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Polypyrrole (PPy) have been considered as one of the most promising conducting polymers for
gas sensor application because it can be efficiently operated at room temperature, light weight,
thermal stability and ease of preparation. In this work, we have investigated the geometric and
electronic structures of PPy based on B3LYP/3-21G*, B3LYP/6-31G* and SCC-DFTB
methods. The effects of polymer chain length of PPy on structural and electronic properties
including bond length, bond angle, torsion angle, the highest occupied orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO) and energy gap have been studied from the
optimized PPy oligomers (n = 1-10). The results show that the bond length, bond angle and
torsion angle from SCC-DFTB method are C-N = 1.38 A N-H =1.04 A, C-C = 1.45 A, N-C-C
=122° C-C-C = 131° N-C-C-C = 179 ° and C=C-C=C = 179 °, respectively. The HOMO and
LUMO are in range of -5.49 to -4.23 eV and -0.078 to -1.92 eV, respectively. The energy gap
decreased with increasing polymer chain length from 5.41 to 2.31 eV. Furthermore, sensing
behavior of PPy for detection of toxic gases such as ammonia (NHs), carbon dioxide (CO,) and
nitrogen dioxide (NO,) has been studied and discussed in details.

1. Introduction

Polypyrrole (PPy) is a conjugated polymer formed by the polymerization of pyrrole. It possesses
reasonably high conductivity because m electrons delocalize along the polymer backbone [1]. PPy
conducting polymer has been widely used for several applications such as electronic circuits [2,3],
protection of metals [4], supercapacitors [5], cell culture substrates [6], ion exchange membranes [7],
field effect transistors [8], solar cells [9], light-emitting diodes [10], electrochromic devices [11],
elastic textile composites [12], biosensors and gas sensors [13,15] because it offers good features
including efficiently operation at room temperature, light weight, thermal stability, good electrical
conductivity and high redox properties [16]. Recently, theoretical studies on PPy are available in the
literatures [17-18]. Most of them employed density functional theory (DFT) such as B3LYP to
investigate electronic, structural and sensing PPy properties. However, B3LYP is confronted with a
basis set superposition error (BSSE) and problems in representation of dispersion/weak non-covalent
interactions. An alternative method such as self-consistent charge density functional tight-binding
(SCC-DFTB) may be used in order to overcome these barriers. In this work, we have used the SCC-
DFTB to investigate structural and electronics properties of Py oligomers comparing with DFT
calculations. Moreover, sensing behavior of neutral PPy sensing properties for toxic gases including
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ammonia (NHjs), carbon dioxide (CO,) and nitrogen dioxide (NO,) has been studied and discussed in
details.

2. Methodology

The PPy structures were fully optimized by the DFT using a hybrid functional B3LYP level with 3-
21G™* basis set calculation [19]. After B3LYP/3-21G* optimization, all structures were re-optimized
by B3LYP/6-31G* level [20,21] using GAMESS [22]. Oligomer was varied number (n) ranging from
1 to 5 units. The molecular structure of PPy is display in Figure 1. The self-consistent-charge density-
functional tight-binding (SCC-DFTB) was considered for studying the structure and electronic
properties of Pyrrole (Py) oligomers (n = 1-10) comparing with DFT method. All structures were
visualized on wxMacMolPIt [23] for analysis of bond length, bond angle and torsion angle. In case of
its sensing properties of PPy, the binging energies between gas molecules (NH;, CO, and NO,) and
PPy were calculated based on SCC-DFTB energy calculation including van der Waals dispersion
corrections [24,25].
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Figure 1. Molecular structure of PPy oligomers.

3. Results and discussion

The root-mean-square deviations (RMSD) of bond length, bond angle and torsion angle of optimized
PPy structures ranging from 1 to 5 units by B3LYP/3-21G* and SCC-DFTB comparing with
B3LYP/6-31G™* are shown in Table 1. For example, the RMSD values of SCC-DFTB were calculated

_ z
by a simple equation; RMSD :JZ(XDFTBRXB“”P), where Xperg and Xgave are structural

properties obtained by SCC-DFTB and B3LYP/6-31G* methods, respectively. The results show that
bond length, bond angle and torsion angle do not change significantly with increasing oligomers up to
5 units. It indicates that the SCC-DFTB can predict geometry according to DFT method with ~1000
times faster than DFT [26,27]. The optimized 10 oligomers PPy structure by SCC-DFTB is displayed
in Figure 2. It exhibits a planar geometry due to the generation of the conducting form [16]. Full list of
geometries parameters of PPy oligomers is summarized in Table S1 of the supplementary data section.



Table 1. Root mean square deviations (RMSD) of bond lengths, bond angle and torsion angle of
optimized Py structures (n= 1 to 5 units) by B3LYP/3-21G* and SCC-DFTB comparing with
B3LYP/6-31G*.

B3LYP/3-21G* SCC-DFTB
n 1 2 3 4 5 1 2 3 4 5
Bond length (A) 0.007 0.008 0.006 0.006 0.008 0.022 0.018 0.021 0.020 0.019
Bond angle (°) - 1.214 1.051 1021 1.001 - 0.766 0.556 0.514 0.507
Torsion angle (°) - 3.270 3.722 5.371 3.808 - 1.735 0.503 1.767 4.059

Figure 2. Optimized structure of Py oligomers with n = 10 units based on SCC-DFTB calculation.

The HOMO and LUMO level of Py oligomers calculated based on B3LYP/3-21G*, B3LYP/6-31G*
and SCC-DFTB calculation are shown in Table 2. The results indicate that the energies of HOMO
level increase with increasing oligomers number from 1-5 units. In contrast, the energies of LUMO
level decrease with increasing oligomers. The negative values of HOMO and LUMO can be used to
estimate ionization potential and electron affinity [28], respectively. Therefore, it indicates that the
long polymer chains of Py tend to oxidize more easily.

Table 2. HOMO and LUMO in eV of Py with n = 1-5 units obtained by B3LYP/3-21G*, B3LYP/6-
31G* and SCC-DFTB methods.

B3LYP/3-21G* B3LYP/6-31G* SCC-DFTB
n HOMO LUMO HOMO LUMO HOMO LUMO
1 -5.48 1.53 -5.39 1.47 -5.49 -0.08
2 -4.65 0.36 -4.56 0.34 -4.83 -1.1
3 -43 -0.07 -4.21 -0.08 -4.57 -1.44
4 -418 -0.26 -4.08 -0.28 -4.43 -1.62
5 -4.08 -04 -3.99 -0.39 -4.36 -1.72

Energy gap of Py oligomers can be calculated by LUMO - HOMO. Figure 3 shows the energy gap
versus oligomer numbers. Based on DFT method, small basis set (3-21G*) slightly predicts a higher
energy gap comparing with 6-31G*. In case of the SCC-DFTB, it underestimates energy gap below ~
0.96-1.45 eV. However, energy gap obtained by SCC-DFTB still shows the similar trends with DFT
energy gap. The energy gap decreases with increasing oligomers number. These results indicate an
increase of conductivity with increasing chain length due to enhancement of © conjugation. At 10 units



of Py oligomers, the SCC-DFTB estimates the energy gap of 2.31 eV corresponding to experimental
bandgap of 2.8 eV [29].
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Figure 3. Energy gaps of Py oligomers obtained by B3LYP/3-21G*, B3LYP/6-31G* and SCC-DFTB
method.

To study the sensing properties of Py, interaction energies (AE) between Py monomer and various
gases such as NHs;, CO, and NO, have been investigated based on SCC-DFTB including van der
Waals dispersion corrections. The selected orientations of gas molecules to Py monomer are displayed
in Figure 4. The interaction energies as a function of the binding distance are shown in Figure 5. From
results, the interaction energy of Hpy — Nyus is higher than that Hpy — Oco, and Hpy — Ono, With the
interaction energy of 2.89, 1.16 and 0.96 kcal/mol corresponding to the binding distance of 2.10, 2.30
and 2.4 A, respectively. The electron charge transfers are found to be from gas molecules (NH; and
CO,) to the Py and from Py to NO, for 0.016e, 0.003e and -0.009e, respectively. It suggests high
selectivity and sensitivity properties of Py to NH; over other gases consistent with experimental results
[30].
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Figure 4. Orientations of (a) NH3, (b) CO, and (c) NO, molecules to Py monomer.
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Figure 5. Interaction energies between gas molecules and Py monomer as a function of the distance.

4. Conclusion

In summary, Py geometries obtained by SCC-DFTB method are good agreement with the DFT
calculation. SCC-DFTB underestimates the energy gap comparing with DFT. Optimized geometry of
Py oligomers do not change with increasing in repeating units. Conductivity of Py oligomers increases
with increasing polymer chain length. In case of sensing properties, Py polymer exhibits a good
selectivity and sensitivity to NHas. It suggests high performance of Py polymer for NH; detection at
room temperature.
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