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Phase Equilibria in Liquid Crystal Mixtures

Abstract: The thermodynamic relationships for mixtures of nonmesomorphic compounds are applied to liquid crystalline materials.
Equations developed for ascending solid solutions have been applied to mixtures of liquid crystalline materials. Computer programs,
written to calculate the theoretical curves for such mixtures, are found to agree with the experimental data obtained for 4-alkyl and 4-
alkoxy 4’-cyanobiphenyls and a series of p,p’-dialkoxyazoxybenzenes. The heats and temperatures of the transitions of the pure com-
ponents, necessary for the theoretical calculations, were determined by polarized light microscopy and by differential thermal analysis.
Polarized light microscopy was also used to determine the transition temperatures of the mixtures.

Introduction

The calculation of solid-to-liquid crystal transition tem-
peratures has been the subject of considerable work
based on the Schroder-van Laar equations. However,
there has been very little work on the liquid-crystal-to-
isotropic transition based on any sound thermodynamic
theory. In this paper the thermodynamics developed and
presented by Reisman [1] are shown to be applicable to
liquid crystals.

In the study of multicomponent systems, the variation
of the equilibrium constant with temperature is a very im-
portant factor. Consider a mixture of any two compounds
A and B in the molten state, which, depending upon their
relative starting concentrations, will begin to precipitate
either pure A or B on cooling to a particular temperature.
At this temperature, the system becomes isobarically uni-
variant, and it is necessary to define only one variable,
the temperature, in order to completely define the sys-
tem. If the component precipitating out of the melt is A,
an equilibrium between solid and molten A is established,

K,
A(S) éAAlL), (1)

in which the superscripts S and L designate the solid and
liquid phases respectively. A similar equilibrium will be
established for the concentration and temperature at
which B precipitates out of solution,

K
B® (_N_P B(L)’ )

and the equilibrium constant is related to the mole frac-
tion by

(L)
Ky, = T’z— )
and
Ky = % “
B

Through the use of standard thermodynamic equations,
the relation between the equilibrium constants and the
temperatures can be shown to be

InkKy, —InKJ, = - —* (5)
where Kl\? , is the equilibrium constant for the process at
the melting temperature T,, and AH' is the change in
enthalpy for the component A in going from the molten to
the solid phase. A similar equation can be written for the
component B. Substituting the values of K, from Eq. (3)
in Eq. (5), we obtain
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N, AH, ( 1 1

0
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where N, and N" are the mole fractions of the com-
ponent A present at the melting point of pure A and are
obviously equal to one. Because the system is such that
only pure solid A is in equilibrium with the molten mix-
ture, N,*’ is also equal to one, and Eq. (6) may be sim-
plified to
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Equations (7) and (8) are the familiar vant Hoff freezing
point equations. They are also known as the Schroder-
van Laar equations [2, 3] and have been applied to the
study of crystalline-to-liquid-crystalline transitions quite
successfully by several authors [4-8]. The temperature-
mole fraction relations generated by these equations are
called simple eutectic systems, and are valid only if the
solids are completely immiscible.

It appears that the transition from the crystalline solid
can be calculated with the same reliability regardless of
whether the compound is melting to an isotropic liquid or
to some mesomorphic state. Examples of the application
of these equations to binary mixtures of liquid crystals
will be given in this paper.

The transition from a liquid crystalline phase to either
another liquid crystal or to an isotropic liquid has been
shown to be first order with a change in enthalpy that is
readily measured by differential scanning calorimetry [9].
These transitions in binary mixtures should thus be ame-
nable to calculation by means of the above equations. An
examination of the experimental data for binary mixtures
in cases in which the compounds have identical meso-
phases reveals that in general the transition temperatures
of these mixtures can be adequately represented by a
straight, or in some cases, slightly concave line joining
the transition temperatures of the two pure components.
This observation has been used by Hulme et al. [10] in
order to determine empirically the transition temper-
atures for mixtures of nematic compounds. If an attempt
is made to treat these liquid crystal transitions theo-
retically as if they were of the simple eutectic type, one
encounters difficulties immediately. This is due to the fact
that in all cases of compounds which exhibit identical
mesophases, those mesophases are completely miscible,
and one of the assumptions made during the development
of the Schroder-van Laar equations was immiscibility of
the lower temperature phase. This made N;S’ in Eq. (6)
unity and permitted simplification of Eq. (7). If, on the
other hand, the lower temperature phase precipitates as a
completely miscible solution, such a simplification is not
valid and Eq. (6) must be rewritten as

e8]
NA

_ -4
NA(LQ) se ®

where N:) is the mole fraction of A in the isotropic liquid,
52 N is the mole fraction of A in the liquid crystal, and
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AH] 1 1
A= — - =% |
R (T Tf)

Similarly, for the B component

N(I) B

—N‘fim =e" (10)
B

where

_AHp 1 1

R (T T")

The compounds in each phase are also related through the
equations

NA(LQ) =1- N];LQ), (11)
and
NO=1- N (12)

By appropriate substitution of Eqgs. (11) and (12) into Egs.
(9) and (10), the following expressions for the mole frac-
tion as a function of temperature can be developed:

e e -1

N = P (13)
and
“B o4 _ |
N = _—_ee_ff > (14)
- e

Expanding the values of A and B, we now obtain

AH] |1 1 AH) | 1 1
exp[f A (——-7) exp[— & (—f 0)—1‘
o R T T R \'T 7, |
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exp R ( T T, ) P R ( T T, )
(15
and
AH) 1 1 AH? 1 1
S By B i B
o R \T T, R \7 Ty
N = [ AH? 1 1 ] [ Hy 1 1 } '
- £ - - — €X] - | -
exp 7 7° I T J
(16)

These values can now be substituted into Egs. (9) and (10)
to obtain values of N*¥ and N, as follows:
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The crystal-liquidus line N,*® is not the same function of
temperature as the liquidus line N,”, and a plot of the
mole fraction vs temperature will show different values
for N9 and N,"®. For typical organic compounds in
which the transition is from a solid solution to an isotropic
liquid, the heats of fusion are in the range of 10 000 cal/
mol (41.86 x 10°J/mol) and the melting temperatures are
in the 300-400 K range. Such'a plot [shown in Fig. 1 for
two hypothetical compounds A and B, with values of
AH, = 8000 cal/mol (33.47 x 10° J/mol), AH, = 10 000
cal/mol (41.86 x 10® J/mol), T¢ = 350 K, and T, = 375 K]
verifies that the solidus and liquidus lines form a spindle.
In this case, if one were to start with an equimolar mix-
ture of these two compounds at 377.5 K, designated by
point X in Fig. 1, and then cool the mixture to point Y
(367 K), a solid would begin to precipitate. A mixture of
solid and liquid would be obtained on further cooling until
point Z (360 K), at which point a solid solution would ex-
ist. Thus a mixture of liquid and solid would coexist over
a 7° temperature range in this example.

If this were to be compared to the analogous liquid
crystal-isotropic liquid system, it would mean there
would be a temperature range over which the liquid crys-
tal and the isotropic liquid would exist together. The re-
sult would be a diffuse transition extending over a temper-
ature range. This is typically not seen in liquid crystals,
the transitions of the mixtures being as sharp as those of
the pure components. If, however, values for transitions
typically encountered in liquid crystal transitions are sub-
stituted in Eqgs. (15)~(18), the mole fractions obtained are
such that differences between the liquidus-crystal and the
liquidus line are indistinguishable. This is illustrated in
Table 1 for the case of compounds A and B with values of
AH, = 200 cal/mol (0.836 x 10° J/mol), AH, = 250 cal/
mol (1.04 x 10 J/mol), T, = 350 K, and T, = 375 K.
Thus one should expect the observed sharp transition for
liquid crystal mixtures. A transition line joining the two
pure components in this illustration would essentially be
linear, corresponding to most experimental observations.
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Figure 1 Typical solid solution melting curves for binary mix-
tures of organic compounds.

Table 1 Mole fractions of liquidus and liquidus-crystal lines in
binary mixtures.

AH,) = 200 cal/mol AHj = 250 cal/mol

T, =350 K Ty = 375K
T (K) NP N
350 1.00 1.00
355 0.825 0.821
360 0.639 0.634
365 0.441 0.435
370 0.228 0.224
375 0.0 0.0

There are instances in the literature [8] in which the line is
not straight but exhibits a slight concavity or convexity.
Such deviations from linearity will appear in the theo-
retical calculations if there is a significant difference be-
tween the AH® values of the two pure components. A
concave curve would be obtained for melting of the com-
pounds A and B at the same temperatures but with values
for AH, = 200 cal/mol (0.836 x 10° J/mol), and AH; =
400 cal/mol (1.673 x 10® J/mol). A convex curve would be
obtained if the AH® values for the two compounds were
interchanged.

For the most part, the temperatures of the liquid crystal
transitions obtained in binary mixtures are quite close to
those predicted by these equations. As we will see, how-
ever, there are some cases in which it is impossible to
apply these directly, such as the case in which one of the
end components has both a smectic and a nematic phase
while the other has only a smectic phase. The experimen-

53

R. ]. COX AND J. F. JOHNSON




54

Isotropic liquid

/—SMﬂL

Smectic

L Csu

Solid

Temperature

1 | | | 1 i I I 1
¢ O0r 02 03 04 05 06 07 08 09 1.0

A X
Mole fraction of A

Figure 2 Typical phase diagram for dissimilar liquid crystals B
(smectic + nematic)/A (smectic).

tal phase diagram is found to be similar to that shown in
Fig. 2. In a particular mixture, represented by point X in
Fig. 2, calculation of the nematic to isotropic transition
cannot be carried out in the straightforward manner that
is possible when both components have identical meso-
phases, for two reasons. First, compound A has no ne-
matic to isotropic transition and so no values for AH:(N_)D
or T:(N_,D exist. Secondly, because compound A does not
form a nematic mesophase, one does not know if the
molecules of A have become nematic through the temper-
ature range a to b. If they have become nematic, the en-
thalpy change from nematic to isotropic would have one
value. If, however, the molecules are isotropic, the en-
thalpy change will have some other value. There is at
present no way of carrying out this calculation. It should
be noted here that if the molecules of A were not nematic
through this temperature range, the phases would prob-
ably be immiscible and the equations used for the solid
solution case would not be valid.

A second example for which the calculation cannot be
carried out is that in which component A has a nematic
phase while component B has both a smectic and a ne-
matic phase. The smectic to nematic line cannot be calcu-

0

lated because compound A has no values for AH, . Of

T, sy, to enter into the equations. As in the previous
example, it is not clear whether A actually becomes
smectic in the optically smectic temperature range. One
should be able to calculate the nematic to isotropic transi-
tion in this case, since both components have this transi-
tion.

A third type of system which cannot as yet be handled
is the case in which one component has only a smectic
and the other only a nematic mesophase. Obviously here
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also, because the pure components do not have corre-
sponding transitions, substitution in the necessary equa-
tions is impossible.

Experimental

o Compounds

The 4-alkyl-4’-cyanobiphenyls were prepared by follow-
ing the method outlined by Gray [11], with 4-bromobiphe-
nyl as a starting material. This was treated with the appro-
priate acid chloride in the presence of aluminum chloride.
Reduction of the resultant p-substituted carbonyl com-
pound gave 4-alkyl-4’-bromobiphenyl. Reaction of this
bromo compound with cuprous cyanide resulted in the
desired 4-alkyl-4’-cyanobiphenyl.

The 4-alkoxy-4'-cyanobiphenyls were also prepared by
Gray’s procedure [11]. The starting material for this syn-
thesis was 4-nitro-4'-bromobiphenyl. This was reduced to
the amino compound, diazotized and the diazonium salt
converted to the corresponding hydroxy compound. The
appropriate alkyl iodide gave the ether on reaction with 4-
bromo- 4'-hydroxybiphenyl, and the bromine was subse-
quently replaced with a cyano group by reaction with
cuprous cyanide.

Each of the compounds prepared by the above methods
was either recrystallized or chromatographed until the
transition temperatures corresponded to published values
[12, 13]. To ensure purity, each was also subjected to
combustion analysis and thin layer chromatography. The
structure of each was also confirmed by 100 MHz NMR
spectroscopy. The calorimetric data used in the calcula-
tions for each of these compounds were also those given in
these references [12, 13].

® Mixtures

The mixtures used in this study were prepared by weigh-
ing each of the pure components to four places on an ana-
lytical balance into small glass vials. Each mixture was
heated until it became isotropic and then was allowed to
crystallize. This was repeated three times to ensure a ho-
mogeneous mixture.

® Microscopy

The transition temperatures and the type of mesophase
present in each mixture were determined by polarized
light microscopy using a Zeiss RA38 microscope
equipped with a Mettler FP52 heating/cooling stage and
an FPS temperature controller. Each mixture, mounted
on a microscope slide, was covered with a glass cover slip
and examined microscopically from —20°C (253 K) until
the complete extinction of the field indicated the presence
of an isotropic liquid. In those cases in which the solid
phase appeared to have more than one crystal form, crys-
tallization was induced by three different methods: 1)
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Table 2 Thermal data on a series of p-n-alkyi-p’-cyanobiphenyls compared to literature { 11] results,

Compound Transition* Temperature (°C)y** Heat (cal/mol)** Entropy Purity
This work Literature This work Literature (calVmol - K) (wt%)  (mol %)

p-n-pentyl-p’- Solid—Nematic 22.65 22.5 3754 4100 12.69 99.8 99.8
cyanobiphenyl  Nematic—1.L. 34.73 35 99.72 — 0.324
p-n-hexyl-p’- Solid—Nematic 14.25 13.5 4184 5800 14.55 95.0 94.8
cyanobiphenyl  Nematic—I.L. 26.90 27 89.6 — 0.298
p-n-heptyl-p’- Solid—Nematic 29.32 28.5 6427 6200 21.24 99.0 98.9
cyanobiphenyl  Nematic—I.L. 42.05 42 219.8 — 0.697
p-n-octyl-p’- Solid—Smectic A 19.48 21 6302 5300 21.52 99.9 99.9
cyanobiphenyl  Smectic A—~Nematic 32.60 32.5 72.9 — 0.238

Nematic—1.L. 39.54 40 294 .4 — 0.941
p-n-nonyl-p’- Solid [->Smectic A 40.91 40.5 8416 — 26.78 99.9 98.9
cyanobiphenyl  Smectic A—Nematic 46.77 44.5 152.0 — 0.477

Nematic—1.L. 48.86 47.5 403.0 — 1.250

Solid II>Smectic A 29.10 — 6794 8000 22.47
p-n-decyl-p’- Solid—Smectic A 41.26 — 7997 — 25.42 98.4 98.5
cyanobiphenyl  Smectic A—I.L. 49.32 — 670.9 — 2.08
p-n-undecyl-p’-  Solid—Smectic A 50.92 — 10440 — 32.23 99.9+ 99.9+
cyanobiphenyl  Smectic A—I.L. 55.35 — 907.1 — 2.767

*I.L.—Isotropic Liguid.

**Precisions are: temperature +0.08°C, heat +1.5%. On the basis of standard heat of fusion the fourth significant figure is justified.

recrystallization from a solvent; 2) slow cooling from the
isotropic liquid (2°/min); 3) fast cooling from the isotropic
liquid. These techniques allowed observation of the sev-
eral polymorphs present in these cases. The liquid crystal
transitions were confirmed by at least two observations of
the temperature in a cooling mode and two in a heating
mode. The rate of heating or cooling in each case was 2°/
min.

® Theoretical calculations

The theoretical curves were generated on a Tektronix 4013
terminal using an IBM 360/185 computer. The solid to
mesophase transitions of the simple eutectic type were
computed with a slightly modified version of an existing
program [ 14]. The solid solution type systems were calcu-
lated by means of a program written for this research.

Results

Two broad classes of liquid crystalline compounds were
used as mixtures for this work. The first were the 4-alkyl
and 4-alkoxy-4’'-cyanobiphenyls, and the second were
p.p’-alkoxyazoxybenzenes. The synthesis of the cy-
anobiphenyls has been reported by Gray [11], and those
syntheses plus several not reported previously were car-
ried out in this laboratory. The calorimetry has also been
reported by Gray; however, this work was recently re-
peated and extended to include the heats of the liquid
crystal transitions [12, 13]. The values obtained from this
latter work were used in the calculations. Mixtures of
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these compounds were prepared and the temperatures of
the various transitions were measured microscopically,
as described in the previous section.

The p,p’-dialkoxyazoxybenzenes were not prepared in
this laboratory, and the values for the transition temper-
atures of the mixtures were taken from the literature [8],
as were the values for the heats of the transitions [15].
Some of these values have also been determined by oth-
ers, e.g., [16], and even though discrepancies were found,
the differences were not large enough to affect these cal-
culations substantially.

Table 2, taken from [12], gives the thermodynamic val-
ues used for the 4-alkyl-4’-cyanobiphenyls, and Table 3
from [13] gives those for the 4-alkoxy-4'-cyanobiphenyls.
A series of ten mixtures of these two were prepared and
the transition temperatures measured. The structure of 4-
alkyl-4'-cyanobiphenyls is

00~

and that of the 4-alkoxy-4'-cyanobiphenyls is
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Table 3 Thermodynamic data on a series of p-n-alkoxy-p’-cyanobiphenyls.

Compound Transition Temperature (°C) Heat (cal/mol) Entropy Purity
This work  Literature [11] This work Literature [11] (cal/mol - K) (wt%) (mol %)

p-n-pentoxy-p’- Solid—>Nematic 46.02 [48]*, 53 62.39 6900 19.54 99.17  98.68
cyanobiphenyl Nematic—Isotropic L. 66.61 67.5 71.7 — 0.211
p-n-hexoxy-p’- Solid I->Nematic 55.57 58 7258 7100 22.07 99.96  99.96
cyanobiphenyl Solid II-Nematic 42.30 44 6976 — 22.10

Nematic— Isotropic L. 73.71 76.5 192 — 0.553
p-n-heptoxy-p’~ Solid [ Solid IT 48.22 47.5 1631 —_ 5.08 99.99+ 99.99+
cyanobiphenyl Solid II->Nematic 51.98 53.5 7510 6900 23.08

Nematic—Isotropic L. 72.48 75 144 — 0.416
p-n-octoxy-p’- Solid—Smectic 53.00 54.5 7288 5900 22.30 99.94 99.92
cyanobiphenyl Smectic—>Nematic 65.58 67 18.7 — 0.055

Nematic—Isotropic L. 79.03 80 235 —_ 0.668
p-n-nonoxy-p’- Solid [-=Solid II 53.32 — 1228 — 3.76 99.99+ 99.99+
cyanobiphenyl Solid IT—-Smectic 61.29 — 9101 —_ 27.20

Smectic—Nematic 76.41 — 170 — 0.491

Nematic—Isotropic L. 78.45 — 292 — 0.831

[ J*~a low melting phase recorded by Gray et al., but not seen in this work.

Table 4 Binary mixtures prepared and studied.

Mixture Mixture Mixture Mixture Mixture Mixture

no. no. no.
1 Cy/C, 5 Co/Cyy 9 Cos/Cor
2 Cy/Cs 6 Ci/Cyt 10 Cos/Cos
3 Cy/Cs 7 Ci/Cy
4 Cs/Cyo 8 G5 /G,

Table § Calculated values for mole fractions of liquidus and
liquidus-crystal curves: C,/Cs cyanobiphenyl mixture.

Temp Mole fraction Mole fraction
(K) (liquidus) (liquidus-crystal)
312.5 1.00 1.00
313.0 0.772 0.771
313.5 0.548 0.547
314.0 0.350 0.349
314.5 0.173 0.173
315.1 0.0 0.0

where R stands for a straight chain hydrocarbon group in
each case, and we use the shorthand C_ or C  for the
alkyl and alkoxy derivatives respectively, where x repre-
sents the number of carbon atoms in the chain.

Table 4 lists the binary mixtures prepared and studied.
Mixtures 1, 2, 3, 7, 9, and 10 are all systems in which one
of the members of the binary mixture has both a smectic
and a nematic mesophase while the other member has on-
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ly a nematic. In the case of mixtures 1,2, and 3, it is the
C, that has two mesophases and the C,, C, and C, each of
which is only nematic.

Figure 3 is the binary phase diagram of the C /C, system
showing both the theoretically calculated curves and the
experimental points. The nematic to isotropic line was
calculated by using the two values of AH" determined for
the N—>1 transition of each compound and shown in Table
2. Table 5 gives representative values calculated for N
and N™? in this system. It is seen that these values are so
close that they are experimentally indistinguishable and
the observed sharp transition is that which one would ex-
pect. The experimental points in this case lie very close to
the calculated line. The curve depicting the temperature
at which the mixtures become completely liquid crystal-
line was calculated by considering the system as a simple
eutectic, using the Schréder-van Laar equations. It can
be seen that there is no correspondence between this the-
oretical curve and the experimental points that are ob-
served. There is also no evidence of a constant eutectic
temperature for all the range of mixtures. This is not too
surprising a result when the similarity in size, shape and
chemical constitution of the two molecules is considered.
One should quite readily fit into the crystal lattice of the
other and the formation of some degree of solid solution
would be expected. This result has been noticed pre-
viously by Demus et al. [8] for adjacent compounds in a
homologous series. The transition line for the smectic to
nematic transition shows only the experimentally observed
temperatures, there being no way to reliably extrapolate
such a line until it cuts the C, axis in order to obtain a virtual
smectic to nematic transition, and indeed there is no evi-
dence that such a transition exists.
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Figure 3 Binary phase diagram for C,/C; mixture of cy-
anobiphenyls.

The phase diagram for mixture 2, the C,C,, is shown in
Fig. 4. In this case none of the mixtures could be induced
to crystallize due to severe supercooling and con-
sequently no experimental verification of the calculated
values for the transition to the liquid crystal could be ob-
tained. The curve shown for this transition is that calcu-
lated by assuming a simple eutectic-type mixture. The
calculated values for the nematic to isotropic transition in
this case deviate considerably from the experimental val-
ues, and the curve has a definite convex shape while the
experimental values are either a straight line or have a
slightly concave curve. From a theoretical standpoint, the
shape of the curves is readily understood because there is
a large difference in transition heat between the C, and
the C,. It is possible that the difference in transition heats
of the C, and C, compounds when compared with the C,
arises from a difference in their crystal structures, which
manifests itself in their nematic phases so that these pairs
do not, in fact, form completely miscible mixtures. It is
known that the C, smectic structure is unusual in that in-
tercollated double layers are formed in which the par-
affinic tails are intermeshed. The diagram for mixture 3,
the C,/C, combination, is the same as for mixture 2.

Once again, as in the C_/C, mixture, there is no way in
which to calculate the smectic to nematic transition, and
the lines shown are the experimental values. An inter-
esting observation when comparing this transition for the
above three mixtures is that the slope of the transition line
increases as the difference in molecular length of the two
components of each mixture increases. No theoretical ex-
planation is offered for this observation.

Mixture 7, the C,/C,, is of the same type as the above
examples; that is, the C, has both a smectic and a nematic
phase while the C_ has only a nematic. The experimental
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Figure 4 Binary phase diagram for C¢/C; mixture of cy-
anobiphenyls.

values for the nematic to isotropic transition in this case
are closer to the calculated value than in the two previous
examples, and the relationship is much more nearly lin-
ear.

Lack of materials prevented the preparation of more
than three mixtures in this series and thus, although solid
to mesophase temperatures were obtained which seemed
quite close to the theoretical simple eutectic curve, more
examples would be required to confirm this.

Mixtures 9 and 10, the C, in combination with C; and
with C,, are once again of the type in which one com-
ponent, the C ., has a smectic and a nematic mesophase
while the other has only a nematic. The nematic to iso-
tropic line for both these mixtures adheres quite well to
the theoretical calculations. The solid to mesophase tran-
sition in the C_/C , mixture, as would be expected for
adjacent members of a series, shows considerable evi-
dence of solid solution formation. The C/C , system,
on the other hand, appears to follow the theoretical
curve as calculated for a simple eutectic system. Once
again, as in the alkyl substituted series, the smectic to
nematic line has a steeper slope in the C,/C,, series than
in the C,,/C,,.

The system C,/C,, in Fig. 5 is one in which one com-
ponent, the C,, has both a smectic and a nematic phase
while the other, the C, , has only a smectic. In this case
the crystal to mesophase transition follows the values cal-
culated as a simple eutectic mixture quite well, indicating
very little formation of solid solution. In the case of the
transition to isotropic liquid, however, the situation be-
comes more complex. Here the transition for some of the
mixtures, up to about 30 mole percent of C,, is from the
smectic. The remainder, as the mole percent of C, is in-
creased, is from the nematic, and it is not clear in this
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Figure 5 Binary phase diagram for C,/C,, mixture of cy-
anobiphenyls.
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Figure 6 Binary phase diagram for C,/C,, mixture of cy-
anobiphenyls.

case which value for AH’ should be used in theoretical
calculations, or if in fact there is justification for use of
any of the values obtained from the pure components.
The figure uses the heat of transition for the smectic to
isotropic liquid for the C,, and for the nematic to isotropic
liquid for the C,, and the fit to the experimental values is
rather poor.

The same situation remains for the C,/C , system; that
is, one of the components has both smectic and nematic
while the other has only smectic, and once again the lig-
uid crystal to isotropic liquid experimental points do not
agree with a calculated value.

R. J. COX AND J. F. JOHNSON

The mixture C /C,, is one in which each component
has only a smectic phase, and the calculated phase dia-
gram, as shown in Fig. 6, agrees very well with the exper-
imental points both for the smectic to isotropic liquid and
for the solid to smectic phase. The former was calculated
as a solid solution type of system in which the molecules
of the one component are completely interchangeable
with the other in the smectic phase. The latter was calcu-
lated by assuming a simple eutectic system. The good
agreement with experiment in this case is surprising when
the similarity of the two molecules is considered.

The final type of system considered for mixtures of the
cyanobiphenyl type of liquid crystal is the C,/C, mixture,
in which both components contain only a nematic meso-
phase. The nematic to isotropic liquid curve agrees fairly
well with the experimental points, and although a theo-
retical solid to nematic curve could be calculated, no ex-
perimental points were available to test the validity of this
curve because severe supercooling allowed none of the
mixtures to solidify.

The p,p'-alkoxyazoxybenzenes used in this work are
all examples of mixtures in which the only liquid crystal
transition is from the nematic to the isotropic liquid. The
application of the Schréder-van Laar equations to the sol-
id to mesophase transition have been exhaustively ana-
lyzed in the paper by Demus et al. [8] and will not be
discussed here. The nematic to isotropic transition which
was not treated by Demus in any theoretical manner will
on the other hand be analyzed by using the solid solution
theory approach.

Table 6 gives the thermal data used for the calculation
of the theoretical curves for these compounds. The exper-
imental points were taken from the paper by Demus. In
order to designate the components of the mixtures, the
same shorthand method will be used as for the cy-
anobiphenyls, i.e., C, where x represents the number of
carbon atoms in the alkyl chains. The calculated and ex-
perimental values for mixture C,/C, are shown in Fig. 7.
The discrepancy between the calculated and the experi-
mental values in this case cannot be explained as being
simply due to a difference in AH® values of the two com-
ponents. It is probably due instead to the unique charac-
teristics known to be associated with the first member of a
homologous series, since the same discrepancies are ob-
tained when the C,/C, and C,/C, mixtures are examined.
Other members of the series show remarkably good
coincidence of calculated and experimental points. Figure
7 also shows the C,/C, and C,/C, mixtures. In each of
these last two cases it is obvious that the solid solution
treatment describes the nematic to isotropic transition
very well, and that the molecules form completely mis-
cible nematic mixtures in which the molecules of each
component can interchange directly into each other’s lat-
tice.
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Conclusions 450

1. The Schréder-van Laar equations adequately describe 440
a great many of the solid to mesophase transforma- 430
tions in liquid crystal mixtures. Exceptions are usually 420

due either to polymorphism in the solid or to the for-
mation of some degree of solid solution [4-8].

2. The mesophase to isotropic transitions in liquid crystal
mixtures can be well described theoretically by as- 390~
suming a complete miscibility of the liquid crystal

410

400~ hend

“ s
phases. This applies only to cases in which the com- 2 ok
ponents of the mixtures have identical mesophases. In g
: . S 360f-
other cases in which one component does not have the E 150
35¢ 1 1 1 1 1 1 | 1 1

corresponding phase present in the other component,
there does not seem to be an adequate theoretical de-
SCI'iptiOI‘l. Mole fruction of C,, C; and C
3. The small enthalpy changes found in liquid crystal
transitions cause the spindle structure normally
formed by the solid solution treatment of mixtures of
organic compounds to be so narrow as to appear as a
single line. Thus the transitions in liquid crystal mix-
tures are always sharp. This work has settled the on-
going controversy concerning the existence of a
spindle in the binary phase diagrams of liquid crystals.

Figure 7 Binary phase diagrams for C,/C, (0), C,/C, (@), and
C,/Cs (A) mixtures of dialkoxyazoxybenzenes.

Table 6 Thermal data on a series of p-p’-dialkoxyazoxyben-
zenes with the structure
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