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Molecular geometries, vibrational spectra along with  IR and Raman intensities and depolarization ratios of the Raman 
lines of the building blocks [Tetrathiafulvalene (TTF), Tetraselenafulvalene (TSF)] of organic conductors along with 
their cations were investigated at the B3LYP/ 6-311++G(d,p) level (Gaussian 09 package). The calculated IR and Raman 
bands have been assigned to different normal modes on the basis of the calculated potential energy distributions (PEDs) 
and form of the normal mode with the help of Gauss View. Charge transfer occurring in the molecule has been shown 
by the calculated value of HOMO-LUMO energies. In order to elucidate the transfer of electrons, the vibronic coupling 
coefficients for the TSF → TSF+ and TTF → TTF+ transitions have been computed. Involvement of vibrational modes 
in conduction of molecules has been studied. The vibrational modes ν(ring) and ν (C=C) under the species a1 contribute 
considerably to vibronic coupling. Large vibronic coupling constants of these modes show that removal of an electron 
from TSF and TTF is much easier under the influence of above mentioned vibrational modes. © Anita Publications. 
All rights reserved. 
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1 Introduction

	 The past few years have seen a large number of theoretical investigations in the field of  organic 
conductors [1,2]. Common features that control the performance of the devices based on organic conductors 
are molecular structure, electronic structure, electronic properties, charge transport properties, charge 
injection or collection, charge transport across the active layers [3-6], charge recombination or separation 
[7,8], dynamics of exciton formation or dissociation [9-11], energy transfer in the bulk material [12-14], 
supramolecular organization of the samples [15], inter chain interactions [16,17], chemical and structural 
defects [18] and absorption or emission properties [19,20]. Despite the interesting major advances made 
recently, additional work needs to be done concerning the computational methods actually in use because of 
comprehensive understanding at the microscopic level of all the phenomena involving the application of higher 
and higher levels of theory over a larger set of materials [21]. 
	 {[2,2]-Bi([1,3]diselenolylidene))≡tetraselenafulvalene (TSF)} and {[2-(1,3-dithiole-2-ylidene)-
1,3-dithiole]≡tetrathiafulvalene (TTF)} are the core building blocks of  the  conducting organic materials. 
These types of materials have received much attention as they show a wide ranged electrical conductivity 
(from insulators and semiconductors to metals and superconductors). Owing to strong coupling between 
geometrical and electronic structures [22-24] localized charge carriers remain on individual molecules for 
enough time to allow relaxation of the nuclei in order to accommodate the new state. In the next step, which 
is normally driven by an externally applied electric field, the charge carriers jump along sufficiently ordered 
crystal structures from one molecule to  the closest one; the latter being initially in the neutral state and the 
former in the ionized state. This mechanism is widely known as the hopping regime [25]. The rate of transfer 
of the charge carriers critically depends on the reorganization energy and vibronic coupling.
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	 Some theoretical calculations of the fundamental frequencies of TSF have been done to compare 
the absorption of the Ag on the surface of TSF [26]. However, to the best of our knowledge the complete 
IR and Raman frequencies of the TSF  and its cation molecules have not been carried out yet. Therefore in 
the present study, we have planned to investigate  the Raman and IR spectra along with the measurement of 
depolarization ratios of the Raman lines for TSF and its cation. To make the study more complete, we have 
included the data on TTF and its cation from our earlier study [27]. The vibrational mode assignments for the 
observed wavenumbers have been made in the  light of the potential energy distributions (PEDs). It is also 
planned to study the charge transport phenomena in the TSF and TTF molecules in order to understand their 
conducting behavior, for which detailed analysis of their electron-molecular-vibration coupling constant, 
relaxation energy for each totally symmetric mode have been carried out. The present investigation also 
includes the study of electronic and electrical properties of TSF and TTF along with their corresponding 
radical cations.    

2 Computational details

	 The optimized molecular geometries, APT charges and fundamental vibrational wavenumbers along 
with their corresponding intensities in IR spectrum, Raman activities and depolarization ratios of the Raman 
bands for TSF, TTF  and with their corresponding cations have been computed at the B3LYP/6-311++G** 
level using Gaussian 09 [28] program package. For the cation radicals the optimized geometries of the neutral 
molecules were taken as the input structures and calculations were performed. The geometries were fully 
optimized by minimizing the energies with respect to all the geometrical parameters without imposing any 
molecular symmetry constraints. The assignments of the normal modes  were made by visual inspection of 
the individual mode using the Gauss View software [29]. The optimized geometries and frontier MOs were 
viewed with the help of this software.

	 For the normal coordinate analysis (NCA), the force field obtained in the Cartesian coordinates 
and the dipole derivatives with respect to the atomic displacements were extracted from the archive section 
of the Gaussian 09 output file and transformed to a suitably defined set of internal coordinates by means 
of GAR2PED software [30]. For the study of vibronic coupling, the calculations were performed with the 

B3LYP/6-311++G** method to obtain the normal modes ui
A and the gradient of the total electronic energy  

(∂E(r,R)
∂Ri

)
R0

. Vibronic coupling constants (VCCs) of the TSF → TSF+ and TTF → TTF+ transitions were 

investigated and analyzed.

3 Result and Discussions
3.1 Geometrical Structures
	 Figure 1 presents  the labeling scheme of TSF. The optimized geometrical parameters of TSF, TTF 
and their cations are collected in Table 1 and their structures are shown in Fig 2. The present calculations 
predicted that the TSF and TTF molecules have non-planar structure with C2v point symmetry while their 
corresponding cations have planar structures with D2h point symmetry. The C2 axis  is taken as the z-axis for 
all the molecules. In neutral molecules, the atoms C1, C10, Se/S11, Se/S12, Se/S13 and Se/S14 are co-planar (xy 
plane). The C2(z) axis passes through the center of the C1=C10 bond and the XZ and YZ are the symmetry 
planes for the neutral molecules. 
	 The optimised bond length for C1=C10 for TSF and as well for TTF is larger than the usual C=C bond 
length (1.33 Ǻ) while the bond lengths C2=C3 and C7=C8 are approximately in the range of the C=C bond 
length. Due to the removal of an electron from the neutral molecules the bond length C1=C10  is enhanced by 
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0.05 Å and the bond lengths C2=C3, C7=C8 are enhanced by 0.008 Å. The optimized bond lengths of C1-Se/
S11, C1-Se/S12, C10-Se/S13 and C10-C14 are larger than C2-Se/S11, C3-Se/S12, C7-Se/S13 and C8-Se/S14 for TSF 
as similar to TTF [27]. The latter bond lengths are shortened by ~ 0.13 Å, whereas the former bond lengths 
are shortened by 0.024 Å in going from neutral molecules to their corresponding cations. The lengthening 
of all the central bonds (C1–C10, C1-Se/S11, C1-Se/S12, C10-Se/S13 and C10-Se/S14) as compared to the edge 
bonds (C2-C3, C7-C8, C2-Se/S11, C3-Se/S12, C7-Se/S13 and C8-Se/S14) could be due to the strong antibonding 
character between the S atoms of two different rings. As the energy of the antibonding orbitals are always 
negative, the atoms of the molecule are repelled and bond lengths are increased [27]. The TSF, TSF+, TTF 
and TTF+ molecules exhibit partial double bond character. The partial double bond character has been found 
to be indicative of the conducting behavior of TSF and its cation as similar to TTF [27]. No major changes 
are noticed for the C-H bond lengths.

Table 1. Computed geometrical parameters* of TSF, TTF and their cations.

Definition TSF TSF+ TTF TTF+

r(C1=C10) 1.343 1.388 1.347 1.396
r(C1-S/Se11) 1.929 1.894 1.785 1.746
r(C1-S/Se12) 1.929 1.894 1.785 1.746
r(C2=C3) 1.332 1.3389 1.334 1.343
r(C2-H4) 1.083 1.083 1.081 1.082
r(C2-Se/S11) 1.905 1.8805 1.762 1.74
r(C3-H5) 1.083 1.083 1.081 1.082
r(C3-Se/S12) 1.905 1.8805 1.762 1.74
r(H6-C7) 1.083 1.083 1.081 1.082
r(C7=C8) 1.332 1.3389 1.334 1.343
r(C7-Se/S13) 1.905 1.8805 1.762 1.74
r(C8-H9) 1.083 1.083 1.081 1.082
r(C8-Se/Se/S14) 1.905 1.8805 1.762 1.740
r(C10-Se/S13) 1.929 1.894 1.785 1.745
r(C10-Se/Se/S14) 1.929 1.894 1.785 1.745
α (C10-C1-Se/S11) 123.463 123.0003 123.221 122.802
α (C10-C1-Se/S12) 123.463 123.0003 123.22 122.802
α (Se/S11-C1-Se/S12) 113.074 113.9994 113.558 114.395
α (C3-C2-H4) 124.021 124.3068 124.956 125.444
α (C3-C2-Se/S11) 119.686 119.257 117.971 117.222
α (H4-C2-Se/S11) 116.280 116.4363 117.055 117.333
α (C2-C3-H5) 124.021 124.3068 124.956 125.444
α (C2-C3-Se/S12) 119.686 119.2569 117.971 117.222
α (H5-C3-Se/S12) 116.280 116.4362 117.054 117.334
α (H6-C7-C8) 124.021 124.3068 124.956 125.444
α (H6-C7-Se/S13) 116.280 116.4362 117.054 117.334
α (C8-C7-Se/S13) 119.686 119.257 117.971 117.222
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α (C7-C8-H9) 124.021 124.3068 124.956 125.444
α (C7-C8-Se/S14) 119.686 119.257 117.971 117.222
α (H9-C8-Se/S14) 116.280 116.4362 117.054 117.334
α (C1-C10-Se/S13) 123.463 123.0003 123.220 122.802
α (C1-C10-Se/S14) 123.463 123.0003 123.220 122.802
α (S/Se13-C10-Se/S14) 113.074 113.9994 113.558 114.395
α (C1-Se/S11-C2) 92.744 93.7433 94.665 95.8
α (C1-Se/S12-C3) 92.744 93.7433 94.665 95.8
α (C7-Se/S13-C10) 92.744 93.7433 94.665 95.58
α(C8-Se/S14-C10) 92.744 93.7433 94.665 95.58
δ (Se/S11-C1-C10-Se/S13) –0 0.004 179.707 0.003
δ (Se/S11-C1-C10-Se/S14) 179.635 179.999 0.001 –179.967
δ (Se/S12-C1-C10-Se/S13) –179.636 180.01 0.001 179.975
δ (Se/S12-C1-C10-Se/S14) 0 0.004 –179.705 0.004
δ (C10-C1-Se/S11-C2) 166.666 –180.01 169.853 –180.02
δ (S12-C1-Se/S11-C2) –13.664 –0.015 –10.416 0.007
δ (C10-C1-Se/S12-C3) –166.666 180.01 –169.854 180.019
δ (Se/S11-C1-Se/S12-C3) 13.664 0.016 10.414 –0.006
δ (H4-C2-C3-H5) 0.0 0 0.001 0
δ (H4-C2-C3-Se/S12) 178.637 180.01 178.377 179.995
δ (Se/S11-C2-C3-H5) –178.637 –180.01 –178.38 –179.994
δ (Se/S11-C2-C3-Se/S12) 0.0 0.001 –0.004 0.001
δ (C3-C2-Se/S11-C1) –8.623 –0.010 –6.436 –0.005
δ (H4-C2-Se/S11-C1) 172.637 –180.019 175.054 180.001
δ (C2-C3-Se/S12-C1) 8.623 0.0092 6.441 0.003
δ (H5-C3-Se/S12-C1) –172.637 180.018 –175.053 –180.001
δ (H6-C7-C8-H9) 0.0 0 0.001 0
δ (H6-C7-C8-Se/S14) –178.637 –180.01 –178.38 180.006
δ (Se/S13-C7-C8-H9) 178.637 180.01 178.377 –180.006
δ (Se/S13-C7-C8-Se/S14) 0.0 0.001 –0.003 0.001
δ (H6-C7-Se/S13-C10) –172.637 180.018 –175.053 –179.991
δ (C8-C7-Se/S13-C10) 8.623 0.009 6.441 0.013
δ (C7-C8-Se/S14-C10) –8.623 –0.01 –6.437 –0.014
δ (H9-C8-Se/S14-C10) 172.637 –180.019 175.054 179.991
δ (C1-C10-Se/S13-C7) –166.666 180.01 169.853 –179.995
δ (Se/S14-C10-Se/S13-C7) 13.664 0.016 –10.416 –0.023
δ (C1-C10-Se/S14-C8) 166.666 –180.01 –169.854 179.996
δ(Se/S13-C10-Se/S14-C8) –13.664 –0.016 10.415 0.023

* : Bond lengths (r) in Å, bond angles (α ) and dihedral angles (δ) in degrees (◦).
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Fig 1.  Labelling structure of TSF

(a)

 (b)

(c)

(d)

Fig 2. Front and side views of (a) TSF (b) TSF+ (c) TTF (d) TTF+
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	 The bond angles α(C10-C1-Se/S11), α(C10-C1-Se/S12), α(C1-C10-Se/S13) and α(C1-C10-Se/S14) are 
same for TSF and TTF and are decreased by 0.5º in going from neutral to their corresponding cations. It 
is to be noticed that the bond angles α(C3-C2- Se/S11), α(C2-C3- Se/S12), α(C6-C7- Se/S13) and α(C8-C7- 
Se/S14) in TSF is decreased by ~ 2º as compared to TTF, whereas in going from the neutral molecules to 
their corresponding cations these angles are decreased by ~ 0.5º. The bond angles α(Se/S11-C1- Se/S12) and 
α(Se /S13-C10- Se /S14) in TSF are smaller than those in TTF by ~ 0.5º and in going from neutral to their 
corresponding cations these bond angles are increased by ~ 1º. 
	  The dihedral angles of the optimised structures for TSF and TTF molecules are also included in 
Table 1.
3.2 Atomic charges
	 The sum of charge tensor and charge flux tensor is referred  to as atomic polarizability tensor (APT) 
[31]. APT atomic charges (in unit of e) at each atomic site of TSF, TTF and their cations are collected in Table 
2. It is noted from the Table 2 that all the Se atoms of TSF possess positive charge having negligible small 
magnitudes, whereas all the S atoms of TTF possess negative charge having magnitude 0.36 e. In going from 
TSF/TTF to TSF+/TTF+, the positive atomic charges at all the Se/S sites gain positive charge by 0.21/0.14, 
indicating that  the Se/S atoms of TSF/TTF have ability to donate charge. All the C atoms of the TSF molecule 
possess negative charges. The magnitudes of the central C atoms are 0.26e and of the edge C atoms are 0.16e. 
On the other hand in the TTF molecule, two central C atoms possess positive charges of  magnitude in 0.49e 
and the remaining four C atoms of the pentagon rings possess negative charges of magnitude  0.1e.

Table 2. Calculated APT charges* at various atomic sites of  TSF, TTF  and their cations.

Symbol      TSF        TSF+   TTF      TTF+

C1 – 0.26 – 0.232 0.49  0.51
C2 – 0.16 – 0.173 – 0.10 – 0.07
C3 – 0.16 – 0.173 – 0.10 – 0.07
H4 0.24 0.285 0.22   – 0.29
H5 0.24 0.285 0.22   – 0.29
H6 0.24 0.285 0.22   – 0.29
C7 – 0.16 – 0.173 – 0.10 – 0.07
C8 – 0.16 – 0.173 – 0.10 – 0.07
H9 0.24 0.285 0.22   – 0.29
C10 – 0.26 – 0.232 0.49   0.51

 Se11/S11 0.05 0.254 – 0.36 – 0.22
Se12/S12 0.05 0.254 – 0.36 – 0.22
Se13/S13 0.05 0.254 – 0.36 – 0.22
Se14/S14 0.05 0.254 – 0.36 – 0.22

*: Charges in e

	 A  perusal of Table 2, suggests that  in going from TSF to TSF+ the magnitude of the charges of C1,  
and C10 atoms decrease, while the magnitude of the all other C, H and Se atoms increase. In going from TTF 
to TTF+ the magnitude of the charges of the C1, C10 and all H atoms increase, whereas the magnitude of the 
charges of the remaining four C and four S atoms decrease.
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3.3 Electronic structure and properties
	 The higher value of the energy of HOMO level (EHOMO) of a molecule means it has good tendency 
to donate an electron while the lower value of the energy of LUMO level (ELUMO) of a molecule means it 
has good tendency to accept an electron. Knowledge of  energies of the HOMO and LUMO is essential to  
govern many chemical reactions and determining electronic band gaps in solids [32-34]. The energy of the 
EHOMO of TSF and TTF molecules is calculated to be –4.3eV and –4.8eV i.e. ~ –5 eV,  whereas the energy 
of the LUMO of TSF is –1.0 eV and that of TTF is –1.11 eV, as a consequence the TSF molecule has higher 
tendency to donate the electrons as compared to the TTF molecule.

Fig 3. Energy level diagram of the frontier MOs for (a) TSF and (b) TTF
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	 The energy gap, ∆E = ELUMO –  EHOMO, is a quantitative  measure of the kinetic stability of the 
molecule [35, 36]. A large value of the energy gap implies high kinetic stability and low chemical reactivity 
because it is energetically unfavorable to add electrons to a high lying LUMO to remove electrons from a 
low lying HOMO and activate to complex formation of any potential reaction [37]. The present calculations 
show that the energy gap of the TTF molecule is greater than that the TSF molecule by 0.44 eV,  Fig 3 and 
therefore, the TTF molecule is found to be kinetically more stable and chemically less reactive as compared 
to the TSF molecule. 
	 A molecule with high ionization potential (IP) means that it does not lose electron easily [38, 39]. A 
molecule with greater electron affinity (EA) tends to accept an electron easily [38, 39]. Employing Koopmans’ 
approximation [40], the ionization potential and electron affinity can be  calculated using the relations,
	 IP =     – EHOMO                                                                                                           	 (3)
	 EA =    – ELUMO                                                                                                           	 (4)
	 It has been discussed earlier that both the neutral molecules have the same tendency to lose electrons 
and hence, have the same ionization potential but TSF molecule would take electrons more easily as compared 
to the TTF molecule. Therefore, TTF molecule has greater electron affinity. 
3.4 Vibrational Assignments
	 The 36 normal modes of vibration of all the studied molecules are given in Table 3. The harmonic-
vibrational frequencies calculated for TSF, TTF and their cations using the B3LYP/6-311++G** method  
have been collected in the Table 3. The ab initio methods provide the vibrational frequencies which are 
overestimated due to neglect of anharmonicity in the real systems. The computed IR and Raman spectra for 
the four examined molecules are shown in Fig 4 and Fig 5, respectively. 

Table 3. Calculated and experimental wavenumbers (cm–1) of TSF, TTF and their cations.

Sr 
no. TSF TSF+

TTF

TTF+ Spe-
cies     PEDsCalculated Experimental

IR Raman

1.

46

(0,0.03)

0.75

23

(0,0)

0.68

80

(0,0.04)

0.75

- -

42

(0,0)

0.65

a2 τ(C1-C10)(92)

2

47

(2.15,0.45)

0.28

71

(3.96,0)

0.07

39

(3.80,0.51)

0.16

- -

83

(4.44,0)

0.74

a1 Φ(ring)(42)-Φ(ring)(42)

3

60

(1.059,1.50)

0.75

94

(0,2.69)

0.75

80

(0.19,0.19)

0.75

105 

(w)
-

143

(0,0.46)

0.75

b2 Φ(ring)(45)+ Φ(ring)(45)

4

76

(0.14,0.022)

0.75

81

(0.040,0)

0.62

109

(0.59,0.07)

0.75

114

(w)
-

117

(0.28,0)

0.75

b1
β(C1=C10)(49)-β(C1=C10)
(49)



Theoretical investigation for vibrational characteristics and conducting properties...	 665

 

5

154

(0.083,6.70)

0.25

167

(0,18.14)

0.27

237

(0.17,12.60)

0.26

- -

264

(0,29.16)

0.28

a1

γ(C1=C10)(22)+ 
γ(C1=C10)(22)-α(ring)
(15)-α(ring)(

6

185

(0,4.38)

0.75

180

(0,1.67)

0.75

306

(0,8.96)

0.75

-
308 (m)

300

(0,3.92)

0.75

a2

β(C1=C10)(25)+β(C1=C10)
(25)+ν(C10-S11)(11)+ 
ν(C1-S13)(11)-ν(C10-S12)
(11)-ν(C1-S14)(11)

7

222

(1.99,1.41)

0.53

267

(3.74,0)

0.11

267

(0.69,3.84)

0.30

255

(w)
-

326

(2.20,0.01)

0.24

a1

γ(C1=C10)(21)+ 
γ(C1=C10)(21)+ α(ring)
(13)+ α(ring)(13)

8

253

(3.27,0.004)

0.75

273

(3.50,0)

0.69

430

(14.95,0.05)

0.75

434

(w)
-

469

(15.37,0)

0.72

b2 α(ring)(33)-α(ring)(33)

9

280

(0.55,8.12)

0.44

289

(0,54.33)

0.119

471

(0.02,14.59)

0.65

-
474

(m)  

505

(0,87.88)

0.13

a1

ν(C1-S14)(16)+ ν(C1-
S13)(16)+ν(C10-S12)
(16)+ν(C10-S11)
(16)+α(ring)(16)+α(ring)
(16)

10

381

(0,0.005)

0.75

380

(0,0)

0.72

411

(0,0.28)

0.75

-
420 (w)

411

(0,0)

0.61

a2 Φ(ring)(40)+Φ(ring)(40)

11

388

(0.081,4.2)

0.75

392

(0,2.68)

0.75

416

(0,3.16)

0.75

412

(vw)
-

428

(0,1.8)

0.75

b1 Φ(ring)(40)-Φ(ring)(40)

12

472

(0,0.024)

0.75

480

(0,0.09)

0.75

515

(2.74,0.52)

0.75

- -

521

(0,0.15)

0.75

b2
γ(C1=C10)(44)-γ(C1=C10)
(44)

13

483

(0,0.27)

0.75

496

(0,17.75)

0.75

613

(0,0.19)

0.75

- 612 
(vw)

629

(0,11.44)

0.75

a2

α(ring)(23)-α(ring)(23)-
ν(C3-S13)(12)+ ν(C2-S14)
(12)-ν(C7-S11)(12)+ν(C8-
S12)(12)

14

487

(0.47,0.070)

0.75

501

(0.95,0)

0.51

623

(1.93,0.04)

0.75

619

(vw)
-

639

(0.90,0)

0.74

b1

α(ring)(23)+α(ring)
(23)+ν(C7-S11)(13)-ν(C8-
S12)(13)-ν(C3-S13)(13)+ 
ν(C2-S14)(13)
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15

572

(0.30,0.103)

0.75

895

(0,0.16)

0.75

864

(0.18,0.48)

0.75

864

(vw)
-

885

(0,0.0038)

0.75

b1

γ(C2-H4)(23)-γ(C3-H5)
(23)+γ(C8 H9)(23)-γ(C7-
H6)(23)-Φ(ring)(4)-
Φ(ring)(4)

16

581

(2.43,1.155)

0.75

596

(2.0,0)

0.63

726

(10.41,0.19)

0.75

732

(m)
-

735

(7.48,0)

0.74

b2

ν(C3-S13)(23)+ ν(C2-S14)
(23)-ν(C7-S11)(23)-ν(C8-
S12)(23)

17

595

(5.64,39.96)

0.20

614

(0,11.28)

0.08

729

(0.01,18.59)

0.14

-

735

(m)  

0.11

746

(0,8.80)

0.41

a1

ν(C7-S11)(24)+ν(C8-S12)
(24)+ ν(C3-S13)(24)+ 
ν(C2-S14)(24)

18

620

(8.75,3.47)

0.75

673

(0.0001,1.28)

0.75

643

(2.14,2.89)

0.75

655 sh -

696

(0,0.73)

0.75

b2

γ(C7-H6)(25) +γ(C8 H9)
(25)-γ(C3-H5)(25)-γ(C2-
H4)(25)

19

624

(116,12.39)

0.28

676

(130.15,0)

0.61

644

(130,2.34)

0.29

645

(vs)
-

700

(134.68,0)

0.49

a1

γ(C3-H5)(25)+γ(C2-H4)
(25)+γ(C7-H6)(25)+γ(C8 
H9)(25)

20

672

(7.07,0.57)

0.75

702

(32.56,0)

0.74

772

(25.88,0.20)

0.75

778

(s)
-

819

(39.03,0)

0.75

b2

α(ring)(17)-α(ring)(17)+ 
ν(C1-S14)(16)-ν(C10-S12)
(16)+ ν(C1-S13)(16)-
ν(C10-S11)(16)

21

708

(0.16,0.45)

0.75

759

(19.67,0)

0.18

827

(3.14,0.20)

0.75

796

(sh)
-

879

(7.11,0)

0.74

b1

ν(C10-S11)(18)-ν(C1-S13)
(18)-ν(C10-S12)(18)+ 
ν(C1-S14)(18) + α(ring)
(11) +α(ring)(11)

22

724

(0,14.30)

0.75

746

(0,18.08)

0.75

799

(0,22.44)

0.75

-

800

(m)  

0.77

828

(0,14.03)

0.75

a2

α(ring)(25)-α(ring)
(25)+ν(C8-S12)(12)-ν(C7-
S11)(12)+ ν(C2-S14)(12)-
ν(C3-S13)(12)

23

725

(42.97,0.37)

0.75

740

(3.32,0)

0.748

793

(54.87,0.15)

0.75

794

(vs)
-

828

(24.70,0)

0.75

b1

α(ring)(17)+α(ring)(17)+ 
ν(C3-S13)(11)-ν(C2-S14)
(11)-ν(C7-S11)(11)+ν(C8-
S12)(11)

24

872

(0,0.044)

0.75

893

(0,0)

0.73

864

(0,0.02)

0.75

852

(vw)
-

882

(0,0)

0.33

a2

γ(C8 H9)(23)-γ(C7-H6)
(23)-γ(C2-H4)(23)+γ(C3-
H5)(23)-Φ(ring)
(4)+Φ(ring)(4)

25

879

(0,0.40)

0.75

932

(0,1.9)

0.75

969

(0,4.16)

0.75

-

994

(vw)

0.77

1028

(0,0.0374)

0.75

a2

β(C1=C10)(22)+β(C1=C10)
(22)-ν(C1-S13)(13)+ ν(C1-
S14)(13)-ν(C10-S11)(13) 
+ν(C10-S12)(13)

26

1105

(0.0043,0.35)

0.75

1118

(0,12.68)

0.11

1120

(2.10,.015)

0.75

1088

(w)
-

1128

(0.016,0)

0.13

b2

β(C3-H5)(24)-β(C2-H4)
(24)-β(C7-H6)(24)+β(C8-
H9)(24)
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27

1105

(0.18,20.83)

0.47

1119

(0.21,0)

0.17

1121

(0.33,24.04)

0.52

1097

(w)
-

1128

(0,18.44)

0.10

a1

β(C7-H6)(24)-β(C8-H9)
(24)+β(C3-H5)(23)-β(C2-
H4)(23)

28

1259

(0,2.40)

0.75

1270

1283

(0,0.02)

0.75

1253

(m)
-

1291

(0.68,0)

0.75

b1

β(C2-H4)(22)+β(C3-H5)
(22)-β(C8-H9)(22)-β(C7-
H6)(22)

29

1260

(0.32,0.001)

0.75

1270

(5.11,0.001)

0.75

1285

(0,6.28)

0.75

-
1258

(w)

1295

(0,10.76)

0.75

a2

β(C8-H9)(22)+β(C7-H6)
(22)+β(C2-H4)(22)+β(C3-
H5)(22)

30

1556

(0.25,322.47)

0.23

1399

(0,734)

0.28

1573

(0.64,391)

0.18

-
1518

(vs) 
0.14

1435

(0,260.51)

0.29

a1
ν(C1-C10)(44)+ ν(C2-C3)
(21)+ν(C7-C8)(21)

31

1579

(48.55,2.84)

0.75

1530

(80,0)

0.74

1592

(38.68,1.79)

0.75

1528

(m)
-

1534

(100.68,0)

0.67

b2
ν(C7-C8)(41)-ν(C2-C3)
(41)

32

1590

(1.76,18.05)

0.34

1550

(0,550)

0.31

1616

(0.38,43.81)

0.73

-
1555

(m) 
0.49

1553

(0,501.6)

0.27

a1

ν(C1-C10)(38)-ν(C7-C8)
(20)-ν(C2-C3)(20)+α(ring)
(4)+α(ring)(4)

33

3186

(0,252.16)

0.75

3196

(0,208.33)

0.75

3208

(0,218.95)

0.75

-
3072

(vw ) 
0.77

3215

(0.01,189)

0.75

a2

ν(C2-H4)(25)-ν(C3-H5)
(25)+ν(C8-H9)(25)-ν(C7-
H6)(25)

34

3186

(3.35,10.500)

0.75

3196

(23.34,0.02)

0.75

3208

(5.61,4.35)

0.75

3062

(m)
-

3215

(34.20,0.7)

0.75

b1

ν(C8-H9)(25)-ν(C7-H6)
(25)-ν(C2-H4)(25)+ ν(C3-
H5)(25)

35

3208

(0.95,39.04)

0.75

3214

(45.62,0.9)

0.20

3228

(0.04,16.14)

0.75

- -

3232

(70,0.09)

0.20

b2

ν(C3-H5)(25)+ ν(C2-H4)
(25)-ν(C7-H6)(25)-ν(C8-
H9)(25)

36

3208

(0.01,693.302)

0.19

3214

3228

(0,593.35)

0.19

3080 
(v w ) -

3231

(0.01,627)

0.19

a1

ν(C7-H6)(25)+ν(C8-H9)
(25)+ ν(C3-H5)(25)+ 
ν(C2-H4)(25)

δ : The first and second numbers within each bracket represent  IR intensity and Raman activity, while the number before 
each bracket represent the corresponding calculated frequency (cm−1), first and second words after each bracket represent 
corresponding species of the point group and depolarization ratios of the Raman band, respectively. 

*ν = stretching, α = planar deformation of ring, τ = twisting about the central C=C bond, β = planar deformation of 
C=C/C-H, γ = non-planar deformation of the C=C/C-H, Φ = non-planar deformation of ring. 



668	 Poonam Rani, Omkant Jha and R A Yadav

Fig 4. Calculated IR spectrum for (a) TSF, (b) TSF+, (c) TTF and (d) TTF+
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Fig 5. Calculated Raman spectrum for (a) TSF, (b) TSF+, (c) TTF and (d) TTF+
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	 The neutral molecules belong to the C2v point group of symmetry with non-planar structure. 
However, in going from the neutral molecule to its cation, the non-planar structure is deformed to the planar 
structure and point group of symmetry changes from C2v to D2h. All the 36 normal modes of the neutral 
molecules and their cations are distributed as;

	 TSF: 10a1 + 9a2 + 8b1 + 9b2

	 TSF+:  7ag + 2b1g + 3b2g + 6b3g + 3au + 6b1u + 6b2u + 3b3u	   

	 The atoms C2, C3, H4, H5 and H6, C7, C8, H9 are co-planar and similarly C1, C10, Se/S11, Se/S12, Se/
S13, Se/S14 are co-planar in the neutral molecules. These two planes could be treated as local planes and all 
the normal modes have been discussed with respect to these planes [27].
3.4.1 C-H group modes
	 The C-H stretching vibrations  are pure and highly localised modes.The present calculations place 
the four C-H stretching vibrations for the TSF molecule at the frequencies 3186, 3186, 3208, 3208 cm-1 under 
the symmetry species a2, b1, b2, a1, respectively. The four corresponding ν(C-H) frequencies for TTF are 
found at 3208, 3208, 3228, 3228 cm-1. The frequencies of the ν(C-H) modes are not affected much in going 
from neutral to their corresponding cations. 
	 The frequencies of the four β(C-H) modes for the TSF and TTF are calculated to be 1105, 1105, 
1259, 1260 cm-1 and 1120, 1121, 1283, 1285 cm-1, respectively. All the β(C-H) bands are found with weak 
intensity in IR and as well in Raman spectra. In going from TSF to TTF, the two higher frequencies of β(C-H) 
modes are increased by 5 cm-1, whereas the remaining two lower frequencies are increased by 15 cm-1. The 
former frequencies are increased by ~ 14 and ~8 cm-1 and latter frequencies are increased by 10 and 10 cm-1 
in going from TSF to TSF+ and TTF to TTF+, respectively. 
3.4.2 Ring modes
	 The TSF, TTF, TTF+ molecules have two pentagon rings. The corresponding vibrations of the two 
rings couple together to give rise to the 18 normal modes of vibration as: 2 × [5 ν(ring), 2 α(ring) and 2 
Φ(ring)] modes and also give rise to the 6 modes due to the central C=C bond.
	 The TSF and TTF molecules have two C=C bonds of rings and one central C=C bond, consequently, 
three ν(C=C) modes (two under species a1 and one under species b2) are expected corresponding to these 
three C=C bonds. Out of these three ν(C=C) modes, two modes under the species a1 and b2 are computed to 
be 1590 and 1579 cm-1 for TSF, and the remaining one mode under the species a1 is computed as 1556 cm-1 
for TSF. 
	 The stretching frequencies corresponding to the remaining eight normal modes are equally 
distributed amongst the four species a1, a2, b1 and b2 of the C2v point group i.e., each of these species contain 
two ring stretching modes arising due to the eight C-Se/S stretching motions. For the TSF molecule, the C-Se 
stretching modes are calculated to be 280, 581, 595, 672, 708, 724, 725, 879 cm-1 with the corresponding 
frequencies of the TTF molecule  as 471, 726, 729, 772, 793, 799, 827 and 969 cm-1, respectively. Out of the 
four ring deformation modes, the lower two  modes arise due to the ring deformations in the plane of the Se/S 
atoms which are calculated to be 154 & 253 cm-1 and 237 & 434 cm-1 for TSF and TTF, while the higher two 
modes arise due to the ring deformation in the Se/S13-C7-C8-Se/S14 and Se/S11-C2-C3-Se/S12 planes which are 
calculated to be 483 & 487 and 613 & 623 cm-1 for TSF and TTF, respectively. There are  four frequencies  
corresponding to four non-planar ring deformations due to the local planes which are calculated to be 388, 
381, 60, 47 and 411, 416, 80, 39 cm-1 for the TSF and TTF molecules, respectively.
	 There are 6 modes associated with the two rings connecting with C=C bond as: a ν(C=C), two β(C=C), 
two γ(C=C) and a τ(C=C) modes. The frequency of the central (C=C) stretching mode of TSF is assigned at 
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the calculated frequency 1556 cm-1. For the TTF molecule, the ν(C=C) mode is assigned at the calculated 
frequency 1573 cm-1 and correlated to the observed medium Raman band 1518 cm-1. The significant  changes  
in vibrational  frequencies of  the  C=C  stretching modes accompanying  the  radicalization  have  been  
noticed. In going from TSF to TSF+ and from TTF to TTF+, the frequency of the ν(C=C) mode is increased 
by 150 and 138 cm-1, respectively. According to the PEDs calculation, the two planar C=C bendings are 
found to be 76 and 185 cm-1 while these are  found  to  have  strongly increased  magnitude  in  going  from 
TSF to TTF. The two non-planar C=C bending modes are calculated to have the wavenumbers 222 and 472 
cm-1. The frequencies of γ(C=C) shift towards the higher frequency side in going from TSF to TTF and also 
in going from neutral to their corresponding cations. The τ(C=C) mode is calculated to be 46 cm-1 with weak 
intensity for the TSF molecule. The magnitude of the frequency of the τ(C=C) increases by 35 cm-1 in going 
from TSF to TTF, whereas this decreases by 23 and 38 cm-1 in going from TSF to TSF+ and TTF to TTF+, 
respectively. 
3.5 Vibronic Coupling
	 The Hamiltonian H(r, R) of a molecule is given by,
	 H(r,R) = He(r,R)+Tn(R)          						      (1)

where H(r,R) is an electronic Hamiltonian, Tn(R) is the nuclear kinetic energy and r and R are sets of electronic 
and nuclear coordinates, respectively. The strength VCC (≡Vi) of the vibronic coupling (VC) with respect to 
the vibrational mode i is given by [41,42],

	 Vi = ⟨Ψ│ ( ∂He(r,R)
∂Qi

)
R0

│Ψ⟩    		  (2)

where R0 is the set of nuclear coordinates of the equilibrium geometry of the initial state, and Ψ is the 
electronic wavefunction corresponding to He(r, R0). Applying the Hellmann–Feynman theorem [43] Vi is 
written as,

	 ( )
0

,
i

i R

E r R
V

Q
 ∂

=  ∂ 
					     (3)

	    ( )
0

,
.

i
A

A AA R

E r R u
R M

 ∂
=  ∂ 
∑   					     (4)

where E (r, R) is the eigenvalue corresponding to the electronic Hamiltonian He (r, R), RA is the position of 
the Ath nucleus,  ui

A are the 3D components of the Ath nucleus, and MA is the nuclear mass [44]. The Eq (3) 
is employed for calculation of the Vi.
	 The calculated Vi for the totally symmetric modes for transition from TSF to TSF+ and from TTF 
to TTF+ are listed in Table 4. The present results are indicated that the contribution to the vibronic coupling 
arises from all the modes; however, the v(ring) vibrational mode (motion of the C=C bonds of the ring 
dominate the motion of other bonds) has relatively larger Vi as compared to the other vibrational modes of 
both TSF and TTF.  In going from a neutral molecule to its positively charged ion and vice versa the geometry  
is modified which involves relaxation energy. During the v(C=C) and ν(ring) normal modes of vibration 
under the a1 species the molecular geometry changes continuously between the two extreme configurations. 
During certain vibrational modes the geometries corresponding to the neutral molecule and its radical ion 
would lie between these two extreme configurations. The neutral molecule during such a vibrational mode 
may undergo electron transfer and yield its radical ion and vice versa without any excess requirement of 
activation/relaxation energy as and when its geometry becomes identical to the geometry of its radical ion.
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Table 4. Calculated wavenumbers (cm-1), vibronic coupling constants (VCCs) in 10-4 a.u. of all symmetric vibrational 
modes of  TSF → TSF+ and TTF → TTF+

Mode No.
TSF → TSF+ TTF → TTF+

Modes
wavenumbers VCCs wavenumbers VCCs

ν1 47 0.08 39 0.04 Ф(ring)
ν2 154 0.03 237 0.05 α(ring)
ν3 222 0.52 267 0.08 γ(C=C)
ν4 280 0.19 472 0.01 ν(ring)
ν5 595 0.17 644 0.15 γ(C-H)
ν6 624 0.01 729 0.02 v(ring)
ν7 1105 0.03 1121 0.06 β(C-H)
ν8 1556 1.34 1573 0.87 v(ring)
ν9 1590 0.52 1616 0.40 v(C=C)
ν10 3208 0.02 3228 0.04 v(C-H)

4 Conclusions

	 From the present investigation it turned out that the neutral molecules possess non-planar structure 
with C2v point group symmetry, whereas the cationic molecules possess planar structure with D2h  point 
group symmetry. The present calculations predicted that the energy gap of the TTF molecule is greater than 
the TSF molecule by 0.44 eV, Fig 3 and therefore, the TTF molecule is found to be kinetically more stable 
and chemically less reactive as compared to the TSF molecule. Furthermore, both the neutral molecules have 
tendency to lose electrons and hence, have same ionization potential but TSF would take electrons more 
easily as compared to the TTF molecule and therefore, it would have greater electron affinity. 
	 The EMV or vibronic coupling and their roles in the occurrence of possible conductivity in the TSF 
and TTF molecules have been investigated. The vibrational modes ν(ring) and ν(C=C) under the species a1 
contribute to vibronic coupling. Large vibronic coupling constants of these modes show that removal of an 
electron from TSF and TTF is much easier  during the excitation of above mentioned  vibrational modes. The 
EMV interaction depends mainly on vibrational modes. 
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