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ABSTRACT

The electronic, vibrational and transport properties of Poly-Pyrrole (p-Py) and functionalized p-Py (F-
Py) conducting polymers were studied by means of density functional theory and non-equilibrium Green’s
function method. The electronic properties were studied in terms of HOMO -LUMO and density of state
spectra. It divulges that the band gap has shrunk appreciably due to the addition of nitraso and thio functional
groups upon the p-Py structure.The variation in the band gap is may be due the half filled 2S orbit of nitrogen
atoms in the p-Py structure. Vibrational spectra reveals that there is a shift in the frequency towards the lower
region. This may be due to the addition of functional groups in p-Py structure and they are identified due to
molecular stretching. Transport properties of p-Py and F-Py are studied by constructing nano devices showed
an appreciable hike in current variation from nano amperes to milli amperes by the addition of functional
groups.This results are confirmed with the corresponding transmission and PDOS spectra.
Keywords: Poly-Pyrrole;funtionlization of Pyrrole; NEGF; nano device; transport properties.
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INTRODUCTION

Conducting polymers (CP) have been substantially explored by many researchers due to their
preeminent physical and electronic properties. They have excellent chemical stability due to switchable
conductivity between semiconductors and insulators [1]. They can be used as basis material for many new
technologies such as LED’s [2,3], solar cells [4,5], energy storage devices [6,7], sensors [8-10], batteries [11,12]
etc. Among the various conducting polymers, Poly Pyrrole has attracted many researchers because of its
conductivity and high environmental stability [13]. Poly-Pyrrole structures have many applications in
supercapacitors [14], tissue engineering [15], bio sensors [16-18] and electrochromic displays [19,20] due to its
redox reversibility. Poly-Pyrrole can be synthesized by many methods such as chemical
oxidation,electrochemical method and microemulsion polymerization technique [21-23] etc. However, poly-
Pyrrole requires amendment on its structure for sensing applications [24] since it has no functional group.
Calvo-Mufioz et al [25] functionalized the poly-Pyrrole film by adding ester groups. Chang et al [13] reported
functionalization of poly-Pyrrole by electrochemical method for biosensing applications. However, not much
reports are available in the literature regarding the functionalization of poly-Pyrroles using the functional
groups. Density functional theory (DFT) is a kind of tool through which the properties of structures or
molecules can be explored [26,27]. The present work is aimed to utilize the features of DFT to functionalize
the poly-Pyrrole by agglutinating the functional groups such as nitrso and thio with poly-Pyrrole base
structure.Various properties such as energy, band gap variation and charge distribution are discussed. In
addition to this, a nano device is made by using this p-Py and F-Py structures to study its transport properties
under various bias conditions are studied and the results are discussed.

COMPUTATIONAL DETAILS
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Fig 1(c) - Thio- Pyrrole

Fig. 1: Structures of (a) p-Pyrrole, (b) nitraso-Pyrrole and (c) thio-Pyrrole

The structures of poly-Pyrrole(p-Py) and two functional groups such as nitroso and thio agglutinated
polyPyrroles (F-Py) have been optimized (shown in Fig 1(a),(b) and (c)) using Gaussian 09 [28] package. For all
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the structures, the optimization is done using 6-311G* basisset with B3LYP as the energy functional. The
energy convergence is set to 10°eV for the optimization process of all the structures. The transport properties
of the p-Py and F-Py structures were studied Keldysh formalism based non-equilibrium Green’s function
technique (NEGF) implemented in TRANSIESTA [29] package in SIESTA [30]. Usually the study of transport
properties of a structure or molecule consists of left electrode region (LE), right electrode region (RE) and a
scattering region (SE). In order to study the transport properties of p-Py and F-pay structures, golden (Au)
atoms are selected as electrode which are coupled through the sulfur atoms with the p-Py and F-pay
structures. The p-Py and F-Py structures are optimized in Gaussian09 are used for the scattering region
calculations. The total structure is again optimized in the SIESTA package using NAO basisi sets for transport
calculations. The current through the p-Py and F-Py devices can be obtained by the Landauer - Buttiker formula
(31],

IV,) = G, J‘ LT{E,L},]:EE (1

by

where G is the quantum conductance, T (E, V,) is the transmission probability of electrons through
the device under the bias voltage V,. Transmission probability curves are obtained by using the TBTRANS [32]
utility in the TRANSIESTA package.

RESULTS AND DISCUSSION
Electronic properties

The electronic properties of the optimized structures of p-Py and F-Py can be discussed in terms of
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbit (LUMO). Table 1 presents
the calculated HOMO and LUMO values of the p-Py and F-Py structures. The bandgap can be calculated by
getting the difference of HOMO and LUMO of the respective structures. The calculated band gab for p-Py has
the maximum value compared to F-Py structures. Higher band gap value is obtained for p-Py is 3.57 eV, which
indicates that it has high closed shell configuration with lower level of chemical activity. However, when any
one of the functional group such as nitraso or thio is aggultinated with the p-Py, there is an appreciable
decrease in the band gap is observed. This indicates that the F-Py structures are chemically sensitive.

Table 1: HOMO, LUMO, Energy gap and variation in the band gap of p-Py and F-Py structures

Energy
Structure HOMO(eV) LUMO(eV) Gap(eV) Variation in Band Gap(eV)
Pyrrole -4.48 -0.91 3.57
nitraso-Pyrrole -4.86 -2.54 2.32 1.25
thio-Pyrrole -4.58 -1.11 3.47 0.1

Among the F-Py structures, nitroso-Py shows the high value of band gap of 2.32 eV compared to thio-
Py structure, which is found to be 0.1 eV. The shrinkage in the band gap may be attributed due to the half
filled 2S orbital of the nitrogen atom, which is bonded to the carbon atom in the Py structure. Fig. 2 (a), (b)
and (c) shows the visualization of the HOMO-LUMO orbitals of p-Py and F-Py structures. It is clearly described
from the Fig.2 that, the occupation of HOMO-LUMO energy levels of the atomic orbitals of p-Py and thio-Py
are almost the same. Nevertheless, the occupation of the HOMO-LUMO orbitals of nitraso-Py is spread only in
the functional group attached side.

Analysis of the density of states (DOS) of the p-Py and F-Py structures describes how the energy states
are distributed to a wide range of energy between -10 eV to 10 eV. It also describes that how the presence of
charges in the structure. The DOS diagrams of p-Py and F-Py are shown in Fig. 3 (a), (b) and (c). For p-Py
structure, the number of energy states are more in the conduction band side than in the valance band side
denotes that there can be possibility of charge flow easily which makes conduction. When any one of the
functional group is affixed with the p-Py, a drastic number of energy states are formed in the F-Py structures.
In addition, the energy gap is drastically decreased and hence the F-Py is becoming chemically active. The
addition of functional group such as nitraso and thio greatly reduces the energy gap of the p-Py structure.
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However, the addition of nitraso group is reducing the band gap of order one. This implies p-Py can be
functionalized more actively by the nitraso group than the thio group.
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Fig. 3: Density of States diagrams of p-Py and F-Py structures((a) p-Pyrrole,(b) nitraso-Pyrrole and (c) thio-Pyrrole)
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The charge distribution among p-Py and F-Py structures can be analyzed in terms of Mulliken
population analysis. Mulliken population analysis provides the total atomic charges for the optimized p-Py and
F-Py structures. Table 2 shows the Mulliken population analysis of p-Py and F-Py structures. The obtained
atomic charge values with a 6-311G basis set shows that for p-Py structure, the nitrogen atoms have high
positive atomic charges compared to other atoms in the structure. This implies that all nitrogen atoms offer
high charge transfer to other atoms. This same trend is observed for all F-Py structures also. In all p-Py and F-
Py structures the charges upon the hydrogen atoms are very low. For the thio-Py structure, sulphur atoms
have higher positive charge than the nitrogen atoms.

Table 2: Mulliken population analysis of p-Py and F-Py structures

p-Pyrrole Nitraso-Pyrrole Thio-Pyrrole
Atom Charge(e) Atom Charge(e) Atom Charge(e)
N1 7.302 N1 7.096 N1 7.086
c2 6.208 Cc2 6.575 c2 6.316
c3 5.642 c3 5.576 c3 5.434
Ca 6.246 c4 6.3 c4 6.504
c5 6.115 c5 6.059 C5 6.029
N6 7.32 N6 7.049 N6 7.069
c7 5.872 c7 6.421 c7 6.126
c8 6.1 C8 5.986 c8 6.242
(o°] 6.016 Cc9 6.32 (o°] 6.26
C10 6.308 Cc10 5.85 Cc10 6.097
N11 7.327 N11 7.029 N11 7.038
C12 6.13 C12 5.639 C12 5.899
C13 6.02 C13 6.629 C13 5.795
Cc14 6.013 Cl4 6.042 Ci4 5.665
C15 6.156 C15 5.909 C15 6.363
N16 7.322 N16 6.981 N16 6.992
C17 6.152 C17 5.771 C17 5.888
C18 6.054 C18 6.377 C18 6.244
C19 6.037 C19 6.228 C19 6.29
C20 5.932 C20 6.162 Cc20 5.993
N21 7.313 N21 6.997 N21 6.987
C22 6.327 C22 5.716 C22 6.034
C23 6.068 c23 6.28 c23 6.33
Cc24 6.101 Cc24 6.213 C24 6.078
C25 5.889 C25 6.197 C25 5.932
N26 7.303 N26 7.091 N26 7.095
c27 6.111 c27 6.083 c27 6.068
Cc28 6.234 Cc28 6.303 C28 6.35
C29 5.647 C29 5.781 C29 5.837
C30 6.154 C30 6.47 C30 6.22
H31 0.708 N31 7.124 H31 0.734
H32 0.884 032 7.906 H32 0.905
H33 0.876 H33 0.733 H33 0.889
H34 0.869 H34 0.87 H34 0.889
H35 0.714 H35 0.878 H35 0.758
H36 0.881 H36 0.883 H36 0.907
H37 0.883 H37 0.648 H37 0.909
H38 0.709 H38 0.885 H38 0.751
H39 0.881 H39 0.881 H39 0.911
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H40 0.881 H40 0.724 H40 0.757
H41 0.716 H41 0.888 H41 0.904
H42 0.883 H42 0.743 H42 0.907
H43 0.881 H43 0.886 H43 0.753
Ha44 0.713 Ha44 0.889 Ha44 0.911
H45 0.882 H45 0.74 H45 0.904
H46 0.883 H46 0.892 H46 0.74
H47 0.708 H47 0.887 H47 0.887
H48 0.869 H48 0.737 H48 0.889
H49 0.876 H49 0.88 H49 0.91
H50 0.884 H50 0.878 S50 16.409
H51 0.892 H51 0.924

Vibrational Analysis of p-Py and F-Py structures

The IR spectra of p-Py and F-Py structures are shown in Figure 4 (a), (b) and (c) respectively. From the
p-Py spectrum in Fig 4 (a), it is observed that more number of peaks are found below the frequency of 2000
cm™ which are mostly due to molecular stretching. The maximum intensity 214.44 is observed in the frequency
of 1563.60 cm™ which is due to stretching of the entire molecule. The IR spectrum of nitraso-Pyrrole shows (in
Fig. 4 (b)) a strong peak of intensity of 280.64 at the oscillating frequency of 1330.03 cm™ which is due to
stretching of hydrogen atoms in the structure. This structure possesses similar IR activity like p-Py structure.
The thio-Pyrrole IR activity spectrum in Fig 4 (c) shows a maximum peak intensity of 254.21 at the frequency
1553.73 cm’’. This is identified due hydreoden atoms stretching between in the Pyrrole molecules. It is clear
from the vibrational spectra, the shift in the frequency is due to the additional of the nitraso and thio
functional groups. Table 3 lists some major intensities at different frequencies and the mode of vibrations for
p-Py and F-Py structures.
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Fig.4: Vibrational spectra of p-Py and F-Py structures. ((a) p-Pyrrole,(b) nitraso-Pyrrole and (c) thio-Pyrrole)
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Table 3: Vibrational intensity, frequency and mode of vibrations of p-Py and F-Py structures.
Structure Frequency (cm'l) Intensity Mode Assignment
764.47 176.92 Molecular Bend
765.87 163.44 Molecular Bend
p-Pyrrole 1088.31 173.91 Molecular Stretch
1258.91 213.11 Molecular Stretch
1563.60 214.44 Molecular Stretch
445.39 49.64 Molecular Stretch
496.57 51.24 Molecular Bend
nitraso-Pyrrole 712.33 80.60 Molecular Bend
762.77 176.19 Molecular Bend
1330.03 280.64 Molecular Stretch
709.43 79.05 H-C Stretch
765.01 241.69 H-C Stretch
thio-Pyrrole 1083.42 133.34 Molecular Stretch
1250.76 129.39 Molecular Stretch
1553.73 254.21 Molecular Stretch
Transport properties

Structure of the device

In order to study the functionalization of p-Py and F-Py structures, small nanoscale devices are
constructed by adding electrodes on both ends of the structures as shown in Fig.5. Semi infinite electrodes
with 27 gold atoms were used for the electrode calculations along (111) surface. The p-Py and F-Py structures
placed in between the electrodes are considered as scattering region along (001) surface and they are

connected with the golden electrodes by means of sulfur atoms.

(b) Nitraso Pyrrole Nanodevice
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Since the sulfur atom possesses high affinity with gold atoms, it can be used as glue atom between
the device molecule and the electrodes. For the V-l curve calculations, the bias voltage applied between the
electrodes varies from OV to 1V in steps of 0.1V.

Zero-bias transport characteristics

Zero bias transmission and PDOS curves of p-Py and F-Py are shown in Fig.6. Under the equilibrium
conditions , the probability for the charge carriers with an energy crossing from left electrode to right
electrode is directly proportional to the transmission coefficient [33]. In the transmission spectrum of p-Py, a
strong peak is observed on both sides of the Fermi level, which indicates strong coupling is established
between the scattering region and the electrodes at these energy levels. However, nitraso-Pyrrole structure
shows same trend as p-Py nano device, in the transmission with many peaks on both sides of the Fermi level.
On the other hand thio-Pyrrole structure shows strong peaks in the valance band side than the conduction
band side under the zero bias condition. For p-Py and thio-Pyrrole nano devices, strong rise in the transmission
at the Fermi level indicates its high metallic nature. However, the number of PDOS for F-Py is more than the
PDOS spectra of p-Py. This indicates the funtioanl group enhances the transmission probability through the
device.

Thio
20|
15
10
05
F : Zero Bias PDOS
0.0 F - [ Pristine
L . [
E a8 1 1 j 1 I 1 1 1 T,‘:{:“ “5
. —— Nitras : <
L : 2
c 5
=] ‘E g
2 o
E
g )
E S~ A—,A, \—JL L 2 __.J\—\J.
(= :
1 b 1 1 I / .
20 1.5 1.0 0.5 0.0‘ 0.5 1.0 1.5 2.0
Energy(eV)

(b) Zero Bias PDOS

_0_5-.|.|.|.i.|.|.|.
20 15 1.0 05 0.0 0.5 1.0 1.5 2.0

Energy(eV)
(a)Zero Bias Transmission

Fig. 6: Zerobias transmission and PDOS of p-Pyrrole and F-Pyrrole structures
V-I characteristics

The V-I characteristics of p-Py and f-Py nano devices are shown in the Fig. 7. The voltage varies from
0.2V to 2V in steps of 0.2V for all nano devices. From the figure, the V-I characteristics of p-Py nano device
shows that the current is varying linearly with the variation of voltage exhibits ohmic behaviour. However, the
magnitude of the current is in the order of nanoampers may be due higher band gap. When a functional group
is added to the p-Pyrrole nano device, the current has considerably increased, which indicates that the
functional groups enhances the current flow through the device. The V-I characteristics of F-Py nanodevices
also possesses linear variation of current with the increase in the voltage. Among these two, nitraso-Py device
have high functinaolzation on the Pyrrole since it has higher conductivity than the thio-Py device. Also, the
nitraso-Py device exihibits non-linear variation in the current which is very useful for the fabrication of nano-
devices.
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Fig. 7: V-l characteristics of p-Pyrrole and F-Pyrrole structures

Transmission properties of p-Py and F-Py structures
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Fig. 8: Transmission spectrum of (a) p-Pyrrole nano device (b) nitraso-Pyrrole nano device and (c) thio-Pyrrole nano
device under biased conditions

The transmission probability of p-Py and F-Py nano devices are analyzed for various input bias
voltages. Usually, the current flowing through the device can be attributed by analyzing the electronic states
inside the bias window. Bias window is represented as [-V/2, V/2] where V is the applied bias voltage. The
average of left electrode bias voltage and right electrode bias voltage is known as average Fermi level, which
is set to zero for easier calculations. Fig. 8 represents the transmission spectrum of p-Py and F-Py nano devices.
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For p-Py nano device, no appreciable change in transmission is observed within the bias window, which
indicates that the minimum possibility of current passing through the device which is confirmed with V-I
characteristics of p-Py structure. The same behaviour of the transmission is observed for higher voltages also.
However, for nitraso-Pyrrole structure, small but strong peaks are observed in the bias window indicates the
current flow through the device is enhanced by the addition of the nitraso group.

When the bias voltage is increased, the transmission probability is also increased since the bias widow
for higher voltages have more strong peaks. In the case of thio-Pyrrole structure, compared to nitraso-Pyrrole,
more and strong peaks are observed even at 0.1 V bias voltage. Peaks around the Fermi level indicates strong
coupling between the electrode and the scattering region is established which in turn raises the current flow
through the device. While increasing the bias voltage also raises the number of peaks inside the bias window
and enables more current through the device.

In order to know the further possibility of the charge flow through the device, it is necessary to
analyze the partial density of states of the corresponding devices. Fig. 9 shows the PDOS spectra of p-Py and F-
Py nano devices for various bias voltages. For p-Py structure, in the PDOS diagram (Fig. 9 (a)) strong peaks are
observed below the Fermi level. No appreciable peaks are observed near the Fermi level or inside the bias
window. This results in the reduction of tunnelling of charge carriers between the electrodes which results low
current passing through the device. In the case of nitraso-Pyrrole device (in Fig.9 (b) small states are appearing
near the Fermi level contributes the flow of current through the molecule due to the incorporation of nitraso
group. For thio-Pyrrole nano device, strong peaks are arsied near the Fermi level enables high transport
through the device.
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Fig. 9: PDOS spectrum of (a) p-Pyrrole nano device (b) nitraso-Pyrrole nano device and (c) thio-Pyrrole nano device
under biased conditions

CONCLUSION

Electronic, vibrational and transport properties of poly-Pyrrole and functionalized poly-Pyrrole
(nitraso and thio groups) conducting polymers has been investigated using density functional theory and non-
equilibrium green’s function method. HOMO-LUMO analysis reveals, p-Py structure has been electronically
functionalized with the addition of nitraso and thio functional groups. The band gap is found to be 3.57 eV for
p-Py structure which considerably reduced while adding nitraso functional group to 2.82 eV and it is 3.47 eV
when the addition of thio functional group. This is due to the half filled 2S orbital of the nitrogen atom in the
Pyrrole structure. The reduction in the band gap is confirmed with the help of DOS diagram. Vibrational
analysis shows considerable variation in IR activity in the frequency reduction due to the addition of functional
group in the p-Py structure and most of them are found to be due to molecular stretch. Transport property of
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the p-Py and F-Py nano devices reveals that the current value is considerable increased when the functional
group is added to the p-Pyrrole structure. In the F-Py devices thio-Pyrrole device has more conducting than
the nitraso-Pyrrole device. Over all, p-Py structures can be functionalized by the addition of functional group in
terms of its electronic and vibrational properties and in particular it is enhanced by the addition of thio
functional group.
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