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THERMODYNAMICAL AND OPTICAL STUDIES OF

TERNARY MIXTURES OF 4-n-HEPTYLOXY BENZOIC

ACID, 4-n-DECYLOXY BENZOIC ACID, AND

5-CHOLESTEN-3b-OL 3-OCTANOATE

R. Dhar and M. B. Pandey

Physics Department, Ewing Christian College,

Allahabad-211 003 (India)

V. K. Agrawal

Physics Department, Allahabad University,

Allahabad-211 002 (India)

Binary eutectic mixture of 4-n-heptyloxybenzoic acid (HOBA) and 4-

n-decyloxybenzoic acid (DOBA) shows smectic C (SmC) and nematic (N)

phases over a wide temperature range. 5-cholesten-3b-ol 3-octanoate(ChO),

which has monotropic chiral nematic (N�) phase, has been added as third

component in the eutectic bi-component mixture (BCM) of HOBA-DOBA in dif-

ferent mole ratios. Transition temperatures and enthalpies of the ternary mix-

tures have been determined by using differential scanning calorimeter (DSC)

and mesophases have been identified with the help of polarizing microscope. It

has been observed that the thermal stability of SmC phase of BCM decreases

rapidly due to the addition of ChO molecules and SmC phase is completely sup-

pressed for about 10–12 mole percent of ChO. A narrow temperature range

TGBC phase has been observed for ChO concentrations 2 to 8 mole percent.

For higher concentrations of ChO molecules, TGBA and SmA phases have been

induced over a wide temperature range. Ternary system of ChO and BCM

shows N� phase over a wide temperature range in the heating and cooling

cycles at about eutectic composition (12.5 mole percent of ChO) of ChO-BCM

system.
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INTRODUCTION

Binary mixtures of cholesteric and nematic liquid crystals show many inter-
esting molecular interactions resulting in different kinds of frustrated=
induced mesophases including recently observed twist grain boundary
(TGB) phases of Renn and Lubenski [1–3]. First binary mixture which
shows the TGBA phase was the mixture of 5-cholesten-3b-ol 3-nonanoate
(ChN) and 4-n-nonyloxybenzoic acid (NOBA) [4]. We have done extensive
thermodynamical, optical and electrical studies on this mixture [5]. Since
then many other nematic-cholesteric mixtures have been found to show
a large variety of TGB phases. Re-entrant phenomenon of TGB phases
has also been reported in the binary mixtures [6]. The mixtures of choles-
teryl esters with nematics are expected to show TGB phases because of the
twisting power of cholesterol [7]. We have reported TGBA phase in the bi-
nary mixtures of 5-cholesten-3b-ol 3-tetradecanoate with 4-n-dodecyloxy-
benzoic acid also [8]. Experimental data (specially calorimetric) on TGB
phases are still very scarce and so more and more systems are needed to
be checked for experimental data as well as to explore new TGB phases
[9]. It is interesting to note that few workers have explored tri component
mixtures and observed TGBA and TGBC phases [10].

In the present paper we are reporting the optical and thermodynamical
results on the tri component mixtures. Tri component mixtures have been
prepared by adding different mole percents of 5-cholesten-3b-ol 3-octanoate
(ChO) in the eutectic bi component mixture of 4-n-heptyloxybenzoic acid
(HOBA) and 4-n-decyloxybenzoic acid (DOBA). SmC and N mesophases
of 4-n-alkyloxybenzoic acid series are lowered for the eutectic binary mix-
ture of 4-n-heptyloxybenzoic acid and 4-n-decyloxybenzoic acid [11]. The
eutectic bi component mixture (BCM) of 4-n-heptyloxybenzoic acid and
4-n-decyloxybenzoic acid has been found to be 53:47 (mole percent ratio)
with the phase sequence K (60.0=�C)!SmC (104.3)!N (142.2)!I.
Molecular length of ChO is shorter by one alkyl chain in comparison to
ChN but it has only monotropic N� mesophase unlike SmA and N� phases
in ChN and 5-cholesten-3b-ol 3-tetradecanoate. Therefore it is interesting
to see the mixtures of ChO and BCM. Phase sequence of ChO is as follows:

K�ð106:8=�CÞ ! I� ð92:2Þ ! N� � ð71:6Þ ! K:

EXPERIMENTAL TECHNIQUES

Pure samples of 5-cholesten-3b-ol 3-octanoate (ChO), 4-n-heptyloxyben-
zoic acid (HOBA) and 4-n-decyloxybenzoic acid (DOBA) have been pro-
cured from Institute of Physics, Academy of Sciences of Ukraine, Kiev
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(Ukraine). Sixteen ternary mixtures of different mole ratios of ChO with
eutectic mixture of HOBA and DOBA (BCM) have been prepared. For
weighing the samples, an electro balance of Cahn (model C-33) having
an accuracy of 1 lg has been used. Before taking the measurements, these
mixtures have been homogenized by adequate stirring in their isotropic
liquid phase.

Different mesophases of the mixtures have been identified with the help
of polarizing microscope. Temperature of the samples kept between two
cover slips of glass under the microscope has been controlled with the help
of a hot stage of Instec with temperature accuracy of �3mK. Different
mesophase transition temperatures (TP) and transition enthalpies (DH)
have been determined by using a Differential Scanning Calorimeter of
Perkin-Elmer (model DSC-7) at the scanning rate of 10K-min�1. DSC
has been calibrated using zinc and indium at the scanning rate of
10K-min�1. Peak transition temperatures (TP) have been determined with
the accuracy of �0.1K whereas transition enthalpies (DH) have been
determined with the accuracy better than 5% for fully-grown peaks.
However for very weak peaks uncertainties are large.

RESULTS AND DISCUSSION

Phase diagrams (TP vs. mole percent of BCM in ChO) for the heating and
cooling cycles have been drawn using peak transition temperatures (TP)
obtained from DSC and are shown in Figures 1 and 2 respectively. Phase
diagram of ChO-BCM system in the heating cycle shows usual eutectic
phase diagram of binary systems with the eutectic composition at 12.5 mole
percent of ChO (87.5 mole percent of BCM) and eutectic temperature (Te)
at 58.0�C. Monotropic N� phase of pure ChO appears in the heating cycle
also for BCM concentration above 30 mole percent (see Fig. 1). Range of
N� phase increases with BCM concentration. Range of SmC phase of
BCM decreases with the addition of ChO and is completely suppressed at
about 10 mole percent of ChO in BCM leaving wide range N� phase at
eutectic composition. Figure 1 thus shows that behaviour of eutectic
BCM is similar as if a single system has been mixed with ChO.

Calculations for Eutectic Composition

Eutectic composition of ChO-BCM system has also been estimated by
empirical relationship [12]

xe ¼
T2 � Teð Þ

T1 þ T2 � 2Te

ð1Þ

Thermodynamical and Optical Studies of Ternary Mixtures 271
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where T1 and T2 are melting points of BCM and ChO, Te is eutectic tem-
perature and xe is the eutectic mole fraction of lower melting component
(BCM). Taking T1 ¼ 338.9 K and T2 ¼ 379.9 K, Eq. (1) gives eutectic com-
position at 86.3 mole percent of BCM which is very close to the value
observed by the phase diagram (87.5 mole percent).

Schroder-Van Laar equation [13,14] has also been applied on BCM to find
the eutectic composition of ChO-BCM system

lnxe ¼
DH1K

R

1

T1
� 1

Te

� �
� ln fi ð2Þ

where DH1K is the crystal to mesophase transition enthalpy of BCM. fi is
the activity coefficient and is 1 for ideal mixed phases [13]. Taking
DH1K ¼ 15.3 kJ-mol � 1, R ¼ 8.318 J-mol� 1-K� 1) and fi ¼ 1, value of
eutectic composition has been found to be 88.2 mole percent of BCM which
is almost same as obtained from phase diagram in Eq. (1). This shows the
validity of Schroder-Van Laar equation [13] for multi component systems as
well. If Schroder-Van Laar equation [13,14] is applied on ChO as

lnð1� xeÞ ¼
DH2K

R

1

T2
� 1

Te

� �
� ln fi ð3Þ

then value of eutectic composition comes out to be 77.8 mole percent of
BCM (with fi ¼ 1) that is slightly away from actual value (87.5 mole per-
cent) from Figure 1. In Eq. (3) DH2K ¼ 32.3 kJ-mol�1 is the crystal to
mesophase transition enthalpy of ChO. Results from Eqs. (2) and (3) show
that Schroder-Van Laar equation is better applicable on the component of
the system toward which eutectic point lies. For eutectic composition at
87.5 mole percent of BCM, the value of ln fi in Eq. (3) comes out to be
0.575 which gives the excess free energy of the system at the eutectic com-
position ðGE

e Þ ¼ 0:5 kJ=mol where

GE
e ¼

RTe ln fi

4ð1� xeÞ2
ð4Þ

The value of excess free energy GE
e is only 1.5% of DH2K. However actual

deviation in total enthalpy at eutectic composition is far more than this
value (see Fig. 3).

Figure 3 shows the variation of total melt enthalpy and entropy with
mole percent of BCM. Crystal (K) to mixed phase (K0) transition enthalpy
(DHK-K0) increases with the concentration of BCM and reaches a maximum
at about eutectic composition. Mixed phase to meso=isotropic transition
enthalpy (DHK0-meso) decreases with the concentration of BCM and shows
a minimum at about eutectic composition. Thereafter DHK0-Meso increases
with concentration of BCM and reaches maximum for 100 mole percent
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of BCM. It has not been possible to determine DHK-K0 in the range of 90 to
100 mole percent of BCM due to limitation of analysis. Sum of the two
enthalpies DHK-K0 and DHK0-meso is shown in Figure 3 and it deviates from
an ideal mixing rule of enthalpy. Deviation is largest at the eutectic compo-
sition where it shows minimum as observed in most of the other mixtures.
Similar features have been obtained for the entropies for these transitions.
Minima of total enthalpy and entropy for eutectic composition shows that
eutectic composition is the most stable system.

TGB Phases

Phase diagram for the cooling cycle of ChO-BCM system is more interesting
than that of the heating cycle. Figure 2 shows that SmA and TGBA phases
are induced as soon as BCM is added in ChO. A typical optical texture of
TGBA phase in unaligned sample is shown in Figure 4 that resembles the
optical textures observed by the other workers [15–17]. We have also
observed typical homeotropic textures of TGBA phase [18–20] as shown
in Figure 5. However, alignment of the sample does not seem to be perfect
homeotropic due to non-uniform thickness of the sample kept between two
cover slips coated with the lecithin. Temperature ranges of both TGBA and
SmA mesophases have been found to be almost constant up to about 40
mole percent of BCM and thereafter decreases (see Fig. 2). Cooling phase
diagram suggests that TGBA phase exists up to about 50 mole percent of

FIGURE 4 Optical texture of TGBA phase in the cooling cycle of mixture with 30

mole percent of BCM (unaligned sample) with magnification 100X. (See COLOR

PLATE X)
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BCM whereas SmA phase exists up to 60 mole percent of BCM. In the cool-
ing cycle also, range of SmC phase of BCM decreases very quickly with the
increasing concentration of ChO as observed in the heating cycle (see Figs.
1 and 2). TGBC phase has also been observed in small range of BCM con-
centrations lying between 93 to 98 mole percent. Albeit the temperature
range of the thermodynamically stable TGBC phase is very small as shown
in Figure 2. Optical textures of TGBC and SmC� phases are similar to those
obtained in ChO-NOBA system [21]. For unaligned samples, optical texture
of TGBC phase is almost similar to TGBA phase as predicted and observed
by others [9,10] but the spiral fans are thin in comparison to those in TGBA.
Phase diagram clearly separates the TGBA and TGBC phases by wide range
cholesteric gap in Figure 2.

Transition temperatures, transition enthalpies and transition entropies
related with the various transitions involving TGB phases are given in Table
1. Several other workers have observed the transition enthalpies and entro-
pies related with the transitions involving TGBA phase of the same order
[22–25]. It has not been possible to calculate the transition enthalpies
and hence entropies separately for N� to TGBC transitions in ChO-BCM
system. Table 1 shows that transition temperature, transition enthalpy
and transition entropy for N� to TGBA transition are the highest for the
mixture having BCM concentration 20 mole percent showing maximum
stability of TGBA phase in this mixture. Beyond 20 mole percent of
BCM, stability of TGBA phase seems to decrease gradually and finally dis-
appears at about 50 mole percent of BCM (see Fig. 2). While working with

FIGURE 5 Optical texture of TGBA phase in the cooling cycle of mixture with 20

mole percent of BCM (homeotropic aligned sample) with magnification 100X. (See

COLOR PLATE XI)
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the polarizing microscope, ranges of TGBA and SmA phases have been
found to be smaller than shown in Figure 2, which has been drawn by using
DSC data. We have observed that under the polarizing microscope, most of
the times mixtures crystallize directly from N� phase without going to
TGBA and SmA phase. This happens perhaps due to formation of nu-
cleation centres in the samples kept open between two slides. However

TABLE 1 Transition Temperatures (TP=
�C), Transition Enthalpies (DH=J-mol� 1)

and Transition Entropies (DS=J-mol� 1-K� 1) for N�-TGBA, TGBA-SmA, N�-TGBC
and TGBC-SmC� Transitions

Mixtures
N�-TGBA TGBA-SmA N�-TGBC TGBC-SmC�

ChO: BCM TP DH DS TP DH DS TP DH DS TP DH| DS|

90:10 75.9 40.5 0.116 64.1 23.37 0.069

80:20 83.2 82.1 0.230 71.1 60.25 0.175

70:30 78.4 43.4 0.124 60.4 200.75 0.602

60:40 79.1 38.9 0.110 – – –

06:94 78.6 – – 77.4 316 0.902

05:95 84.6 – – 78.0 490 1.396

04:96 84.5 – – 83.7 488 1.367

02:98 96.7 – – 94.7 897 2.438

| Shows total enthalpy and entropy for N�-SmC� as it has not been possible to calculate

these quantities separately for N�-TGBC and TGBC-SmC� transitions.

FIGURE 6 Optical fan shape texture of N� phase in the cooling cycle of mixture

with 94 mole percent of BCM (unaligned sample) at with magnification 100X.

(See COLOR PLATE XII)
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it does not happen in the mixtures where TGBC and SmC� phases exist. A
wide temperature range N� phase lying between BCM concentrations 58
and 88 mole percent separates the SmA and SmC phases. The optical tex-
ture of N� phase is moss and net like in the concentration range of 0 to 88
mole percent of BCM. Optical texture of N� phase is fan shape in the mix-
tures where SmC� phase exist giving an impression for SmA phase (see Fig.
6). For the mixture with 98 mole percent of BCM we have observed
stripped fan shape texture reminiscent of SmA� phases in ferroelectric
liquid crystals (FLCs). To remove the doubts we have checked textures
of planar and homeotropic aligned samples and also carried dielectric stu-
dies. With the planar alignment we get polygonal domain texture whereas
with the homeotropic alignment we get fingerprint textures (Fig. 7) of cho-
lesteric phases [26]. Phase diagram of Figure 2 also suggests it to be N�

phase. More so dielectric studies of these mixtures do not show ferroelec-
tric properties. Blue phase has also been observed between the BCM con-
centrations 20 and 90 mole percent. This also ensures the observed phase
to be cholesteric.

I-N� Transition Enthalpy

Enthalpy (DH) and entropy (DS) of I-N� transitions are governed by the
following mixing rules [5].

DH ¼ x1DH1 þ x2DH2 þ AHðx1DH1x2DH2Þ1=2 ð5Þ
DS ¼ x1DS1 þ x2DS2 þ ASðx1DS1x2DS2Þ1=2 ð6Þ

FIGURE 7 Optical fingerprint texture of N� phase in the cooling cycle of mixture

with 98 mole percent of BCM (unaligned sample) with magnification 100X. (See

COLOR PLATE XIII)
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where x1, DH1, DS1 are mole fraction, enthalpy and entropy for BCM and
x2, DH2, DS2 are the respective parameters for ChO. The best fit values
of the mixing constants AH and AS for I to N� transition have been found
to be �(1.06� 0.21) and �(0.93 � 0.19) respectively. Plots of DH and
DS for I-N� transitions are given in Figures 8 and 9 with the best fit values
of AH and AS for the experimental data. Straight line plots for DH and DS in
Figures 8 and 9 are with AH and AS ¼ 0 (for hypothetical non interacting
ideal mixtures). Negative values of AH and AS for I-N� transition suggest
that mixing terms of Eqs. (5) and (6) are destabilizing N� phase in the mix-
ture. We have already suggested that in BCM, there are molecules of differ-
ent length due to the formation of monomers and dimers of different length
and therefore presence of these monomers and dimers cause disorder in
the system [11]. Presence of ChO molecules in ChO-BCM system further
increases the randomness and hence causes strong deviation of I-N�

enthalpy and entropy of the system. This also accounts for the non-linearity
with negative deviation in the plot of TI-N� in Figures 1 and 2.

Comments on the Packing

We have proposed a packing model in the binary mixtures of ChN and
NOBA where ChN molecules are stacked between the two dimers of NOBA
molecules [5]. However in BCM, five different type of molecular clusters viz.
monomers of HOBA and DOBA molecules, dimers of two HOBA molecules,
dimers of two DOBA molecules and dimers of HOBA and DOBA molecules
are expected. Numbers of monomers are expected to be the largest in
the isotropic liquid phase. With the decrease of temperature, numbers
of monomers are expected to decrease whereas numbers of dimers are
expected to increase. In SmC phase of BCM most of the HOBA and DOBA
molecules are expected to be in the form of the dimers [5,27] but when
ChO molecules come between these dimers, dipolar forces responsible
for tilted layered phase decrease [5]. Hence stability of SmC phase
decreases with the increase in the concentration of ChO molecules. ChO
molecule is shorter than ChN molecule just by one alkyl chain and this
difference causes absence of SmA phase in ChO (whereas SmA phase is
present in ChN). Presence of the dimers in the matrix of ChO molecules
increases effective molecular length and hence induces layered SmA phase
again. The competition between molecules to form cholesteric like struc-
ture (due to twisting power of ChO) as well as layered SmA phases may
result in frustrated TGBA structure. However with the decrease in ChO
concentration (increase in the BCM) first twisting of the SmA blocks
diminishes and hence TGBA phase suppresses (see Fig. 2). Further
increase in the BCM concentration destroys even the layering due to the
competition between ChO molecules to form SmA phase (ChO has hidden
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SmA) and dimers to form SmC phase. Twisting power of the ChO is also
responsible for TGBC phase. This is a crude molecular packing arrange-
ment based on the bulk properties and the exact molecular packing can be
suggested only after some other spectroscopic experiments are carried out.

CONCLUSIONS

Ternary system of ChO (5-cholesten-3b-ol 3-octanoate) with BCM (eutec-
tic composition of 4-n-heptyloxybenzoic acid and 4-n-decyloxybenzoic
acid) shows simple eutectic phase diagram like those of binary systems.
Low concentrations of ChO molecules (up to about 8 mole percent) in
BCM twist the SmC blocks to form TGBC phase. Similarly addition of
BCM in ChO induces TGBA and SmA phases in the cooling cycle. A wide
range cholesteric gap separates the two TGB phases. The ChO-BCM system
shows strong deviation from ideal mixing of enthalpies and entropies.
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