Journal of Kerbala University , Vol. 13 No.3 Scientific . 2015

Theoretical Study of the Effect of Substituting Nitrogen Atom
in Tetracyanoquinodimethane (TCNQ), Using Density
Functional Theory
Ay ki aladiuly (TCNQ) Adia B G guinill 3,3 Jlatia) Bl 4y plad Al )
43Ut 4313

Adil Jalel Najim , Hayder Jasim Musa, Hayder fahim Saber
Karbala University, College of Education for Pure Science, Iraq

Abstract:

The optimized geometrical structures and the electronic properties of the
Tetracyanoquinodimethane molecule (TCNQ) and its derivative have been calculated using
density functional theory with (B3LYP) and 6-31G** level. The aim of this work is to determine
the effects of substituting the nitrogen atom in mentioned molecule with trivalent atoms
(phosphorus P and arsenic As). The results show that the both HOMO and LUMO energy
decrease whenever the trivalent atom substitute instead of nitrogen atom. The energy gap
decrease when replace nitrogen atom with trivalent atom. With respect to electron affinity then
any nitrogen atom has been replaced with trivalent atom, the formed molecule will has more
positive electron affinity, this new molecule will be a good electron acceptor.

:ladal)
Al 5 28U Qs 4 plhs pladiuly Leiliida s (TCNQ) Al 4y 5KV al sl 5 el dpuanigh) a5l il o
OV (6-31G**) & il (e Jl g alodinl o3 a8 ulaY) JIed Ll edydy 5V dals yY) 5 Jalal) d8da Clesd (B3LYP)
5 (N sl sindll) Jie S A5 5 53 (TCNQ) Kida b s il 53 Jlasiad Ll 3ass o8 23l Coon
&5 ) i) & plal Ay sumal) by jadl dabidal) Ao IV Clipdaill 8 4 g6 ye el 3 e J seanll 404l UL
G 5,0 Jlaind o WS (i Qe sill Ao (3 (5 shne Lyl 58SH daja 8 (5 sl et Al o Lo J geanl)
)3 2ae 3al LBl A gyl il dall A8Ual) 3 gad ) GUAS lliad) & pedal | 58lSEN A0 5 )0 pa g il <l j3
A 5 gl Gl Jlaia) e 48 Sl caliy jall s A g YY) A Al Wl Aagiad) cpa g il
Juinl e LN Ll ) o5 S Jiiae dda 45 jall o2 @lliad MUl 5 ded ALl & ) (e dplag) iS) 45 )
g iKY

Introduction:

The organic semiconductor molecules had been widely studied as they have been used in many
electronic devices, such these devices are organic field effect transistors (OFET) which can be
prepared either by vacuum evaporation, by solution-casting, or by mechanical transfer of a peeled
single-crystalline organic layer onto a substrate. These devices have been developed to realize low-
cost, large-area electronic products and biodegradable electronics [1,2]. OFETs have been
fabricated with various device geometries. The most commonly used device geometry is bottom
gate with top drain and source electrodes, because this geometry is similar to the thin-film silicon
transistor (TFT) using thermally grown SiO, as gate dielectric. Organic polymers, such as
polymethylmethacrylate (PMMA), can also be used as dielectric.[3,4]. While Organic light-emitting
diodes (OLED) in which the emitting layer is a thin film of organic compound , when it subjected to
electric current will emits light. This thin film of organic semiconductor is situated between two
electrodes, at least one of these electrodes is transparent. There are two types of Organic light-
emitting diodes: those based on small molecules and those employing polymers. Adding mobile
ions to an OLED creates a light-emitting electrochemical cell (LEC) which has a slightly different
mode of operation [5,6]. In addition the organic semiconductors is used in organic photovoltaic
cells is a type of polymer solar cell that uses organic electronics for light absorption and charge
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transport to produce electric current from sunlight by the photovoltaic effect. [7,8]. These wide
application of organic semiconductors because some of their suitable properties such as low cost,
easy fabrication and mechanical flexibility [9]. Therefore, the develop of high-performance organic
semiconductor materials is crucial for the development of organic electronics. (TCNQ) is the
organic compound with the formula (NC),CCsH4C(CN),. This molecule is supposed as an electron
acceptor that accepts electrons transferred to it from another compound. It is an oxidizing agent
that, by virtue of its accepting electrons, is itself reduced in the process. The typical oxidizing
agents undergo constant chemical alteration through covalent or ionic reaction, resulting in the
complete and irreversible transfer of one or more electrons. In many chemical Conditions,
nevertheless, the transfer of electronic charge from an electron donor may be only fractional, that is
mean an electron is not completely transferred, but results in an electron resonance between the
donor and acceptor. This leads to the modeling of charge transfer complexes in which the
components largely retain their chemical identities.The electron accepting power of an acceptor
molecule is measured by its electron affinity which is the energy released when filling the lowest
unoccupied molecular orbital (LUMO) [10].
Theoretical Details:

In this study, it had been used the density functional theory (DFT) (Kohn Sham equations),
where the electronic energy has the following form [11]:

E=ET+EV +E +EXC (1)

Where E" is the electrons kinetic energy term, EV is the potential energy of the nuclear attraction
and the repulsion between nuclei, E’ is the repulsion between electrons and E*° is the exchange
correlation term.

These terms are functions of electron density (p), except the nuclear-nuclear repulsion. E’ is given
by the following [11]:

El = ;ﬂ p(f1) (Aryp)~'p(¥,) dr, dr, (2)

Where (Ary,)~ ! is displacement between two electrons, dr,is integration element of first
electron, and dr, is integration element of second electron.
E*C is approximated as an integral involving the spin densities and their gradients [11]:

EXC(p) = [ £(pu(®), pp (8, Vpa (), Vpp(P) ) d°F 3)

where p, refer to a spin density, pg refer to B spin density, and p refer to total electron density
(o + pg)- The term E* is consist of two terms, and these are: [11]
E*“(p) = E*(p) + E(p) (4)
where EX(p) is the exchange functionals, and E¢(p) is the correlation functionals. In this work
it had been used Becke three Lee Yang Parr functional, this is called a hybrid functional and this

functional has the form [11,12]:
Eg'_’,CLYP = ELXDA + Co(El}i(F - ELXDA) + CxAEgss + EI(;WNB + CC(ELCYP - EI(;WNS) 5)

Where ¢, = 0.2, ¢, =0.72, ¢, = 0.81

The Ef,, is the local exchange and it has the form [12]:
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Efpa = —ZG) / f p*/3 dt (6)
The Ef is the Hartree Fock exact exchange functional, and has the form [12]:

B =30 [| 616080 — 0,60, G a7, 7

L

while the Becke functional (EZ;5) has the following form [13]:

Bl = Elos ~B Y [ ®

(1 + 6ysinh_1x)

where x = p~*/3|Vp|

B is a parameter chosen to fit known exchange energies of inert gas atoms, and its value equal
(0.0042) Hartree.

ESy w3 is Vosko-Wilk-Nusair correlation functional, and it has the form [13]:

Evwns (Pa: Pﬁ) = jp Erwns (Pa' Pﬁ) dr 9)

Results and Discussion:

The optimization structures for all molecules have been performed using density functional
theory with (6-31G**) level, these structures are shown in figure (1).

The first group of investigated molecules is TCQN molecule and four molecules contained
from one to four a phosphorus atom. The lowest unoccupied Molecular orbitals (LUMO) and
highest occupied molecular orbitals (HOMO) for TCNQ molecule and for molecules contained
phosphorus atoms, are shown in figure (2), from this figure we note that the both HOMO and
LUMO energy decrease whenever the phosphorus atom substitute instead of nitrogen atom, and we
note that the 4P-TCNQ has the lowest HOMO and LUMO energies.

This approaching between HOMO and LUMO led to that the energy gap decrease as shown in
figure (3), and this mean when we replace nitrogen atom with phosphorus the energy gap had been
decreased. We know that both nitrogen and phosphorus are trivalent, but the unique difference is
that phosphorus has electrons more than nitrogen.

For the second group of investigated molecules which is TCQN molecule and four molecules
contained from one to four a arsenic atom. The lowest unoccupied Molecular orbitals (LUMO) and
highest occupied molecular orbitals (HOMO) for TCNQ molecule and for molecules contained
arsenic atoms, are shown in figure (4), from this figure we note that the both HOMO and LUMO
energy decrease whenever the arsenic atom substitute instead of nitrogen atom, and we note that the
4As-TCNQ has the lowest HOMO and LUMO energies.

This decrease in energy of HOMO and LUMO led to that the energy gap decrease as shown in
figure (5), and this mean when we replace nitrogen atom with arsenic the energy gap had been
decreased. This result is similar to that of phosphorus group. And the reason is the same where the
unique difference is that arsenic has electrons more than nitrogen.

The electron affinity of first group is shown in figure (6) decrease when number of phosphorus
atom is increase. This mean that when we replace the nitrogen with phosphorus. In this figure we
see that 4P-TCNQ molecule has electron affinity more positive than what the TCNQ molecule, and
this make the 4P-TCNQ is an electron acceptor compare with TCNQ molecule which in this case is
an electron donor.

In the second group the electron affinity decrease when number of arsenic atom is increase, this
is similar to first group. Where the 4As-TCNQ has electron affinity more than TCNQ molecule, and
this also make 4As-TCNQ is an electron acceptor compare with TCNQ molecule.
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The ionization energy (IE) mean the minimum amount of energy required to remove an
electron from the atom or molecule. The result show for the first group that ionization energy
decrease with increasing of phosphorus atoms, where 4P-TCNQ molecule has (IE) less than
another molecules figure (8), and this is maybe happened because when we replace the nitrogen
atom with phosphorus that the electronic molecular orbitals be away from the center of positive
charge for nucleus, thus it easy to remove an electron from the molecule

For the second group where the arsenic atom is substituted in place of nitrogen atom, that this
process make the molecules have little ionization energy as shown in figure (9), and this decreasing
in (IE) due to the same reason in first group, where the arsenic atom has number of electrons more
than the nitrogen, these electrons are far from nucleus. However, the amount of energy required to
remove an electron from 4As-TCNQ is less than the energy for the another molecules.

The values for the properties have been shown above are listed in table (1) below. We note that
the energy gap for 4As-TCNQ is the least from other molecules, and the same molecule has the least
electron affinity, thus this molecule can be considered to be an electron acceptor in comparing with
other mlecules.

Table (1): The E ymo » Enomo, Ecap » 10nization energy (IE) and Electron affinity (EA) for
molecule under study in (eV)

Molecule Eiumo Egomo E¢ap (1E) (EA)
TCNQ -5.12 -7.63 2.50 7.63 -5.12
1P-TCNQ -4.80 -7.00 2.20 7.00 -4.80
2P-TCNQ -4.55 -6.55 1.99 6.55 -4.55
3P-TCNQ -4.19 -5.92 1.73 5.92 -4.19
4P-TCNQ -4.03 -5.60 1.57 5.60 -4.03
1AS-TCNQ -4.55 -6.62 2.07 6.62 -4.55
2As-TCNQ -4.33 -6.05 1.71 6.05 -4.33
3As-TCNQ -4.13 -5.65 1.52 5.65 -4.13
4As-TCNQ -3.96 -5.30 1.34 5.30 -3.96
Conclusions:

In the first group of molecules, it has been noted that the (4P-TCNQ) has the least energy gap
comparing with molecules of this group, and so on for the molecule (4As-TCNQ) in second group,
this property make both molecules useful for electronic applications such that in organic field effect
transistors (OFET), Organic light-emitting diodes (OLED) or in organic solar cells (OSC).

With respect to electron affinity for (4P-TCNQ) has the least value comparing with molecules
of first group, and so on for the molecule (4As-TCNQ) in second group, thus both two molecules
can be considered as electron acceptor, but when we compare between them then the (4As-TCNQ)
is the best between all the molecules under study.
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Figure (1): The optimized structures for molecules under study.
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Figure (2): Relation between LUMO & HOMO energy and No. of molecule, where (1 is
TCNQ molecule), (2 is 1IP-TCNQ molecule), (3 is 2P-TCNQ molecule), (4 is 3P-TCNQ
molecule), and (5 is 4P-TCNQ molecule).
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Figure (3): Relation between energy gap and No. of molecule, where (1 is TCNQ molecule), (2
is 1IP-TCNQ molecule), (3 is 2P-TCNQ molecule), (4 is 3P-TCNQ molecule), and (5 is 4P-
TCNQ molecule).
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Figure (4): Relation between LUMO & HOMO energy and No. of molecule, where (1 is
TCNQ molecule), (2 is 1As-TCNQ molecule), (3 is 2 As -TCNQ molecule), (4 is 3 As -TCNQ
molecule), and (5 is 4 As -TCNQ molecule).
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Figure (5): Relation between energy gap and No. of molecule, where (1 is TCNQ molecule),
(2 is LAs-TCNQ molecule), (3 is 2 As -TCNQ molecule), (4 is 3 As -TCNQ molecule), and (5 is
4 As -TCNQ molecule).
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Figure (6): Relation between electron affinity and No. of molecule, where (1 is TCNQ
molecule), (2 is 1IP-TCNQ molecule), (3 is 2P-TCNQ molecule), (4 is 3P-TCNQ molecule), and
(5 is 4P-TCNQ molecule).
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Figure (7): Relation between electron affinity and No. of molecule, where (1 is TCNQ
molecule), (2 is 1As-TCNQ molecule), (3 is 2 As -TCNQ molecule), (4 is 3 As -TCNQ
molecule), and (5 is 4 As -TCNQ molecule).
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Figure (8): Relation between ionization energy and No. of molecule, where (1 is TCNQ
molecule), (2 is 1IP-TCNQ molecule), (3 is 2P-TCNQ molecule), (4 is 3P-TCNQ molecule), and
(5 is 4P-TCNQ molecule).
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Figure (9): Relation between ionization energy and No. of molecule, where (1 is TCNQ
molecule), (2 is 1As-TCNQ molecule), (3 is 2 As -TCNQ molecule), (4 is 3 As -TCNQ
molecule), and (5 is 4 As -TCNQ molecule).
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