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ABSTRACT
In our previous work, (Fatogoma D., Mawa K., Kafoumba B., Yafigui T., Mamadou G.-R. K., Edja F. A., Computation-

al Chemistry, 7(4), 121-142, 2019) we established a QSPR (Quantitative Structure-Property Relationship) model of the
first reduction potential which depends on electronic affinity (EA) only. It has been reported that this model is suitable
for the prediction of the first reduction potential of new Tetracyanoquinodimethane (TCNQ) acceptors belonging to its
applicability domain with a 95% confidence level. The present work, which is a continuation of the previous, has the
main objective to design new molecules of Tetracyanoquinodimethane (TCNQ) belonging to the applicability domain of
this model and to predict their first reduction potentials. In this context, we have designed a series of sixty (60) new mol-
ecules of Tetracyanoquinodimethane (TCNQ). All these molecules have been optimized at the B3LYP/6-31G (d,p) theo-
ry level. The values of the first reduction potential of these molecules calculated by using the model, revealed they have
moderate oxidizing powers since the values of their potentials are between -0.02 V and +0.35 V (Robert C. Wheland, 98
(13), 3926-3930, J. Amer. Chem. Soc., 1976). This means that they are electronically able to form organic conductive
salts. In addition, it has been found that positional isomers have practically the same first reduction potential. Globally,
the electro-donor functions attenuate the oxidizing power of the molecules when the electro-attractor functions increase
the oxidizing power. In view of the thermodynamic quantities, the formation reaction of these new electron acceptors is
spontaneous with release of heat and decrease of the disorder. All electro-donor groups are stabilizing. On the other
hand, except for the chloro function, all the remaining electro-acceptor functions are stabilizing notably the cyano group.
The new acceptors designed in this work are potential candidates for organic electronics domain.
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1. INTRODUCTION

The 7,7,8,8-Tetracyano-p-quinodimethane [1] or more
simply Tetracyanoquinodimethane (TCNQ) [2] has been
the subject of frequent experimental and theoretical re-
search [3,4] since the discovery of electrical conductivi-
ty salts that form the radical anion TCNQ™~ with organic
cations. The development of plane geometry electron
acceptors and delocalized m-electron systems is a pre-
requisite in the development of charge transfer complex-
es [5].

Tetracyanoquinodimethane (TCNQ) is a strong electron
acceptor with a high electronic affinity ranging from 2.8
eV [6,7] to 3.383 eV [8] due to the presence of cyano
groups and the possibility of electron conjugation of the
n system [9]. It is easily reduced to a radical anion
(TCNQ") then dianion (TCNQ?¥). The substitution of
hydrogen atoms by electro-donor groups (alkyl and
alkoxy) or electro-attractor (halogen and cyano) causes
a variation of the energy barrier. By adding these group-
ings, it is possible to reduce the energy barrier of the
forbidden band, bringing the HOMO (Highest Occupied
Molecular Orbital) and the LUMO (Lowest Unoccupied
Molecular Orbital) closer to each other.

For example, the electro-attractor groups on a conjugat-
ed molecule have the effect of attracting the electron
density towards them [10,11]. They are able to stabilize
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a large electron density. As a result, the rest of the mole-
cule becomes depleted of electrons, which lowers the
energy of HOMO (Highest Occupied Molecular Or-
bital).

The main objective of this work is to exploit the predic-
tive QSPR (Quantitative Structure-Property Relation-
ship) model of the first reduction potential of Tetracy-
anoquinodimethane (TCNQ) developed in our previous
work (F. Diarrassouba et al. [12]). In fact, it is clearly a
question of designing a series of new analogous Tetra-
cyanoquinodimethane (TCNQ) molecules belonging to
the applicability domain of this model that will electron-
ically be capable of complexing with electron donors to
form organic electrical conductive salts.

2. MATERIAL AND METHODS

2.1. Structure of the reference molecules

The new molecules were designed by replacing the hy-
drogen atoms of the reference compounds of our experi-
mental database [12] with electro-donor and electro-
acceptor functions. The structures of these molecules as
well as their first reduction potentials are summarized in
Table 1. Regarding the thermodynamic quantities of the
formation, they have been calculated in the present work
in order to understand the evolution of the thermody-
namic stability and the property (first reduction poten-
tial) in function of the introduced groups.

Table 1. Structures of reference TCNQ compounds

CODE STRUCTURE AfH%g AfSSg AfGLog Edp
V)
N H3C N
N\ 7/
TCNQ _1 — -635.6514 -677.4495 -433.6698 +0.170
\
V4 N
N
N VA
\ _
TCNQ 26 -778.6502 -784.1976 544.8417 +0.210
N\
Vi
AN O Vi
TCNQ 27 s Q -739.0206 -786.3171 -504.5801 -0.040
/A AN
N
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N
N /—\ %
= S
TCNQ_10 S -527.5919 -501.3456 -378.1157 +0.068
N
N @ 2
— —~3
TCNQ_38 0] -601.8280 -502.7520 -451.9325 +0.030
W
N
N Il
NA
TCNQ_30 s X -698.5858 -723.5956 -482.8458 -0.026
_ N\
I h
N

2.2. Computational Theory Level and Software’s
The gaussView 5.0 [13] software was used to repre-
sent the 3D structure and visualize the studied mole-
cules. Then, the Gaussian 09 software [14] was used
for optimization and frequency calculation at the tem-
perature of 298.15 Kevin, 1 atmosphere as pressure
and in vacuum. The theory level used is B3LYP/6-
31G(d,p). As for 2D structures, they have been repre-
sented with chemsketch [15].

2.3. Fragment method [16]

For the prediction of the properties of new com-
pounds, the fragment method is qualitative. When a
compound contains only fragments of the compounds
of the database, the prediction of its property is relia-
ble. On the other hand, if the compound contains un-
known fragments of the database, the prediction is
then doubtful.

2.4. Min-Max method [16]
The Min-Max method is based on the minimum (d,;,)
and maximum (d,,x) values whose interval is denoted

D= [dmin-dmax] for each descriptor. Only the values of
the descriptors of the compounds of the training set
are considered. The prediction of the property of a
new compound is reliable only when the value(s) of
its descriptor(s) belongs to the corresponding interval
D. Otherwise, the prediction will be doubtful.

After ranking in ascending the order of the values of
the only descriptor of the compounds of the training
set [12], it follows that D=[3.3972-5.2544]eV

2.5. QSPR model used to predict the first reduc-
tion potential

The QSPR model used for the design of the new elec-
tron acceptors was developed in our previous work
[12]. The equation of this model is the following with
its statistical parameters and validations below:

El.. = —2.5314 + 0.5708 = EA 0

with EA the electronic affinity expressed in electronvolt (eV)

n=30; R=0.9605; R*> =0.9225 ; R?

adjuste

g = 0.9197; s=0.0694 ; F=333.3279 ;

p —value < 0.0001; @ = 95% ; Qigo = 0.9136 ; Q2Z,, = 0.9504
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2.6. Standard thermodynamic formation quantity

The results of the quantum calculation and the use of experimental data in the form of reference thermodynamic
tables [17] make it possible to determine the standard values of the enthalpy A, H’ , the entropy Ar S and the
free enthalpy A, G" of formation of the molecular system at 298.15 K under a pressure of 1 atm.

The calculation of molecular system enthalpy of formation is carried out according to the relation of J. W.
Ochterski [18]:

AHO(M, 298K) = A,HO(M,0K) + (Hg(298K) — HE; (0K)) o

where the last term of this relation is called enthalpy correction or increment. For simple elements, it corre-
sponds to the heat involved during the heating of the atoms from 0 K to 298 K. These values are obtained exper-
imentally relative to the standard state of the elements. As for the term As H’(M,0 K), it is determined from the
following relation:

ﬂfHO (M, 0K) = Xatoms x-':'fHﬂ (X, 0K) — X Do (M) 3)
x defines the number of atoms of species X in molecule M
Ar H"(X,0 K) is an experimental value corresponding to the heat of formation of the atom X at 0 K.

The last term, Y Dy(M) corresponds to the atomization energy of the molecule M. This energy comes from the
decomposition of one mole of the molecule into its constituent atoms. The calculation of Y Dy(M) is performed
from the electronic energies (€) of the constituent atoms and the molecule and the internal energy at 0 K called
ZPE (Zero-Point Energy) of the latter according to the relation below:

2 Do(M) = X ptoms x £0(X) — [go(M) + £2p5 (M)] (4)

The determination of the formation entropy at 298 K, A, $°(298K) is made using the atomic entropy values S’
(X,298K) from JANAF Thermochemical Tables [17] and the molecular entropy obtained by quantum computa-
tion. The proposed relation by J. W. Ochterski [18] for determining the entropy of formation of a molecular sys-
tem is:

A;5°(298K) = S°(M,298K) — ¥, x5°(X, 298K) -

Knowing the enthalpy of formation and entropy of formation, the free standard enthalpy of formation is easily
calculated by the relation:
.'}.fGC' (298K) = .'}.fHU (298K) — TﬂfSO (298K)
(6)
with T=298,15 K
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3. RESULTS & DISCUSSION

3.1. Design of new electron acceptors based on tet-
racyanoquinodimethane (TCNQ) and Structure-
Property Relationship (SPR) study

The QSPR model was used to predict the first reduc-
tion potential of a series of sixty (60) novel designed
tetracyanoquinodimethane molecules codified HA i
with (1< i< 60) all belonging to its applicability do-
main. The structures as well as the different quantities
are summarized in Table 2.

Table 2. Structures of the molecules with electronic
affinities, enthalpy and free enthalpy of formation (in
kecal/mol), entropy of formation (in cal/mol.K) and
predicted values of the first reduction potentials by
the model
https://www.siftdesk.org/articles/images/10599/t2.pdf

It is noted in Table 2 that the electronic affinity (EA)
values of the new compounds all belong to the inter-
val D, which translates into reliable prediction. Also,
the comprehensive designed Tetracyanoquinodime-
thane molecules have moderate oxidizing powers as
all theoretical first reduction potentials are between -
0.02 V and + 0.35 V (-0.02V < E'yo < +0.35V) [19].

By comparing the redox potentials of the parent mole-
cules (Table 1) with those of the new molecules, it
appears that the "grafting" of the different functions
on the parent molecules has an influence on the redox
potential. In the series of new molecules, positional
isomers have virtually the same redox potentials. The
position of the functions on the parent molecules
therefore has no influence on the studied property.
However, increasing these functions on any molecule
in the series influences the redox potential. Overall, it
is found that the oxidizing power of molecules in-
creases with the increase in the number of electro-
attractors functions while it decreases as the number
of electro-donor functions increases. In the case of the
electro-attractor functions, the oxidizing power is
more accentuated with the increase of the number of
cyano function unlike the fluoro and chloro function.
This observation is explained by the fact that the cy-
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ano group has a very attractive mesomeric effect,
more important than an attracting inductive effect.
When the electro-donor functions, the opposite case is
observed. The electro-donor groups increase the sta-
bility of the molecules but attenuate the oxidizing
power. Under these conditions, the very strong oxi-
dizing power of a molecule can be attenuated by
"grafting" the electro-donor functions. Also, the val-
ues of the standard thermodynamic quantities of for-
mation of the new molecules are all negative. Nega-
tive values of enthalpy and free enthalpy indicate re-
spectively an exothermic reaction and a spontaneous
reaction. A negative value of the entropy indicates a
decrease in the disorder. As a result, the formation of
all new electron acceptors is spontaneous with heat
release and disorder reduction under the temperature
conditions of 298.15 K under 1 atm pressure in the
vacuum. The negative value of the free enthalpy of
formation thus reflects the existence and stability of
new TCNQ molecules. Furthermore, the standard
free enthalpy of formation decreases with the gradual
introduction of the fluorine atom while it increases
with the increase in the number of chlorine atoms.

Thus, the progressive addition of fluorine increases
the thermodynamic stability of the molecules when it
decreases with the gradual introduction of chlorine
atom. The chlorine atom increases the oxidizing pow-
er of TCNQ faster than fluorine atom, but the latter
stabilizes better thermodynamically. As these mole-
cules are all new, it would be wise in the following to
verify if this same conclusion is made for halogenated
derivatives, cyano and methoxy of the experimental
database.

3.2. Structure-Property Relationship (SPR) study
of the halogenated derivatives, methoxy, cyano of
the experimental database

To verify the consistency of our theoretical results,
we studied the evolution of the redox property and the
stability of halogenated derivatives, cyano and meth-
oxy of our experimental database [12]. The selected
structures are represented in Table 3.
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Table 3. Structures, electronic affinities, theoretical enthalpy and free enthalpy (in kcal/mol) entropy of for-
mation (in cal/mol.K) and experimental values of the first reduction potentials of the halogenated derivatives,

cyano and methoxy of the experimental database.

CODE STRUCTURE AfHYgg A;S0g ArGlog El, W)
N F N
N\ 7/
TCNQ_39 -630.0370 | -597.5541 | -451.8763 +0.260
Y \
N
N
\ )
TCNQ_21 — 6731418 | -603.8435 | -493.1058 10,300
Vi
N F F N
N\ 7
TCNQ_23 — 7480840 | -6154773 | -564.5794 10,530
\
N// E F \N
N Cl N
N 7/
TCNQ_20 — — 5794634 | -5962266 | -401.6985 10290
\
V4 N
N Cl N
N\ 7
TCNQ_33 5724071 | -601.3631 | -393.1107 10410
\
N// Cl \N
N
N\ N
N
N\ 7/
TCNQ_34 7111670 | -665.5367 | -512.7372 10,650
7 . N\
N
O/CH3
N\ /)
TCNQ_32 -507.4265 | -7102651 | -295.6610 10,070
Y \
N
CHs
N
N\ ° /)
TCNQ_22 8782606 | -829.1582 | -631.0471 0.010
Y o\
HSC/
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Globally, all electro-attractor groups increase the first
reduction potential while the electro-donor groups
attenuate the first reduction potential. In the case of
the electro-attractor groups, starting from the mole-
cules having the same numbers of identical substitu-
ents, it is noted that with the cyano group, the redox
potential increases more rapidly. Regarding the chlo-
ro function, it increases the redox potential faster
than the fluoro function. This is the case for
TCNQ_21, TCNQ_22 TCNQ_33. In terms of ther-
modynamic stability, apart from chlorinated com-
pounds, all the other compounds are stabilizing irre-
spective of the nature of the "grafted" function. How-
ever, the stability is more accentuated with the cyano
group. Fluorine is more stabilizing than chlorine but
it increases the redox potential more than fluorine.
Hence, we exactly obtain the same trend as the theo-
retical results obtained during our work. This proves
the consistency and reliability of our theoretical re-
sults as well as the performance of our developed
QSPR model in our previous work. The electron ac-
ceptors designed in this work will electronically be
capable of complexing with electron donors includ-
ing tetrathiafulvalene (TTF) to form organic electri-
cally conductive salts. They are therefore very prom-
ising for the field of organic electronics.

CONCLUSION

The sixty (60) electron acceptors molecules designed
for this work have all moderate oxidative powers as
their first reduction potentials are between -0.02 V
and + 0.35V. The formation of each of these different
molecules is spontaneous under the temperature con-
ditions 298.15 K and under a pressure of 1 atm in the
vacuum as the free enthalpies of formation are nega-
tive. Also, the formation reactions of these molecules
are done with release of heat and decrease of disor-
der. The electro-donor functions are stabilizing by
inductive effect but attenuate the oxidizing power of
the molecules. On the other hand, the electro-
attractor functions increase the oxidative power of
the TCNQ but the oxidizing power is more pro-
nounced for the cyano group. Regarding chlorine, it
increases the oxidizing power more than the fluorine.
In terms of thermodynamic stability, the cyano group
and the fluorine stabilize the molecules but the cyano

Kafoumba B et al.

group is more stabilizing. On the other hand, the
"grafting" of chlorine on the molecules increases the
free enthalpy of formation. This leads to a destabili-
zation of the molecules. Therefore, we can assume
that the new designed acceptors are potential candi-
dates for the field of organic molecular electronics.
Thus, they are very promising for developing future
conductive organic materials.
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