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ABSTRACT

The electrical characteristics of gold and sulphur substituted DCC molecular nanowire under
the external applied electric field from 0 VA™ to 0.26 VA™ was investigated from density functional
theory (DFT). The structural variation is found to be significant for Au-S bonds for the applied
electric field and the mid-portion of DCC molecular nanowire remains unaffected. The bond
topological analysis was carried out for all the (3,-1) bond critical points; the systematic variations
were noted when the electric field is increased from 0 VA™ to 0.26 VA™. The nonlinear electrical

behavior of DCC nanowire was validated from V-I characteristics.
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INTRODUCTION

The computational and the trial investigation have given an agreeable exertion for the
creation of better leading atoms utilizing to produce the nanoelectronic gadgets. The associations
between the components of all nano-electronic parts are shaped with sub-atomic wires. As of late, a
few natural atoms were incorporated and their electrical qualities have been contemplated’. The
electrical conductivity of a sub-atomic wire basically relies upon the sub-atomic structure, its
orientation, and the electronenergy density as well as energy density distribution. The configuration
of the molecular wire can be distinguished from the manufacturing procedures and connections of
anode or cathode for electrical coupling and bond stability. The dicy Clopentylcyclohexane (DCC)
systems established the proficient electronic pairing between donor and acceptor in nano-electronic
devices. The DCC system possesses excellent electron transport properties®. The effective charge
transport through the molecule results from the small energy gap between lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of DCC, and thus, it
behaves as an improved molecular nano-wire. The difficulty in understanding the science of charge
transport between metal and molecule comesfrom experimental factors and this was overwhelmed
from the theoretical electron density analysis via the quantum theory of atoms in molecules
(QTAIM).

H

Figure. 1 - Au and S substituted Dicyclopentyl-Cyclohexane molecule.

The topology of electron density and the current-voltage characteristics of Au and S
substituted DCC molecule (Fig. 1) werestudiedfor five different electric fieldintensities on the basis
of theoretical electron density andtotal energy density viahigh-level density functional calculations
together with AIM analysis®. The electrical conductance in DCC nanowire for the different applied

electric field was well exhibited by their I1-V characteristics.
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COMPUTATIONAL METHODOLOGY

The optimization of Au and thiol-substituted DCCsystemwas carried out for the five different
biasing steps from 0.05 to 0.26VVA™as a positive field on the left edge and negative field on the right
edge of the DCC moleculeusing Density Functional Theory (DFT) calculations incorporatedin
Gaussian03 program suite*. The computation was carried along with the B3LYP hybrid function
(Becke’s three parameters exchange function and Lee, Yang and Parr gradient-corrected correlation
function) and LANL2DZ (Los Alamos National Laboratory of Double Zeta) as basis set’. Berny
algorithm was incorporated in all geometry optimizations. The optimization was accomplished with
the threshold convergence for maximum force,0.00045au, root mean square (RMS) force,0.0003au,
maximum displacement, 0.00lauand root mean square (RMS)displacement, 0.0012 au. The
convergence on the density matrix [10® and 10°®] for the RMS and maximum density matrix error
between the iterations was requested to perform the self-consistency of the non-interactive wave
function.

From AIMPAC suite’theelectron density poep(r), Laplacian of electron density Vzpbcp(r), bond
ellipticity € and the eigenvalues A; were calculated at the bond critical point for differentelectric
fields. DENPROP and wfn2plots were used for generating thetwo and three-dimensional grids for
visualizing the Laplacian of charge density and the deformation density maps.GVIEW packageis
used to view the 3D surface plots of molecular frontier orbitals and electrostatic potential. The
density of states (DOS) of the molecular nanowire resulted from Gauss Sum program’.

RESULTS AND DISCUSSION

Geometrical analysis

Lately, the geometrical and topological properties of different molecules have been
investigatedin the different applied electric field using DFT?> method. The geometrically optimized
DCC molecular wires for the zero and non-zero applied electric fields were depicted in the Fig. 2.
TheDCC has onecentral aromatic ring and at the ends of the molecule, Au atoms were attached
through the sulphur atoms. The thiol atom provides betterlinkageof conjugated DCCwith the Au
atom®. The electrically conducting molecular wires are goodrespondent to the external applied
electric field. This often results in the alterationsin the geometrical conformation of the molecules
and leads to significantvariation in the electrical conductivityproperties of the molecules®. Thus it is
more important to compare the zero field geometry against the applied fields to realize the molecular

stability over the series of the applied electric field.
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Figure. 2 - Optimized configuration of Au and S substituted DCCmoleculewith the zero and non-zero applied
electric field.

On observing the three ring structures (cyclopentane and cyclohexane) under applied field
and zero field effects, the C—C bond distances in the molecule varies from 1.360 to 1.514 A, the
maximum perceived variation is 0.008 A.As the field increases the connector bond C-C distances is
decreased from ~1.474 to ~1.467 A. The S—C bond lengths at zero fieldareabout 1.930 A; as an
increase in the applied electric field, these distances are decreased with a maximum variation of
0.0045 A. The distance decreased from 1.925 to 1.923 A, in the L-end, while it is shortened from
1.935 to 1.931 Ain the R-end;the variations [~ 0.02A] are found to be equal in the both R-end and L-
end.The Au—S bond distances are found unequal for the zero and the applied field. In the R-end, Au-
S bond distance was found to be increased from 2.391 to 2.427 A as the field increases; notably,

there is no variationwas observed in L-end of the DCC molecular wire for all the applied electric
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fields. The Au-S distances at L- and R-ends are computed as 2.386 and 2.427 A for the maximum
applied field (0.26 VA™). This hugevariance is endorsed to the applied electric field increasing the
Au-S bond distance over by attenuating the S—C bond length in DCC molecular wire (Table
1).However, theC—H bond lengths were found to be almost equal [1.086 A] for all the applied
electric field. Table.1lexplores the complete spectrum of bond distance values of Au and S substituted

DCC molecule for the zero and higher applied electric fields.
Table No. 1:“Bond distances (A) of Au and S substituted DCC molecular wire for the zero andhigher applied EFs

(VAY”»
Applied electric field (VAT
Bonds 0 005 | 010 | 015 | 021 | 026
Ring 1
C(3)-C(2) 1372 | 1372 | 1.372 | 1.373 | 1.375 | 1.377
C(3)-C(4) 1.493 | 1.493 | 1.492 | 1.492 | 1.491 | 1.49
C(2)-C(1) 1.508 | 1.508 | 1.507 | 1.507 | 1.505 | 1.504
C(1)-C(5) 1514 | 1514 | 1.513 | 1.513 | 1.512 | 1.512
C(5)-C(4) 1.36 1.36 136 | 136 | 1.361 | 1.362
Ring 2
C(7)-C(6) 1.417 | 1.418 | 1.418 | 1.419 | 1.421 | 1.422
C(7)-C(8) 1.399 | 1.399 | 1.398 | 1.398 | 1.396 | 1.396
C(6)-C(11) 1.418 | 1.419 | 1.419 | 1.42 | 1.422 | 1.423
C(10)-C(9) 1.417 | 1417 | 1.417 | 1418 | 1.419 | 1.421
C(9)-C(8) 1.419 | 1419 | 1.419 | 1.42 | 1.421 | 1.423
C(10)-C(11) 1.399 | 1.399 | 1.398 | 1.398 | 1.396 | 1.396
Ring 3
C(12)-C(13) 1.489 | 1.489 | 1.489 | 1.489 | 1.489 | 1.489
C(12)-C(16) 1.375 | 1.376 | 1.378 | 1.38 | 1.383 | 1.385
C(13)-C(14) 1.36 1.36 136 | 136 | 1.36 1.36
C(14)-C(15) 1511 | 1511 | 1.511 | 1.511 | 1.511 | 1.511
C(15)-C(16) 1509 | 1.508 | 1.508 | 1.507 | 1.506 | 1.505
Ring Connectors
C(6)-C(3) 1.475 | 1475 | 1.474 | 1473 | 1.471 | 1.469
C(9)-C(12) 1.474 | 1473 | 1.471 | 1.469 | 1.467 | 1.465
Terminal
C(15)-5(2) 1.935 | 1935 | 1.934 | 1.933 | 1.932 | 1.931
C(1)-S(1) 1.925 | 1.924 | 1.923 | 1.923 | 1.923 | 1.924
S(2)-Au(2) 2391 | 2.394 | 2.398 | 2.405 | 2.414 | 2.427
S(1)-Au(l) 2385 | 2.385 | 2.385 | 2.384 | 2.386 | 2.386
C-H Bonds
C(1)-H(1) 1.101 | 1.201 | 1.201 | 1.101 | 1.101 | 1.101
C(2)-H(2) 1.083 | 1.083 | 1.083 | 1.083 | 1.083 | 1.083
C(4)-H(4) 1.084 | 1.084 | 1.084 | 1.084 | 1.084 | 1.084
C(5)-H(5) 1.083 | 1.083 | 1.083 | 1.083 | 1.083 | 1.083
C(7)-H(7) 1.087 | 1.087 | 1.087 | 1.086 | 1.086 | 1.086
C(10)-H(10) 1.087 | 1.087 | 1.087 | 1.087 | 1.087 | 1.087
C(8)-H(8) 1.087 | 1.087 | 1.087 | 1.087 | 1.087 | 1.087
C(13)-H(13) 1.084 | 1.084 | 1.084 | 1.084 | 1.084 | 1.084
C(14)-H(14) 1.083 | 1.084 | 1.084 | 1.084 | 1.084 | 1.084
C(16)-H(16) 1.083 | 1.083 | 1.083 | 1.083 | 1.083 | 1.083
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There is no any significant difference was noticed in the bond angles of the DCC wire when
compared the values for applied field against the zero field. Similarly, the applied electric field leads
to no significant difference in the bond angles of the terminal (C—C—S and Au—S—C) bonds.
Specifically, for the zero field and the higher field, the C—C-S bond angle is ~114.5 and
~114.25°respectively. Furtherwith the increase of fieldfrom zero to the higher electric field, the
Au—S—C bond angles are found to be increased by 1° and the maximum angle is found at 0.26 VA™
[~103.5°].Further, the C—C—C bond angles (~109.77°)at cyclopentanerings almost remain the same
with the increase of field from OVA™and for cyclohexane, it is observed to be (~121.2°) [Table 2]

whichalso remains same with the increase of the field.
Table No. 2:“Bond angles (°) of Au and S substituted DCC molecular wire for the zero and higher applied EFs

(VA'l)”
Bonds Applied Electric Field(VA™
0 0.05 0.1 0.15 0.21 0.26
Ring 1
C(2)-C(3)-C(4) 107.9 107.9 107.9 107.9 107.8 107.8
C(3)-C(2)-C(1) 109.8 109.7 109.7 109.7 109.8 109.8
C(2)-C(1)-C(5) 103.6 103.6 103.6 103.6 103.6 103.6
C(1)-C(5)-C(4) 108.9 108.9 109 109 109 109.1
C(3)-C(4)-C(5) 109.8 109.8 109.7 109.7 109.7 109.7
Ring 2
C(6)-C(7)-C(8) 121.3 121.3 121.3 121.3 121.4 121.4
C(7)-C(6)-C(11) 117.4 117.4 117.4 117.4 117.3 117.2
C(7)-C(6)-C(3) 121.4 121.4 121.4 121.4 121.4 121.5
C(11)-C(6)-C(3) 121.1 121.1 121.2 121.2 121.3 121.3
C(6)-C(11)-C(10) 121.3 121.3 121.3 121.3 121.4 121.4
C(11)-C(10)-C(9) 121.2 121.2 121.2 121.2 121.2 121.3
C(10)-C(9)-C(8) 117.5 117.5 117.5 117.5 117.4 117.4
C(7)-C(8)-C(9) 121.3 121.2 121.3 121.3 121.3 121.3
Ring 3
C(13)-C(12)-C(16) 108 107.9 107.9 107.8 107.7 107.6
C(12)-C(13)-C(14) 109.7 109.7 109.8 109.8 109.8 109.9
C(13)-C(14)-C(15) 109.2 109.2 109.2 109.2 109.2 109.2
C(14)-C(15)-C(16) 103.5 103.5 103.5 103.6 103.6 103.6
C(12)-C(16)-C(15) 109.6 109.6 109.7 109.7 109.7 109.7
Ring Connectors
C(6)-C(3)-C(2) 127.6 127.5 127.3 127.2 127 126.8
C(6)-C(3)-C(4) 124.5 124.6 124.7 124.9 125.2 125.4
C(10)-C(9)-C(12) 121.4 121.4 121.5 121.5 121.6 121.7
C(8)-C(9)-C(12) 121.1 121 121 121 121 120.9
C(9)-C(12)-C(13) 124.5 124.5 124.4 124.4 124.4 124.4
C(9)-C(12)-C(16) 127.5 127.6 127.7 127.8 127.9 127.9
Terminal
C(14)-C(15)-S(2) 112.7 112.6 1124 112.3 112.3 112.3
C(16)-C(15)-S(2) 106.1 105.8 105.4 104.9 104.4 104.2
C(2)-C(1)-S(1) 114.6 114.5 114.3 114.1 113.6 113.1
C(5)-C(1)-S(1) 114.4 114.6 114.8 115 115.3 1154
C(15)-S(2)-Au(2) 102.8 102.9 103.1 103.4 103.8 104.1
C(1)-S(1)-Au(1) 101.2 101.6 101.9 102.3 102.6 103
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The applied field made an appreciable increase in the torsion angle of the C—C—C—C ring
bonds as well as the spine bonds of the molecule; the maximum difference of torsion angle 0.6° is
observed when the field increased from 0 to 0.26 VA™. For the zero field, the torsion angles S—-C—C—
C bonds in the right end is ~118.9° and the left end shows the angle of ~126.8°; with an increase in
the field, this angle is decreasedby ~0.1°. While Au-S—-C—C bonds in both the left and right end
shows an appreciable increase in bond twit as the field increases. The zero field torsion angle of left
end Au-S—C—C bond is 60.1°; as the field increases, this angle gradually increases to 73.6°(0.26 VA
Ywith the increase of field, whereas the right end torsion angle at zero fields is -59.4° which is
decreased to -45.4°with the field increases.

Overall, on the application of the external electric field, the variations at the central region of
the DCC molecular wire remain the same. Specifically, there is a wide variation is noticed in the
terminal groups between the ends of the molecule [Table 3]. Thus the structural evaluationfor
different fields reveals that, comparatively, the terminal groups are found to be highly reactive to the

applied electric field.
Table No. 3:“Torsion angles (°) of Au and S substituted DCC molecular wire for the zero and higher applied EFs

(VAT
Bonds Applied Electric Field(VA™)
o | o005 | 01 | 015 | o2t 0.26
Ring 1
C(4)-C(3)-C(2)-C(1) 0.6 0.6 05 05 05 0.4
C(2)-C(3)-C(4)-C(5) 03 03 03 0.4 03 03
C(3)-C(2)-C(1)-C(5) 11 11 11 11 1 -0.9
C(2)-C(1)-C(5)-C(4) 13 13 13 13 12 11
C(1)-C(5)-C(4)-C(3) 1 1 11 11 -0.9 -0.9
C(6)-C(3)-C(2)-C(1) 1795 1795 | -179.4 | -1793 | -1791 | -1789
C(6)-C(3)-C(4)-C(5) 179.7 -179.7 1797 | -1798 179.9 179.7
Ring 2
C(8)-C(7)-C(6)-C(11) 0.4 0.4 0.4 0.4 0.4 0.2
C(8)-C(7)-C(6)-C(3) 179 179 179.1 179.1 179.1 179.1
C(6)-C(7)-C(8)-C(9) 0.4 05 05 05 05 05
C(7)-C(6)-C(11)-C(10) 0.4 0.3 0.3 0.2 0.1 0
C(3)-C(6)-C(11)-C(10) 1791 -179.1 1792 1792 1793 -179.4
C(10)-C(9)-C(8)-C(7) 0.3 0.3 -0.4 -0.4 -0.4 05
C(6)-C(11)-C(10)-C(9) 0.3 0.3 0.2 0.2 0.1 0
C(11)-C(10)-C(9)-C(8) 0.3 0.2 0.2 0.2 0.2 0.2
Ring 3
C(13)-C(12)-C(16)-C(15) 0.3 0.2 0.2 0.1 0 0.2
C(12)-C(13)-C(14)-C(15) 0.8 0.8 0.8 0.8 0.7 0.7
C(13)-C(14)-C(15)-C(16) -0.6 0.7 0.7 0.7 0.7 0.8
C(16)-C(12)-C(13)-C(14) 0.7 0.7 -0.6 0.5 -0.4 0.3
Ring Connectors
C(7)-C(6)-C(3)-C(2) -14.4 -14.8 -14.9 145 12 116
C(7)-C(6)-C(3)-C(4) 165.5 165.1 165.1 165.7 168.4 169.1
C(11)-C(6)-C(3)-C(2) 165 164.6 164.6 165 167.4 167.7
C(11)-C(6)-C(3)-C(4) -15.1 -15.4 -15.4 -14.8 12.2 115
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C(11)-C(10)-C(9)-C(12) -179.7 -179.6 -179.4 -179.3 -179.1 -178.8
C(12)-C(9)-C(8)-C(7) 179.6 179.5 179.3 179.1 178.9 178.6
C(10)-C(9)-C(12)-C(13) -162.2 -162.6 -163.4 -164.4 -164.9 -165.9
C(10)-C(9)-C(12)-C(16) 18.5 18.2 17.8 17.2 17 16.6
C(8)-C(9)-C(12)-C(13) 17.9 17.6 17 16.2 15.8 15.1
C(8)-C(9)-C(12)-C(16) -161.5 -161.6 -161.9 -162.3 -162.2 -162.4
C(9)-C(12)-C(13)-C(14) 179.8 -180 -179.6 -179.3 -178.8 -178.2
C(9)-C(12)-C(13)-H(13) 2.4 2.7 3 3.4 4 4.6
C(9)-C(12)-C(16)-C(15) 179.8 179.5 179.1 178.8 178.2 177.6
Terminal
C(13)-C(14)-C(15)-S(2) -114.7 -114.4 -113.9 -113.3 -112.8 -112.6
C(14)-C(15)-C(16)-C(12) 0.1 0.2 0.3 0.3 0.4 0.6
S(2)-C(15)-C(16)-C(12) 118.9 118.8 118.5 118.3 118.1 118.2
C(14)-C(15)-S(2)-Au(2) -66.9 -66.4 -66.2 -66.3 -66.6 -67.1
C(16)-C(15)-S(2)-Au(2) -179.4 -178.7 -178.3 -178.1 -178.2 -178.5
C(3)-C(2)-C(1)-S(2) -126.5 -126.6 -126.8 -126.9 -126.8 -126.5
S(1)-C(1)-C(5)-C(4) 126.8 126.7 126.7 126.6 125.9 125.2
C(2)-C(1)-S(1)-Au(1) 60.1 61.6 63.1 65.3 71.3 73.6
C(5)-C(1)-S(1)-Au(1) -59.4 -58 -56.5 -54.3 -48 -45.4
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Figure. 3 - Deformation density mapsofAu and S substituted DCCforthezero and higher applied electric field.

The association between the topology of electron density at the bond critical points and the
chemical conceptscan be well countedfrom Quantum theory of atoms in molecules (QTAIM). The
bond topological parameters at bcp of DCC molecular wire for applied electric fields were listed in
Table 4. The presence of a chemical bond between the two atoms was authorized from the
topological electron densityanalysis. In more specific in our investigation, the Au-S bond embraces,
the gold and sulphur interaction is not a covalent type. The positive Laplacian of electron density
V?p(r) was noted for Au-S bonds which confirms their closed-shellinteractions. The similar kind of
studies was already reported in Gibbs et al.’s and Cremer-Kraka’s work .

The 2-dimensional contour plot of deformation density of the DCC molecule calculated at
ring planes for the zero and various applied EFs, obtained from the difference of total aspherical and
spherical atom densities are clearly depicted in Fig. 3. Further, it shows the charge concentration at
the bond critical point for the zero and higher electric fields. The electron density [pnep(r)] at the bep
of all cyclopentyl C—C bonds ranges from 1.60 to 2.10 eA™ for the zero field, and these values were
found to be reduced slightlyfor higher electric fields; the maximum variation is 0.04 eA™ There is no
significant variation in the electron density [pnep(r)] at the bep of all cyclohexane C—C bonds as their
average value is1.90 eA™ for the applied field. The zero field density poep(r) of C=C bonds (ring
connector) is ~1.73 eA™® the bond densities are found to be almost equal for all the applied fields. At
zero field, the S—C bond density is 0.853 eA™, and whentheapplied field increases, it is slightly
increased by a maximum of 0.006 eA™. Particularly, the S—C bond electron density is feeble, which
shows that the charges of these bonds at the bond critical point migrated away from the inter-nuclear
axis, which favorsthe n-bond characteristic. Thesimilar scenario can be reflected from the Laplacian
of electron density and the bond ellipticity'® at the bcp. The electron density of Au—S bond for zero
fields is ~0.534 eA, whereas, for the applied field, the variation is found to be very small in left
edge when compared with the right edge of the molecule, as the average electron density value is
0.516eA>. For the zero field, the C—H bond density is ~1.8 eA'g, which is almost equal to the field
increases (Table 4). There is no much alterations found in the electron density at the bep’s of DCC
molecule for zero and applied electric field. The complete spectrum of electron density at (3,-1)
regions of Au and S substituted DCC molecule for the zero and higher electric field (VA™) are listed
in Table 4.
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Table No. 4:“Electron density pycp(r) (eA®) values of Au and S substituted DCC molecular wire for the zero and
higher applied EFs (VA™)”

Applied Electric Field (VA™)

Bonds

0 005 |0.01 |015 |0.21 |0.26
Ring 1
C(3)-C(2) 2.06 |2.06 |206 |206 |205 |204
C(3)-C(4) 165 | 165 |165 |165 |166 | 1.66
C(2)-C(2) 162 | 162 |162 |162 |163 | 1.63
C(1)-C(5) 1.6 1.6 1.6 1.6 1.6 1.6
C(5)-C(4) 2.1 2.1 2.1 2.1 2.1 2.09
Ring 2
C(7)-C(6) 1.9 1.9 1.9 1.9 1.89 | 1.89
C(7)-C(8) 196 |196 |196 |197 |197 |197

C(6)-C(11) 19 [19 |19 |1.89 |1.89 |1.89
C(10)-C(9) 19 |19 |19 |19 |1.89 |1.89

C(9)-C(8) 1.9 1.9 189 189 |1.89 | 188
C(8)-H(8) 179 | 179 |179 | 179 |1.79 |1.79
Ring 3

C(12)-c(13) |1.67 |167 |167 |1.67 |1.67 | 167
C(12)-C(16) |2.05 |2.04 |204 |203 |202 |201
c(13)-c(14) |21 |21 |21 |21 |21 |21

C(14)-C(15) |1.61 |161 |161 |1.61 |1.61 | 161
C(15)-C(16) | 1.61 |1.61 |161 |161 |1.61 | 1.62

Ring

Connectors

C(6)-C(3) 1.71 171 (172 | 172 | 173 |1.73
C(9)-C(12) 1.72 172 | 173 | 173 |1.74 | 175
Terminal

C(15)-5(2) 0.844 | 0.846 | 0.847 | 0.848 | 0.849 | 0.85
C(1)-S(1) 0.862 | 0.864 | 0.865 | 0.865 | 0.862 | 0.861

5(2)-Au(2) 053 |0.526 | 0.522 | 0.515 | 0.506 | 0.494
S(1)-Au(l) 0.537 | 0537 | 0.537 | 0.537 | 0.536 | 0.536

C-H Bonds

H(1)-C(1) 1.72 172 | 172 | 172 | 172 |1.72
C(2)-H(2) 1.79 179 | 179 |18 1.8 1.8
C(4)-H(4) 1.79 179 179 |1.79 | 179 |1.79
C(5)-H(5) 1.8 1.8 1.8 1.8 1.8 1.81
C(7)-H(7) 1.79 179 | 179 |18 1.8 1.8

C(10)-H(10) |179 |179 [179 |1.79 |1.79 |1.79
C(11)-H(11) |179 [179 |18 |18 |18 |18
C(13)-H(13) |179 [179 |[179 |18 |18 |18
C(14)-H(14) |179 |179 |[179 | 179 [1.79 |1.79
C(15)-H(15) | 1.761 | 1.762 | 1.763 | 1.764 | 1.764 | 1.763
C(16)-H(16) | 179 [1.79 [179 | 179 [1.79 |1.79
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EF 1(VA_ Laplacian of electron density
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Figure. 4 - The contour plot of the Laplacian of electron density maps of the DCC molecule for the zero and
various applied EFs.

The charge accumulation or depletion of covalent and non-covalent bonds was well
established from the Laplacian of electron density [Vzpbcp(r)] at the bcp. The variation of Laplacian
of electron density at the bcp of all bonds in the molecule has been noted for the applied external
electric field. Table 5 shows the predictedLaplacian of electron density for five levels of the applied
electric field. Fig. 4 displaystheLaplacian of electron density for the zero and non-zero higher applied
electric fields (VA™).
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The projected Laplacian of electron density for the cyclohexane C—C bonds are ~-17.8 eA®
for zero applied field; when the field increases, these values are come to be a little negative,
specifies, the charges in the bcpof these bonds are marginally depleted. For the cyclopentyl rings, the
VZpuep(r) Values of C-C bonds at zero field ranges from -11.9 to -20.8 eA™ and there is no significant
variation for the increased fields. A similar trend also found in the C=C (ring connector) of the DCC,
where the Laplacian for zero fields is ~-14.6 eA™; for the applied field, these values were slightly
increased by the maximum of 0.4 eA™. The LaplacianVZpbcp(r)for C—H bonds ranges from -19.1 to -
20.8 eA™ for the zero electric field, this high negative value that the charges of the bonds are
extremely accumulated, and these values are reformed withthe maximum variation of 0.4 eA® when
the applied field increases. The charges in S-C bonds ~-2.0 eA™at the left end of the molecule, this
value is found to be decreased to ~ -1.8 eA™ and at the right end. The dissimilarity designates that the
charges at the left end are faintly accumulated than at the right end. For the zero field, the Laplacian
of electron density of Au—S bond is found to be ~2.94 eA™, as the field increases, this value
increases abruptly at the left end (3.07 eA™) and the trend at theright end slightly decreases (2.85 eA
%). The zero field Laplacian of C—H bonds (~-20.3eA™), differ marginally with the increase of the
applied electric field. On the whole, the Laplacian of electron density distribution VZppep(r)in
Au-S—-DCC-S—Au, discloses that the applied electric field makes the charges to be depleted at the
bcps of C—C and C=C bonds, whereas this influence is found to be slightly enhanced in the terminal
bonds, precisely it is high at the left end. The predictedLaplacianvalues of Au and S substituted DCC
molecular wire for zero and higher applied fields are listed in Table 5.

Table No. 5:“Laplacian of electron density Vzpbcp(r)(eA'S) valuesof Au and S substituted DCC molecular wire for
the zero and higher applied EFs (VA Y)”

Applied electric field

Bonds
0 | o005 | o1 | 015 | 021 | 026

Ring 1
C(3)-C(2) -20 -20 20 | -19.9 | -19.9 | -19.7
C(3)-C(4) -13 -13 -13 213 | -131 | -131
C(2)-c(1) -12.2 123 | -123 | -124 | -125 | -12.6
C(1)-C(5) -11.9 -12 -12 -12 212 | -121
C(5)-C(4) -20.8 -20.7 | 207 | -20.7 | -20.7 | -20.7

Ring 2
C(7)-C(6) -17.6 -176 | -176 | -175 | -175 | -17.4
C(7)-C(8) -18.7 -187 | -18.7 | -188 | -189 | -18.9
C(6)-C(11) -17.5 -175 | -175 | -175 | -17.4 | -17.4
C(10)-C(9) -17.6 -176 | -176 | -175 | -175 | -18.8
C(9)-C(8) -175 -175 | -174 | -174 | 173 | -17.3

Ring 3
C(12)-C(13) -13.2 -133 | -133 | -133 | -133 | -134
C(12)-C(16) -19.8 -19.7 | -19.6 | -195 | -193 | -19.2
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C(13)-C(14) -20.8 -20.8 | -20.8 | -20.8 | -20.8 | -20.8
C(14)-C(15) -12.1 -12.1 | -121 | -121 | -121 | -12.1
C(15)-C(16) -12.1 -12.1 | -121 | -122 | -122 | -123
Ring

Connectors

C(6)-C(3) -14.5 -146 | -146 | -14.7 | -148 | -14.9
C(9)-C(12) -14.7 -14.7 | -148 | -14.9 -15 -15.1

Terminal

C(15)-S(2) -1.806 -1.806 | -1.804 | -1.8 | -1.797 | -1.798

C(1)-S(2) -2.007 -2.03 | -2.046 | -2.056 | -2.037 | -2.019
S(2)-Au(2) 2.898 2.868 | 2.846 | 2.834 | 2.836 | 2.851
S(1)-Au(l) 2.988 2.99 2.996 | 3.009 | 3.035 | 3.074
C-H Bonds

H(1)-C(1) -19.1 -18.7 | -188 | -18.8 | -189 | -19.1

C(2)-H(2) -20.6 -20.6 | -20.7 | -20.7 | -20.8 | -20.9

C(4)-H(4) -20.5 -205 | -204 | -204 | -204 | -20.4

C(5)-H(5) -20.8 -20.9 -21 211 | 212 | -21.4

C(7)-H(7) -20.3 -20.4 | -205 | -205 | -20.6 | -20.7

C(8)-H(8) -20.3 -20.3 | -20.2 | -20.2 | -20.2 | -20.2
C(10)-H(10) -20.4 -20.3 | -20.3 | -20.3 | -20.2 | -20.2
C(11)-H(11) -20.3 -20.4 | -20.4 | -205 | -20.6 | -20.6
C(13)-H(13) -20.5 -20.6 | -20.7 | -20.7 | -20.8 | -20.8
C(14)-H(14) -20.7 -20.7 | -20.6 | -20.6 | -20.6 | -20.5
C(15)-H(15) -19.811 19.808 | 19.805 | 19.801 | 19.785 | 19.742
C(16)-H(16) -20.5 -20.5 | -206 | -20.6 | -20.6 | -20.6

The bond ellipticity € = (M/A2)-1, can be calculated to determine the anisotropy of charge
density distribution at the bond critical point of molecules, where A; and A, are the negative
eigenvalues of Hessian matrix. The anisotropic behavior of bonding density results thedurable
deviations from o-type bond nature; this was well reflected from the high ellipticity values.
Theaverage value of ellipticity for cyclohexane C—C bonds [0.13] is found little less when compared
with that of cyclopentyl rings and the values are around 0.12. As the field increases, the bond
ellipticity of C—C bond at connection part also increases gradually from 0.056 to 0.068. With the
increase in the applied electric field the bond ellipticity of S—C bond at the left end increases
progressively from 0.08 to 0.083, conversely, and at the right end, the ellipticity value decreases
from 0.097 to 0.090. Au-S bonds have relatively high evalue [~0.1], for the increase of field and this
proves that the charges are highly anisotropy and they are listed in Table 6.
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Table No. 6:“Bond ellipticity valuesof Au and S substituted DCC molecular wire for the zero and higher applied

EFs (VA™Y”»

Applied electric field (VA™)
Bonds 0 [005] 01 | 015 ] 021 | 0.26
Ring 1

C(3)-C(2) 0.239 | 0.237 | 0.233 | 0.229 | 0.221 | 0.211
C(3)-C(4) 0.058 0.06 | 0.062 | 0.064 | 0.065 | 0.067
C(2)-C(2) 0.037 | 0.036 | 0.036 | 0.035 | 0.034 | 0.033
C(1)-C(5) 0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.028
C(5)-C(4) 0.248 | 0.247 | 0.247 | 0.246 | 0.244 | 0.241
Ring 2
C(7)-C(6) 0.134 | 0.132 | 0.129 | 0.126 | 0.122 | 0.119
C(7)-C(8) 0.153 | 0.153 | 0.153 | 0.154 | 0.155 | 0.132
C(6)-C(11) 0.134 | 0.132 | 0.129 | 0.126 | 0.122 | 0.119
C(10)-C(9) 0.136 | 0.137 | 0.137 | 0.136 | 0.134 | 0.132
C(9)-C(8) 0.134 | 0.135 | 0.135 | 0.134 | 0.132 | 0.13
Ring 3
C(12)-C(13) 0.059 | 0.057 | 0.055 | 0.054 | 0.053 | 0.053
C(12)-C(16) 0.231 | 0.229 | 0.225 | 0.22 | 0.215 | 0.21
C(13)-C(14) 0.246 | 0.245 | 0.244 | 0.243 | 0.242 | 0.241
C(14)-C(15) 0.024 | 0.023 | 0.023 | 0.023 | 0.022 | 0.022
C(15)-C(16) 0.037 | 0.038 | 0.039 | 0.039 | 0.04 | 0.04
Ring Connectors
C(6)-C(3) 0.058 | 0.058 | 0.058 | 0.059 | 0.061 | 0.063
C(9)-C(12) 0.056 | 0.058 | 0.06 | 0.062 | 0.065 | 0.068
Terminal
C(15)-S(2) 0.097 | 0.096 | 0.094 | 0.093 | 0.091 | 0.09
C(1)-S(2) 0.08 0.08 | 0.082 | 0.083 | 0.084 | 0.083
S(2)-Au(2) 0.101 | 0.102 | 0.102 | 0.103 | 0.102 | 0.102
S(1)-Au(1) 0.099 | 0.099 | 0.099 | 0.099 | 0.098 | 0.096
C-H Bonds
C(2)-H(2) 0.007 | 0.006 | 0.005 | 0.004 | 0.004 | 0.004
C(2)-H(2) 0.013 | 0.011 | 0.009 | 0.007 | 0.005 | 0.004
C(4)-H(4) 0.004 | 0.005 | 0.006 | 0.007 | 0.007 | 0.007
C(5)-H(5) 0.008 | 0.007 | 0.007 | 0.006 | 0.005 | 0.004
C(7)-H(7) 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | 0.004
C(10)-H(10) 0.003 | 0.003 | 0.003 | 0.003 | 0.002 | 0.002
C(11)-H(11) 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | 0.004
C(13)-H(13) 0.005 | 0.005 | 0.004 | 0.004 | 0.004 | 0.004
C(14)-H(14) 0.007 | 0.007 | 0.008 | 0.008 | 0.008 | 0.008
C(15)-H(15) 0.007 | 0.008 | 0.008 | 0.009 | 0.009 | 0.009
C(16)-H(16) 0.016 | 0.017 | 0.018 | 0.018 | 0.019 | 0.019

Energy density

Chemical interactionswerealso investigatedfrom energetic and electrostatic aspects of chemical
bonds in molecules. In the present study, the total energy density distribution of DCC molecule has
been predicted, which is associatedwith Laplacian of electron density. The total energy density H(r)

from potential energy density V(r) and the local kinetic energy density G(r) can be equated as H(r) =
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G(r) + V(r). In the current analysis, the G(r) is positive, V(r) is negative and the total energy density
H(r) is negative, it is obvious that V(r) always dominates for all cases.

Comparatively, the total energy density H(r) for the C-C bonds of cyclohexane ring is high
(~-1.862 HA™) for zero fields among the other bonds in the molecule; this value was marginally
decreased to ~ -1.848 HA™for the applied higher field. The similar trend was reflected in the
cyclopentyl ring C-C and C—H bonds, where the total energy density values are ~-1.685and ~-
1.713HA®respectively. From the table 7, it was cleared that the magnitude of the total energy density
of Au-S and S—C bonds are considerably less when compared with other bonds in the DCC
molecular wire. The total energy density H(r) of Au-S and S—C bonds differs from -0.143 to -0.166

HA™ and -0.393 to -0.418 HA® respectively for the applied electric field.

Table No. 7:“Bond energy density H(r) (HA™®) values of Au and S substituted DCC molecular wire for the zero
and higher applied EFs (VA™")”

Applied electric field(VA™)

Bonds

0 0.05 0.1 0.15 0.21 0.26
Ring 1
C(3)-C(2) -2.17 -2.17 -2.17 -2.16 -2.15 -2.13
C(3)-C(4) -1.37 -1.37 -1.37 -1.38 -1.38 -1.39
C(2)-C(1) -1.3 -1.3 -1.31 -1.31 -1.32 -1.33
C(1)-C(5) -1.27 -1.27 -1.27 -1.28 -1.28 -1.28
C(5)-C(4) -2.26 -2.26 -2.26 -2.25 -2.25 -2.24
Ring 2
C(7)-C(6) -1.84 -1.84 -1.84 -1.83 -1.82 -1.82
C(7)-C(8) -1.96 -1.96 -1.97 -1.97 -1.98 -1.99
C(6)-C(11) -1.83 -1.83 -1.83 -1.82 -1.82 -1.81
C(10)-C(9) -1.85 -1.84 -1.84 -1.83 -1.83 -1.82
C(9)-C(8) -1.83 -1.83 -1.83 -1.82 -1.81 -1.8
Ring 3
C(12)-C(13) -1.39 -1.39 -1.4 -1.4 -1.4 -1.4
C(12)-C(16) -2.15 -2.14 -2.12 -2.11 -2.09 -2.07
C(13)-C(14) -2.26 -2.26 -2.26 -2.26 -2.26 -2.26
C(13)-H(13) -1.73 -1.73 -1.73 -1.74 -1.74 -1.74
C(14)-C(15) -1.29 -1.28 -1.28 -1.28 -1.29 -1.29
C(14)-H(14) -1.74 -1.73 -1.73 -1.73 -1.73 -1.73
C(15)-C(16) -1.29 -1.29 -1.3 -1.3 -1.31 -1.31
Ring Connectors
C(6)-C(3) -1.47 -1.47 -1.48 -1.49 -1.5 -1.51
C(9)-C(12) -1.48 -1.49 -1.5 -1.51 -1.52 -1.54
Terminal
C(15)-S(2) -0.393 -0.394 -0.395 -0.395 -0.397 -0.398
C(1)-S(1) -0.413 -0.415 -0.417 -0.418 -0.417 -0.416
S(2)-Au(2) -0.163 -0.162 -0.16 -0.155 -0.15 -0.143
S(1)-Au(1) -0.166 -0.166 -0.166 -0.165 -0.165 -0.165
C-H Bonds
C(1)-H(1) -1.6 -1.6 -1.6 -1.6 -1.61 -1.61
C(2)-H(2) -1.73 -1.74 -1.74 -1.74 -1.74 -1.75
C(4)-H(4) -1.73 -1.72 -1.72 -1.72 -1.72 -1.73
C(5)-H(5) -1.74 -1.74 -1.75 -1.75 -1.76 -1.76
C(7)-H(7) -1.72 -1.72 -1.73 -1.73 -1.73 -1.74
C(10)-H(10) -1.72 -1.72 -1.72 -1.72 -1.71 -1.71
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C(11)-H(11) 172 -172|  -173|  -1.73 173 -174
C(13)-H(13) 173 -173| -173| -1.74 174 174
C(14)-H(14) 174 | -173| -173| -1.73 173 173
C(15)-H(15) 168 | -168| -1.68| -1.68 168 | -167
C(16)-H(16) 173 -173| 174| 174 174 174

Atomic charges and Frontier molecular orbital analysis

12 should be well understood to explore the

The point charge distribution of molecules
chemical reactivity of the molecule. The numerous studies reported that MK method provides the
finest values according to electrostatic criteria. Hence, in this work, the point charges have been
computed and related by MPA and MK schemes (Table8). The atomic charges are fitted to reflect
the molecular electrostatic potential at a number of points around the molecule 2.

With an increase of the applied electric field, the MPA and NPA charges of all carbon atoms
except that are bonded to sulphur atoms possess negative charge and differ with the increase of field.
The C (1)atom holds a negative NPA and MPA charge, which varies from -0.513 to -0.532e and with
the increase of the field, the charge of C (1) atom varies from -0.351 to -0.363e. The NPA charges of
Au atom at the left end increases from 0.246 to 0.253e, as the field increases, unlikely at the right
end it was decreased from 0.182 to 0.035e. The MPA charge for all the carbon atoms are found
almost negative, and the H-atoms are positive for the zero field, with the increase of the field, the
charges also increase. For the higher applied electric field, the MPA charge of sulphuratom at the left
end increases steadily from 0.052 to 0.1e, while at the right end this effect is conflicting and the
charge is increased from 0.046 to 0.052e. The charges of Au (1) atom increases from 0.246 to
0.253e, for higher fields but the same for Au (2), it was decreased from 0.182 to 0.035e.

Table No. 8:“Atomic charges(e) [First line: MPA; Second line: NPA] of Au and S substituted DCC for the zero
and various applied EFs (VA™)”

Atoms Applied electric field
0 0.05 0.1 0.15 0.21 0.26
C(1) -0.513 -0.517 | -0.521 0.526 -0.532 | -0.532
-0.351 -0.354 | -0.357 | -0.36 | -0.363 | -0.363
C(2) -0.348 -0.344 | -0.339 0.333 -0.321 | -0.321
-0.192 -0.184 | -0.175 0.164 -0.149 | -0.149
C(3) 0.329 0.328 0.328 0.327 | 0.326 | 0.326
-0.058 -0.062 | -0.066 | -0.07 | -0.073 | -0.073
C(4) -0.335 -0.337 | -0.339 | -0.34 | -0.34 -0.34
-0.219 -0.223 | -0.226 0.229 -0.231 | -0.231
C(5) -0.197 -0.193 | -0.19 0.185 -0.182 | -0.182
-0.193 -0.189 | -0.184 0.179 -0.175 | -0.175
C(6) 0.369 0.37 0.371 0.372 | 0.373 | 0.373
-0.05 -0.043 | -0.036 0.029 -0.022 | -0.022
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C(7) -0.39 -0.389 | -0.388 0.386 -0.382 | -0.382
-0.183 -0.183 | -0.183 0.182 -0.18 | -0.18
C(8) -0.381 -0.38 -0.378 0.376 -0.376 | -0.376
-0.188 -0.187 | -0.186 0.185 -0.184 | -0.184
C(9) 0.362 0.362 | 0.362 0.362 | 0.364 | 0.364
-0.057 -0.062 | -0.067 0.071 -0.073 | -0.073
C(10) -0.389 -0.388 | -0.387 0.386 -0.386 | -0.386
-0.179 -0.178 | -0.177 0.175 -0.174 | -0.174
C(11) -0.381 -0.381 | -0.381 0.381 -0.379 | -0.379
-0.192 -0.192 | -0.192 0.192 -0.191 | -0.191
C(12) 0.326 0.327 | 0.328 0.328 | 0.327 | 0.327
-0.039 -0.033 | -0.027 0.022 -0.019 | -0.019
C(13) -0.353 -0.35 -0.347 0.344 -0.341 | -0.341
-0.219 -0.215 | -0.212 | -0.21 | -0.208 | -0.208
C(14) -0.136 -0.138 | -0.141 0.145 -0.148 | -0.148
-0.179 -0.181 | -0.183 0.184 -0.184 | -0.184
C(15) -0.486 -0.485 | -0.484 0.484 -0.483 | -0.483
-0.334 -0.332 | -0.331 | -0.33 |-0.329 | -0.329
C(16) -0.392 -0.394 | -0.395 0.395 -0.394 | -0.394
-0.204 -0.209 | -0.214 0.217 -0.218 | -0.218
S(2) 0.046 0.05 0.053 0.054 | 0.052 | 0.052
-0.168 -0.16 -0.154 0.149 -0.148 | -0.148
S(1) 0.052 0.064 | 0.076 0.088 | 0.1 0.1
-0.177 -0.167 | -0.158 0.149 -0.142 | -0.142
Au(2) -0.071 -0.098 | -0.128 O 163 -0.205 | -0.205
0.182 0.153 | 0.121 0.082 | 0.035 | 0.035
Au(l) -0.017 -0.018 | -0.018 0.016 -0.01 | -0.01
0.246 0.245 | 0.244 | 0.245 | 0.253 | 0.253
Ring 2
H(7) 0.223 0.226 | 0.229 0.231 | 0.232 | 0.234
0.218 0.219 |0.221 0.222 | 0.224 | 0.225
H(11) 0.22 0.223 | 0.225 0.228 | 0.229 | 0.231
0.216 0.217 | 0.219 0.22 0.222 | 0.223
H(10) 0.227 0.225 | 0.223 0.221 | 0.221 | 0.22
0.219 0.218 | 0.217 0.216 | 0.216 | 0.216
H(8) 0.222 0.22 0.218 0.217 | 0.216 | 0.215
0.216 0.215 | 0.214 | 0.214 | 0.213 | 0.213
Ring 3
H(13) 0.237 0.239 | 0.24 0.241 | 0.242 | 0.243
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0.221 0.222 | 0.223 0.223 | 0.224 | 0.224
H(14) 0.237 0.235 ]0.234 ]0.232 | 0.231 |0.231
0.224 0.223 | 0.222 0.221 | 0.22 0.219
H(15) 0.285 0.283 ]0.281 0.278 | 0.275 | 0.272
0.268 0.266 | 0.264 | 0.262 | 0.261 | 0.259
H(16) 0.251 0.252 | 0.252 0.253 | 0.254 | 0.253
0.225 0.226 | 0.227 0.227 | 0.228 | 0.228
Ring 1
H(2) 0.245 0.246 | 0.246 0.247 | 0.248 | 0.25
0.224 0.224 | 0.224 | 0.224 | 0.224 | 0.225
H(1) 0.275 0.279 ]0.284 |0.288 | 0.294 | 0.301
0.276 0.279 | 0.282 0.285 | 0.288 | 0.292
H(5) 0.247 0.251 | 0.254 | 0.258 | 0.262 | 0.267
0.228 0.23 0.233 0.236 | 0.239 | 0.242
H(4) 0.235 0.234 | 0.233 0.232 | 0.232 | 0.232
0.22 0.219 | 0.219 0.218 | 0.218 | 0.219

The energy gap between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) is called as the HOMO-LUMO gap (HLG), which governs
the charge transport properties of the molecule **.Fig.5 shows the molecular orbital for the zero and
higher levels of the applied electric field for DCC molecular wire. The symmetric variations were
observed in HOMO and LUMO level for the reverse applied electric fields. The HLG decreases from

2.07 to 0.70eV for the applied field (0.00 - 0.26 VA™).

The density of states (DOS) for the zero and higher applied field (0.26 VVA™) are depicted in
Fig (6-11), in which the green solid lines specifies the HOMO and the blue reflects the LUMO.The
DOS spectrum clearly shows that the hybridization of the molecular level with that of the gold atom
expands the DOS peaks. The DOS peaks at 0.05 VA™, are in minima, directs the discrete molecular
level with a homo-lumo gap of 1.79eV. With the increase of electric field from 0.10 to 0.26 VA™, the

gap between HOMO and LUMO levels were found to be shortened from 1.45 to 0.70eV.
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Figure. 5 - Isosurface representation of molecular orbitals of Au and S substituted DCC for the zero and various
applied EFs, which are drawn at 0.05 au surface values

The energy level variations of the molecule are nearly symmetric for both positive as well as
negative bias, and thus the conductivity of the DCC molecular wire is irrespective of the direction of
the external applied electric field. The narrow HLG enables the large electron conduction along the
molecule’, hence, the Au substituted DCC molecular wire can turn as a competent molecular

nanowire. Fig. 12exemplifies the energy levels of the molecule for applied electric fields.
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Figure 6 - DOS pectrum of DCC for zero field.
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Figure.7 DOS Spectrum of DCC for the applied field 0.05 VA™.
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Figure.8- DOS Spectrum of DCC for for the applied field 0.10 VA™.
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Figure.9 - DOS Spectrum of DCC for zero for the applied field 0.15 VA™.
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Figure.10- DOS Spectrum of DCC forfor the applied field 0.21 VA™.
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Figure. 11- DOS Spectrum of DCC for for the applied field 0.26 VA™.
—a—H eV
<G5l —e—L eV
[]
@}
-4.0 4
o
e
-4.5 ®
=
2
[
g -5.0-
-5.5 /.7/_#/,4.//.(’//.
,/
g
T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Applied Electric Field

Figure.12- Energy levels ofAu and S substituted DCC for the zero and various applied EFs.
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Electrostatic potential

The charged regions of the molecules were able to locate from the electrostatic potential
(ESP) surface of the molecule. Fig. 13depicts the is surface illustration of ESP of DCC molecule, in
which the Au-S bond regions reveals the high negative electrostatic potential. The potential surface
plot displays the charged regions of the DCC molecular wire, and it obviously replicates the
contrasting influences from the nuclei and the electrons *°. The negative potential is mounted over
the S-atoms for the zero applied field, which is pivoted at right and left ends of the molecule and the
rest of the molecule have positive electrostatic potential. When the applied electric field is increased
from 0 to 0.15 VA™, the negative electrostatic potential at the left enddiminutes for each field step
and it completely dissolves at the right end, the negative electrostatic potential increases and extends
around the right edge of the molecule. Further escalation of the electric field to 0.26 VA™, the
negative electrostatic potential was extentcompletelyabout the right end of the molecule, which
specifies that as the electric field increases the charge was found to migrate from left to right end of
the DCC molecular wire. Likewise, when the field is reversed, the negative electrostatic potential
regions are drifted from right to the left end of the DCC molecule.

Ef Electrostatic Potential

—

0.00 W

-
Positive field Negative field
0.05
0.10
0.15
0.21

IJSRR, 7(4) Oct. - Dec., 2018 Page 508



Selvaraju K., IJSRR 2018, 7(4), 485-512

0.26

Figure.13 - Electrostatic potentials ofAu and S substituted DCC for the zero and various applied EFs. Blue:
positive potential (0.5 eA™), Red: negative potential (-0.04 eA™).
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Figure.14- Variation of the molecular dipole moment of Au and S substituted DCC for various applied EFs

When the molecule is exposed to the external applied electric field, the molecule gets
polarized, which brings the change in the dipole moment of the molecule. Hence, it is vital to
regulate the dipole moment of the molecule for the applied electric field. Lately, Kirtman et al.,
7examined the deviations of the molecular dipole moment for the numerous applied electric field
and noticed a linear nature. However, this linearity no longer subsists beyond some specified applied
electric field and it is insignificant since no molecular electronic device functions under such high
voltages. Here, the dipole moment of the DCC molecular wire for zeroand non-zero applied electric
field has been computed.

The disparity of the molecular dipole moment for the external applied electric field is
depicted in Figurel4. The molecular dipole moment is 2.50Debye for zero fields, and the variation is

found to be linear with the applied external electric field. It was noticed that the molecule becomes
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highly polarized for the field, 0.26 VA™; this polarization convinces to have high molecular dipole
moment value of about 12.45Debye. As reported by Raiet al, furtherrisingthe applied electric field,

the “high voltage” may establish to warrant the nonlinear variations in the dipole moment.

I-V characteristic curve

The current-voltage characteristic (i.e) 1-V characteristic curve is commonly used to regulate
the basic factors of electronic devices *°. In this analysis, the I-V characteristics (Fig. 15) of the DCC
molecular wire have been assessed using the Landauer formula. The tunneling electric current (1) has
been computed for the various applied electric field. The resistance (R) and the linear conductance

(G) can be represented as

R=G"'= (1291 KQ)/ T\T,Tm ....(1)

Where T, and T, are the charge transport efficiency in the left and right end contacts and Ty, is
the electron transmission through the molecule and it can be expressed as
Tm=exp (-pL) ....(2)

here L is the molecular length and B is the tunneling decay factor which can be calculated by
B = (1/h) [2m*a ¢]*2.....3)

where m* is the effective mass of the electron, o is the symmetry parameter of potential
profile'® and ¢ is the potential barrier height for tunneling through the highest occupied orbital or the

lowest unoccupied orbital level. For an applied electric field¢ is half of the HOMO-LUMO gap.
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Figure. 15 - 1-V characteristics of DCC molecule for various applied EFs.

The resistance of the DCC molecular wire wasdeliberate from the above equation (1). The
voltage (V) across the molecule of length L has been computed from the equation V = EL. Figure 10
shows the 1-V characteristics of DCC wire, and it was noticed that the current | increases in a non-

linear manner with theapplied electric field.
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CONCLUSION

This sectionpronouncesthe structural confirmation, topological properties of electron density
via QTAIM and the electrical characteristics of gold and sulphur substituted DCCmolecular
nanowire for externally applied fields ranges from Oto +0.26 VA™from DFT method along with
LANL2DZ basis set.The Au—S bond length at the right end is found slightly longer than the left end
for the applied field; this dissimilaritymight be due to the Au atom at the L-end having themaximum
electric field than the same at the right end. Further, the geometry analysisfor all the electric
fieldobviously shows the left and right end groups are very sensitive to the applied electric field,
while the mid portion ofDCC is almost unaffected to the electric field. The analysis of bond
topologydisclosesthat the deviation in electron density ppep(r) and Vzpbcp(r) at the bond critical points
of all the bonds for zero and the higher electric fields, it was noted that variations are feeble and
found to be systematic. As for the molecular orbital concern, HOMO and LUMO levels are
approached each other for increasing electric field. The hybridization of the molecular levels widens
the density of states whichdecreases the HOMO-LUMO gap from 2.09 to 0.70eVforthe increases in
the applied field. The current-voltage curve seems very symmetric for the current flow in both
directions through the molecule and it obviously shows the presence of nonlinear behavior of DCC
molecular wire. The applied electric field polarizes the DCC molecule, as a result, the dipole moment
of the molecule rises from 2.50 to 12.45 D. On the whole, the terminal groups of the DCC are

responding very well towards the applied electric field.
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