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Abstract Phase transition properties of the mixtures of
hydrogen-bonded nematic liquid crystals (HBLC) 4-
hexylbenzoic acid (6BA), 4-(octyloxy)benzoic acid (SOBA),
and 4-(decyloxy)benzoic acid (100BA) have been investigat-
ed by means of differential scanning calorimetry (DSC) and
polarize optic microscope (POM). The DSC and POM results
clearly indicate the existence of smectic and nematic phase
transitions in binary mixtures. The phase transition tempera-
ture values of 6BA/100BA mixtures have clearly increased
with increasing heating rate. The activation energies were
calculated for the phase transitions of 6BA/100BA liquid
crystal (LC) mixture. The optical transmittance of these mixed
hydrogen-bonded nematic liquid crystals was investigated in
terms of temperature variations through electrooptic methods.
The electrooptic experiments indicate that, while low in the
nematic phase, the optical transmittance is very high at the
nematic-isotropic phase transition. The transmitted light in-
tensity values of 6BA/8OBA mixture are somewhat higher
than those of other binary mixtures, 6BA/100BA and
8OBA/100BA, a result associated with the different alkyloxy
chain lengths.
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1 Introduction

Liquid crystals (LCs) are materials to be liquify in unique
configurations in certain temperature (T) ranges and have both
conventional liquid and solid crystal properties [1, 2]. The
existence of liquid crystals has been known for more than a
century, but in recent years, liquid crystal mixtures have
become important as novel materials for display applications
ranging from flat panel displays to laser beam steering and
optical switching [3—7]. This is because they offer a number of
potential advantages over the well-established nematic de-
vices as well as over a number of other competitors. Several
of liquid crystals in current display applications are eutectic
mixtures of two or more mesogenic substances. Hydrogen-
bonded liquid crystals (HBLC) and their complexes formed
by mixtures have interesting properties, due to the intermo-
lecular hydrogen bonds [8]. Hydrogen bonds enable various
mesogenic and non-mesogenic compounds to form com-
plexes which exhibit rich phase polymorphism. Typical rep-
resentations of the liquid crystal substances constituted by
hydrogen bonds in dimer molecules are 4,n-alkylbenzoic
acids (nBA) and 4,n-alkyloxybenzoic acids (nOBA), where
n is the number of carbons in the n-alkyl tails. HBLC materials
are known since early 1960s [9]. Although many studies have
been carried out on these pure liquid crystals in the last two
decades [10—15], there is not enough study on their mixtures.

As it is well known, nematic liquid crystal mixtures are
commonly used in optical processing systems and photonic
devices. Phase transition behaviors, optical properties, and
electrooptic effects provide the basis for liquid crystal display
technology. Therefore, this treatise of the thermo-optical prop-
erties of nematic liquid crystal mixtures has substantial signifi-
cance in technological applications [16]. The investigation of
thermo-optical properties of nematic liquid crystal mixtures,
which have single optical axis and stable structure, will consid-
erably benefit from the determination of the physical properties
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Fig. 1 Chemical structures of 4- LC
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of these materials [17]. This considered, we here target the
development of liquid crystal mixtures. In order to design these
processes, it is important to have a detailed knowledge of
optical, electrical, electro-optical, and thermal properties of the
nematic liquid crystal mixtures. In this study, we present exper-
imental results on thermo-electro-optic properties for binary
mixtures of 4-hexylbenzoic acid (6BA), 4-(octyloxy)benzoic
acid (80BA), and 4-(decyloxy)benzoic acid (100BA), which
show mesomorphic behavior because of the presence of a
sufficiently high concentration of dimers, formed with hydrogen
bonds. The 6BA, 8OBA, and 100BA are the best known
hydrogen-bonded liquid crystalline substances [18-22]. The
6BA, 8OBA, and 100BA, as well as other members of the
homologous series, are important for technological applications
due to the possession of a good chemical stability.

2 Experimental
2.1 Materials

The hydrogen-bonded liquid crystal materials 4-hexylbenzoic
acid (6BA), 4-(octyloxy)benzoic acid (80BA), and
4-(decyloxy)benzoic acid (100BA) were purchased from

Fig. 2 Schematic representation
of the heating and the optical
measurement units
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Sigma—Aldrich Corporation and were used without further
purification, because their phase transition temperatures were
in substantial agreement with the data given in the Sigma—
Aldrich catalogue. The structure formula of 6BA, 8OBA, and
100BA nematic hydrogen-bonded liquid crystals used in this
study is shown in Fig. 1.

2.2 Thermal Analysis

The thermal properties of liquid crystals and their mixtures
were investigated by a Perkin-Elmer differential scanning
calorimeter (DSC—-7) using continuous heating and cooling.
Before use, the DSC was calibrated with indium (99.999 wt%
pure In). Calibration is accomplished by running a standard
material and comparing the experimental reliable temperature
(melting point, clearing point) and enthalpy of transition to
standard values. The experiments were carried out with scan-
ning rates of 5, 10, 15, and 20 °C/min by means of DSC unit
equipped with a data acquisition and analysis station.

The liquid crystal mixture samples were subject to heat
treatment on the magnetic stirrer after they were mixed at
room temperature. The heated samples were mixed with an
injector needle before and after every phase transformation.
The process was repeated carefully twice about every 40 min.
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After that, DSC samples were prepared in a thin aluminum
pan, which was then placed on the stage of a piston-like
sample crimper. The DSC was initially cooled to 10 °C, and
each sample was left in the pan for 2 min to ensure that
thermal equilibrium was reached. Then the temperature was
run at different heating rates from 10 to 160 °C, which is
above the reported clearing point [23-26], and held at 160 °C
for 2 min to ensure complete transformation to the isotropic
phase. After that, DSC was cooled at different cooling rates
from 160 to 10 °C.

2.3 Optical Analysis

The pure hydrogen-bonded liquid crystals and their mixtures
were used in the liquid-crystal sandwich-cell preparation. The
liquid crystal cells were formed by two glass plates with a
spacer with thickness of 50 um between them. Firstly, the two
glass plates were cleaned carefully by using acetone and alco-
hol and then washed by deionized and bidistilled water in an
ultrasonic combat bath. Sandwiching the LC sample between
the pretreated substrates of the cell ensures homogeneous
alignment. The pure LC and mixed material were placed into
the cell in its high-temperature isotropic state by the capillary
action method. The phase transition properties were investigat-
ed based on the textural changes that were observed during
heating or cooling cycles of the sample. All binary mixture
samples were prepared at the rate of 1:1 (in wt%). Morphologic
structure and phase transition temperatures in all HBLC sam-
ples were investigated by using a Leica 180 DM LP polariza-
tion microscope with a thermal table and a CCD camera. A thin
sample sandwiched between two glass cover slips was placed
inside the thermal table, and the temperature was raised to
150 °C at the rate of 30 °C/min and kept at that temperature for
5 min to ensure complete isotropic. Then the sample was cooled
to 20 °C at a rate of 10 °C/min, and then kept at different
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Fig.3 DSC curves obtained during continuous heating of liquid crystals,
6BA, 80OBA, and 100BA
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Fig. 4 DSC curves obtained during continuous heating of liquid crystal
mixtures

temperatures for spherulite growth observation. As seen in
Fig. 2, the optical transmitted light intensity measurement sys-
tem consists of Lasos Ar-Ion laser with 514.5 nm, photoreceiver,
SR530 Lock in Amplifier, SR540 optical chopper, and our own
designed sample holder providing heating and optical apparatus
such as polarizer and analyzer. The regular increments of the
temperature were provided by the temperature control unit to
include all of the phases for the HBLC samples. The experi-
mental data obtained by the transmitted light intensity measure-
ment system were transferred to a computer via RS-232 serial
interface and compiled with the LabVIEW 8 program.

3 Results and Discussion

Recent investigations have shown that the 4-n-alkylbenzoic
acids and 4-n-alkoxybenzoic acids have interesting structural
and physical properties. In liquid crystals, similar ones are
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Fig. 5 DSC curves obtained during continuous cooling of liquid crystal
mixtures
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Table 1 The phase transition peak temperatures (T) and enthalpies (AH) of the pure liquid crystals and their mixtures

LC mixture Tea AHeea Temw AHen (Vg) Tan AHan Tac AHac Ten AHen T AHy;
C (g °C) O g O (/g §®) (Vg O (J/g)
6BA - - 99.7 258.2 - - — - - - 117 11.6
8OBA 772 306.6 - - - - 102.8 194.1 108.7 20.2 144.3 19.2
100BA 88.9 389.5 - - - - 98.4 160.5 124.3 247 142.2 49.1
6BA+80OBA - - 61.5 256.4 - - — — — — 132.6 39.7
6BA+100BA 48.2 79.2 - - 54.9 99.6 - - - - 128.2 30.7
8OBA+100BA 70.2 116 - — - - 79.3 177.6 115.2 459 148.8 222

mixed with each other, and the transition temperature varies
with the mixing rate in accordance with the change in phase
from crystal to liquid crystal. The largest nematic range, used
in determining the quality of the liquid crystals, is the eutectic
mixture point that is nearly the ratio of 50:50 wt%. In this
study, we have examined the nematic range and phase identi-
fication of binary mixtures to assess the effect of the blends.
Figure 3 shows the DSC heating curves of pure hydrogen-
bonded liquid crystals 6BA, 8OBA, and 100BA. As for pure
80BA and 100BA, the stable mesophase sequence on heating
from room temperature is crystalline (Cr)-smectic A (SmA)—
smectic C (SmC)—nematic (N)-isotropic (I), whereas for pure
6BA, the SmA and SmC mesophases are absent in the
mesophase sequence: Cr—N-I. The liquid crystals were
assessed to be highly pure, because they showed sharp transi-
tion temperatures in good agreement with those literatures
[27-30].

The DSC curves for HBLC binary mixtures (at rate of 1:1)
obtained by heating from the crystalline to isotropic phase
with heating rate 10 °C/min are shown in Fig. 4. As seen in
Fig. 4, the DSC curves of HBLC binary mixtures exhibit the
different endothermic peaks, indicating that structural trans-
formation into isotropic phase takes places in steps. These

25 1 (a): 5 °C/min

[l ———(b): 10 °C/min
I (©): 15 °C/min
201 ‘ (d): 20 °C/min

Heat Flow (W/g)

— Heating

T T T T T T T T T T
50 60 70 80 920 100 110 120 130 140 150

Temperature (°C)

Fig. 6 DSC curves obtained during continuous heating of 50 % 6BA and
50 % 100BA liquid crystal mixture at different heating rates

binary mixtures consisted of several phases: crystal, smectic
A, smectic C, nematic liquid crystal, and isotropic liquid. In
the case of 6BA and 8OBA mixed at rate of 1:1, for example,
transitions were observed from crystal to nematic liquid crys-
tal at 61.52 °C and from nematic liquid crystal to liquid at
132.63 °C. The transition temperatures were determined from
the values of temperatures corresponding to the peak of the
DSC thermogram. The enthalpies (H) of the phase transitions
were determined from the areas under the DSC peaks of the
transitions. While the smectic phase was not observed in 6BA/
8OBA mixture, it was observed in 6BA/100BA and
8OBA/100BA binary mixtures, and also, these observations
were confirmed by the POM experiments. The smectic phase
diversity increased with increasing alkyloxy chain length. If
the alkyl chain does not exist in a binary mixture, such as
80OBA/100BA mixture, the smectic phase diversity increases,
and the nematic range of HBLC mixtures decreases. The
largest nematic range occurred in the 6BA/100BA mixture
with a temperature range of 73.23 °C. According to the DSC
results, the nematic ranges of HBLC mixed with 6BA in
80BA and 100BA are wider than the nematic range of
8OBA/100BA mixture and the pure blends. The results indi-
cate that alkyloxy chain of HBLC exhibits a rich diversity of
liquid crystal behaviors including smectic phases, and that the
6BA/100BA mixture is more convenient for applications.
The DSC curves for HBLC binary mixtures obtained by
cooling from the isotropic to crystalline phase with cooling
rate of 10 °C/min are shown in Fig. 5. It can be seen that the
phase transition peak shapes observed by DSC cooling are
very similar to the phase transition peak shapes observed in
the heating process. However, the phase transition

Table 2 Activation energies E5 (kJ/mol) for phase transitions of 50 %
6BA and 50 % 100BA liquid crystal mixture

Activation energy  Crystal-smectic A Smectic Nematic-isotropic

A-nematic
Ozawa (kJ/mol) 503+10 349+10 908+10
Kissenger (kJ/mol) 523+10 362+10 948+10
Takhor (kJ/mol) 528+10 368+10 955+10

@ Springer
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Table 3 The phase transition peak temperatures (T) and enthalpies (AH)
of 50 % 6BA and 50 % 100BA liquid crystal mixture as a function of
heating rates

Heating rate Tca AHea  Tan AHany T AHyg
(°C/min) cC (g cC) (e (°0) (g
5 48.1 51.1 54.3 199.4 127.8 29.9
10 482 792 54.9 99.6 1282 307
15 49.7 246 56.9  207.8 129.1 333
20 49.7 17.8 57.0 2135 129.5 323

temperatures on cooling curves are smaller than the of phase
transition temperatures obtained by heating. Nonetheless, one
can see that the heating and cooling curves are nearly sym-
metrical relative to the x-axis.

The results of the thermal analyses, the phase transition
temperatures of crystalline—smectic A, T Smectic A—smec-
tic C, Tac; smectic C—nematic, Tcy; crystalline-nematic,
T smectic A—nematic, Tan; nematic—isotropic, Tyy; and
the enthalpies AHCrAs AHCrNy AHAC, AHCN, AHAN, and
AHy, of those phase transitions are presented in Table 1.
As seen in Table 1, the phase transition temperatures and
enthalpies obtained in our experiments are approximately
similar to the values reported in literatures [22-24, 31].

The phase transition temperature is dependent on the
heating rate. Figure 6 shows the dependence of phase transi-
tion temperature on the heating rate for the 50 % 6BA and
50 % 100BA liquid crystal mixtures. The obtained values can
be used to estimate the associated phase transition activation
energy (Ea) by means of the Ozawa [32], Kissinger [33], and
Takhor [34] methods. According to all of the three methods,
the activation energy (E5) changes with temperature, or in
other words, the environment of the rotating molecule changes
with temperature. So, the activation energy can help us to
speculate about the energy attributable to a molecular rota-
tional mode. The activation energies, calculated by using
Ozawa, Kissinger, and Takhor methods, are presented in
Table 2 for the phase transition peak temperatures Tc;a,

Fig. 7 Morphologic textures
observed by POM of 50 % 6BA
and 50 % 100BA liquid crystal
mixture on cooling; smectic A at
35.0°C, nematic at 90.0 °C

Smectic A

@ Springer

Tan, and Ty of 50 % 6BA and 50 % 100BA liquid crystal
mixtures. As seen in Table 2, the calculated values of the
overall activation energy for the nematic-isotropic phase tran-
sition are higher than those of the crystalline-smectic A and
smectic A-nematic phase transitions, indicating a relatively
nematic liquid crystal structure. Here again, good agreement
exists among three methods. The higher activation energy
implies that the energy barrier for the nematic-isotropic phase
transformation is higher than the energy barrier for the smectic
A-nematic phase transformation and that the nematic structure
is more stable than the smectic A structure at temperatures
lower than the isotropization temperature. Similar results were
reported in the literature [35-37] for phase transition activa-
tion energy of liquid crystals.

The heating rate is an important parameter because it
introduces a controllable time scale. In this study, as the
heating rate increases from 5 to 20 °C/min, the phase trans-
formations occur in a shorter time by decreasing from 26 to
6.7 min, respectively, because of more heat energy. As seen in
Fig. 6 and Table 3, the peak phase transition temperatures
grow as the heating rate rises from 5 to 20 °C/min. While the
peak enthalpies are usually decreasing at crystalline to smectic
A transitions, the peak enthalpies increase at the smectic A to
nematic and nematic to isotropic transition as the heating rate
increases from 5 to 20 °C/min. Sometimes, the peak en-
thalpies are smaller or bigger than the other values of enthalpy
for the same phase transitions by increasing heating rate. For
example, the enthalpy of the smectic A to nematic phase
transition is 199.49 J/g at 5 °C/min heating rate, which may
be influenced by the crystalline to smectic A transition at a
small heating rate. The peak heights of smectic A to nematic
transitions are much higher than those of the crystalline to
smectic A and nematic to isotropic transitions. The correlation
of the phase transition temperatures and peak heights to the
heating rate was observed to be in line with the results reported
in the literature [35-37]. One can find a detailed comparison
between the trends observed in the present study and the
tendencies identified in previous studies [35-38]. We
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considered that the heating rate must be lower to observe a
linear heating rate. The heating rate dependence of the peak
shape of the liquid crystal mixture transitions is very complex.

Morphologic textures and phase transition temperatures of
the 6BA, 8OBA, 100BA, and their binary mixtures were
carried out by means of POM. The morphologic properties
are determined on the basis of the textural changes observed
during the heating or cooling cycles of the LC sample. The
morphologic textures of LC phases were identified by their
comparison with the standard [39] textures. The observed
textures from the POM experiments were presented in
Fig. 7. As seen in Fig. 7, the phase textures of 6BA/100BA
were found to be smectic A and nematic during both heating

and cooling processes. On the other hand, smectic C phase
was observed in pure 8OBA, 100BA, and SOBA/100BA
mixtures by POM at heating or cooling process. Smectic phase
was not observed in 6BA/8OBA mixtures during heating or
cooling. The identified morphologic textures were in good
agreement with those reported in the literatures [23, 31, 39].
Moreover, the phase transition temperatures values observed
during the POM experiments were in line with the phase
transition temperatures obtained in the DSC experiments.
The phase transition temperatures and transmitted light
intensities of 6BA, 8OBA, 100BA, and their mixtures were
determined during cooling from isotropic to crystal by using
the different technique [16] illustrated in Fig. 2. The

Fig. 9 The curves of transmitted
intensity versus temperature of
liquid crystal mixtures
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transmitted light intensities from the samples sandwiched
between two glass cover slips were monitored as a function
of temperature. The data for transmitted light intensity curves
can be used to determine the phase transition temperatures.
The curves of transmitted light intensity versus temperature
for 6BA, 80OBA, and 100BA are shown in Fig. 8. It is seen
that the transmitted light intensity rises drastically at certain
onset temperatures, which corresponds to phase transitions, as
also confirmed by DSC and POM. As seen in Fig. 8, the
transmitted light intensity from the samples increased clearly
at the nematic to isotropic phase transition temperature, but it
did not change much at the smectic to nematic phase transition
temperature due to molecular anisotropy. While the transmit-
ted light intensities of §OBA and 100BA in the nematic phase
are approximately the same, the transmitted light intensity of
6BA in the nematic phase is higher. On the other hand, while
the transmitted light intensity values of 6BA and 100BA in
the isotropic phase are approximately same, the transmitted
light intensity value of 8OBA in the isotropic phase is smaller.
Figure 9 shows the transmitted light intensity curves versus
temperature of binary HBLC mixtures during cooling from
isotropic to crystal. As seen in Fig. 9, the observed light
intensity values increased suddenly during nematic-isotropic
phase transition due to molecular anisotropy with alkyl or
alkoxy chain length. The phase transition temperatures obtain-
ed from the data of Fig. 9 are in good agreement with the
results of DSC experiments shown in Fig. 5, as also confirmed
by POM. In addition, the transmitted light intensity values in
the isotropic phase are higher than the transmitted light inten-
sity values in the nematic phase, and also, the transmitted light
intensity values of binary mixtures are higher than the trans-
mitted light intensity values of pure HBLCs, 6BA, 80BA, and
100BA. Similar results for the behavior of transmitted light
intensity were reported in the literature [16, 17, 40, 41].

4 Conclusions

The DSC curves that were used to determine the phase tran-
sition temperatures and enthalpies showed the existence of
phase transitions in hydrogen-bonded liquid crystal mixtures
of the 6BA/8OBA, 6BA/100BA, and 80OBA/100BA during
continuous heating or cooling. The nematic range of the 6BA/
100BA mixture is the widest, with a 73.23 °C temperature
range, among 6BA/8OBA, 8OBA/100BA, and their pure
blends. In this study, the activation energies of phase transi-
tions in the 6BA/100BA mixture were calculated for the first
time by using Ozawa, Kissinger, and Takhor methods. The
calculated activation energies showed good agreement among
the three methods. The peak phase transition temperatures
increased by increasing heating rate from 5 to 20 °C/min.
While the peak enthalpies usually decrease at the crystalline
to smectic A transition, the peak enthalpies increase at the

@ Springer

smectic A to nematic and nematic to isotropic transitions as
the heating rate rises. The morphologic textures and phase
transition temperatures of the binary mixtures, 6BA/8OBA,
6BA/100BA, and 8OBA/100BA were identified by POM
observations. The transmitted light intensities obtained from
the HBLC samples were monitored as a function of tempera-
ture. The results show that the transmitted light intensities
increase in the isotropic phase and decrease in nematic phase
due to the molecular anisotropy with alkyl or alkoxy chain
length. The transmitted light intensity values of binary mix-
tures are higher than the transmitted light intensity values of
pure HBLCs.
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