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Abstract 
The Gaussian 03W  program has been used for theoretical computations to compute optimal geometry, nuclear magnetic resonance 
(NMR), vibrational frequencies, natural atomic charges, natural bond orbital,( NBO), frontier molecular orbitals (FMOs), Ultraviolet-
Visible (UV-Vis) analysis at DFT/B3LYP/6-31G(d) and ab initio CIS/6-31G(d) methods for 7,7',8,8'-tetracyanoquinodimethane (TCNQ) 
(C12H4N4) in the ground as well as in the excited states. The 1H, 13C and 15N NMR and further research is done on other molecular char-
acteristics. The scaled vibrational frequencies and published works have been compared. The title molecule's infrared spectra are pro-
vided with a complete interpretation. In addition, stability of the molecule arising from hyperconjugative interactions. NBO analysis has 
been used to analyze charge delocalization. The findings demonstrate that charge in electron density (ED) in the ߨ∗ anti- bonding orbit-
als and E(2) energies verifies that intra-molecular charge transfer (ICT)  is occurring within the molecule. The highest occupied molecu-
lar orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs)  energies that were computed demonstrate that charge 
transfer takes place inside the molecule.. Finally, the UV-Vis spectrum was measured in gas phase. 

Keywords: TCNQ, DFT, CIS, molecular structure, NMR, vibrational asssignement, natural atomic charge, NBO, FMOs, UV-Visible 
analysis. 
 

1. Introduction 
Crystalline organic materials, or MOMs, are soft solids which 

involve organic molecules arranged in a three-dimensional peri-
odic distribution with weak intermolecular force. Dipolar (per-
manent or fluctuating) charges and hydrogen bonding, and π-π 
interactions basically mediate the transition among molecules [1]. 
Additionally, organic materials are beginning to show promise as 
materials for solar cells, photodiodes, transistors, and 
(bio)chemical sensors [2–5]. One important factor is the effec-
tiveness of charge transmission in the organic layer(s) plays a key 
role [6].  

In materials research, charge-transfer (CT) systems are cur-
rently of great importance. These systems can be found in organic 
semiconducting polymers or in molecular optoelectronic devices 
including molecular-based transistors, wires, and rectifiers [7-10]. 
As a powerfully electron acceptor, highly polar molecule, 
7,7',8,8'-tetracyanoquinodimethane (TCNQ) (C12H4N4) is fre-
quently utilized to create highly conducting charge-transfer com-
plexes [11-14]. TCNQ is known to form CT complexes with 
many aromatic hydrocarbons [15]. 

Molecular force fields produced by the density functional 
theory (DFT) approach, which takes into account local or non-
local functional, are extremely consistent with experimental re-
sults. The Becke's three-parameter exchange functional (B3) [16] 
and the Lee, Young, and Parr correlation functional (LYP) [17] 
were combined to create the B3LYP [16-18] approach, which is 
selected to perform the calculations. GaussView 4.1[19] tool, a 
molecular visualization, is used to perform all of the computa-
tions. An effective method for predicting the characteristics of 
electronically excited states of aromatic molecules is the configu-
ration interaction singles (CIS) method used in ab initio molecu-
lar orbital computations [20], which were recently introduced. 
The application of this computational method was effective in 
predicting the vibrational frequencies and molecular geometries 
of benzene in its electrically excited states [21]. 

The primary goal of this work is to identify theoretical approach-
es that provide a greater degree of accuracy when determining 
vibrational wavenumbers and molecular structural characteristics.. 
In addition to this, the NMR, FMOs, NBO analysis, UV-Vis 
spectrum have been used to elucidate the information regarding 
charge transfer within the molecule. 
  
2. Computational methods 

A Pentium IV personal computer with 2.8 GHz processor and 
256 MB RAM was utilized to run all the calculations. The Gauss-
ian 03W program package[22]. was used to do the calculations. 

In this study, the DFT approach (B3LYP) and CIS methods 
adopting split valence 6-31G(d) besis set has been applied to the 
computation of vibrational frequencies, molecular structure, nu-
clear magnetic resonance (NMR), ultraviolet-visible (UV-Vis) 
spectrum, natural bond orbitals (NBO), chemical hardness (ߟ), 
chemical potential (ߤ), thermodynamic properties, and energies 
of the TCNQ molecule in its ground state (So) as well as in its 
excited state (S1). Without any restrictions, the potential energy 
surface had minimal geometry created using standard geometrical. 
Vibrational frequency calculations at the DFT level were per-
formed using the optimized structural  parameters, which allowed 
all stationary points to be characterized as minima. Then, har-
monic vibrational frequencies were calculated using vibrationally 
averaged nuclear locations of TCNQ, yielding IR frequencies and 
their intensities. The CIS method was used for modeling the elec-
tronically excited states in the frozen core approximation. One of 
the few Ab initio methods for optimizing the geometry of mole-
cules in their excited states is the CIS method. With a minimal 
demand on computer resources, it offers analytical first and se-
cond derivatives that allow geometrical optimizations in the elec-
tronically excited state [20]. The NBO calculations were carried 
out using the NBO 3.1 [23] program as implemented in the 
Gaussian 03W [22] package at the DFT/B3LYP/6-31G(d) and 
CIS/6-31G(d) levels in order to understand various second order 
interactions between the filled orbitals of one subsystem and 
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unoccupied orbitals of another subsystem, which is an indicator 
of hyper conjugation or intermolecular delocalization.  

 
Figure 1 Phase diagram of carbon dioxide. 

 
3. Results and discussion 

3.1. Molecular geometry 
Theoretical crystal structural simulations of TCNQ molecule at 

room temperature show a triclinic shape with space group P1 and 
lattice parameters a = 9.3760 Å , b = 5.4290 Å  and c = 1.0121 Å  
(see Figure 1). The TCNQ molecule's optimal structural parameters 
were determined at the B3LYP/6-31G(d)  and CIS/6-31G(d) levels, 
for both the So and S1 states, respectively, are mentioned in Table 1. 
This molecule's crystal structure is unavailable, hence the structure 
that is optimal only be compared to other comparable systems whose 
configurations have also been optimized [24-26]. For instance, the 
range of 1.3598-1.4498 Å for B3LYP/6-31G (d) method in the 
ground state, which corresponds to the optimal bond lengths of C–C 
in the phenyl ring, is in good agreement with the literature [26] for 
phenyl ring 1.3782-1.4205 Å. In these species, there are three 
different kinds of CC bonds: strained , double C=C, and 
single C–C bonds. The current molecule is made up of two methylene 
groups that are connected to one phenyl ring by four cyano (nitrile) 
groups. Since the molecule under study has C1 point group symmetry, 
no species distribution would be meaningful for C1 point group. 

Ring , C-H, and C≡N bond lengths drop as a result of 
the primary electronic excitation from the S0 to the S1 state, which is 
a reduction in the aromatic ring as seen in Table 1. The angles 
∠ C2C1C6 , ∠ C1C2C3 , ∠ C3C4C5  and ∠ C4C5C6 tighten down by 
about 0.03଴ due to the ߨ-electron interaction between the aromatic 
ring and the NCC group while ∠ C2C3C4 and ∠ C1C6C5  to open up 
by 0.06଴. The planar TCNQ molecule in the S1 state has a slightly 
different ring geometry than a perfect hexagon. 
 

3.2. NMR calculation 
When attempting to identify reactive ionic species, the iso-

tropic chemical shifts are commonly utilized. It is acknowledged 
that valid computations of magnatic characteristics depend on 
precise predictions of molecular geometries [27]. Using the 6-
31G(d) basis set and the B3LYP approach, the molecular structure 
of TCNQ is optimized in this work. Then, using the GIAO tech-
nique, the 1H, 13C and 15N chemical shifts were computed at the 
same theoretical level [28]. The GIAO was applied more effective-
ly when the procedure was successfully applied to the ab initio self-
consistent file (SCF) computational, using techniques drawn from 
analytic derivatives methodology, greatly enhanced the application 
of the GIAO [29] approach to molecular systems. Due to its quick-
er convergence of the computed properties upon expanding the 
basis set, the GIAO approach is considerably better [30]. 

Tables 2(a, b and c) provide the theoretical values for 1H, 13C 
and 15N NMR of TCNQ molecule.  The calculation reported here 
were performed in gas phase. Chemical shifts were reported in part 
per million (ppm). The 1H, 13C and 15N NMR chemical shifts are 
shown in Figure 2. The NMR spectra for proton, carbon and nitro-
gen atoms show degenerate peaks which are condensed together 
(degeneracy tolerance 0.05). 

 

Table 1 Optimized geometrical parameters, bond length (Å) and 
angle (◦), for TCNQ molecule in its ground (S଴) and excited (Sଵ) 
states calculated by B3LYP/6-31G(d) method. 

 

Parameters Ground state 
(ܵ଴) 

Excited state 
( ଵܵ) 

Bond length (Å)   
C1-C2 1.3598 1.3609 
C1-C6 1.4498 1.4301 
C1-H7 1.0840 1.0712 
C2-C3 1.4498 1.4301 
C2-H8 1.0840 1.0712 
C3-C4 1.4498 1.4301 
C3-C12 1.3933 1.4121 
C4-C5 1.3598 1.3609 
C4-H9 1.0840 1.0712 
C5-C6 1.4498 1.4301 

C5-H10 1.0840 1.0712 
C6-C11 1.3933 1.4121 

C11-C13 1.4250 1.4113 
C11-C14 1.4250 1.4113 
C12-C15 1.4250 1.4113 
C12-C16 1.4250 1.4113 
C13-N17 1.1756 1.1528 
C14-N18 1.1756 1.1528 
C15-N19 1.1756 1.1528 
C16-N20 1.1756 1.1528 

Bond angle (ᵒ)   
C2C1C6 121.2135 121.1813 
C2C1H7 120.1065 119.4766 
C6C1H7 118.6800 119.3422 
C1C2C3 121.2135 121.1813 
C1C2H8 120.1065 119.4766 
C3C2H8 118.6800 119.3422 
C2C3C4 117.5730 117.6374 

C2C3C12 121.2129 121.1813 
C4C3C12 121.2141 121.1812 
C3C4C5 121.2135 121.1813 
C4C3H9 118.6801 119.3422 
C5C4H9 120.1064 119.4765 
C4C5C6 121.2135 121.1813 

C4C5H10 120.1064 119.4765 
C6C5H10 118.6801 119.3422 
C1C6C5 117.5730 117.6374 

C1C6C11 121.2129 121.1813 
C5C6C11 121.2141 121.1812 
C6C11C13 121.6423 121.1623 
C6C11C14 121.6414 121.1623 

C13C11C14 116.7163 117.6753 
C3C12C15 121.6414 121.1623 
C3C12C16 121.6423 121.1623 

C15C12C16 116.7163 117.6753 
C11C13N17 179.8153 179.9905 
C11C14N18 179.7709 179.9875 
C12C15N19 179.7709 179.9875 
C12C16N20 179.8156 179.9906 

 

 
 

Figure 2 The calculated 1H, 13C and 15N NMR spectra of 
TCNQ molecule. 
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In this work, the calculated proton NMR chemical shifts 
show only one proton peak at chemical shift 25.1169 ppm ra-
ther than four peaks (see Figure 2).13C NMR chemical shifts in 
the ring for the title molecule are in the range from 45.09215 to 
104.5578 ppm, according to (Table 2b)'s expectations. There 
are twelve peaks in the chemical formula, but only four peaks 
with varying strengths may be seen in the carbon NMR spec-
trum. The conclusion is that symmetry exists, rendering certain 
carbon atoms identical.When the N atom, i.e. more electronega-
tive property, bonds to the nearby carbon atom, it polarizes the 
electron distribution and lowers the electron density at the 
birdge of the molecule in question. In the present work, the ni-
trogen NMR chemical shifts show only one peak at -56.8395 
ppm rather than four peaks as expected from the molecular 
formula. 
 

Table 2a Calculated 1H NMR chemical shifts (ppm) of the 
TCNQ molecule. 

Atoms Degeneracy Shielding (ppm) 
H7 4 25.1169 
H8 4 25.1169 
H9 4 25.1169 

H10 4 25.1169 
 

Table 2b Calculated 13C NMR chemical shifts (ppm) of the 
TCNQ molecule. 

Atoms Degeneracy Shielding (ppm) 
C3 2 45.09215 
C6 2 45.09215 
C1 4 66.23815 
C2 4 66.23815 
C4 4 66.23815 
C5 4 66.23815 

C13 4 81.55370 
C16 4 81.55370 
C14 4 81.55370 
C15 4 81.55370 
C11 2 104.5578 
C12 2 104.5578 

 

Table 2c Calculated 15N NMR chemical shifts (ppm) of the 
TCNQ molecule. 

Atoms Degeneracy Shielding (ppm) 
N17 4 -56.8395 
N20 4 -56.8395 
N18 4 -56.8395 
N19 4 -56.8395 

 
 

3.3. Vibrational assignments 
There are 20 atoms in the TCNQ molecule and therefore con-

tains 54 normal modes of fundamental vibrations. The 54 funda-
mental vibrations are fall into 37 in-plane vibrations of ܣ′ species 
and 17 out-of-plane vibrations of  ܣ"species, i.e., Γ =37 ܣ′ (planar) 
 All the 54 fundamental vibrations are active .(non-planar) "ܣ 17 +
in IR. The vibrational frequencies of the TCNQ in the S0  state, 
calculated at the B3LYP level of theory using the double split 
valence basis 6-31G(d) are presented in Table 3. The calculated 
frequencies were scaled by a factor of  0.9608 [31]. Within each 
basic wavenumber, the estimated modes are numbered from the 
lowest to the largest frequency. Figure 3 shows the stick infrared 
(IR) spectrum of TCNQ molecule in the ground state calculated at 
DFT/B3LYP level using 6-31G(d) basis set.  Molecular symmetry, 
reduced masses, force constant, and the specific motion of each 
individual atom are the primary factors considered when assigning 
each vibration. To verify the assignment, the computed frequencies 
are further checked with those published for additional benzene 
derivatives. Varsanyi and Szoke convention for benzene derivatives 
is followed for labeling the normal modes [32]. Table 3 demon-
strates the induced IR intensity activity, reduces mass, and force 
constant of TCNQ molecule. 

 

 
Figure 3 The theoretical IR spectrum of TCNQ molecule by 

DFT/B3LYP level at 6-31G(d) basis set. 
 

Every vibrational mode was attributed to one of the nine mo-
tion types that the point group analysis anticipated: stretching, in-
plane bending, out-of-plane bending, torsion, rocking, twisting, 
wagging, scissoring, butterfly [33]. 

 
3.3.1. C-H vibrations 

Aromatic compounds exhibit one or more strong peaks be-
tween 3100 and 3000 cm−1 that are weak to medium in intensity. 
The type of the substituent has no discernible effect on the bands 
in this region [34]. The TCNQ molecule has four C-H moieties, 
making it a disubstituted aromatic system. The four anticipated 
C-H stretching vibrations that match the C1–H, C2–H, C4–H and 
C5–H units' stretching modes. The computed vibrations (mode 
nos. 54–51) by B3LYP/6-31G(d) method at 3113.828, 3111.691, 
3096.883 and 3096.827 cm−1, in this work, are attributed to C-H 
stretching vibrations  and exhibit a similar agreement to those 
documented in previous studies [26,35]. 

Benzene and its derivatives' aromatic C-H in-plane bending 
vibrations are detected in the region 1300–1000 cm−1. The bands 
are mild to medium intensity but still crisp [36]. The computed 
vibration (mode no. 38) by B3LYP/6-31G(d) level at 1215.309 
cm−1  ,in this work, is attributed to the aromatic ring's C-H in-
plane bending vibration, and the result is comparable to that 
found in published literature [26]. 

Typically, the 1000–675 cm−1 region is where absorption 
bands resulting from C–H out-of-plane bending vibrations are 
detected [37]. In this work, the computed vibrations (mode nos. 
34, 33, 29, 28 and 25) by B3LYP/6-31G(d) level at 1008.784, 
999.7697, 869.2360, 805.2704 and 681.667 cm−1  are attributed to 
C–H out-of-plane bending vibration of aromatic ring and the 
results are comparable to those documented in published litera-
ture [26]. 

 
3.3.2. Carbon vibrations 

If the carbon double bonds (C=C) are conjugated with the 
ring, the vibrations become more interesting. The form of the 
substitution around the ring determines the actual positions more 
so than the substance of the substituents [38]. Raman and infrared 
bands appear in the region 1690-1560 cm-1 when a carbon double 
bond stretches.. In the infrared, the bands are frequently very 
weak or not visible at all. Low double bond C=C stretching fre-
quencies are also observed in bridged rings with unsubstitude 
double bonds [34]. In this work, the computed vibrations (mode 
nos. 44, 37 & 36) by B3LYP/6-31G(d) method at 1535.313, 
1199.689 and 1168.031 cm−1 are related to asymmetric stretching 
vibration of C=C bond while that computed vibration (mode no. 
43)  at  1442.501 cm−1 is related to  symmetric stretching vibra-
tion of C=C bond. The computed vibrations (mode nos. 22, 21 
&18) by B3LYP/6-31G(d) method at 595.9928, 594.9410 and 
501.2849 cm-1 are related to in-plane bending vibration of ali-
phatic C-C-C while that computed vibration (mode no. 15)  at  
421.7900 cm−1 is related to  out-of-plane bending vibration of 
aliphatic C-C-C. 
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3.3.3. C≡N vibrations 
In comparison to saturated compounds, unsaturated or aro-

matic nitriles—where the double bond or ring is next to the car-
bon nitrogen C≡N group—absorb more strongly in the infrared 
spectrum, with the bands occurring at a slightly lower frequency 
around 2230 cm−1 [34]. In this work, the computed vibrations 
(mode nos. 50 & 49) by B3LYP/6-31G(d) method at 2201.317 
and 2199.337 cm−1  are related to symmetric stretching vibration 
of C≡N group while that computed vibrations (mode nos. 48 & 
47)  at  2186.147 and 2186.093 cm−1 are related to  asymmetric 
stretching vibration of C≡N group. Sundaraganesana et al. [39] 
claimed that, the C≡N stretching vibration of the benzonitrile 
compounds is computed at 2221 cm−1. The theoretically comput-
ed vibrations (mode nos. 7 & 5) by B3LYP/6-31G(d) method at 
135.4657 and 114.4504 cm-1 are assigned to in-plane bending 
vibrations of NC-C-C≡N group, while that computed vibration 
(mode no. 2)  at  48.17711 cm−1 is related to  out-of-plane bend-
ing vibration of NC-C-C≡N group. 

 
3.3.4. Phenyl ring vibrations 

Carbon-carbon (C – C) single bonds are the main type of ring 
modes in benzene. The benzene ring has six stretching vibrations, 
four of which are good group vibrations and have the highest 
magnitudes of wavenumbers, occurring close to 1600, 1580, 1490 
and 1440 cm−1 are good group vibrations [40]. The bands tend to 
broaden the absorption zone with heavier substituents, shifting to 
somewhat lower wavenumbers and more substituents on the ring. 
The anticipated range for these vibrations is 1620–1260 cm−1 [40]. 
In this work, the computed C=C stretching vibrations (mode nos. 
46, 45, 42 & 40) by B3LYP/6-31G(d) method at 1617.204, 
1544.066, 1435.868 and 1346.967 cm-1 are related to the stretch-
ing vibrations of the skeleton carbon. 

The region where the fifth ring stretching vibration is located, 
active nerar 1315±65 cm−1, closely overlaps with the C-H in-
plane deformation [40]. In this work, the computed C=C stretch-
ing vibrations (mode nos. 41, 39 & 35) by B3LYP/6-31G(d) 
method at 1397.149, 1320.507 and 1100.543 cm-1 are related to 
C=C stretching coupled with C–H in-plane bending vibration. 

It has been reported that the ring breathing mode of para sub-
stituted benzene, with completely distinct substituents, is strongly 
IR active, with characteristic bands in the interval 850-780 cm−1 
[32]. For the TCNQ molecule phenyl ring breathing mode calcu-
lated theoretically by the B3LYP/6-31G(d) method (mode no. 30) 
is predicted at 943.2986 cm-1. 

The theoretically computed vibrations (mode nos. 32, 31, 26 
& 23) by B3LYP/6-31G(d) method at 986.6320, 962.6444, 
706.1195 and 618.7186 cm-1 are related to in-plane bending vi-
brations of ring C-C-C, while that computed vibrations (mode 
nos. 27, 24, 17 & 14)  at  780.8865, 630.3350, 465.9297 and 
385.0637 cm−1 are related to  out-of-plane bending vibration of 
ring C-C-C. 

3.3.5.  Lattice mode vibrations 
"Lattice mode (butterfly)" is commonly referred to for fre-

quency bands; these modes have been observed and calculated 
for a number of tiny and large molecular systems [41,42].In this 
work, these bands have been predicted at B3LYP/6-31G(d) level 
for title molecule (mode nos. 20, 19, 13-8, 6, 4, 3 & 1) at 
542.1192, 516.4906, 365.7454-143.3070, 131.5546, 111.6536, 
82.13168 and 47.00695 cm-1.  

 
Table 3 Theoretical assignments of the vibrational modes of 
TCNQ Ground state.(appendix) 
 
 
 
 
 

 

3.4. Natural atomic charge 
Atomic charge has been used to explain how chemical reac-

tions produce electronegativity equalization and charge transfer 
[43]. In this work, the natural atomic charges, which shows the 
distribution of electron density, of TCNQ molecule in its ground 
and excited states are calculated by B3LYP/6-31G(d) and exhib-
ited in Table 4. On the one hand, when TCNQ molecule is in its 
ground state the H9, H7, H10, H8, C3 and C6 atoms of TCNQ 
can accommodate higher positive charge and become more acidic. 
The bond lengths between C1-C2 and C4-C5 are exactly equal 
each other, 1.3598 Å. This observation supported the idea that the 
negative charge was delocalized through carbons C1, C2, C4 and 
C5. The atomic charges in the cyano group are almost identical in 
the molecules. On the other hand, the excited state of TCNQ 
molecule causes the positive charge of C3 and C6 becomes less 
positive (+0.128e) charge. As a consequence of excitation, the 
TCNQ molecule becomes less acidic. Overall, the nitrogen is the 
most negatively charged atom. The presence of C≡N bond leads 
to C11 and C12 become more acidic (i.e. high positive charge). 
Consequently, a change in the material's charge distribution will 
result from the application of electric [44] 

 
Table 4 Natural atomic charges of TCNQ calculations per-

formed at B3LYP/6-31G(d) level of theory.  

Atom Charge (a.u.) 
 ૚܁ ૙܁

C1 -0.134207 -0.163813 
C2 -0.134206 -0.163813 
C3 0.151859 0.023486 
C4 -0.134207 -0.163813 
C5 -0.134207 -0.163813 
C6 0.151858 0.023486 
H7 0.187391 0.275605 
H8 0.187389 0.275605 
H9 0.187393 0.275605 

H10 0.187390 0.275605 
C11 0.113716 0.153990 
C12 0.113710 0.153990 
C13 0.020454 0.041296 
C14 0.020415 0.041295 
C15 0.020528 0.041295 
C16 0.020364 0.041296 
N17 -0.206452 -0.241826 
N18 -0.206359 -0.241825 
N19 -0.206486 -0.241825 
N20 -0.206344 -0.241826 

 
3.5. Other features of TCNQ molecule 

The TCNQ molecule's computed thermodynamic parameters in 
its S଴ and Sଵ states are found by B3LYP/6-31G(d) level of theory 
and shown in Table 5. It has been suggested that scale factors be 
used in order to accurately anticipate the -point vibration energy 
(ZPVE), and the entropy, Svib(T) [45]. The differences in the 
ZPVE’s see appear to be negligible. Moreover, the total energy 
and variations in the total entropy of TCNQ molecule at room 
temperature using the DFT and CIS approaches are also shown. 
The calculated dipole moment of the TCNQ in its ground and 
excited states are 0.0005 and zero (D), respectively. The dipole 
moment vector is actually oriented out of the ring plane in the y-
direction (as seen from Figure 4). The small value of the dipole 
moment is attributed to low rearrangement of Mülliken charge 
[46]. The calculated self-consistent field (SCF) energies of 
TCNQ molecule in its ground and excited states are -
678.382824056 Hrtree (-18459.88250 eV) and -674.162732632 
Hrtree (-18345.04662 eV), respectively. 
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Figure 4 Some properties of TCNQ molecule in its ground 

state obtained from B3LYP/6-31G(d) calculations. 
 

The chemical potential (μ ) and chemical hardness (η) are de-
fined as [47]: 

μ =  ቀப୉
ப୒

ቁ
୘,୚

                                 η =  ଵ
ଶ

 ቀபమ୉
ப୒మቁ

୘,୚
                         (1) 

where E is the total energy, N is the number of electrons, T is the 
absolute temperature and  V is the external potential. The highest 
occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) energies are used to compute these 
values, determined at B3LYP/6-31G(d) and CIS/6-31G(d) levels 
of theory using the expression: 
ߤ =  − ቀூ௉ାா஺

ଶ
ቁ ߟ                                   =  ቀூ௉ିா஺

ଶ
ቁ                         (2) 

where ܲܫ = ுைெைܧ−   and ܣܧ = ௅௎ெைܧ−  ܲܫ ,  and ܣܧ  are the 
ionization potential and electron affinity of a molecule, respec-
tively. In the present work, the calculated ܧுைெை, ܧ௅௎ெை, ܣܧ ,ܲܫ, 
 in the ground and excited states for TCNQ molecule are ߟ and ߤ
collected in Table 5. The electron affinity of TCNQ molecule in 
the ground state is 4.84339 eV which is high because TCNQ is a 
conjugated ߨ –system, flat, extremely symmetrical molecule with 
four electron-withdrawing groups located at its different ends 
[48]. Whereas the value of electron affinity (2.77912 eV) in the 
excited state decreases may be due to the little charge distribution 
in the LUMOs orbitals of TCNQ molecule (see Fig. 5b). As a 
consequence, the excitation makes the TCNQ molecule becomes 
less acceptor. 
 
 
 
 
 
 
 

Table 5 Theoretically computed energies (Hartree), zero-point 
vibrational energies (kcal mol−1), rotational constants (GHz), 
entropies (cal mol−1 K−1) and dipole moment (D), 
Eୌ୓୑୓ (eV), E୐୙୑୓ (eV), IP (eV), EA (eV), μ (eV),  η (eV) and 
∆E (eV) for TCNQ molecule in its S଴ and Sଵ states. 

Parameters ܁૙ ܁૚ 
Total energy -678.382824056 -674.162732632 
Zero point energy 80.74244 86.08006 
Rotational con-
stants   

 1.15303 1.16162 
 0.27118 0.27580 
 0.21954 0.22288 
Entropy   
Total 118.030 115.493 
Translational 41.844 41.844 
Rotational 32.815 32.776 
Vibrational 43.370 40.873 
Dipole moment 0.0005 0.0000 
 11.30479- 7.33652- ࡻࡹࡻࡴࡱ
 2.77912 4.84339- ࡻࡹࢁࡸࡱ
 11.30479 7.33652 ࡼࡵ
 2.77912- 4.84339 ࡭ࡱ
 4.26284 6.08996 ࣆ
 7.04196- 1.24657- ࣁ
 7.50224 2.49313 ࡱ∆

 

3.6. NBO analysis  

Studying intra- and intermolecular bonding as well as bond 
interaction is made easier with the help of natural bond orbital 
analysis. Additionally, NBO offers a practical foundation for 
researching conjugative interaction or charge transfer in molecu-
lar systems.  In the NBO study, the donor (݅) level bonds to ac-
ceptor (݆) level bonds interaction was assessed using the second 
order Fock matrix [49]. The estimation of the stabilization energy 
→ ݅ associated with the delocalization (ଶ)ܧ ݆  for every donor (݅) 
and acceptor (݆) is: 
(ଶ)ܧ  = ௜௝ܧ∆  = ௜ݍ 

ி(௜,௝)మ

ఌೕିఌ೔
                                                              (3) 

where ݍ௜  is the donor orbital occupancy, ߝ௜  and ߝ௝  are diagonal 
elements and F(݅, ݆) is the off diagonal NBO Fock matrix element. 
The more intense the interaction between electron donors and 
acceptors, the higher the energy  ܧ(ଶ) value , i.e. the greater the 
degree of conjugation of the entire system and the stronger the 
tendency of electron acceptors to take electrons  [50]. Electron 
density delocalization between occupied Lewis type (bond or 
lone pair) NBO and formally empty (anti bond or rydgberg) non- 
Lewis NBO is a representation of the stabilizing donor-acceptor 
interaction. In this work, NBO analysis has been performed to 
elucidate the intra-molecular and delocalization of the electron 
density within the TCNQ molecule in its ground and excited 
states at the DFT/B3LYP/6-31G(d) and CIS/6-31G(d) level, re-
spectively. Because of the intra-molecular hyper conjugative 
interaction between ߪ (C1–C2) and  ߪ∗  (C1-C6), (C1-H7), (C2-
C3), (C2-H8), (C3-C12) and (C6-C11), there is reduced stabiliza-
tion of ~2.0 kJ/mol. Strong delocalization of 18.73 kJ/mol results 
from this improved further coupled with the anti bonding orbital 
of ߨ∗ (C3-C12) and (C6-C11). When electrons are donated from 
the ߪ (C4–C5) bond to ߪ∗ (C3-C4), (C3-C12), (C4-H9), (C5-C6), 
(C5-H10) and (C6-C11), less stabilization of ~2.0 kJ/mol is 
achieved. This type of interaction energy is determined in the 
same way and is associated with the resonance in the molecule. 
18.73 kJ/mol is strongly delocalized in electron density as a result 
of this improved further conjugate with the anti bonding orbital 
of ߨ∗  (C3-C12) and (C6-C11). Therefore, the most important 
interactions in the ground state of TCNQ molecule having maxi-
mum energy transfer are found from bonding orbitals  (C1-C2) to 
anti bonding one (C3-C12) and (C6-C11) and from (C4-C5) to 
anti bonding (C3-C12) and (C6-C11) having strong stabilization 
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energy 18.73 kJ/mol. This study included a detailed discussion of 
the energy delocalization from these molecular bonds to other 
regions, which are indicated in Table 6a. Whereas in the excited 
state of this molecule, the stabilization energy of these donor 
bonds (C1-C2) and (C4-C5) increased from 18.73 to become 
29.83 kJ/mol ( Table 6b see appendix ). The electron density (ED) 
of these donor bonds is slightly decrease from 1.98093 to 
1.98002 e (Tables 6a & 6b see appendix). The interaction be-
tween lone pairs (LP) N17, N18, N19 and N20 with anti bonding 
(C11-C13), (C11-C14), (C12-C15) and (C12-C16) resulting sta-
bilization energy to increase from 12.68 kJ/mole in the ground 
state to 13.52 kJ/mol in the excited state of TCNQ molecule,  
which denotes larger delocalization. As a consequence, E(2) ener-
gies confirms the occurrence of intra-molecular charge transfer 
(ICT) within the molecule. 
 
3.7. Frontier molecular orbitals analysis 

Frontier molecular orbitals (FMOs) are the most significant 
orbitals in a molecule. These orbitals are known as the highest 
occupied orbital (HOMO) and lowest unoccupied orbital (LU-
MO). The molecule's interactions with other species are dictated 
by these orbitals. The FMOs are crucial for the electrical and 
optical characteristics, chemical reactions, and UV-Vis spectra 
[51]. Characterizing the molecule's chemical reactivity and kinet-
ic stability is aided by the frontier orbital gap. A molecule known 
as a "soft molecule" has a tiny frontier orbital gap, which makes 
it more polarizable and typically linked to high chemical reactivi-
ty and low kinitic stability [51]. Thus, the HOMO 's energy di-
rectly correlated with ionization potential(IP), but LUMO 's ener-
gy is directly tied to the electron affinity (EA). In the present 
work, the calculated values of HOMOs and LUMOs for TCNQ 
molecule in its ground and its excited states are collected in Table 
7. According to the calculations, there are 52 occupied molecular 
orbitals in the TCNQ molecule. An essential stability component 
for structures is the energy gap (∆ܧ), which is the difference in 
energy between the HOMO and LUMO orbitals [52].  

As seen from Table 7, the energy gap of TCNQ molecule in-
creases from  2.49313  to 7.50224 eV by electric field effect. 
Furthermore, Figure 5(a and b) displays three-dimensional (3D) 
plots of HOMOs and LUMOs of TCNQ molecule in its ground 
and excited states, respectively. On the one hand, when the 
TCNQ molecule in its ground state, the HOMO, HOMO-2, HO-
MO-3, LUMO, LUMO+1 and LUMO+3 are concentrated on 
nearly the entire molecule, while the HOMO-1 and LUMO+2 are 
localized on the benzene ring (see Figure 5a). On the other hand, 
when the TCNQ molecule in its excited state, the HOMO and 
HOMO-1, are localized on C-C and C=C bonds, the HOMO-2, 
HOMO-3, LUMO+2 and LUMO+3 are localized on C=C and C-
H bonds,  while LUMO and LUMO+1 are localized on C=C and 
C≡N bonds. The fact that both the HOMOs and the LUMOs are 
primarily found on the rings suggests that the HOMO–LUMO 
orbitals are primarily of the π-anti bonding type [53]. 

 

Table 7 The calculated HOMOs (eV), LUMOs (eV) and energy 
gap (eV) of TCNQ molecule in its ground and excited states by 
DFT/B3LYP and ab initio CIS levels using 6-31G(d) basis set. 

States Ground state 
(eV) 

Excited state 
(eV) 

LUMO+3 -1.12983 3.80255 
LUMO+2 -1.69692 3.80255 
LUMO+1 -1.74481 2.77912 
LUMO -4.84339 2.77912 
HOMO -7.33652 -11.30479 
HOMO-1 -8.99833 -11.30479 
HOMO-2 -9.44297 -11.37717 
HOMO-3 -10.14204 -11.37717 
 7.50224 2.49313 ࡱ∆

 

 
Figure 5 The frontier molecular orbitals (HOMOs and LU-

MOs); (a) ground state and (b) excited state of TCNQ molecule. 
The green and red colors represent the hole and electron, respec-

tively. 
 

3.8. UV-Visible analysis 

The low-lying single excited states of the TCNQ molecule have 
been identified using ab initio CIS/6-31G(d) based on the com-
pletely optimized ground-state structure. Table 8 reports the results 
of the calculations for the the vertical excitation energies (eV), 
absorption maxima (ߣ௠௔௫) (nm) and oscillator strength (f). The 
Frank-Condon principle typically states that the greatest absorption 
peak- which are a function of the electron availability  (ߣ௠௔௫) - in a 
UV-VIS spectrum corresponds to vertical excitation. 

The apparent absorption maxima of this molecule correlate to 
the electronic transition between frontier orbitals, such as transla-
tion from HOMO to LUMO, according to calculations of the 
molecular orbital geometry. As can be seen from Table 8, the 
calculation predicts three electronic transitions. For the gas phase, 
the computed absorption maximum values are 345.73, 277.65 and 
215.16 nm. One electronic excitation from the highest occupied 
molecular orbital to the lowest unoccupied molecular orbital pri-
marily describes these electronic absorptions, which correspond to 
the transition from the ground to the first excited state. Table 8 also 
shows the oscillator strength and excitation energies. Figure 6 
shows the UV-Vis spectrum of TCNQ molecule. 
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Figure 6 The calculated UV-Vis spectrum of TCNQ molecule 

by CIS/6-31G(d) method. 
 

The bands at positions 215.16 and 277.65 nm, which have the 
shorter wavelength and higher energies, can be attributed to to the 
ߨ → -intermolecular transition since the TCNQ molecule pos ∗ߨ
sesses ݊ → ∗ߨ  and ߨ → ∗ߨ intermolecular transitatins (within 
TCNQ molecule), meanwhile the other bands located at  and 
345.73 nm, which has the higher wavelengths and lower energy, 
can be assigned to ݊ →  the intramolecular transitions from the ∗ߨ
nitrogen atoms to the LUMO of the C=C (ring) π-bonds. 

 
Table 8 The UV–Vis excitation energy (∆E)and oscillator 

strength (f) for TCNQ molecule calculated by ab initio CIS/6-
31G(d). 

States ૃ(࢓࢔) ܠ܉ܕ Excitation en-
ergy (eV) F 

S1 345.73 3.5862 2.1036 
S2 277.65 4.4655 0.0000 
S3 215.16 5.7623 0.0000 

 

4. Conclusion 
In the current work , for the ground and excited states, re-

spectively, the optimal molecular structures, vibrational frequen-
cies and matching vibrational assignments, , 1H, 13C and 15N 
NMR, natural atomic charge, thermodynamic parameters, NBO, 
frontier molecular orbitals and UV-Visible analysis of the TCNQ 
molecule have been computed using DFT/B3LYP/6-31G(d) and 
CIS/6-31G(d) methods for the ground and excited states, respec-
tively. The ring geometry of the planar TCNQ molecule in S1 is 
somewhat deformed from that of a perfect hexagon due to the 
excitation, according to the bond distance study for the title mol-
ecule. The NMR analysis shows that, The N atom's higher elec-
tronegativity feature causes it to polarize the electron distribution 
in its bond with the neighboring carbon atom, which lowers the 
electron density at the bridge of this named molecule. The 
DFT/B3LYP/6-31G(d) method is a good one for computations, as 
evidenced by a comparison of the title molecule's estimated vi-
brational frequencies with those found in the literature. The natu-
ral atomic charge study shows that, the TCNQ molecule become 
more acidic when it is in its ground state because the H9, H7, 
H10, H8, C3 and C6 atoms can accommodate higher positive 
charge. While, the excited state of TCNQ molecule causes the 
positive charge of C3 and C6 becomes less positive (+0.128e) 
charge. As a consequence of excitation, the TCNQ molecule 
becomes less acidic. The electron affinity of TCNQ molecule in 
the ground state is 4.84339 (eV) is high because TCNQ is a con-
jugated ߨ –system that is flat, highly symmetrical, and contains 
four electron-withdrawing groups at different ends of the mole-
cule. Because of the excitation effect, the NBO analysis reveals 
that the donor bonds' stabilization energy of the donor bonds (C1-
C2) and (C4-C5) increased from 18.73 to become 29.83 kJ/mol. 
The fact that both the HOMOs and the LUMOs are primarily 
found on the rings suggests that the HOMO–LUMO orbitals are 
primarily of the the π-anti bonding kind. The electronic absorp-
tion correlates with the transition from the ground state to the first 
excited state, according to the UV-VIS study. Furthermore, a 
single electron excitation from the highest occupied molecular 

orbital to the lowest unoccupied molecular orbital mostly de-
scribes this absorption. 
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Appendix   

Table 3 Theoretical assignments of the vibrational modes of TCNQ Ground state. 
 

Vibrational 
mode 

Wavenumber 
(cm-1) 

Red. 
Mass 

Frc con-
stant 

IR intensi-
ty 

Temperature 
(K) Species Vibration assignment 

 Lattice vibration (butterfly) "ܣ ଵ 47.00695 8.7673 0.0124 9.1989 70.3900ߥ
ଶߥ  γ(t) NCCCN "ܣ 72.1400 0.0000 0.0201 13.5354 48.17711 
ଷߥ  ᇱ Lattice vibration (butterfly)ܣ 122.9900 5.1213 0.0535 12.4207 82.13168 
 Lattice vibration (butterfly) "ܣ ସ 111.6536 4.1275 0.0328 0.0000 167.2000ߥ
  ᇱ β(s) NCCCNܣ ହ 114.4504 13.8742 0.1160 0.0000 171.3900ߥ
଺ߥ  ᇱ Lattice vibration (butterfly)ܣ 197.0000 0.0000 0.1176 10.6482 131.5546 
଻ߥ   ᇱ β(s) NCCCNܣ 202.8600 8.4554 0.1459 12.4595 135.4657 
଼ߥ  Lattice vibration (butterfly) "ܣ 214.6000 0.0003 0.1158 8.8341 143.3070 
 Lattice vibration (butterfly) "ܣ ଽ 210.8120 9.4800 0.2689 11.9595 315.6900ߥ
ଵ଴ߥ  ᇱ Lattice vibration (butterfly)ܣ 418.2100 0.0018 0.4955 9.9544 279.2787 
ଵଵߥ  Lattice vibration (butterfly) "ܣ 441.4100 0.0004 0.3838 6.9214 294.7709 
ଵଶߥ  ᇱ Lattice vibration (butterfly)ܣ 487.2600 0.0000 0.8199 12.1335 325.3899 
ଵଷߥ  ᇱ Lattice vibration (butterfly)ܣ 547.7000 0.0000 0.5563 6.5162 365.7454 
ଵସߥ  γ(ω) CCC "ܣ 576.6200 0.0000 0.4649 4.9125 385.0637 
 γ(t) CCC "ܣ ଵହ 421.7900 10.8404 1.2309 0.0062 631.6200ߥ
ଵ଺ߥ  γ(t) CCC "ܣ 678.0500 0.0000 0.6471 4.9451 452.7954 
ଵ଻ߥ   γ(ω) CCC "ܣ 697.7200 16.7951 0.4180 3.0167 465.9297 
ଵ଼ߥ  ᇱ β(ρ) CCCܣ 737.4300 0.0103 1.7324 11.1844 501.2849 
 ᇱ Lattice vibration (butterfly)ܣ ଵଽ 516.4906 7.0441 1.1993 0.0001 773.4300ߥ
 ᇱ Lattice vibration (butterfly)ܣ ଶ଴ 542.1192 7.7879 1.4608 3.9527 811.8100ߥ
 ᇱ β(s) CCCܣ ଶଵ 594.9410 12.3462 2.7891 0.0000 890.9100ߥ
 ᇱ β(s) CCCܣ ଶଶ 595.9928 12.4318 2.8184 0.1900 892.4900ߥ
 ᇱ β(ρ) CCCܣ ଶଷ 618.7186 7.2090 1.7641 0.0000 926.5200ߥ
 γ(ω) CCC "ܣ ଶସ 630.3350 7.6447 1.9386 0.0004 943.9100ߥ
 γ(ω) CH "ܣ ଶହ 681.6670 4.4037 1.3060 6.5968 1020.7800ߥ
 ᇱ β(s) CCCܣ ଶ଺ 706.1195 7.6597 2.4375 0.0000 1057.4000ߥ
 γ(ω) CCC "ܣ ଶ଻ 780.8865 5.6563 2.2014 0.0000 1169.3600ߥ
  γ(ω) CH "ܣ ଶ଼ 805.2704 1.2816 0.5304 0.0001 1205.8700ߥ
  γ(ω) CH "ܣ ଶଽ 869.2360 1.9199 0.9259 64.6637 1301.6600ߥ
 ᇱ Ring breathingܣ ଷ଴ 943.2986 8.8135 5.0053 0.0000 1412.5700ߥ
 ᇱ β(s) CCCܣ ଷଵ 962.6444 2.7519 1.6276 0.8251 1441.5400ߥ
 ᇱ β(s) CCCܣ ଷଶ 986.6320 8.5888 5.3362 0.0298 1477.4600ߥ
 γ(t) CH "ܣ ଷଷ 999.7697 1.3322 0.8499 0.0000 1497.1300ߥ
 γ(t) CH "ܣ ଷସ 1008.784 1.3303 0.8640 0.0000 1510.6300ߥ
  ᇱ ʋas CC+ β(s) CHܣ ଷହ 1100.543 2.9344 2.2684 13.9858 1648.0400ߥ
  ᇱ ʋas CCܣ ଷ଺ 1168.031 7.6814 6.6886 0.0000 1749.1000ߥ
  ᇱ ʋas CCܣ ଷ଻ 1199.689 2.2132 2.0330 3.9783 1796.5100ߥ
 ᇱ β(s) CHܣ ଷ଼ 1215.309 1.1425 1.0770 0.0000 1819.9000ߥ
  ᇱ ʋas CC+ β(s) CHܣ ଷଽ 1320.507 1.8881 2.1013 0.0000 1977.4300ߥ
  ᇱ ʋas CCܣ ସ଴ 1346.967 3.1724 3.6736 8.3965 2017.0500ߥ
  ᇱ ʋas CC+ β(s) CHܣ ସଵ 1397.149 1.8223 2.2828 1.4634 2092.2000ߥ
  ᇱ ʋas CCܣ ସଶ 1435.868 2.8267 3.7196 0.0000 2150.1800ߥ
  ᇱ ʋ CCܣ ସଷ 1442.501 9.5546 12.6890 0.0000 2160.1100ߥ
  ᇱ ʋas CCܣ ସସ 1535.313 4.6073 6.9315 58.9131 2299.1000ߥ
  ᇱ ʋas CCܣ ସହ 1544.066 6.2526 9.5142 14.0751 2312.2000ߥ
  ᇱ ʋ CCܣ ସ଺ 1617.204 5.6040 9.3543 0.0000 2421.7200ߥ
 ᇱ ʋas C≡Nܣ ସ଻ 2186.093 12.6529 38.5934 1.3946 3273.6200ߥ
 ᇱ ʋas C≡Nܣ ସ଼ 2186.147 12.6531 38.5959 0.0003 3273.7000ߥ
 ᇱ ʋ C≡Nܣ ସଽ 2199.337 12.6587 39.0803 0.0000 3293.4600ߥ
 ᇱ ʋ C≡Nܣ ହ଴ 2201.317 12.6593 39.1524 83.4023 3296.4200ߥ
  ᇱ ʋas CHܣ ହଵ 3096.827 1.0871 6.6543 0.0234 4637.4300ߥ
  ᇱ ʋas CHܣ ହଶ 3096.883 1.0886 6.6637 1.6554 4637.5100ߥ
  ᇱ ʋ CHܣ ହଷ 3111.691 1.0964 6.7754 0.8167 4659.6800ߥ
 ᇱ ʋ CHܣ ହସ 3113.828 1.0984 6.7974 0.0000 4662.8800ߥ

ʋ: symmetric stretching; ʋas: asymmetric stretching; β: in-plane-bending; γ: out-of-plane bending;         s:  scissoring; ω: 
wagging; ρ: rocking; t: twisting. 
 



10 Abhath Journal of Basic and Applied Sciences 
 

 
Table 6 a Second order perturbation theory analysis of Fock matrix in NBO basis for TCNQ in its ground state. 

 

Donor (i) Type ED/e Acceptor(j) Type ED/e E(2) 
(kJmol−1) 

E(j)−E(i) 
(a.u.) 

F (i, j) 
(a.u.) 

C1-C2 1.98093 ߪ 

C1-C6 

 ∗ߪ

0.02412 2.73 1.22 0.052 
C1-H7 0.01291 1.87 1.21 0.043 
C2-C3 0.02412 2.73 1.22 0.052 
C2-H8 0.01291 1.87 1.21 0.043 
C3-C12 0.03040 2.46 1.30 0.051 
C6-C11 0.03040 2.46 1.30 0.051 

C1-C2 1.79211 ߨ C3-C12 0.067 0.28 18.73 0.31639 ∗ߨ 
C6-C11 0.31639 18.73 0.28 0.067 

C1-C6 1.97267 ߪ 

C1 - C2 

 ∗ߪ

0.01218 2.65 1.31 0.053 
C1 - H7 0.01291 0.90 1.16 0.029 
C2 - H8 0.01291 2.41 1.16 0.047 
C5 - C6 0.02412 2.18 1.17 0.045 
C5 -H10 0.01291 1.74 1.16 0.040 
C6 -C11 0.03040 3.60 1.25 0.060 
C11 -C14 0.03449 3.19 1.20 0.055 

C1-H7 1.97846 ߪ 

C1-C2 

 ∗ߪ

0.01218 1.88 1.15 0.042 
C1-C6 0.02412 0.61 1.01 0.022 
C2-C3 0.02412 4.77 1.01 0.062 
C5-C6 0.02412 3.61 1.01 0.054 

C2-C3 1.97267 ߪ 

C1-C2 

 ∗ߪ

0.01218 2.65 1.31 0.053 
C1-H7 0.01291 2.41 1.16 0.047 
C2-H8 0.01291 0.90 1.16 0.029 
C3-C4 0.02412 2.18 1.17 0.045 

C3-C12 0.03040 3.60 1.25 0.060 
C4-H9 0.01291 1.74 1.16 0.040 

C12-C15 0.03448 3.19 1.20 0.055 

C2 - H8 1.97846 ߪ 

C1-C2 

 ∗ߪ

0.01218 1.88 1.15 0.042 
C1-C6 0.02412 4.77 1.01 0.062 
C2-C3 0.02412 0.61 1.01 0.022 
C3-C4 0.02412 3.61 1.01 0.054 

C3-C4 1.97267 ߪ 

C2-C3 

 ∗ߪ

0.02412 2.18 1.17 0.045 
C2-H8 0.01291 1.74 1.16 0.040 
C3-C12 0.03040 3.60 1.25 0.060 
C4-C5 0.01218 2.65 1.31 0.053 
C4-H9 0.01291 0.90 1.16 0.029 

C5-H10 0.01291 2.41 1.16 0.047 
C12-C16 0.03449 3.19 1.20 0.055 

C3-C12 1.96536 ߪ 

C1-C2 

 ∗ߪ

0.01218 1.16 1.36 0.036 
C2-C3 0.02412 2.98 1.22 0.054 
C3-C4 0.02412 2.98 1.22 0.054 
C4-C5 0.01218 1.16 1.36 0.036 

C12-C15 0.03448 4.02 1.26 0.064 
C12-C16 0.03449 4.02 1.26 0.064 
C15-N19 0.00964 4.37 1.58 0.075 
C15-N19 0.026 0.83 0.98 0.01628 ∗ߨ 
C16-N20 0.075 1.58 4.37 0.00964 ∗ߪ 
C16-N20 0.026 0.83 0.98 0.01628 ∗ߨ 

C3-C12 1.70619 ߨ 

C1-C2 

 ∗ߨ

0.13238 12.84 0.31 0.059 
C4-C5 0.13238 12.84 0.31 0.059 

C15-N19 0.08576 18.61 0.37 0.078 
C16-N20 0.08575 18.61 0.37 0.078 

C4-C5 1.98093 ߪ 

C3-C4 

 ∗ߪ

0.02412 2.73 1.22 0.052 
C3-C12 0.03040 2.46 1.30 0.051 
C4-H9 0.01291 1.87 1.21 0.043 
C5-C6 0.02412 2.73 1.22 0.052 

C5-H10 0.01291 1.87 1.21 0.043 
C6-C11 0.03040 2.46 1.30 0.051 
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Donor (i) Type ED/e Acceptor(j) Type ED/e E(2) 
(kJmol−1) 

E(j)−E(i) 
(a.u.) 

F (i, j) 
(a.u.) 

C4-C5 1.79210 ߨ C3-C12 0.067 0.28 18.73 0.31639 ∗ߨ 
C6-C11 0.31639 18.73 0.28 0.067 

C4-H9 1.97846 ߪ 

C2-C3 

 ∗ߪ

0.02412 3.61 1.01 0.054 
C3-C4 0.02412 0.61 1.01 0.022 
C4-C5 0.01218 1.88 1.15 0.042 
C5-C6 0.02412 4.77 1.01 0.062 

C5-C6 1.97267 ߪ 

C1-C6 

 ∗ߪ

0.02412 2.18 1.17 0.045 
C1-H7 0.01291 1.74 1.16 0.040 
C4-C5 0.01218 2.65 1.31 0.053 
C4-H9 0.01291 2.41 1.16 0.047 

C5-H10 0.01291 0.90 1.16 0.029 
C6-C11 0.03040 3.60 1.25 0.060 
C11-C13 0.03449 3.19 1.20 0.055 

C5-H10 1.97846 ߪ 

C1-C6 

 ∗ߪ

0.02412 3.61 1.01 0.054 
C3-C4 0.02412 4.77 1.01 0.062 
C4-C5 0.01218 1.88 1.15 0.042 
C5-C6 0.02412 0.61 1.01 0.022 

C6-C11 1.96536 ߪ 

C1-C2 

 ∗ߪ

0.01218 1.16 1.36 0.036 
C1-C6 0.02412 2.98 1.22 0.054 
C4-C5 0.01218 1.16 1.36 0.036 
C5-C6 0.02412 2.98 1.22 0.054 

C11-C13 0.03449 4.02 1.26 0.064 
C11-C14 0.03449 4.02 1.26 0.064 
C13-N17 0.00964 4.37 1.58 0.075 
C13-N17 0.01628 0.98 0.83 0.026 
C14-N18 0.00964 4.37 1.58 0.075 
C14-N18 0.026 0.83 0.98 0.01628 ∗ߨ 

C6-C11 1.70619 ߨ 

C1-C2 

 ∗ߨ

0.13238 12.84 0.31 0.059 
C4-C5 0.13238 12.84 0.31 0.059 

C13-N17 0.08576 18.61 0.37 0.078 
C14-N18 0.08575 18.60 0.37 0.078 

C11-C13 1.97329 ߪ 

C5-C6 

 ∗ߪ

0.02412 3.17 1.22 0.056 
C6-C11 0.03040 3.87 1.30 0.063 
C11-C14 0.03449 2.19 1.26 0.047 
C13-N17 0.00964 6.08 1.58 0.088 
C14-N18 0.00964 3.53 1.58 0.067 
C14-N18 0.040 0.83 2.47 0.01628 ∗ߨ 

C11-C14 1.97329 ߪ 

C1-C6 

 ∗ߪ

0.02412 3.17 1.22 0.056 
C6-C11 0.03040 3.87 1.30 0.063 
C11-C13 0.03449 2.19 1.26 0.047 
C13-N17 0.00964 3.53 1.58 0.067 
C13-N17 0.041 0.83 2.47 0.01628 ∗ߨ 
C14-N18 0.088 1.58 6.08 0.00964 ∗ߪ 

C12-C15 1.97329 ߪ 

C2-C3 

 ∗ߪ

0.02412 3.17 1.22 0.056 
C3-C12 0.03040 3.87 1.30 0.063 
C12-C16 0.03449 2.19 1.26 0.047 
C15-N19 0.00964 6.08 1.58 0.088 
C16-N20 0.00964 3.53 1.58 0.067 
C16-N20 0.041 0.83 2.47 0.01628 ∗ߨ 

C12-C16 1.97329 ߪ 

C3-C4 

 ∗ߪ

0.02412 3.17 1.22 0.056 
C3-C12 0.03040 3.87 1.30 0.063 
C12-C15 0.03448 2.19 1.26 0.047 
C15-N19 0.00964 3.53 1.58 0.067 
C15-N19 0.040 0.83 2.47 0.01628 ∗ߨ 
C16-N20 0.088 1.58 6.08 0.00964 ∗ߪ 

C13-N17 

 C11-C13 1.99527 ߪ
 ∗ߪ

0.03449 6.81 1.56 0.093 

 C6-C11 0.03040 3.08 0.90 0.047 1.98166 ߨ
C11-C14 0.03449 3.74 0.85 0.051 

1.93816 C6-C11 0.055 0.34 9.65 0.31639 ∗ߪ 
C14-N18 1.99527 ߪ C11-C14 0.093 1.56 6.81 0.03449 ∗ߪ 



12 Abhath Journal of Basic and Applied Sciences 
 

Donor (i) Type ED/e Acceptor(j) Type ED/e E(2) 
(kJmol−1) 

E(j)−E(i) 
(a.u.) 

F (i, j) 
(a.u.) 

 C6-C11 0.03040 3.08 0.90 0.047 1.98166 ߨ
C11-C13 0.03449 3.74 0.85 0.051 

1.93815 C6-C11 0.055 0.34 9.65 0.31639 ∗ߨ 

C15-N19 

 C12-C15 1.99527 ߪ
 ∗ߪ

0.03448 6.81 1.56 0.093 

 C3-C12 0.03040 3.08 0.90 0.047 1.98166 ߨ
C12-C16 0.03449 3.74 0.85 0.051 

1.93816 C3-C12 0.055 0.34 9.65 0.31639 ∗ߨ 

C16-N20 

 C12-C16 1.99527 ߪ
 ∗ߪ

0.03449 6.81 1.56 0.093 

 C3-C12 0.03040 3.08 0.90 0.047 1.98166 ߨ
C12-C15 0.03448 3.74 0.85 0.051 

1.93815 C3-C12 0.055 0.34 9.65 0.31639 ∗ߨ 
N17 (ܲܮ) ݊ 1.96901 C11-C13 0.101 1.01 12.68 0.03449 ∗ߪ 
N18 (ܲܮ) ݊ 1.96901 C11-C14 0.101 1.01 12.68 0.03449 ∗ߪ 
N19 (ܲܮ) ݊ 1.96901 C12-C15 0.101 1.01 12.68 0.03448 ∗ߪ 
N20 (ܲܮ) ݊ 1.96901 C12-C16 0.101 1.01 12.68 0.03449 ∗ߪ 

 
 
Table 6b Second order perturbation theory analysis of Fock matrix in NBO basis for TCNQ in its excited  state 
 
Donor (i) Type ED/e Acceptor(j) Type ED/e E(2) 

(kJmol−1) 
E(j)−E(i) 

(a.u.) 
F (i, j) 
(a.u.) 

C1-C2 1.98002 ߪ 

C1-C6 

 ∗ߪ

0.02183 4.03 1.74 0.075 
C1-H7 0.01096 2.75 1.74 0.062 
C2-C3 0.02183 4.03 1.74 0.075 
C2-H8 0.01096 2.75 1.74 0.062 
C3-C12 0.02884 3.32 1.78 0.069 
C6-C11 0.02884 3.32 1.78 0.069 

C1-C2 1.82859 ߨ C3-C12 0.113 0.52 29.83 0.24072 ∗ߨ 
C6-C11 0.24072 29.83 0.52 0.113 

C1-C6 1.97401 ߪ 

C1 - C2 

 ∗ߪ

0.01294 3.70 1.81 0.073 
C1 - H7 0.01096 1.59 1.69 0.046 
C2 - H8 0.01096 2.65 1.69 0.060 
C5 - C6 0.02183 3.63 1.69 0.070 
C5 -H10 0.01096 2.36 1.69 0.057 
C6 -C11 0.02884 4.75 1.72 0.081 

C11 -C14 0.02841 3.43 1.74 0.069 

C1-H7 1.97980 ߪ 

C1-C2 

 ∗ߪ

0.01294 3.05 1.61 0.063 
C1-C6 0.02183 1.42 1.49 0.041 
C2-C3 0.02183 5.93 1.49 0.084 
C5-C6 0.02183 4.80 1.49 0.076 

C2-C3 1.97401 ߪ 

C1-C2 

 ∗ߪ

0.01294 3.70 1.81 0.073 
C1-H7 0.01096 2.65 1.69 0.060 
C2-H8 0.01096 1.59 1.69 0.046 
C3-C4 0.02183 3.63 1.69 0.070 
C3-C12 0.02884 4.75 1.72 0.081 
C4-H9 0.01096 2.36 1.69 0.057 

C12-C15 0.02841 3.43 1.74 0.069 

C2 - H8 1.97980 ߪ 

C1-C2 0.063 1.61 3.05 0.01294 ∗ߪ 
C1-C6 0.02183 5.93 1.49 0.084 
C2-C3 0.02183 1.42 1.49 0.041 
C3-C4 0.02183 4.80 1.49 0.076 

C3-C4 1.97401 ߪ 

C2-C3 

 ∗ߪ

0.02183 3.63 1.69 0.070 
C2-H8 0.01096 2.36 1.69 0.057 
C3-C12 0.02884 4.75 1.72 0.081 
C4-C5 0.01294 3.70 1.81 0.073 
C4-H9 0.01096 1.59 1.69 0.046 
C5-H10 0.01096 2.65 1.69 0.060 
C12-C16 0.02841 3.43 1.74 0.069 

C3-C12 1.96684 ߪ C1-C2 0.049 1.85 1.64 0.01294 ∗ߪ 
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Donor (i) Type ED/e Acceptor(j) Type ED/e E(2) 
(kJmol−1) 

E(j)−E(i) 
(a.u.) 

F (i, j) 
(a.u.) 

C2-C3 0.02183 4.13 1.72 0.076 
C3-C4 0.02183 4.13 1.72 0.076 
C4-C5 0.01294 1.64 1.85 0.049 

C12-C15 0.02841 5.28 1.77 0.086 
C12-C16 0.02841 5.28 1.77 0.086 
C15-N19 0.01138 5.40 2.17 0.097 
C15-N19 0.040 1.27 1.60 0.01030 ∗ߨ 
C16-N20 0.097 2.17 5.40 0.01138 ∗ߪ 
C16-N20 0.040 1.27 1.60 0.01030 ∗ߨ 

C3-C12 ߨ  

C1-C2 

 ∗ߨ

0.09899 18.26 0.56 0.093 
C4-C5 0.09899 18.26 0.56 0.093 

C15-N19 0.06966 28.59 0.66 0.128 
C16-N20 0.06966 28.59 0.66 0.128 

C4-C5 1.98002 ߪ 

C3-C4 

 ∗ߪ

0.02183 4.03 1.74 0.075 
C3-C12 0.02884 3.32 1.78 0.069 
C4-H9 0.01096 2.75 1.74 0.062 
C5-C6 0.02183 4.03 1.74 0.075 

C5-H10 0.01096 2.75 1.74 0.062 
C6-C11 0.02884 3.32 1.78 0.069 

C4-C5 1.82859 ߨ C3-C12 0.113 0.52 29.83 0.24072 ∗ߨ 
C6-C11 0.24072 29.83 0.52 0.113 

C4-H9 1.97980 ߪ 

C2-C3 

 ∗ߪ

0.02183 4.80 1.49 0.076 
C3-C4 0.02183 1.42 1.49 0.041 
C4-C5 0.01294 3.05 1.61 0.063 
C5-C6 0.02183 5.93 1.49 0.084 

C5-C6 1.97401 ߪ 

C1-C6 

 ∗ߪ

0.02183 3.63 1.69 0.070 
C1-H7 0.01096 2.36 1.69 0.057 
C4-C5 0.01294 3.70 1.81 0.073 
C4-H9 0.01096 2.65 1.69 0.060 
C5-H10 0.01096 1.59 1.69 0.046 
C6-C11 0.02884 4.75 1.72 0.081 

C11-C13 0.02841 3.43 1.74 0.069 

C5-H10 1.97980 ߪ 

C1-C6 

 ∗ߪ

0.02183 4.80 1.49 0.076 
C3-C4 0.02183 5.93 1.49 0.084 
C4-C5 0.01294 3.05 1.61 0.063 
C5-C6 0.02183 1.42 1.49 0.041 

C6-C11 1.96684 ߪ 

C1-C2 

 ∗ߪ

0.01294 1.64 1.85 0.049 
C1-C6 0.02183 4.13 1.72 0.076 
C4-C5 0.01294 1.64 1.85 0.049 
C5-C6 0.02183 4.13 1.72 0.076 

C11-C13 0.02841 5.28 1.77 0.086 
C11-C14 0.02841 5.28 1.77 0.086 
C13-N17 0.01138 5.40 2.17 0.097 
C13-N17 0.040 1.27 1.60 0.01030 ∗ߨ 
C14-N18 0.097 2.17 5.40 0.01138 ∗ߪ 
C14-N18 0.040 1.27 1.60 0.01030 ∗ߨ 

C6-C11 1.76269 ߨ 

C1-C2 

 ∗ߨ

0.09899 18.26 0.56 0.093 
C4-C5 0.09899 18.26 0.56 0.093 

C13-N17 0.06966 28.59 0.66 0.128 
C14-N18 0.06966 28.59 0.66 0.128 

C11-C13 1.97284 ߪ 

C5-C6 

 ∗ߪ

0.02183 3.48 1.74 0.070 
C6-C11 0.02884 4.97 1.77 0.084 

C11-C14 0.02841 3.42 1.79 0.070 
C13-N17 0.01138 11.31 2.18 0.141 
C14-N18 0.01138 4.73 2.18 0.091 
C14-N18 0.01030 2.58 1.28 0.052 

C11-C14 1.97284 ߪ 

C1-C6 

 ∗ߪ

0.02183 3.48 1.74 0.070 
C6-C11 0.02884 4.97 1.77 0.084 

C11-C13 0.02841 3.42 1.79 0.070 
C13-N17 0.01138 4.73 2.18 0.091 
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Donor (i) Type ED/e Acceptor(j) Type ED/e E(2) 
(kJmol−1) 

E(j)−E(i) 
(a.u.) 

F (i, j) 
(a.u.) 

C13-N17 0.052 1.28 2.58 0.01030 ∗ߨ 
C14-N18 0.141 2.18 11.31 0.01138 ∗ߪ 

C12-C15 1.97284 ߪ 

C2-C3 

 ∗ߪ

0.02183 3.48 1.74 0.070 
C3-C12 0.02884 4.97 1.77 0.084 

C12-C16 0.02841 3.42 1.79 0.070 
C15-N19 0.01138 11.31 2.18 0.141 
C16-N20 0.091 2.18 4.73 0.01138 ∗ߨ 
C16-N20 0.052 1.28 2.58 0.01030 ∗ߪ 

C12-C16 1.97284 ߪ 

C3-C4 

 ∗ߪ

0.02183 3.48 1.74 0.070 
C3-C12 0.02884 4.97 1.77 0.084 

C12-C15 0.02841 3.42 1.79 0.070 
C15-N19 0.01138 4.73 2.18 0.091 
C15-N19 0.052 1.28 2.58 0.01030 ∗ߨ 
C16-N20 0.141 2.18 11.31 0.01138 ∗ߪ 

C13-N17 1.99346 ߪ C11-C13 
 ∗ߪ

0.02841 10.93 2.20 0.139 

C13-N17 1.98552 ߨ 
C6-C11 0.02884 4.13 1.27 0.065 

C11-C14 0.02841 4.84 1.28 0.071 
C14-N18 0.018 0.78 0.52 0.01030 ∗ߨ 

C13-N17 1.96074 ߪ C6-C11 0.24072 12.31 0.62 0.082 
C14-N18 1.99346 ߪ C11-C14 

 ∗ߪ
0.02841 10.93 2.20 0.139 

C14-N18 1.98552 ߨ 
C6-C11 0.02884 4.13 1.27 0.065 

C11-C13 0.02841 4.84 1.28 0.071 
C13-N17 0.018 0.78 0.52 0.01030 ∗ߨ 

C14-N18 1.96074 ߪ C6-C11 0.24072 12.31 0.62 0.082 
C15-N19 1.99346 ߪ C12-C15 

 ∗ߪ
0.02841 10.93 2.20 0.139 

C15-N19 1.98552 ߨ 
C3-C12 0.02884 4.13 1.27 0.065 

C12-C16 0.02841 4.84 1.28 0.071 
C16-N20 0.018 0.78 0.52 0.01030 ∗ߨ 

C15-N19 1.96074 ߪ C3-C12 0.24072 12.31 0.62 0.082 
C16-N20 1.99346 ߪ C12-C16 

 ∗ߪ
0.02841 10.93 2.20 0.139 

C16-N20 1.98552 ߨ 
C3-C12 0.02884 4.13 1.27 0.065 

C12-C15 0.02841 4.84 1.28 0.071 
C15-N19 0.018 0.78 0.52 0.01030 ∗ߨ 

C16-N20 1.96074 ߪ C3-C12 0.24072 12.31 0.62 0.082 
N17 (ܲܮ) ݊ 1.97356 C11-C13 0.128 1.51 13.52 0.02841 ∗ߪ 
N18 (ܲܮ) ݊ 1.97356 C11-C14 0.128 1.51 13.52 0.02841 ∗ߪ 
N19 (ܲܮ) ݊ 1.97356 C12-C15 0.128 1.51 13.52 0.02841 ∗ߪ 
N20 (ܲܮ) ݊ 1.97356 C12-C16 0.128 1.51 13.52 0.02841 ∗ߪ 

 
 
 
 
 
 
 
 
 
 
 


