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Abstract: In this study we have investigated a theoretical study on the structural, opto-electronic and conducting
properties of two conjugated polymers. The purpose is to display the effect of replacing H atoms with -C=N (cyano)
and >C=0 (carbonyl) groups on their properties. In order to propose a method to describe the electronic properties
and molecular geometry of these polymers, we have used the following methods to estimate the band gaps: Semi-

empirical AM1, ab-initio HF/6-31G and Density Functional Theory BLYP/6-31G* and B3LYP/6-31G*.

The

substitution of these groups destabilized the HOMO and LUMO levels, decreased the band gaps, and increased the
conjugation length, which are essential features in the design of low band gap conducting polymers
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1. Introduction

Conducting  polymer-based  electrochemical
sensors and biosensors play an important role in the
improvement of public health and environment
because rapid detection, high sensitivity small size and
specificity are achieved for environmental monitoring
and chemical diagnosis. Due to their straight forward
preparation methods, unique properties and stability in
air, conducting polymers have been applied to energy
storage, electrochemical devices, memory devices,
chemical sensors and electrocatalysts [1]. Polypyrrole
(PPy) and Polythiophene (PT) are among the most
widely studied conjugated organic polymers,
experimentally and theoretically, this is due to their
chemical stability, high conductivity upon doping and
non-linear optical properties [2]. Molecular design of
low band-gap polymers is of current interest in
research into electrically conducting polymers. The
search for polymers that could effectively interact
with biological systems has attracted much interest
due to its potential technological applications in the
arecas of biological sensors, molecular electronics,
surgical plasters containing active ingredients and
membranes, etc. [3-10]. It has been reported in
literature that there is a direct electronic
communication between functionalized, conducting
polypyrrole and a redox protein in solution [11-17].
Polymers with low band gaps are expected to show
not only good intrinsic conductivity but also good
non-linear optical properties [18]. The experimental
band gap values of polypyrrole and polythiophene had
been investigated by Colditz, [19] and Zotti et al.,
[20]. Several theoretical studies of these polymers
have been theoretically investigated.

This work is aimed at investigating the effects of
these chemical groups (-C=EN and >C=0) on the
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geometries and electronic properties of polypyrrole
and polythiophene, using the hybrid DFT-B3LYP/ 6-
31G* basis set. The two neutral chemical groups were
introduced by replacing a single H on C

2. Computational Details

The hybrid Density Functional Theory (DFT)
method at B3LYP/6-31G* levels of theory, refers to
the combination of functional hybrid exchange of
Becke’s three, [21] with functional correlation
gradient of Lee and Yang [22]. First, in order to
propose the best method able to describe the electronic
properties and molecular geometry on the effect of the
chemical groups on these polymers that will be in
agreement with experimental data, we have used the
following methods; Semi-Emperical AMI1, [23] ab-
initio HF/6-31G*, [24] and density Functional theory.
Some properties have been investigated, these include;
optimized geometries, dipole moments, heat energy
and HOMO-LUMO energy gaps. All quantum
chemical calculations were performed using Spartan
10 program package.

3. Results and discussion

The structural modification through the control
of HOMO-LUMO gap is very important in the
designing of low band gap polymers with intrinsic
conductivity (conductivity without doping), yet
without disregarding the important properties like
solubility and processability. [25] The optimized
results of the geometry using B3LYP/6-31G* are
shown in table 2 and Figure 1. This is the stable
geometry of thiophene and pyrrole (monomer and
dimer).

A comparison among the results obtained from
all the calculations in Table 1 indicates that B3LYP/6-
316* method is most suitable for investigating the
geometries and electronic properties of these
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(cyano) and >C=0 (carbonyl) groups on polypyrrole
(PPy) and polythiophene (PTh).

polymers. This is because the band gap values are in
correlation with the experimental values. The method
was then used to investigate the effect of -C=N

Table 1. Theoretical and experimental band gaps (Eg in eV) of thiophene and pyrrole (monomer and dimer)
employing various levels of theory at 6-31G*

Levels of theory Thiophene Monomer | Dimer Pyrrole Monomer Dimer
RHF 12.69 10.16 13.620 1159
BLYP 4.44 2.8 5.10 3.62
B3LYP 6.12 4.23 7.05 4.90
AMI1 9.46 8.01 10.04 8.31
Expt’l. Value 5.2300 4.0500 5.9700 4.4900
The references for the experimental band gaps of polymers: Thiophene [26, 19,] Pyrrole [20]
Table 2: Calculated Optimized geometry (Mulliken atomic charge) of polymers
Pyrrole *Expt. (Dimer) Thiophene PExpt. (Dimer)
(monomer) (A) (A) Monomer) (A)
C, 0.025 -0.027 C, . 0.302 C, -0.298 -0.2761 C, -0.344
G -0.17 -0.008 C; .0.108 C; -0.052 -0.052 C; -0.144
Cs 0.17 0.066 Cy . 0.123 Cs -0.052 0.0517 Cy -0.144
Cs 0.025 0.115 Cs .0.044 Cs -0.298 -0.297 Cs -0.097
N; -0.548 -0.509 N; -0.185 S; 0.251 0.247 S; 0.260
H, 0.138 Ce 0.302 H, 0.129 0.139 Ce -0.144
H, 0.329 Cy 0.222 Hs 0.129 0.139 Cg -0.344
Hs 0.138 C; -0.185 Hg 0.096 0.102 C; -0.097
Hy 0.121 0.231 N, -0.642 Hyy 0.129 0.139 N, -0.642

“Expt. Value [36], "Expt. Value [37]

(b)

Fig.1. Optimized structures of (a) thiophene and (b) pyrrole (monomer and dimer) and calculated atomic charges of
dimers in angstrom at B3LYP/6-316*

3.1. Geometries of Optimized Structures

The optimized structures of PPy and PTh at ground state has a symmetry of C,, and C,;,. respectively. The
bond length Cs-N; N;-H; and Cs-S; of PPy and PTh respectively calculated by B3LYP/6-316* are 1.374 A, 1.008A
and 1.7354 A The bond angle N;-Cs-H,( and S;-C,-H, of PPy and PTh are 125.258°% and 119.809%nd the dihedral
angle Cs-N;-C,-C, and Hy- C,-S1-C, for PPy and PTh respectively are 180° shown in Table 3

When a single H atom in PPy was replaced with — C=N group (Fig 2), the symmetry C,, of PPy and PTh was
being distorted by replacing one of the H atoms with each one of the chemical group, Thus, PPy has a C; symmetry
and PTh with a C; symmetry. The bond length of PPy Cs-N; N;-H; increased to 1.3855 A, 1.009/@; the bond angle
and Dihedral remained unchanged, being 125.258" and 180°, while for PTh, the bond length, bond angle and
dihedral remained almost unchanged, being 1.707/3, 110.685° and 180° respectively. When a single H atom in PPy
was replaced with the >C=0 group (Fig 2), the symmetric C,, of PPy and PTh was also being distorted. Thus PPy
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has a C; symmetry and PTh with a C; symmetry. The bond length and Bond angle remained almost unchanged: for
PPy, 1.3886 A, 124.992° a change was however observed in the dihedral angle, -1.79.78°, and while for PTh, the
bond length, bond angle and dihedral remained almost unchanged, being 1.7503A, 110.957° and 179.680°. The
result agrees similarly with the earlier studies predicted by Dubis and Grabowski. [26] and Teobald et al., [27]

(22) | (2b)

Fig.2. Optimized structures of (1a) PPy- C=N, (1b) PPy>C=0, (2a) PTh- - C=N and (2b) PTh >C=0

Table 3: Optimized geometry of calculated and experimental of polymers

Bonds (A), bond angles and dihedral angles (deg) Pyrrole calculated “Expt. | Thiophene | "Expt.
C5-N1 1.374 1.349
NI1-H1 1.008 1.017 -
C5-S1 1.7354 1.714
N1-C5-H10 125.26 126.5 -
S1-C2-H2 119.81 119..9
C5-N1-C2-C1 180.0 180.0 -
H4-C2-S1-C4 180.0 180.0

“Expt [26] and "Expt [27]

3.2. Vibrational Frequencies

The simulated IR spectra of PPy and PTh are shown in Table 4 and (Fig. 3), with the strongest IR absorption peak
located at 767cm™ and 2332cm™ respectively. The IR spectra derived by replacing one of its H atoms with -C=N
and >C=0 for PPy are 2332cm™ and1771 cm™, while for PTh are 1504cm™ and1766 cm™ respectively. From the
absorption peaks, spectra of PPy>C=0 and PTh>C=0 appear to be quite similar. The result also agrees similarly
with the earlier studies predicted by Lord and Miller [28]
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Fig.3. Showing simulated spectra for polymers
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Table 4: Showing calculated and experimental wavenumbers

Polymers Cal. [A (cm™)] “Expt’ [ A (cm)]
PPy 767 736

PTh 2332 726

PPy- C=N 5.63 -

PTh- C=N 5.49 -

PPy>C=0 4.96 -

PTh>C=0 417 -

“Expt’ value [28]

3.3. Thermochemistry

The reaction energies (AH) and Zero-point energies (D,) of the polymers evaluated by B3LYP methods are
shown in Table 5.

The reaction for reaction energies and Zero-point energies are as follows:

Polymer +X < Polymer-(X)

AH= H (Polymer(X)) — H (Polymer) — H(X)

D, = E (Polymer) + E(X) — E (Polymer(X))

where X= - C=N and >C=0. Thermodynamic stability is expected when AH is negative, and the more negative the
value of AH, the more stable the (X) compound. With D, the situation is the opposite, which is, the more positive
the values of De, the more stable the polymer(X). This can be seen from Table 2. Table 2 shows that the most
negative AH and the most positive De are -2395.036au and 0.5¢V, respectively, so it is implied that PTh- C=N is
most stable structure, meanwhile, the stable order is PTh- C=N > PPy- C=N > PTh >C=0 > PPy>C=0. To our
knowledge, there are no experimental and theoretical data regarding the properties of these substituted polymers.

3.4. Electronic properties

Energy gap between the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO), or simply HOMO-LUMO gap (HLG; AEg), also called band gaps, is a key parameter
which determines the molecular admittance because it is a measure of the electron density hardness [29-30]. In order
to propose a method to describe the electronic properties of the monomeric form these polymers, we have used the
following methods to estimate the band gaps : Semi-empirical AM1(9.46V for thiophene, 10.04V for pyrrole) ab-
initio HF/6-31G* (12.69V for thiophene, 13.620V for pyrrole), DFT BLYP/6-31G*(4.44V for thiophene, 5.10V for
pyrrole) and B3LYP/6-31G* (6.12V for thiophene, 7.05V for pyrrole) methods. Comparing the values obtained
before and after substitution, we found that for PPy, - C=N substitution reduces the band gap from 4.90eV to
4.38¢eV, >C=0 substitution reduces the band gap from 4.90eV to 4.01eV. Furthermore for PTh, C=N substitution
reduces the band gap from 4.24eV to 3.94eV, >C=O0 substitution reduces the band gap from 4.24eV to 3.71eV.
(Fig.4) also shows a corresponding decrease in band gap values. This result agrees with the experimental value by
[19, 20, 31] found in Table 1.

The orientation of the electric dipole moment vector (i) of the oligomers with respect to the direction of the
polymer chain determines electrochemical characteristics of the polymer on the electrode surface. In addition to
their orientations, the size of the electric dipole moment vector of the monomers , their interactions with the solvent
and support electrolyte are the key factors in their selection for electro-polymerization. Furthermore, the structure of
the electrical double layer at the surface of electrodes which determines the kinetics of the diffusion controlled
electrode reactions depends on the dipole moment of the solute molecules [32-33]. In Table 5, interestingly, PPy
possesses a net dipole moment, and the dipole moment of PPy- C=N is the largest, 5.63D, followed by those of PTh-
C=N, 5.49D and PPy>C=0, 4.96D. It is worth knowing that the dipole moment of PTh >C=O0 is the smallest,
4.17D.

Table 5. Dipole moment, Reaction energies, (AH), Zero-point energies (D.) and its Band gaps (Ey)

Polymers Dipole (debye) AH(au) D, (eV) Egp (eV)
PPy 0.00 - - 4.90
PTh 0.00 - - 4.23
PPy- C=N 5.63 -836.34 0.49 4.38
PTh- C=N 5.49 -2395.04 0.50 3.94
PPy>C=0 4.96 1.15 0.19 4.01
PTh>C=0 4.17 1.15 0.49 3.71
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Fig.4. Plot showing the effect of substituent on Band gaps of polymers

4. Conclusion

Polypyrrole and polythiophene present
special problem in computational modeling because of
their extended molecular system. Their size and
structure complexities cause the difficulty. The same
observation was reported previously by [34-35]. This
study shows that using hybrid DFT /6-31G* basis set,
a substantial improvement in the properties can be
obtained.

From the results obtained it can be implied
that PTh- C=N is the most stable structure under the
values of AH and De. The calculated dipole moment
of PPy- C=N is the largest, (5.63D) and with the
strongest IR absorption peak located at 2332 cm™. The
substitution of these groups destabilized the HOMO
and LUMO levels; decreased the band gaps, and
increased the conjugation length, implying that the
substituted compounds are better polymers for
biosensor applications. We hope that our results may
provide a reference for further experimental and
theoretical work as well as effects directed towards the
synthesis of these derivatives.
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