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Abstract
The delocalization phenomenon plays a vital role in the electron transport properties of a molecule, which is essential 
for developing molecular-based electronics. The current work examined the delocalization potential of five theoretically 
designed low molecular weight anils, o-hyroxynaphthalidene-p-substitutedanilines(NP-X) with the substituent X(X = -CH3, 
-NO2, -OCH3, and –Cl) being placed in phenyl ring at the p- position to its functional moiety, azomethine linkage and 
compared with the compound without substitution(X = H). The geometric optimization through DFT with B3LYP/6-311G 
(d, p) level basis set indicated the anils to be coplanar. Theoretical FTIR could discriminate the aromatic and aliphatic 
C-H vibrational frequencies and confirm the vectorial flow of the electrons when the o-OH group and p-NO2 group were 
placed at the two extreme ends of anil, further supported by Natural Bond Orbital analysis. Atomic charge analysis indi-
cated the significant effect on the charge of azomethine carbon atom. It followed the order:  OCH3 <  CH3 < H < Cl <  NO2 
parallel with the σp values of the corresponding substituent. The molecular electrostatic potential mapping identified 
azomethine nitrogen as an electron-rich centre. The global and local reactivity parameters indicated the highest tendency 
of NO2 substituted compound to accept electrons among the other compounds. The HOMO–LUMO energy gap of the 
NP-X predicted from Natural Localized Molecular Orbital analysis was found to be NP-H: 4.02 eV, NP-CH3: 3.94 eV, NP-
NO2: 3.69 eV, NP-OCH3: 4.18 eV, NP-Cl: 4.10 eV. The overall studies corroborated the optimized delocalization in NP-
NO2 with the lowest HUMO-LUMO gap, which would be better suited for developing molecular-based electronic devices 
than others. The importance of the electron delocalization phenomenon in searching for a molecular probe to develop 
molecular electronics device applications has been discussed.
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1 Introduction

Molecular electronics involving organic molecules is now an exhilarating field in interdisciplinary research spanning 
physics, chemistry, and material science due to the unifying features of organic molecules such as biodegradability, rela-
tively high mechanical flexibility, less toxicity, easy synthetic procedure, and low cost in compared to the conventional 
electronics and requiring lower energy during the process of fabrication of the electrical components with desirable 
electrical properties [1]. Organic devices such as organic transistors, organic photovoltaic devices, liquid crystal displays, 
organic light emitting displays, biochemical sensors, and infrared imaging are a few examples where organic molecules 
have been successfully employed [2, 3]. The essential requirement for single molecule to realize these molecule-based 
devices is to exhibit electron-transport property. The delocalized electrons of the molecule spur the conductivity to the 
molecules [4], which in turn is modulated by the chemical structure of the molecule [5, 6]. Usually, the organic molecules 
with π-Conjugated molecular systems and heteroatoms like oxygen, sulphur and nitrogen show off electron transport 
property [7, 8]. The electron transport property of the molecules is reinforced further, depending on the nature of the 
substituent available in the molecule. The dichotomy exists in the system with the substituent that gives extra stability 
to the molecule by delocalizing the electrons over the whole molecular framework compared to the systems in which 
the charge is localized [9, 10]. The theoretical study of some designed benzo[1,2-b:4,5-b′]dithiophene-based molecules 
established that the optoelectronic properties were improved by substituting distinct acceptor moieties, including 
sulfur-, fluoro-, cyano-, and nitrogen-containing groups thiophene at both terminals of their unsubstituted analog [11]. 
Therefore, first-hand knowledge of the underlying mechanism of electron transport due to the substituent effect is 
indispensable for designing suitable organic components for electronic applications.

Anils are a particular class of Schiff bases in which the nitrogen atom of the azomethine functional group is directly 
linked to the phenyl ring [12, 13]. These molecules possess a donor-bridge-acceptor system, which is the essential 
criterion for a molecule to have electron-transport properties [14]. The distance, conjugation, and the nature of the 
donor/acceptor species and substituent affect the degree of interaction between the donor and the acceptor [15, 16]. 
Therefore, systematic investigation of the substituents at varying conditions for a set of donor and acceptor moieties 
in anils is vital for the accurate interpretation of a suitable device application [17, 18]. The azomthine is the suitable 
linking group which helps to lower the system’s energy by delocalizing the electronic charges while transporting the 
electrons. The two phenyl rings(C-phenyl and N-phenyl) of their precursors from substituted/unsubstituted aromatic 
aldehyde with substituted/unsubstituted aromatic amine can donate electrons through the azomethine moiety 
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bridge depending on the nature of the substituent [19, 20]. Various properties of anils like hydrolytic [21–23], solva-
tochromism [24–27], keto-enol tautomerism [28], and acid–base behavior [29–31] have been explored depending 
on the nature and position of the substituents and accordingly their application perspectives have been ascertained 
[32]. However, the electron transport property is at its infant stage and has yet to be unveiled completely. System-
atically investigating the anils with substituents of different electron affinities is highly desirable and challenging, 
especially in light of the recent drive to explore the application potentials of low molecular weight organic molecules 
in designing molecular electronic devices and optoelectronic applications [32–34].

These days, the development of computational procedures for estimating the potential of molecules for different 
applications is rising to avoid the hassle of synthesizing many molecules and minimize the wastage of chemicals, time, 
and human resources [35]. The primary dictum of the present work is to explore the electron transport behaviour 
of some selected anils (Fig. 1) theoretically by grafting their structure through suitable substituents in the aromatic 
ring of the amine part (N-phenyl ring), keeping the C-aromatic ring the same in all cases [12, 14]. In our recent paper 
[14], while analyzing the effect of chlorine substitution in the ortho position to the N-phenyl ring, significant electron 
transport behaviour of Anil-1(salicylidene-o-chloroaniline) and Anil-2(o-hyroxynaphthalidene-o-chloroaniline) was 
evident. The vibrational transitions relating to the C-H, C–OH, C-N, and C = N bonds were affected by substituting 
chlorine, which was found to be a mild donating substituent. Hota et al. [12] have analyzed the spectral characteris-
tics of N-benzylideneanilines with –OCH3 as the substituent reported a considerable effect of the substitution of the 
p–OCH3 on comparing the theoretical and experimental vibrational and electronic frequencies with its unsubstituted 
analog. To acquire a wide-ranging depiction of the impact of substitution on the electron transport behaviour, the 
analysis of spectral properties of substitution of varying electron affinity seems obligatory. In particular, the resonance 
effect of an electron-withdrawing substituent in the para-position of the N-phenyl ring may decrease the electron 
density on the ring, which would, therefore, affect the electron delocalization in the reverse direction as against the 
electron-donating group. The vectorial flow of electrons over the entire molecular framework may also augment the 
electron transport tendency by keeping an electron-donating group in one end and an electron-withdrawing group 
in the other. Thus, the detailed structural analysis and structural stability of the anils with different p-substituents in 
the N-phenyl of anil may provide a comprehensive picture of the effect of substituents on the spectral and electron 
transport properties.

Biswal et al. [14] have theoretically revealed that the electron transport potential of Anil-2 is superior to Anil-1 
due to the facilitation of electron delocalization in the naphthyl unit in comparison to the phenyl ring in the former. 
Given the above facts, the present paper plans to conduct theoretical studies on the o-hyroxynaphthalidene-p-substi-
tutedanilines (o-hydroxynaphthalideneaniline(NP-H), o-hydroxynaphthalidene-p-methylaniline(NP-CH3), o-hydrox-
ynaphthalidene-p-nitroaniline(NP-NO2), o-hydroxynaphthalidene-p-methoxyaniline (NP-OCH3), o-hydroxynaph-
thalidene-p-chloroaniline (NP-Cl) with the abbreviation as given in the bracket using Density functional theory for 
possible application as an optoelectronic material. The B3LYP/6-311G(d,p) level of theory was employed as the basis 
set. The optimized geometries, structural parameters, and vibrational transitions were analyzed. Further, global reac-
tivity parameters and molecular electrostatic potentials, coplanarity of the molecules, and charge transfer interaction 

Fig. 1  Molecular structures 
of the focused anils, NP-H: 
o-hydroxynaphthalideneani-
line, NP-CH3: o-hydroxynaph-
thalidene-p-methylaniline, 
NP-NO2: o-hydroxynaph-
thalidene-p-nitroaniline, 
NP-OCH3: o-hydroxynaph-
thalidene-p-methoxyaniline, 
NP-Cl: o-hydroxynaphthal-
idene-p-chloroaniline
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were also analyzed. The stability of the anils due to hyperconjugative interactions and charge delocalization was 
obtained from the natural bond orbital analysis.

2  Computational methods

The Gaussian program package (Gaussian 09 W) [36], which provides weightings of internal coordinates for vibrational 
assignments, was used for quantum mechanical calculations and optimization of the candidate molecules, orthohydrox-
ynaphthalideneaniline, and its four substituted analogues, as presented in Fig. 1. The optimized structural parameters 
were obtained using DFT with Becke-3-Lee–Yang–Parr (B3LYP) basis sets of 6-311G (d, p) [37, 38]. The suitability of DFT/
B3LYP using the 6-311G (d, p) basis set as the appropriate method for calculation was ascertained by comparing the bond 
length and bond angle values with the literature [14, 39–42]. DFT studies of N-benzylideneanilnes in our recently pub-
lished article using this DFT functional and basis set pair were also found to match well with the experimental data [14].

3  Results and discussion

The substituent affects the delocalization of π-electrons because of physical phenomena like the mesomeric effect, 
inductive effect, and hyperconjugation. The substituent may be either electron-donating or withdrawing, depending 
on its inherent chemical entity and affinity towards the electrons [43]. The substituents like –OCH3,  CH3, and  NH2 groups 
are electron-donating, whereas the substituents with π-bonds like –NO2, -COCH3, and CHO are electron-withdrawing. On 
the other hand, the substituents, like the Cl and OH groups, behave both electron-donating and electron-withdrawing 
due to chemical phenomena such as inductive and mesomeric effects depending on the chemical characteristics of the 
coupled moiety [39]. Reckoning with these facts, in the present investigation, five anils were selectively considered: NP-
H, NP-CH3, NP-NO2, NP-OCH3, and NP-Cl.

3.1  Molecular geometry optimization

Literature reports that molecular geometry has considerable influence on optoelectronic properties [44]. The five anils 
(Fig. 1) were subjected to quantum chemical calculations using the DFT (B3LYP) method with a 6-311G (d, p) basis set 
to obtain the corresponding optimized structures by using Gaussian 09 W. One representative optimized structure is 
given in Fig. 2. The rest of the optimized structures are given in Supplementary Material Figs. S1-S4. The corresponding 
calculated structural parameters are given in Supplementary Material Tables S1-S5.

The smooth electron delocalization, which in turn decides the flow of electrons over the whole molecular framework, 
depends primarily on the planarity of the molecule: the more planar the molecule is, the better the delocalization of the 
electron [45]. The planarity of the aromatic rings, i.e., C-naphthyl and N-phenyl ring in all anils, is ingenuously divulged 
as the bond angles of the  sp2 carbon atoms are either  120ο or close to  120ο[46]. Further, the coplanarity of the anils 
requires the C-naphthyl ring, the central molecular segment containing azomethine linkage, and the N-phenyl ring to 
lie in one plane, i.e., the dihedral angle in each case should be either zero or  180ο[47]. In all anils, three different types 

Fig. 2  Optimized structures of 
NP-NO2
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of dihedral angles are present: dihedral angle linked to C-naphthyl, i.e., ∠C14-C15-C19-N21, or ∠C10-C15-C19-N21, the 
central segment involving the azomethine group connecting C-naphthyl and N-phenyl rings, i.e., ∠C15-C19-N21-C22, 
and dihedral angle linked to N-phenyl ring, i.e., ∠C19-N21-C22-C23, or ∠C19-N21-C22-C24. These dihedral angles were 
abstracted from Supplementary Material Tables S1-S5 and are given in Table 1. On analyses, it is seen that the central 
dihedral angle is always  180ο or nearly  180ο, evidencing the planar nature of the segment. On the other hand, the dihedral 
angles involving C-naphthyl and N-phenyl rings, are either equal or close to  0ο or  180ο. These findings indicate that all 
the anils are coplanar. Hence, each anil possesses a suitable structural hierarchy for moving the π or lone pair of electrons 
over the molecular framework, as the case may be, to exhibit electron transport properties.

3.2  FTIR spectral analysis

The delocalization of electrons affects the strength of the bonds, and hence, the vibrational transition will be accord-
ingly influenced. To delineate the extent of delocalization, the FTIR spectra were acquired theoretically in the ranges of 
400 and 4000  cm−1 for the candidate anils, and one of the spectra is presented in Fig. 3. The rest are presented in Sup-
plementary Figs. S5-S8. The specific bonds which were affected by delocalization were chosen for comparison. These 
values are provided in Table 2.

3.2.1  C‑H vibration

The data in Table 2 demonstrates the stretching peaks appearing in the range 2979–3189  cm−1, and bending 
peaks appearing in the range 1045–744  cm−1. The aromatic and aliphatic C-H stretching vibrations were distinctly 
observed in the candidate anils, and the aliphatic C-H vibrations are always less than aromatic C-H vibrations 
because of the availability of π electron pools in the latter. The high electron density due to the π-electron pools at 
the carbon atoms possibly holds the hydrogen atom firmly, making the corresponding stretching vibrations greater 
than the aliphatic stretching vibrations. Further, it is seen that anil NP-NO2 experiences a distinctly different ali-
phatic C-H vibration stretching frequency compared to the rest of the four anils. In the latter cases, the frequencies 

Table 1  Variation of dihedral 
angles of the focused 
molecules

Dihedral angle NP-H NP-CH3 NP-NO2 NP-OCH3 NP-Cl

C14-C15-C19-N21 0.00 0.00 0.00 − 0.00 − 0.00
C10-C15-C19-N21 180 180 180 180 179.99
C15-C19-N21-C22 180 180 180 180 − 179.99
C19-N21-C22-C23 0.00 0.00 180 – 0.00 − 0.00
C19-N21-C22-C24 180 180 0.00 180 179.99

Fig. 3  Theoretical FTIR spectra 
of NP-NO2
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of C-H vibrations are almost equal. Because the –OH group in the C-naphthyl ring pushes electrons towards the 
azomethine group, the flow is facilitated by the electron-withdrawing nature of nitro group, which is not possible 
in the rest of the anils. NP-NO2 exhibits a push–pull effect, whereas the rest of the anils exhibit a push-push effect 
during the electron delocalization except NP-H [27]. In NP-H, the lone pair of electrons on the oxygen atom in the 
–OH group is only pushed towards the azomethine group due to the higher electronegativity of the azomethine 
nitrogen atom. The nitro group substitution promotes the vectorial electron flow in NP-NO2. The nitro group sub-
stitution also decreases the electron density at the aromatic carbon atoms, reducing the stretching frequency in 
nitro-substituted anil to a minimal value. On average, the stretching frequency follows the order: NP-OCH3 > NP-
CH3 = NP-Cl > NP-H > NP-NO2 in line with the increasing order of electron-withdrawing nature of the substituted 
group, i.e., -OCH3 >  CH3 = Cl > H >  NO2. Figure 4A represents the vectorial electron flow in NP-NO2. This observation 
also suggests that chlorine acts as an electron-donating group, corroborating the observation obtained in our 
recent paper [14].

3.2.2  C–C, C = C, C‑N, C = N, O–H Vibration

Generally, aryl chloride bands appear between 1100  cm−1 and 1035  cm−1 [48]. Similarly, aromatic methyl bands appear in 
the range 2962–2872  cm−1 [49], whereas the aromatic nitro bands appear in the range 1550–1490  cm−1 [49], and aromatic 
methoxy bands appear in the range 1050–1017  cm−1 [45]. In the present case, the C-CH3 (NP-CH3), C-NO2 (NP-NO2), 
C-OCH3 (NP-OCH3), and C–Cl (NP-Cl) stretching frequency occurs at 3099  cm−1, 1371  cm−1, 1064  cm−1, and 1097  cm−1, 
respectively corroborating the experimental values cited in the literature [38]. To investigate the effect of substitution 
on vibrational transition involving different functional groups present in the candidate anils, each of the vibrations is 
identified from the FTIR spectra and is presented in Table 2. C–C stretching frequency occurs in the range 1293–1668  cm−1 
(NP-H), 1244–1663  cm−1 (NP-CH3), 1247–1669  cm−1(NP- NO2), 1242-1667  cm−1 (NP- OCH3), 1243–1668  cm−1 (NP- Cl), 
whereas C–C bending frequency occurs in the range 1190–930  cm−1 (NP-H), 1185–930  cm−1 (NP-CH3), 1171–930  cm−1 
(NP- NO2), 1170–883  cm−1 (NP- OCH3), 1190-881  cm−1 (NP- Cl).

The analysis of stretching frequencies of different vibrations, as demonstrated in Table 2, reveals that the –OH 
stretching frequency is not affected by the change in the nature of the substituent. Nitro-group substitution sig-
nificantly affects the stretching frequency of both C = N and C-N vibration, and the values are highest among all the 
anils under consideration. This finding may be attributed to the increase in the electron density at the corresponding 
carbon atoms during electron delocalization. The electron-donating nature of the –OH group, coupled with further 
assistance by the electron-withdrawing nature of the nitro group increases the electron density at the azomethine 
carbon atom (Fig. 4A).

Table 2  Vibrational 
frequencies of different bonds 
of the candidate anils

Anils C-H stretching frequency in  cm−1 C-H bending frequency in 
 cm−1

NP-H 2981–3159 1045–744
NP-CH3 2980–3176 1041–757
NP-NO2 2987–3166 1041–753
NP-OCH3 2979–3189 1041–758
NP-Cl 2981–3177 1041–747

O–H, C = N and C-N stretching frequency
O–H C = N C-N

NP-H 3811 1692 1241
NP-CH3 3811 1691 1244
NP-NO2 3811 1693 1247
NP-OCH3 3810 1686 1242
NP-Cl 3811 1690 1243
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3.3  Natural bond orbital analysis

Natural bond orbital (NBO) analysis best illustrates the donor–acceptor interaction. The NBO analysis can determine the 
second-order perturbation energies of significant donor–acceptor interactions and depicts a precise knowledge of the 
electronic charge of each atom and the bond order between a pair of atoms [50, 51]. NBO analysis easily comprehends 
the total charge distribution on a molecule and the transfer of electrons from donor to acceptor moiety in a molecule 
[52]. From these data, an indirect evidence of the delocalization of electrons within a molecular system can be achieved. 
The second-order perturbation energies of significant donor–acceptor interactions of the candidate anils were calculated 
using Eq. 1 and are presented in Supplementary Tables S6-S10. The data were analyzed based on the general structure of 
anils presented in Fig. 1 in which C-naphthyl with an electron-donating substituent, –OH group is present in one terminus, 
and the N-phenyl group with a substituent of varying electron affinity is present in the other terminus.

From the FTIR spectral data, as discussed in the previous section, the vectorial flow of the electron delocalization in 
nitro-substituted anil is already evident (Fig. 4A). To corroborate this proposition further, the hyperconjugative interac-
tion energy of the oxygen lone pair as donor orbital (π orbital) and C11-C14 as the acceptor orbital (π* orbital) in all anils 
were analyzed. It is seen that the interaction energy is at its maximum in the case of NP-NO2 (32.68 kcal  mol−1) with an 
electron-withdrawing substituent in the para position. In contrast, these values are lower in the anilines with electron-
donating substituent (NP-CH3 = 28.58 kcal  mol−1, NP-OCH3 = 18.87 kcal  mol−1, NP-Cl = 18.85 kcal  mol−1). The NP-H with-
out substituent has a moderate interaction energy value, i.e., 25.58 kcal  mol−1. Since the anils with electron-donating 
substituents exhibit a push-push effect (Fig. 4B), the smooth vectorial flow of electrons is obstructed, resulting in lower 
interaction energy. Although not promoted, this flow is not hindered in NP-H; hence, it attains a moderate interaction 
energy value.

Further, donor–acceptor interaction energy from carbon atoms connected to the substituent was analyzed to inves-
tigate the effect of the substituent in the opposite terminus (N-phenyl ring) on electron delocalization. The interaction 
energy between C25-C28/C23-C25: π orbital as donor orbital and C22-C23/C22-C24: π* orbital as the acceptor orbital is 
found to be lowest in NP-NO2 (16.62 kcal  mol−1). But these values are higher in anils with electron-donating substitu-
ents (NP-CH3 = 20.44  kcalmol−1, NP-OCH3 = 19.80  kcalmol−1, NP-Cl = 20.21  kcalmol−1). The anil without substituent is 
found to have the intermediate value of energy (NP-H = 19.04  kcalmol−1). This observation further supports that the 
electron flows in the direction shown in Fig. 4C for anils with electron-donating substituents. Since the nitro substituent 
in NP-NO2 drags the electron pool from the N-phenyl ring towards itself, this interaction energy lowers.

(1)E(2) = ΔEij = qiF(i, j)
2
/

�i - �j

Fig. 4  Schematic representa-
tion of (A) the vectorial elec-
tron flow in NP-NO2, and (B) 
Push-push effect in NP-CH3, 
NP-OCH3, NP-Cl 
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3.4  Atomic charges and molecular electrostatic potential map analysis

3.4.1  Atomic charges

The charge is distributed over the entire molecular skeleton during the delocalization phenomenon to lower the mole-
cule’s energy. Since the azomethine group is the functional unit of the anils under consideration through which the charge 
delocalization takes place, the impact of substituent on this moiety is a crucial point to consider. The Mulliken charges of 
each atom in the anils were abstracted from the optimized structures, presented in Fig. 5A and Supplementary Figs. S9-S12, 
and given in Table 3. Analysis of the magnitude and nature of charges reveals that the substituent significantly affects the 
charge of the azomethine carbon atoms. It follows the order:  OCH3(0.124) <  CH3(0.125) < H(O.126) < Cl(0.133) <  NO2(0.134), 
which is in line with the order of σp values:  OCH3(-0.268) <  CH3(-0.170) < H(0.00) < Cl (0.227) <  NO2(0.778) [53]. The rest of 
the atoms experience the usual effect due to the substitution. 

Fig. 5  Schematic representa-
tion of (A)Atomic charges and 
(B) Molecular electrostatic 
potential map of NP-NO2, 
(Isovalue = 0.02)

Table 3  Mulliken charges on 
the atoms of candidate anils

Anils Mulliken charges Carbon atom 
linked to the sub-
stituentOxygen atom Nitrogen atom Azome-

thine 
carbon

N-phenyl carbon linked 
to azomethine group

NP-H − 0.31 − 0.28 0.126 0.05 –
NP-CH3 − 0.31 − 0.28 0.125 0.05 − 0.10
NP-NO2 − 0.32 − 0.28 0.134 0.06 0.12
NP-OCH3 − 0.31 − 0.29 0.124 0.04 0.17
NP-Cl − 0.37 − 0.31 0.133 0.05 − 0.23
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3.4.2  Molecular electrostatic potential map

A molecular electrostatic potential (MEP) signifies the electron density at the individual atom of a molecule. This map 
also relates to the polarity of the molecule [54]. The localization of electron density around particular regions makes it 
the most sensitive centre responsible for the exhibition of reactivity by a molecule [55]. Therefore, the site for electro-
philic or nucleophilic attack in a chemical compound can be predicted by analyzing an MEP map visually. Identifying 
the electron-affluent atom and electron-deficient atoms, in particular, helps envision the directive flow of electrons 
during the delocalization. Hence, it can give insight into the electron transport property of a molecule. The molecule’s 
size, shape, and electrostatic potential regions (positive, negative, and neutral) are analyzed in this energy map. The map 
represents the electrostatic potential at the molecule’s surface with different colours. The potential increases according 
to the trend: red < orange < yellow < green < blue [56]. The MEP map of each anil was generated using the B3LYP/6-311G 
(d, p) level with a color range of + 0.13 to − 0.13. These plots are illustrated in Fig. 5B and Supplementary Figs. S13-S16. 
The red and blue areas on the surface refer to negative and positive potentials corresponding to the electron-rich and 
electron-deficient regions, respectively. The map analysis indicates that the blue region corresponds to the most posi-
tive hydrogen atom attached to the –OH group of the naphthyl ring. In contrast, the nitrogen atom occupies the most 
electronegative region as a dark red region. Thus, due to its high electron density, the nitrogen atom can be the site for 
electron/energy exchange during the fabrication of molecular-based electronic appliances [57]

3.5  Global and local reactivity descriptors

The global and local reactivity descriptors of a molecule best describe its structure–activity relationship [58]. Hence, 
these parameters can indirectly illuminate the electron transport behavior of a molecule. These descriptors depict the 
hardness (η), chemical potential (µ), electronegativity (χ), softness (S), and electrophilicity index (ω) of a molecule, which 
were calculated using Koopman’s theorem for closed-shell molecules following Eqs. 2–6 given below considering the 
ground state optimized geometries in the gas phase of the candidate anils.

(2)� =
I − A

2

(3)� = −
(I + A)

2

(4)� =
(I + A)

2

(5)S =
1

�

Table 4  Molecular properties 
of candidate anils

Molecular properties NP-H NP-CH3 NP-NO2 NP-OCH3 NP-Cl

EHOMO (eV) − 5.93 − 5.79 − 6.28 − 5.98 − 6.09
ELUMO (eV) − 1.90 − 1.85 − 2.58 − 1.79 − 1.98
ELUMO-HOMO (eV) Gap 4.02 3.94 3.69 4.19 4.10
Ionization Potential (I) 1.90 1.85 2.58 1.79 1.98
Electron affinity (A) 5.93 5.79 6.28 5.98 6.09
Chemical hardness (η) − 2.01 − 1.97 − 1.85 − 2.09 − 2.05
Softness (S) − 0.49 − 0.51 − 0.54 − 0.48 − 0.49
Chemical potential (µ) − 3.92 − 3.82 − 4.43 − 3.89 − 4.04
Electronegativity (χ) 3.92 3.82 4.43 3.89 4.04
Electrophilicity index (ω) − 3.81 − 3.70 − 5.31 − 3.61 − 3.97
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The estimated values of these parameters are provided in Table 4. The ionization potential (I.P.) for NP-NO2 is the 
highest among all, indicating the incredible difficulty in removing electrons from the molecule than the other anils, 
which is also supported by the highest electron affinity of NP-NO2 among the anils. The electronic chemical potential 
(µ) with the negative value in all studied anils indicates that these anils are more sensitive toward the change in the 
number of electrons. The value of global hardness (η) [59], which can be regarded as resistance to charge transfer, is 
− 1.85 eV to − 2.01 eV for the studied anils. Subsequently, the global softness (S), which measures the ease of charge 
transfer and is associated with high polarizability [60], is the lowest for NP-NO2 (− 0.54 eV). In contrast, it is highest for 
the NP-OCH3 (− 0.48 eV) among all the anils under consideration. The electrophilicity index, i.e., ω, measures the elec-
trophilic power of a system. This parameter signifies the power of the electron-acceptor system to acquire the additional 
electronic charges from the environment [61]. The parameter is found to have a negative value in the range of − 5.31 eV 
to − 3.61 eV for the studied anils with the highest absolute magnitude value in the case of NP-NO2. Therefore, assum-
ing the studied system is an electron donor/acceptor system, the NP-NO2 has the highest tendency to accept electrons 
during the electron transfer reaction.

3.6  Natural localized molecular orbital analysis

The natural localized molecular orbital(NLMO) visualizes the interaction between the localized electrons and the vacant 
orbital, a vital charge delocalization entity. The plot is illustrated in Fig. 6. The NLMO calculations help in identifying 
the frontier molecular orbitals, i.e., highest occupied molecular orbital(HOMO) and lowest unoccupied molecular 
orbits(LUMO), that play a crucial role in optical, electrical, and chemical characteristics of a molecule [52]. Based on the 
NLMO calculations, the spread over of the electron densities on the frontier molecular orbitals(HOMO and LUMO) was 
identified(Supplementary Figs. S17-S20).

The HUMO-LUMO energy gap is decisive in determining molecular electrical transport properties because it measures 
electron conductivity [62]. The optoelectronic properties of a molecule can be optimized by tuning its HOMO–LUMO 
energy levels [63]. The energy gaps in between HOMO and LUMO in the studied anils are determined to be NP-H: 
4.02 eV, NP-CH3: 3.94 eV, NP-NO2: 3.69 eV, NP-OCH3: 4.19 eV, NP-Cl: 4.10 eV. The minimum energy gap value in NP-NO2 
predicts the optimized electron potential for developing molecular-based electronic devices [64, 65]. Mohammadi et al. 
[66] have also attributed a small energy gap in modified triphenyl diamine-based molecules due to the facilitation of 

(6)� =
�
2

2�

Fig. 6  NLMO of NP-NO2 (Isovalue = 0.02)
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electron density flow from HOMO to LUMO and suggested their potential in optoelectronic capabilities of organic solar 
cells. The strong electron-withdrawing acceptor group usually results in the shifting of electron accumulation from HOMO 
to LUMO, yielding a significant decrease in the energy gap [44].

3.7  Electron delocalization‑molecular electronics congenial relationship

Electron delocalization in a molecule creates free electron that moves freely within an orbital spanning several neighbor-
ing atoms. This property makes molecules conductive, forming the basis of molecular electronics. As a single molecule 
is the smallest plausible stable species, molecular electronics are essential for miniaturizing electrical circuits, a crucial 
objective for user-friendly products.

Organic molecules with heteroatoms like N, Si, O, S, and C = C double bonds or C≡C triple bonds are important for 
molecular electronics devices such as diodes, transistors, detectors, lasers, and microelectronics [67–69]. Anils (a special 
kind of Schiff bases with -C = N- directly linked to phenyl nucleus) with the centrally sandwiched azomethine linkage 
having aromatic rings at both ends enable electrons to move over the whole molecular framework vide the azome-
thine linkage. The movement of the lone pair of electrons and π-electrons of aromatic rings can be finely tuned when 
suitable substituents are positioned on either side. The conjugated system and the labile electron pair on the nitrogen 
atom facilitate electron delocalization, which can be triggered by applying an electrode potential. In turn, the charge 
carrier mobility of the molecule is enhanced which is the desired property of optoelectronic materials and hence this 
process opens up a world of intriguing molecular electronics. The resultant delocalized electrons can participate in 
electron transfer-initiated chemical reactions involving reduction and oxidations. Therefore, electron delocalization is 
a complementary phenomenon from the perspective of molecular electronics device applications. Literature reports 
many studies in which the conjugated Schiff bases and their complexes (with Cu and Zn) have been used in photonics 
and optoelectronic applications such as OLED [67, 70–72].

4  Conclusion

The research on the development of electronics devices involving organic molecules has received considerable atten-
tion these days due to several advantageous features of these molecules over conventional molecules. Understanding 
the structural parameters of the molecule by varying the substituent within it is an essential way of analyzing its suit-
ability for desired applications. In the current paper, five anils, o-hydroxynaphthalidene-p-substituted anilines(NP-X) 
were examined theoretically using DFT-B3LYP functional theory with a 6-311G (d, p) level basis set. The anils with the 
substituent X as -CH3, -NO2, -OCH3,-Cl group in the para position of the N-phenyl ring with respect to the azomethine 
linkage were compared with their unsubstituted analogue. The C-naphthyl ring contains a –OH group in the ortho posi-
tion with respect to the azomethine linkage. The analysis of the optimized geometry relating to the dihedral angle of 
each anil envisages that the central dihedral angle involving the azomethine group connecting C-naphthyl and N-phenyl 
ring is always  180ο or nearly  180ο. In contrast, the dihedral angles linked to C-naphthyl and the dihedral angles linked 
N-phenyl rings, are either equal or close to  0ο or  180ο. These findings confirmed the coplanarity of all anils. FTIR reveals 
that the C-H stretching frequency follows the order NP-OCH3 > NP-CH3 = NP-Cl > NP-H > NP-NO2 in proportion to the 
increasing order of electron-withdrawing nature of the substituted group. However, the substituent change does not 
affect the OH stretching frequency. NBO analysis suggested the vectorial flow of electrons towards the substituent in 
NP-NO2. The donor–acceptor interaction energy lowers in this molecule due to the dragging of electron pool from the 
N-phenyl ring by nitro substituent towards itself. Atomic charge analysis reveals the significant effect of substituent on 
the charge of azomethine carbon in the order:  OCH3(0.124) <  CH3(0.125) < H(O.126) < Cl(0.133) <  NO2(0.134), which is in 
line with the order of σp values. MEP analysis indicated high electron density on the nitrogen atom, which can be the site 
for exchanging electrons/energy. Global and local reactivity descriptors and NLMO analyses evidence that NP-NO2 has 
the highest tendency as an electron donor/acceptor system to accept electrons during the electron transfer reaction. 
The minimum HOMO–LUMO energy gap in NP-NO2 confirms its suitability for designing molecular-based electronic 
appliances. Overall, the theoretical studies reported in this work could be a helpful guide for achieving the long-term 
objective of economically fabricating single-molecular electronics devices. A synchronized analysis of electron delo-
calization in complex organic molecules using sophisticated DFT calculations, coupled with quantitative experimental 
determination of electrochemical properties, would further validate this proposition, either by us or by others in future.
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