liquid
crystals have both properties: they change from the
isotropic liquid state to a liquid-crystalline one not only
by changing temperature but also by changing composi-
tion.

Supramolecular liquid crystals reported so far have
various molecular architectures. For a mixture of two
different species of molecules A and B, each carrying
at least one rigid part that form mesogenic core by
association, the following types are known:”# dimer
type,® trimer type,’® main-chain type,1%12 side-chain
type,® combined type,3 and network type.14-16
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Figure 1. Schematic illustration of a dimer-type hydrogen-
bonded supramolecular liquid crystal (A-B).

Dimer Type A-B. An A- and a B-molecule, each
carrying one rigid part with one functional group at its
free end, associate with each other and form a compound
with a longer (or a new) mesogenic core (Figure 1). A
typical example is a complex of 4-(hexyloxy)benzoic acid
and trans-4-alkoxy-4'-stilbazoles with various alkyl
chain lengths. Experimental results® show that the
transition temperature from the isotropic liquid state
to a liquid-crystal state depends only little on the alkyl
chain length of the stilbazoles. When the number of
carbons in the alkyl chain is smaller than 5, both the
smectic phase and nematic phase appear. When it is
larger than 5, only the smectic phase appears.

Trimer Type A-B-A. Two A molecules associate with
one B-molecule, so that a compound with one or two
mesogenic cores is formed. An A-molecule has one rigid
part and carries a functional group at its free end. A
B-molecule has two rigid parts connected by a flexible
chain and carries a functional group at its each end.
Or, it may be a rigid-rod-like molecule carrying a
functional group at its both ends (Figure 2). For
example, complexes of 4-alkoxybenzoic acid (or 4-alkyl-
benzoic acid) and 4,4'-bipyridine (or trans-1,2-bis(4-
pyridyl)ethylene) are studied.’® A nematic phase ap-
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Figure 2. Schematic illustration of a trimer-type hydrogen-
bonded supramolecular liquid crystal (A-B-A).

pears when the number of carbons in the alkyl chain of
the benzoic acid moiety lies in the range from 1 to 4,
whereas only the smectic phase appears when it is
larger than 5. The reported experimental phase diagram
on the temperature—molarity plane shows that the
liquid-crystallization temperature is highest at the
stoichiometric composition.

The purpose of our study is to propose a new theoreti-
cal method to study these various supramolecular liquid
crystals and to derive their phase diagrams and com-
pare them with the experimental data.

Various theoretical methods to deal with liquid crys-
tallization have been proposed so far. Onsager!’ pro-
posed the statistical theory for dilute solutions of very
thin rigid-rod-like molecules by taking the excluded-
volume effect into account.

Flory® extended the lattice theory of polymer solu-
tions to suit solutions of rodlike molecules by taking the
orientation of molecular axis into account.® Using this
extended lattice theory, he derived phase diagrams that
show a narrow coexistence region between an isotropic
phase (I) and a nematic phase (N), now referred to as a
“chimney”, at higher temperature. At a certain temper-
ature the chimney merges into a wide two-phase
coexistence region due to the mixing enthalpy effect
between rodlike molecules and solvent molecules. Near
this merging temperature, the concentration of the
rodlike molecules in the nematic phase sharply changes
with temperature.

Another famous molecular field theory using orien-
tational order parameter was proposed by Maier and
Saupe.?0-22 |t was later extended by McMillan23 to deal
with the smectic A phase (Sp).

As for liquid-crystal phases induced by hydrogen
bonding, there have been only a few theoretical studies.
Sear et al.?* studied a mixture consisting of two species
of cylindrical molecules that associate with each other
and form a cylindrical dimer. On the basis of Onsager’s
theory, they estimated the free energy of the mixture
and derived a phase diagram exhibiting a “reentrant
nematic phase” between two different species of Sy
phase regions. One of these Sy, phases is formed by the
free cylindrical molecules, and the other is formed by
the cylindrical dimers.2* Such cylindrical dimers are
regarded as the supramolecular liquid-crystalline mol-
ecules because association induces a new Sy, structure.
It is, however, difficult to apply their theoretical treat-
ment to other supramolecular liquid-crystalline mol-
ecules with complex shapes since their treatment is
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based on a mathematically complicated calculation of
the excluded volume. It is also not suitable to high-
concentration solutions because of the virial expansion.

Bladon et al.?> theoretically studied dimer-type and
main-chain-type hydrogen-bonded liquid crystals that
associate within the same species by taking only the N
phase into account.

To deal with a mixture of polymers and liquid-
crystalline molecules or a mixture of two different
species of liquid-crystalline molecules, Kyu et al.26-28
proposed a new theory that combines Flory—Huggins
lattice theory with Maier—Saupe—McMillan theory
about liquid crystals.2°=28 This treatment uses the
partition function regarding the orientational and the
translational order given by McMillan?3 instead of the
partition function regarding the rigidity of a molecule
derived by Flory.1®

In the present paper, we study binary mixtures of
associating nonmesogenic molecules that form liquid-
crystalline compounds by association between the dif-
ferent species of molecules. Therefore, we must treat
all of the three important factors, i.e., molecular as-
sociation, phase separation, and liquid crystallization.
To satisfy this requirement, we introduce the Maier—
Saupe—McMillan theory into our theory of associating
polymer solutions.29=31 The latter is based on Flory—
Huggins lattice theory of polymer solutions.’® The
introduction of McMillan’s theory enables the consid-
eration of S, phases. We estimate the free energy of
various supramolecular liquid crystals and derive com-
plete phase diagrams. Though Painter, Coleman, and
co-workers32-35 have also studied polymer mixtures
forming nonmesogenic hydrogen-bonded complexes ex-
perimentally and theoretically, our theory starts from
a slightly different viewpoint. By taking the orienta-
tional order into our previous free energy,36-37 we can
compare our new results on the supramolecular liquid
crystals with our old ones on the corresponding as-
sociating flexible polymers. It is well-known that flexible
diblock copolymers form mesophases (lamellar phase,
hexagonal one, cubic one, etc.) by microphase separa-
tion. In our previous studies®-37 we reported microphase
formation in associating binary mixtures in which
flexible block copolymers are thermoreversibly formed
by hydrogen bonds. Since the lamellar structure is
similar to the smectic A structure, we expect the one-
to-one correspondence between the lamellar phase of
flexible dimers and the S, phase of mesogenic dimers.

Il. Free Energy of Supramolecular Liquid
Crystals

We consider model mixtures of A- and B-molecules
on the basis of the lattice theory of polymer solutions.
An A-molecule and a B-molecule are assumed to consist
of ra and rg rigid-rod segments connected by flexible
chains, respectively. The rigid-rod segment of the A-
molecule and that of the B-molecule form a mesogenic
core when hydrogen bonded. In this study we assume
that hydrogen bonding occurs only between different
species of molecules. Let na be the number of statistical
units on the A-molecule, and let ng be that on the
B-molecule. Let n’'s be the number of statistical units
included in the flexible chain part on the A-molecule,
and let n'g be that on the B-molecule. In the present
paper, a compound consisting of I A-molecules and m
B-molecules is indicated by the symbol (I, m) and called
a “(l, m)-cluster”. For example, a free A-molecule is given
by (1, 0), a free B-molecule is (0, 1), a heterodimer is (1,
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1), a trimer consisting of two A-molecules and one
B-molecule is (2, 1), and a comblike compound contain-
ing f B-molecules bound to the chain side of an A-
molecule via flexible spacers is (1, f). Using such
symbols, we write the number of the (I, m)-clusters by
N m, its number density by v, ,,, and its volume fraction
by ¢1m. Here, the number density, i.e., the number of
(I,m)-clusters per lattice cell, is defined by v|m = N/
Q, and the volume fraction is defined by ¢;m = (nal +
ngm)v;m, Where Q is the total number of the cells on
the hypothetical lattice. If we assume that all statistical
units on the A-molecule and the B-molecule have the
same volume a3, and regard also the volume of the
lattice cell as a8, Q is defined by Q = V/a® = 3 m(nal +
ngmM)N;m, where V is the volume of the system. The
total number density v of clusters, i.e., the total number
of clusters per lattice cell, is given by v = 3| mVim.
In the present paper, we take the total volume fraction
¢a of the A-molecule as an independent variable
and write it as ¢: ¢ = ¢a = Yimnhalvim. Under the
incompressibility condition, the total volume fraction ¢g
of the B-molecule is given by 1 — ¢: ¢g = > mnNsmvim =
1-¢.

The free energy of such mixtures consists of three
terms:

AF = AF,, + AFix T AF (2.1)

The first term AFea comes from the free energy change
due to forming various clusters by hydrogen bonding
between the A-molecule and the B-molecule. It is given
by the difference between the chemical potential u°|m
of an (I, m)-cluster and those u°10, 4%, Of the free
molecules in the isolated state in the undiluted system:

IBAFrea = Zﬂ(‘“ol,m - I/"OLO - ml"oo,l)Nl,m (2.2)
m

Here 3 is defined by g = 1/kgT, where T is the
temperature and kg the Boltzmann constant. We sub-
divide this term into three factors

,m

ﬁAFrea = Z(A(I:,Onznb + AIC,?Ef + A:)Ond)Nl,m (23)
,m

and consider each in detail. The first factor A{%"™ is the
combinatorial entropy coming from the number of the
ways Wim to form an (I, m)-cluster and hence Ajm® =
—In wm. The second one A" is the conformational
entropy change resulting from the restriction on the
possible conformational states due to hydrogen bonding.
To estimate it, we employ conventional lattice—theoreti-
cal entropy of disorientation,

) n

AS® = kg In( 5’““) (2.4)
Sen 1

for a flexible chain consisting of n statistical units.
Here Omax = z(z — 1)" 2 is the maximum number of
possible internal conformations of the chain, where
z is the lattice coordination number. The symbol s
represents the symmetry number of the chain, which
takes 2 for a symmetric chain and 1 for an asym-
metric one. Applying ASYs to the flexible-chain parts

Macromolecules, Vol. 35, No. 19, 2002
on the molecules, we find

AP = AS]S — IASTS — mASSS

Im =

[n'al + n'gm]f(z — 1)Zs]'+m_1 (2.5)
g™ L ze '

The third factor A in eq 2.3 is the free energy
change resulting from the reaction between the func-
tional groups on A- and B-molecules. If we assume, for
simplicity, that all clusters contain no cyclic structure,
an (I, m)-cluster has | + m — 1 hydrogen bonds, so that
the third factor is given by

AP = (I +m = 1)pAT, = (I + m — 1)B(Ae, — TAs,)
(2.6)

where Afy is the free energy change per bond formation
between the A-molecule and the B-molecule and consists
of the energy change Aep (<0) and the entropy change
Asp (<0).

The second term AFnix in eq 2.1 comes from the free
energy change due to mixing all clusters. Introducing
the polydispersity due to association into the mixing
entropy derived by Flory and Huggins, we write this
term by

ﬁAFmix = ZNI,m In ¢I,m + X¢(1 - ¢)Q (2-7)

where y is Flory's y-parameter, which defines the
strength of interaction between both the statistical units
of the A- and B-molecule. Since we deal with binary
mixtures consisting only of A- and B-molecules, no term
of solvent appears here.

The mixing entropy AFmix is not influenced by the
rigidity of constituent molecules.?®3° In the system
containing mesogenic molecules, the effect caused by the
rigidity of molecules must be taken into account. To
include it, Flory®® adopted the assumption that a rodlike
molecule aligning to the orientation axis consists of
submolecules that are arranged parallel to the orienta-
tion axis and joined to each other laterally near their
ends. He evaluated the number of ways to assign rodlike
molecules on the lattice. It was, however, difficult to
treat S, phases on the basis of such a method. There-
fore, here we employ McMillan’s free energy?® as AFyi,
because his free energy includes both of the effects due
to orientational ordering of mesogenic cores and trans-
lational ordering of their center of mass. We then have

BAFy ={(-In 2) + 5207 + 0o Ny 28)

where Ny is the total number of mesogenic cores in the
system, and vy = Nw/Q is the number of mesogenic
cores per lattice cell. These depend on temperature and
composition. The symbol 7 expresses the nematic order
parameter, ¢ smectic order parameter, ¢ nematic inter-
action parameter, and o. smectic interaction parameter.
The partition function Z refers to each mesogenic core
and is defined by

Z(n,0) = %Ld dz fol d cos 0 exp{&[y +
oo cos(2mz/d)]P,(cos O)vy} (2.9)
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where d is the distance between the neighboring planes
in a smectic A structure on which the centers of mass
of mesogenic cores are located. In the following it is
referred to as layer thickness. The symbol 6 expresses
the angle between the longitudinal axis of each me-
sogenic core and the preferential orientational axis. The
function Py(x) = (3x2 — 1)/2 is the Legendre polynomial
of degree 2. McMillan obtained this partition function
by using the self-consistent one-particle potential de-
rived from the following assumptions: (1) an anisotropic
interaction between mesogenic particles has a simple
form based on Maier—Saupe model, (2) the molecules
are preferentially oriented in the z direction, and (3)
their centers of mass sit on planes parallel to the x—y
plane and intersecting the z-axis at 0, +d, +2d, etc.

It is scarcely problematic to introduce McMillan’s free
energy which averages the orientational order of me-
sogenic core over all continuous angle space as an
additional term because the free energy form per lattice
cell based on the lattice theory is essentially indepen-
dent of a selected lattice and consists only of continuous
quantities, such as volume fraction and the y-parameter.
The effect of the lattice is implicit in the y-parameter.
However, we usually ignore the effect. The lattice theory
can, therefore, allow us to select the hypothetical lattice
on which mesogenic cores can orient all directions. Flory
stated in his paper'® that his approximation that
molecules incline to all continuous angles from an
orientation axis are scarcely more serious than those
of the lattice model itself.

The nematic interaction parameter ¢ is defined by

A

C -
VKT

(2.10)

on the basis of the result derived by Maier and Saupe20—22
that considered only the dipole—dipole component of the
anisotropic dispersion force between two molecules.
Here, Vp, is the molar volume of rigid-rod particle, and
A is taken to be a constant independent of pressure,
volume, and temperature. According to their theory, the
value of ¢ at the nematic/isotropic transition tempera-
ture Ty is given by

A
&(Tw) = NI

¢ "B " NI

= 4.541 (2.11)

where V. is the molar volume of a rigid-rod particle in
the nematic phase at Ty;.#° The comparison of the free
energy for rigid-rod particles derived by Maier and
Saupe with the free energy derived on the basis of the
theory of Onsager'” and Isihara*! shows that ¢ is
proportional to the square of the length of particle if it
is sufficiently thin; if the particle consists of n statistical
units, ¢ 0 n2,
The nematic order parameter 7 is defined by

n = [P,(cos 6)J (2.12)

where the symbol [--Omeans that the average is taken
by the use of the weight Z given by eq 2.9. In the
isotropic state » = 0 since the mesogenic cores are
randomly oriented. In the nematic state and the smectic
state n = 0 since the mesogenic cores are preferentially
oriented toward a certain direction.
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The smectic order parameter o is defined by

o = [P,(cos 0) cos(2xz/d)O (2.13)
In the isotropic state and the nematic state ¢ = 0
because the center of mass of each mesogenic core is
randomly placed. In the smectic state o = 0 because the
center of mass sits on the plane orthogonal to the
preferential orientational axis, so that a multilayered
structure is constructed of the mesogenic cores.

The smectic interaction parameter o introduced by
McMillan determines the strength of the smectic inter-
action and is defined by

o = 2 exp{ —(7r,/d)*} (2.14)
where ry is of the order of the length of the mesogenic
core. Itis also known from an experimental result that
the layer thickness d is of the order of the length of a
liquid-crystalline molecule.*® The parameter a is a
dimensionless quantity and can vary between 0 and 2.

Each order parameter 7, o is decided by minimizing
the total free energy:

an
(aA_F) —0o
0o |T.¢
These conditions are equivalent to the coupled eqs 2.12
and 2.13. In supramolecular liquid crystals, the number
density v must be determined self-consistently.

In the following we consider two specific models:
dimer-type model and trimer-type model.

=0 (2.15)

(BAF)T’Q> _

(2.16)

I11. Dimer-Type Model

In this section, we derive phase diagrams of mixtures
consisting of two species of associating linear molecules
A and B forming hydrogen-bonded liquid-crystalline
dimer A-B. Each molecule is assumed to have a non-
mesogenic rigid-rod-like part and a flexible tail chain.
An A-molecule carries a hydrogen-bond donor at the end
of its rodlike part, and a B-molecule carries a hydrogen-
bond acceptor at the end of its rodlike part. When
forming a dimer A-B, the combined rodlike part becomes
sufficiently long to form a mesogenic core (Figure 1).

The number of statistical units n'; on the flexible tail
of the i-molecule (i = A, B) is defined by n’i = nj — n},
where n} is the number of statistical units on the rigid
part. For simplicity, we assume that the size of the rigid
part is the same as that of the statistical unit. Hence
we have n) = n§ = 1. The total number of the lattice
cells is given by Q = naNio + ngNo1 + (na + Ng)N1 1.
Since the number of the mesogenic cores is equal to that
of the dimers, it is given by Nm = N3 1, and hence vy =
v11. The free energy of the mixture is then given by

BAF =N;gIn¢; o+ Ny, Inggy + Ny Ingy ; +
10— @+ ANy, +H{(-In2)+ 567 +
(xoz)vlyl}Nl’l (3.1)
Here, the free energy of association is given by

Ayy = —In@AN) + BAe, (3.2)
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where n' = n'an'g/(n'a + n'g) is the reduced molecular
weight of the flexible tails, and

(z—1)%
Ao ze

exp(l + Asy/kg) (3.3)

is a constant related to the entropy of bond formation.

From this free energy, we obtain the chemical poten-
tial Auipo of the free A-molecule, Aug, of the free
B-molecule, and Au; 1 of the dimer as

PO o =1+1n¢; o= nav +nax(l = ¢)° +
naS(r? + a0 (3.4)

BAug, =1+ 1Ingy, — Ngv + nBX¢’2 +
ne30r” + ao, (35)

BAu, =1+ 1IN — (Ng+ Ng)v + Nyl — ¢)° +
ngxd? — IN(ig/n) + feg = In Z + (s + )07 +
ac®)vs, (3.6)

The number v of molecules per lattice cell that have
translational degree of freedom is given by v = (N1 +
No1 + Ni1)/Q.

To evaluate the number of dimers, we use the equi-
librium condition for dimer formation:

Auyy = Aug g+ Aug, (3.7)

Substituting the chemical potentials into this condition,
we find the volume fraction of dimers is given by

1
$11= ﬁ’lz‘f’l,o‘f’o,l (3.8)

Here, the association constant A(T) is given by
A =1, exp[C/t] (3.9

by using the reduced temperature t = T/Ty and a
material constant C defined by

C = —Ae/kgTy, (3.10)
By the use of the reduced temperature and eqs 2.10 and

2.11, the nematic interaction parameter ¢ can be written
as

£ = 4541/t (3.11)

under the incompressibility condition. At a given tem-
perature t and a given composition ¢, the volume
fraction of the free A-molecule is written by

$10=¢ —Npv1, (3.12)
and that of the free B-molecule by
Po1=1—¢ —nNgryy (3.13)

On substituting these volume fractions into eq 3.8, we
find that the number density v; ; of the dimer, i.e., the
mesogenic core satisfies

Macromolecules, Vol. 35, No. 19, 2002

L 07— nan )@ — ¢ — gy )

Vi1~ o s
= (ny +ng)n’
ATE (3.14)

where we have used the relationship ¢11 = (na + nNg)vy 1.
By solving this equation for v1, at a given set of t and
¢, we obtain v13, 1, and o as a function of the thermo-
dynamic variables. If there are several solutions, the
one that makes the free energy lowest is the true
solution.

A. Athermal Mixture. First, we consider athermal
mixtures for which there is no mixing enthalpy. Hence,
we have y = 0 at all temperatures so that macroscopic
phase separation does not occur. Parameters are fixed
at na = ng =10, 1o = 5.0, and C = 0.1. Figures 3 and 4
show the order parameters as functions of the temper-
ature for three compositions, ¢ = 0.3, 0.4, and 0.5. We
fix the smectic interaction parameter o at 0.2 (Figure
3) and 0.5 (Figure 4). The solid line is the nematic order
parameter » (left axis), the broken line is the smectic
order parameter o (left axis), and the dotted line is the
number density of the mesogenic core v = v1, 1 (right
axis). The letters “1”, “N”, and “Sp,” express the state in
which the mixture has the lowest free energy in each
temperature range divided by the vertical dot—dash
line. In these mixtures, the volume fraction ¢ is 0.5 at
the stoichiometric composition at which the number of
the hydrogen-bond donors and that of the hydrogen-
bond acceptors are equal to each other. At this stoichio-
metric composition, N/Sp, is the continuous phase tran-
sition for a = 0.2, while for oo = 0.5, it is first order.
Therefore, the effect of a is the same as in McMillan’s
result. At a given temperature, a mixture with the
stoichiometric composition form a largest number of
mesogenic cores, so that both the I/N transition tem-
perature and the N/S, transition temperature are
highest at this composition. It qualitatively agrees with
experimental results on the hydrogen-bonded supramo-
lecular liquid crystals reported by Kato et al.610 and
Alexander et al.!

A smaller value of o gives lower N/S, transition
temperature. The I/N transition temperature is inde-
pendent of a. Therefore, with decreasing o, the N state
is stabilized against the change in temperature.

Figures 5 and 6 show phase diagrams of the mixtures
corresponding to Figures 3 and 4. Thin solid line shows
the I/N transition line, thick solid line the N/S,, transi-
tion line, and dotted line the two-phase coexistence line
(binodal). The hatched area bordered by the binodal
curve is the metastable region, and the crosshatched
area with the symbol “U” is the unstable region. Note
that the temperature scales in these figures are differ-
ent. The I/N line and the binodal surrounding it at a =
0.2 completely agree with those at oo = 0.5 at higher
temperature at which no influence of the N/Sy, transi-
tion appears.

At temperatures above the I/N line (point A in Figure
6) the mixture forms a homogeneous isotropic liquid
phase. The reason for the appearance of the two-phase
coexistence region surrounding the I/N line is that the
I/N transition is a first-order phase transition. This two-
phase separation must be therefore distinguished from
a conventional macroscopic phase separation caused by
the effect of mixing enthalpy. The I/N transition does
not lead to a mixture with the stoichiometric composi-
tion to two-phase separation, because such a mixture
has a lower free energy at a given temperature than
that of the mixtures with different composition. As
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Figure 3. Dependence of three order parameters vy (dotted
line, right axis), n (solid line, left axis), and o (broken line,
left axis) on temperature at three compositions (top: ¢ = 0.3;
middle: ¢ = 0.4; bottom: ¢ = 0.5) in the dimer-type model
(na = ng = 10, n*a = n*s = 1). The smectic interaction
parameter is fixed at o = 0.2.
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Figure 4. Dependence of three order parameters vy, 7, and

o on temperature at three compositions ¢ = 0.3, 0.4, and 0.5
ata = 0.5.

Figures 3 and 4 show, the extent of association between
the A-molecules and the B-molecules suddenly increases
at the I/N transition temperature on cooling, so that a
sufficient number of mesogenic cores to form an N
structure are formed. The formation of an N structure
with the stoichiometric composition at the I/N transition
temperature reduces the free energy enough to turn into
a stable homogeneous N phase. The free energy curve
in the N state at a given temperature has a minimum
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Figure 5. Phase diagram of the athermal mixture corre-
sponding to Figure 3. The thin solid line is the I/N transition
line, the thick solid line is the N/Sy, transition line, and the
dotted line is the binodal due to the I/N transition. The hatched
area is the metastable region, and the crosshatched area with
“U” is the unstable region. Filled circle represents a critical
end point.

0.040 : : : : :
1
bo0=05
I |
1
0.035 |- BRI . A ]
I
i
- ‘ N = B
________ _ B ..
0.030| S
— Sh
t3 __________ X -
r ——— 95-——-43 = CI
& :‘l %
0.025 == L

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 6. Phase diagram of the athermal mixture corre-
sponding to Figure 4. The white circle represents a critical
solution point.

at the stoichiometric composition. The mixtures with
another composition may also construct a homogeneous
N structure at I/N transition temperature, but it should
be a temporary structure since its free energy is not low
enough to realize a stable homogeneous N phase. Thus,
such mixtures must eventually separate into two phases,
an | phase and an N phase here. Resultant phases have
different composition from each other and from the
whole mixture. This phase separation obeys the follow-
ing mechanism: at a given temperature, the mixture
with the stoichiometric composition has the greatest
number of mesogenic cores, so that it forms the highest
ordered structure and is lowest in the free energy.
Therefore, a homogeneous N phase with another com-
position formed temporarily at the I/N transition tem-
perature prefers its N structure to get closer to the N
structure with the stoichiometric composition. To bring
the composition close to the stoichiometric composition
and to realize this preference, the excess free molecules
are expelled from the temporary homogeneous N phase.
Such expelled free molecules gather and form another
phase. Since the phase separation accompanying the I/N
transition is caused by the crossing with a finite angle
of the free energy of | state and of N state at the
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Figure 7. Sketch of the free energy curve of the | state F,
and that of the N state Fy at a given temperature. At the
compositions ¢y and ¢n; the phase transition between an |
phase and an N phase occurs.

transition point, the phase formed by the expelled free
molecules becomes a stable | phase. Consequently, the
temporary N phase separates into the stable | phase
with a distant composition from the stoichiometric one
and the stable N phase with a closer composition. When
the mixture is quenched from point A to point B in
Figure 6, it separates into the | phase indicated by point
B, and the N phase indicated by point By.

When temperature is lowered, the influence of en-
tropy on the free energy becomes small, so that a regular
structure with low enthalpy is stabilized. When the
composition approaches closer to the stoichiometric
composition, the nematic order becomes higher. Thus,
at low temperature, there is a wider coexistence region
accompanying the I/N transition.

We should notice that there is an unstable region
hidden in the coexistence region. The I/N line lies on
the one boundary of this unstable region. Such an
unstable region appears since the free energy curve F,
in the isotropic state with positive second derivative and
the free energy curve Fy in the nematic state with
negative second derivative intersect with each other at
the I/N transition composition ¢\n, ¢ni (Figure 7). It
does not result from the first-order nature of the I/N
transition but from the difference of entropy between
two N structures with different composition. A mixture
quenched into this unstable region tends to phase
separate into a N phase with a low order parameter (P
in Figure 7) and a N phase with a high order parameter
(Qn). The free energy of N state at Py is higher than
that of the corresponding | state at P,. Therefore, phase
separation into two N phases (Pn and Qy) does not lower
the total free energy. Instead, the mixture separates
eventually into an | phase (P'|) and a higher-ordered N
phase (Q'n).

An unstable region hidden in a two-phase coexistence
region due to the first-order nature is well-known in
metallurgy.*? Recently, the existence of the spinodal
curve hidden in a metastable region has been a focus of
study on crystallization of polymers.#344 All these hidden
unstable regions accompany first-order phase transi-
tions and lie in the region where the liquid state has
the lowest free energy. The unstable regions shown in
Figures 5 and 6 are the same except that they appear
in the region where N state has the lowest free energy.

Next, we pay attention to the N/Sy, line. Figure 5
shows that the N/Sy, line exists inside the homogeneous
N phase region in the vicinity of ¢ = 0.5. This N/Sp
transition is not a first-order phase transition but a
continuous one. Figure 3 shows that dimer formation
is almost complete at the N/S,,, transition temperature.
The curve of nematic order parameter » shows that the
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orientation of the mesogenic cores progresses suf-
ficiently to form an Sy, structure. Thus, the curves of
vm and » are continuous across the N/Sy, transition
temperature. The smectic order parameter o is zero at
this transition temperature and increases continuously
on cooling. These behaviors suggest that the N/Sy
transition is not a first-order phase transition, but a
continuous phase transition. If we heat up the mixture
from the Sy, phase to the N phase, the spatial distribu-
tion of the centers of mass of the mesogenic cores in the
direction of the preferential orientational axis in the Sy,
layer, and the orientational distribution of the longitu-
dinal axis of the mesogenic cores become gradually
broad. Once the N/Sp, transition temperature is reached,
the spatial distribution of the cores becomes uniform
at the N/S,, transition point. No phase separation
occurs. It should be noted that the two-phase coexistence
region into which the N/Sp, line comes in Figure 5 is
not caused by the N/Sy, transition but caused by the I/N
transition. The continuous phase transition line (N/Sp,
line) crosses into the first-order phase separation region
and disappears. The intersection represented by the
filled circle should be therefore regarded as a “critical
end point”. A phase separation between an | phase and
an Sp, phase occurs below this point. The | phase
essentially consists of free A-molecules or of free B-
molecules, and the Sy, phase essentially consists of A-
B-dimers. Figure 5 shows that only the Sy, phase with
the stoichiometric composition appears at lower tem-
perature than t = 0.01.

Figure 6 shows the phase diagram in which narrow
two-phase coexistence region accompanies both the N/I
line and the N/Sy, line. The N/S, transition in this figure
is therefore a first-order phase transition similar to the
I/N transition. From Figure 4, we see dimer formation
is incomplete at the N/S,, transition temperature since
this N/Sy, transition occurs at high temperature. There-
fore, even if the mixture has a composition that is closer
to the stoichiometric one, the Sy, structure temporarily
formed has many free molecules, so that such a tem-
porary Sy, phase must expel excess free molecules to be
stabilized. As a result, the mixture separates into an
Sm phase and an N phase or into an S;, phase and an |
phase.

At about the temperature t = 0.03, the mixture can
take five types of state depending on its composition:
Sm, Sm—N coexistence, N, N—I coexistence, and I. As
the composition lies farther from the stoichiometric one,
the N state becomes more stable than the Sy, state,
because the N structure has more degrees of freedom
to accommodate more free molecules than the Sy
structure.

The temperature t3 is a special temperature which
separates the system into different phase behaviors.
Above t3, the Sy,—N phase separation occurs, whereas
below t; the S,,—1 phase separation occurs. At t3, the
mixture has three different states depending on the
composition: I, I-N—Sy, three-phase coexistence, and
Sm.

If the mixture is quenched deep into the point C, it
separates into the Sy, phase with the composition
corresponding to the point Cs and the | phase with the
composition corresponding to the point C,. At this
temperature S,,—N phase separation no longer occurs,
because the orientational order of N structure becomes
so high that no stable N structure can accommodate free
molecules expelled from a Sy, (or N) structure formed
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Figure 8. Phase diagram of the athermal mixture with
parameters corresponding to those of Figures 5 and 6, except
o = 1.0. Here, the thick solid line is the I/S transition line.

temporarily. Therefore, the expelled free molecules must
form an | phase.

In the magnified part in Figure 6, we see that the
spinodal does not lie on the N/Sp, line, and the unstable
region has a critical solution point (open circle). It
suggests that the unstable region appears indepen-
dently of the N/Sy transition; the unstableness es-
sentially results from the difference of entropy beween
Sm structures that are different from each other in
composition.

To examine the dependence of phase behavior on the
strength of the smectic interaction in detail, we calculate
phase diagrams at larger o. Figure 8 shows the phase
diagram at a = 1. Other parameters are the same as
those of Figures 5 and 6. The S, phase occurrence
temperature (thick solid line) rises much higher than
at a = 0.5, so that a direct transition between an | phase
and an Sy phase occurs. A larger o increases the
influence of the enthalpy on the free energy relative to
that of the entropy, so that an Sy, structure with lower
entropy and lower enthalpy is more stable than an N
structure. Let us consider what happens when we heat
the mixture from the S, phase. By definition, the
increase of a means the increase of the layer thickness
d since the size of mesogenic core is a constant. If d,
and hence a, are small, a small fluctuation of mesogenic
cores along the direction of the preferential orientational
axis can destroy the layered Sy, structure, so that the
transition to the N phase requires less energy. Such a
small fluctuation can be caused by thermal motion. If
d, and hence a, are large, a large fluctuation of me-
sogenic cores is needed to destroy the layered Sp,
structure. There is therefore a high-energy barrier
between an Sy, phase and an N phase. Thermal energy
cannot overcome this energy barrier until temperature
become higher. The large thermal motion enough to
destroy an Sy, structure also destroys an N structure
simultaneously. Consequently, the direct transition
from an S, phase to an | phase occurs. A liquid-
crystalline phase is stable only in a narrower composi-
tion area at o = 1.0 than at oo = 0.2 and 0.5, because
many free molecules remain in a liquid-crystalline
structure formed temporarily at the 1/Sy, transition
temperature even if the composition is near the sto-
ichiometric composition.

Next, we study the relationship between the length
n'a, N'g of the flexible part of each molecule and the layer
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Figure 9. Dependence of the nematic transition temperature
tn (white triangle) and the smectic A phase transition tem-
perature ts (filled circle and filled square) on the number of
statistical units in the flexible tails of the A- and the B-
molecule, n'a and n'g, in the athermal mixture with parameters
corresponding to those of Figures 3 and 4, except na, ng, and
o. Here n'a = n'g, and hence na = ng. The composition of the
mixture is fixed at the stoichiometric composition ¢ = 0.5.
When the layer thickness d of the smectic A structure is
assumed to be proportional to the length of the dimer (d = na
+ ng), ts is given by a filled circle. When the layer thikness is
assumed to be proportional to the square root of the length of
the dimer (d = (na + ng)*?), ts is given by a filled square.

thickness d of an Sy, structure. Figure 9 shows the
transition temperature ty for the N phase and ts for the
Sm phase as functions of the length of the flexible part
in the molecules. We consider the symmetric case with
n'a = n'g. We assume two different relationships d [
na + ng (filled circle) and d O (na + ng)Y2 (filled square).
With increasing n'a and n'g, the N phase occurrence
temperature ty (white triangle) falls monotonically
faster than ts. By definition, ty is independent of o and
hence of the ratio d/(na + ng). Since, in this study, we
assume that the nematic interaction parameter ¢ is
independent of the shape and the size of the mesogenic
core, the dependence of ty on n'a and n'g comes from
the entropy of disorientation.

If d is of the order of the length of a dimer, ts becomes
lower with increasing n'a and n'g from 2.0. No N phase
occurs. When n'a =n'g < 2.0, an N phase occurs. Ifd is
proportional to the square root of the dimer length, ts
becomes higher with increasing n'a until n’a reaches a
certain value. Once n'a exceeds this value, ts becomes
lower gradually. The ty curve and ts curve intersect at
about n'a = n'g = 21, so that no nematic phase occurs
for n'a =n'g > 21. These results qualitatively agree with
the experimental relationship between the transition
temperatures and the number of carbons in the alkyl
chain in nonassociating liquid-crystalline molecules.*®

In Figure 10, the length of the flexible tail of the
B-molecule is fixed at n'g = 5, so that we have ng = 6.
Other parameters are fixed at the same value as those
in Figure 9. Each curve agrees with that of the example
shown in Figure 9 qualitatively. All curves in Figure
10 change slower than those in Figure 9, because only
one of the flexible ends of dimers changes its length.
Kato et al.® experimentally investigated such a case.
They measured the transition temperature in the
mixtures of trans-4-alkoxy-4'-stilbazole with the differ-
ent lengths of the alkyl chain and 4-(hexyloxy)benzoic
acid. Their result shows that an N phase appears when
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Figure 10. Dependence of ty and ts on the number of the
statistical units n'a. Here n's is fixed at 5, and hence ng = 6.
The composition of the mixture is fixed at the stoichiometric

composition ¢ = na/(na + ng). Others correspond to those of
Figure 9.

the number of carbons in the alkyl chain lies between
1 and 5, but it does not appear for chains longer than
5. Our theoretical result agrees with this experimental
result except that the I/N transition temperature in a
theoretical model monotonically rises with decreasing
n'a, while experimental result shows that the isotropic/
anisotropic transition temperature depends only little
on the number of the carbons.

B. Effect of Mixing Enthalpy. In this section, we
consider the effect of mixing enthalpy. For numerical
calculation we assume that Flory's y-parameter takes
the form y = C; + C,/t using the reduced temperature
t = T/Ty with C; and C, constants specific to the
combination of molecular species. This is equivalent to
the Schultz—Flory form.

Figure 11a shows a phase diagram of a symmetric
mixture with na = ng = 10 and nj = ng = 1. Other
parameters are given by 4o = 30.0, C = 0.3, C; = —0.5,
and C, = 0.05. Figure 11b magnifies the important part
in Figure 11a. The thin solid line is the I/N transition
line, and the thick solid line the N/S,, transition line.
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energy is lowest in each area. Dotted lines limiting the
hatched metastable region are binodals. The cross-
hatched area with “U” is the unstable region due to the
new mechanism described in the preceding section,
whereas the crosshatched area with “U’” is the conven-
tional unstable region due to demixing. White circles
represent critical solution points.

At high temperatures, both the two-phase coexistence
region caused by the I/N phase transition and that by
repulsive interaction between the two different species
of molecules appear. The mixture separates either into
two | phases by the effect of mixing enthalpy or into |
phase and N phase by the I/N transition depending upon
the composition.

At intermediate temperature, the two coexistence
regions merge, but the U region and the U’ region
remain separate. From such a structure of the phase
diagram, two-step phase separation is possible; the
mixture first separates into two metastable | phases or
metastable | and N phase and then into stable | and N
phase. For example, when the mixture is quenched to
black triangle point in Figure 11b, it separates tempo-
rarily into the metastable | and N phase (white square)
by the driving force based on the I/N transition and
eventually into the stable I and N phase (black square)
by cooperative driving force due to the I/N transition
and the demixing. It is, however, also possible that
larger fluctuation in spinodal decomposition leads to a
direct separation into the stable I and N phase.

At lower temperature, two unstable regions U and U’
also merge, so that the mixture separates directly into
the stable | and N phase or into the stable | and Sy,
phase by the cooperative driving force.

If we divide the phase diagram into two at the middle
and see the left half, it is similar to a theoretical phase
diagram of a lyotropic liquid crystal first derived by
Flory!® and later confirmed by an experiment by Miller
et al.“6 The narrow I/N coexisting region extending from
the macroscopic phase separation region is called a
“chimney”. In lyotropic liquid crystals, the chimney goes
straight up to high temperature, but our results show
that in supramolecular liquid crystals there is a limiting
temperature of chimney, because the number of me-

Letters “1”, “N”, and “Sy,” represent the state whose free sogenic cores decreases with increasing temperature.
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Figure 11. (a) Phase diagram of a thermal mixture forming a dimer-type hydrogen-bonded supramolecular liquid crystal. The
thin solid line is the I/N transition line, the thick solid line is the N/S transition line, and the dotted line is the binodal. The
hatched area is the metastable region. The crosshatched area with “U” is the unstable region due to entropy difference between
two different species of N structures. The crosshatched area with “U'” is the unstable region due to mixing two different species
of molecules. White circle represents the critical solution point. Parameters are fixed at na = ng = 10, n*a = n*g = 1, 1o = 30.0,
C =0.3,C; = —0.5, C, = 0.05, and o = 0.5. (b) Magnification of the part in (a).
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Figure 12. Phase diagram of a hydrogen-bonded flexible
dimer. The dotted line is the binodal, and the solid line is the
microphase separation transition line. In the dotted area with
the capital letter “M”, the mixture forms a mesophase. The
hatched area is the metastable region, and the crosshatched
area with “U’ is the unstable region. Parameters are na = ng
=10,n*a=n*g =0,1,=30.0,C=0.3,C; =-0.5,and C; =
0.05.

For comparison, we show in Figure 12 a corresponding
phase diagram of dimer forming associating flexible
polymer mixtures without rigid segments (ny = ng =
0). All other parameters are the same. The mixture
separates into a free A (or B) polymer-rich phase and a
dimer-rich phase since association energy between
different species of molecules decrease the free energy.
The dimer-rich phase forms mesoscopic morphology
(lamellar structure, cylindrical one, cubic one, and so
forth) by microscopic phase separation. Such a mi-
crophase separated region corresponds to the liquid-
crystalline phase in the case of hydrogen-bonded liquid
crystals. By comparing Figure 11 with Figure 12, we
see that the smectic region “Sy,” in Figure 11 gives the
mesophase region “M” in Figure 12. Therefore, it sug-
gests that the microphase separation transition may
occur within the smectic layer; the mixture with a given
composition may undergo a transition from an ordinary
Sm phase to a new Sy, phase in which each smectic layer
separates into a sublayer of A-molecule and of B-
molecule.

IV. Trimer-Type Model

Let us move onto the trimers. Consider a mixture of
A- and B-molecules which form mesogenic hydrogen-
bonded trimers A-B-A. An A-molecule contains a non-
mesogenic rigid-rod-like part with n*, statistical units
and a flexible tail chain with n'a = na — n*4 statistical
units. The rigid part carries a hydrogen-bond donor at
its free end. A B-molecule is a nonmesogenic rigid-rod-
like molecule with ng = nj statistical units (i.e., n's =
0). This rigid molecule carries a hydrogen-bond acceptor
at its both ends. We assume that the number of
statistical units in the rigid part of both molecules is
equal to unity, n*a = n*g = 1, for simplicity. The total
number Q of the lattice cells is given by Q = naNjo +
nBNo,l + (n/.\ + nB)val + (2nA + nB)Nz,l. Once two
A-molecules and one B-molecule form a trimer A-B-A
by a hydrogen bond, three connected nonmesogenic rigid
parts are assumed to form one mesogenic core (Figure
2). The connected rigid parts in a dimer A-B is assumed
to be too short to form a liquid-crystalline state.
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Therefore, the number of mesogenic cores agrees with
the number of trimers:

Ny = Ny, (4.1)

and hence vy = v21.
The free energy of the whole mixture measured from
the reference state is given by

BAF =N;gIn¢; o+ Ny, Inggy + Ny Ingy ) +
Ny; In ¢y g + xd(1 — ¢)Q + {—In 2 + BAf}IN, ; +

(~Inlzym] + 2886N,, +{(-In2) + 507 +
0o),1fNoy (42)
We then have

BAuso=1+1Ing 5 —nyv+ny(l - ¢)2 +

naS(r? + aoh, (4.3)

BAuos =1+1n ¢o, — Ngv + Ngyg? +
NS0 + ao, (4.4)

BAuy =1+1In¢,, — (Ny+ gy + nyy(l — ¢)* +
Nezd® = I 2+ BATy+ (M + )07 + a3, (4.5)

BAUu, 1 =1+ 1INy, — (2N + Ng)v + 2n,0(1 — ¢)* +
Naxd? — IN{ A/} + 2BAf,— In Z +

(20, + N)307 + ao, (4.6)

for the chemical potential of each cluster, where a new
material constant 1; is defined by

2(z — 1)

A
1 ze

(4.7)

The total number density v of clusters is given by
v=(Nyo+ Ng;+Ng; +N,,)/Q (4.8)

Using the multiple-equilibrium condition, now taking
the form

Auyy = Dptg o+ Aug,y (4.9)

Auyy = 20u1 0+ Aptgy (4.10)

we derive the cluster-size distribution functions as

$11= 21¢1,0¢o,1 (4.11)

A
1= n_rlz(/l%,o)z%,l (4.12)

Here, the association constant A(T) is defined by
A = exp(l + Asy/kg) exp[—fAe,]

— o exp[C/t] (4.13)



7470 Shoji and Tanaka

0.073 — | | |
E“\ ng = H*B =1
0.063 - 0=2n,/(2n, +ng) -
‘E{ —o—tg
0.053 ; -
—A— g
- O Iy
0.043 -
0.033-
0.023
0 5 10 15 20
n,'

Figure 13. Dependence of ty (white square) and ts (filled circle
and filled triangle) on n'a in an athermal mixture forming a
trimer-type hydrogen-bonded supramolecular liquid crystal:
N*a=ng=n*s=1,1=1.0,414,=1.0,C=0.2, and X = 0. The
composition of the mixture is fixed at the stoichiometric
composition ¢ = 2na/(2na + ng). When the layer thickness d
is assumed to be proportional to the length of the trimer (d =
2na + ng), ts is given by filled circle. When the layer thickness
is assumed to be proportional to the 0.8th power of the length
of the trimer (d = (2na + ng)%?8), ts is given by a filled triangle.
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by the use of the reduced temperature t, where 1o = exp-
(1 + Aso/kg).

Figure 13 shows the transition temperatures ty (white
square) and ts (black marks) on the length n'a of the
flexible tail of the A-molecule at the stoichiometric
composition ¢ = 2na/(2na + ng). A change in the length
of the flexible tail influences ty via the disorientational
entropy in the free energy. The temperature ty is
independent of the ratio between the layer thickness d
of a smectic A structure and the length 2na + ng of the
trimer. The ty points that lie below ts in Figure 13 is
physically meaningless. When n'p is larger than the
value at the crossing point, the direct I/S transition
occurs. The temperature ts decreases with increasing
n'a. On the other hand, when n’'a is smaller than the
crossing value, both the N phase and Sy, phase appear.
Reducing n'a makes an N phase region wider. Though
ts depends on the smectic interaction parameter a, the
relationship between ts and a is independent of the ratio
d/(2na + ng). Thus, with increasing n'a the temperature
ts rises at first, but once n'a exceeds a certain number
(4 or 8 in this example), ts monotonically falls. The
experimental result for about a 2:1 molar ratio mixtures
of 4-alkoxy- or 4-alkylbenzoic acid and 4,4'-bipyridine
or trans-1,2-bis(4-pyridyl)ethylenel® shows that the
direct transition between the | phase and the S, phase
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Figure 14. (a) Phase diagram of a trimer-type hydrogen-bonded supramolecular liquid crystal with lower association strength,
C = 0.2. Other parametersare np =2, n*a =1, ng=n*sg =1, 4o = 1.0, 4, = 1.0, C; = —0.5, C, = 0.1, and a. = 0.2. (b) Cluster size
distribution at ¢ = 0.6. (c) Cluster size distribution at ¢ = 0.8. Vertical axis represents the reduced temperature t.

0.135 T T T T T T HEL T
! T ; =0.8
@) ! ! (b) 0=04 [© \ ¢ I
C=04 ! ! y I S R
! ! A% B
i i 1 i
i [ N
1 [~
I i i Ym I
i N i
+ 0.095 } =] | E - —
1B
i
=
i [=.%% — N N RS P, R
=] =
+(Sm_ N
0.055 =: i | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.0 0.1 0.2
(0 Vi Vm Vi Ym

Figure 15. (a) Phase diagram of a trimer-type hydrogen-bonded supramolecular liquid crystal with higher association strength,
C = 0.4. Other parameters are equal to those in Figure 14. (b) Cluster size distribution at ¢ = 0.6. (c) Cluster size distribution
at ¢ = 0.8. The vertical axis represents the reduced temperature t.
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occurs when the number of carbons on the alkyl chain
is higher than a certain threshold value. It also shows
that, for the number of the carbons smaller than the
threshold, an N phase appears. Our theoretical result
gives the same tendency as this experimental result.

Figures 14a and 15a show two phase diagrams of a
trimer-type model. Parameters are fixed at na = 2, Ao
=1.0,1; = 1.0, C; = —0.5, and C, = 0.1. The smectic
interaction parameter o is fixed at o = 0.2. In Figure
14 the material parameter C corresponding to the
strength of hydrogen bond is C = 0.2, whereas in Figure
15 C = 0.4. The A-molecule and the B-molecule of the
mixture shown in Figure 15 tend to associate with each
other stronger than those in Figure 14. In these cases,
the liquid-crystallization temperature is much higher
than that of the ordinary phase separation, so that the
latter cannot be seen in these figures. At the stoichio-
metric composition ¢ = 2na/(2na + ng) = 0.8, not only
the I/N transition but also the N/S transition become
easiest due to the complete association. This result
agrees with the experimental one.?

In Figure 14a, the two-phase coexistence region due
to the I/N transition has a wide range in composition
just below the peak of the I/N transition line. As Figure
14b,c shows, when the value of the association strength
C is small, only the small number of mesogenic cores
can be formed on cooling in the | phase. Once the I/N
transition temperature is reached, the number of the
mesogenic cores increases discontinuously. The number
of dimers (1,1), on the other hand, decreases remarkably
at the I/N transition temperature. Even if the mixture
separates into an | phase and an N phase just below
the highest I/N transition temperature, the N phase can
contain only a few dimers. Thus, the | phase must accept
a large number of dimers, so that its composition
becomes closer to ¢ = 0.5. As Figure 15b,c shows, the
number of mesogenic cores and that of dimers have a
small jump at the I/N transition temperature when a
strong hydrogen bond is formed. Thus, when the mix-
ture is quenched just below the highest I/N transition
temperature, I1—N phase separation does not require
expelling so many dimers from the N phase, so that the
composition of the | phase lies far from ¢ = 0.5.

V. Conclusion and Discussion

We have derived phase diagrams of hydrogen-bonded
supramolecular liquid crystals by using our new theo-
retical method. Those phase diagrams show that liquid
crystallization, the so-called “chimney” type of phase
separation accompanying it, and ordinary macroscopic
phase separation caused by repulsive interaction be-
tween the different species of molecules all coexist. Both
the nematic transition temperature and the smectic A
transition temperature become highest at the stoichio-
metric composition. Total structures of the theoretical
phase diagrams agree with the reported experimental
results.®1911 Qur phase diagrams also resemble those
of a nematic liquid-crystal mixture derived by Hwang
et al.*” experimentally and Kyu et al.*8 theoretically and
of polymer dispersed liquid crystals derived by Mat-
suyama et al.*® theoretically.

By determining the smectic interaction parameter a
and the architecture of constituent molecules arbi-
trarily, we have found that transition temperatures
depend on o similarly to that obtained by McMillan.23
The dependence of transition temperatures on the
length of the flexible tails of constituent molecules
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qualitatively agrees with the reported experimental
results.®1° However, it turned out impossible to find the
unique relationship between the smectic interaction
parameter o and molecular architectures within our
theoretical framework.

The phase diagrams derived here show two chimneys
which extend to the high temperature along liquid-
crystallization lines and meet at one point with sto-
ichiometric composition. This is one of the characteristic
features of supramolecular liquid crystals.

Comparing the phase diagrams of dimer-forming
supramolecular liquid crystals with those of correspond-
ing flexible polymers suggests that a new microphase
separation transition inside each smectic A layer may
occur after the smectic A transition.

We have not considered the effect of external fields,
magnetic and electric fields, on the phase behavior of
supramolecular liquid crystals. Controlling association
and dissociation of molecules by the external fields is
an important subject, and results of the study by our
theory will be reported in a forthcoming paper.
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