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Abstract

Five binary mixtures are obtained as the resultant liquid crystalline complexes obtained from the liquid crystal precursors
formed between a-Keto Glutaric acid (KGA) with hexyloxy benzoic acid (6BAO) and a-keto glutaric acid (KGA) with
dodecyloxy benzoic acid (12BAO). Variation in the molar proportion of the precursors in a well-defined odd step leads
to the formation of five liquid crystalline binary mixtures. Rich-phase polymorphism exhibited by the precursors has trig-
gered this analysis which leads to a wide range of results obtained completely investigated by means of spectral, optical,
and thermal characterization techniques. Surface morphology investigation confirms the uniformity in obtaining the binary
mixture. KGA 4+ 6BAO exhibit smectic C and smectic G mesophases whereas KGA + 12BAO exhibit nematic, smectic C,
and smectic G mesophases. Chemical analysis confirming the intermolecular hydrogen bonding is carried through Fourier
transform infrared spectroscopy analysis. Optical analysis corresponding to the mesophase variance of the binary mixtures is
carried through polarizing optical microscope. Thermal analysis confirming the transition temperatures and enthalpy values
is carried out by differential scanning calorimeter.

Keywords Liquid crystalline binary mixtures - Mesophase - Physico-chemical properties - Thermal investigations

1 Introduction

Liquid crystals (LCs) are utilized as the prime component
in various applications such as sensors, modulators, solar
cells, and display devices [1]. The self-assembling structures
with anisotropic nature, technological importance, and the
molecular response for the applied external field [2-4] have
made these substances, in particular hydrogen bond liquid
crystals (HBLCs), a remarkable advanced technological
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utility. Mesophases and the physicochemical properties pos-
sessed by them determine the nature of applicational via-
bility. Many techniques have been adopted by the research
[5-7] and have succeeded in obtaining the above statement.
The formation of the mixtures between two mesogenic com-
plexes exhibiting rich phase polymorphism is one of the suc-
cessful methods followed by the scientists [8—15]. The phase
separation and self-assembling nature of the binary mixtures
obtained provide added functionality of ionic conductivity
to these materials [16]. Nematic, the least ordered and sticky
among the numerous mesophases, can be readjusted under
external stimulation more easily as compared with other
mesophases [17]. These materials have found applications
in ion transport [17], smart windows [18], reverse-mode
PDLCs, [19, 20] etc. The organic crystals exhibit excellent
second-order optical nonlinearities that are suitable for a
variety of applications, including data processing, ultra-
fast response, frequency conversion, telecommunications,
electro-optics, data storage [21], laser radiation generation,
and optical limiters etc. [22]. Co-crystals are an excellent
way to improve the physicochemical properties of active
pharmaceutical ingredients (API) without changing their
pharmacological qualities [23-25]. For the applicational
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aspect, the thermal range of mesogenic phases and their
associated parameters, the stability of thermal and transi-
tional order can be fine-tuned to the preferred parameters.
The development of binary mixtures of liquid crystalline
complexes is the traditional method that satisfies the above-
stated factors that outfit the liquid crystalline complexes for
applicational effectiveness [26—-30]. The two-liquid crystal-
line complex (say X and Y) mixture in the different molar
proportions makes the formation of binary mixtures. The
binary mixtures of liquid crystalline complexes subjected to
electrical, structural, optical, chemical, and thermal proper-
ties certainly reveal the essential properties possessed by
the prepared binary mixtures [31]. The modification in the
molar proportion defines the properties possessed. Hence,
choosing the right proportion regulates the efficacy of the
mesophases possessed by the binary mixtures.

The current investigation explores the chemical, opti-
cal, and thermal properties of the binary mixtures formed
between a-ketoglutaric acid (KGA) and p-n-alkyloxy ben-
zoic acids (nBAO, where n represents carbon number; here,
it is hexyloxy [6BAO] and dodecyloxy [12BAO] benzoic
acids). Odd molar proportion variation in the above two ben-
zoic acids is prepared for the present investigation. Rich-
phase polymorphism exhibited by the precursors has trig-
gered this analysis, which leads to a wide range of results
obtained that completely investigates the physical and chem-
ical properties possessed by them.

2 Experimental

The physical and chemical properties of the liquid crystal-
line binary mixtures prepared are investigated by numerous
techniques in order to understand the mesogenic changes
that are observed during the formation of the binary mix-
tures. Consistency in the formation of the binary mixtures
is confirmed by surface morphological studies carried
out using a field emission scanning electron microscope
(FESEM) — Carl Zeiss (Sigma-300). Chemical investiga-
tions are performed using an ABB Bomem MB 3000 series
Fourier transform infrared spectrometer (FTIR) in order to
establish the intermolecular hydrogen bonding that exists
between the binary mixtures prepared. Optical investiga-
tions are carried out through a Nikon Polarizing Optical
Microscope (POM) interfaced with Nikon Imagine Software
(NIS), which records and retrieves the mesophases exhibited
by the binary mixtures. The nature of the mesophase, the
onset and offset temperatures of the mesophases, is clearly
distinguished from the optical analysis. Thermal investiga-
tions are carried out with the aid of a differential scanning
calorimeter (DSC) equipped with TA60 software, which
details the thermogram of the binary mixtures. Phase tran-
sition temperatures, their internal energy involved during
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endothermic and exothermic processes, mesophase stability,
order of transition, and specific heat capacity values are all
derived from the thermogram data obtained for the binary
mixtures. Chemicals utilized in preparing binary mixtures,
viz., a-ketoglutaric acid (KGA), p-n-alkyloxy benzoic acids
(nBAO, here n represents the hexyloxy benzoic acid and
dodecyloxy benzoic acid), and the solvent dimethyl forma-
mide (DMF), are of high-performance liquid chromatogra-
phy (HPLC) grade.

2.1 Preparation of Binary Mixtures

A well-established synthetic route is followed [32] in pre-
paring the liquid crystalline precursors, where 1 mol of
a-ketoglutaric acid (KGA) is mixed with 2 mol of p-n-alky-
loxy benzoic acids (nBAO) in excess DMF, and the resultant
liquid crystalline precursor is obtained as the final product.
The detailed scheme of synthesis and the molecular repre-
sentation are reported earlier [31]. In this investigation, two
precursors of the existing liquid crystalline complexes are
chosen for analysis. a-Ketoglutaric acid (KGA) with hexy-
loxy benzoic acid (6BAO), abbreviated as KGA +6BAO,
and a-ketoglutaric acid (KGA) with dodecyloxy benzoic
acid (12BAO) abbreviated as KGA + 12BAO are the pre-
cursors taken for investigation. KGA +6BAO exhibits smec-
tic C and smectic G mesophases whereas KGA + 12BAO
exhibit nematic, smectic C, and smectic G mesophases. The
growth/suppression of the mesophases with the variation in
the odd molar ratio of the binary mixtures, a-ketoglutaric
acid (KGA) with hexyloxy benzoic acid (6BAO), is con-
sidered as X combination, while a-ketoglutaric acid (KGA)
with dodecyloxy benzoic acid (12BAO) is considered as Y
combination. Variation in the physical and chemical proper-
ties is detailed in this present investigation.

3 Results and Discussion

On varying the molar proportions of KGA +6BAO and
KGA + 12BAO in odd steps of 0.1 to 0.9, five binary mix-
tures are obtained. The products obtained are subjected to
repetitive scans in order to well establish the chemical and
thermal stability of the mixtures formed [33-35]. The phase
variance of the binary mixtures, along with the enthalpy val-
ues observed in both heating and cooling cycles, is portrayed
in Table 1. The correlation of POM and DSC data reveals
the stability of the prepared mixtures.

3.1 Surface Morphology: FESEM

Field emission scanning electron microscope (FESEM)—
Carl Zeiss (Sigma-300) provides the information about
the surface morphology of the prepared binary mixtures.
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Table 1 DSC and POM data obtained for KGA +6BAO and KGA + 12BAO binary mixtures

Binaries Phase variance DSC Crystal to melt N C G Crystal
KGA +6BAO (X) and
KGA + 12BAO(Y)
0.1X:0.9Y NCG H 93.8 (57.92) 135 (2.96) 127.6 (5.03) 4
C 132.4 (3.54) 128.5 (5.98) 119.4 (2.24) 70.3 (18.77)
POM 1329 128.9 119.7 70.5
0.3X:0.7Y NCG H 66.7 (20.75) 137.4 (4.29) 116.3 (0.34) 103.4 (1.75)
C 132.1 (17.55) 126.3 (4.34) 81.4 (2.94) 55.2 (10.62)
POM 132.6 126.7 81.6 553
0.5X:0.5Y NC H 63.24 (19.73) 132.4 (5.40) i
C 132.7 (1.51) 126 (4.79) 54.7 (14.11)
POM 133.2 126.4 55.1
0.7X:0.3Y NC H 61.4 (8.34) 141.2 (6.28) i
C 146.6 (4.33) 133.3 (6.56) 54.2 (4.49)
POM 147.1 133.8 54.6
0.9X:0.1Y NC H 102.7 (31.66) 145.1 (9.79) a
C 140.5 (8.28) 135.3 (10.42) 87.5 (33.61)
POM 141.1 135.8 87.7

“Monotropic transition, enthalpy values (J g~!) given in parenthesis

Figure 1 represents the FESEM images obtained for the
precursors KGA +6BAO, KGA + 12 BAO, and the binary
mixture KGA +6BAO and KGA + 12 BAO (0.1 X:0.9
Y) respectively. Figure 1 a reflects the regularity in the
formation of precursor KGA +6BAO as the molecules
are combined uniformly and form a sheet-like structure.
Similarly, Fig. 1b exhibits the rod-like feature obtained for
the precursor KGA + 12BAO, which is also a clear indica-
tion of the perfection in obtaining the liquid crystalline
complex. As a representative case, Fig. lc portrays the
morphology of binary mixtures KGA +6BAO and KGA
+ 12 BAO (0.1 X:0.9 Y) obtained exhibiting the combina-
tion of sheet- and rod-like structures in a uniform manner,
which is a token of evidence for the binary mixtures pre-
pared to exhibit uniform optical and thermal properties.
The same morphology has been noticed in the remaining
binary mixtures also.

3.2 Phase Variance Analysis: POM

The phase variance of the binary mixtures prepared is
confirmed through POM. Textural observations are made
meticulously to confirm the nature of the mesophases
and their sequence observed in the five binary mixtures
formed. The onset and offset transition temperatures of
the mesophase, along with the nature of the mesophase,
are clearly noticed from the POM data. Three mesophases,
namely, nematic, smectic C, and smectic G, are observed
in the present analysis. Confirmation of the mesophase is
carried out by comparing the mesophase observed with

respect to the Gray and Goodbye textures [36]. Figure 2
a shows the fully grown nematic phase, Fig. 2b portrays
the broken focal conic texture of the smectic C phase, and
Fig. 2¢ depicts the multi-colored smooth mosaic texture
of the smectic G phase observed.

3.3 Intermolecular Hydrogen Bond Confirmation:
FTIR

Confirmation of intermolecular complementary hydrogen
bonding and the formation of mesogenic complex upon
complexation is the fundamental chemical characterization
that needs to be carried out for the hydrogen bond liquid
crystals (HBLCs). As the precursors formed are HBLC,
the binary mixtures formed between two HBLCs will also
be HBLC binary mixtures. This argument is well proved
from the chemical investigation undertaken with the aid of
an FTIR spectrometer. The binary mixtures are well pow-
dered, grinded, and blended with FTIR-grade potassium
bromide (KBr), and the pellets obtained are exposed to the
mid-IR range for the spectra. Table 2 reflects the hydrogen
bond formation and the mesogenic complex confirmation
for all five binary mixtures prepared. As a representative
case, the FTIR spectrum of KGA + 6BAO and KGA + 12
BAO (0.1 X/0.9 Y) is shown as Fig. 3. Two sharp peaks
noticed at 2923 cm™! and 1689 cm™' confirm the objective
of the chemical analysis. The magnitudes of the functional
groups obtained are in good accordance with the reported
literature [37-40].
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Fig. 1 a FESEM image of KGA + 6BAO, b FESEM image of KGA + 12BAO, ¢ FESEM image of KGA + 6BAO and KGA + 12BAO binary

mixture (0.1 X/0.9 Y)

3.4 Phase Transition Temperature Confirmation:
DSC

The thermal properties of the binary mixtures are well
understood from the thermograms obtained by DSC for
the binary mixtures [41-44]. Phase transition tempera-
tures along with the associated enthalpy values [41] of the
individual mesophase are directly obtained from the ther-
mogram, whereas the thermal equilibrium of the system
[42], order of transition [31], thermal stability factor [44],
and specific heat values [44] are derived from the thermo-
gram data, which enhances the thermal properties of the
mesogenic binary mixtures obtained. DSC thermograms
are obtained at two different scan rates, viz., 5 °C/min and
10 °C/min, for better investigations. Mesophase transitions

@ Springer

are seen through the strong peaks noticed both in heating
and cooling runs. The temperature of the phase transition
is correlated with POM data, and the phase variance of the
binary mixtures is thus confirmed. Based on the occurrence
of the transitions in endothermic and exothermic runs, they
are classified as monotropic and enantiotropic transitions.
Occurrence of a mesophase peak in both runs is termed to
be enantiotropic, whereas the availability of a phase transi-
tion peak in only one transition is claimed to be monotropic.
This has been clearly observed in Table 1. For discussion,
the DSC thermogram obtained for KGA + 6BAO and KGA
+ 12 BAO (0.1 X:0.9 Y) is shown as Fig. 4, and the exother-
mic peaks obtained for all five binary mixtures are depicted
in Fig. 5. In the endothermic run, three intense peaks are
observed that are assigned to crystal to melt transition (93.8



Brazilian Journal of Physics (2025) 55:178

Page50f10 178

Fig.2 a Threaded nematic texture. b Broken focal conic texture of smectic C phase. ¢ Smooth mosaic texture of smectic G phase

Table 2 Functional group assessment of KGA +6BAO and KGA
+ 12BAO binary mixtures

Molar ratio (OH) ,.iq (COOH) g
X=KGA +6BAO

Y=KGA +12BAO

01X:09Y 2923 1689
03X:07Y 2931 1681
05X:05Y 2923 1681
07X:03Y 2939 1681
09X:01Y 2939 1689

°C/57.921] g'l) smectic G to smectic C transition (127.6
°C/5.03 J g7!) and smectic C to nematic phase transitions
(135 °C/2.96 J g™1), respectively. In the exothermic run of
the same binary mixture, four intense peaks are noticed that
correspond to isotropic to nematic (132.4 °C/3.54 J g71),
nematic to smectic C (128.5 °C/5.98 J g_l), smectic C to
smectic G (119.4 °C/2.24 J g71), and smectic G to crystal
(70.3 °C/18.77 J g~') phase transitions, respectively. The

40
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01 09
30 4 I
35 A, 'l l ‘
e a
o | |
e | |
L
£ — N | |
N |
S 10 A |‘
s . |
I||1J 1
I i
ol ton leoow
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm’

1

Fig.3 FTIR spectrum of KGA +6BAO and KGA +12BAO binary

mixture (0.

1X:097)
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Fig.5 DSC thermograms obtained for KGA +6BAO and KGA
+ 12BAO binary mixtures in cooling run

phase transition temperatures obtained through POM hold
good with the data obtained through DSC, which reflects
the chemical and thermal stability of the binary mixtures
prepared.

3.5 Phase Diagram

Three mesophases, viz., nematic, smectic C, and smectic G,
are observed in the binary mixtures, and the phase variance
depends strongly on the concentration of the molar ratio
of the precursors used. Figure 6 depicts the phase diagram
of the KGA +6BAO and KGA + 12 BAO binary mixtures
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Fig.6 Phase diagram of KGA +6BAO and KGA +12BAO binary
mixtures

prepared. It has been constructed based on the POM and
DSC data obtained.

1) Nematic, smectic C, and smectic G are the mesophases
that occur in the binary mixtures.

2) Due to the molar ratio influence, the nematic phase pre-
vails throughout the binary mixture, which is not the
case in the precursors [31].

3) Similarly, the smectic C mesophase also prevails
throughout the binary mixtures.

4) As the molar ratio of KGA + 6 BAO dominates, suppres-
sion/annihilation of smectic G mesophase is observed.

5) Nematic inducement temperature fairly increases when
compared with the precursors, which are attributed to
the molar ratio concentration variation of X and Y pre-
Cursors.

6) Hence, the observation of nematic phase and the
enhancement in the thermal span of the same paved the
way for the numerous applicational utilities based on
this orientational mesophase.

3.6 Energy Equivalence of Binary Mixtures

In order to use the binary mixture for the wide applicational
aspect, it is necessary to investigate the energy possessed
by the system for better performance [45, 46]. Hence, based
on the DSC thermograms obtained for KGA +6BAO and
KGA + 12 BAO binary mixtures, the energy in and energy
out of the system is validated through the thermodynamical
law. The internal energy possessed by the binary mixtures
in the heating run equals the internal energy possessed by
the binary mixtures in the cooling run. Thus, the system
remains thermally stable [31]. Enthalpy values possessed by
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Table 3 Thermal energy equilibrium possessed by KGA +6BAO and
KGA + 12BAO binary mixtures

Molar ratio
X=KGA +6BAO

Thermal equilibrium

Y=KGA + 12BAO Heating_clycle Cooling_(lzycle
AH(J g™ AC(Jg™)

01X:09Y 65.91 65.3

03X:07Y 25.04 28.17

05X:05Y 25.13 20.41

07X:03Y 19.06 15.38

09X:0.1Y 41.45 52.31

Table 4 Thermal stability factor for mesophases

Molar ratio N C G

X=KGA +6BAO

Y=KGA +12BAO

0.1X:09Y 508.76 1127.95 4657.14

03X:07Y 749.36 4662.87 1789.46

05X:05Y 866.65 6441.96 -

07X:03Y 1861.34 7415.63 -

09X:01Y 717.08 5324.92 -

the individual phase transitions are cumulated and compared
in both heating and cooling runs. Meagre variation in the
magnitude of the internal energy is attributed to the nature
of the phase transition that occurs in the thermal run. Table 3
portrays the energy equivalence of all the KGA + 6BAO and
KGA + 12 BAO binary mixtures.

3.7 Thermal stability factor

Physicochemical investigation includes the analysis of
individual mesophase thermal stability also. This thermal
stability factor refers to the effectiveness of the mesophase
usage for viability [31, 44, 47]. Table 4 reflects the thermal
stability factor achieved for all the mesophases observed in
KGA +6BAO and KGA + 12 BAO binary mixtures. The
magnitude of the stability is arrived at by considering the
thermal range of mesophases and their corresponding onset
and offset temperatures observed in the cooling run of the
DSC thermograms. The product of the thermal range and the
average between the transition temperatures give the ther-
mal stability factor. Data reflected in Table 1 is utilized in
obtaining Table 4.

3.8 Analysis of Order of Phase Transition
The properties possessed by the mesophases are also influ-

enced by the order of transition exhibited by them. Vari-
ous techniques have been adopted by the researchers in

Table 5 Order of phase transition observed in binary mixtures

Molar ratio Phase vari- Ratio Order of transition

X=KGA +6BAO ance

Y=KGA +12BAO

0.1X:09Y N 2.08 Second
C 2.08 Second
G 2.13 Second

03X:07Y N 1.64 Second
C 1.80 Second
G 1.81 Second

05X:05Y N 1.68 Second
C 1.81 Second

07X:03Y N 0.39 First
C 0.75 First

09X:0.1Y N 1.75 Second
C 1.80 Second

Table 6 Mesogenic occupancy of phase variance in binary mixtures

Molar ratio
X=KGA +6BAO

Mesogenic range (%)

Y=KGA +12BAO N C G

01X:09Y 6.3 14.6 79.1
03X:07Y 75 58.4 34.1
05X:05Y 8.6 91.4 ;
07X:03Y 14.4 85.6 -
09X:0.1Y 9.8 90.2 -

calculating the order of transition, and a popular method that
remains valid effectively still is the method followed by Nav-
ard and Cox [48]. Either the sample weight or the scan rate

150

X: KGA + 6 BAO

Y: KGA + 12BAO
1254

-
o
o

1

o

c

~
(3}
1

Percentage / %
a
<

N
a
1

Mole fraction of XinY

Fig.7 Mesophase occupancy in KGA +6BAO and KGA +12BAO
binary mixtures
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of the binary mixture should be doubled, and the peak height
transition possessed by the mesophase is evaluated and fitted
to the equation proposed by Cox. If the magnitude of the

transition lies less than \/ 2, then the order is confirmed to
be first-order transition while if the magnitude is greater than
\/ 2, then the order is claimed to be second-order transition.
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Fig.8 a—e Specific heat curves obtained for KGA + 6BAO and KGA + 12BAO binary mixtures
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Table 5 consolidates the order of transition possessed by
individual mesophases of all the five binary mixtures pre-
pared from KGA + 6BAO and KGA + 12 BAO precursors.

3.9 Mesogenic Range of Binary Mixtures

From the above analysis, it is clearly noticed that the nematic
phase prevails throughout the KGA +6BAO and KGA + 12
BAO binary mixtures irrespective of the phase variance
observed in the precursors due to the molar ratio influence.
Table 6 reflects the mesogenic range of individual phase
transitions in terms of percentage, which elevates the utility
of the particular mesophase. A fair magnitude of nematic
phase noticed dominates the applicational utility of the
prepared binary mixtures. Figure 7 portrays the graphical
representation of the mesogenic range observed in the five
binary mixtures.

3.10 Specific Heat Capacity of the Binary Mixtures

DSC thermogram data obtained for an empty pan, refer-
ence, and the sample are considered for deriving the specific
heat capacity [44, 49] of KGA +6BAO and KGA +12 BAO
binary mixtures. This thermal property affects the thermal
utility of the prepared binary mixtures. The ASTM E1269-
05.4 method is used in obtaining the specific heat curves of
the binary mixtures in the cooling run, which includes the
mass of the specimen, sample, and reference; the rate of
heating; and the heat flow difference. The specific heat curve
obtained is identical to the DSC thermograms, thus validat-
ing the method adopted and reflecting the heat capacity pos-
sessed by the individual mesophase transition. Figure 8 a—e
reflect the specific heat curves obtained for all five binary
mixtures, and the correlation between the DSC thermogram
validates the technique and the thermodynamical law.

4 Conclusion

Five binary mixtures are prepared from KGA +6BAO and
KGA + 12BAO precursors whose phase polymorphism has
been influenced by molar ratio variation. Physicochemi-
cal analysis of the binary mixtures is carried out through
different investigations. Surface morphology investigation
exhibiting the combination of sheet- and rod-like structures
in a uniform manner, which is a token of evidence for the
binary mixtures prepared to exhibit uniform optical and
thermal properties. Three mesophases, namely, nematic,
smectic C, and smectic G, are observed in the POM analy-
sis. Confirmation of intermolecular complementary hydro-
gen bonding and the formation of mesogenic complex upon
complexation is the fundamental chemical characterization

carried out through FTIR analysis. In the endothermic run,
three intense peaks are observed that are assigned to crystal
to melt transition, smectic G to smectic C transition, and
smectic C to nematic phase transition, respectively. In the
exothermic run of the same binary mixture, four intense
peaks are noticed that correspond to isotropic to nematic,
nematic to smectic C, smectic C to smectic G, and smectic
G to crystal phase transitions, respectively, obtained through
DSC, which reflects the chemical and thermal stability of
the binary mixtures. Nematic phase prevails throughout the
series, which is not the case in precursors.
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