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Abstract The thermal characterisation of binary mixture

formed from hydrogen-bonded supramolecular liquid

crystals 4-hexylbenzoic acid (6BA) and 4-octyloxybenzoic

acid (8OBA) was investigated by differential scanning

calorimetry (DSC) and phases identified by polarised optic

microscopy (POM). The phase diagram of the mixture was

obtained from theoretical calculations, and binary mixture

with a maximum nematic range according to the phase

diagram was produced. The DSC and POM results clearly

indicate that the produced liquid crystal mixture displays

liquid crystalline properties, and the nematic range of 6BA/

8OBA eutectic mixture is wider than the nematic ranges of

both liquid crystals 6BA and 8OBA. Also with increasing

the heating rate from 5 to 20 �C min-1, the phase transi-

tions occur in a shorter time. As a result, the 6BA/8OBA

mixture does not loss its liquid crystalline properties

against sudden temperature changes.

Keywords Liquid crystals � Order of phase transition �
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Introduction

Liquid crystals (LCs) are fascinating materials that have

both conventional liquid and solid crystal properties [1, 2]

and are important in the field of advance materials such as

liquid crystal display (LCD) devices. With the develop-

ment of LCD technology, there is a growing interest in the

synthesis and investigation of liquid crystal mixtures. Lots

of liquid crystals used in LCD technology are the eutectic

mixtures developed by mixing two or more mesogenic

substances [3]. Hydrogen-bonded liquid crystals (HBLCs)

and their complex mixtures [4–8] have recently attracted a

great deal of attention because of their interesting physical

properties in accordance with the intermolecular hydrogen

bonds [9, 10]. Hydrogen bonds enable the variety of me-

sogenic and non-mesogenic formations in order to develop

complexes showing rich phase polymorphism. Typical

representation of liquid crystal materials that are formed

via hydrogen bonds inside the dimer molecules is 4,n-

alkylbenzoic acid (nBA) and 4,n-alkyloxybenzoic acid

(nOBA). Here, the constant of n is the carbon number in

the alkyl chain of the liquid crystal.

Phase transition behaviours, optical properties, and

electro-optic effects provide the basis for liquid crystal

display technology. Therefore, this disquisition about

thermo-optical properties of nematic liquid crystal mix-

tures has substantial significance in technological applica-

tions [11]. In order to diversify the electro-optic and

thermal properties of nematic liquid crystals used for

imaging technology in potential applications, studies have

been carried on some of the supramolecular liquid crystal

[12] mixtures. In this study, we present the experimental

results on thermal and optical properties for binary mix-

tures of 4-hexylbenzoic acid (6BA) and 4-(octyloxy)ben-

zoic acid (8OBA), which display mesomorphic behaviour

due to the presence of sufficient dimer concentration and

are shaped with hydrogen bonds. 6BA and 8OBA, as well

as other members of nBA and nOBA homologous series,

are important for the technological applications due to the

possession of a good chemical stability.
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Experimental

Materials

4-hexylbenzoic acid (6BA) and 4-(octyloxy) benzoic acid

(8OBA), which were hydrogen-bonded pure liquid crystal

materials used in this study, were purchased from Sigma-

Aldrich company. Since the purity ratios of the purchased

chemical materials were relatively high (99.9 %) and their

phase transition temperatures were in accordance with the

values given in the Sigma-Aldrich catalogue, they were not

subject to further purification process. Figure 1 illustrates

the chemical structures of the purchased pure liquid

crystals.

Preparation of LC mixture samples

The mixture samples to be used in the DSC measurements

were weighed at ratio of 52 % 8OBA and 48 % 6BA pure

liquid crystals, and they were subject to heat treatment on

the magnetic stirrer after they were mixed at room tem-

perature. The heated samples were mixed for 30 min be-

fore and after nematic–isotropic phase transformation by

using mechanical stirring methods. After the formation of a

homogenous mixture, the samples were left to cool at room

temperature. In order to prevent oxidation, the contract of

the sample with air is hindered as much as possible. In

order for all the samples to have a completely homogenous

mixture, heating and mixing processes were repeated with

30-min interval. The homogenous mixtures were placed in

DSC (PerkinElmer DSC 8000) on an aluminium pan, and

after the measurements were taken, the analyses were

performed.

As shown in Fig. 2, primarily sandwich-shaped liquid

crystal cells were prepared for polarised optical microscope

studies. The glasses to be used in cell formation were

sensitively cleaned in an ultrasonic bath and dried in a

sterile oven. After the glasses were dried, both sides were

coated with a spacer; a sandwich structure was formed by

superimposing the lamellas by leaving a short space. As

explained above, liquid crystal samples formed by me-

chanical stirring methods were placed in the space of the

cell in sandwich form. When the cell was heated on a

heating plate, liquid crystal sample was placed between the

lamellas by the effect of the surface tension forces. In order

to prevent the degradation of the material by melting the

spacer at high temperatures, the edges and end parts of the

cell were affixed with a heating-resistant adhesive.

After placing the said liquid crystal cell on the heating

plate of the polarised optical microscope, a current of about

0.7 A was applied to the heating plate, and a temperature

increase at 10 �C min-1 heating ratio was provided for the

samples. After the nematic–isotropic phase transformation

was completely finished, the sample was left to cool at

room temperature. Different images of liquid crystal sam-

ples were taken by using a Leica 180 DM LP polarisation

microscope with a thermal table and a CCD camera for

every phase during heating and cooling. According to these

images, the phase analyses of the samples were performed.

Results and discussion

Phase diagram of 6BA/8OBA mixture

The phase diagram of 6BA/8OBA mixture was constructed

from the theoretical [13–15] calculations. The calculations

were done on a computer using a program written ac-

cording to the Schroder-Van Laar equation [13–15] in

FORTRAN language. The data to build the phase diagram

of 6BA/8OBA mixture were obtained by using the phase

transition temperatures and enthalpy values [16] of pure

LC

6BA
CH3(CH2)4CH2 CH3(CH2)5C6H4CO2H

CH3(CH2)7OC6H4CO2H
CH3(CH2)6CH2

O

O

O

OH

OH

8OBA

Chemical structure Linear formulaFig. 1 Chemical structures of

4-hexylbenzoic acid and

4-(octyloxy)benzoic acid

Liquid crystal sample

Adhesive
Glass slides

Fig. 2 Schematic representation of the liquid crystal cell
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components 6BA and 8OBA in this program. The program

was run three times because there are three different me-

sogenic ranges (Smectic A, Smectic C, Nematic) of liquid

crystal 8OBA. Then, the phase diagram was plotted by

combining the data obtained. Figure 3 shows the phase

diagram of the liquid crystal 6BA/8OBA mixture system.

As shown in Fig. 3, homogeneous nematic phase can be

observed for the whole concentration range of 6BA. Five

distinct regions crystalline (Cr), smectic A (SmA), smectic

C (SmC), nematic (N), and isotropic (I) are clearly iden-

tified in this diagram. In the upper region, a single phase is

obtained, where the 6BA/8OBA mixture forms an isotropic

solution. The nematic–isotropic temperature (TNI) of the

blends increases with the decrease in 6BA concentration.

The smectic phase is clearly observed below 32 % 6BA on

the phase diagram corresponding to a LC mixture of

100 mass%. The diagram, calculated with Schröder Van

Laar equation, exhibits a eutectic temperature at 64.9 �C. It

is clear that the largest nematic range is obtained in the

mixture ratio of 52 % 8OBA and 48 % 6BA according to

the phase diagram. The phase diagram constructed for the

6BA/8OBA binary mixture system is found to agree with

that reported literatures [15, 17–19] recently for a similar

experiment.

DSC studies of HBLCs

Phase transition temperatures and enthalpies of a liquid

crystal sample can be calculated from a single data run, and

DSC is an analytical tool that is widely used in technology

and that can easily provide wide range of thermodynamic

data. Invaluable qualitative and quantitative information

about the liquid crystalline phases can be derived from the

thermodynamic data at and in the vicinity of their phase

transitions. Transition temperatures, enthalpies, and en-

tropies are important quantities characterising the materi-

als. The difference in transition temperature between the

melting and clearing points gives the range of stability of

the liquid crystalline phases. Phase transition enthalpies

and entropies are concerned to the level of the adjustment

parameter of the molecules in the system.

DSC curves for the pure 6BA, 8OBA, and their mixture

are recorded in both the heating and cooling scans. The

phase transition temperatures are identified as the tem-

peratures at which peaks appear in cooling or heating

curves. The area under the peak which is automatically

measured by the DSC represents the associated heat of

transition, DH, or enthalpy. Since the entropy jump is re-

lated to the heat of transition, i.e., DH = TDS, where T is

the transition temperature and DS is the entropic change,

the calorimetric measurements determine the order of each

phase transition. Figure 4 illustrates the DSC curves ob-

tained via continuous heating of the pure 6BA, 8OBA

liquid crystals, and 6BA/8OBA mixture. As for pure 8OBA

[20], 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

[21], the SmA and SmC mesophases are absent being the

mesophase sequence: Cr–N–I. The DSC curves for 6BA/

8OBA mixture obtained on heating across the crystalline-

to-nematic and the nematic-to-isotropic phase transitions

are also shown in Fig. 4. As shown in Fig. 4, the me-

sophase properties of 6BA/8OBA mixture are similar to

pure 6BA, and also the nematic range of 6BA/8OBA

mixture is wider than the nematic ranges of both liquid

crystals 6BA and 8OBA. Figure 4 illustrates that the pro-

duced 6BA/8OBA liquid crystal mixture displayed pure

liquid crystal properties.
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Fig. 4 DSC curves obtained during continuous heating from liquid

crystals 6BA, 8OBA, and their mixture
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The data of transition temperatures (T) and enthalpies

(DH) obtained from Fig. 4 of the transition involving LC

phases in 6BA/8OBA mixture and entropies (DS) calcu-

lated for each phase transitions are presented in Table 1. As

shown in Table 1, the phase transition temperatures and the

phase transition enthalpy changes obtained during cooling

were lower than the transition temperatures and the en-

thalpy changes obtained during heating. DH and DS values

obtained in our experiments were in accordance with the

values reported in the literatures [21–23].

The heating rate is an important parameter because it

introduces a controllable time scale [24]. Figure 5 shows

the DSC curves obtained by heating at different heating

rates of 6BA/8OBA liquid crystal mixture. As shown in

Fig. 5 and Table 2, the heating rate increases from 5 to

20 �C min-1, the phase transitions occur in a shorter time,

because of more heat energy. For example, as seen Table 2,

while the nematic phase passes to the liquid state in about

14.39 min under heating rate 5 �C min-1, the same phase

transition passes to isotropic phase in about 3.46 min under

heating rate 20 �C min-1. Therefore, solid phase changes

from crystal–nematic to nematic–isotropic phase in a

shorter period at higher heating rates. The phase transition

peak heights have also increased by increasing the heating

rate. These features of the sample against sudden tem-

perature changes show abrupt phase transition, and thus

imply that these samples do not loss their liquid crystalline

properties against sudden temperature changes for tech-

nological applications.

Thermal stability factor

The phase transition temperatures are affected from chain

length of liquid crystal molecules. It is reported [25, 26]

that when the liquid crystal molecules have two end chains,

the phase transition temperatures are higher for the systems

with equal chain length. The chain with different lengths

also affects the phase transition temperatures in an asym-

metric system as well as the temperature ranges of various

phases. The liquid crystals used in technology are materials

which show nematic phase at room temperature. For this

reason, the chain length of liquid crystal molecules must be

short, or the molecules with short and long chains must be

mixed. Thermal phase stability factor is an important

parameter to determine the benefits of the mesogen that

exhibits nematic phase [26]. In the present work, the ne-

matic phase stability factor is discussed because 6BA/

8OBA mixture only exhibits nematic phase. The nematic

phase stability factor can be attributed to nematic to

isotropic transition temperature as well as to the tem-

perature range of nematic phase. It is reasonable to define a

parameter called thermal stability factor (S). The nematic

stability factor, SN, is given by SN = Tmid*DTN, where Tmid

is the mid nematic temperature and DTN the nematic

thermal range. In this manner, the thermal stability of ne-

matic of 6BA/8OBA mixture is calculated and tabulated in

Table 1. From Table 1, it can be seen that the stability

calculated for nematic phase obtained during heating is

smaller than the stability calculated for nematic phase

Table 1 Values obtained during phase transition of the 6BA/8OBA liquid crystal mixture

Study TCrN/�C DHCrN/kJ mol-1 DSCrN TNI/�C DHNI/kJ mol-1 DSNI Stability CrN transition NI transition

Heating 61.5 54.23 0.16 132.7 8.71 0.02 6,914 – –

Cooling 54.8 -52.93 0.16 130.3 -8.49 0.02 6,988 – –

Ratio (NX) – – – – – – – 1.65 2.36

Order of transition – – – – – – – First order Second order
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Fig. 5 DSC curves obtained during continuous heating of 6BA/

8OBA liquid crystal mixture at different heating rates

Table 2 Phase transition times of 6BA/8OBA liquid crystal mixture

as a function of heating rates

Heating rate/�C min-1 tCrN/min tNI/min tNI–tCrN/min

5 12.04 26.43 14.39

10 6.15 13.30 7.15

15 4.23 8.87 4.64

20 3.20 6.66 3.46
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obtained during cooling, and it also has high mesophase

stability because of long alkyloxy chain of 8OBA. The

liquid crystal mixtures with alkyloxy chain generally ex-

hibited high mesophase stability. Hence, the phase transi-

tion peaks were not difficult to detect accurately by DSC.

Order parameter

Phase transition may be identified by two common types,

first order and second order which depend on how the order

changes during the phase transition. The order of transition

can be estimated thanks to many theories such as Landau

theory and mean field theory [27]. A phase transition is noted

by a continuous or discontinuous change in the equilibrium

value of the order parameter. A first-order transition is one

which has a discontinuity in the order parameter itself, while

a second-order transition is one which has a discontinuity in

the first derivative of the order parameter [26]. In this study,

we estimate the order of phase transitions via Navard and

Cox parameter [28] that is an experimental method in de-

termining the order of phase transition. According to Cox

theory [28], the first-order or second-order transitions can be

identified basing on the ratio (NX) of the measured phase

transition peak heights. If the ratio is 1 \NX C H2, it is

called a first-order transition, and if the ratio is NX = 2, it is

called a second-order transition. The magnitude nearing 1.8

and above can be considered as weak first-order transition.

One can see how the Nx ratio of the individual phases is

calculated in the literatures [26, 28, 29]. Corresponding to

the DSC curves with scan rates of 10 and 5 �C min-1, the

ratio NX was calculated and listed in Table 1. As shown in

Table 1, while the crystal-to-nematic transition was first

order, the nematic-to-isotropic transition was second order

according to ratio NX.

POM studies of HBLCs

The morphological structure of the 6BA/8OBA liquid

crystal mixture was examined by POM. The phase transi-

tions of 6BA/8OB liquid crystal mixture observed during

the heating by DSC are also observed with POM ex-

periments. Nomenclature of phase transition is made ac-

cording to the results of POM analysis and the standard

textures reported in the literature [30]. For example, Fig. 6

shows the nematic phase of 6BA/8OB liquid crystal mix-

ture observed at 110 �C during the heating by POM.

Moreover, it is observed that the phase transition tem-

peratures observed during the POM experiments are in line

with the phase transition temperatures obtained in the DSC

experiments. The DSC and POM results obtained for the

6BA/8OBA liquid crystal mixture are in good agreement

with the results found in the literature [20, 31, 32], which

conducted similar studies.

Conclusions

It was observed that phase transitions showing liquid crystal

properties were present in 6BA/8OBA liquid crystal mixture

during continuous heating and cooling via DSC, and the

nematic range of 6BA/8OBA mixture was wider than the

nematic ranges of 6BA and 8OBA, and the phase transition

temperature values obtained in the DSC experiments were in

good agreement with the phase transition temperature values

observed in the POM experiments. Moreover, while the

crystal-to-nematic transition was first order, the nematic-to-

isotropic transition was second order. It was also seen that the

phase transition temperatures and enthalpy values of 6BA/

8OBA mixture obtained during continuous heating were

higher than the phase transition temperature and enthalpy

values obtained during continuous cooling. However, the

entropy change and thermal stability values obtained during

heating were lower than the entropy change and thermal

stability values obtained during cooling. Besides all, it was

observed that whether there was any reaction in the mixture

when the 6BA/8OBA mixture was heated at different heating

rates. The obtained DSC data showed that the 6BA/8OBA

mixture does not loss its liquid crystalline properties against

sudden temperature changes.
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