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Abstract: The thermal stability and mesomorphic behavior of a new biphenyl azomethine liquid
crystal homologues series, (E)-4-(([1,1′-biphenyl]-4-ylmethylene)amino)phenyl 4-(alkoxy)benzoate,
In, were investigated. The chemical structures of the synthesized compounds were characterized
using FT-IR, NMR, and elemental analyses. Differential scanning calorimetry (DSC) and polarized
optical microscopy were employed to evaluate the mesomorphic characteristics of the designed
homologues. The examined homologues possessed high thermal stability and broad nematogenic
temperature ranges. Furthermore, the homologues were covered by enantiotropic nematic phases.
The experimental measurements of the mesomorphic behavior were substantiated by computational
studies using the density functional theory (DFT) approach. The reactivity parameters, dipole
moments, and polarizability of the studied molecules are discussed. The theoretical calculations
demonstrated that as the chain length increased, the polarizability of the studied series increased;
while it did not significantly affect the HOMO–LUMO energy gap and other reactivity descriptors,
the biphenyl moiety had an essential impact on the stability of the possible geometries and their
thermal as well as physical parameters.

Keywords: biphenyl liquid crystals; thermal stability; nematic phase; DFT; optimized structures

1. Introduction

To understand the relationship between liquid crystals’ (LCs) chemical structures and
mesomorphic properties, there has been extensive research on various homologous series of
azomethine/esters [1–5]. Organic compounds’ mesophase stability and temperature range
are predominantly results of their molecular shape, i.e., slight changes in the molecular
geometry lead to major shifts in the mesomorphic behavior. [6]. In the rigid core of the
molecule, the Schiff base (azomethine group) functions as a linking group. In spite of the
azomethine group’s stepped structure, its linearity is retained, which makes it more stable
and allows the development of the mesophase. [7].
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The symmetrical and non-symmetrical configurations of the LC molecule are deter-
mined by the number of aromatic rings, the length of the terminal alkyl chains, the nature
of the mesogenic core, and the variations in polar spacers in the expanded wings. [8].
It has been reported that various materials with two or three rings are possible, as well
as molecules that can have non-symmetrical shapes and core units with one or two dis-
tinct connections. [9,10]. Furthermore, the azomethine/ester homologues have recently
instructed the identification of twist-bend smectic phases [11,12]. The mesophase behavior
of non-symmetrical biphenyl derivatives [13,14] has been recently explored. Moreover, the
addition of a new connecting group and a change to the rigid component stabilized the
mesomorphic behavior and may have resulted in the development of new phases [15,16].

A twist-bend nematic phase has been observed in several Schiff bases, low-molecular-
mass liquid crystals [17–20]. Recent studies have been conducted on syntheses and research
activities in this area [8,21–25]. On the other hand, a wide range of terminal substituents,
such as small polar compact substituents and alkoxy chains, are employed [26–30]. Vari-
able mesomorphic properties can be promoted by polar substituents with strong dipole
moments [31]. Both mesophase stability and melting temperatures are improved by an
increased dipole moment [32]. LC mesophases are influenced by the length of the terminal
alkoxy chain in terms of their formation, type, thermal stability, and temperature range.
The mesogenic part, terminal, and flexible groups are all chosen when developing new
thermotropic LCs [33]. Calamitic LC, therefore, exhibits mainly mesomorphic properties
depending on their molecular structure. The physical or thermal properties of the forming
mesomorphic material are also influenced by the incorporation of a high polar small size lat-
eral group into the main architecture of the molecule, such as the polarizability and dipole
moment [34,35]. As the -CH2- and -CH3 numbers in the terminal chain change from odd
to even in LC mesophases, the conformation of the alkyl terminal chain causes significant
changes in the thermal and physical properties; this effect is known as the odd–even effect
in a series [36]. In the terminal alkyl chain, compounds with an odd number of C atoms are
more flexible than those with an even number of CH2 units. As a result of this tendency,
LC materials have a less uniform orientation [37]. Furthermore, odd and even numbers of
C atoms in the total chain length result in different macroscopic characteristics [37,38]. As
a result, the odd–even effect [39] provides a novel option for optimizing mesophase and
optical properties.

The current work focused on the biphenyl liquid crystalline derivatives with the
azomethine/ester as core linkages to fully understand the structure–property relation-
ship. In more recent structure–property relationship investigations of calamitic LCs, we
increased the rigidity part of the molecular structure by increasing the number of benzene
rings of rode-like molecules by inserting a biphenyl group into the molecular skeleton.
The free rotation in biphenyl rings enhanced the flexibility of the molecules, which in-
spired us to design a new liquid crystalline series containing the biphenyl moiety to study
the effect of the molecular flexibility on the physical and thermal properties of formed
mesophases. From this aspect, the main objective of our current research is to synthesize
a new geometrical structure consisting of four rigid rings with Schiff base/ester linkages
and terminal alkoxy chains of various lengths (n). Three ring analogues were described
in our prior study [40], and their mesophase behavior was examined. The new biphenyl
series (with four benzene rings) was shown to have wider N temperature ranges than the
previously studied three-ring homologues [40]. An experimental and theoretical study
was conducted to determine whether the length of the terminal groups and the mesogenic
core structure affected the behavior of the mesophase transition of biphenyl homologous,
namely (E)-4-(([1,1′-biphenyl]-4-ylmethylene)amino)phenyl 4-(alkoxy)benzoate (In).
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2. Results and Discussion
2.1. Liquid Crystalline Behavior of Series, In

In this study, the mesomorphism of the synthesized series (In) was examined. Accord-
ing to the measurements made by the DSC, Table 1 collects the transition temperatures and
enthalpies obtained. Using the DSC values derived from a second heating/cooling cycle,
we tested the stability of the prepared compounds. Figure 1 shows the DSC curve for the
synthesized homologue I10, generated by heating and cooling scans. Two endothermic
peaks were observed on heating the homologue, which were designated to the Cr-to-N and
N-to-isotropic transitions, while two exothermic peaks were seen on cooling, as shown in
Figure 1. The DSC data were confirmed by the POM investigations. The DSC data were
also corroborated by the POM textures. The POM revealed schlieren textures of the nematic
(N) phase (Figure 2). As shown in Figures 1 and 2, all homologues had enantiotropic
monomorphic properties. Figure 3 depicts the DSC transition temperatures graphically to
examine the terminal flexible chain effect on the mesophase behavior of the investigated
structures (In). As demonstrated in Table 1 and Figure 3, the current series (In) were all
enantiotropic having high thermal transitions and broad mesomorphic ranges. The type of
linking groups determines the mesomorphic behavior and the terminal chain length, in
general, determines the mesomorphic behavior for any designed LC architecture [41–45].
The melting points (Cr–to–nematic) followed a random pattern, as illustrated in Table 1
and Figure 3. The lowest melting point (Cr-N = 113.5 ◦C) was observed for homologue I10,
while the homologue I6 had the highest melting point (Cr-N = 135.8 ◦C). The synthesized
group exhibited purely N mesophases, and the N phase stability increased with n. The in-
teraction between the mesogenic units was reduced as the chain length increased, lowering
the N-I transition temperature, as previously described [43–45].

Table 1. Transition temperatures of phases (◦C), (enthalpy ∆H, kJ/mole), mesomorphic range (∆T),
and normalized entropy, ∆S/R of transition for series In.

Comp. TCr-N ∆HCr-N TN-I ∆HN-I ∆TN ∆SN-I/R

I6 135.8 43.72 244.3 1.99 108.50 0.46
I8 130.5 45.08 226.8 1.87 96.30 0.45

I10 113.5 39.88 196.2 1.95 82.70 0.50
I12 115.8 41.79 193.3 1.91 77.50 0.49

Cr-N = solid to nematic transition. N-I = Nematic to the isotropic phase transition.

In general, the mesophase behavior is governed to a large extent by the polarity and/or
polarizability of the mesogenic core of molecules. The examined mesomorphic temperature
range of the In series (∆TN) decreased with n, as shown in Table 1 and Figure 3. In
comparison to the other members, homologue I6 had the highest nematogenic temperature
range and stability, whereas homologue I12 had the shortest N temperature range and
thermal stability. The present results revealed that the stability of the produced mesophases
increased with increasing the molecular anisotropy, which resulted from changing the
mesogenic core of the molecule. On the other hand, the nature, stability, and temperature
range of the formed mesophases were affected by the terminal group length. Finally, the
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geometrical parameters of the prepared derivatives enhanced the production of a broad N
mesomorphic range.
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The mesomorphic properties of rod-like molecules are influenced by their aspect ratio,
dipole moment, polarizability, and competitive contact between terminal moieties. That is,
mesomeric configurations influence molecular geometry, which has an essential effect on
molecular–molecular interactions. The lateral attraction between the long alkoxy-chains
(n) on the planar molecules, enforced by the molecular aggregation between calamitic
molecules, has been shown to affect the thermal stability of mesophases. In addition, the
end-to-end interactions between terminal flexible chains differ based on the mesomeric
effects. The mesomorphic properties of components are influenced by these parameters in
different ratios.

For the series In, the transition normalized entropy changes (∆SN-I/R) were calculated
and are included in Table 1. The entropy values were observed to be in irregular correlation
with the alkoxy terminal chain length n. The broad temperature ranges in the mesophase
can be explained by the increase in the end-to-end aggregations of the molecules as the
alkoxy chain’s terminal length increases, resulting in an irregular interaction. Furthermore,
the slight entropy variations seen for the investigated compounds could be attributed to
congruent weak conjugative interactions between both of the mesogenic cores that were
connected in contraposition to each other to the molecule’s central azomethine group [46].

2.2. DFT Studies

The optimized structures of the homologous series I6, I8, I10, and I12 are shown in
Figure 4, and the energetics, as well as the thermodynamic parameters, are presented in
Table 2. Figure 4 reveals that all structures were semilinear but with two terminal benzene
moieties that were out of the molecular plane by around 32◦ and 36◦ affecting the planarity
of the molecules. Planarity plays an essential role in the packing degree of the molecules in
the condensed liquid crystalline phase. In addition, the coplanarity of the liquid crystals
has a significant effect on the mesophase behavior. Therefore, the small twist angle of
the terminal benzene rings enhanced the molecular planarity that boosted the molecular
packing in the condensed liquid crystalline phase. The results showed that the geometry,
specifically, the molecular planarity did not vary significantly upon adding a longer alkoxy
chain. Our results show a good way of predicting the preferred molecular structure in the
gas phase; however, the presence of these compounds in the condensed liquid crystalline
phases may exhibit some deviations [47].
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Figure 4. The optimized geometries of the studied compounds In.

Table 2. The energetics and thermodynamical parameters (in Hartree) of the optimized structures at
the B3LYP/6-31+G(d,p) level of theory.

E0 E298 H298 G298

I6 −1518.069423 −1518.036426 −1518.035482 −1518.141578
I8 −1596.647410 −1596.611662 −1596.610718 −1596.723890
I10 −1675.225375 −1675.186884 −1675.185940 −1675.306220
I12 −1753.803278 −1753.762061 −1753.761117 −1753.888488

The molecular polarizabilities and dipole moments are important parameters in char-
acterizing liquid crystalline substances by understanding and quantifying intermolecular
interactions [48]. The polarizability and dipole moments for the In series were computed at
the same level of theory and are presented in Table 3. The results revealed that the polariz-
ability increased with increasing the chain length ranging from 472 to 547 Bohr3. Elongated
molecules have electrons that are moved easily, which increases their polarizability and,
thus, strengthen the dispersion forces leading to an increase in melting and boiling points.
On the other hand, small, compact, and symmetrical molecules are less polarizable with
weaker dispersion forces.
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Table 3. Various quantum chemical parameters for the optimized structures of the studied molecules
at B3LYP/6-31+G(d,p) level of theory.

E (a.u) I6 I8 I10 I12

Dipole moment (D) 2.359 2.402 2.426 2.442
Polarizability (α) 472.08 497.42 522.50 547.42

EHOMO (eV) −5.950 −5.948 −5.948 −5.948
ELUMO (eV) −2.019 −2.018 −2.019 −2.019

∆E (eV) 3.931 3.930 3.929 3.929
χ (eV) 3.984 3.983 3.983 3.983
η (eV) 1.965 1.965 1.964 1.964
σ (eV−1) 0.508 0.508 0.509 0.509
µ (eV) −3.984 −3.983 −3.983 −3.983

S (eV−1) 0.254 0.254 0.254 0.254
ω (eV) 4.038 4.036 4.038 4.038
∆Nmax 2.027 2.027 2.028 2.028

To study the effect of the terminal length on the stability of the molecules, the ther-
mal energy of the calculated structures was correlated to the experimentally established
mesophase stability values as well as the length of the alkoxy chains (Figure 5). As the
length of the alkoxy chain became longer, the stability of mesophase decreased. The strong
stacking of the aromatic rings as well as the aggregation of the alkoxy chains could explain
these findings. In regard to the stacking of the benzene rings, the strength of the aggregation
increased as the number of alkoxy chains increased.
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Frontier molecular orbitals (FMO) provide a reasonable qualitative indication of the
excitation and electron transport properties of molecular characteristics, such as stability
and optical properties. [48–51]. Molecular energy levels of the highest occupied (HOMO)
and the lowest unoccupied (LUMO) orbitals determine the energy gap that reveals the
characters of the molecule’s electron donors and acceptors. The HOMO–LUMO gap (∆E)
is a remarkable parameter to predict the nonlinear optical properties (NLO) of molecu-
lar systems. A low ∆E value is characteristic of materials that are less stable but easily
polarizable indicating easier electronic transition and, hence, better NLO properties of a
molecule [51]. A large energy gap is related to insulation properties and high molecular
stability. In the case of the studied molecules, the HOMO and LUMO energy values did
not show any meaningful dependence on the terminal length of the attached alkoxy chain,
as their values were similar in all the studied molecules. Consequently, the energy gap
width was not influenced by the polarization of terminal groups. Additionally, the absolute
electronegativity, χ, chemical potentials, µ, absolute hardness, η, absolute softness, σ, global
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electrophilicity, ω, global softness, S, and the additional electronic charge, ∆Nmax, were
calculated from the HOMO and LUMO energies (Table 3) to give indications of the stability
and reactivity of the molecules studied. Hardness is one of the most common and useful
parameters that help in understanding the behavior and reactivates of molecules and can be
considered a measure of the stability of molecules. It is coupled with the softness, electronic
chemical potential, or absolute electronegativity in this regard [52,53]. The softness (S)
shows the photoelectric sensitivity and the degree of the polarizability of materials [54].
In addition, ∆Nmax measures the number of electrons that can be transferred from the
molecule in reaction; soft molecules would have a large value of ∆Nmax [52]. The calcula-
tions demonstrated that the title molecules had a small HOMO–LUMO energy gap (3.9 eV);
so, it is predicted that the studied molecules are soft and reactive. On the other hand, as
shown in Figure 6, it is clear that the electron densities of the HOMOs and the LUMOs
were mainly localized on the aromatic rings, while there was no apparent impact of the
terminal chains on the distribution of the FMOs’ electron densities. It can be noticed that
both frontier orbitals had the same shape in all the studied molecules.

Molecules 2022, 27, x FOR PEER REVIEW 8 of 13 
 

 

Frontier molecular orbitals (FMO) provide a reasonable qualitative indication of the 
excitation and electron transport properties of molecular characteristics, such as stability 
and optical properties. [48–51]. Molecular energy levels of the highest occupied (HOMO) 
and the lowest unoccupied (LUMO) orbitals determine the energy gap that reveals the 
characters of the molecule's electron donors and acceptors. The HOMO–LUMO gap (ΔE) 
is a remarkable parameter to predict the nonlinear optical properties (NLO) of molecular 
systems. A low ΔE value is characteristic of materials that are less stable but easily polar-
izable indicating easier electronic transition and, hence, better NLO properties of a mole-
cule [51]. A large energy gap is related to insulation properties and high molecular stabil-
ity. In the case of the studied molecules, the HOMO and LUMO energy values did not 
show any meaningful dependence on the terminal length of the attached alkoxy chain, as 
their values were similar in all the studied molecules. Consequently, the energy gap width 
was not influenced by the polarization of terminal groups. Additionally, the absolute elec-
tronegativity, χ, chemical potentials, , absolute hardness, η, absolute softness, σ, global 
electrophilicity, ω, global softness, S, and the additional electronic charge, ΔNmax, were 
calculated from the HOMO and LUMO energies (Table 3) to give indications of the stabil-
ity and reactivity of the molecules studied. Hardness is one of the most common and use-
ful parameters that help in understanding the behavior and reactivates of molecules and 
can be considered a measure of the stability of molecules. It is coupled with the softness, 
electronic chemical potential, or absolute electronegativity in this regard [52,53]. The soft-
ness (S) shows the photoelectric sensitivity and the degree of the polarizability of materi-
als [54]. In addition, ΔNmax measures the number of electrons that can be transferred from 
the molecule in reaction; soft molecules would have a large value of ΔNmax [52]. The cal-
culations demonstrated that the title molecules had a small HOMO–LUMO energy gap 
(3.9 eV); so, it is predicted that the studied molecules are soft and reactive. On the other 
hand, as shown in Figure 6, it is clear that the electron densities of the HOMOs and the 
LUMOs were mainly localized on the aromatic rings, while there was no apparent impact 
of the terminal chains on the distribution of the FMOs’ electron densities. It can be noticed 
that both frontier orbitals had the same shape in all the studied molecules. 

 
Figure 6. The FMOs for the prepared In series calculated at the B3LYP/6-31+G(d,p) level of theory. 

The molecular electrostatic potential energy surface (MEP), which illustrates the elec-
tronic density distribution, is a valuable parameter that sheds some light on the 

Figure 6. The FMOs for the prepared In series calculated at the B3LYP/6-31+G(d,p) level of theory.

The molecular electrostatic potential energy surface (MEP), which illustrates the elec-
tronic density distribution, is a valuable parameter that sheds some light on the electrophilic
and nucleophilic centers in a chemical compound. Moreover, it describes the hydrogen-
bonding between molecules [49,50]. The MEP of the In series has been calculated using the
geometries of the compounds optimized at B3LYP/6-31+G(d,p). The negative sites (red) of
the MEP are characterized by a greater electron density and are related to the nucleophilic
reactivity. The positive sites (green or blue) are the area of low electron density and are
associated with the electrophilicity. The potential energy range of the potential map was
found to be − 5.221e−2 esu to + 5.221e−2 esu. In all the In series, as shown in Figure 7, the
O and N centers had high electron density and represented the nucleophilic part, while
low electron density was observed around the alkyl chain.



Molecules 2022, 27, 4150 9 of 13

Molecules 2022, 27, x FOR PEER REVIEW 9 of 13 
 

 

electrophilic and nucleophilic centers in a chemical compound. Moreover, it describes the 
hydrogen-bonding between molecules [49,50]. The MEP of the In series has been calcu-
lated using the geometries of the compounds optimized at B3LYP/6-31+G(d,p). The nega-
tive sites (red) of the MEP are characterized by a greater electron density and are related 
to the nucleophilic reactivity. The positive sites (green or blue) are the area of low electron 
density and are associated with the electrophilicity. The potential energy range of the po-
tential map was found to be − 5.221e-2 esu to + 5.221e-2 esu. In all the In series, as shown in 
Figure 7, the O and N centers had high electron density and represented the nucleophilic 
part, while low electron density was observed around the alkyl chain. 

 
I6 

 
I8 

 
I10 

 
I12 

Figure 7. The molecular electrostatic potentials of the prepared I6, I8, I10, and I12. 

  

Figure 7. The molecular electrostatic potentials of the prepared I6, I8, I10, and I12.

3. Experiments
Synthesis

The new derivatives In were prepared according to Scheme 1:



Molecules 2022, 27, 4150 10 of 13

Molecules 2022, 27, x FOR PEER REVIEW 10 of 13 
 

 

3. Experiments 
3.1. Synthesis 

The new derivatives In were prepared according to Scheme 1: 

 
Scheme 1. Synthesis of 4-(([1,1’-biphenyl]-4-ylmethylene)amino)phenyl 4-(alkoxy)benzoate, In. 

The details of preparations are provided in Supplementary Materials. 

4. Computational Characterization 
Computational DFT calculations [55,56] were performed at the B3LYP/6-31+G(d,p) 

level combination [57–59] using the Gaussian 16 package [60] to explore the electronic 
properties and energetics of the prepared homologous series (In) of the investigated liquid 
crystals. Geometry optimizations were employed for all the studied compounds, where 
all stationary points on the potential energy surface of the systems were characterized by 
having zero norms. The nature of the optimized geometries was investigated by frequency 
calculations at the same level of theory (B3LYP/6-31+G(d,p)) to verify whether those ge-
ometries were minima or transition states on the potential energy surfaces of the studied 
systems. We found no negative eigenvalues in the second derivatives matrices indicating 
that all of the obtained stationary points were minima. The thermodynamic parameters 
such as the electronic energy (E), enthalpy (H), entropy (S), and Gibbs free energy (G) 
were computed employing the B3LYP/6-31+G(d,p) level of theory. The distribution of the 
highest occupied and lowest unoccupied frontier molecular orbitals (HOMO and LUMO, 
respectively) as well as the molecular electrostatic potential (MEP) of the optimized struc-
tures were analyzed. 

The reactivity parameters such as the energy gap (∆E), absolute electronegativity (χ), 
absolute hardness (η), chemical potentials (), global electrophilicity (ω), global softness 
(S), absolute softness (σ), and additional electronic charge (ΔNmax) were calculated as fol-
lows [49,50,61–63]: 

ELUMO—EHOMO 
 = ½ (ELUMO + EHOMO) 
x = − 
η = ½ (E LUMO—EHOMO) 
σ = 1/η 
ω = Pi2/2 η 
S = 1/2η 
ΔNmax = −/η 
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The details of preparations are provided in Supplementary Materials.

4. Computational Characterization

Computational DFT calculations [55,56] were performed at the B3LYP/6-31+G(d,p)
level combination [57–59] using the Gaussian 16 package [60] to explore the electronic
properties and energetics of the prepared homologous series (In) of the investigated liquid
crystals. Geometry optimizations were employed for all the studied compounds, where
all stationary points on the potential energy surface of the systems were characterized by
having zero norms. The nature of the optimized geometries was investigated by frequency
calculations at the same level of theory (B3LYP/6-31+G(d,p)) to verify whether those
geometries were minima or transition states on the potential energy surfaces of the studied
systems. We found no negative eigenvalues in the second derivatives matrices indicating
that all of the obtained stationary points were minima. The thermodynamic parameters
such as the electronic energy (E), enthalpy (H), entropy (S), and Gibbs free energy (G)
were computed employing the B3LYP/6-31+G(d,p) level of theory. The distribution of
the highest occupied and lowest unoccupied frontier molecular orbitals (HOMO and
LUMO, respectively) as well as the molecular electrostatic potential (MEP) of the optimized
structures were analyzed.

The reactivity parameters such as the energy gap (∆E), absolute electronegativity (χ),
absolute hardness (η), chemical potentials ( µ), global electrophilicity (ω), global softness
(S), absolute softness (σ), and additional electronic charge (∆Nmax) were calculated as
follows [49,50,61–63]:

ELUMO—EHOMO

µ =
1
2

(ELUMO + EHOMO)

x = −µ

η =
1
2

(ELUMO—EHOMO)

σ = 1/η

ω = Pi2/2 η

S = 1/2η

∆Nmax = −µ/η
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5. Conclusions

The new biphenyl azomethine liquid crystal homologues series, (E)-4-(([1,1′-biphenyl]-
4-ylmethylene)amino)phenyl 4-(alkoxy)benzoate, was examined experimentally and the-
oretically. FTIR, NMR, and elemental analysis investigations were utilized to affirm the
chemical structures of the synthesized compounds. The mesomorphic characteristics of the
present investigated homologues were carried out by DSC and POM. All of the prepared
derivatives were confirmed to have high thermal mesomorphic stabilities and wide ne-
matogenic temperature ranges with enantiotropic properties. The theoretical calculations
revealed that the polarizability of the title compounds increased with the increase in the
length of the terminal group, while a negligible effect of the chain length on the HOMO–
LUMO energy gap was observed. The reactivity parameters such as the softness, hardness,
and electrophilicity were calculated and predicted that the studied molecules are soft and
reactive. All of the estimated architectures’ thermal parameters, dipole moments, and polar-
izability were examined. As the length of the alkoxy terminal chain varied, the relationships
between the values of these parameters and mesophase stability were highlighted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134150/s1, Figures S1–S5.
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12. Salamończyk, M.; Vaupotič, N.; Pociecha, D.; Walker, R.; Storey, J.; Imrie, C.T.; Wang, C.; Zhu, C.; Gorecka, E. Multi-level chirality
in liquid crystals formed by achiral molecules. Nat. Commun. 2019, 10, 1922. [CrossRef] [PubMed]

13. Imrie, C.T. Non-symmetric liquid crystal dimers: How to make molecules intercalate. Liq. Cryst. 2006, 33, 1449–1485. [CrossRef]
14. Ooi, Y.-H.; Yeap, G.-Y.; Han, C.-C.; Lin, H.-C.; Kubo, K.; Ito, M.M. Synthesis and smectogenic properties of novel phloroglucinol-

based star-shaped liquid crystals containing three peripheral alkyloxylated Schiff base arms. Liq. Cryst. 2013, 40, 516–527.
[CrossRef]

15. Hinojosa, A.R.C.; de Souza, S.P.; Alves, T.V.; dos Santos, I.T.O.; Silva, E.O.; Gonçalves, I.L.; Merlo, A.A.; Junkes, C.F.; Bechtold, I.H.;
Vieira, A.A. Shining rings: The effect of the rigid core and benzazole heterocycles on the properties of luminescent calamitic
liquid crystals. J. Mol. Liq. 2021, 338, 116614. [CrossRef]

16. Alhaddad, O.A.; Khushaim, M.S.; Gomh, S.M.; Ahmed, H.A.; Naoum, M.M. Mesophase behavior of four ring es-
ter/azomethine/ester liquid crystals in pure and mixed states. Liq. Cryst. 2022, 49, 1–8. [CrossRef]

17. Paterson, D.A.; Crawford, C.A.; Pociecha, D.; Walker, R.; Storey, J.M.; Gorecka, E.; Imrie, C.T. The role of a terminal
chain in promoting the twist-bend nematic phase: The synthesis and characterisation of the 1-(4-cyanobiphenyl-4′-yl)-6-(4-
alkyloxyanilinebenzylidene-4′-oxy) hexanes. Liq. Cryst. 2018, 45, 2341–2351. [CrossRef]

18. Walker, R.; Pociecha, D.; Strachan, G.J.; Storey, J.M.; Gorecka, E.; Imrie, C.T. Molecular curvature, specific intermolecu-
lar interactions and the twist-bend nematic phase: The synthesis and characterisation of the 1-(4-cyanobiphenyl-4′-yl)-6-(4-
alkylanilinebenzylidene-4′-oxy) hexanes (CB6O. m). Soft Matter 2019, 15, 3188–3197. [CrossRef]

19. Walker, R.; Majewska, M.; Pociecha, D.; Makal, A.; Storey, J.M.; Gorecka, E.; Imrie, C.T. Twist-bend nematic glasses: The synthesis
and characterisation of pyrene-based nonsymmetric dimers. ChemPhysChem 2021, 22, 461–470. [CrossRef]

20. Forsyth, E.; Paterson, D.A.; Cruickshank, E.; Strachan, G.J.; Gorecka, E.; Walker, R.; Storey, J.M.; Imrie, C.T. Liquid crystal dimers
and the twist-bend nematic phase: On the role of spacers and terminal alkyl chains. J. Mol. Liq. 2020, 320, 114391. [CrossRef]

21. Alamro, F.S.; Al-Kadhi, N.S.; Gomha, S.M.; Popoola, S.A.; Khushaim, M.S.; Alhaddad, O.A.; Ahmed, H.A. Experimental and
Theoretical Investigations of Three-Ring Ester/Azomethine Materials. Materials 2022, 15, 2312. [CrossRef] [PubMed]

22. Al-Mutabagani, L.A.; Alshabanah, L.A.; Ahmed, H.A.; El-Atawy, M.A. Synthesis, optical and DFT characterizations of laterally
fluorinated phenyl cinnamate liquid crystal non-symmetric system. Symmetry 2021, 13, 1145. [CrossRef]

23. Alamro, F.S.; Ahmed, H.A.; Bedowr, N.S.; Khushaim, M.S.; El-Atawy, M.A. New Advanced Liquid Crystalline Materials Bearing
Bis-Azomethine as Central Spacer. Polymers 2022, 14, 1256. [CrossRef]

24. Khushaim, M.S.; Alalawy, H.H.; Naoum, M.M.; Ahmed, H.A. Experimental and computational simulations of nematogenic liquid
crystals based on cinnamic acid in pure and mixed state. Liq. Cryst. 2021, 48, 1493–1504. [CrossRef]

25. Alamro, F.S.; Ahmed, H.A.; El-Atawy, M.A.; Al-Zahrani, S.A.; Omar, A.Z. Induced Nematic Phase of New Synthesized Laterally
Fluorinated Azo/Ester Derivatives. Molecules 2021, 26, 4546. [CrossRef] [PubMed]

26. Mandle, R.J.; Sebastián, N.; Martinez-Perdiguero, J.; Mertelj, A. On the molecular origins of the ferroelectric splay nematic phase.
Nat. Commun. 2021, 12, 4962. [CrossRef] [PubMed]

27. Mandle, R.J.; Cowling, S.J.; Goodby, J.W. Rational Design of Rod-Like Liquid Crystals Exhibiting Two Nematic Phases. Chem. A
Eur. J. 2017, 23, 14554–14562. [CrossRef]

28. Manabe, A.; Bremer, M.; Kraska, M. Ferroelectric nematic phase at and below room temperature. Liq. Cryst. 2021, 48, 1079–1086.
[CrossRef]

29. Brown, S.; Cruickshank, E.; Storey, J.M.; Imrie, C.T.; Pociecha, D.; Majewska, M.; Makal, A.; Gorecka, E. Multiple Polar and
Non-polar Nematic Phases. ChemPhysChem 2021, 22, 2506–2510. [CrossRef]

30. Dunmur, D.; Toriyama, K. Handbook of Liquid Crystals; Demus, D., Goodby, J., Gray, G.W., Spiess, H.W., Vill, V., Eds.; Wiley-VCH:
Weinheim, Germany, 1998; p. 341.

31. Kelker, H.; Scheurle, B. Eine flüssig-kristalline (nematische) Phase mit besonders niedrigem Erstarrungspunkt. Angew. Chem.
1969, 81, 903–904. [CrossRef]

32. Goodby, J.W. Nano-objects-sculpting and shape in molecular material design (The Pierre Gilles de Gennes ILCS prize lecture).
Liq. Cryst. 2019, 46, 1901–1924. [CrossRef]

33. Mandle, R.J.; Stock, N.; Cowling, S.J.; Parker, R.R.; Hart, S.; Whitwood, A.C.; Goodby, J.W. Condensation of free volume in
structures of nematic and hexatic liquid crystals. Liq. Cryst. 2019, 46, 114–123. [CrossRef]

34. El-Atawy, M.A.; Alhaddad, O.A.; Ahmed, H.A. Experimental and geometrical structure characterizations of new synthesized
laterally fluorinated nematogenic system. Liq. Cryst. 2021, 48, 2106–2116. [CrossRef]

http://doi.org/10.1080/02678292.2018.1488280
http://doi.org/10.3390/polym13111687
http://doi.org/10.1039/C4SM01829J
http://doi.org/10.3390/molecules26071927
http://doi.org/10.1038/s41467-017-02626-6
http://www.ncbi.nlm.nih.gov/pubmed/29335413
http://doi.org/10.1038/s41467-019-09862-y
http://www.ncbi.nlm.nih.gov/pubmed/31015460
http://doi.org/10.1080/02678290601140498
http://doi.org/10.1080/02678292.2012.761734
http://doi.org/10.1016/j.molliq.2021.116614
http://doi.org/10.1080/02678292.2022.2037768
http://doi.org/10.1080/02678292.2018.1525503
http://doi.org/10.1039/C9SM00026G
http://doi.org/10.1002/cphc.202000993
http://doi.org/10.1016/j.molliq.2020.114391
http://doi.org/10.3390/ma15062312
http://www.ncbi.nlm.nih.gov/pubmed/35329764
http://doi.org/10.3390/sym13071145
http://doi.org/10.3390/polym14061256
http://doi.org/10.1080/02678292.2021.1881832
http://doi.org/10.3390/molecules26154546
http://www.ncbi.nlm.nih.gov/pubmed/34361699
http://doi.org/10.1038/s41467-021-25231-0
http://www.ncbi.nlm.nih.gov/pubmed/34400645
http://doi.org/10.1002/chem.201702742
http://doi.org/10.1080/02678292.2021.1921867
http://doi.org/10.1002/cphc.202100644
http://doi.org/10.1002/ange.19690812213
http://doi.org/10.1080/02678292.2019.1643508
http://doi.org/10.1080/02678292.2018.1475686
http://doi.org/10.1080/02678292.2021.1929529


Molecules 2022, 27, 4150 13 of 13

35. Ahmed, H.A.; El-Atawy, M.A. Synthesis, mesomorphic and geometrical approaches of new non-symmetrical system based on
central naphthalene moiety. Liq. Cryst. 2021, 48, 1940–1952. [CrossRef]

36. Capar, M.I.; Cebe, E. Molecular dynamic study of the odd-even effect in some 4-n-alkyl-40-cyanobiphenyls. Phys. Rev. E 2006, 73, 061711.
[CrossRef]

37. Capar, M.I.; Cebe, E. Odd–even effects in the homologous series of alkyl-cyanobiphenyl liquid crystals: A molecular dynamic
study. J. Comput. Chem. 2007, 28, 2140–2146. [CrossRef]

38. Imrie, C.T.; Henderson, P.A. Liquid crystal dimers and higher oligomers: Between monomers and polymers. Chem. Soc. Rev. 2007,
36, 2096–2124. [CrossRef]

39. Saha, R.; Babakhanova, G.; Parsouzi, Z.; Rajabi, M.; Gyawali, P.; Welch, C.; Jákli, A. Oligomeric odd-even effect in liquid crystals.
Mater. Horiz. 2019, 6, 1905–1912. [CrossRef]

40. Hagar, M.; Ahmed, H.A.; Saad, G.R. Synthesis and mesophase behaviour of Schiff base/ester 4-(arylideneamino) phenyl-4′′-alkoxy
benzoates and their binary mixtures. J. Mol. Liq. 2019, 273, 266–273. [CrossRef]

41. Alamro, F.S.; Ahmed, H.A.; Mostafa, A.M.; Naoum, M.M. Thermal and Mesomorphic Investigations of 1:1 Supramolecular
Assemblies of 4-[(4-(n-Alkoxy) phenylimino) methyl] benzoic Acids Having Symmetrical and Un-Symmetrical Terminal Chain
Lengths. Symmetry 2021, 13, 1785. [CrossRef]

42. Alamro, F.S.; Ahmed, H.A.; Popoola, S.A.; Aboelnaga, A. Synthesis, Phase Behavior and Computational Simulations of a
Pyridyl-Based Liquid Crystal System. Molecules 2021, 26, 6416. [CrossRef] [PubMed]

43. Gray, G.W. Molecular Structure and The Properties of Liquid Crystals; Academic Press: Cambridge, MA, USA, 1962.
44. Imrie, C.; Taylor, L. The preparation and properties of low molar mass liquid crystals possessing lateral alkyl chains. Liq. Cryst.

1989, 6, 1–10. [CrossRef]
45. Walker, R.; Pociecha, D.; Storey, J.M.; Gorecka, E.; Imrie, C.T. Remarkable smectic phase behaviour in odd-membered liquid

crystal dimers: The CT6O. m series. J. Mater. Chem. C 2021, 9, 5167–5173. [CrossRef]
46. Date, R.; Imrie, C.; Luckhurst, G.; Seddon, J. Smectogenic dimeric liquid crystals. The preparation and properties of the α,ω-bis

(4-n-alkylanilinebenzylidine-4′-oxy) alkanes. Liq. Cryst. 1992, 12, 203–238. [CrossRef]
47. Paterson, D.A.; Abberley, J.P.; Harrison, W.T.; Storey, J.M.; Imrie, C.T. Cyanobiphenyl-based liquid crystal dimers and the

twist-bend nematic phase. Liq. Cryst. 2017, 44, 127–146. [CrossRef]
48. Hickey, A.L.; Rowley, C.N. Benchmarking quantum chemical methods for the calculation of molecular dipole moments and

polarizabilities. J. Phys. Chem. A 2014, 118, 3678–3687. [CrossRef]
49. Emam, S.M.; Tolan, D.A.; El-Nahas, A.M. Synthesis, structural, spectroscopic, and thermal studies of some transition-metal

complexes of a ligand containing the amino mercapto triazole moiety. Appl. Organomet. Chem. 2020, 34, e5591. [CrossRef]
50. Tolan, D.A.; Kashar, T.I.; Yoshizawa, K.; El-Nahas, A.M. Synthesis, spectral characterization, density functional theory studies,

and biological screening of some transition metal complexes of a novel hydrazide–hydrazone ligand of isonicotinic acid. Appl.
Organomet. Chem. 2021, 35, e6205. [CrossRef]

51. Pegu, D.; Deb, J.; Van Alsenoy, C.; Sarkar, U. Theoretical investigation of electronic, vibrational, and nonlinear optical properties
of 4-fluoro-4-hydroxybenzophenone. Spectrosc. Lett. 2017, 50, 232–243. [CrossRef]

52. Pearson, R.G. Chemical hardness and density functional theory. J. Chem. Sci. 2005, 117, 369–377. [CrossRef]
53. Kaya, S.; Kaya, C. A new equation for calculation of chemical hardness of groups and molecules. Mol. Phys. 2015, 113, 1311–1319.

[CrossRef]
54. Zaki, A.A.; Hagar, M.; Alnoman, R.B.; Jaremko, M.; Emwas, A.-H.; Ahmed, H.A. Mesomorphic, Optical and DFT Aspects of Near

to Room-Temperature Calamitic Liquid Crystal. Crystals 2020, 10, 1044. [CrossRef]
55. Parr, R.G.W. Yang Density Functional Theory of Atoms and Molecules; Oxford University Press: Oxford, UK, 1989; Volume 1, p. 1989.
56. Ziegler, T. Approximate density functional theory as a practical tool in molecular energetics and dynamics. Chem. Rev. 1991, 91,

651–667. [CrossRef]
57. Becke, A.D. A new mixing of Hartree–Fock and local density-functional theories. J. Chem. Phys. 1993, 98, 1372–1377. [CrossRef]
58. Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab initio calculation of vibrational absorption and circular dichroism

spectra using density functional force fields. J. Phys. Chem. 1994, 98, 11623–11627. [CrossRef]
59. Parr, R.G.; Yang, W. Density-functional theory of the electronic structure of molecules. Annu. Rev. Phys. Chem. 1995, 46, 701–728.

[CrossRef]
60. Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.

Gaussian 16; Gaussian, Inc.: Wallingford, CT, USA, 2016.
61. Parr, R.G.; Pearson, R.G. Absolute hardness: Companion parameter to absolute electronegativity. J. Am. Chem. Soc. 1983, 105,

7512–7516. [CrossRef]
62. Chattaraj, P.K.; Roy, D.R. Update 1 of: Electrophilicity index. Chem. Rev. 2007, 107, PR46–PR74. [CrossRef]
63. Parr, R.G.; Szentpály, L.v.; Liu, S. Electrophilicity index. J. Am. Chem. Soc. 1999, 121, 1922–1924. [CrossRef]

http://doi.org/10.1080/02678292.2021.1909764
http://doi.org/10.1103/PhysRevE.73.061711
http://doi.org/10.1002/jcc.20704
http://doi.org/10.1039/b714102e
http://doi.org/10.1039/C9MH00428A
http://doi.org/10.1016/j.molliq.2018.10.035
http://doi.org/10.3390/sym13101785
http://doi.org/10.3390/molecules26216416
http://www.ncbi.nlm.nih.gov/pubmed/34770826
http://doi.org/10.1080/02678298908027317
http://doi.org/10.1039/D1TC00904D
http://doi.org/10.1080/02678299208030393
http://doi.org/10.1080/02678292.2016.1274293
http://doi.org/10.1021/jp502475e
http://doi.org/10.1002/aoc.5591
http://doi.org/10.1002/aoc.6205
http://doi.org/10.1080/00387010.2017.1308381
http://doi.org/10.1007/BF02708340
http://doi.org/10.1080/00268976.2014.991771
http://doi.org/10.3390/cryst10111044
http://doi.org/10.1021/cr00005a001
http://doi.org/10.1063/1.464304
http://doi.org/10.1021/j100096a001
http://doi.org/10.1146/annurev.pc.46.100195.003413
http://doi.org/10.1021/ja00364a005
http://doi.org/10.1021/cr078014b
http://doi.org/10.1021/ja983494x

	Introduction 
	Results and Discussion 
	Liquid Crystalline Behavior of Series, In 
	DFT Studies 

	Experiments 
	Computational Characterization 
	Conclusions 
	References

