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Abstract. The Structure, Electron density and HOMO-LUMO analysis of TTF molecule was carefully
evaluated by ab initio (HF) and density functional theory (B3LYP) calculations. The optimized (HF/6-
311G** and B3LYP/6-311G**, B3LYP/auf-cc-PVDZ) geometric parameters are in excellent agreement
with the similar type experimental data. For both levels of calculation, the low charge accumulation
have C–S and C≡N bonds, at the bond critical point, which gives that the bond charges are highly
depleted compared with all other bonds in the molecule. Further, AIM theory shows the difference of
charge distribution in all bonds. The molecular conductivity (HOMO-LUMO gap) properties are solely
related to the ESP of the entire system. The ionization potential gives the very good information of
conductivity. These observations give an insight on this kind of super conducting material, which are
useful to design navel electronic devices.
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1. Introduction
The processing characteristics of organic superconductors make them potentially useful for
electronic applications where low-cost, large area coverage, and structural flexibility are
required [15]. Charge carrier mobility is a measure of the quality of organic superconductors
and is a primary factor that determines the performance of organic field effect transistors
(OFETs) [6,11]. The highest mobilities are found in single crystals due to molecular ordering
that permits good overlapping of the π-π orbitals. A mobility of 1.5 cm2/Vs was reported for
pentacene [6] and recently a mobility of 8 cm2/Vs was reported for rubrene [9,13]. To progress
in this field toward device applications, it is very important to search for new molecules that
are able to act as organic superconductors [5] and also to develop easier methods to grow single
crystals or films.

In recent years, the Tetrathiafulvalene (TTF) and its derivatives are successfully used as
building blocks for charge-transfer salts, giving rise to a multitude of organic conductors and
superconductors [7]. These conducting salts are prepared mainly as single crystals but also
as thin films of nano crystals supported on dielectric polymers [4, 17]. The driving force in
the crystallization of the salts is the π-π stacking, which permits, together with the S· · ·S
interactions, an intermolecular electronic transfer responsible for their transport properties.
The transport properties of a few single crystals of neutral TTF derivatives have been measured,
showing a semiconductor character with room temperature, conductivity on the order of 10-5
S/cm [14]. Additionally, organic thin films of TTF derivatives have been grown by vacuum
deposition techniques, but only their morphology and nano mechanical properties have been
studied [23]. However, TTF derivatives have never been used for the preparation of OFETs
despite the fact that they are soluble in various solvents, easily chemically modified and good
electron donors. In the present study, we have undertaken Tetrathiafulvalene [7] (TTF) super
conducting molecule (Figure 1) is to understand its bonding nature and to relate the topological
properties of its bonds and the molecular orbital energy gap using ab initio density functional
theory.

 

 

 

Figure 1. Chemical Structure of Tetrathiafulvalene (TTF) molecule

The topological properties of the bonds such as electron density, its gradient vector field
∇ρ(r) and its Laplacian of electron density ∇2ρbcp(r) reveal the nature of the bonds between
the atoms in molecules (AIM) [1,3]. The atomic interactions are largely contributed by that pair
of gradient lines in the ∇ρ(r) field that originates from the critical saddle point between two
neighbouring atoms, and terminates at the two neighbouring nuclei, along which the electron
density is maximum with respect to any other line. These lines are the atomic interaction line,
which is the bond path in an equilibrium system. Invariably, we obtained a (3,−1) type of bond
critical points (bcps), for all bonds in the molecule. In the (3,−1) bcp, the rank 3 can be found
from three non-zero eigenvalues and the signature −1, from the sum of algebraic signs of the
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same. ∇2ρbcp(r) > 0 for the closed-shell interaction i.e., non-covalent atomic interaction [26].
Thus, ∇2ρbcp(r) characterizes the type of atomic interactions.

2. Computational Details
To obtain the exact geometry and the electronic parameters of the TTF molecule, a minimum
energy structure optimization was carried out from the HF and B3LYP level of theories with the
basis sets 6-311G** [19] and aug-cc-PVDZ [29] using Gaussian03 program [10]. The optimization
of DFT method converged at threshold limits of 0.000057 and 0.001692 au for the maximum
force and displacement, respectively. The electron density [ρbcp(r)], eigen values [λ1,λ2,λ3],
bond ellipticity (ε) and the electrostatic properties has been calculated from the wave function
obtained from the above methods using AIM theory [2], implemented in AIMPAC program suite
[12]. The deformation density of the molecule was plotted by wfn2plots and XDGRAPH [28].
The 3D plot software [27] was used to generate the ESP map of the molecule.

3. Results and Discussion
3.1 Structural Aspects
Figure 2 shows the ball and stick model of energy minimized geometry of Tetrathiafulvalene
(TTF) molecule. The structural parameters of the molecule such as bond lengths, bond angles,
and torsion angles were calculated from the 6-311G** and aug-cc-PVDZ basis sets.

 

 

 

 Figure 2. The optimized structure of TTF molecule at B3LYP/aug-cc-PVDZ level

Careful examination of the geometrical parameters, specifically, the bond distances predicted
by HF/6-311G** and B3LYP/6-311G**methods were found to be consistently shorter than the
B3LYP/aug-cc-PVDZ method (Table 1). The C–C bond lengths calculated from B3LYP/6-311G**
method is 1.333 Å, which is slightly longer than the bond distance predicted by B3LYP/aug-cc-
PVDZ and the difference is 0.07 Å. Notably, the C–S distances [C(2)–S(1): 1.763 Å; C(5)–S(1):
1.786 Å] found by B3LYP/6-311G** is significantly shorter than the B3LYP/aug-cc-PVDZ and
predicted values [C(2)–S(1): 1.766Å; C(5)–S(1): 1.791 Å], and it is slightly longer when compared
with the reported value 1.758 Å [8]. This difference is attributed to the different methods of
computation. The C–H bond distances calculated from both levels of calculations are ranged
1.081–1.088 Å, respectively. The C–S–C bond angles predicted from B3LYP/ 6-311G** and
B3LYP/aug-cc-PVDZ methods (Table 1) are found to be almost equal and the average value is
94.7◦.
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Table 1. Geometric parameters of TTF molecule (Å, ◦)

Bonds HF/6-311G** B3LYP/6-311G** B3LYP/Aug-cc-PVDZ
Bond length (Å)
C(2)–S(1) 1.758 1.763 1.766
C(5)–S(1) 1.777 1.786 1.791
C(2)–C(3) 1.314 1.333 1.34
C(2)–H(11) 1.072 1.081 1.088
C(3)–S(4) 1.758 1.763 1.766
C(3)–H(12) 1.072 1.081 1.088
C(5)–S(4) 1.777 1.786 1.791
C(5)–C(6) 1.324 1.346 1.353
C(6)–S(7) 1.777 1.786 1.791
C(6)–S(10) 1.777 1.786 1.791
C(8)–S(7) 1.758 1.763 1.766
C(8)–C(9) 1.314 1.333 1.34
C(8)–H(13) 1.072 1.081 1.088
C(9)–S(10) 1.758 1.763 1.766
C(9)–H(14) 1.072 1.081 1.088
Bond angle (◦)
C(2)–S(1)–C(5) 95.1 94.7 94.9
S(1)–C(2)–C(3) 118.2 118 118.1
S(1)–C(2)– H(11) 117.1 116.9 117.1
C(3)–C(2)– H(11) 124.7 125 124.8
C(2)–C(3)–S(4) 118.2 118 118.1
C(2)–C(3)– H(12) 124.7 125.1 124.8
S(4)–C(3)– H(12) 117.1 116.9 117.1
C(3)–S(4)–C(5) 95.1 94.7 94.8
S(1)–C(5)–S(4) 113.5 113.6 113.9
S(1)–C(5)–C(6) 123.2 123.2 123.1
S(4)–C(5)–C(6) 123.2 123.2 123.1
C(5)–C(6)–S(7) 123.2 123.2 123.1
C(5)–C(6)–S(10) 123.2 123.2 123.1
S(7)–C(6)–S(10) 113.5 113.6 113.9
C(6)–S(7)–C(8) 95.1 94.7 94.9
S(7)–C(8)–C(9) 118.2 118 118.1
S(7)–C(8)– H(13) 117.1 116.9 117.1
C(9)–C(8)– H(13) 124.7 125 124.8
C(8)–C(9)–S(10) 118.2 118 118.1
C(8)–C(9)– H(14) 124.7 125.1 124.8
S(10)–C(9)– H(14) 117.1 116.9 117.1
C(6)–S(10)–C(9) 95.1 94.7 94.8
Torsion angle (◦)
C(5)–S(1)–C(2)–C(3) 0.0 6 3.4
C(5)–S(1)–C(2)–H(11) 180.0 -175.4 -177.3
C(2)–S(1)–C(5)–S(4) 0.0 -9.7 -5.6
C(2)–S(1)–C(5)–C(6) -180.0 170.5 175.1
S(1)–C(2)–C(3)–S(4) 0.0 0 0
S(1)–C(2)–C(3)–H(12) -180.0 178.5 179.2
H(11)–C(2)–C(3)–S(4) 180.0 -178.5 -179.2
H(11)–C(2)–C(3)–H(12) 0.0 0 0
C(2)–C(3)–S(4)–C(5) 0.0 -6 -3.4
H(12)–C(3)–S(4)–C(5) -180.0 175.4 177.3
C(3)–S(4)–C(5)–S(1) 0.0 9.7 5.6
C(3)–S(4)–C(5)–C(6) 180.0 -170.5 -175.1
S(1)–C(5)–C(6)–S(7) -180.0 179.8 179.3
S(1)–C(5)–C(6)–S(10) 0.0 0 0
S(4)–C(5)–C(6)–S(7) 0.0 0 0
S(4)–C(5)–C(6)–S(10) 180.0 -179.8 -179.3
C(5)–C(6)–S(7)–C(8) -180.0 170.5 175.1
S(10)–C(6)–S(7)–C(8) 0.0 -9.7 -5.6
C(5)–C(6)–S(10)–C(9) 180.0 -170.5 -175.1
S(7)–C(6)–S(10)–C(9) 0.0 9.7 5.6
C(6)–S(7)–C(8)–C(9) 0.0 6 3.4
C(6)–S(7)–C(8)–H(13) 180.0 -175.4 -177.3
S(7)–C(8)–C(9)–S(10) 0.0 0 0
S(7)–C(8)–C(9)–H(14) 180.0 178.5 179.2
H(13)–C(8)–C(9)–S(10) -179.0 -178.5 -179.2
H(13)–C(8)–C(9)–H(14) 0.0 0 0
C(8)–C(9)–S(10)–C(6) 0.0 -6 -3.4
H(14)–C(9)–S(10)–C(6) -180.0 175.4 177.3
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3.2 Electron Density Analysis
Figure 3, depicts the deformation density of the molecule calculated from the wave function
acquired from DFT calculation. The deformation density map gives the a spherical nature
of the electron density of atoms in molecules, which allows visualizing the areas of charge
accumulation in the bonding regions and the lone pair positions of atoms in molecules [1]. The
TTF molecule (Figure 3) deformation density shows, the covalent nature of bonds from the
area of electron density distribution of the molecule. While, the S–C bonds exhibit covalent
bond nature, its electron density distribution is not similar to the other bonding regions of the
molecule; the map clearly differentiates the dissimilarity of electron density distribution of
various bonding regions of the molecule (Figure 3).

 

 

 

 

Figure 3. Deformation density in the plane of the molecule. The solid lines (blue) are positive, dashed
(red) are negative and dotted lines are zero contours. Contour intervals are drawn at 0.05 eÅ−3

Notably, the charge accumulation in C(3)–C(2) [2.23 eÅ−3] bond is slightly lower than the
C(6)–C(5) bond [∼ 2.17 eÅ−3] of the TTF molecule (Table 2). Further, the C–S bond density
ranges from ∼ 1.27 to 1.33 eÅ−3, this is found to be significantly lower than the C–C bonds in
the molecule, and the low ρbcp(r) of C–S bond is due to the effect of neighbouring atoms in the
molecule. The very less values of electron density gives the charges of these bonds are not well
localized in the bonding region (Table 2).

Table 2. Bond topological properties of TTF molecule

Bonds ρbcp(r)a εc λ1 λ2 λ3 dd
1 dd

2 Dd

C(5)–S(1) 1.27 0.20 -6.5 -5.4 3.5 1.792 0.890 0.902
C(2)–S(1) 1.33 0.21 -7.1 -5.8 3.4 1.766 0.901 0.865
C(3)–C(2) 2.23 0.38 -16.4 -11.9 8.9 1.340 0.670 0.670
C(6)–C(5) 2.17 0.43 -15.8 -11.1 8.9 1.353 0.676 0.676
C(5)–S(4) 1.26 0.20 -6.5 -5.4 3.5 1.792 0.902 0.890
C(3)–S(4) 1.33 0.21 -7.1 -5.8 3.4 1.766 0.901 0.865
C(6)–S(7) 1.27 0.20 -6.5 -5.4 3.5 1.792 0.902 0.890
C(8)–S(7) 1.33 0.21 -7.1 -5.8 3.4 1.766 0.865 0.901
C(8)–C(9) 2.23 0.38 -16.4 -11.9 8.9 1.340 0.670 0.670
C(6)–S(10) 1.26 0.20 -6.5 -5.4 3.5 1.792 0.890 0.902
C(9)–S(10) 1.33 0.21 -7.1 -5.8 3.4 1.766 0.865 0.901
C(2)–H(11) 1.87 0.02 -17.2 -16.8 9.0 1.059 0.703 0.357
C(3)–H(12) 1.87 0.02 -17.2 -16.8 9.0 1.059 0.703 0.357
C(8)–H(13) 1.87 0.02 -17.2 -16.8 9.0 1.059 0.357 0.703
C(9)–H(14) 1.87 0.02 -17.2 -16.8 9.0 1.059 0.357 0.703
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Interestingly, the bond path analysis gives the better understanding of bond charge
polarization effect of each bond’s in the molecule; the C–C bonds are the very less polarized
bonds, which is confirmed from the small bond critical point shift and the value is ∼ 0.670%
(Figure 4). Bond polarization effects in C–S bonds are found considerably different, which
confirms the bcp positions of these bonds are shifted mostly from the middle of the bonds at
about 9%, near the respective carbon atoms; this amount of shift indicates that the charges of
these bonds are highly polarized. Table 2, shows the bond charge polarization of the molecule,
in which, the C–S bond is believed as the highly polarized bonds.

 

 

 
 
 

 
Figure 4. The molecular graph showing the (3,−1) and (3,−1) critical points of the TTF molecule. Big
circle indicates the atomic positions, Small circle Red and Yellow indicates the bond and ring critical
points, respectively

4. Ionization Potential
The spatial redistribution of the frontier orbital is a three dimensional representation of local
density of states which visually shows the electron density of the molecule [16]. Figure 5
illustrates the spatial redistribution of the molecular orbital for the various HOMO and
LUMO orbital level of the molecule. The highest occupied molecular orbital HOMO, the lowest
unoccupied molecular orbital (LUMO) are the frontier orbital’s, the difference between them are
known as HOMO–LUMO gap (HLG). HLG is one of the key factors determines the transport
properties of the molecule [20,24]. Large decrease in the HLG predicts the possibility of having
reasonable conduction through the molecule, since, the conductivity increases with decreases in
HLG [30]. Figure 6, shows the molecular orbital energy diagram of both methods. The calculated
total molecular orbital energy for B3LYP/6-311G** method is 3.75 eV, which is longer than the
B3LYP/aug-cc-PVDZ calculations and the value is 3.63 eV. The value of HLG measured from
these calculations is almost matching with the value calculated experimental methods [8].

 

 

        
(a)            (b) 

Figure 5. Isosurface representation of (a) Highest occupied molecular orbital (HOMO) (b) and Lowest
unoccupied molecular orbital (LUMO) of TTF molecule
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 Figure 6. Molecular orbital energy level for B3LYP/6-311G** and B3LYP/aug-cc-PVDZ calculations

5. MPA, NPA Charges and Electrostatic Potential
The information of charge distribution of the molecule is very much necessary to understand
the molecular electrostatic potential, chemical reactivity and the electrostatic interactions [25].
Here, we report two kinds of charges, which are obtained from Mulliken population analysis
(MPA) [18], Natural Population Analysis (NPA) [21] for to explore the ESP of the molecule.
Table 3 gives the calculated atomic charges from different methods. Interestingly, mulliken
population analysis are consistently higher than the natural Population analysis models charges.
The C(2), C(3) and C(5) atoms MPA charges are found positive and the values is ∼0.43 e, further,
the corresponding NPA charges is found negative (−0.41e); the dissimilarity between these two
model charges are may be due to different method of atomic charge estimation in the molecule.
The charge of S-atoms [S(1), S(4) and S(7), S(10)] are positive 0.06 (MPA) and 0.37 (NPA). The
variation of charge between C and S atoms of this molecule implies that these bonds are highly
polarized; seemingly, the bond charge polarization partly weakening the bond. Figure 7 shows
the isosurface representation of electrostatic potential, the large negative ESP surface is found
near S-regions, which gives the negative charge domination of the molecule.
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Table 3. Atomic Charges of Tetrathiafulvalene (TTF) molecule

Atoms MPA NPA

S(1) 0.06 0.37
C(2) 0.43 -0.41
C(3) 0.43 -0.41
S(4) 0.06 0.37
C(5) 0.33 -0.44
C(6) 0.33 -0.44
S(7) 0.06 0.37
C(8) 0.43 -0.41
C(9) 0.43 -0.41
S(10) 0.06 0.37
H(11) -0.65 0.26
H(12) -0.65 0.26
H(13) -0.65 0.26
H(14) -0.65 0.26

 

 

 

 

 

Figure 7. Isosurface representation of electrostatic potential of Tetrathiafulvalene (TTF) molecule.
Blue: positive potential (0.5 eÅ−3), Red: negative potential (−0.5 eÅ−3)

6. Conclusion
The Structural and bond topological and electrostatic properties of TTF molecule have been
studied using the DFT and charge density analysis. The optimized (B3LYP/6-311G** and
B3LYP/aug-cc-PVDZ) geometric parameters are in excellent agreement with the experimental
data. The bond topological analysis based on the AIM theory shows the difference of charge
distribution in all bonds. Notably, the less polarized bonds is C–C bond, which is confirmed from
the small bcp shift of about less than 0.670%. The calculated total molecular orbital energy for
B3LYP/6-311G** method is 3.75 eV, which is longer than the B3LYP/aug-cc-PVDZ calculations
and the value is 3.63 eV, these results gives the very good information of conductivity of the TTF
molecule. These observations give an insight on this kind of super conducting material, which
are useful to design navel electronic devices.
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