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Abstract: Schiff base liquid crystals, known as [4-(hexyloxy)phenylimino)methyl]phenyl palmitate 
(IA), [4-(hexyloxy)phenylimino)methyl]phenyl oleate (IIA) and 
[4-(hexyloxy)phenylimino)methyl]phenyl linoleate (IIIA), were synthesized from palmitic, oleic, 
and linoleic natural fatty acids. The prepared compounds have been investigated for their thermal 
and optical behavior as well as phase formation using differential scanning calorimetry (DSC) and 
polarized optical microscopy (POM). Molecular structures of all studied compounds were 
confirmed via elemental analysis, FT-IR, 1H NMR, and 13C NMR. Smectic phase is the observed 
mesophase for all compounds; however, their type and range depend upon the terminal alkanoate 
chains attached to the phenyl ring. Computational calculations, Density functional theory (DFT), 
energy difference of the frontier molecular orbital (FMOs), as well as the thermodynamic 
parameters of different molecular configurations isomers were discussed. It was found that the 
mesophase behavior and the geometrical characteristics were affected by the degree of 
unsaturation of fatty terminal chains. Furthermore, the geometrical structure of the CH=N linkage 
plays an important role in the thermal stability and optical transition temperature. 

Keywords: liquid crystal; Schiff base; fatty acids; alkenyl terminal group; geometrical analysis; DFT 
calculations 
 

1. Introduction 

Optical displays and temperature/humidity sensors are important applications of liquid crystal 
(LC) in the field of instrumentation [1–5]. The most effective features of these materials that must be 
considered to be accessible in devices’ applications are the type of the phase, tilt angle, dielectric 
anisotropy, birefringence anisotropy, switching times, and optical rotation power at convenient 
working temperatures [6]. Structure-activity relationships could be helpful tools to design a material 
to achieve the desired properties for device applications [7–10]. Thus, the choice of the terminal 
substituents, flexible wings, as well as the mesogenic linkages are important criteria in preparation 
of thermotropic LCs for proper characteristic applications. Furthermore, the molecular architecture 
enables some considerable changes in the mesomorphic properties and plays an important role in 
the formation, type, and stability of the observed mesophase [11–18]. Recently, several imino/ester 
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liquid crystal materials have been investigated and studied in terms of their optical activity [19–23]. 
The connected CH=N- linkage to rigid phenyl rings provides a stepped core structure and retains the 
linearity of molecular structure. Thus, it will enhance the stability of the mesophase [24]. Low molar 
mass LCs comprising just a single mesogenic group [7,17,25,26] exhibiting behavior significantly 
differs from molecules having two mesogenic units. Thus, attachment of different small compact 
terminal substituents or alkoxy/alkyl chains will impact the molecular geometry and thermal 
parameters of the designed LCs [27]. Recently, many researchers studied the design of the molecular 
deformation architecture influenced the mesophase formation [28–31], e.g., lattices of free space, 
fibers in twist-bend nematic phase [32,33], and oligomers [7,34–36]. Many of these studies have 
involved the investigation of the impact of terminal substituents on the temperature of phase 
transition [37]. 

It was reported that the mesomorphic properties could be improved by introducing polar 
substituents of strong dipole moments [38]. The high dipole moment enhances the stability of the 
molecular packing in the lattice and thus promotes high melting temperatures [39]. On the other 
hand, the attachment of terminal flexible chains in molecular structure significantly alters their 
optical and thermal characteristics. High parallel arrangement of LCs observed for long terminals 
enhances smectic mesophase formation [40]. Therefore, flexible chains, mesogenic cores, and 
terminal groups play an important role in the designing of new thermotropic liquid crystals [41]. 
Recently, our research interest focused on the investigation of the molecular and conformational 
geometry relationship with the thermal and mesomorphic behavior as well as phase transition 
ranges of the synthesized LC materials [14,17,42–50]. We succeeded at connecting the desired 
properties from experimental data with the estimated parameters by theoretical calculations. 

Three new Schiff base LC compounds of two aromatic rings with terminal substituted 
derivatives (I–III)A have been synthesized (Figure 1). A systematic comparison between the 
prepared compounds that were attached with a linear n-alkyl chain of palmitic acid and 
unsaturated alkenyl chains (oleic and linoleic acids) with different degrees of unsaturation is 
one of the interesting aims of this work. Moreover, the investigation of their mesomorphic 
behavior and molecular configurations that could exist in principle is of interest. The 
photophysical properties of different mesogenic cores were studied. Finally, the effect of the 
fatty chains as well as the geometrical structure of the CH=N on the estimated thermal 
parameters have been discussed. 

N

O

O
O

NO

O
O

4-((E)-[4-(Hexyloxy)phenylimino)methyl]phenyl 
hexadecanoate IA

4-((Z)-[4-(Hexyloxy)phenylimino)methyl]phenyl 
hexadecanoate IB  



Molecules 2019, 24, 4293 3 of 17 

 

N

O

O
O

NO

O
O

4-((E)-9-cis-[4-
(Hexyloxy)phenylimino)methyl]

phenyl octadec-9-enoate
IIA

4-((Z)-9-cis-4-
[(Hexyloxy)phenylimino)methyl]

phenyl octadec-9-enoate 
IIB  

N

O

O
O

NO

O
O

4-((E)-9, 12-cis-[4-
(Hexyloxy)phenylimino)methy

l]phenyloctadeca-9,12-
dienoate  

IIIA

4-((Z)-9, 12-cis-[4-
(Hexyloxy)phenylimino)methyl]p

henyl octadeca-9,12-dienoate 
IIIB

 
Figure 1. Investigated compounds I(A, B), II(A, B), and III(A, B). 

The intermediate A and title compounds (I–III)A were prepared according to the 
following Scheme 1: 
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Scheme 1. Synthesis of [4-(hexyloxy)phenylimino)methyl]phenyl carboxylate (I–III)A. 

2. Results and Discussion 

2.1. Characterization of Compounds (I–III)A 

The FT-IR spectra of all investigated compounds (I–III)A were measured by 
PerkinElmer B25 (PerkinElmer, Inc., Shelton, CT, USA) spectrophotometer. The results of 
FT-IR showed that the length as well as the degree of unsaturation of the carboxylate chain 
do not extensively impact the position of absorption bands of the main characteristic 
functional groups. The absorption peak at 2910–2840 cm−1 is assigned for C–H stretching 
vibration; however, C=O stretching vibration appeared at ~1745 cm−1. On the other hand, 
absorption peak at ~1610 cm−1 is the stretching vibration of C=N functional group, C=C 
stretching vibration appeared at ~1600 cm−1. Peaks at ~1470 and ~1200 cm−1 were assigned for 
C–O asymmetric and symmetric stretching vibration, respectively. 

In fact, Schiff bases are types of compounds that could exist in two forms, E and Z 
isomers; however, the interconversion between them could be achieved either by UV 
irradiation or thermal heating. From the DSC thermograms, there is only observed one 
isomer and we could attribute this due to the transformation of the Z isomer to the other E 
under thermal heating. Obviously, from the NMR spectroscopy the reaction proceeded to 
afford a mixture of two geometrical isomers (E and Z) their ratio 95:5, respectively, (see 
supplementary data). 

2.2. Mesomorphic Investigations 

The transition temperatures, associated enthalpy, and normalized entropy of transitions, as 
measured using DSC, are listed in Table 1. Identified phases are obtained by POM for the new 
synthesized liquid crystal compounds (I–III)A, which are verified by the DSC measurements, and 
some representative examples are shown in Figure 2. Thermograms of DSC for 
[4-(hexyloxy)phenylimino)methyl]phenyl linoleate, IIIA, are shown in Figure 3 upon heating and 
cooling scan with rate 10 °C/min. It is clear from the data in Table 1 and phase transitions in Figure 4 
that all synthesized compounds are mesomorphic with different mesomorphic stability, and their 
stability depends on the fatty acid type. Moreover, all compounds are enantiotropic mesomorphic 
exhibit smectic mesophases. Furthermore, [4-(hexyloxy)phenylimino)methyl]phenyl palmitate, IA, 
is purely smectogenic with narrow smectic C phase range 4.2 °C upon heating. The mesomorphic 
behavior of IIA, [4-(hexyloxy)phenylimino)methyl]phenyl oleate, was affected by the length and the 
unsaturation of its terminal fatty chain. It enhances SmC range of thermal stability higher than the 
saturated compound IA (9.5 °C). In general, the stability of mesophase is augmented by an 
increment in the polarizability and/or polarity of the mesogenic portion of whole molecule. In 
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compound IIIA, the terminal chain is more lengthened and unsaturated rather than compounds IA 
and IIA, so an enhancement in mesophase range was observed. Furthermore, the 
[4-(hexyloxy)phenylimino)methyl]phenyl linoleate, IIIA, is dimorphic exhibiting SmC and SmA 
mesophases. The molecules tend to orientate in a parallel arrangement with an increase in the length 
of the terminal groups [40], which in turn enhances the formation of the smectic A phase. 
Furthermore, the formation of the semectic phase may be attributed to the microphase separation 
between aromatic cores and the fatty acid chains, which becomes more favorable as the terminal 
chain length increases [51,52]. It was reported that [17,53] the dipole moment of the mesogenic part 
of the molecule is affected by the type and stability of the observed mesophase, which is dependent 
on the attached polar substituent and the steric one that varies according to the size and position of 
the terminal group. The observed reduction in the clearing temperature for prepared series provides 
importance of the shape in determining liquid crystal phase behavior. From these observations, it 
seems that the presence of polarizable portion enhances the intermolecular attractions between 
molecules, which in turn affects the mesophase stability. It is also shown from Table 1 and Figure 4 
that melting transition temperatures irregularly vary with the fatty chain length, which are highly 
affected by the degree of unsaturation of the chain of the fatty acid. Esters prepared from oleic and 
linoleic acids produce liquid crystalline compounds with lower melting temperature than the 
palmitic derivative, which is augmented by the length of the saturated fatty chain. A slightly higher 
melting temperature of compound IA with respect to other compounds was rationalized due to the 
unsaturation of the terminal fatty acid chain. The end-to-end intermolecular interactions play an 
important role in determining the smectic-to-isotropic liquid transitions. The development of the 
smectic molecular order is set by the fact that the parallel attractions become stronger, permitting the 
arrangement of the layers to occur a lot; consequently, the smectic-to-isotropic liquid transition is 
enhanced [17]. Association intermolecular interactions that resulted from the conformation changes 
of the terminal hexyloxy and alkenyl chains influenced the smectic phase observations for all 
prepared series. Thus, parallel aggregations for the natural fatty acid derivatives are more 
pronounced than the terminal interactions. 

The normalized entropy changes for clearing transitions were estimated for prepared 
compounds and tabulated in Table 1. As seen from Table 1, the entropy change during phase 
transitions increases regularly with the increment of degree of unsaturation of terminal fatty chain 
that is attributed to their high conjugative interactions with the mesogenic portion of the molecules.  

Table 1. Transition temperatures (T, °C), enthalpy of transitions (∆H, kcal/mol), and normalized 
transition entropy (∆S/R) for compounds (I–III)A. 

Compound TCr-SmC ∆HCr-SmC TSmC-SmA ∆HSmC-SmA TSmC-I ∆HSmC-I TSmA-I ∆HSmA-I ∆S/R 
IA 93.5 10.98 - - 97.7 0.65 - - 0.89 
IIA 67.9 8.39 - - 77.4  0.80 - - 1.14 
IIIA 61.0 8.05 74.0 0.73 - - 83.8 0.88 1.24 
Abbreviations: Cr-SmC = crystal to smectic C transition; SmC-SmA = smectic C to smectic A 
transition; SmC-I = smectic C to isotropic liquid transition; SmA-I = Smectic A to isotropic liquid 
transition. 
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Figure 2. Mesophase textures on heating under Polarized Optical Microscope (POM) of (a) SmC 
phase for compound II at 71.0 °C; and (b) SmA phase for compound III at 80.0 °C. 

 
Figure 3. Differential Scanning Calorimetry (DSC) thermograms for compound IIIA during second 
heating/cooling cycles at rate 10 °C min−1. 
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Figure 4. DSC phase transitions of prepared compounds (I–III)A. 

2.3. Effect of Different Mesogens and Terminal Groups on the Mesophase Behavior 

The effect of the molecular structure changes influences geometrical and mesomorphic 
properties of liquid crystalline materials. The modeling of a molecule that gives clear information of 
how the molecular geometry affects mesomorphic transitions still remains very attractive. The 
comparison between our present compounds and the previously reported related compounds of 
different mesogens and/or different polar terminal derivatives [13,17,54–57] were summarized in 
Table 2. Phase transitions’ comparison of two- and three-ring molecules were made between 
reported derivatives IV, V, VI with our present series (I–III)A. 

Compound IV was prepared by the esterification of palmitic acid with lateral hydroxy Schiff 
bases. It exhibits an enantiotropic SmA phase with a clearing temperature of 111.0 °C. The 
attachment of a lateral OH group to the existing structure IA with short terminal alkoxy chain length 
(-OCH3 instead of -OC6H13) affects the type and stability of the resulted mesophase. In addition, 
higher van der Waals forces influence a higher degree of mesophase stability and consequently 
anisotropy of the molecular polarizability. 

Comparison of a previously reported azo derivative V and present series (I–III)A reveals that 
the only difference is a mesogenic core (CH=N instead of N=N) benzene rings with shorter alkoxy 
chains. It was found that the Schiff base of the present series (I–III)A makes more thermal stability 
of the present series, where the azo derivative V [17,55] exhibits narrow SmA phases. 

Compound VI showed melting temperature 78.0 °C and enantiotropic N mesophase with 
higher width (29.0 °C) than series V. A longer alkenyl group gave favorable SmA mesomorphism in 
compounds V. These results indicate that the terminal alkoxy groups play an important role in the 
mesophase behaviors and their range of stabilities. Overall, the introduction of terminal chains at 
both ends of molecular structure improves the mesophase behavior. Furthermore, alkyl chains are 
very labile and can easily make multi-conformational changes [58] usually involve contribution from 
molecular packing effects. 

In order to investigate the influence of the chiral carbon atom in a terminal fatty acid chain on 
the mesomorphic property, a non-photochromic chiral compound was studied [57]. Cholesteric 
mesophases were induced by its mixing with photochromic chiral azobenzene compounds in a host 
nematic liquid crystal. In addition, the photo switching between nematic and cholesteric phases was 
achieved through reversible trans/cis photoisomerization of the chiral azobenzene molecule through 
irradiation with UV and visible light. Thus, there is a slight change in the molecular shape of the 
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present Schiff base system (I–III)A capable of changing the photophysical behavior as seen for 
nematogenic compounds [59]. 

In order to investigate the effect of an addition of a phenylester component to the present series 
(I–III)A with dialkoxy terminal chain ends of compounds, the length of the mesogenic core will 
then extend the clearing transitions of the three-ring compound [13] increased. This additional 
mesogenic core increases the molecular length. Molecular shapes with an extended core system offer 
mesophase stability, thus the three-ring system possess SmA and N mesophases with high stability 
and width mesomorphic range. 

Finally, the Schiff base linkage in present compounds (I–III)A offers a stepped core structure 
with its molecular linearity remaining. Therefore, it provides better stability and inducing formation 
of mesophase [59]. Therefore, it can be concluded that the Schiff base spacer unit played an 
important role in decreasing the melting temperature with a suitable range of application. 

Table 2. Family of related compounds with different geometrical structures. 

Compound  Compound Structure Phase Transitions 

IV [54] 
N

R

OCOC15H31

OH

 
R = -OCH3 

Cr 98.0 SmA 111.0 I 

V [13,55] NN

H3CO

O
O

R

 
R = i;C15H31, ii; C17H33, iii;C17H31 

(i) Cr 93.0 SmA 88.6I  
(ii) Cr 51.5 SmA 56.5I  
(iii)Cr 43.3 SmA 51.0I 

VI [56] NN

R1O

O
O

R2

 
R1 = C6H13, R2 = C7H15 

Cr 78.0 N 107.0I 

2.4. DFT Calculations 

2.4.1. Optimized Geometrical Structures 

The theoretical DFT calculations were performed in gas phase by DFT/B3LYP method at the 
6–31G (d,p) basis set [60,61]. All optimum compounds are proved to be stable due to the absence of 
the imaginary frequency. The calculations were carried out for the prepared compounds (I–III)A, 
and their geometrical isomers, Z isomer around the CH=N (I–III)B, Figure 5. The estimated DFT 
calculations for the thermal parameters, dipole moment, and the polarizability of the compounds 
under investigations are summarized in Table 3. The results of the theoretical DFT calculations 
revealed that the Z isomers, B, for all compounds are less stable than the E isomers, A. This result 
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could be explained in the terms of the steric effect under which the Z isomers are suffering. A 
isomers are more stable than B by 7.540776 kcal mol−1 for compound I derived from palmitic acid, 
while 7.712086 and 7.767934 kcal mol−1 is the energy difference for II and III, respectively. Moreover, 
the fatty acid chain type and the degree of unsaturation as well as the geometrical structure have an 
impact on the dipole moment and the calculated polarizability. The dipole moment and the 
polarizability of the E isomers are higher than that of the Z isomers for all types of the fatty acid 
chains. Recently, our group reported [11,14,16,17,47,48,62] that the length of the alkoxy chains as 
well as geometrical and conformational structures has a pronounced effect on the competitive lateral 
interaction and end-to-end aggregation of the chains, where the kind and the degree of the 
interaction of the liquid crystalline compounds affect the type and the stability of the observed 
mesophases. The high degree of backing of the chains of the fatty acids could be a good explanation 
for the enhancement of the smectic C mesophases; as the unsaturation increasing the lower backing 
of the chains is observed, the less ordered smectic A mesophase enhanced. The high degree of 
interaction of the linear shape of palmitic acid derivative IA could permit the strongest lateral 
interaction to afford a smectic C mesophase with the highest mesophase stability, TCr-SmC = 93.5 °C. 
However, as the unsaturation of the fatty acid part increases, the linearity of the chains decreases 
and, consequently, lateral interaction between the molecules decreases to afford smectic A 
mesophase for linoleic acid derivative IIIA, TSmC − SmA = 74.0 °C and TSmA − I = 83.8 °C. 

 
Figure 5. Optimized geometrical structures of IA, IB, IIA, IIB, IIIA, and IIIB. 

Table 3. Thermal parameters (Hartree/Particle) and Dipole Moment (Debye) of IA, IB, IIA, IIB, IIIA, IIIB. 

Parameter IA IB IIA IIB IIIA IIIB 
Ecorr 0.83 0.83 0.86 0.86 0.84 0.84 

ZPVE −1644.86 −1644.85 −1722.20 −1722.19 −1720.99 −1720.98 
Etot −1644.81 −1644.80 −1722.15 −1722.14 −1720.95 −1720.93 
H −1644.81 −1644.80 −1722.15 −1722.14 −1720.94 −1720.93 
G −1644.95 −1644.94 −1722.30 −1722.28 −1721.09 −1721.07 

ΔH(A:B and A:C) 0.000 0.012 0.000 0.012 0.000 0.012 
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Total Dipole Moment 2.6402 2.1197 2.8932 2.1722 2.8946 1.9983 

Polarizability α 441.42 409.27 463.25 433.73 459.39 426.10 
ZPVE: Sum of electronic and zero-point energies; Etot: Sum of electronic and thermal energies; H: 
Sum of electronic and thermal enthalpies; G: Sum of electronic and thermal free energies. 

2.4.2. Frontier Molecular Orbitals and Molecular Electrostatic Potential 

Figure 6 shows the estimated ground state isodensity surface plots for the FMOs HOMO 
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)) as well as 
their energy difference (ΔE) of the compounds under investigation, IA, IB, IIA, IIB, IIIA, and IIIB. 
As shown from Table 4, FMO energy gap and the global softness (S) were not significantly affected 
by the type of the fatty acid chain or its geometrical isomerism. This could be explained in terms of 
the unchanged electronic nature with the type of the alkenyl fatty acid chain. However, the CH=N 
geometry has a pronounced effect on the energy difference between the FMOs as well as the global 
softness (S). The results expected that the E isomers A are softer than their Z isomers B. This data 
could be attributed to the proper structure of the Z isomers for more conjugation of the π-bonds 
rather than the E isomers. 

 
Figure 6. The calculated ground state isodensity surface plots for frontier molecular orbitals of IA, 
IB, IIA, IIB, IIC, IIIA, IIIB, and IIIC. 
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Table 4. Molecular orbital energies and global softness (S) of IA, IB, IIA, IIB, IIC, IIIA, IIIB, and 
IIIC. 

Compound EHOMO (a.u) ELUMO (a.u) ΔE(ELUMO−EHOMO) (a.u) S = 1/ΔE 
IA −0.20031 −0.05768 0.14263 7.011148 
IB −0.19102 −0.05650 0.13452 7.433839 

IIA −0.20040 −0.05768 0.14272 7.006726 
IIB −0.19144 −0.05655 0.13489 7.413448 

IIIA −0.20041 −0.05788 0.14253 7.016067 
IIIB −0.19180 −0.05697 0.13483 7.416747 

2.4.3. Photophysical Behavior of the Investigated Compounds and Their Corresponding Azo 
Analogues 

Absorption spectra of present Schiff base series I–III and their corresponding previously 
prepared azo derivatives V(i–iii) were performed in dichloromethane solutions at 25 °C, and their 
absorption bands were summarized in Figure 7. As can be seen from Figure 7, the present 
compounds with -N=CH- linkages (I–III) exhibit two absorption bands at 274 nm (ε ~ 3.7 × 104 L. 
mol−1) and 341 nm (ε ~ 3.2 × 104 L. mol−1) while the azobenzene derivative (V(i–iii)) showed only one 
electronic transition absorbance peak at 352 nm. These observed peaks may be attributed to the π–π* 
transition involved in the π-electronic system throughout the whole mesogenic portion, with a 
suitable charge transfer (CT) property [63–65]. The photoisomerization for present compounds has 
confirmed and occurred in the range of 300–400 nm. The absorption peaks were observed at 274 and 
341 nm, corresponding to π–π* and n–π* as these suggesting that two isomers obtained in Schiff 
base derivatives I–III. E–Z isomerization that could be occurred with a gradual decrease in 
absorption band from 274 or 352 nm due to π–π* transition of trans (E) isomer in azo group (N=N) or 
imino group (CH=N), respectively, Figure 8. In addition, a smaller absorption band appeared 
around 505 nm for (N=N) and 341 for (CH=N), appropriate to n–π* transition of cis (Z) isomer that 
could be gradually changed by photo illumination. The transformed cis isomer (Z) is converted to 
trans form (E) due to the -CH=N- group enhancement the electron delocalization on the whole 
molecule. Moreover, the investigation of such effects on the stability of the obtained isomers 
could be an important point for future perspectives either theoretically or experimentally. 

It is noteworthy that there is no significant effect on the absorption peaks position either for the 
imino derivatives I–III or their azo analogues V(i–iii). This result could be explained in terms of the 
estimated data by DFT calculations, Table 4. The change of the alkyl of the alkenyl groups do not 
affect the polarity of the molecules where these groups do not reduce the HOMO–LUMO energy 
gaps of the molecules as shown in Figure 6. Moreover, the terminal alkanoate or alkenoate groups 
has no effect on the energy difference between the frontier molecular orbitals (FMOs), ΔE ≈ 0.1427 
a.u. for imino derivatives and 0.1362 a.u. for azo one. Obviously, the higher energy difference in case 
of the imino derivative I–III makes them less polarizable than their azo derivatives V(i–iii)—that of 
a lower energy difference, Table 4 and Figures 7 and 8. 
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Figure 8. Isomerization (E-Z) of (I–III)A and V(i–iii) under UV irradiation. 

3. Experimental 

3.1. Synthesis 

3.1.1. Synthesis of 4-(Hexyloxy)phenylimino)phenol A 

Equimolar amounts of the 4−hydroxybenzaldehyde (0.5 g, 4.1 mmol) and 
4-hexyloxyaniline (0.79 g, 4.1 mmol) were dissolved in ethanol (10 mL) and refluxed for two 
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hours. The mixture was cooled to room temperature and filtered. The obtained solid was 
washed with cold ethanol and recrystallized twice from hot ethanol to give pure compounds, 
as indicated by TLC analysis 

3.1.2. Synthesis of [4-(Hexyloxy)phenylimino)methyl]phenyl carboxylate (I–III)A 

Equimolar equivalents of fatty acid (4.1 mmol) and 4-(hexyloxy)phenylimino)phenol A 
(1.21 g, 4.1 mmol) were dissolved in 25 mL dry methylene chloride. Furthermore, 
4-dimethylaminopyridine (DMAP, few crystals), as catalyst, and 0.02 mol of 
N,N′-dicyclohexylcarbodiimide (DCC) were added to the reaction mixture. At room 
temperature, the reaction mixture was stirred for 72 h. The obtained solid byproduct was 
filtered. The remained filtrate was evaporated, and the solid obtained was twice 
recrystallized from ethanol. 

4-((E)-9-cis-[4-(Hexyloxy)phenylimino)methyl]phenyl hexadec-9-enoate IA 

Yield: 93.7%; mp 93.5 °C, FTIR (ύ, cm−1): 2918–2859 (CH2 stretching), 1744 (C=O), 1615 
(C=N), 1601 (C=C), 1471 (C−OAsym), 1230 (C–O Sym). 1H NMR (300 MHz, CDCl3) δ 8.39 (s, 1H), 8.00 
(d, J = 8.8, Hz, 2H), 7.30 (d, J = 6.9, Hz, 2H), 7.13 (d, J = 8.9, Hz, 2H), 6.96 (d, J = 7.0, Hz, 2H), 3.90 (t, J = 
6.6 Hz, 2 H), 2.50 (t, J = 7.5 Hz, 2H), 1.82–1.60 (m, 4H), 1.58–1.05 (m, 30H), 0.97–0.69 (m, 6H). 13C NMR 
(75 MHz, CDCl3) δ 172.16, 156.87, 134.12, 133.98, 129.84, 129.77, 122.53, 122.05, 121.98, 114.99, 
68.31, 34.45, 31.94, 31.61, 29.70, 29.67, 29.61, 29.47, 29.37, 29.28, 29.12, 25.74, 24.86, 22.68, 22.62, 
14.13, 14.05. Elemental analyses: Found (Calc.): C, 78.43 (78.46); H, 9.94 (9.97); N, 2.60 (2.61). 

4-((E)-9-cis-[4-(Hexyloxy)phenylimino)methyl]phenyl octadec-9-enoate IIA 

Yield: 91.0%; mp 68.0 °C, FTIR (ύ, cm−1): 2919–2858 (CH2 stretching), 1749 (C=O), 1611 
(C=N), 1587 (C=C), 1470 (C−OAsym), 1210 (C–OSym). 1H NMR (300 MHz, CDCl3): δ/ppm: 1H 
NMR (300 MHz, CDCl3) δ 8.39 (s, 1H), 7.99 (d, J = 8.7, Hz, 2H), 7.45 (d, J = 6.9 Hz, 2H), 7.12 (d, J = 6.9, 
Hz, 2H), 6.98 (d, J = 8.8, Hz, 2H), 5.46–5.11 (m, 2H), 3.90 (t, J = 6.6 Hz, 2H), 2.50 (t, J = 7.5 Hz, 2H), 
2.08–0.93 (m, 32H), 0.92–0.70 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 171.82, 157.02, 134.01, 132.87, 
131.19, 130.01, 129.81, 129.71, 122.16, 121.97, 114.99, 68.31, 49.15, 33.97, 29.69, 29.33, 29.28, 
29.17, 29.10 25.74, 24.95, 22.62, 14.18, 14.05. Elemental analyses: Found (Calc.): C, 79.07 (79.10); 
H, 9.85 (9.87); N, 2.48 (2.49). 

4-((E)-9, 12-cis-[4-(Hexyloxy)phenylimino)methyl]phenyloctadeca-9,12-dienoate IIIA 

Yield: 90.1%; mp 61.0 °C, FTIR (ύ, cm−1): 2915–2860 (CH2 stretching), 1748 (C=O), 1610 
(C=N), 1589 (C=C), 1470 (C−OAsym), 1209 (C–OSym).). 1H NMR (300 MHz, CDCl3): δ/ppm: 1H 
NMR (300 MHz, CDCl3) δ 8.39 (s, 1H), 7.84 (d, J = 8.8, Hz, 2H), 7.18 (d, J = 6.9 Hz, 2H), 7.14 (d, J = 6.8, 
Hz, 2H), 6.81 (d, J = 8.9, Hz, 2H), 5.55–5.24 (m, 4H), 3.90 (t, J = 6.6 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H), 2.50 
(t, J = 6.8 Hz, 2H), 2.21–1.07 (m, 28H), 1.01–0.30 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 171.94, 156.89, 
130.24, 130.06, 130.01 129.72, 128.10, 127.89, 127.82, 122.17, 121.98, 115.00, 68.31, 49.05, 33.97, 
31.61, 29.35, 29.10, 27.20, 25.74, 24.95, 24.89, 22.62, 14.09, 14.02. Elemental analyses: Found 
(Calc.): C, 79.37 (79.38); H, 9.50 (9.54); N, 2.46 (2.50). 

4. Conclusions 

Optical transition behavior and isomeric geometrical calculations of new non-symmetric Schiff 
base natural fatty acid derivatives were investigated. Molecular structures were elucidated via 
elemental analysis, FT-IR, 1H NMR, 13C NMR, and spectroscopy. Mesomorphic and optical 
characterizations were investigated by DSC, POM, and UV spectroscopy. Computational and 
geometrical parameters were studied using Gaussian 09 software (DFT/B3LYP methods using 
6–31G (d,p) basis set). All prepared palmitic, oleic, and linoleic natural fatty acids-based LCs are 
exhibiting smectogenic mesophases. The type and stability of observed mesophases depend on the 
length and conformation of the terminal alkenyl fatty acid chains. Computational calculations of 
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different structure configuration isomers for each compound revealed that the geometrical and 
thermal parameters characteristics are influenced by the degree of unsaturation of fatty alkenyl 
terminal chains. Furthermore, the present Schiff base CH=N linkage molecular configurations 
offer high thermal and different optical transition phases than their corresponding azobenzene 
analogues. 

Supplementary Materials: The following are available online. Figure S1: H1 NMR of 
4-((E)-9-cis-[4-(Hexyloxy)phenylimino)methyl]phenyl hexadec-9-enoate IA, Figure S2: 13C NMR of 
4-((E)-9-cis-[4-(Hexyloxy)phenylimino)methyl]phenyl hexadec-9-enoate IA, Figure S3: H1 NMR of 
4-((E)-9-cis-[4-(Hexyloxy)phenylimino)methyl]phenyl octadec-9-enoate IIA, Figure S4: 13C NMR of 
4-((E)-9-cis-[4-(Hexyloxy)phenylimino)methyl]phenyl octadec-9-enoate IIA, Figure S5: H1 NMR of 
4-((E)-9, 12-cis-[4-(Hexyloxy)phenylimino)methyl]phenyloctadeca-9,12-dienoate IIIA, Figure S6: 13C 
NMR of 4-((E)-9, 12-cis-[4-(Hexyloxy)phenylimino)methyl]phenyloctadeca-9,12-dienoate IIIA, Figure 
S7: Liquid crystalline textures upon heating under POM of (a) SmC phase for compound I at 95.0 °C; (b) 
SmC phase for compound II at 69.0 °C; (c) SmC phase for compound III at 68.0 °C; and (d) SmA phase 
for compound III at 77.0 °C. 

Author Contributions: Design the experiment, R.A. and H.A.; Formal analysis, F.A.N., H.A. and M.H.; 
Funding acquisition, R.A., H.A. and M.H.; Investigation, F.A.N., H.A. and M.H.; Methodology, R.A., H.A. and 
M.H.; Project administration, R.A.; Resources, H.A. and M.H.; Software, M.H.; Writing—original draft, H.A. 
and M.H.; Writing—review & editing, H.A. and M.H. 

Funding: This research received no external funding. 

Acknowledgments: The authors gratefully acknowledge Moaz O Zulali for his academic supervision to Fares 
Al-Nazawi and his encouragement to him. Moreover, the Ibn al-Nafis Secondary School in Yanbu Industrial for 
their support. Furthermore, the support of the Deanship of Scientific Research, Taibah University, research 
group No. 60229 is acknowledged. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Pramanik, A.; Das, M.K.; Das, B.; Żurowska, M.; Dąbrowski, R. Electro-optical properties of a new series 
of fluorinated antiferroelectric orthoconic liquid crystalline esters. Liq. Cryst. 2015, 42, 412–421. 

2. Heilmeier, G.H.; Zanoni, L. Guest-host interactions in nematic liquid crystals. A new electro-optic effect. 
Appl. Phys. Lett. 1968, 13, 91–92. 

3. Heilmeier, G.H.; Zanoni, L.A.; Barton, L.A. Dynamic scattering: A new electro-optic effect in certain 
classes of nematic liquid crystals. Proc. IEEE 1968, 56, 1162–1171. 

4. Goodby, J. Ferroelectric liquid crystals: Principles properties and applications. Ferroelectr. Relat. Phenom. 
1992, 7, doi: 10.1002/adma.19930050326. 

5. Carlton, R.J.; Hunter, J.T.; Miller, D.S.; Abbasi, R.; Mushenheim, P.C.; Tan, L.N.; Abbott, N.L. Chemical 
and biological sensing using liquid crystals. Liq. Cryst. Rev. 2013, 1, 29–51. 

6. Bhat, S.G.; Ramachandra, G.S.; Bhagavath, P.; Subrao, M.; Potukuchi, D.; Maddasani, S. Self-assembled 
liquid crystalline materials with fatty acids. J. Therm. Anal. Calorim. 2018, 132, 989–1000. 

7. Imrie, C.T.; Henderson, P.A.; Yeap, G.-Y. Liquid crystal oligomers: going beyond dimers. Liq. Cryst. 2009, 
36, 755–777. 

8. Yeap, G.-Y.; Lee, H.-C.; Mahmood, W.A.K.; Imrie, C.T.; Takeuchi, D.; Osakada, K. Synthesis, thermal and 
optical behavior of non-symmetric liquid crystal dimers 
α-(4-benzylidene-substituted-aniline-4′-oxy)-ω-[pentyl-4-(4′-phenyl) benzoateoxy] hexane. Phase Transit. 2011, 
84, 29–37. 

9. Yeap, G.-Y.; Osman, F.; Imrie, C.T. Non-symmetric dimers: effects of varying the mesogenic linking unit 
and terminal substituent. Liq. Cryst. 2015, 42, 543–554. 

10. Yeap, G.-Y.; Hng, T.-C.; Yeap, S.-Y.; Gorecka, E.; Ito, M.M.; Ueno, K.; Okamoto, M.; Mahmood, W.A.K.; 
Imrie, C.T. Why do non-symmetric dimers intercalate? The synthesis and characterisation of the 
α-(4-benzylidene-substituted-aniline-4′-oxy)-ω-(2-methylbutyl-4′-(4 ″-phenyl) benzoateoxy) alkanes. Liq. 
Cryst. 2009, 36, 1431–1441. 

11. Hagar, M.; Ahmed, H.; Alhaddad, O. Experimental and theoretical approaches of molecular geometry 
and mesophase behavior relationship of laterally substituted azopyridines. Liq. Cryst. 2019, 46, 1440–1451. 



Molecules 2019, 24, 4293 15 of 17 

 

12. Hagar, M.; Ahmed, H.; Saad, G. Mesophase stability of new Schiff base ester liquid crystals with different 
polar substituents. Liq. Cryst. 2018, 45, 1324–1332. 

13. Ahmed, H.; Hagar, M.; Saad, G. Impact of the proportionation of dialkoxy chain length on the mesophase 
behavior of Schiff base/ester liquid crystals; experimental and theoretical study. Liq. Cryst. 2019, 46, 1611–1620. 

14. Hagar, M.; Ahmed, H.; Saad, G. Synthesis and mesophase behavior of Schiff base/ester 
4-(arylideneamino) phenyl-4 ″-alkoxy benzoates and their binary mixtures. J. Mol. Liq. 2019, 273, 266–273. 

15. Ahmed, H.; Hagar, M.; El-Sayed, T.; B. Alnoman, R. Schiff base/ester liquid crystals with different lateral 
substituents: Mesophase behavior and DFT calculations. Liq. Cryst. 2019, 
doi:10.1080/02678292.2019.1566581. 

16. Ahmed, H.; Hagar, M.; Alhaddad, O. New chair shaped supramolecular complexes-based aryl nicotinate 
derivative; mesomorphic properties and DFT molecular geometry. Rsc Adv. 2019, 9, 16366–16374. 

17. Hagar, M.; Ahmed, H.; Alhaddad, O. New azobenzene-based natural fatty acid liquid crystals with low 
melting point: synthesis, DFT calculations and binary mixtures. Liq. Cryst. 2019, 
doi:10.1080/02678292.2019.1616841. 

18. Hagar, M.; Ahmed, H.; El-Sayed, T.; Alnoman, R. Mesophase behavior and DFT conformational analysis 
of new symmetrical diester chalcone liquid crystals. J. Mol. Liq. 2019, 285, 96–105. 

19. Veerabhadraswamy, B.N.; Rao, D.S.S.; Yelamaggad, C.V. Ferroelectric Liquid Crystals: Synthesis and 
Thermal Behavior of Optically Active, Three-Ring Schiff Bases and Salicylaldimines. Chem. Asian J. 2018, 
13, 1012–1023. 

20. Huang, C.-C.; Hsu, C.-C.; Chen, L.-W.; Cheng, Y.-L. The effect of position of (S)-2-octyloxy tail on the 
formation of frustrated blue phase and antiferroelectric phase in Schiff base liquid crystals. Soft Matter 
2014, 10, 9343–9351. 

21. Segura, J.L.; Mancheño, M.J.; Zamora, F. Covalent organic frameworks based on Schiff-base chemistry: 
synthesis, properties and potential applications. Chem. Soc. Rev. 2016, 45, 5635–5671. 

22. Gowda, A.; Jacob, L.; Joy, N.; Philip, R.; Pratibha, R.; Kumar, S. Thermal and nonlinear optical studies of newly 
synthesized EDOT based bent-core and hockey-stick like liquid crystals. New J. Chem. 2018, 42, 2047–2057. 

23. Ahmed, H.A.; Hagar, M.; Alhaddad, O. Mesomorphic and geometrical orientation study of the relative 
position of fluorine atom in some thermotropic liquid crystal systems. Liq. Cryst. 2019, 
doi:10.1080/02678292.2019.1655809 

24. Kelker, H.; Scheurle, B. A Liquid-crystalline (Nematic) Phase with a Particularly Low Solidification Point. 
Angew. Chem. Int. Ed. 1969, 8, 884–885. 

25. Imrie, C.T.; Henderson, P.A. Liquid crystal dimers and oligomers. Curr. Opin. Colloid Interface Sci. 2002, 7, 
298–311. 

26. Imrie, C.T.; Henderson, P.A. Liquid crystal dimers and higher oligomers: between monomers and 
polymers. Chem. Soc. Rev. 2007, 36, 2096–2124. 

27. Gulbas, H.; Coskun, D.; Gursel, Y.; Bilgin-Eran, B. Synthesis, characterization and mesomorphic 
properties of side chain liquid crystalline oligomer having schiff base type mesogenic group. Adv. Mater. 
2014, 5, 333–338. 

28. Tschierske, C. Mirror symmetry breaking in liquids and liquid crystals. Liq. Cryst. 2018, 45, 2221–2252. 
29. Goodby, J.W. Free volume, molecular grains, self-organisation, and anisotropic entropy: Machining 

materials. Liq. Cryst. 2017, 44, 1755–1763. 
30. Zannoni, C. From idealised to predictive models of liquid crystals. Liq. Cryst. 2018, 45, 1880–1893. 
31. Hagar, M.; Ahmed, H.A.; Nafee, S.S.; El-Shishtawy, R.M.; Raffah, B.M. The synthesis of new thermal 

stable schiff base/ester liquid crystals: A computational, mesomorphic, and optical study. Molecules 2019, 
24, 3032. 

32. Prasad, V.; Nagendrappa Gowdru, N.; Manjunath, M. Thermally stable azo-substituted bent-core 
nematogens: Observation of chiral domains in the nematic mesophases composed of smectic nano 
clusters. Liq. Cryst. 2018, 45, 666–679. 

33. Paterson, D.A.; Walker, R.; Abberley, J.P.; Forestier, J.; Harrison, W.T.; Storey, J.M.; Pociecha, D.; Gorecka, E.; 
Imrie, C.T. Azobenzene-based liquid crystal dimers and the twist-bend nematic phase. Liq. Cryst. 2017, 44, 
2060–2078. 

34. Nesrullajev, A.; Bilgin-Eran, B. Mesomorphic, morphologic and thermotropic properties of 
4-hexyl-N-(4-hexadecyloxysalicylidene) aniline. Mater. Chem. Phys. 2005, 93, 21–25. 



Molecules 2019, 24, 4293 16 of 17 

 

35. Yasa-Sahin, O.; Yazici, O.; Karaagac, B.; Sakar, D.; Cankurtaran, O.; Bilgin-Eran, B.; Karaman, F. A new 
liquid crystal of considerable value for the separation of closely related solvents by gas chromatography. 
Liq. Cryst. 2010, 37, 1111–1118. 

36. Canli, N.Y.; Günes, S.; Pivrikas, A.; Fuchsbauer, A.; Sinwel, D.; Sariciftci, N.; Yasa, Ö.; Bilgin-Eran, B. 
Chiral (S)-5-octyloxy-2-[{4-(2-methylbuthoxy)-phenylimino}-methyl]-phenol liquid crystalline compound 
as additive into polymer solar cells. Sol. Energy Mater. Sol. Cells 2010, 94, 1089–1099. 

37. Bhola, G.; Bhoya, U. Molecular structural flexibility dependence of mesomorphism through 
ortho-substituted bromo group. Mol. Cryst. Liq. Cryst. 2016, 630, 188–196. 

38. Galewski, Z.; Coles, H. Liquid crystalline properties and phase situations in 
4-chlorobenzylidene-4′-alkylanilines. J. Mol. Liq. 1999, 79, 77–87. 

39. Galewski, Z. Liquid crystalline properties of 4-alkoxy-aniline-4′-alkoxy-anilines. Mol. Cryst. Liq. Cryst. Sci. 
Technol. Sect. A. Mol. Cryst. Liq. Cryst. 1994, 249, 43–49. 

40. Dave, J.S.; Menon, M. Azomesogens with a heterocyclic moiety. Bull. Mater. Sci. 2000, 23, 237–238. 
41. Dietrich, D. Calamitic liquid crystals. In Handbook of liquid crystals: Low molecular weight liquid crystals I; 

Goodby, J.W., Gray, G.W., Spiess, H.W. and Vill, V., Eds.; WILEY-VCH Verlag GmbH: Weinheim, 
Germany, 2011; Volume 2A. 

42. Hagar, M.; Ahmed, H.; Alhaddadd, O. DFT Calculations and mesophase study of coumarin esters and its 
azoesters. Crystals 2018, 8, 359. 

43. Hagar, M.; Soliman, S.M.; Ibid, F.; El Sayed, H. Quinazolin-4-yl-sulfanylacetyl-hydrazone derivatives; 
Synthesis, molecular structure and electronic properties. J. Mol. Struct. 2013, 1049, 177–188. 

44. Soliman, S.M.; Hagar, M.; Ibid, F.; El Sayed, H. Experimental and theoretical spectroscopic studies, 
HOMO–LUMO, NBO analyses and thione–thiol tautomerism of a new hybrid of 1, 3, 4-oxadiazole-thione 
with quinazolin-4-one. Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 2015, 145, 270–279. 

45. Hagar, M.; Soliman, S.M.; Ibid, F.; El Sayed, H. Synthesis, molecular structure and spectroscopic studies 
of some new quinazolin-4 (3H)-one derivatives; an account on the N-versus S-Alkylation. J. Mol. Struct. 
2016, 1108, 667–679. 

46. Aboelnaga, A.; Hagar, M.; Soliman, S.M. Ultrasonic synthesis, molecular structure and mechanistic study 
of 1, 3-dipolar cycloaddition reaction of 1-alkynylpyridinium-3-olate and acetylene derivatives. Molecules 
2016, 21, 848. 

47. Ahmed, H.; Hagar, M.; Alhaddad, O.A. Phase behavior and DFT calculations of laterally methyl 
supramolecular hydrogen-bonding complexes. Crystals 2019, 9, 133. 

48. Ahmed, H.; Hagar, M.; Alaasar, M.; Naoum, M. Wide nematic phases induced by hydrogen-bonding. Liq. 
Cryst. 2019, 46, 550–559. 

49. M Hagar, H.A. Ahmed and GR Saad. New calamitic thermotropic liquid crystals of 2-hydroxypyridine 
ester mesogenic core: mesophase behaviour and DFT calculations. Liq. Cryst., 2019, doi: 
10.1080/02678292.2019.1631967. 

50. Naoum, M.; Ahmed, H. Effect of dipole moment and conformation on the mesophase behavior of 
di-laterally substituted phenylazophenyl benzoate liquid crystals. Thermochim. Acta 2011, 521, 202–210. 

51. Imrie, C.T. Non-symmetric liquid crystal dimers: how to make molecules intercalate. Liq. Cryst. 2006, 33, 
1449–1485. 

52. 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. 

53. Naoum, M.M.; Metwally, N.H.; Abd Eltawab, M.M.; Ahmed, H.A. Polarity and steric effect of the lateral 
substituent on the mesophase behavior of some newly prepared liquid crystals.2015, 42, 1351–1369. 

54. Yeap*, G.-Y.; Ha, S.-T.; Lim, P.-L.; Boey, P.-L.; Mahmood, W.A.K.; Ito, M.M.; Sanehisa, S. Synthesis and 
mesomorphic properties of schiff base esters ortho-hydroxy-para-alkyloxybenzylidene-para-substituted 
anilines. Mol. Cryst. Liq. Cryst. 2004, 423, 73–84. 

55. McCaffrey, M.T.; Castellano, J.A. Liquid Crystals VII. The mesomorphic behavior of homologous: 
p-alkoxy-p’-acyloxyazoxybenzenes. Mol. Cryst. Liq. Cryst. 1972, 18, 209–225. 

56. Alam, M.Z.; Yoshioka, T.; Ogata, T.; Nonaka, T.; Kurihara, S. Influence of helical twisting power on the 
photoswitching behavior of chiral azobenzene compounds: applications to high-performance switching 
devices. Chem. (Weinh. Der Bergstr. Ger.) 2007, 13, 2641–7. 



Molecules 2019, 24, 4293 17 of 17 

 

57. Matsuzawa, Y.; Ruslim, C.; Komitov, L.; Ichimura, K. Formation and behavior of monolayers of 3, 3′-and 
4, 4′-disubstituted azobenzenes on a water surface. Mol. Cryst. Liq. Cryst. Sci. Technol. Sect. A. Mol. Cryst. 
Liq. Cryst. 2001, 367, 125–132. 

58. Imrie, C. Laterally substituted dimeric liquid crystals. Liq. Cryst. 1989, 6, 391–396. 
59. Foo, K.-L.; Ha, S.-T.; Yeap, G.; Lee, S. Mesomorphic behaviors of a series of heterocyclic 

thiophene-imine-ester-based liquid crystals. Phase Transit. 2018, 91, 509–520. 
60. Gaussian 09, revision a. 02; Gaussian, Inc.: Wallingford, CT, USA, 2009. 
61. GaussView, version 5; Semichem Inc.: Shawnee Mission, KS, USA, 2009. 
62. Ahmed, H.A.; Hagar, M. and Aljuhani, A. Mesophase behavior of new linear supramolecular 

hydrogen-bonding complexes. RSC. Adv., 2018, 8, 34937–34946 
63. Lyons, C.; Rathi, N.; Dev, P.; Byrne, O.; Surolia, P.K.; Maji, P.; MacElroy, J.; Yella, A.; Grätzel, M.; Magner, 

E. Organic dyes containing coplanar dihexyl-substituted dithienosilole groups for efficient dye-sensitised 
solar cells. Int. J. Photoenergy 2017, 2017, 7594869. 

64. Sui, M.Y.; Pan, Q.Q.; Yin, H.; Sun, G.Y.; Geng, Y.; Su, Z.M. Design of hexabenzocoronene derivatives as 
non-fullerene acceptors in organic photovoltaics by bridging dimers and modulating structural twists. 
Sol. Rrl. 2017, 1, 1700060. 

65. Yamamoto, R.; Yamamoto, T.; Ohara, K.; Naito, T. Dye-sensitized molecular charge transfer complexes: 
magnetic and conduction properties in the photoexcited states of ni (dmit) 2 salts containing 
photosensitive dyes. Magnetochemistry 2017, 3, 20. 

Sample Availability: A(I–III) are available from the authors. 

 
 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


