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1. INTRODUCTION 

The development of conductive organic materials is a new field of investigation open to 

organic chemistry. It is with this in mind that Cowan et al. [1] discovered in 1973 the charge 

transfer complex resulting from Tetrathiafulvalene (TTF) and Tetracyanoquinodimethane 

(TCNQ). This complex exhibited interesting electrical properties making it the first true 

organic electrical conductor. However, it undergoes a conductor-to-insulator transition below 

58 K. This is explained by a structural distortion known as the "Peierls transition" [2], 

encountered in one-dimensional systems. This discovery had a major impact and opened up 

new perspectives. Several lines of research have been developed in order to find the best 

access conditions and above all to stabilize the conductive state, or even to reach the 

superconducting state at lower temperatures. Consequently, intense research on the 
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preparation of materials derived from TTF type derivatives led in 1980 to the development of 

the first true superconductor at T = 1.2 K under 10 kbar. This is Bechgaard's salt (TMTSF)2 

(PF6)[3].7,7,8,8-Tetracyano-p-quinodimethane[4] or more simply Tetracyanoquinodimethane 

(TCNQ) [5] is a good electron acceptor due to the presence of cyano groups and the 

possibility of conjugation of the electrons of the π-system [6].It is easily reduced to the anion 

radical (TCNQ
-.

) then to the dianion (TCNQ
2-

). A number of strategies have been studied to 

modify the properties of TCNQ. Indeed, the extension of the π system reduces the Coulomb 

repulsion thus leading to more stable and larger radical anions to achieve high electrical 

conductivity. Also, by replacing the hydrogen atoms with an alkyl, alkoxy, thioalkyl, halo and 

cyano group, a variation of the filling band is recorded. Introducing heteroatoms into the π 

system reduces Coulomb repulsion. These heteroatoms also interact with each other thus 

suppressing the conductor-insulator transition. Removing this transition results in an electrical 

conductivity greater than that of organic conductors, such as the thiophene-TCNQ molecule 

[7]. In our work in particular, it is a question of making a theoretical study of the global 

reactivity and a theoretical characterization of the preferential sites of a series of molecules 

derived from the TCNQ in order to improve the electrical conductivity of the charge transfer 

complexes TTF-TCNQ. 

 

 

 

2. MATERIAL AND METHODS 

2.1 Series of studied molecules  

This reactivity study focuses on eight (08) Tetracyanoquinodimethane molecules codified 

TCNQ with their available experimental first reduction potentials. These molecules have been 

synthesized by several groups of researchers [8,9,10,11,12,13]. Table 1 shows the 2D 

structures of these molecules as well as their experimental first reduction potentials expressed 

in volts (V). 

Table 1.The 2D structures and experimental first reduction potentials of studies TCNQ 

molecules  

CODE STRUCTURE 𝐄𝐞𝐱𝐩
𝟏 (𝐕) 
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+0.170 
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+0.260 

2.1. Used software and theory levels  
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Three software were used. GaussView 5.0 software [14] was used to represent the 3D 

structure and visualize the studied molecules. Then, Gaussian 09 software [15] was used for 

the optimization and calculation of frequencies under the conditions of temperature T= 298.15 

Kelvin under pressure P=1atm in vacuum. The used theory level is B3LYP/6-311G(d,p). 2D 

structures have been represented with chemsketch software[16]. 

2.2. Methodology for calculating the used molecular descriptors  

Various molecular descriptors have been calculated, analyzed and interpreted. These 

molecular descriptors are described as follows: 

 Electro-acceptor power(𝛚+)[17,18] 

From the ionization potential and the electron affinity, the electro-acceptor power has been 

defined: 

   𝛚+ =
(𝐏𝐈+𝟑.𝐀𝐄)𝟐

𝟏𝟔(𝐏𝐈−𝐀𝐄)
    

A larger value of ω
+
 corresponds to a better capacity to accept the charge while a smaller 

value of ω
+
 of a system makes it a better electron donor [19]. 

 Electrophilic index(ɷ)[20] 

It is the stabilizing energy of a molecule saturated with electrons from its surroundings. 

    𝛚 =
𝛍𝟐

𝟐𝛈
=   

𝛘𝟐

𝟐𝛈
      

With regard to the classification of electrophiles established by Domingo et al. [21], a 

compound is said to be strongly electrophilic, when ω> 1.50. Any compound having 0.80 

<ω<1.50 is a moderate electrophile. On the other hand, a compound is said to be marginal 

electrophilic if ω<0.80. 

3. RESULTS AND DISCUSSION 

3.1. Global reactivity of TCNQ molecules 

Regarding the global reactivity, the summary of the values of the global descriptors deriving 

from the Frontier Molecular Orbitals is given in Table 2. 

Table 2. Values of global reactivity descriptors and experimental first reduction potentials of 

studies TCNQ molecules  

COMPOUND 𝐄𝐞𝐱𝐩
𝟏 (V) ω

+
 (eV) ω (eV) 

TCNQ_1 +0.170 12.0910 15.0274 

TCNQ_2 -0.470 6.3710 8.9866 
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TCNQ_3 +0.300 13.8567 16.9587 

TCNQ_4 +0.410 14.1729 17.2695 

TCNQ_5 +0.650 16.6889 20.0110 

TCNQ_6 +0.120 11.1465 14.1239 

TCNQ_7 +0.030 10.2492 13.2109 

TCNQ_8 +0.260 13.2512 16.2980 

With regard to the overall reactivity of analog TCNQ, the molecular descriptors used are: ω
+
, 

ω. We present the values of these descriptors in diagram form below for better visibility. 

 

Figure 1. Diagram of the values of the global reactivity descriptors of TCNQ molecules  

In this diagram, we note a variation in the value of each quantity from one molecule to 

another. In our series of molecules, we see that the TCNQ_5 molecule displays the highest 

value for electro-acceptor power when the TCNQ_2 molecule has the lowest value for 

electro-acceptor power. Electro-acceptor power (ω
+
) by definition is the ability of a system to 

accept electrons and this magnitude is greater the more the system is able to accept electrons. 

It therefore appears clearly that in this series of studied molecules, the TCNQ_5 molecule is 

more acceptor while TCNQ_2 is less acceptor. The redox potential is a thermodynamic 

quantity that measures the oxidizing or reducing power of a system. In fact, the more 

oxidizing a system, the higher its redox potential. On the other hand, the more it is reducing 

the more it is able to oxidize by giving up electrons and the lower its redox potential. The 

classification of these molecules in decreasing order of the values of the first reduction 

potential is as follows: 

𝐄𝐞𝐱𝐩
𝟏 : 𝐓𝐂𝐍𝐐_𝟓 > 𝑇𝐶𝑁𝑄_4 > 𝑇𝐶𝑁𝑄_3 > 𝑇𝐶𝑁𝑄_8 > 𝑇𝐶𝑁𝑄_1 > 𝑇𝐶𝑁𝑄_6 

> 𝑇𝐶𝑁𝑄_7 > 𝐓𝐂𝐍𝐐_𝟐 
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From this evolutionary sequence, we note that the TCNQ_5 molecule which displays a 

remarkably high value of the redox potential is the most oxidizing while the TCNQ_2 

molecule having the lowest value of the redox potential is the least oxidizing. With electro-

acceptor power, the classification of molecules in the same order is: 

𝛚+: 𝐓𝐂𝐍𝐐_𝟓 > 𝑇𝐶𝑁𝑄_4 > 𝑇𝐶𝑁𝑄_3 > 𝑇𝐶𝑁𝑄_8 > 𝑇𝐶𝑁𝑄_1 > 𝑇𝐶𝑁𝑄_6 

> 𝑇𝐶𝑁𝑄_7 > 𝐓𝐂𝐍𝐐_𝟐 

We get exactly the same evolutionary sequence as with the first reduction potential. Thus, the 

electro-acceptor power of the molecules increases in the direction of the increasing oxidizing 

power. As for the electrophilic index, it is an index indicating the energy stability due to the 

transfer of electrons. It is the ability of a molecule to bind strongly to a nucleophile through 

electron transfer. It makes it possible to compare the electrophilic power of two species and 

therefore has a relative power. In the series of TCNQ derivatives studied, it is well above 

1.50. This means that these compounds are strongly electrophilic. Also, this index decreases 

as the reduction potential decreases. The TCNQ_5 molecule displays the highest value of the 

electrophilic index when the lowest value is due to the TCNQ_2 molecule. This parameter 

further confirms that the TCNQ_5 molecule is the most oxidizing while the molecule 

TCNQ_2 is the least oxidizing and also increases in the direction of the increasing oxidizing 

power of the series. 

 

3.2. Local reactivity of TCNQ molecules 

Concerning the characterization of the preferential sites of reactivity, the dual descriptor has 

been determined. First, isodensity maps of HOMO and LUMO Frontier Molecular Orbitals 

(FMO) were plotted and observed to identify sites of probable reactivity across lobe volumes. 

The electrophilic and nucleophilic Fukui functions were determined using natural charges 

(Natural Population Analysis) in order to determine the dual descriptor of the heavy atoms 

belonging to the large lobes.  

      Case of molecule TCNQ_1  
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HOMO      LUMO 

Figure 2. Isodensity maps of Frontier Molecular Orbitals of the TCNQ_1 molecule 

By observing the isodensity maps of the Frontier Molecular Orbitals (HOMO and LUMO) of 

the TCNQ_1 molecule, we note that the larger lobes completely contain the atoms C1, C2, C3, 

C4, C5, C6, C10, N12, N14 , C15, N17 and N19. These atoms therefore constitute the probable 

electrophilic and nucleophilic sites of the TCNQ_1 molecule. 

Table 3. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_1. 

Natural Population Analysis (NPA) 
ATOME 𝒇+ 𝒇− ∆𝒇 

C1 0.0291 0.0037 0.0254 

C2 0.0251 0.0485 -0.0234 

C3 0.0253 0.0690 -0.0436 

C4 0.0716 -0.0429 0.1145 

C5 0.0191 0.0579 -0.0387 

C6 0.0496 0.0225 0.0271 

C10 0.1599 0.1321 0.0278 

N12 0.1106 0.1593 -0.0487 

N14 0.1095 0.1629 -0.0534 

C15 0.1518 0.1372 0.0146 

N17 0.1005 0.1716 -0.0711 

N19 0.1105 0.1535 -0.0430 

As for the molecule TCNQ_1, the C4 atom has the positive and higher value of the dual 

descriptor. This is the site of the lowest electron density. Also, we notice that the terminal 

nitrogen N17 contains the negative and weakest dual descriptor: it is the potential nucleophilic 

site of the molecule. As for the C4 atom, it is favorable to any nucleophilic attack. 

Case of TCNQ_2 molecule 
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HOMO      LUMO 

Figure 3. Isodensity maps of Frontier Molecular Orbitals of the TCNQ_2 molecule 

Observation of the isodensity maps of Frontier Molecular Orbitals (HOMO and LUMO), 

shows that the largest lobes entirely contain the atoms C1, C2, C3, C4, C5, C6, C9, C10, N12, N14 

C15, N17 , N19, C21, S23, C24 and S26. These atoms are therefore the probable electrophilic and 

nucleophilic sites of the TCNQ_2 molecule. 

Table 4. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_2. 

Natural Population Analysis (NPA) 
ATOME 𝒇+ 𝒇− ∆𝒇 

C1 0.0499 0.0226 0.0272 

C2 -0.0024 0.0141 -0.0165 

C3 -0.0025 0.0141 -0.0166 

C4 0.0500 0.0225 0.0275 

C5 -0.0025 0.0141 -0.0166 

C6 -0.0025 0.0141 -0.0166 

C7 0.0715 -0.0135 0.0851 

C9 0.0715 -0.0136 0.0851 

C10 0.1197 0.0902 0.0295 

N12 0.0772 0.1381 -0.0608 

N14 0.0772 0.1381 -0.0609 

C15 0.1196 0.0904 0.0292 

N17 0.0773 0.1381 -0.0608 

N19 0.0772 0.1381 -0.0608 

C21 0.0715 -0.0135 0.0850 

S23 0.0033 0.1911 -0.1878 

C24 0.0715 -0.0135 0.0850 
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S26 0.0033 0.1912 -0.1879 

Based on the data reported in this table, only atoms C7, C9, C21, and C24 have equal, positive, 

and higher values of the dual descriptor. These are the sites of the lowest electron density of 

the studied molecule. These equal values of the dual descriptor for these carbon atoms 

indicate that they are equivalent. With regard to the sulfur atoms S23 and S26, their dual 

descriptors are equal, negative and higher. These sulfur atoms are therefore equivalent and 

constitute the sites of highest electron density. This proves that the S23 and S26 atoms are the 

sites of nucleophilic attacks while any electrophilic attack will be on the carbon atom C7, C9, 

C21 and C24 preferably. The equal descriptors for these atoms confirm that the studied 

molecule is point group symmetric with symmetric (GPS) D2h. 

Case of TCNQ_3 molecule 

 

 

 

 

 

 

 

HOMO      LUMO 

Figure 4. Isodensity maps of Frontier Molecular Orbitals of the TCNQ_3 molecule 

Regardless of the Frontier Molecular Orbitals, the larger lobes completely contain the atoms, 

C1, C2, C3, C4, C5, C6, C10, N12, N14, C15, N17, and N19. Therefore, these different atoms are the 

probable electrophilic and nucleophilic sites of this molecule. 

Table 5. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_3 

Natural Population Analysis (NPA) 

ATOME 𝒇+ 𝒇− ∆𝒇 

C1 0.0327 -0.0009 0.0337 

C2 0.0342 0.0347 -0.0005 

C3 0.0257 0.0559 -0.0302 

C4 0.0562 -0.0244 0.0805 
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C5 0.0220 0.0469 -0.0249 

C6 0.0343 0.0472 -0.0129 

C10 0.1663 0.1232 0.0431 

N12 0.1142 0.1680 -0.0538 

N14 0.1137 0.1555 -0.0418 

C15 0.1658 0.1236 0.0421 

N17 0.1135 0.1557 -0.0422 

N19 0.1126 0.1695 -0.0569 

The data in Table 5 indicate that the terminal nitrogen atom N19 has its negative and weaker 

dual descriptor. This is the site of the most electron-rich molecule. As for the C4 carbon atom, 

it displays a positive and higher dual descriptor: it is the potential electrophilic site of the 

molecule and the terminal nitrogen atom N19 is favorable to any electrophilic attack. 

Case of TCNQ_4 molecule 

  

 

 

 

 

 

HOMO      LUMO 

Figure 5. Isodensity maps of Frontier Molecular Orbitals of the TCNQ_4 molecule 

The observation of the isodensity maps of all the HOMO and LUMO Frontier Molecular 

Orbitals shows that the largest lobes definitely contain only the atoms C1, C2, C3, C4, C5, C6, 

C10, N12, N14, N17, C15 and N19. Thus, it is highly likely that they are the electrophilic and 

nucleophilic sites of the TCNQ_4 molecule. 

Table 6. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_4. 

Natural Population Analysis (NPA) 

ATOME 𝒇+ 𝒇− ∆𝒇 

C1 0.0385 -0.0098 0.0483 

C2 0.0220 0.0460 -0.0240 

C3 0.0030 0.0425 -0.0395 
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C4 0.0656 -0.0370 0.1027 

C5 0.0125 0.0556 -0.0432 

C6 0.0161 0.0293 -0.0132 

C10 0.1571 0.1207 0.0364 

N12 0.1060 0.1469 -0.0410 

N14 0.0915 0.1736 -0.0821 

C15 0.1573 0.1204 0.0369 

N17 0.0921 0.1730 -0.0809 

N19 0.1056 0.1473 -0.0417 

The values in Table 6show that the case of the TCNQ_4 molecule is exactly the same as that 

of the molecule TCNQ_1. Consequently, the arguments put forward in the case of the 

TCNQ_1 molecule remain valid for this molecule. 

Case of TCNQ_5 molecule 

   

  

 

 

 

 

HOMO       LUMO 

Figure 6.Isodensity Maps of Frontiers Molecular Orbital of the TCNQ_5 molecule 

From the observation of all the isodensity maps of Frontier Molecular Orbitals (HOMO and 

LUMO), it appears that the largest lobes entirely contain the atoms C1, C2, C3, C4, C5, C6, C10, 

N12, N14 , C15, N17 and N19. Consequently, these different atoms constitute the probable 

electrophilic and nucleophilic sites of this molecule. 

Table 7. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_5. 

Natural Population Analysis (NPA) 
Atome 𝒇+ 𝒇− ∆𝒇 

C1 0.0155 0.0098 0.0057 

C2 0.0745 0.0157 0.0588 

C3 0.0004 0.0638 -0.0634 

C4 0.0420 -0.0167 0.0587 
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C5 0.0595 0.0308 0.0287 

C6 0.0119 0.0523 -0.0404 

C10 0.1613 0.1116 0.0497 

N12 0.1046 0.1544 -0.0497 

N14 0.1009 0.1531 -0.0522 

C15 0.1671 0.1058 0.0612 

N17 0.1038 0.1502 -0.0464 

N19 0.1044 0.1546 -0.0503 

The values reported in this table indicate that the C15 atom has the value of its positive and 

higher dual descriptor. It is therefore the site of the lowest electron density of the studied 

molecule. As for C3 carbon, it has the greatest negative value. This site has a high electron 

density. It is concluded that the C15 atom is the site of nucleophilic attacks while any 

electrophilic attack will preferably be on the C3 carbon atom. 

Case of TCNQ_6 molecule 

 

 

 

 

 

HOMO      LUMO 

Figure 7.Isodensity maps of Frontier Molecular Orbitals of the TCNQ_6 molecule 

The observation of the isodensity maps of the high occupied and low vacant Frontier 

Molecular Orbitals shows that the largest lobes entirely contain the atoms C1, C2, C3, C4, C5, 

C6, C10, N12, N14, C15, N17, N19 and S23. This proves that these atoms are therefore the 

probable electrophilic and nucleophilic sites of the TCNQ_6 molecule.  

Table 8. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_6. 

Natural Population Analysis (NPA) 
ATOME 𝒇+ 𝒇− ∆𝒇 

C1 0.0314 0.0191 0.0123 

C2 0.0498 0.0481 0.0017 

C3 0.0498 0.0481 0.0017 

C4 0.0314 0.0191 0.0123 
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C5 0.0162 -0.0129 0.0291 

C6 0.0162 -0.0129 0.0291 

C10 0.1574 0.1048 0.0526 

N12 0.1044 0.1462 -0.0418 

N14 0.1088 0.1500 -0.0413 

C15 0.1574 0.1048 0.0526 

N17 0.1045 0.1462 -0.0417 

N19 0.1088 0.1501 -0.0413 

S23 -0.0189 0.2326 -0.2514 

The data reported in this table indicates that atoms C10 and C15 have equal, positive, and 

higher values of the dual descriptor. These are the low electron density sites within the studied 

molecule. Regarding the sulfur atom S23, it displays the smallest negative value of the dual 

descriptor. This is the high electron density site. It is concluded that the C10 and C15 atoms are 

the sites of nucleophilic attacks while the electrophilic attacks will preferably be on the sulfur 

atom S23. 

 

 

 

 

 

 

 

 

 

Case of TCNQ_7 molecule 
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Figure 8. Isodensity maps of Frontier Molecular Orbitals of the TCNQ_7 molecule  

Observation of the isodensity maps of Frontier Molecular Orbitals (HOMO and LUMO), 

shows that the larger lobes entirely contain the atoms C1, C2, C3, C4, O5, C10, N12, N14. C15, 

N17 and N19. These atoms are therefore the probable electrophilic and nucleophilic sites of the 

TCNQ_7 molecule. 

Table 9. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_7. 

Natural Population Analysis (NPA) 
ATOME 𝒇+ 𝒇− ∆𝒇 

C1 0.0181 0.0110 0.0071 

C2 0.0981 0.0438 0.0543 

C3 0.0981 0.0438 0.0543 

C4 0.0180 0.0110 0.0070 

O5 -0.0072 0.0635 -0.0707 

C10 0.16161 0.1331 0.0285 

N12 0.1201 0.1680 -0.0479 

N14 0.1128 0.1701 -0.0582 

C15 0.1617 0.1330 0.0287 

N17 0.1201 0.1680 -0.0479 

N19 0.1127 0.1710 -0.0583 

Analysis of the results indicate that atoms C2 and C3 have equal, positive, and higher values of 

the dual descriptor. These are the low electron density sites of the studied molecule. The 

smaller negative value is attributed to the oxygen atom O5. This is the high electron density 

site. Thus, the C2 and C3 atoms will be sensitive to the approach of a nucleophile while the 

electrophilic attacks will preferably be on the oxygen atom O5. 

Case of TCNQ_8 molecule 
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HOMO      LUMO 

Figure 9. Isodensity maps of Frontier Molecular Orbitals of the TCNQ_8 molecule 

Regarding the TCNQ_8 molecule, the observation of the isodensity maps of the Frontier 

Molecular Orbitals (HOMO and LUMO) indicates that the larger lobes entirely contain the 

atoms C1, C2, C3, C4, C5, C6, C10 , N12, N14, C15, N17, N19. These atoms therefore constitute the 

probable electrophilic and nucleophilic sites of this molecule. 

Table 10. Values of the local Fukui reactivity indices and those of the dual descriptor of 

TCNQ_8. 

Natural Population Analysis (NPA) 
ATOME 𝒇+ 𝒇− ∆f 

C1 0.0188 0.0082 0.0106 

C2 0.0530 0,0247 0.0283 

C3 0.0193 0,0583 -0.0390 

C4 0.0693 -0.0350 0.1043 

C5 0.0107 0.0606 -0.0500 

C6 0.0442 0.0423 0.0019 

C10 0.1651 0.1314 0.0337 

N12 0.1119 0.1647 -0.0528 

N14 0.1129 0.1628 -0.0499 

C15 0.1626 0.1266 0.0359 

N17 0.1134 0.1561 -0.0426 

C18 -0.0236 -0.0330 0.0093 

N19 0.1135 0.1683 -0.0548 

The values in Table 10 show that the case of the TCNQ_8 molecule is exactly the same as that 

of the TCNQ_21 molecule. Thus, the arguments put forward in the case of the TCNQ_21 

molecule are also valid for TCNQ_8. 

4. CONCLUSION 

This work is concerned with the theoretical study of the chemical reactivity of a series of 

eight (08) molecules derived from Tetracyanoquinodimethane (TCNQ). Regarding the overall 

reactivity, the TCNQ_5 moleculeis more acceptor (more oxidizing) when the molecule 

TCNQ_2 is less acceptor (less oxidizing). The oxidizing power of these molecules is so high 

as the electrophilic index and the electro-acceptor power increase. In the case of local 

reactivity, in general, nucleophilic concerns the terminal nitrogen atoms. For electrophilic 

attack sites, they relate to the central ring carbon atoms of analogous TCNQ. These different 

sites could also constitute sites for dimerization of these molecules. This would extend the 
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conjugation of molecules and therefore improve the conductivity of the TTF-TCNQ charge 

transfer complexes. 
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