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Abstract: For designing the electronic devices using molecular
wires, it is important to understand the electronic properties at
the molecular level. In this paper, the simulation methodology
for analyzing the electrical conductivity of anthracene
conjugated molecule sandwich between Au atoms via linker
Sulfur atom, is proposed. This theoretical analysis is carried out
for different applied electric field ranges from 0 to 0.26 VA to
metal electrode Au atom using density functional theory (DFT).
The effect of external applied electric field towards the
structural variation of metal attached anthracene molecule
[WH] is well explored and compared the results with that of
hetero atoms [N, S, and O] substituted heterocyclic systems
[HAA, HTA and HOA]. Further, the ability of electron flow
through these systems were explored from the analysis frontier
molecular orbitals and density of states (DOS). The bonding
nature of the studied molecules were well described from the
QTAIM analysis and finally the reactive sites for electrophilic
and nucleophilic attack was identified from the simulation of
molecular electrostatic potential surface. Non-covalent
interaction (NCI-RDG) analysis is addressed to characterize the
interactions in heteroatom substituted anthracene based
molecular nanowires. In our overall study, the outcomes are
exposing that the significates feature and importance of
electrical conductivity nature and transport characteristic of
hetero-atoms (N, S, O) substituted anthracene based molecular
nanowires.

Index Terms: Anthracene molecular nanowire, hetero- atoms,

DFT study, QTAIM and NCI-RDG analysis.
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l. INTRODUCTION

The reduction of size of the conventional electronic devices
is getting really an interesting effort and more puzzling as
they prevent the hardware from functioning adequately in size
less than 10nm. Practical impediments on semiconductor
manufacture and preparing methods additionally make it
more troublesome and costly to manufacture electronic
circuits at these profound nano-scale levels. The size
reduction is really accomplished by invoking the molecular
wires in the circuit (Vilan A, et al., 2017, Yutaka W..et al.,
2008, Erik G., et al., 2019).The conjugated molecules are
entertained in the molecular wires, from which the charge
transport over the long distance is achieved.( Rohrer H.,et al.,
2008) A few sorts of molecules have been recommended as
molecular wires up until this point, they all have similar key
necessities ( Selvaraju K., Kumaradhas P.2015, Selvaraju
K.et al.,2013, Srinivasan P., et al (2009). Planning and
incorporating of upgraded molecular wires might be worked
with by hypothetical strategies with more solid prescient
capacities. Quantum chemical computations utilizing DFT
approach was carried out to meet out the experimental results.
In the current investigation, we report the theoretical and
computational accomplishments of molecular orbital
examination on anthracene molecule with the heteroatoms



substituted at 1 and 3 position of six membered ring;
Nitrogen, Sulfur and Oxygen mentioned hereafter as HAA,
HTA and HOA. The data from the above investigation is
compared for the molecule [WH] having no heteroatoms.
These heterocyclic compounds have been appended with gold
(Au) atoms at the two terminals through Sulfur linker between
the molecule and metal terminals (Fig 1).

Il. COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations were carried
out for the optimization of Au and heteroatoms (N, S &O)
substituted haxaanthracene molecules by varying applied
electric fields from 0 VA to  0.26 VAL, The significant
variations in topological properties of the electron density
which includes electron density, Laplacian of electron density
and total energy density at the (3,-1) bond critical point in the
bonding regions, and electrical conductivity [from the band
gap analysis] of heteroatom containing anthracene molecule
were calculated under the applied electric filed between
0 VA to 0.26 VAL The variations of the above-mentioned
properties for the applied electric field beyond 0.26 VA,
were very feeble, hence, the molecule has been applied to the
external field up to 0.26 VAL All the calculations were
performed at Becke’s three parameters exchange function and
Lee, Yang and Parr gradient-corrected correlation function
B3LYP/6-31G(d,p) (Becke A.D. (1993) was used for C, H,
N, O, S atoms and basis set of LANL2DZ (Los Alamos
National Laboratory of Double Zeta) (McC B.J. (1986)) used
for Au (gold) atoms.The gold atoms [Au] at the either side of
the molecule was played a role of electrode via Sulphur linker
which facilitates the charge transport through the anthracene
molecule. Thus, there would be no variation in the electrical
conductivity when the single Au atom was replaced by the
cluster. Frequency calculations have been analyzed to
characterize the minima on the potential energy surface and
which has shown no imaginary frequencies for all three
molecules. Various quantum chemical properties are also
calculated by using the following theoretical background
(Jaiswal V., et al., 2014).

N
X=—H N,

In general, chemical hardness (1) (Kaya S., Kaya C.
2015) is a second derivative of energy of an atomic and
molecular system with respect to the number of electrons (N).
Hardness is used as a measure of resistance to changes in the
electron distribution of a system
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According to the following operational and approximate
definitions of Parr and Pearson (Parr R.G,. Pearson R.G .
2002), the global hardness (1) and softness (S) are calculated

s-__ Lt _ (IE-EA)
(IE—EA) n=—

where IE and EA are first vertical ionization energy and
electron affinity of the molecule respectively. The global
electrophilicity index (o) (Parr R.G.,et al.,1999) is calculated
by using chemical potential and hardness as

“

2n

=

Further, the ionization energy (IE) and electron affinity (EA)
were calculated based on the Koopmans’ theorem (Tsuneda
T., et al.,2010), by using the following relation,

-gnomo = IE -eLumo = EA

So, the approximate definition of hardness and chemical
potential can be written as follows:

p = ErLumo + EHomo
2 2

N =ELumo- Enomo

In addition to NCI analysis (Laplaza R..et al.,2021) , a
detailed Bader's topological analysis Kumar(P.S.V., et
al.,2016) has been carried out from QTAIM perspective to
address these weak interactions at molecular level. The
essential wave functions for the NCI-RDG and QTAIM
calculations have been generated at the B3LYP/6-
31G(d,p)/LANL2DZ level. Natural bond orbital analysis
(NBO) (Glendening E.D.,et al.,2019) has been carried out at
the same level to analyses the stabilizing interactions of these
HA molecules. All these calculations were performed using
Gaussian09 package (Gaussian.com,).

11 RESULTS AND DISCUSSION

Scheme 1 illustrates the 1,4,5,8,9,10-hexaanthracene (HA)
along with different heteroatoms N (-aza), S (-thia), O (-oxa)
considered for the present study. Our focus is to understand
the behaviour of heteroatoms with anthracene-based
frameworks for the better transport properties. In this study,
our aim is to cognize the role of heteroatoms on molecular
nanowire behavior of anthracene with two gold (Au) atoms at
the end of the terminals. In which, Au (gold) acts as metal



anodes for applying for the various electric fields at the two
terminals. Then, it would be fascinating to see how
heteroatoms alter the structural and electrical characteristics
of these molecules. Among the three heteroatoms, effect of
heteroatoms has been studied and evaluated for their
electrical characteristics for the molecular nanowire
applications where only applied for an electric field from 0
VA1t00.26 VAL These three molecules namely HAA, HTA
and HOA with nitrogen (N), Sulfur (S) and Oxygen (O) atoms
substitutions respectively. This nomenclature is followed
throughout this paper.

S
S assed

_

Scheme 1. Structure of Gold attached with various hetero
atoms of anthracene molecules.

A. Geometry Optimization

The important structural parameters of the optimized (at gas
phase) geometries (HAA, HTA & HOA) were shown for the
zero field to maximum applied field of 0.26 VA1 in Fig 1.
The selected bond parameters of (particular & average) bond
lengths (A) and bond angles (°) were listed in Table 1. From
the DFT calculation, it is observed that most of the C-C bond
lengths and C-C-C bond angles in WH (without heteroatom)
system are similar. The average value of C-C bond length and
C-C-C bond angle for WH system are 1.410 A and 120.4°
respectively. In WH molecule, the Leng Au-S bond elongates
from 2.329 A to 2.368 A when the field increased from 0 VA
1t0 0.26 VA and this could be the maximum varying only
the bond lengths and there is no much deviation in terminal
bond angles towards the applied EFs. Similar trend was
noticed for the right edge wnC-S-Au bond angle, which is
increased by 3.2° (from 103.9° to 107.1°), whereas the left
edge wnC-S-Au gets increased by 1.70° towards the applied
EF. For the three selected molecular nanowires, Au atom has
attached at the end of terminal position of Right (Rend) and
terminal position of Left (Leng) through sulfur atom (S). Upon
substitution of heteroatoms in anthracene molecules, the
variation in the bond lengths of C-S and S-Au by varying the
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applied electric field ranges from 0 VA1 to 0.26 VAlwere
shown in Figl and FiglA.

In this optimization, upon introducing of heteroatom
of nitrogen (N) into molecule HAA, the molecular gains
aromaticity when compared to WH molecule. The average
bond length of 1aaC-C is found to be slightly higher (1.447 A
to 1.449 A) for increasing the applied filed field from 0 VA
to 0.26 VAl when compared with that of WH molecule
(1.410A). In other hand, both the terminal positions (Lens and
Rend) are found to have the slightly higher 1aaC-S (1.781 A)
bond length at zero electric field. For the maximum applied
field of 0.26 VAL, both the Leng and Rena bond lengths (1aaC-
S) are slightly altered and reduced to 1.776 A and 1.761 A
respectively. Notably, the variation of two terminal position
of (Rend and Leng) bond lengths of S-Au are found to shorten
compared with WH molecule (zero field) which is clearly
given in Table 1. The Reng Of HaaC-S-Au decreased by 13.6°
from the respective angle in WH molecule under 0.26 VA,
whereas the Leng Of HaaC-S-Au was increased by 3°. On the
application of external EF, there is no significant bond length
variation. The bond length of left side naaC-S bond gets
contracted by 0.032 Which is the maximum variation
calculated when the EF varies from 0.21 VA" to 0.26 VAL,
Opposite trend is found for Reng 0f HaaC-S bond, whereas the
bond length is increased from 1.760 A to 1.776 A when the
EF varies from 0.21 VA t0 0.26 VAL, Up t0 0.21 VA, there
is no significant changes in the terminal bond angles. When
EF changes from 0.21 VA1 t0 0.26 VAL, Reng 0f 1aaC-S-Au
decreased by 13.6° and Lend OF HaaC-S-Au get increased by
6.4 deg. Similar trend happens for terminal C-C-S; Reng Of
HAAC-C-S decreased by 6.2°. However, when introducing
heteroatoms of nitrogen atom introduced in (HAA), the
molecule achieved aromaticity remain as such same when
compared to WH molecule but only the changes for the
slightly altering the two terminals bond distance C-S an S-Au.



e o e e WY 2
o - s Ve o R s B MR
AL ™0 s, =000
Dol 2\,
e v
72,
a_s Toop N 7.3 B
e s e I I 1.1
. . “v’. NN TN
v ™M
>, Fe <,
010 % i.\ & ’77} P 1 v ": - .
1L g oy > Y Y.
ANy s .a\I 5% ‘X.I'X_Ig,
v N
A
g g, 2w o
w VTIT Y SrLY R SOCCR
A Ly 1 X oy 1 1 'I?,,
~ " ey W 3
7 2,
DR
)
0.21 I N N v
v Y'Y B>
-
AAcho bl
550
»
) 5
~ AN . A
026 ety =

Fig 1. The terminal bond length variation of optimized
geometries of (a) HAA, (b) HTA, and (c) HOA under
applied electric field from 0 VA™to 0.26 VAL, For HTA,
the bond length of right-side Au-S bond gets elongated by
0.043 A, which is the maximum variation calculated when
the EF varies from 0 VA to 0.26 VA" The increment
pattern gets break at EF 0.15 VA™, where the length
decreased slightly by 1.5 A, then the increment pattern
persists up to EF 0.26 VAL, Similar scenario was observed
in bond angle variation and maximum variation (2.47°) is
found for the angle HtaC-S-Au at Leng, the angle is increased
from 101.6° to 103.6° on the application of EF increased
from 0 VA1t0 0.26 VAL Like the bond length variation, at
0.15 VA? the increasing pattern get braked by slight
decrement by 1.5°. Also, the maximum bond twist of about
10° is observed, on the application of external EF 0.26 VA"
1, for the bond S-C bond at the Lend. As expected, the rings
in HTA system is not coplanar and sulfur (S) atom attributes
the distorted geometry. The S atoms at both Reng/Lend rings
and mid ring are at 0.540 A and 0.668 A distances from the
central plane framed from carbon atoms of the individual
rings.

In HOA, for the external applied EF from 0 VA to
0.26 VA1, the maximum variation (0.036 A) in the bond
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length is noticed for right edge Au-S bond varies from 2.351
A t0 2.381 A. The opposite trend was calculated for left edge
Au-S bond, where the bond length values were decreased
from 2.351 A t0 2.335 A. Like HAA, and HTA, the LendC-S-
Au hits for the maximum bond angle variation (1.3°) towards
the applied EF, and the angle was increased from 102.8° to
104.1°. Similar trend was noticed for RengC-S-Au and angle is
varied by 0.81° on the application of EF from 0 VA™to 0.26
VAL, From the above analysis, it is concluded that the applied
external EF influences more on the bond angles, in more
specific, the external applied EF attributes the significant
variation in the terminal region of HAA system when
compared with other conjugated systems. Overall, the
calculated geometric parameters imply that planarity can be
tuned by varying the heteroatoms and different electrical field
ranges from 0 VA1t0 0.26 VAL These are very important for
their molecular nanowire properties.

B. Frontier Molecular Orbital (FMO) and Energetic
Analysis

In material science, frontier molecular orbitals (FMOs)
have been used to become important information on the
charge transport properties of molecules (Chamani Z., et al
2014) which is mainly associated with highest occupied
molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOSs)( Eliziane S.,et al., 2019, Caruso
F..etal.,2014).Therefore, in order to understand and examine
the nature of the FMOs (HOMO-2, HOMO-1, HOMO,
LUMO, LUMO+1, LUMO+2) has been depicted in Fig. 2.
HOMO orbitals are mainly involved in the unit of with and
without heteroatoms substituted anthracene rings. In other
hand, LUMOs are predominantly associated and stabilized
with the two terminal positions of S-Au atoms. The
heteroatoms substituted anthracene unit is highly stabilized
on the HOMO part. This can be clearly indicating that the
charge transfer takes place from heteroatom substituted units
to terminal positions of S-Au atoms

Table 1. Selected geometrical parameters of the conjugated systems. Bond lengths in (A) and Bond angles in (°)

Molecules HAA HTA HOA WH
0 | 026 0 | 026 0 | 026 0 | 0.26
Selected Bond Length (A) of Two Terminals (Lend and Rend)
(C-Clayg 1.447 1.449 1.346 1.348 1.340 1.342 1.410 1.411
(C-S)right 1.781 1.776 1.763 1.751 1.732 1.724 1.778 1.768
(C-S)ett 1.781 1.761 1.763 1.766 1.732 1.738 1.778 1.759
(C-N)avg 1.336 1.337 - - - - - -
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(C-S)avg - - 1.783 1.782 - - - -
(C-O)avg - - - - 1.378 1.378 - -
(AU-S)right 2.317 2.348 2.340 2.376 2.351 2.387 2.329 2.321
(AU-S)ert 2.317 2.320 2.340 2.327 2.351 2.335 2.329 2.368
Selected Bond Angles (°) of Two Terminals (Lend and Rend)
(C-S-Au)right 106.2 94.2 101.6 101.4 102.9 103.6 103.9 107.1
(C-S-Au)iert 106.2 108.6 101.6 103.6 102.9 104.1 103.9 105.6
(C-C-S)right 124.4 118.4 120.4 120.1 122.0 121.8 120.8 123.5
(C-C-S)pet 124.4 125.0 120.4 120.8 122.0 122.8 120.8 120.8

Au

Au

Au

Q- (©) (D)

Fig 1A. The superimpose of optimized geometries of (a) HAA, (b) HTA, (c) HOA, and (d) WH under applied
electric field from 0 VA™t0 0.26 VA
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Fig 2. The FMO’s (HOMO-2 to LUMO+2) of the molecules.

The FMO energy levels and their corresponding
HOMO-2 to LUMO+2 values are shown in Fig 2.
Particularly, HOMO-LUMO gaps are given for the applied
field of zero to maximum EF for all molecules in Table 2.
Among the three molecules, HAA was found to have the
highest H-L gap of ~ 2.34 eV (at zero electric filed) whereas
three molecules have been shown on the value of 1.77 eV for
(HTA) and 1.59 eV (for HOA) respectively. The HOMO-
LUMO gaps are gradually reduced for all the molecules not
only for the applied electric field of 0-0.26 VA but also
changing the heteroatoms (N, S, & O atoms). This can be
implying that the applied filed localizes the HOMO-LUMO
orbitals of the molecules. The smaller the energy band gap
facilitates the electron transfer from HOMO to LUMO energy
levels. Also, the chemical reactivity was well understood
from HOMO-LUMO energy levels (Eg) whereas HOA
molecules is found to have higher reactive molecule (lowest
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Ey of 0.79 eV) at the maximum applied electric field when
compared with HTA (0.18 eV) and HAA (1.51 eV). This can
be clearly indicating that the HOA molecule can has higher
conductivity for increases the EF from zero to maximum.

In Fig 2, among the all molecule shows that at 0.26
VA1 all the systems improve the conductivity nature which
is attributed from minimum band gap values, the values are
listed in the Table 1. From this observation, it is clear that
these heteroatoms-based molecules are expected to perform
well in molecular nanowires. Particularly, Energy gap results
has been in the following order of HOA < HTA < HAA.
Moreover, LUMO can be highly stabilization for the energy
gaps by introducing of heteroatoms of N, S & O in anthracene
molecules. This can be clearly noticed that the heteroatoms
will help to alter the LUMO level which is mainly play a
crucial role on the suitable substitution of the molecules.
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Fig 3. Energy Band gap variation of the hetero atom substituted systems under various

From the Table 3, it is noticed that among the systems,
HTA and HOA having Sulfur and oxygen atoms achieved
narrow energy band gap of about ~0.8eV, reflects the prominent
electrical conductivity nature. This attribute the influence of
hetero atom types in the charge transport over the molecular
nano-wires. To gain more insights from into the HOMO-LUMO
orbitals [FMOs], FMO orbital compositions and their respective
energetics have been shown in  Fig 3. The hetero atom
substituted systems, [HAA, HTA, and HOA] and WH molecules
were segmented into four units includes electrode atom, Au
[metal], right ring [RR], left ring [LR] and mid ring [bridge] to
get more insights of FMO’s and their energetics. Figure 6 clearly
reveals that the LUMO of all the conjugated systems were highly
stabilized [~95%)] by electrode, Au atoms, especially when the
molecule is under the influence of 0.26 VA applied electric
field. In overall molecules, heteroatom (with and without)
substituted anthracene units contributes towards the highly
delocalized in HOMOs whereas LUMO is also stabilized by Au-
S units. Especially, anthracene ring of HOA molecule (bridge

ring) is providing for the larger contribution takes place from
HOMO to LUMO at the applied electric field of both (0 and 0.26
VA1), Overall, the lower H-L gap can assist for the charge
transfer and electron conduction from HOMO to LUMO
orbitals. Also, LUMO orbitals are highly stabilized by Au-S
units which can attributes the maximum contributions of 80-
90%. Hence, Au-S attached anthracene (N, O & S substituted)
molecules can act as effective molecular nanowire applications.
By the substitution of different heteroatoms [N, S and O] in the
anthracene molecule, the electrical conductivity was highly
influenced at 0.26 VAL It is noticed that among the systems,
HTA and HOA having Sulphur and oxygen atoms achieved a
narrow energy band gap of about ~0.8eV [Kindly refer Table 2
in the manuscript], reflects the prominent electrical conductivity
nature. This attributes the influence of hetero atom types in the
charge transport over the molecular nano-wires. This was well
visualized in figure 3.

Table 2. Energy Band gap (Eg) values of the with and without heteroatoms substituted anthracene systems for

different applied electric field

Band Gap for Applied Electric Field (in VA1)

Molecules

0

0.05

0.10

0.15

0.21

0.26

WH

2.03

1.94

1.76

1.58

1.41

1.27
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HAA 2.34 2.12 1.99 1.78 1.67 151
HTA 1.77 1.58 1.38 1.18 1.00 0.81
HOA 1.59 1.40 1.22 1.05 0.90 0.76

C. Optoelectronic properties

Examining the electronic properties of heteroatom
substituted anthracene-based molecules gives information
about the energetics, charge transport and conductivity nature
of the systems. Based on HOMO and LUMO energy values,
the electronic properties such as ionization potential [IP],

electron

Table 3. Electronic properties of the conjugated systems for the applied electric field 0 VA and 0.26 VA™. (The values are

affinity[EA],

Chemical

potential

[u],

Electronegativity [x], Hardness [n], Softness [S] and
Electrophilic index [w] of the molecules under the minimum
[0 VA1] and maximum [0.26 VA1] applied electric field were
calculated and the values are listed in the Table 3.

in eV).
Molecules (EF in VA1) IP EA mn X n S o)

WH 0 5.64 3.61 -4.62 4,62 1.02 0.49 10.52
0.26 5.43 4.16 -4.79 4.79 0.63 0.79 18.11
0 6.44 4.10 -5.27 5.27 1.17 0.43 11.87

HAA
0.26 6.18 4.67 -5.42 5.42 0.75 0.66 19.48
HTA 0 5.51 3.74 -4.62 4.63 0.89 0.56 12.07
0.26 5.45 4.64 -5.05 5.05 0.40 1.23 31.44
HOA 0 5.24 3.65 -4.45 4.45 0.79 0.63 12.44
0.26 5.25 4.49 -4.87 4.87 0.38 1.31 31.17

From the Table 3, it is revealed that the IP value of
HAA molecule is higher when compared with other
molecules, which shows its increasing tendency to capture
electrons. This was further supported from EA values which
measure the strength of the acceptor, the corresponding EA
value is 4.669eV [at 0.26 VA"1] which is the maximum
value found among the other molecules. The least EA value
is found for WH system. It is also noted that the average
chemical potential (u) for HAA, HTA and HOA molecules
at 0V Aland 0.26 VA are calculated as -4.8 eV and -5.1
eV respectively, and these were the smallest values of p,
compared to WH system. This attributes that WH system
has the tendency to escape the electron and system having
hetero atoms to attract the electrons. This tendency of HAA,
HTA and HOA molecules was established from maximum
electronegativity values, 5.424, 5.047 and 4.870 eV at 0.26
VAl From the values of electrophilic index (), the
conjugated systems [HAA, HTA and HOA] involving
hetero atoms [N, S and O] are having the good capability of
accepting electrons when compared with the system [WH]
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having no heteroatoms. In particular, the electrophilic
nature was strengthened significantly from ~12eV to ~31eV
for HTA and HOA systems when the applied electric field
is increased from 0 VA to 0.26 VA respectively. On the
whole, HTA and HOA systems are the good donor of
electrons and possess higher electrical conductivity. Nearby
HOMO and LUMO orbitals may influenced the electrical
conductivity of the heteroatom substituted systems. So, only
the HOMO and LUMO level consideration may not give a
proper description of frontier orbitals. Thus, the total
density of states (TDOS) was calculated using GaussSum
package(O’Boyle N.M., et al.,2008, Adak O., et
al.,2015,Badorrek J.,Walter M.2021) , which gives the
contributions of different molecular composition in the
chemical bonding. Since the electrical conductivity is found
to be increased at the electric field 0.26 VA, the
corresponding TDOS for all the systems were plotted and
shown in the Fig 4 (a-d). Here, the broaden nature of DOS
peaks attributes the hybridization of the molecule and
electrode (Au) orbitals.


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Olgun++Adak
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Badorrek%2C+Jan
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Walter%2C+Michael
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Fig 4 (a-d). The TDOS plot of (a) HAA, (b) HTA, (c) HOA and (d) WH systems

D. QTAIM analysis
There is no significant variation is observed in the

The chemical bonding of all the systems were calculated topological parameters when the electric field is
characterized from Bader’s theory of Quantum theory of increased from 0 VA™ to 0.26 VA, and therefore the
atoms in molecules (Esser S. (2019). This theory also predicts topological parameters predicted at 0.26 VA is considered
the energetic nature which relates to the bond density, for the discussion and the corresponding values are listed in
Laplacian of electron density at the (3, -1) bond critical point. the table 5. The pictorial representation of (3, -1) bond critical
All possible (3, -1) critical point search was done for all homo points of all the systems are shown in the Fig 5.

and hetero atomic bonds.
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Fig 5. The molecular graph showing (3, -1) critical points of (a) HAA, (b) HTA and (c) HOA. Orange sphere

represents the bcp.

From the Table 5, it is revealed that the lowest bond
density is found for Au-S bond and the average value is
0.603 eA3. The Laplacian of electron density [VZpucp(r)],
has been raised from second order partial derivative of
electron density, which quantifies the curvature of the
function in 3D. The negative value of Laplacian directs to
the locally concentrated charges at the bcp and a positive

value leads to the locally depleted. The covalent nature of
C-S, C-N, C-0 and C-C bonds was well confirmed from the
negative Laplacian of electron density values and exhibiting
an open-shell interaction. The closed-shell type Au-S
interaction was evident from the positive values of
Laplacian [3.50 eA®].

Table 4. The average topological parameters of molecules at (3, -1) bond critical points calculated for 0.26 VA

applied electric field.

HAA HTA HOA WH

Selected Phbep V2poep Phbep V2poep Pocp V2phep Pocp V2Pocp

Bonds (A3 (eA®) €A?) (€A (eA?) (eA%) (eA?) (eA%)
Au-S 0.610 3.63 0.603 3.44 0.591 3.49 0.608 3.45
(S-C)rerminal 1.338 -9.3 1.327 -8.83 1.398 -10.53 1.333 -8.81
(C-N)ran 2.34 4.4 - - - - - -
(C-S)rta - - 1.290 -8.15 - - - -
(C-O)Hoa - - - - 1.899 -9.86 - -
(C-Chwn - - - - - - 2.059 -10.84
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E. Natural Bond Orbital (NBO) Analysis

In order to get clearer insight into the effect of
applied electric field on the inter- and intramolecular
delocalization, from NBO(Salami N.,Shokri A., 2021,
Weinhold F.,2012), second order perturbation theory
analysis has been carried out for the optimized
structures of HAA, HTA, HOA and WH molecules
respectively and the obtained results were presented in
table 6. Since the higher values of stabilization energy
indicates the strongest stabilization, the interactions
with stabilization energy greater than 6 kcal/mol has
been considered for the analysis. From the obtained

Journal of Scientific Research, Volume 66, Issue 3, 2022

results it is inferred that the inclusion of electric-field
induces the changes in the delocalization like BD-LP*,
BD-BD*, and LP-BD* respectively. On comparing
the orbital delocalization of HAA, HTA, HOA and
WH molecules, the HAA and WH molecule was
observed with highest stabilization energy for all type
of delocalization and found to be in the range of 25 —
78kcal/mol given in Table 5. Whereas, for HTA and
HOA molecules the stabilization energy for BD-LP*
and BD-BD* delocalization was found to be in the
range of 6 — 7 kcal/mol and for LP-BD* delocalization,
it is observed that 10-35 kcal/mol.

Table 5. NBO analysis of the conjugated systems for the applied electric field 0 VA and 0.26 VA,

Molecule Donor NBO Acceptor NBO Stabilization Energy (kcal/mol)/ (EF in VA1)
0 0.05 0.10 | 0.15 0.21 0.26
BD (2) C1- N6 LP*(1) C5 39.28 | 40.37 4200 | 4346 | 45.19 36.56
BD (2) C2 - N3 BD*(2) C4 - N7 21.36 | 21.58 21.71 21.92 22.07 20.56
BD (2) C4 - N7 LP*(1) C5 29.99 | 29.67 2051 |29.08 | 2851 31.24
BD (2) C4 - N7 LP (1) C8 57.52 | 57.41 56.55 56.00 54.76 56.54
BD (2) C9-N10 | LP*(1) C5 5750 | 5760 58.26 | 5843 |59.10 57.59
HAA BD(2)C9-N10 | LP(1)C8 2098 | 3023 | 3016 |3011 |2985 | 27.28
BD (2) N11-C12 | LP(1)C8 39.28 | 38.30 3731 | 3688 |37.08 45.24
BD (2) C13 - N14 BD*(2) C9 - N10 21.36 | 21.16 21.48 21.50 21.94 22.87
LP (1) C8 BD*(2) C4 - N7 65.18 | 64.05 62.81 61.25 59.16 69.22
LP (1) C8 BD*(2) C9 - N10 73.64 | 74.07 74.04 73.97 73.52 74.66
LP (1) C8 BD*(2) N11 - C12 56.49 | 57.61 59.24 61.41 64.83 54.44
LP (2) S18 BD*(2) C1 - N6 21.92 | 23.23 25.23 26.56 27.99 23.85
BD (1) C3 - H17 BD*(1)C4-S5 6.92 6.99 6.78 6.88 6.83 6.76
BD (1) C13 - H18 BD*(1) S11 - C14 6.92 6.85 7.05 6.93 6.94 6.95
BD (1) S15 -Aul9 BD*(2) C3-C4 6.03 6.31 5.54 6.07 6.07 6.05
BD (1) S16 -Au20 BD*(2) C13-C14 6.03 5.77 6.61 6.11 6.21 6.33
LP(2)S2 BD*(2) C1-C6 15.10 | 15.64 14.12 15.90 16.05 16.06
HTA LP(2)S2 BD*(2) C3-C4 17.18 | 17.73 16.28 20.98 22.09 22.87
LP (2) S5 BD*(2) C1 - C6 14.39 | 15.03 1330 | 1512 | 15.29 15.35
LP(2)S5 BD*(2) C3 - C4 11.46 | 11.90 1071 |13.19 | 13.54 13.64
LP(2)S 7 BD*(2) C1 - C6 11.75 | 11.65 1206 | 1254 |13.02 13.63
LP(2)S 7 BD*(2) C8 - C9 11.94 | 12.19 1150 |11.69 |11.71 11.79
LP (2) S10 BD*(2) C1 - C6 11.94 | 11.71 1247 | 1242 | 1268 13.00
LP (2) S10 BD*(2) C8 - C9 11.75 | 11.89 11.61 11.48 11.54 11.67
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LP (2) S11 BD*(2) C8 - C9 1439 | 13.81 1568 |14.03 |13.99 14.11
LP (2) S11 BD*(2) C13-Cl14 | 11.46 | 11.08 1229 |9.94 9.56 12.97
LP (2) S12 BD*(2) C8 - C9 15.10 | 14.60 16.18 | 14.46 | 14.26 14.16
LP (2) S12 BD*(2) C13-Cl14 | 17.18 | 16.69 1828 | 1419 |13.47 12.97
BD (2) C1-C2 BD*(1) S12 -Aul4 | 6.95 | 7.28 7.61 7.90 8.13 8.27
BD (1) C2 - H9 BD*(1)C1-019 |6.97 |6.90 6.84 6.77 6.69 6.61
BD (2) C7 - C8 BD*(1) S11-Aul3 | 6.94 | 6.61 6.28 5.97 5.69 5.42
BD (1) C8-H10 | BD*(1)C7-016 |6.95 |6.99 6.98 6.96 6.93 6.91
BD (1) S11-Aul3 | BD*(2) C7-C8 6.98 | 6.99 7.03 7.10 7.23 7.38
BD (1) S12-Auld4 | .BD*(2)Cl-C2 |6.97 |6.94 6.89 6.85 6.83 6.82
LP (2) 015 BD*(2) C5 - C6 26.67 | 26.97 2702 | 27.06 |27.15 27.38
LP (2) 015 BD*(2) C7 - C8 29.95 | 28.94 2772 | 2652 | 25.40 24.45
HOA LP (2) 016 BD*(2) C5 - C6 28.64 | 28.90 28.85 |28.87 |29.05 29.47
LP (2) 016 BD*(2) C7 - C8 22.81 | 22.40 2145 | 2054 |19.67 18.97
LP (2) 017 BD*(2) C3 - C4 27.48 | 28.05 2867 |2931 |29.98 30.63
LP (2) 017 BD*(2) C5 - C6 25.96 | 25.42 2478 | 2413 | 2365 23.40
LP (2) 018 BD*(2) C3 - C4 25.98 | 26.53 2712 | 2767 |28.19 28.64
LP (2) 018 BD*(2) C5 - C6 27.48 | 26.96 2642 | 2586 | 2551 25.42
LP (2) 019 BD*(2) C1 - C2 23.10 | 23.30 23.69 | 2386 |23.89 23.80
LP (2) 019 BD*(2) C3 - C4 28.79 | 28.48 28.33 | 2819 |28.15 28.25
LP (2) 020 BD*(2) C1 - C2 30.03 | 30.98 31.94 |3279 |33.49 33.92
LP (2) 020 BD*(2) C3 - C4 26.76 | 26.42 26.20 | 26.01 | 25.92 25.96
BD (2) C1-C25 LP*(1) C4 34.60 | 35.49 36.80 |38.45 | 4051 42.92
BD (2) C1-C25 BD*(2) C2-C23 | 14.78 | 14.74 1458 | 14.44 | 1424 13.98
BD (2) C2 - C23 BD*(2) C1-C25 | 15.18 | 15.24 1530 |1536 | 15.45 15.58
BD (2) C2- C23 BD*(2) C3-C21 | 16.87 | 17.07 1715 | 1727 |17.32 17.29
BD (2) C3 - C21 LP*(1) C4 42.48 | 42,51 4241 | 4234 | 4220 41.97
BD (2) C3 - C21 LP (1) C5 49.80 | 50.01 49.76 | 4954 | 48.99 48.17
BD (2) C3 - C21 BD*(2) C2-C23 | 17.50 | 17.32 1724 |1715 |17.13 17.20
BD (2) C6 - C19 LP*(1) C4 49.80 | 49.44 49.07 | 4831 | 47.34 46.18
WH BD (2) C6 - C19 LP (1) C5 42.48 | 42.42 4223 | 41.96 | 4158 41.09
BD (2) C6 - C19 BD*(2) C8-C17 | 17.50 | 17.68 1783 |18.01 |18.14 18.25
BD (2) C7-C15 LP (1) C5 34.60 | 33.88 3351 |3338 |3357 34.11
BD (2) C7 - C15 BD*(2) C8-C17 | 14.78 | 14.78 1482 | 1476 | 1468 1459
BD (2) C8 - C17 BD*(2) C6-C19 | 16.87 | 16.66 1650 |16.26 | 16.05 15.86
BD (2) C8 - C17 BD*(2) C7-C15 | 15.18 | 15.12 1502 |1490 |14.73 14.54
LP (1) C5 BD*(2) C3-C21 | 65.50 | 65.00 6431 | 6361 |62.83 62.02
LP (1) C5 BD*(2) C6-C19 | 57.53 | 57.23 56.84 |56.16 | 55.32 54.33
LP (1) C5 BD*(2) C7-C15 | 63.46 | 65.76 68.70 | 7152 | 74.46 77.27

F. Molecular electrostatic potential [MEP]
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The calculation of molecular electrostatic potential
has been carried out to understand the physiochemical
properties (Fedorov D.G..et al.,2019, Lu T.,Chen F.2012,
Prakash Chandra R., et al.,2020). which includes the reactive
sites for electrophilic and nucleophilic regions. The MEP
plots were plotted for all the systems under the 0.26 VA
applied electric field. The relative polarity of these molecules
was well distinguished from this calculation. The variably
charged regions of these conjugated systems were visualized
from MEP plots.

(©)
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In general, the electrophilic regions were identified from the
negative regions [red] of electrostatic potential surface, and
the positive regions [blue] relates the nucleophilic reactivity.
In Fig 6, the blue, white and red regions identify the different
surfaces of electrostatic potential varying from -0.05 to +0.13
au; blue and yellow spheres represent minima and maxima
ESP surface respectively. Irrespective of the conjugated
systems, it was found that ESP surface minima is found near
the electrode atom [Au] at the left side; whereas the surface
maxima were found at the right-side Au atom.

(d)

Fig 6. The ESP-mapped molecular surface of (a) HAA, (b) HTA, (c) HOA and (d) WH molecules. The Units in a.u.
Local maxima and minima are represented by yellow and blue spheres.

Fig 7 (a-d) shows the surface areas of all the systems in
different ESP ranges. From these figures it is clear that large
portion of the surface covers the ESP values ranges from -20 to
+20 kcal/mol. Also, the variance of ESP in both the positive
and negative regions were calculated for all the systems. The
corresponding  values are  253.51/117.52  kcal/mol,
114.02/58.41  kcal/mol, 121.38/52.40  kcal/mol and
180.74/104.77 kcal/mol for HAA, HTA, HOA and WH
respectively. These values reveal that ESP distribution
fluctuates remarkably in HAA system, as their polarity index is
17.5 kcal/mol which is the maximum value; whereas the
polarity index for HTA, HOA and WH were calculated as 11.16
kcal/mol, 13.09 kcal/mol and 15.82 kcal/mol respectively.

G. Non-covalent interactions (NCI) Analysis

NCI-RDG analysis is carried out on the optimized
geometries of selected four molecules which is representing
stabilizing attractive (blue), destabilizing repulsive (red) and
weak van der waals interactions (green) isosurfaces
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respectively. The reduced density gradient [RDG] and its
corresponding isosurface was obtained from Multiwfn software
(Pettersen E., 2004). RDG is calculated to identify the NCI
regions (Boto R.A.,2015). RDG isosurface can be used to
analyze the strength of the interactions under the value of 0 and
0.26 VA applied electric fields. The RDG scatter plot was
shown in the Fig 8 which has based on the sign of (A2) p and
their respective values in HAA, HTA and HOA at 0 VA and
0.26 VAL, The HAA molecule found to show the values of (A2)
-0.01 a.u (green —weak interactions) and 0.01 to below 0.03 a.u
(red — repulsive) under 0 to maximum electric field of 0.26 VA
! whereas the isosurface value of -0.02 au (blue color — large
negative) is present strong attractive region. In HTA, repulsive
and weak interactions regions were shown in the ranges
between 0to -0.01 (red) and 0 to 0.02 (red) under 0 to maximum
electric fields. By the changing of electric field between zero
and maximum (0.26 VA1) in HOA molecule, there is obtained
only for the repulsive forces (large positive - red region) ranges
between 0.02 to 0.03 a.u. In other hand, there is no attractive
(blue) and weak interactions while introducing with (0.26 VA



1y and without (zero) electric fields in molecules HOA. The
heteroatom atom of (oxygen) substituted HOA molecule found
to have increases the red region (repulsive) which has been
implied that the higher electrical conductivity than compared to
other molecules.

CONCLUSION

The ability of electrically conductive nature of with and
without hetero atoms [N, S, and O] anthracene molecules were
examined by using DFT approaches under the influence of
various applied electric field ranges from zero VA™to 0.26
VAL Among the four systems, it is predicted that when the
electric field is increased from 0 to 0.26eV, HAA system
[nitrogen hetero atom substituted] shows some slight
geometrical variations at the terminal region. From the FMO
analysis, it is predicted that HTA and HOA systems having
Sulfur and oxygen atoms attained narrow energy band gap of
about ~0.8eV, reflects its prominent electrical conductivity
nature. The calculation of ionization potential [IP] and electron
affinity [EA] shows the substantial ability of electron capture of
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hetero atom substituted systems [HAA, HTA and HOA]. Also,
the LUMO of all studied molecules was stabilized
predominantly by the Au atoms under the maximum applied
electric field [0.26 VA]. The closed shell interaction of Au and
S atoms of all the conjugated systems were well recognized
from the positive values of Laplacian of electron density.
Finally, the reactive sites of these systems were distinguished
from MEP analysis and it is noticed that irrespective of all the
studied molecules, the large portion of the surface covers the
ESP values ranges from -20 to +20 kcal/mol and the ESP
distribution fluctuates remarkably in HAA system. In NCI-
RDG analysis, this can be highly witnessed for an enhancement
of the electrical conductivity inside in the heteroatom
substituted HOA molecule. In overall, our study not only
emphasis the important of heteroatoms but also providing for
the proper platform to developing a heteroatom substituted
anthracene based molecular nanowires.
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Fig 7. Surface area of (a) HAA, (b) HTA, (c) HOA and (d) WH systems in each ESP range.
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Fig 8. RDG scatter plot of heteroatom substituted molecules.
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