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Abstract: In this perspective article, density functional theory (DFT) calculations are used to investigate 

themolecular stability and bond strengths of dimeric and trimeric tetrathiafulvalenes 1-4 by applying the 

natural bond orbital analysis. The indication about the size, shape, charge density distribution and site of 

chemical reactivity of the molecules has been obtained by mapping electron density with molecular electrostatic 

potential (MEP).The HOMO and LUMO energies determined showed that the serious charge transfer occurs in 

the title molecules studied. NLO properties such as dipole moment, polarizability, first static hyperpolarizability 

were also calculated to predict their Non-linear optical behavior. 
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I. Introduction 
Tetrathiafulvalene (TTF) is a fascinating planar π-electron- donor molecule with a broad range of 

potential applications [1]. Tetrathiafulvalene (TTF) derivatives [2] are very versatile electro-active molecules 

widely used as building blocks to prepare organic metals, for supramolecular functions [3] and in molecular 

electronics [4].Recently, donor–acceptor type dyads using a tetrathiafulvalene (TTF) framework have received 

considerable interest as materials for fluorescence switches, chemical sensors, molecular rectification, and 

photovoltaic and NLO applications [5-10]. 

Quantum chemical calculation is one of the recent emerging tools in unraveling physical and chemical 

properties of molecules. Recently, density functional theory (DFT) has been emerged as a powerful tool for 

study of electronic properties of polyatomic molecules. The application of DFT to chemical systems has 

received much attention because of faster convergence in time than traditional quantum mechanical correlation 

methods [11]. 

In order to understand the electronic properties ofdimeric and trimeric tetrathiafulvalenes 1-4illustrate 

in literature [12], the theoretical calculations have been computed by DFT/B3LYP method with 6-31G (d,p) 

basis. This study investigated the characterization of the molecular structures, molecular electrostatic potential 

(MEP), frontier molecular orbital analysis properties, quantum chemical descriptors,the Fukui functions, second 

order perturbation theory analysis (NBO) and first order hyperpolarizability (β) using the calculation method 

quoted above. 

 

II. Materials and Methods 
All calculations have been performed by using Gaussian 09W [13] program package at the DFT level of theory 

by using the hybrid functional B3LYP [14] with 6-31G (d,p) basis set. The calculated results have been 

visualized by using Gauss View 5 [15] software. 

 

III. Results and Discussion 
3.1 Molecular Geometry: 

 The atomic numbering scheme the theoretical geometric structures of dimeric and trimeric 

tetrathiafulvalenes 1-4 are shown in Figure 1. The optimized parameters (bond lengths, bond angles and dihedral 

angles) of the title compounds were obtained using DFT and the B3LYP/6-31G (d,p) method. The results are 

given in Tables 1-4. 

Figure 1.Optimized molecular structure of dimeric and trimeric tetrathiafulvalenes 1-4 

Table 1.Optimized geometric parameters of compound 1 
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Bond Length(Å) Bond Angles (°) Dihedral Angles (°) 

R(1,4) 1.327 A(4,1,17) 123.323 D(17,1,4,19) 179.758 
R(1,17) 1.842 A(3,2,24) 126.329 D(18,1,4,20) 179.712 

R(2,17) 1.837 A(17,2,24) 115.169 D(4,1,17,2) 171.292 

R(3,18) 1.835 A(2,3,23) 127.115 D(17,2,24,32) 110.522 
R(4,20) 1.842 A(18,3,23) 114.547 D(23,3,18,1) 173.995 

R(5,6) 1.331 A(1,4,20) 123.331 D(18,3,23,45) 112.910 

R(5,53) 1.812 A(6,5,53) 126.747 D(1,4,19,6) 159.747 
R(6,52) 1.813 A(5,6,52) 123.286 D(53,5,6,19) 178.851 

R(7,13) 1.843 A(19,6,52) 117.883 D(53,5,20,4) 168.347 

R(8,9) 1.331 A(10,7,13) 123.452 D(20,5,53,63) 144.346 
R(8,13) 1.841 A(10,7,14) 123.548 D(14,7,10,15) 179.347 

R(8,50) 1.813 A(13,7,14) 113.001 D(10,7,13,8) 159.183 

R(9,51) 1.813 A(9,8,13) 118.077 D(7,10,16,12) 176.535 
R(10,16) 1.842 A(13,8,50) 115.192 D(11,22,39,40) 110.534 

R(11,12) 1.332 A(8,9,14) 118.410 D(2,24,32,35) 175.268 

Table 2.Optimized geometric parameters of compound 2 

 
Bond Length(Å) Bond Angles (°) Dihedral Angles (°) 

R(1,4) 1.328 A(4,1,14) 123.208 D(4,1,13,2) 160.708 

R(1,13) 1.841 A(13,1,14) 113.180 D(13,2,3,41) 178.827 

R(2,3) 1.331 A(3,2,13) 118.425 D(41,3,14,1) 168.713 
R(2,13) 1.839 A(3,2,42) 123.371 D(14,3,41,43) 144.977 

R(3,14) 1.841 A(13,2,42) 117.824 D(1,4,16,6) 159.164 

R(4,15) 1.837 A(2,3,41) 126.814 D(24,5,6,16) 175.458 
R(5,6) 1.335 A(14,3,41) 115.078 D(24,5,15,4) 170.782 

R(5,15) 1.851 A(1,4,15) 123.685 D(6,5,24,26) 128.812 

R(6,16) 1.850 A(1,4,16) 124.055 D(19,7,10,18) 179.527 
R(7,10) 1.328 A(6,5,15) 117.534 D(39,9,20,7) 168.391 

R(8,9) 1.331 A(15,5,24) 116.679 D(20,9,39,49) 144.653 

R(8,40) 1.813 A(5,6,16) 117.681 D(7,10,18,12) 162.900 
R(9,20) 1.841 A(16,6,23) 115.523 D(22,11,17,10) 174.636 

R(9,39) 1.813 A(10,7,19) 123.650 D(12,11,22,32) 118.750 

R(10,17) 1.838 A(19,7,20) 113.098 D(11,22,32,34) 112.589 

Table 3.Optimized geometric parameters of compound 3 

 
Bond Length(Å) Bond Angles (°) Dihedral Angles (°) 

R(1,18) 1.842 A(4,1,18) 123.332 D(18,1,4,20) 179.363 

R(2,3) 1.332 A(17,1,18) 113.374 D(4,1,17,2) 174.306 

R(2,17) 1.836 A(3,2,17) 118.505 D(17,2,24,32) 104.544 

R(3,18) 1.837 A(17,2,24) 115.388 D(23,3,18,1) 176.771 

R(4,19) 1.842 A(2,3,23) 126.081 D(1,4,19,6) 159.225 
R(5,6) 1.331 A(18,3,23) 115.597 D(51,5,6,19) 178.829 

R(5,20) 1.841 A(1,4,19) 123.603 D(51,5,20,4) 168.169 

R(6,50) 1.813 A(1,4,20) 123.395 D(20,5,51,61) 144.418 
R(7,13) 1.843 A(6,5,51) 126.744 D(10,7,13,8) 158.730 
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R(7,14) 1.842 A(20,5,51) 115.172 D(49,9,14,7) 173.888 
R(8,13) 1.842 A(5,6,50) 123.277 D(14,9,49,52) 128.336 

R(9,14) 1.839 A(19,6,50) 117.873 D(7,10,16,12) 172.579 

R(10,16) 1.837 A(10,7,13) 123.473 D(15,11,12,21) 177.934 
R(11,12) 1.332 A(10,7,14) 123.562 D(22,11,15,10) 173.968 

R(11,15) 1.842 A(13,7,14) 112.965 D(11,22,38,39) 147.661 

Table 4.Optimized geometric parameters of compound 4 

 
Bond Length(Å) Bond Angles (°) Dihedral Angles (°) 

R(1,18) 1.842 A(4,1,17) 123.349 D(17,1,4,19) 179.832 
R(2,3) 1.333 A(17,1,18) 113.403 D(18,1,4,20) 179.388 

R(2,17) 1.836 A(3,2,24) 126.296 D(4,1,17,2) 173.085 

R(3,23) 1.822 A(17,2,24) 115.274 D(17,2,24,28) 112.221 
R(4,19) 1.842 A(2,3,18) 118.433 D(23,3,18,1) 175.521 

R(5,6) 1.331 A(18,3,23) 115.245 D(18,3,23,40) 106.144 

R(5,20) 1.842 A(1,4,19) 123.512 D(1,4,19,6) 159.279 

R(5,46) 1.813 A(19,4,20) 113.014 D(46,5,6,19) 178.758 

R(6,45) 1.813 A(6,5,46) 126.693 D(46,5,20,4) 168.226 

R(7,10) 1.327 A(20,5,46) 115.221 D(20,5,46,56) 144.181 
R(8,9) 1.331 A(5,6,45) 123.275 D(14,7,10,15) 179.794 

R(8,43) 1.813 A(19,6,45) 117.877 D(13,8,9,44) 172.903 

R(9,14) 1.838 A(10,7,13) 123.387 D(44,9,14,7) 174.303 
R(9,44) 1.813 A(13,7,14) 113.054 D(7,10,16,12) 176.078 

R(10,15) 1.841 A(9,8,43) 126.971 D(15,11,12,21) 177.298 

 

3.2 Molecular Electrostatic Potential (MEP): 

 The molecular electrostatic potential (MEP) has been used as a useful method in research of molecular 

structure with its physicochemical property relationship [16]. The molecular electrostatic potential, V(r), at a 

given point r (x,y,z) in the vicinity of a molecule, is defined in terms of the interaction energy between the 

electrical charge generated from the molecule electrons and nuclei and a positive test charge (a proton) located 

at r. It is defined by: 
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 In which ZA is the charge of nucleus A, located at RA and ρ(r') is the electronic density function for the 

molecule and r' is the dummy integration variable [17,18]. The MEP has been used for predicting sites and 

relative reactivity toward electrophilic attack and in the studies of biological recognition and hydrogen bonding 

interactions [19].Potential increases in the order red < orange < yellow < green < blue. To predict reactivesites 

for electrophilic and nucleophilic attack for the title molecules,MEP was calculated at the B3LYP/6-31G(d,p) 

optimized geometries.The negative (red) regions of MEP were related to electrophilicreactivity and the positive 

(bleu) regions to nucleophilic reactivity illustrated in Figure 2. 

 

 
Figure 2. Molecular electrostatic potential surface of dimeric and trimeric tetrathiafulvalenes 1-4 
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 As seen from the figure above that, in all molecules, the regions exhibiting the negative electrostatic 

potential are localized near the TTF core and the nitrile function in compound 1 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): 

 The highest occupied molecular orbitals (HOMOs) and the lowest-lying unoccupied molecular orbitals 

(LUMOs) are named as Frontier Molecular Orbitals (FMOs). The FMOs play an important role in the optical 

and electric properties, as well as in quantum chemistry. HOMO, LUMO energy characterizes the ability of 

electron accepting. The eigenvalues of HOMO and LUMO and their energy gap reflect the biological activity of 

the molecule. These orbitals are a pair of orbitals in the compound, which allows them to interact more strongly. 

The frontier orbital gap helps characterize the chemical reactivity and the kinetic stability of the molecule. A 

molecule having a small frontier orbitals gap is more polarizable and is generally associated with a high 

chemical reactivity and low kinetic stability [20–22]. The HOMO and LUMO orbitals of compound 3 with a 

small energy gap were computed by the DFT/B3LYP method with 6-31G (d,p) basis set and visualized in 

Figure 3. 

 

 
Figure 3. HOMO-LUMO Structure with the energy level diagram of compound 3 

 

3.4 Global Reactivity Descriptors: 

 Density functional theory method concept the chemical reactivity and site selectivity of the molecular 

systems. The energies of frontier molecular orbitals (EHOMO, E LUMO), energy band gap which explains the 

eventual charge transfer interaction within the molecule, electronegativity (χ), chemical potential (µ), global 

hardness (η), global softness (S) and global electrophilicity index (ω) [23,24] of dimeric and trimeric 

tetrathiafulvalenes 1-4 are computed by the DFT/B3LYP method with 6-31G (d,p) basis set and listed in Table 

5. 
 HOMOLUMO EEχ  21  

 HOMOLUMO EEχμ  21  

 HOMOLUMO EEη  21  

ηS 21  

ημω 22  

 The large HOMO-LUMO gap means a hard molecule and small HOMO-LUMO gap means a soft 

molecule. One can also relate the stability of the molecule to hardness, which means that the molecule with least 

HOMO-LUMO gap means it is more reactive. 

 

Table 5.Quantum chemical descriptors of dimeric and trimeric tetrathiafulvalenes 1-4 
Parameters  Compound 1 Compound 2 Compound 3 Compound 4 

EHOMO (eV) -5.187 -5.212 -5.044 -5.142 

ELUMO (eV) -1.518 -1.423 -1.647 -1.478 

ΔEgap (eV) 3.668 3.789 3.398 3.663 

IE (eV) 5.187 5.212 5.044 5.142 

A (eV) 1.518 1.423 1.647 1.478 

µ (eV) -3.353 -3.317 -3.345 -3.310 
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χ (eV) 3.353 3.317 3.345 3.310 

ƞ (eV) 1.834 1.895 1.699 1.832 

S (eV) 0.273 0.264 0.294 0.273 

ω (eV) 3.064 2.904 3.294 2.990 

 

 As presented in table 5, the compound which have the lowest energetic gap is the compound 3 (∆Egap = 

3.398 eV). This lower gap allows it to be the softest molecule. The compound that have the highest energy gap 

is the compound 2 (∆Egap = 3.789 eV).The compound that has the highest HOMO energy is the compound 3 

(EHOMO = -5.044 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 = -1.647 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 (χ) and the absolute hardness (η). 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 = 5.044 eV), so that will be the better electron donor. 

Compound 3 has the largest value of the affinity (A = 1.647 eV), so it is the better electron acceptor. The 

chemical reactivity varies with the structural of molecules. Chemical hardness (softness) value of compound 3 

(η = 1.699 eV, S = 0.294 eV) is lesser (greater) among all the molecules. Thus, compound 3 is found to be more 

reactive than all the compounds. Compound 1 possesses higher electronegativity value (χ = 3.353 eV) than all 

compounds so; it is the best electron acceptor. The value of ω for compound 3 (ω = 3.294 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 Fukui function is a local reactivity descriptor that gives the preferred regions where a chemical 

species will change its density when the number of electrons is changed and it shows the propensity of the 

electronic density to deform at a given position upon accepting or donating electrons [25-27]. Also, the 

condensed or atomic Fukui functions on the jth atom site is given as, 

   1 NqNqf jjj  

   NqNqf jjj  1  

    11
2

10  NqNqf jjj  

 For an electrophilic fj
-
(r), nucleophilic or free radical attack fj

+
(r), on the reference molecule, 

respectively. In these equations, qj is the atomic charge at the jth atomic site is the neutral (N), anionic (N+1) or 

cationic (N-1) chemical species. Chattarajet al. [28] proposed the concept of generalized philicity and it contains 

almost all information about the known different global and local reactivity and selectivity descriptor, in 

addition to the information regarding electrophilic/nucleophilic power of a given atomic site in a molecule. 

Morell et al. [29] proposed a dual descriptor (Δf(r)), which is defined as the difference between the nucleophilic 

and electrophilic Fukuifunction and is given by, 

      rfrfrf    

 Δf (r) > 0, then the site is favored for a nucleophilic attack, whereas ifΔf(r)< 0, then the site may be 

favored for an electrophilic attack. Under this situation, dual descriptors Δf(r) gives a clear difference between 

nucleophilic and electrophilic attack at a particular region with their sign and it provides positive value for site 

prone for nucleophilic attack and a negative value prone for electrophilic attack. Fukui functions for selected 

atomic sites dimeric and trimeric tetrathiafulvalenes 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 10 C 1 C 8 C 5 C Atom 10 C 4 C 26 C 9 C 

f + 0.139 0.112 0.084 0.083 f + 0.146 0.099 0.095 0.083 

Atom 23 S 24 S 52 S 53 S Atom 23 S 24 S 42 S 41 S 

f - 0.126 0.110 0.095 0.095 f - 0.124 0.107 0.097 0.096 

Atom 10 C 1 C 9 C 11 C Atom 10 C 24 S 4 C 8 C 

f 0 0.022 0.015 0.006 0.006 f 0 0.027 0.018 0.011 0.006 

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

 
Compound 3 Compound 4 

Atom 92 C 66 C 14 S 13 S Atom 10 C 1 C 65 C 67 C 

f + 0.103 0.088 0.079 0.074 f + 0.454 0.426 0.425 0.412 

Atom 64 S 81 C 82 C 2 C Atom 25 C 12 C 9C 61 C 
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f - 0.155 0.073 0.066 0.063 f - 0.212 0.088 0.070 0.067 

Atom 66 C 23 S 22 S 32 C Atom 10 C 65 C 1 C 3 C 

f 0 0.067 0.033 0.020 0.016 f 0 0.249 0.241 0.241 0.237 

 

 From the tables 6-7, the parameters of local reactivity descriptors show that 10C is the more reactive 

site in compounds 1, 2 and 4 and 92C in compound 3 respectively for nucleophilic attacks. The more reactive 

sites in radical attacks are 10C for compounds 1, 2 and 4 and 66C for compounds 3 respectively.The more 

reactive sites for electrophilic attacks are 23S for compounds 1, 2 and 64S, 25C for compounds 3 and 

4respectively. 

 

3.6 Natural Bond Orbital Analysis (NBO): 

 NBO analysis helps in identifying individual bonds and the energies associated with lone–pair electrons 

that play a vital role in the chemical processes [30–32]. It helps in studying hybridization, hydrogen bonding as 

well as hyper-conjugative interactions between occupied Lewis type (bonding or lone pair) and unoccupied 

(anti-bonding or Rydberg) orbitals which further help in studying inter and intramolecular interactions among 

various bonds. Stabilization energy (E
(2)

) associated as a result of electron delocalization between donor NBO 

(i) and acceptor NBO (j), is estimated by equation [33,34] 

   
   iEjE

ijF
qE i




2
2  

 whereqi is the donor orbital occupancy; E(i) and E(j) are orbital energies of donor and acceptor NBO 

orbitals and Fij is the off-diagonal Fock matrix. Extent of hyper-conjugation depends upon the donating ability 

of Lewis type orbitals and accepting ability of non Lewis type orbitals and this is measured in terms of the 

interaction energy E
(2)

.The second-order perturbation theory analysis of Fock matrix in NBO basis of dimeric 

and trimeric tetrathiafulvalenes 1-4 is given in Tables 8-11. 

 

Table 8.Second order perturbation theory analysis of Fock matrix on NBO of compound 1 

Donor(i) ED/e Acceptor(j) ED/e 
E(2) 

Kcal/mol 

E(j)-E(i) 

a.u 

F(i.j) 

a.u 

LP (2) S18 1.81120 π*(C2-C3) 0.26532 18.51 0.23 0.059 

LP (2) S15 1.80820 π*(C11-C12) 0.25684 18.28 0.23 0.059 

LP (2) S17 1.81414 π*(C 2-C3) 0.26532 18.12 0.23 0.059 
LP (2) S16 1.81266 π*(C11-C12) 0.25684 17.79 0.23 0.058 

LP (2) S19 1.83399 π*(C5-C6) 0.30332 16.42 0.24 0.058 
LP (2) S14 1.83631 π*(C8-C9) 0.30341 16.41 0.24 0.058 

LP (2) S13 1.83730 π*(C8-C9) 0.30341 16.20 0.24 0.057 

LP (2) S20 1.83543 π*(C5-C6) 0.30332 16.18 0.24 0.057 
LP (2) S50 1.88883 π*(C8-C9) 0.30341 11.98 0.24 0.050 

LP (2) S53 1.88865 π*(C5-C6) 0.30332 11.95 0.24 0.050 

LP (2) S15 1.80820 π*(C7-C10) 0.26415 9.81 0.34 0.053 
LP (2) S16 1.81266 π*(C7-C10) 0.26415 9.64 0.35 0.053 

LP (2) S17 1.81414 π*(C1-C4) 0.26811 9.21 0.34 0.051 

LP (2) S18 1.81120 π*(C1-C4) 0.26811 9.12 0.34 0.050 
LP (1) N49 1.96400 π*(C28-C31) 0.02069 8.93 0.93 0.082 

LP (1) N48 1.96609 π*(C35-C38) 0.02128 8.78 0.94 0.082 

LP (2) S51 1.90087 π*(C8-C9) 0.30341 6.90 0.24 0.038 
LP (2) S52 1.90059 π*(C5-C6) 0.30332 6.89 0.24 0.038 

LP (2) S19 1.83399 π*(C1-C4) 0.26811 6.57 0.33 0.043 

LP (2) S 20 1.83543 π*(C1-C4) 0.26811 6.50 0.33 0.043 

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

 

Donor(i) ED/e Acceptor(j) ED/e 
E(2) 

Kcal/mol 

E(j)-E(i) 

a.u 

F(i.j) 

a.u 

LP (2) S19 1.83161 π*(C8-C9) 0.30295 16.44 0.24 0.058 

LP (2) S13 1.82967 π*(C2-C3) 0.30342 16.42 0.24 0.058 
LP (2) S17 1.82062 π*(C11-C12) 0.25034 16.28 0.24 0.057 

LP (2) S14 1.83055 π*(C2-C3) 0.30342 16.26 0.24 0.057 

LP (2) S20 1.83338 π*(C8-C9) 0.30295 16.20 0.24 0.057 
LP (2) S18 1.81870 π*(C11-C12) 0.25034 16.12 0.24 0.057 

LP (2) S16 1.82761 π*(C5-C6) 0.25918 15.27 0.25 0.056 
LP (2) S15 1.82966 π*(C5-C6) 0.25918 15.02 0.25 0.056 

LP (2) S41 1.88865 π*(C2-C3) 0.30342 12.09 0.24 0.050 

LP (2) S39 1.88913 π*(C8-C9) 0.30295 11.97 0.24 0.050 
LP (2) S18 1.81870 π*(C7-C10) 0.28112 9.49 0.30 0.049 

LP (2) S17 1.82062 π*(C7-C10) 0.28112 9.37 0.30 0.049 

LP (2) S13 1.82967 π*(C1-C4) 0.28344 9.27 0.29 0.048 
LP (2) S14 1.83055 π*(C1-C4) 0.28344 9.19 0.29 0.047 

LP (2) S16 1.82761 π*(C1-C4) 0.28344 9.13 0.29 0.047 

LP (2) S15 1.82966 π*(C1-C4) 0.28344 8.88 0.29 0.047 
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LP (2) S19 1.83161 π*(C7-C10) 0.28112 8.41 0.30 0.046 
LP (2) S20 1.83338 π*(C7-C10) 0.28112 8.31 0.30 0.046 

LP (2) S42 1.90109 π*(C2-C3) 0.30342 6.91 0.24 0.038 

LP (2) S40 1.90115 π*(C8-C9) 0.30295 6.87 0.24 0.038 

Table 10.Second order perturbation theory analysis of Fock matrix on NBO of compound 3 

 

Donor(i) ED/e Acceptor(j) ED/e 
E(2) 

Kcal/mol 

E(j)-E(i) 

a.u 

F(i.j) 

a.u 

LP (2) S67 1.80896 π*(C65-C66) 0.26403 19.01 0.23 0.059 

LP (2) S68 1.81359 π*(C65-C66) 0.26403 18.48 0.23 0.059 
LP (2) S17 1.81224 π*(C2-C3) 0.25390 18.31 0.23 0.059 

LP (2) S18 1.81201 π*(C2-C3) 0.25390 18.30 0.23 0.059 

LP (2) S16 1.81536 π*(C11-C12) 0.26478 17.12 0.24 0.058 
LP (2) S15 1.81938 π*(C11-C12) 0.26478 16.51 0.24 0.057 

LP (2) S76 1.83294 π*(C81-C82) 0.30339 16.50 0.24 0.058 

LP (2) S19 1.83561 π*(C5-C6) 0.30333 16.49 0.24 0.058 

LP (2) S14 1.83576 π*(C8-C9) 0.30304 16.46 0.24 0.058 

LP (2) S20 1.83765 π*(C5-C6) 0.30333 16.18 0.24 0.057 

LP (2) S13 1.83732 π*(C8-C9) 0.30304 16.17 0.24 0.057 
LP (2) S77 1.83539 π*(C81-C82) 0.30339 16.15 0.24 0.057 

LP (2) S84 1.88855 π*(C81-C82) 0.30339 11.92 0.24 0.050 

LP (2) S51 1.88936 π*(C5-C6) 0.30333 11.91 0.24 0.050 
LP (2) S48 1.88935 π*(C8-C9) 0.30304 11.85 0.24 0.050 

LP (2) S15 1.81938 π*(C7-C10) 0.27158 9.98 0.33 0.052 
LP (2) S16 1.81536 π*(C7-C10) 0.27158 9.86 0.33 0.052 

LP (2) S18 1.81201 π*(C1-C4) 0.26564 9.51 0.34 0.052 

LP (2) S17 1.81224 π*(C1-C4) 0.26564 9.49 0.34 0.052 
LP (2) S67 1.80896 π*(C70-C72) 0.26048 8.69 0.35 0.050 

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

 

Donor(i) ED/e Acceptor(j) ED/e 
E(2) 

Kcal/mol 

E(j)-E(i) 

a.u 

F(i.j) 

a.u 

LP (2) S18 1.81211 π*(C2-C3) 0.26179 18.30 0.23 0.059 

LP (2) S17 1.81223 π*(C2-C3) 0.26179 18.27 0.23 0.059 

LP (2) S63 1.81296 π*(C60-C61) 0.26923 18.21 0.23 0.059 
LP (2) S62 1.81348 π*(C60-C61) 0.26923 18.15 0.23 0.059 

LP (2) S16 1.81180 π*(C11-C12) 0.25501 17.86 0.23 0.059 

LP (2) S15 1.81843 π*(C11-C12) 0.25501 17.03 0.24 0.058 
LP (2) S19 1.83511 π*(C5-C6) 0.30333 16.51 0.24 0.058 

LP (2) S14 1.83596 π*(C8-C9) 0.30367 16.44 0.24 0.058 
LP (2) S71 1.83514 π*(C75-C76) 0.30322 16.33 0.24 0.057 

LP (2) S20 1.83708 π*(C5-C6) 0.30333 16.21 0.24 0.057 

LP (2) S13 1.83818 π*(C8-C9) 0.30367 16.13 0.24 0.057 
LP (2) S72 1.83684 π*(C75-C76) 0.30322 16.05 0.24 0.057 

LP (2) S43 1.88867 π*(C8-C9) 0.30367 12.22 0.24 0.051 

LP (2) S78 1.88823 π*(C75-C76) 0.30322 12.17 0.24 0.051 
LP (2) S46 1.88949 π*(C5-C6) 0.30333 11.75 0.24 0.050 

LP (2) S63 1.81296 π*(C65-C67) 0.27036 9.64 0.33 0.051 

LP (2) S62 1.81348 π*(C65-C67) 0.27036 9.54 0.33 0.051 

LP (2) S17 1.81223 π*(C1-C4) 0.26659 9.44 0.34 0.052 

LP (2) S18 1.81211 π*(C1-C4) 0.26659 9.40 0.34 0.051 

LP (2) S15 1.81843 π*(C7-C10) 0.25936 9.24 0.36 0.053 

 

 The intra molecular interaction for the title compounds is formed by the orbital overlap between: LP(2) 

S18 orbital to the π*(C2-C3) for compound 1, LP(2) S19 orbital to π*(C8-C9) for compound 2, LP(2) S67 

orbital to π*(C65-C66) for compound 3,LP(2) S18 orbital to π*(C2-C3) for compound 4 respectively, show the 

stabilization energy of 18.51, 16.44, 19.01 and 18.30 kJ mol
-1

 respectively. 

 

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 [35,36].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 

3×3×3 matrix. The 27 components of the 3D matrix can be reduced to 10 components because of the Kleinman 

symmetry [37]. The matrix can be given in the lower tetrahedral format. It is obvious that the lower part of the 

3×3×3 matrices is a tetrahedral. The components of β 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: 



A Computational Investigation Of A Series Ofdimeric And Trimeric Tetrathiafulvalenes Using Dft Method 

DOI: 10.9790/5736-1104015564                                      www.iosrjournals.org                                         62 |Page 

...FFFβFFαFμEE γβααβγβααβαα  61210  

 whereE
0
 is the energy of the unperturbed molecules, Fα is the field at the origin, µα, ααβ and βαβγ are the 

components of dipole moment, polarizability and first hyperpolarizability, respectively. The total static dipole 

moment µ, the mean polarizability α0, the anisotropy of the polarizability Δα and the mean first 

hyperpolarizability β0, using the x, y and z components are defined as: 

Dipole moment is   21222
zyx μμμμ   

Static polarizability is   30 zzyyxx αααα   

 Total polarizability is        21222221 62 xzαααααααα xxzzzzyyyyxx    

 First order hyperpolarizability is   21222
0 zyx ββββ   

Where 
 
 
 zyyzxxzzzz

yxxyzzyyyy

xzzxyyxxxx

ββββ

ββββ

ββββ







 

       21222
0 zyyzxxzzzyxxyzzyyyxzzxyyxxx ββββββββββ   

 The first static hyperpolarizability (β0) and its related properties (β, α0 and Δα)of dimeric and trimeric 

tetrathiafulvalenes1-4 have been calculated using B3LYP/6-31G (d,p) level based on finite field approach and 

given in Table 12. 

 

Table 12.Thedipole moments µ (D), polarizability α0(esu), the anisotropy of the polarizability Δα (esu) and the 

first hyperpolarizability β0 (esu) of dimeric and trimeric tetrathiafulvalenes 1-4. 
Parameters Compound 1 Compound 2 Compound 3 Compound 4 

βxxx -289.0559 303.5919 316.8736 300.0018 

βyyy -79.5692 -5.7775 1228.0452 -4.7664 

βzzz -7.7440 -2.0174 1.9232 -5.1026 

βxyy 75.8515 -69.4989 215.6755 -70.5067 

βxxy -618.0880 -355.2097 -229.4884 -289.3058 

βxxz 68.9535 -54.2634 993.0575 -60.2438 

βxzz -2.4739 8.2827 15.4279 6.2766 

βyzz 42.5474 -0.3585 -79.9362 -0.2685 

βyyz 48.4056 -49.3465 -35.9478 -50.6867 

βxyz 11.4459 -14.3233 -17.1372 -12.5286 

β0 (esu)x10-33 740.7538 447.7430 1436.6234 394.5737 

µx -0.9366 1.9896 5.5572 2.8974 

µy -2.3713 -1.3325 0.5104 -2.4638 

µz 1.8636 -0.6400 0.2692 -0.5007 

µ(D) 3.1580 2.4787 5.5870 4.0045 

αxx -245.2820 -222.4729 53.1231 -200.3258 

αyy -369.6545 -341.8921 9.4303 -300.0147 

αzz -383.6559 -352.3766 -62.5535 -236.2566 

αxy 2.8362 21.1364 -12.7626 19.1258 

αxz 22.3699 9.6055 -24.2787 8.8025 

αyz 2.9674 -15.8246 15.8894 -16.5625 

α0(esu)x10-24 137.6871 134.1313 115.1101 98.9939 

∆α(esu)x10-24 20.4052 19.8783 17.0593 14.6709 

 

 Since the values of the polarizabilities (∆α) and the hyperpolarizabilities (βtot) 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 α; 1 a.u = 0.1482 x 10
-24

 e.s.u., for β; 1 a.u = 8.6393 x 10
-33

 e.s.u.). The calculated values of dipole 

moment (µ) for the title compounds were found to be 3.1580, 2.4787, 5.5870 and 4.0045 D respectively, which 

are approximately four times than to the value for urea (µ = 1.3732 D). Urea is one of the prototypical molecules 

used 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 137.6871 x 10
-24

, 134.1313 

x 10
-24

, 115.1101 x 10
-24

 and 98.9939 x 10
-24

 esu respectively; the values of anisotropy of the polarizability are 

20.4052, 19.8783, 17.0593 and 14.6709 esu, respectively. The magnitude of the molecular hyperpolarizability 

(β0) is one of important key factors in a NLO system. The DFT/6-31G(d,p) calculated first hyperpolarizability 

value (β0) of dimeric and trimeric tetrathiafulvalenes molecules are equal to 740.7538 x 10
-33

, 447.7430 x 10
-33

, 

1436.6234 x 10
-33

 and 394.5737 x 10
-33

 esu. The first hyperpolarizability of title molecules is approximately 

2.16, 1.30, 4.19 and 1.49 times than those of urea (β of urea is 343.272 x10
-33

 esu obtained by B3LYP/6-311G 

(d,p) method). This result indicates that dimeric and trimeric tetrathiafulvalenes 1-4 are nonlinear. 
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IV. Conclusion 
 In the present study, molecular structure, geometrical parameters, Molecular electrostatic potential map 

of dimeric and trimeric tetrathiafulvalenes 1-4 has been studied using DFT/B3LYP method with 6-31G (d,p) 

basis set. The frontier molecular orbital analysis provides information regarding ionization potential, chemical 

potential and other chemical descriptors.Fukui function also computed to predict reactive sites for electrophilic 

and nucleophilic attacks in the studied molecules. The NBO analysis obviously illustrates the stability of the 

molecular structure that arises from conjugative interactions, charge delocalization and E(2) energies confirm 

the occurrence of intra-molecular charge transfer. The calculated dipole moment and first order 

hyperpolarizability results indicate that the title compounds is a good candidate of NLO material. 

 

Acknowledgments 
 This work was generously supported by the (General Directorate for Scientific Research and 

Technological Development, DGRS-DT) and Algerian Ministry of Scientific Research. 

 

References 
[1] T.Ishiguro, K.Yamaji, G.Saito."Proceedings of the International Conference on Science and Technology of Synthetic Metals, 

ICSM'98," Synth. Met(1999)102-103. 
[2] M.A. Herranz, L.Sanchez, N.Martin.Tetrathiafulvalene: A Paradigmatic Electron Donor Molecule.Phosphorus, Sulfur Silicon Relat. 

Elem. 180(2005) 1133–1148. DOI: 10.1002/chin.200534152. 

[3] T.Uemura, K.Naka, Y.Chujo. Functional Macromolecules with Electron-Donating Dithiafulvene Unit. Adv.Polym. Sci. 167(2004), 
81–106. DOI: 10.1007/b12305. 

[4] G.Maruccio, R.Cingolani, R.Rinaldi.Projecting the Nanoworld: Concepts, Results and Perspectives of Molecular Electronics.J. 

Mater. Chem. 14(2004) 542–554. DOI: 10.1039/B311929G. 
[5] J.Yamada, T. Sugimoto.TTF Chemistry: Fundamentals and Applications of Tetrathiafulvalene, Eds.; Kodansha-Springer: Tokyo 

(2004). 

[6] N.Martín, L.Sánchez, B. Illescas, I.Pérez. C60-Based Electroactive Organofullerenes. Chem. Rev. 98(1998) 2527–2547. DOI: 
10.1021/cr9701039. 

[7] R. M. Metzger.Electrical Rectification by a Molecule:  The Advent of Unimolecular Electronic Devices. Acc. Chem. Res. 32(1999) 

950–957.DOI: 10.1021/ar9900663. 

[8] M.Bendikov, F.Wudl, D.F. Perepichka. Tetrathiafulvalenes, Oligoacenenes, and Their Buckminsterfullerene Derivatives:  The Brick 

and Mortar of Organic Electronics. Chem. Rev. 104(2004) 4891–4945. DOI: 10.1021/cr030666m. 

[9] A.Gorgues, P.Hudhomme, M.Sallé.Highly Functionalized Tetrathiafulvalenes: Riding along the Synthetic Trail from Electrophilic 
Alkynes.Chem. Rev. 104 (2004) 5151–5184. DOI: 10.1021/cr0306485. 

[10] J. L.Segura, N.Martín. New Concepts in Tetrathiafulvalene Chemistry.Angew. Chem., Int Ed. 40(2001) 1372–1409. DOI: 
10.1002/1521-3773(20010417)40:8<1372::AID-ANIE1372>3.0.CO;2-I. 

[11] C. Ravikumar, I. Hubert Joe, D. Sajan.Vibrational Contributions to the Second-Order Nonlinear Optical Properties of π-Conjugated 

Structure Acetoacetanilide. J.Chem. Phys. 369 (2010) 1-7. DOI: 10.1016/j.chemphys.2010.01.022. 
[12] A. Abd El-Wareth, O. Sarhan. Synthesis and Applications of Tetrathiafulvalenes and Ferrocene-Tetrathiafulvalenes and Related 

Compounds. Tetrahedron 61 (2005) 3889-3932. 

[13] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G.A. 
Petersson and al.Gaussian 09, Revision C.01; Gaussian Inc.: Wallingford, CT, USA (2010). 

[14] A.D. Becke. Density‐ Functional Thermochemistry. III. The Role of Exact Exchange.J.Chem. Phys. 98 (1993) 5648. DOI: 

10.1063/1.464913. 
[15] R. Dennington, T. Keith and J. Millam,GaussView, Version 5, Semichem Inc., Shawnee Mission, KS (2009). 

[16] S. Muthu, M. Prasath, E. IsacPaulraj, R.A. Balaji.FT-IR, FT-Raman Spectra and ab initio HF and DFT Calculations of 7-chloro-5-

(2-chlorophenyl)-3-hydroxy-2,3-dihydro-1H-1,4-benzodiazepin-2-one. Spectrochim. Acta A 120(2014) 185-194.DOI: 

10.1016/j.saa.2013.09.150. 

[17] P. Politzer, D.G. Truhlar (Eds.), Chemical Application of Atomic and Molecular Electrostatic Potentials, Plenum, New York, 

(1981). 
[18] P. Politzer, P. Lane. A Computational Study of Some Nitrofluoromethanes. Struct. Chem. 1(1990) 159–164. 

[19] N. Gunay, H. Pir, D. Avci, Y. Atalay.NLO and NBO Analysis of Sarcosine-Maleic Acid by Using HF and B3LYP Calculations. J. 

Chem. (2013) 16. DOI: 10.1155/2013/712130. 
[20] N. Sinha, O. Prasad, V. Narayan, S.R. Shukla. Raman, FT-IR Spectroscopic Analysis and First-order Hyperpolarisability of 3-

benzoyl-5-chlorouracil by First Principles.J. Mol. Simul. 37 (2011) 153–163. DOI: 10.1080/08927022.2010.533273. 

[21] D.F.V. Lewis, C. Loannides, D.V. Parke. Interaction of aSeries of Nitriles with the Alcohol-Inducible Isoform of P450: Computer 
Analysis of Structure—Activity Relationships.Xenobiotica 24 (1994) 401–408. DOI: 10.3109/00498259409043243. 

[22] B. Kosar, C. Albayrak.Spectroscopic Investigations and Quantum Chemical Computational Study of (E)-4-methoxy-2-[(p-

tolylimino)methyl]phenol. Spectrochim. Acta A 78 (2011) 160–167.DOI : 10.1016/j.saa.2010.09.016. 
[23] R.G. Pearson. Absolute Electronegativity and Hardness: Applications to Organic Chemistry.J. Org. Chem. 54 (1989) 1423–1430. 

DOI: 10.1021/jo00267a034. 

[24] J. Padmanabhan, R. Parthasarathi, V. Subramanian, P. Chattaraj.Electrophilicity-Based Charge Transfer Descriptor.J. Phys. Chem. 
A 111 (2007) 1358–1361. DOI: 10.1021/jp0649549. 

[25] R.G. Parr, W. Yang, Functional Theory of Atoms and Molecules, Oxford University Press, New York, (1989). 

[26] P.W. Ayers, R.G. Parr. Variational Principles for Describing Chemical Reactions:  The Fukui Function and Chemical Hardness 
Revisited.J. Am. Chem. Soc. 122 (2000) 2010. DOI: 10.1021/ja9924039. 

[27] R.G. Parr, W.J. Yang. Density Functional Approach to the Frontier-Electron Theory of Chemical Reactivity.J.Am. Chem. Soc. 106 

(1984) 511-516. DOI: 10.1021/ja00326a036. 
[28] P.K. Chattaraj, B. Maiti, U. Sarkar. Philicity:  A Unified Treatment of Chemical Reactivity and Selectivity. J. Phys. Chem. A 107 

(2003) 4973–4975. DOI: 10.1021/jp034707u. 



A Computational Investigation Of A Series Ofdimeric And Trimeric Tetrathiafulvalenes Using Dft Method 

DOI: 10.9790/5736-1104015564                                      www.iosrjournals.org                                         64 |Page 

[29] C. Morell, A. Grand, A. Toro-Labbe. New Dual Descriptor For Chemical Reactivity.J. Phys. Chem. A 109 (2005) 205–212. DOI: 
10.1021/jp046577a. 

[30] V. Pophristic, L. Goodman, N. Guchhait.Role of Lone-Pairs in Internal Rotation Barriers. J. Phy. Chem. A 101 (1997) 4290–4297. 

DOI: 10.1021/jp971020z. 
[31] D. Guo, L. Goodman. Nature of Barrier Forces in Acetaldehyde. J. Phys. Chem. 100 (1996) 12540–12545. DOI: 

10.1021/jp960182c. 

[32] F. Weinhold. Chemistry: A New Twist on Molecular Shape.Nature 411 (2001) 539–541. DOI: 10.1038/35079225. 
[33] A.E. Reed, L.A. Curtiss, F. Weinhold. Intermolecular Interactions FromaNatural Bond Orbital, Donor-Acceptor Viewpoint.J.Chem. 

Rev. 88 (1988) 899–926. DOI: 10.1021/cr00088a005. 

[34] C.G. Liu, Z.M. Su, X.H. Guan, S. Muhammad. Redox and Photoisomerization Switching the Second-Order Nonlinear Optical 
Properties of a Tetrathiafulvalene Derivative Across Six States: A DFT Study.J. Phys. Chem. C 115 (2011) 23946–23954. DOI: 

10.1021/jp2049958. 

[35] C. Andraud, T. Brotin, C. Garcia, F. Pelle, P. Goldner, B. Bigot, A. Collet.Theoretical and Experimental Investigations of the 
Nonlinear Optical Properties of Vanillin, Polyenovanillin, and Bis Vanillin Derivatives. J. Am.Chem. Soc. 116 (1994) 2094–2102. 

DOI: 10.1021/ja00084a055. 

[36] V.M. Geskin, C. Lambert, J.L. Bredas. Origin of High Second- and Third-Order Nonlinear Optical Response in 
Ammonio/BoratoDiphenylpolyene Zwitterions:  the Remarkable Role of Polarized Aromatic Groups.J. Am. Chem. Soc. 125 (2003) 

15651–15658. DOI: 10.1021/ja035862p. 

[37] D.A. Kleinman. Nonlinear Dielectric Polarization in Optical Media.Phys. Rev. 126 (1962)1977.DOI: 10.1103/PhysRev.126.1977. 

 

IOSR Journal of Applied Chemistry (IOSR-JAC) is UGC approved Journal with Sl. No. 4031, 

Journal no. 44190. 

Tahar Abbaz "A Computational Investigation of a Series Ofdimeric and Trimetric 

Tetrathiafulvalenes Using DFT Method." IOSR Journal of Applied Chemistry (IOSR-JAC) 11.4 

(2018): 55-64. 


