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Abstract

We investigate in this study, the quantum chemical computations of a series of tetrathiafulvalene derivatives linked to
N-methylthiocarbamoyl group 1-4 using the DFT/B3LYP method with 6-31G (d,p) basis set. The optimized structures
and geometrical parameters were determined by the same method cited above. In addition, a molecular electrostatic
potential map (MEP) has been analyzed for predicting the reactive sites. The calculated HOMO and LUMO energies
showed that charge transfer occurs within the molecule. The chemical reactivity parameters (chemical hardness and
softness, electronegativity, chemical potential and electrophilicity index) were discussed clearly. To find out more
reactive sites of the title molecules, condensed Fukui functions have been also calculated. Stability of the compounds
arising from hyper-conjugative interaction and charge delocalization has been analyzed using Natural bond orbital
(NBO) analysis. NLO properties related to polarizability and hyperpolarizability are also discussed to predict the
applications of title compounds.

Keywords: Tetrathiafulvalenes; Density functional theory; Computational chemistry; Quantum chemical calculations

1. Introduction

Many efforts have been devoted in recent years to the development of new systems containing two or more
tetrathiafulvalene (TTF) units [1-3]. Tetrathiafulvalene (TTF) and its derivatives have been extensively studied due to
their versatile behaviors, such as reversible redox properties and strong electron donating capabilities for preparing
charge-transfer (CT) salts [4], D-A systems and other fields [5-7]. Also, they are widely employed as components for
both inter- and intramolecular charge transfer materials [8].0wing to their highly conjugated frame-work, they should
fulfil some criteria necessary to reveal large third-order nonlinear optical susceptibilities.

Density functional theory (DFT) methods have been used to correlate reactivity with molecular properties including
energy, charge, and polarizability [9-11]. Correlations can be made with the electron density as the central quantity
for characterization of molecular properties [12].

In this context we are studying a theoretical investigation of a series of tetrathiafulvalene derivatives linked to N-
methylthiocarbamoyl group 1-4 described in literature [13] by means of Gaussian 09W program within DFT/B3LYP
method and 6-31G (d,p) basis set. We carried the optimized geometric parameters, molecular electrostatic potential
(MESP) surface and contour map, quantum chemical descriptors (electronegativity, chemical potential, global softness
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and electrophilicity index) and local density functional descriptors such as Fukui function. The Frontier molecular
orbitals (FMOs) analysis was reported to study the molecular reactivity and stability of the molecules. The natural
bond orbital (NBO) analysis was also carried out to understand the NLO activity of the title molecules.

2. Material and methods

The density functional theory DFT/B3LYP with the 6-31 G (d, p) as basis set was adopted to calculate the properties of
(TTFs)-N-methylthiocarbamoyl 1-4 in the present work. The entire calculations were performed using Gaussian 09W
program package [14].

3. Results and discussion

3.1. Molecular geometry

The optimized molecular structures of title molecules obtainedfrom Gauss view is shown in Figure 1. The optimization
geometricalparameters of (TTFs)-N-methylthiocarbamoyl 1-4 obtained by B3LYP method with6-31G(d,p) as basis set
are listed in Tables 1-4.
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Figure 1 Optimized molecular structure of (TTFs)-N-methylthiocarbamoyl 1-4

Table 1 Optimized geometric parameters of compound 1

Bond Length(A) Bond Angles (°) Dihedral Angles (°)

R(1,6) 1.316 A(6,1,10) 123.554 D(10,1,6,12) 179.300
R(2,4) 1.068 A(10,1,11) 113.149 D(11,1,6,13) 179.779
R(7,9) 1.069 A(3,2,11) 118.763 D(6,1,10,3) 177.629
R(8,7) 1.323 A(4,2,11) 116.170 D(6,1,11,2) 177.635
R(2,11) 1.811 A(2,3,5) 125.165 D(4,2,3,10) 179.741
R(6,13) 1.830 A(8,7,13) 119.669 D(11,2,3,5) 179.756
R(7,13) 1.799 A(9,7,13) 115.767 D(4,2,11,1) 178.661
R(8,12) 1.824 A(7,812) 117.414 D(5,3,10,1) 178.661
R(8,14) 1476 A(7,814) 124177 D(1,6,12,8) 170.165
R(14,15) 1.328 A(12,8,14) 118349 D(1,6,13,7) 170.668
R(15,18) 1.457 A(8,14,17) 121.691 D(9,7,812) 175.362
R(17,14) 1.711 A(15,14,17) 123496 D(13,7,8,14) 178.453
R(19,18) 1.079 A(14,15,16) 118301 D(9,7,13,6) 177.559
R(18,21) 1.080 A(15,18,19) 110.478 D(14,8,12,6) 175.326
R(15,16) 0.994 A(14,15,18) 124.319 D(7,8,14,17) 139.941
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Table 2 Optimized geometric parameters of compound 2

Bond Length (A) Bond Angles (°) Dihedral Angles (°)
R(1,4) 1.348 A(4,1,7) 123.812 D(7,1,4,9) 179.998
R(1,7) 1.781 A(4,1,8) 122910 D(11,1,6,13) 179.779
R(1,8) 1.780 A(7,1,8) 113.277 D(6,1,10,3) 177.629
R(4,9) 1.787 A(3,2,8) 117.358 D(6,1,11,2) 177.635
R(6,9) 1.789 A(3,2,19) 127.814 D(4,2,3,10) 179.741
R(2,19) 1.503 A(8,2,19) 114.827 D(11,2,3,5) 179.756
R(6,11) 1.477 A(2,3,7) 115.767 D(4,2,11,1) 178.661
R(5, 27) 1.511 A(2,3,23) 127989 D(5,3,10,1) 178.661
R(11,12) 1352 A(7,3,23) 114902 D(1,6,12,8) 170.165
R(12,13) 1.004 A(1,4,9) 123.482 D(1,6,13,7) 170.668
R(12,15) 1.453 A(1,4,10) 122.778 D(9,7,8,12) 175.362
R(15,17) 1.092 A(9,4,10) 113.739 D(13,7,8,14) 178.453
R(23,26) 1.096 A(6,5,10) 117399 D(9,7,13,6) 177.559
R(22,19) 1.091 A(6,527) 129.274 D(14,8,12,6) 175.326
R(27,28) 1.096 A(10,5,27) 113.321 D(7,814,17) 139.941
Table 3 Optimized geometric parameters of compound 3

Bond Length (A) Bond Angles (°) Dihedral Angles (°)
R(1,6) 1.316 A(6,1,10) 123.554 D(10,1,6,12) 179.300
R(2,4) 1.068 A(10,1,11) 113.149 D(11,1,6,13) 179.779
R(7,9) 1.069 A(3,2,11) 118.763 D(6,1,10,3) 177.629
R(8,7) 1.323 A(4,2,11) 116.170 D(6,1,11,2) 177.635
R(2,11) 1.811 A(2,3,5) 125.165 D(4,2,3,10) 179.741
R(6,13) 1.830 A(8,7,13) 119.669 D(11,23,5) 179.756
R(7,13) 1.799 A(9,7,13) 115.767 D(4,2,11,1) 178.661
R(8,12) 1.824 A(7,8,12) 117.414 D(5,3,10,1) 178.661
R(8,14) 1.476 A(7,8,14) 124.177 D(1,6,12,8) 170.165
R(14,15) 1.328 A(12,8,14) 118.349 D(1,6,13,7) 170.668
R(15,18) 1.457 A(8,14,17) 121.691 D(9,7,8,12) 175.362
R(17,14) 1.711 A(15,14,17) 123.496 D(13,7,8,14) 178.453
R(19,18) 1.079 A(14,15,16) 118.301 D(9,7,13,6) 177.559
R(18,21) 1.080 A(15,18,19) 110.478 D(14,8,12,6) 175.326
R(15,16) 0.994 A(14,15,18) 124.319 D(7,8,14,17) 139.941
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Table 4 Optimized geometric parameters of compound 4

Bond Length (A) Bond Angles (°) Dihedral Angles (°)

R(1,6) 1316 A(6,1,10) 123554 D(10,1,6,12) 179.300
R(2,4)  1.068 A(10,1,11) 113.149 D(11,1,6,13) 179.779
R(79) 1069 A(3,211) 118763 D(6,1,103) 177.629
R(8,7) 1323 A(4211) 116170 D(6,1,11,2) 177.635
R(2,11) 1811 A(23,5) 125.165 D(4,2,3,10)  179.741
R(6,13) 1.830 A(8,7,13)  119.669 D(11,235) 179.756
R(7,13) 1799 A(9,7,13) 115767 D(4,211,1) 178.661
R(8,12) 1.824 A(7812)  117.414 D(53,10,1) 178.661
R(8,14) 1476 A(7,814) 124177 D(1,6128) 170.165
R(14,15) 1328 A(12,8,14) 118349 D(1,6,13,7) 170.668
R(15,18) 1.457 A(8,14,17) 121.691 D(9,78,12) 175.362
R(17,14) 1711 A(15,14,17) 123.496 D(13,7,8,14) 178.453
R(19,18) 1.079 A(14,15,16) 118301 D(9,7,13,6) 177.559
R(18,21) 1.080 A(15,18,19) 110.478 D(14,8,12,6) 175326
R(15,16) 0.994 A(14,15,18) 124319 D(7,814,17) 139.941

3.2. Molecular electrostatic potential (MEP)

Molecular electrostatic potential (MEP) at a point in space around a molecule gives information about the net
electrostatic effect produced at that point by total charge distribution (electron + proton) of the molecule and
correlates with dipole moments, electro-negativity, partial charges and chemical reactivity of the molecules. It
provides a visual method to understand the relative polarity of the molecule [15-16].

Compound 3 Compound 4
-2.092e-2 a.ull I 2.092e-2 a.u

Figure 2 Molecular electrostatic potential surface of (TTFs)-N-methylthiocarbamoyl 1-4

An electron density iso-surface mapped with electrostatic potential surface depicts the size, shape, charge density and
site of chemical reactivity of the molecules. MEP shown in figure 2 calculated by DFT/B3LYP method with 6-31G (d, p)
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basis set is illustrates the charge distributions of the molecules three dimensionally. As it can be seen from the figure
2, the different values of the electrostatic potential at the surface are represented by different colors; red represents
regions of most electronegative electrostatic potential, blue represents regions of the most positive electrostatic
potential and green represents regions of zero potential. Potential increases in the ordered, orange < yellow < green <
blue. Blue indicates the strongest attraction and red indicates the strongest repulsion. Regions of negative potential
are usually associated with the lone pair of electronegative atoms.

As seen from the figure 2 that, in all molecules, the regions exhibiting the negative electrostatic potential are localized
near TTF core and sulfur atom of N-methylthiocarbamoyl group while the regions presenting the positive potential
are localized vicinity of the hydrogen atoms of alkyl and cycled groups.

3.3. Frontier molecular orbitals (FMOs)

In principle, there are several ways to calculate the excitation energies. The simplest one involves the difference
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of a
neutral system, and is a key parameter determining molecular properties. Both HOMO and LUMO are the main orbital
taking part in chemical reaction. The HOMO energy characterizes the ability of electron giving, the LUMO characterizes
the ability of electron accepting, and the gap between HOMO and LUMO characterizes the molecular chemical stability
[17]. The energy gap between the HOMOs and LUMGOs is a critical parameter in determining molecular electrical
transport properties because it is a measure of electron conductivity [18].Surfaces for the frontier orbitals were
drawn to understand the bonding scheme of present compound. It establishes correlation in various chemical and
biochemical systems [19-20]. There are lot of applications available for the use of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy gap as a quantum chemical descriptor.
The HOMO energies, the LUMO energies and the energy gap for(TTFs)-N-methylthiocarbamoyl1l-4have been
calculated using B3LYP level with6-31G(d, p) basis set. The pictorial representation of the HOMO and the LUMO for
compound 3is shown in Figure 3.
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Figure 3 HOMO-LUMO Structure with the energy level diagram of compound 3

3.4. Global reactivity descriptors

The understanding of chemical reactivity and site selectivity of the molecular systems has been effectively handled by
the conceptual density functional theory (DFT) [21]. Chemical potential, global hardness, global softness,
electronegativity and electrophilicity are global reactivity descriptors, highly successful in predicting global chemical
reactivity trends. The global parameters descriptors of (TTFs)-N-methylthiocarbamoyl 1-4 such as hardness (1),
softness(S), chemical potential (p), electronegativity (x) and electrophilicity index (w) as well as local reactivity
descriptors as the Fukui function and the philicity have been defined [22-26].Using Koopman’s theorem for closed-
shell compounds, 1, W, x can be defined as:

n=(01-A)/2
u=—1+A)2
y=(1+A/2=—u
S=1/n
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| =—E\omoand A=—E o
Where I and A are the ionization potential and electron affinity of the compounds, respectively. Parr et al. [23] have
proposed electrophilicity index (w) as a measure of energy lowering due to maximal electron flow between donor and
acceptor. They defined electrophilicity index (w) as follows:
w=1’12n
The electrophilicity is a descriptor of reactivity that allows a quantitative classification of the global electrophilic
nature of a molecule within a relative scale. All the calculated values of HOMO-LUMO, energy gap, ionization potential,

electron affinity, hardness, potential, softness and electrophilicity index are obtained by B3LYP/6-31G( d, p) method
and shown in Table 5.

Table 5 Quantum chemical descriptors of (TTFs)-N-methylthiocarbamoyl 1-4

Parameters Compound1l Compound2 Compound3 Compound 4

Enomo(eV)  -7.569 -4.396 -4.383 -5.805
Eromo(eV)  -1.658 -1.733 -2.020 -1.938
AEgyp (eV)  9.226 2.663 2.363 3.867
I(eV) 7.569 4396 4.383 5.805
A (eV) 1.658 1.733 2.020 1.938
i (eV) -2.956 -3.064 -3.202 -3.872
X (eV) 2.956 3.064 3.202 3.872
1 (eV) 4613 1331 1.181 1.934
S (eV) 0.108 0.376 0.423 0.259
w (eV) 0.947 3.526 4.339 3.876

Enomo: Energy of highest occupied molecular orbital, ELumo: Energy oflowest unoccupied molecular orbital, AEg.p: Energetic gap, I: Ionization
potential, A: Electron affinity, p: Chemical potential, x: Electronegativity; n: Hardness, S: Softness, w: Electrophilicity index.

As presented in table 5, the compound which have the lowest energetic gap is the compound 3 (AEgap = 2.363 eV).
This lower gap allows it to be the softest molecule. The compound that have the highest energy gap is the compound 1
(AEgap = 9.226 eV).The compound that has the highest HOMO energy is the compound 3 (EHOMO = -4.383 eV). This
higher energy allows it to be the best electron donor. The compound that has the lowest LUMO energy is the
compound 3 (ELUMO = -2.020 eV) which signifies that it can be the best electron acceptor. The two properties like I
(potential ionization) and A (affinity) are so important, the determination of these two properties allow us to calculate
the absolute electronegativity (x) and the absolute hardness (1). These two parameters are related to the one-electron
orbital energies of the HOMO and LUMO respectively. Compound 3 has lowest value of the potential ionization (I =
4.383 eV), so that will be the better electron donor. Compound 3 has the largest value of the affinity (A = 2.020 eV), so
it is the better electron acceptor. The chemical reactivity varies with the structural of molecules. Chemical hardness
(softness) value of compound 3 (n = 1.181 eV, S = 0.423 eV) is lesser (greater) among all the molecules. Thus,
compound 4 is found to be more reactive than all the compounds. Compound 4 possesses higher electronegativity
value (x = 3.872 eV) than all compounds so; it is the best electron acceptor. The value of w for compound 3 (w = 4.339
eV) indicates that it is the stronger electrophiles than all compounds. Compound 3 has the smaller frontier orbital gap
so, it is more polarizable and is associated with a high chemical reactivity, low kinetic stability and is also termed as
soft molecule.

3.5. Local reactivity descriptors

The local reactivity has been analyzed by means of Fukui indices [27], an indication of the reactive centers within the
molecules. These are measurement of the chemical reactivity, as well as an indicative of the reactive regions,
nucleophilic and electrophilic behavior of the molecule [28]. The local (condensed) Fukui functions (f'x; fx; f°) are
calculated using the procedure proposed by Yang and Mortier [29] based on a finite difference method are calculated
at same calculation method B3LYP/6-31G (d,p) using

for nucleophilic attack f,” = [qk (N + l) -0, (N )]
for electrophilic attack f, = [qk (N )— o} (N — 1)]
for radical attack f. = [ K (N + l) — 0 (N — 1)]/2
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Where q (N), g (N+1), and g (N-1) are the electronic population of the atom k in neutral, cationic and anionic systems
respectively [30]. The reactive sites on (TTFs)-N-methylthiocarbamoyl 1-4 are calculated by the DFT/B3LYP method
with 6-31G (d,p) basis set and shown in Tables 6-7.

Table 6 Order of the reactive sites on compounds 1 and 2

Compound 1

Compound 2

Atom 4C 1C 12C 2C Atom 4C 1C 2C 3C
ft 0.091 0.065 0.052 -0.026 f+ 0.087 0.083 0.053 0.052
Atom 11C 15C 9C 10C Atom 12C 16 C 6C 25C
f 0.193 0.108 0.069 0.036 f 0.192 0.081 -0.005 -0.027
Atom 4C 2C 3C 1C Atom 12C 16C 6C 25C
i -0.001 -0.006 -0.006 -0.010 fo -0.044 -0.093 -0.027 -0.034

f*: Fukui functions for nucleophilic attack, f-: Fukui functions for electrophilic attack, f?: Fukui functions for radical attack.

Table 7 Order of the reactive sites on compounds 3 and 4

Compound 3

Compound 4

Atom 13N 158 1C 4C Atom 13N 4C 1C 2C
f 0.148 0.125 0.100 0.063 f* 0.065 0.065 0.064 0.027
Atom 12C 16 C 6C 26C Atom 12C 16 C 6C 25C
Vi 0.163 0.052 0.019 0.000 f 0.165 0.056 0.020 -0.035
Atom 12C 2C 3C 6C Atom 2C 3C 4C 1C
fe -0.007 -0.011 -0.011 -0.012 fo -0.015 -0.016 -0.018 -0.024

f*: Fukui functions for nucleophilic attack, f-: Fukui functions for electrophilic attack, f: Fukui functions for radical attack.

From the tables 6-7, the parameters of local reactivity descriptors show that 4C and 13N are the more reactive sites in
compounds 1, 2, 3 and 4 respectively for nucleophilic attacks. The more reactive sites in radical attacks are 4C, 2C,
forcompounds 1, 4 respectively and 12C for the both compounds 2 and 3. The more reactive sites for electrophilic
attacks are 11C for compound 1 and 12C for compounds 2, 3 and 4 respectively.

3.6. Natural bond orbital analysis (NBO)

Natural bond orbitals offers a handy basis for exploring charge transfer or conjugative interaction in molecular
systems and is an efficient method for studying intra- and inter molecular bonding and interaction among bonds. In
order to investigate the intra and intermolecular interactions, the stabilization energies of (TTFs)-N-
methylthiocarbamoyl 1-4were performed by using second-order perturbation theory. For each donor NBO(i) and
acceptor NBO(j), the stabilization energy E: associated with electron delocalization between donor and acceptor is
estimated as [31,32].

F (i, j)*

E,= AEij =0i———
&-&

Where q; is the donor orbital occupancy, € and ¢; are diagonal elements (orbital energies) and F(i, j) is the off-diagonal
NBO Fock matrix element [33].The results of second order perturbation theory analysis of the Fock Matrix at
DFT/B3LYP method with 6-31G(d,p) basis set of theory of (TTFs)-N-methylthiocarbamoyl1-4 are presented in Tables 8-
11. The intra molecular interaction for the title compounds is formed by the orbital overlap between: n(C7-C8) and
m*(C14-S17) for compound 1,t(C5-C6) and m*(C11-S14) for compound 2, t(C5-C6) and m*(C12-S15) for compound 3
and m(C5-C6) and m*(C12-S15) for compound 4 respectively, which result into intermolecular charge transfer (ICT)
causing stabilization of the system. The intra molecular hyper conjugative interactions of m(C7-C8) to m*(C14-S17) for
compound 1, m(C5-C6) to m*(C11-S14) for compound 2, t(C5-C6) to m*(C12-S15) for compound 3 and m(C5-C6) to
m*(C12-S15) for compound 4 lead to highest stabilization of 16.68, 16.65, 16.65 and 16.65 k] mol! respectively. In
case of LP (1) N15 orbital to the m*(C14-517) for compound 1, LP (1) N12 orbital to m*(C11-S14) for compound 2, LP
(1) N13 orbital to m*(C12-S15) for compound 3, LP(1) N13 orbital to m*(C12-S15) for compound 4 respectively, show
the stabilization energy of 79.96, 79.33, 79.98 and 79.98 k] mol! respectively.
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Table 8 Second order perturbation theory analysis of Fock matrix on NBO of compound 1

Donor (i) ED/e Acceptor (j) ED/e i(c?l /mol i(l]l)'E(l) g.(lllll)
LP(1) N15 1.64941 m*(C14-S17) 0.43843 79.96 0.21 0.117
LP(2) S13 1.74191 m*(C7-C8) 0.27820 24.81 0.25 0.071
LP(2)S11 177857 w*(C2-C3)  0.21737 22.68 0.25 0.068
LP(2) S10 1.78483 m*(C2-C3) 0.21737 22.14 0.26 0.067
LP(2) S12 1.78577 m*(C7-C8) 0.27820 22.12 0.24 0.066
LP(2) S12 1.78577 m*(C1-C6) 0.41530 20.39 0.23 0.065
LP(2) S11 1.77857 m*(C1-C6) 0.41530 20.11 0.24 0.065
LP(2) S10 1.78483 m*(C1-C6) 0.41530 19.87 0.24 0.065
LP(2)S13  1.74191 w*(C1-C6)  0.41530 19.24 0.25 0.064
m(C7-C8) 1.90244 m*(C14-S17) 0.43843 16.68 0.25 0.063
LP(2) S17 1.87081 o0*(C14-N15) 0.05492 11.85 0.67 0.081
m(C14-S17) 1.95875 m*(C7-C8) 0.27820 8.69 0.28 0.046
LP(2) S17 1.87081 o¢*(C8-C14)  0.05054 6.97 0.63 0.060
o(C7-H9) 1.97390 0¢*(C8-512) 0.02792 5.53 0.77 0.058
o(C2-H4) 1.97510 0¢*(C3-510) 0.01922 5.47 0.76 0.058
o(C3-H5) 1.97537 o¢*(C2-S11) 0.01926 5.40 0.76 0.057
o(C1-S11)  1.97236 ¢*(C6-S13) 0.04304 5.26 0.81 0.058
o(C6-S12)  1.97092 o¢*(C1-S10) 0.04079 5.22 0.81 0.058
o(C6-S13)  1.97296 o*(C1-S11) 0.04063 5.08 0.82 0.058
o(C1-S10)  1.97370 ¢*(C6-512) 0.05666 4.92 0.82 0.057

Table 9 Second order perturbation theory analysis of Fock matrix on NBO of compound 2

Donor(i)  ED/e Acceptor(j) ED/e if:za)l /mol E_(l]l)-E(l) :_(lll.])
LP(1)N12  1.64607 m*(C11-S14) 0.45413 79.33 0.21 0.117
LP(2)S10  1.74543 m*(C5-C6) 0.28717 23.71 0.26 0.071
LP(2) S9 1.79158 1*(C1-C4) 0.41460 20.61 0.23 0.065
LP(2) S8 1.79310 T*(C1-C4) 0.41460 20.50 0.24 0.066
LP(2) S8 1.79310 m*(C2-C3) 0.23564 20.24 0.27 0.066
LP(2) S7 1.80005 m*(C1-C4) 0.41460 20.23 0.24 0.066
LP(2) S9 1.79158 m*(C5-C6) 0.28717 20.14 0.24 0.063
LP(2)S10  1.74543 m*(C1-C4) 0.41460 19.63 0.25 0.065
LP(2) S7 1.80005 T*(C2-C3) 0.23564 19.61 0.27 0.066
m(C5-C6)  1.87868 m*(C11-S14) 0.45413 17.94 0.24 0.064
LP(2)S14  1.86293 o0*(C11-N12) 0.05439 11.46 0.67 0.080
n(C11-S14) 1.96273 *(C5-C6) 0.28717 8.17 0.28 0.046
LP(2)S14  1.86293 o*(C6-C11)  0.04993 6.78 0.63 0.060
o(C6-C11) 197480 o*(C5-C6) 0.03246 5.55 1.30 0.076
o(C6-S9) 196953 o0*(C5-C27) 0.01875 5.36 1.00 0.066
o(C1-S8) 197261 o0*(C4-S10)  0.04119 5.31 0.82 0.059
o(C4-S9) 197090 o*(C1-S7) 0.03789 5.26 0.81 0.059
o(C2-S8) 197185 o0*(C3-C23) 0.01841 5.18 1.04 0.066
0(C3-C23) 197864 ¢*(C2-C3) 0.02980 5.17 1.29 0.073
0(C2-C19) 197837 o*(C2-C3) 0.02980 5.14 1.29 0.073
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Table 10 Second order perturbation theory analysis of Fock matrix on NBO of compound 3

Donor(i) ED/e  Acceptor() ED/e ) - BOVEQ) FG9)
LP(1) N13 1.64926 T*(C12-S15) 0.43796 79.98 0.21 0.117
LP(2) S11 1.74157 1*(C5-C6) 0.27837 24.81 0.25 0.071
LP(2) S10 1.78440 T*(C5-C6) 0.27837 22.18 0.24 0.066
LP(2) S10 1.78440 w*(C1-C4) 0.41427 20.49 0.23 0.065
LP(2) S20 1.86829 *(C2-C3) 0.37267 20.23 0.24 0.066
LP(2) S9 1.79737 w*(C1-C4) 0.41427 20.14 0.24 0.065
LP(2) S9 1.79737 1*(C2-C3) 0.37267 20.08 0.24 0.064
LP(2) S21 1.87001 T*(C2-C3) 0.37267 19.99 0.24 0.065
LP(2) S8 1.80323 T*(C1-C4) 0.41427 19.90 0.24 0.065
LP(2) S8 1.80323 1*(C2-C3) 0.37267 19.57 0.24 0.064
LP(2) S11 1.74157 1*(C1-C4) 0.41427 19.26 0.25 0.064
7(C5-C6) 1.90266 w*(C12-S15) 0.43796 16.65 0.25 0.063
LP(2) S15 1.87027 o*(C12-N13) 0.05498 11.88 0.67 0.081
m(C12-S15) 1.95866 T*(C5-C6) 0.27837 8.71 0.27 0.047
LP(2) S15 1.87027 o*(C6-C12)  0.05058 6.97 0.63 0.060
6(C2-59) 196919 o*(C3-S21)  0.03093 5.91 0.83 0.062
6(C3-S8) 1.96958 o*(C2-S20)  0.03074 5.87 0.83 0.062
o(C5-H7) 1.97380 o*(C6-S10)  0.02794 5.55 0.77 0.058
0(C4-510) 1.97089 o*(C1-S8) 0.03945 5.25 0.81 0.058
6(C1-S9) 1.97051 o*(C4-S11)  0.04315 5.20 0.82 0.058

Table 11 Second order perturbation theory analysis of Fock matrix on NBO of compound 4

Donor(i) ED/e Acceptor(j) ED/e f((c?l /mol :_(l]l)-E(l) 2.(111.])
LP(1)N13  1.64926 m*(C12-S15) 0.43796 79.98 0.21 0.117
LP(2) S11 1.74157 m*(C5-C6) 0.27837 24.81 0.25 0.071
LP(2) S10 1.78440 m*(C5-C6) 0.27837 22.18 0.24 0.066
LP(2) S10 1.78440 m*(C1-C4) 0.41427 20.49 0.23 0.065
LP(2) S20 1.86829 m*(C2-C3) 0.37267 20.23 0.24 0.066
LP(2) S9 1.79737 m*(C1-C4) 0.41427 20.14 0.24 0.065
LP(2) S9 1.79737 m*(C2-C3) 0.37267 20.08 0.24 0.064
LP(2) S21 1.87001 m*(C2-C3) 0.37267 19.99 0.24 0.065
LP(2) S8 1.80323 m*(C1-C4) 0.41427 19.90 0.24 0.065
LP(2) S8 1.80323 m*(C2-C3) 0.37267 19.57 0.24 0.064
LP(2) S11 1.74157 m*(C1-C4) 0.41427 19.26 0.25 0.064
m(C5-C6) 1.90266 m*(C12-S15) 0.43796 16.65 0.25 0.063
LP(2) S15 1.87027 o¢*(C12-N13) 0.05498 11.88 0.67 0.081
m(C12-S15) 1.95866 m*(C5-C6) 0.27837 8.71 0.27 0.047
LP(2) S15 1.87027 o¢*(C6-C12)  0.05058 6.97 0.63 0.060
0(C2-59) 1.96919 0¢*(C3-S21) 0.03093 5.91 0.83 0.062
0(C3-S8) 1.96958 ¢*(C2-S20) 0.03074 5.87 0.83 0.062
o(C5-H7) 1.97380 o¢*(C6-S10) 0.02794 5.55 0.77 0.058
0(C4-S10) 197089 ¢*(C1-S8) 0.03945 5.25 0.81 0.058
o(C1-S9) 1.97051 o0*(C4-S11) 0.04315 5.20 0.82 0.058
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3.7. Nonlinear optical properties (NLO)

The NLO activity provide the key functions for frequency shifting, optical modulation, optical switching and optical
logic for the developing technologies in areas such as communication, signal processing and optical interconnections
[34]. In the presence of an applied electric field, the energy of a system is a function of the electric field and the first
hyperpolarizability is a third rank tensor that can be described by a 3x3x3matrix. The 27 components of the 3D
matrix can be reduced to10 components because of the Kleinman symmetry [35]. The matrix can be given in the lower
tetrahedral format. It is obvious that the lower part of the 3x3x3 matrices is a tetrahedral. The components of first
hyperpolarizability () are defined as the coefficients in the Taylor series expansion of the energy in the external
electric field. When the external electric field is weak and homogeneous, this expansion is given below:

E=E-uF,~Y2a,F.F, Y6/, F.FF +..

Where E%is the energy of the unperturbed molecules, F« is the field at the origin, pe, aap and B«gyare the components of
dipole moment, polarizability and first hyperpolarizability, respectively. The total static dipole moments p, the mean
polarizabilities ao, the anisotropy of the polarizabilities Aa and the mean first hyperpolarizabilities , using the x, y
and z components they are defined as [36, 37]:

p=l+ 2+ 2]

Dipolemoment is
. oy =\a, t+a, +a, )3
Static polarizability is ° ("X yy Zz)

2 2]1/2

XZ

Ao =27Y? (ocxx —ayy)z +(ocyy —azz)z +(0cZZ —axx) +6a

p=(82+p2+p7)"

Total polarizability is

First order hyperpolarizability is

Where
P = Pt Pryy + Prax
By =Byyy + By + Bz
B. =Bu: + Boi + By
and

p = [(ﬂxxx +1Bxyy +ﬂm)2 + (ﬂyyy +IByzz "‘ﬁyXX)2 + (ﬂzzz + By +ﬁzyy)2}/2

The polarizability (ao) and the hyper polarizability (8),the anisotropy of the polarizability (Aa)and the electric dipole
moment (u) of(TTFs)-N-methylthiocarbamoyl 1-4 are calculated by finite field method using B3LYP/6-31G (d,p) basis
set and listed in Table 12.

Since the values of the polarizabilities (Aa) and the hyperpolarizabilities () of the GAUSSIAN 09 output are obtained
in atomic units (a.u.), the calculated values have been converted into electrostatic units (e.s.u.) (for a; 1 a.u = 0.1482 x
10-24 e.s.u,, for B; 1 a.u =8.6393 x 10-33 e.s.u.). The calculated values of dipole moment () for the title compounds were
found to be 5.5574, 4.6495, 3.8982 and 3.9329 D respectively, which are approximately two times than to the value
for urea (1 = 1.3732 D). Urea is one of the prototypical moleculesused in the study of the NLO properties of molecular
systems. Therefore, it has been used frequently as a threshold value for comparative purposes. The calculated values
of polarizability are 56.8207 x 10-24, 60.9411 x 10-24, 75.0280 x 10-2* and 81.2628 x 10-24 esu respectively; the values of
anisotropy of the polarizability are 8.4208, 9.0315, 11.1191 and 12.0431 esu, respectively. The magnitude of the
molecular hyperpolarizability (f8) is one of important key factors in a NLO system. The DFT/6-31G (d,p) calculated
first hyperpolarizability value () of (TTFs)-N-methylthiocarbamoyl molecules are equal to 120.8723 x 1033, 86.6131
x 1033, 269.4594 x 10-33 and 109.2424 x 10-33 esu. The first hyperpolarizability of title molecules is approximately
0.35, 0.25, 0.78 and 0.32 times than those of urea (f3 of urea is 343.272 x10-33 esu obtained by B3LYP/6-311G (d,p)
method). The above results show that (TTFs)-N-methylthiocarbamoyl 1-4 might have not the NLO applications.
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Table 12 Optical properties of (TTFs)-N-methylthiocarbamoyl 1-4

Parameters Compound1  Compound 2 Compound 3 Compound 4
Prxx -71.3154 -11.7927 -204.5410 -14.7824
Bry 12.7854 26.4285 -8.8492 21.1703
Przz 10.1034 0.0064 0.9466 0.5930
By -3.4369 12.1164 -7.4825 10.9020
Prxy 44.2365 57.3176 -67.3735 87.7507
Prxz 73.6158 0.0698 16.8994 5.2223
Przz 17.6361 -5.3135 3.0193 -2.2249
Pyzz 5.3209 1.1606 16.8994 -1.5333
Byyz 7.6382 0.0074 -6.5987 -0.8788
Pz 49216 -0.0014 -24.0172 -2.4201
B(esu)x10-33 120.8723 86.6131 269.4594 109.2424
Ux -0.8590 -0.1774 -2.5072 -0.6921
Uy 4.2601 4.6461 -2.9740 3.8708

Uz 3.4639 0.0029 -0.2552 0.0765
u(D) 5.5574 4.6495 3.8982 3.9329
Qxx -88.3324 -92.2398 -93.6463 -94.9968
Qyy -122.0861 -135.9430 -157.7701 -159.1167
Qzz -125.3905 -141.0683 -157.2980 -159.8719
Qxy 23.7331 -22.7566 22.1576 28.5324
Qxz 9.5652 -0.0080 2.8137 -0.3907
ayz -0.9257 -0.0007 -4.1133 0.4201
ao(esu)x10-24 56.8207 60.9411 75.0280 81.2628
Aa(esu)x10-24 8.4208 9.0315 11.1191 12.0431

ao: polarizability, B: hyper polarizability, Aa: anisotropy of the polarizability, p: electric dipole moment

4., Conclusion

With this research, we have successfully contributed to quantum computational calculations study of a (TTFs)-N-
methylthiocarbamoyl. The results of quantum chemical descriptors show that compound 3 has the smaller frontier
orbital gap so, it is more polarizable and is associated with a high chemical reactivity, low kinetic stability and is also
termed as soft molecule. The MEP map contour shows that the regions exhibiting the negative electrostatic potential
are localized near TTF core and sulfur atom of N-methylthiocarbamoyl group while the regions presenting the positive
potential are localized vicinity of the hydrogen atoms of alkyl and cycled groups. NBO analysis reveals that the
important intramolecular charge transfer causing stabilization of the system to the title molecule and the
intramolecular conjugative interaction lead to highest stabilization. NLO results show that (TTFs)-N-
methylthiocarbamoyl have not nonlinear optical applications.
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