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ABSTRACT

Polyaniline which is termed as PANi is chosen as model molecule where substitution with Li, Na, K, Be, Mg and Ca is carried out. Each
metal is supposed to interact with PANI throughout the amide group at the terminal and then in the middle of PANi. Quantum
mechanical calculations at B3LYP/6-31G (d,p) level are conducted for PANI as well as substituted PANi. Bond distances, bond angles,
total dipole moment (TDM), frontier band gap energy (HOMO/LUMO) as well as molecular electrostatic potential (ESP) are calculated.
Results indicate that for terminal amide group interaction, PANi-Na has the highest TDM (10.5996 Debye) and the lowest
HOMO/LUMO band gap energy (2.0169 eV). Also for PANi-Ca, TDM (6.4356 Debye); HOMO/LUMO (1.1970 eV). For the interaction
through the middle NH group, PANI-K and PANi-Mg are the more active sites for interaction as they have the highest TDM, having the
values of 11.5939 and 3.1208 Debye respectively, and the lowest HOMO/LUMO band gap energies of 1.6732 and 1.3168 eV
respectively. ESP drives a general conclusion that the electronegativity of PANI increases significantly by the presence of alkali metals
and increases slightly by the presence of alkaline earth metals. Additionally, there are changes in the geometrical parameters (including
both bond lengths and bond angles) for all studied model molecules.
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1. INTRODUCTION

Polyaniline which is termed PANi is a semi-flexible rod
polymer belonging to conducting polymer, and since its discovery
it is among the most studied polymers [1-2]. The wide applications
of PANiI are due to its good environmental stability, controllable
electrical properties and high conductivity [3-4]. Structural aspects
in polyanilines continue to be an interesting research topic [5-7].
Nevertheless, the number of papers dealing with the structural
properties of Polyaniline Emeraldine-base form (EB-PANI), which
is the starting point for all further treatments, is still rather low [8-
10]. PANi among other conducting polymers shows excellent
properties for some applications including energy storage, sensors
and electrochromic devices. PANi shows more attention as
compared with its family of conducting polymers as it possesses
the highest specific capacitance according to many technical
reasons such as thermal stability, multi-redox reactions and good
electronic properties due to protonation, besides other non-
technical reasons such as the low cost for its infinite abundance
[11-12]. A survey is conducted to indicate that PANi is a
promising tool for electrode materials for energy storage and
conversion [13]. PANi is modified in nano form to act as a sensor
for formaldehyde [14]. For enhancing its properties, a composite is
made from PANi and multiwall carbon nanotubes [15]. Further

2. EXPERIMENTAL SECTION

Calculation Details.

Model molecules were designed for PANi and PANi interacted
with alkali metals such as Li, Na and K, and with alkaline earth

enhancement of PANI to be applied in supercapacitor applications
is to prepare Fe-doped PANi/sulfonated carbon nanotubes [16].
Recently, PANi is a hot topic of research as it is applied in the
nano form with other structures for modern applications including,
PANi/carbon nanofiber as electroconductive materials [17]. PANi
is modified with cotton to act as a sensor for H,S [18]. A
composite of PANi/bismuth is shown to have enhanced
thermoelectric performance [19]. Modified PANi with carbon
nanomaterials as well as other nanocomposites show potential
application in the field of energy storage materials dedicating them
for devices; these can be met with supercapacitors, which
complement batteries [20-23]. The suitability of PANI in the field
of energy storage materials and application is that its ability to
store and release energy through redox processes [24-26].

In this work, PANi and PANi substituted with Li, Na, K, Be, Mg
and Ca are calculated at B3LYP/6-31G (d,p) level. Metals are
interacted with PANI through the amide group at the terminal and
then in the middle of PANi. The total dipole moment (TDM),
highest occupied and the lowest unoccupied molecular orbits
(HOMO/LUMO) band gap energy, molecular electrostatic
potential (ESP) and geometrical parameters were calculated.

metals like Be, Mg and Ca. Calculations were accomplished with
personal computer at Spectroscopy Department, National
Research Centre, Egypt using Gaussian 09 program [27]. All the
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studied molecules underwent optimization with density functional
theory (DFT) quantum mechanical calculations at B3LYP/6-31G
(d,p) basis set [28-30]. The TDM, HOMO/LUMO band gap

3. RESULTS SECTION

Model molecules representing PANi and PANi substituted
with alkali metals (Li, Na and K) and with alkaline earth metals
(Be, Mg and Ca) are indicated in figure 1 and figure 2
respectively. For all studied structures, metals are assumed to
interact with PANiI through the hydrogen of the terminal amide
group (as indicated in figure 1-a,b,c,d,e,f,g) and then through the
hydrogen of the amide group located in the middle of the model
molecule (as indicated in figure 2-a,b,c,d,e,f). There is only one
mechanism of interaction, which is a complex state.
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Figure 1. B3LYP/6-31G (d,p) optimized structures of a: PANi, b: PANi-
Li, c: PANi-Na, d: PANi-K, e: PANi-Be, f: PANi-Mg and g: PANi-Ca
throughout terminal amide group.
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Figure 2. B3LYP/6-31G (d,p) optimized structures of a: PANi -Li, b:
PANi-Na, c: PANi-K, d: PANi-Be, e: PANi-Mg and f: PANi-Ca through
middle NH group.

It is stated earlier that the TDM and HOMO/LUMO band gap
energy reflect the reactivity of a given chemical structure [31,32].
The calculated TDM as Debye and HOMO/LUMO band gap
energy (AE) as eV are calculated at B3LYP/6-31G (d,p).

Table 1 exhibits the TDM and HOMO/LUMO band gap
energy for PANi and PANi-Li, PANi-Na, PANi-K, PANi-Be,
PANi-Mg and PANi-Ca through interaction with the terminal
amide group. The HOMO/LUMO of the same structures are
illustrated in figure 3-a,b,c,d,e,f,g. As a result of the interaction, it
is found that in case of terminal interaction, TDM increased by the

energy, ESP and geometrical parameters are calculated for each
model.

substitution of hydrogen atom of the amide group with Li, Na, K,
Be, Mg and Ca while HOMO/LUMO band gap energy highly
decreased. By substitution, TDM increased from 2.5408 Debye to
10.5996 Debye and HOMO/LUMO band gap energy decreased
from 4.1500 eV to 2.0169 eV. From our study, we noticed that in
case of terminal interaction, the increase of TDM after interaction
with alkali metals is higher than that with alkaline earth metals,
such that the TDM after interaction with Li, Na and K is higher
than that with Be, Mg and Ca; however, the decrease in
HOMO/LUMO band gap energy of alkaline earth metals is higher
than that of alkali metals, such that the HOMO/LUMO band gap
energy of Li, Na and K is higher than that of Be, Mg and Ca. In
case of alkali metals, the highest TDM and lowest HOMO/LUMO
band gap energy are those for PANi-Na, while in case of alkaline
earth metals, the highest TDM is that for PANi-Ca but the lowest
HOMO/LUMO band gap energy is that for PANi-Mg. Figures 3
and 4 present the HOMO/LUMO band gap energy for PANi and
PANi-Li, PANi-Na, PANi-K, PANi-Be, PANi-Mg and PANi-Ca
through terminal amide group and middle NH group respectively.

Table 1. B3LYP/6-31G (d,p) calculated total dipole moment (TDM) as
Debye; HOMO-LUMO band gap energy (AE) as eV for the studied
structures: PANiI, PANiI-Li, PANi-Na, PANi-K, PANi-Be, PANi-Mg and
PANi-Ca through terminal amide group.

Structure TDM AE
PANi 2.5408 4.1500
PANi-Li 10.2356 2.1470
PANi-Na 10.5996 2.0169
PANi-K 6.4953 2.1277
PANi-Be 1.5523 2.6795
PANi-Mg 3.7819 1.1391
PANi-Ca 6.4356 1.1970

Table 2 displays the TDM and HOMO/LUMO band gap
energy for PANi-Li, PANi-Na, PANi-K, PANi-Be, PANi-Mg and
PANIi-Ca through the middle NH group. HOMO/LUMO band gap
energy is indicated in figure 4-a,b,c,d,e,f. In case of middle NH
group interaction and as in the case of terminal interaction, TDM
increased by substitution of the hydrogen atom of the NH group
with the studied metals and HOMO/LUMO band gap energy
significantly decreased. TDM increased up to 11.5939 Debye
while HOMO/LUMO band gap energy decreased to 1.6468 eV.
Additionally, the increase in TDM of alkali metals is higher than
that of alkaline earth metals, such that the TDM of Li, Na and K is
higher than that of Be, Mg and Ca as in the case of terminal
interaction. In case of interaction of the middle NH group with
alkali metals, the highest TDM equals 11.5939 Debye which is for
PANI-K and the lowest HOMO/LUMO band gap energy equals
1.6468 eV for PANi-Na. The highest TDM for alkaline earth
metals equals 5.3334 Debye for PANi-Ca and the lowest
HOMO/LUMO band gap energy equals 1.3168 eV for PANi-Mg.
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Another indication for the reactivity of the given s

tructures is

indicated with molecular ESP. As indicated earlier, it is a measure

for the points through which each structure is going
with the surrounding structures [33-35].

to interact
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Figure 3. B3LYP/6-31G (d,p) HOMO/LUMO band gap energy of a:
PANI, b: PANI-Li, c: PANi-Na, d: PANi-K, e: PANi-Be, f: PANi-Mg and

g: PANi-Ca through terminal amide group.
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Figure 4. B3LYP/6-31G (d,p) HOMO/LUMO band gap en

ergy of a:

PANi-Li, b: PANi-Na, c: PANI-K, d: PANi-Be, e: PANi-Mg and f: PANi-

Ca through middle NH group.

Table 2. B3LYP/6-31G (d,p)calculated total dipole moment

(TDM) as

Debye; HOMO-LUMO band gap energy (AE) as eV for the studied
structures: PANi-Li, PANi-Na, PANi-K, PANi-Be, PANi-Mg and PANi-

Ca through middle NH group.

Structure TDM AE
PANiI-Li 6.9552 2.5062
PANi-Na 9.4663 1.6468
PANi-K 11.5939 1.6732
PANi-Be 3.4601 3.0823
PANi-Mg 3.1208 1.3168
PANi-Ca 5.3334 1.4569

ESP was also calculated at the same level of theory for all
structures under investigation. ESP is drawn as contour then as
total surface area for all structures. Figures 5 and 6 illustrate the
ESP as contour action for all model molecules in the two schemes
of interaction (terminal and middle) respectively. Also, ESP study
depicts the reactivity of a given structure. As shown in figures 5
and 6, the electronegativity of PANi highly increased by the
presence of alkali metals and slightly increased by the presence of
alkaline earth metals. Figures 7 and 8 present the ESP for the same
structures as total surface area.
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Figure 5. B3LYP/6-31G (d,p) ESP as contour of a: PANi, b: PANi-Li, c:
PANi-Na, d: PANI-K, e: PANi-Be, f: PANi-Mg and g: PANi-Ca through

terminal amide group.
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Figure 6. B3LYP/6-31G (d,p) ESP as contour of a: PANi-Li, b: PANi-

Na, c: PANi-K, d: PANi-Be, e: PANi-Mg

NH group.

and f: PANi-Ca through middle
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Figure 7. B3LYP/6-31G (d,p) ESP as a total surface of a: PANi, b: PANi-

Li, c: PANi-Na, d: PANi-K, e: PANi-Be, f: PANi-Mg and g: PANi-Ca
through terminal amide group.

Table 3 illustrates the influence of interaction between the
different groups of metals with PANi which produces a change in
both bond length and bond angle for all studied models. The bond
length in both cases of interaction with the terminal amide group
increased from 1.01172 A to 2.54357 A from Li to K, and to
2.30093 A from Be to Ca. On the other hand, the bond angles for
terminal interaction are also influenced where there are two angles
involved which are X50N2H49 and X50N2C3. When PANI
interacted with Li, Na, K, Be, Mg and Ca, the values of bond

angles are larger than that of PANi itself for the angle X50N2H49
where X=Li, Na, K, Be, Mg and Ca, but for the angle X50N2C3,
the bond angles changed from 114.166° to 127.102°, 92.862,
93.281°, 133.478", 128.626  and 126.537" for Li, Na, K, Be, Mg
and Ca respectively. For the middle NH group, the bond length
increased from 1.00836 A to 2.56133 A and 2.34490 A for alkali
metals and alkaline earth metals respectively. There are also two
angles included when the interaction proceeds through the middle
NH group which are X50N22C16 and X50N22C25. The bond
angle of X50N22C16 decreased from 115.491" to 84.391°, 91.040",
89.515°, 113.917", 112.384" and 93.748" for Li, Na, K, Be, Mg and
Ca respectively, but for angle X50N22C25 it increased from
115.383" to 145.068", 141.034’, 130.441, 126.828", 126.806 and
140.193" for Li, Na, K, Be, Mg and Ca respectively.
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Figure 8. B3LYP/6-31G (d,p) ESP as a total surface of a: PANi-Li, b:

PANi-Na, c: PANi-K, d: PANi-Be, e: PANi-Mg and f: PANi-Ca through
middle amide group.

Table 3. B3LYP/6-31G (d,p) calculated bond length and bond angle for all studied structures: PANi , PANi -Li, PANi -Na, PANi - K, PANi -Be, PANi
-Mg and PANi -Ca throughout both hydroxyl group and middle NH group where X=H, Li, Na, K, Be, Mg and Ca respectively .

Structure

Bond length

Bond angle

Terminal Middle NH Terminal NH Middle NH
NH2 (N22-X50) (X50N2H49) | (X50N2C3) | (X50N22C16) | (X50N22C25)

(N2X50)
PANi 1.01172 1.00836 110.706 114.166 115.491 115.383
PANI-Li 1.78961 1.82598 123.438 127.102 84.391 145.068
PANi-Na 2.16015 2.18075 135.896 92.862 91.040 141.034
PANIi-K 2.54357 2.56133 131.171 93.281 89.515 130.441
PANI-Be 1.51660 1.52720 115.547 133.478 113.917 126.828
PANi-Mg 1.95842 1.97700 118.148 128.626 112.384 126.806
PANi-Ca 2.30093 2.34490 123.879 126.537 93.748 140.193

4. CONCLUSIONS

Molecular modeling generally shows potential to study all
classes of polymers as it is applied for synthetic polymers in this
work and previously applied for natural polymers (36-38).

Additionally, DFT level of theory proves to be effective in
studying and following up the structural and electronic properties
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of PANi and is in a good agreement with previous work applied
for different other materials (39-43).

DFT computational analyses for PANI, and PANi substituted with
alkali metals and alkaline earth metals at the terminal and middle
amide groups indicated the following. In case of terminal amide
group interaction, PANi-Na has the highest TDM and lowest
HOMO/LUMO band gap energy equal 10.5996 Debye and 2.0169
eV respectively, indicating that sodium is the most active metal
from all alkali metals studied, and also PANi-Ca with the TDM
and HOMO/LUMO values of 6.4356 Debye and 1.1970 eV
respectively is the most active in comparison with all the studied
alkaline earth metals. When the interaction was done via the
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