Applied Chemistry Today 19(73) (2024) 147-160

Semnan University

Applied Chemistry Today

Journal homepage: https://chemistry.semnan.ac.ir/

ISSN: 2981-2437

Research Article

Electrode Potential for a Series of Oligo(pyrrole)s: Theoretical

and Experimental Approaches

Zeynab Ashrafi?, Hossein Nikoofard®"®, Mobina Hosseni®
aFaculty of Chemistry, Shahrood University of Technology, Shahrood 36199-95161, Iran
bSchool of Chemistry, Damghan University, Damghan 36716-41167, Iran

PAPER INFO

ABSTRACT

Article history:
Received: 04/Jul/2024
Revised: 14/Sep/2024
Accepted: 14/Sep/2024

Keywords:
Oligo(pyrrole);

DFT calculations;
Cyclic voltammetry;
Oxidation potential;
IV-curves.

The study of oxidation potential and electronic properties of conducting polymers are very
important for designing new material with improved properties. The current study focused
on the electrochemical information about potential electrode of pyrrole (Py) oligomers,
nPy: n = 2-8, as well as their structural and electronic properties. Computational chemistry
based on DFT calculations were used to determine an accurate standard oxidation potential
(E,,) for the nPy with respect to the calomel reference electrode in the aqueous and non-
aqueous solutions. A nice agreement between the predicted and available experimental
redox potential was obtained with an average absolute deviation of 0.016 V. A good linear
correlation with both the HOMO level and the ionization potential were obtained for the
E,, values. Additionally, an estimated E,, value of 0.21 V vs. SCE was obtained for
poly(Py) in THF. The simulated current-voltage (IV) curves revealed an increase in the
conductivity of nPy chains as the length of oligomer increasing. Based on the analysis of
the band gap from the TD-DFT spectral results, a high ease of charge transport was
observed for long oligomer chains. Poly(Py) films were synthesized electro-chemically by
the direct anodic oxidation of pyrrole in an aqueous solution via cyclic voltammetry (CV)
technique. It was found that the oxidation potential for oligo(Py) chains decreases through
the growing polymer during the electro-polymerization.

DOI: https://doi.org/10.22075/chem.2024.34471.2281

© 2024 Semnan University.
This is an open access article under the CC-BY-SA 4.0 license.( https://creativecommons.org/licenses/by-sa/4.0/)

* .corresponding author: Associate Professor of Physical Chemistry. E-mail address: hnikoofard@shahroodut.ac.ir
How to cite this article: Ashrafi, Z., Nikoofard, H. & Hosseini, M. (2024). Electrode Potential for a Series of Oligo (pyrrole)
s: Theoretical and Experimental Approaches. Applied Chemistry Today, 19(73), 147-160. (in Persian)


https://portal.issn.org/resource/ISSN/2981-2437
https://doi.org/10.22075/chem.2024.34471.2281
https://creativecommons.org/licenses/by-sa/4.0/
https://orcid.org/0000-0001-8890-7827

Applied Chemistry Today

Ashrafi et al.

Vol. 19, No. 73, 2024

1. Introduction

The investigation of the electronic, optical, and
magnetic characteristics of conjugated polymers
was initiated in the 1970s following the
identification of poly(acetylene) as conducting
polymer by Shirakawa et al. [1]. The chemical and
electro-chemical synthesis of zconjugated organic
materials and the subsequent success in their doping
to create the electrical conducting materials
established the field of conducting polymers. These
kinds of polymers are widely used for industrial
applications such as solar cells [2, 3], light emitting
diodes (LEDs) [4, 5], electrochromic devices [6, 7],
gas sensors [8-10] and field effect transistors [11].
An electrochromic material sustains reversible and
persistent changes of its optical properties upon
applied potential. The acknowledgment of the Nobel
Prize for chemistry in the year 2000, bestowed upon
Heeger, MacDiarmid, and Shirakawa, served to
validate the significance of the identification and
advancement of conductive polymers [12]. Among
the conducting materials, Py-containing polymers
have various useful properties such as high charge
carrier mobility, high photochemical and thermal
stability [13, 14].

By convention, Py derivatives have a unique
mechanism for polymerization process which is
depicted in Scheme 1 [15]. In the first step (a), a Py
monomer in its neutral form (ground state)
undergoes a one-electron oxidation reaction to
generate a radical cation form (oxidized state). In the
subsequent step (b), the acquired radical cation can
engage in recombination with another radical cation
to form a dihydro-dication (c); this process can be
followed by the elimination of two protons resulting
in the production of a neutral bi-Py molecule as a
dimer (d). The neutral dimer has the potential to
undergo an additional  oxidation  process
(recombination and deprotonation steps), leading to

large oligo(Py) chain and, consequently, poly(Py) as
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the final product. The properties associated with the
oxidation reaction of Py and oligo(Py)s serve as an
effective indicator of reactivity for the coupling
reaction, thereby facilitating the formation of
desirable conducting materials. The electro-
chemical experiments were shown that the oxidation
potential of oligomeric chains of Py are lower than
its monomer due to a higher degree of =-
conjugation, more charge delocalization, and the
planarity of the backbone chain [16]. However, most
of the experiments deal with electro-chemical
characterization of the conducting polymer for
immediate applications, precise information about
exact values of oxidation potentials for oligomers is

quite scarce.
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Scheme 1. A unique mechanism for electro-polymerization of Py
monomer [15].

During the last decades, a great number of
theoretical and experimental studies have provided
important information about the structural and opto-
electronic properties of the conjugated oligo- and
polymer species, contributing to their remarkable
electrical and optical features [17-19]. In this regard,
a fundamental challenge is to develop consistent,
instructive, and computationally efficient theoretical
methodologies for the estimation of oxidation
potential as a conduction property. In the current
work, an alternative method of calculations is
presented in order to predict the electrode potential
of the nPy species including n = 2(di), 3(tri), 4(tet),
5(pen), 6(hex), 7(hep), and 8(oct) building units of

oligomer chain in the gas phase and both water and
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tetrahydrofuran (THF) solutions. A comparative
analysis has been undertaken to evaluate the
findings acquired in this study with those that were
previously reported. The investigation was extended
by analysing the first stages of poly(Py) electro-
synthesis by  cyclic  voltammetry  (CV)
measurements [20].

2. Methodology

2.1. Experimental method

A standard three-electrode cell was used with a
glassy carbon (GC) disk as the working electrode, a
saturated calomel electrode (SCE) as reference, and
a platinum wire as the counter electrode. Before
each experiment, the working electrode was
polished mechanically with 1.0 mm diameter
alumina powder, washed, and then rubbed against a
cloth.  All  the

measurements were carried out using the electro-

smooth electro-chemical
chemical system AMEL instrument (Italy) witha PC
and electro-chemical set-up that was controlled with
the software. Pyrrole (Merck) was distilled under
reduced pressure before use. Deionized water from
a Millipore purification system was used for the
preparation of the solutions. All the experiments
were carried out in a supporting electrolyte
containing KNO3 (0.2 M) at room temperature.

2.2. Computational details

The density functional theory (DFT) has been found
as one of the most favorable techniques of theory for
responsible and precise calculations at minimum
cost for macromolecule system [21, 22]. All
calculations were done using the B3LYP/6-
31G(d,p) level of theory as implemented in the
Gaussian 09 suite of the program [23]. The initial
geometry optimization of all structures in both the
ground and oxidized states was carried out in the
water and THF solvents as well as the gas phase. The
solvation Gibbs free energy calculations in the
condensed phase were done via the conductor-like

polarizable continuum model (CPCM) [24].
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Following the geometry optimization, the TD-DFT
formalism [25] from both the ground and oxidized
structures of each oligo(Py) at TD/B3LYP/6-
31G(d,p) level of theory was used to calculate the
excited states to achieve simulated UV-vis spectra.
The 1V-curves have been simulated for the short
oligomer chains using Quantumwise Atomistix
Toolkit (ATK) simulator [26, 27].

3. Result and discussion

3.1. Molecular structure

The mean dihedral angle (4), defined by torsional
angle between two adjacent Py monomer ring along
the oligo(Py) backbone, in the gas phase and the
water solvent are given in Table 1. Calculation
results indicate that the mean dihedral angles for the
ground state oligomers are changed in 22.7°-26.8° in
the gas phase. In other words, all oligomer chains
are away from the planarity backbone (0°),
decreasing when the oligomer chain increased.
According to Table 1, in the case of oxidized states,
the torsional angles decreases significantly up to 0.
It means that the excess charge induced a geometric
distortion generating a planar structure. It is known
that the planarity of oligomer backbone, and
thereby, final polymer is an important key factor in
their electrical conduction. When solvation effects
are introduced, the mean dihedral angle for the
ground states (column 3) decreased about 7.3° with
respect to ones in the gas phase while it remains
unchanged (= 0°) in the oxidation forms (column
6).

Table 1. The mean dihedral angles (in degree) along the oligomer
chains in the gas phase and water solution

A Ground state A Oxidized state
Oligo(Py)s gas  water gas  water
di(Py) 26.8 195 00 0.0
tri(Py) 245 156 00 00
tet(Py) 233 161 00 00
pen(Py) 219 151 0.0 00
hex(Py) 228 156 00 0.0
hep(Py) 225 157 21 13
oct(Py) 227 154 39 23
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The parameter denoted as the bond length
alternation (0) is a significant factor that is
associated with the m-conjugation of a molecule
[28]. In this context, it is defined as follows:

0= 2rpp — (fap + Fop) @
where rgp, rop, and rqpr denote the mean single C(B)-
C(B’) and the double C(a)=C(B) and C(a')=C(B")
bonds along the backbone oligo(Py) chain,
respectively (as being labelled in Scheme 1). The §
values with the mean single and double bond lengths
(fc—¢c and tc—c) for each oligo(Py) chain were
calculated in both the ground and oxidized states,

which was quoted in Table 2.

Table 2. The alternation parameter (A) for the ground and
oxidized states of oligo(Py)s in water solvent.

ol igo(Py)s J Ground state J Oxidized state
di(Py) 0.0467 -0.0239*
tri(Py) 0.0438 -0.0094
tet(Py) 0.0423 -0.0008
pen(Py) 0.0413 0.0047
hex(Py) 0.0406 0.0090
hep(Py) 0.0403 0.0123
oct(Py) 0.0399 0.0162

* The term (-) pertains to a quinoid structure in which
the inter-ring bond has a greater double bond
character than that in the conventional aromatic
configuration.
It is clear that a quantity of & value closer to the zero
(0 — 0) corresponds to an increase in the aromatic
character of C-C bonds along the conjugated
polymer chain. In this regard, for all oligo(Py)s, the
bond alternation parameter in the oxidized state was
lower remarkably than those in the ground states in
the range of 0.0029-0.0081 A. It has been
determined that a small value of the bond length
alternation could potentially be indicative of an
improved m-conjugation system, the narrow gap
energy between the highest occupied molecular
(HOMO) and the

molecular orbital (LUMO), as well as a low value of

orbital lowest unoccupied
excitation energy. One can also see in Table 2, in the
case of ground states (column 4), the J value
depended on the oligomer chain, decreasing slightly

under the propagation step of the polymerization
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mechanism (Scheme 1). It was concluded that the
increasing of the oligomer chain leads to enhance
the conjugation length of the backbone of the final
poly(Py).

3.2. Electronic properties

It is convenient to investigate the HOMO and
LUMO for the title oligomers because the relative
ordering of the occupied and virtual orbitals
provides a reasonable qualitative indication of the
excitation properties and of the ability of electron or
hole transport. Delocalization of the z-electrons
across the molecular structure leads to a satisfactory
resonance system, which associated with a narrow
HOMO-LUMO gap (HLG). As previously stated,
this quantity can offer a meaningful qualitative
indication of the properties of excitation and the
capability of charge transport. The HOMO, LUMO,
and HLG values for all oligo(Py)s in both the ground
and oxidized states are tabulated in Table 3. In all
cases, the energy of the highest occupied molecular
orbital escalates as the chain length of oligomer
increases while the energy of the lowest unoccupied
molecular orbital diminishes due to increase in the
extent of conjugation. Consequently, this results in
a reduction in HLG which is one of the requirements
for enhanced electrical conductivity. As shown in
Table 3, the HLG values for the oxidized species
(0.031-0.054 eV) are less than those for the
corresponding the neutral species (0.120-0.184 eV).
The oxidation process of oligo(Py)s destabilizes
both the HOMO and LUMO levels. This exhibits an
increase in the HOMO and a decrease in the LUMO
levels of oligo(Py)s, after the oxidation reaction, and
then a reduction value for the HOMO-LUMO
energy gap. It was found that the growth of oligomer
chain led to a slight decrease in HLGs, thereby, one
may find that the final polymer consisting of the Py
units possesses a higher electrical conductivity than

each oligo(Py).
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The analysis of the HOMO-LUMO topological
holds

elucidating the kinetic stability, and by extension,

characteristics great significance in
the potential chemical reactivity, along with other
attributes like optical properties [29]. In the case of
pen(Py) chain, n = 5, in both the ground and
oxidized states, the HOMO and LUMO distribution
patterns are illustrated in Fig. 1. As one can see in

Fig. 1, all the involved HOMO orbitals have m-

bonding character which extends on the double
C(a)=C(B) and C(a)=C(B') bonds along the
oligomer chain in both the ground and oxidized
states. In the case of LUMO, it possesses an anti-
bonding character (z*) spared mostly over the joint
Py-rings related to the ground state while exhibiting

a m-character generally in the oxidized state.

Table 3. HOMO, LUMO, and energy gap (eV) for oligo(Py)s in water solvent.

Ground state

Oxidized state

Oligo(Py)s HOMO LUMO HLG HOMO LUMO __ HLG
di(Py) -0.179 0.005 0.184 -0.228 -0.283  0.054
tri(Py) -0.166 -0.010 0.156 -0.200 -0.146  0.053
tet(Py) -0.159 -0.018 0.141 -0.185 -0.144  0.041
pen(Py) -0.155 -0.022 0.132 -0.176 0136 0.040
hex(Py) -0.153 -0.025 0.127 -0.170 -0.134  0.036
hep(Py) -0.151 -0.027 0.124 -0.166 0133  0.033
oct(Py) -0.150 -0.029 0.120 -0.164 -0.132 0.031

Ground state:

Oxidized state:

HOMO

Fig. 1. Diagrams of HOMO and LUMO for the pen(Py) chain in both the ground and oxidized states.

It is evident that the creation of intermediate radical
cations from the neutral states plays a significant
role in the polymerization process of conductive
polymers (Scheme 1). This process can be
interpreted as an ionization reaction. The adiabatic
ionization potential (IP) is closely corresponded to
the degree of electron extraction (or hole injection)
to form p-type semi-conductors. The efficient
injection and transportation of both holes and
electrons are crucial factors for the rational design of
optimized light emitting diodes, resulting in the
commendable performance of conductive polymers

in devices like organic light emitting diodes
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(OLEDSs). Electronic energies for the ground and
oxidized states of the oligo(Py)s obtained from the
optimized structures at the B3LYP/6-31G(d,p) level
of theory, were used to calculate the adiabatic IP in
the gas and condensed phases. In Table 4, the IP
quantity, as an important parameter for estimating
the energy barrier for the injection of holes into the
backbone of molecule, indicates a decrease with
increase in the conjugated length of oligomer. In
other words, as the oligomer chain length increases,
the IP values decrease, corresponds to improvement
in the hole injection properties. This observation is

likewise in line with the pattern of changes in the
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case of HLG values. In general, it may be concluded

that a lower applied potential requires for
propagation step of the polymerization process. This
prediction is in agreement with the lower oxidation

potential measured experimentally [30, 31].

Table 4. Predicted values of ionization potential (IP) for Py
monomer and oligomers (in eV) in different media.

Species gas water THF
monomer 0.287 0.205 0.215
di(Py) 0.235 0.169 0.177
tri(Py) 0.212 0.155 0.162
tet(Py) 0.199 0.149 0.155
pen(Py) 0.191 0.145 0.151
hex(Py) 0.186 0.143 0.148
hep(Py) 0.181 0.142 0.147
oct(Py) 0.178 0.138 0.146

As one can be seen from Table 4, the ionization
potential energies are quite similar for the oligo(Py)s
in both the aqueous and non-aqueous solutions,
which is lower than those in the gas phase. It is
revealed that the solvation process is more favorable
for the electro-polymerization of pyrrole derivatives
in present a condensed phase. For all the studied
species, the observed trend is ordered as IPwater <
IPthE < IPgas.

3.3. Electro-chemical properties

For designing new conducting materials with
improved properties and possible technological
applications, it is necessary to know about electro-
chemical behavior of monomer and its oligomers.
of poly(Py)
performed by the CV method from the solution of
Py monomer (0.07 M) in KNO3z (0.2 M) on a GC
electrode using a potential sweep rate of 100 mVs?
between -1 and +1 V (Fig. 2). The CVs exhibited an

Electro-chemical synthesis was

anodic oxidation peak (lys) at ca. +0.7 V, which
could be attributed to the oxidation of the Py
monomer to the radical cation and then to the
dication. The absence of a reverse cathodic peak can
be attributed to a fast follow-up chemical reaction
following the oxidation of the monomer [34, 35].
During the second forward scan, a new anodic peak

was observed less than +0.7 V, which corresponds
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to the reversible oxidation of the oligomeric
products of Py. The growth/deposition of the
poly(Py) film on the electrode surface was observed
by monitoring the CVs during the subsequent scans.
A considerable increase in lp, at around 0.2 V is
related to the oxidation of the poly(Py) film. It is
clear from the figure that the oxidation peaks current
for oligo- or poly(Py) in all cycles increases through
the electro-chemical polymerization.

4000

3000 |
&;zooo -
Z1000 |

0 .

-1000

-1 -0/5 0/5 1

0
E(V)
Fig. 2. CVs for polymerization of Py (0.07 M) in KNO3 aqueous
solution (0.2 M) on GCE at scan rate of 100 mV s,

The direct proportionality of the amount of polymer
to the positive peak current is fundamentally
the Py

polymerization. Fig. 3 compares the 1" and 15%

important  for  studying electro-
cycle numbers of voltammograms of electro-
synthesis of 0.07 M monomer. It is an important
feature that the layer-by-layer growth mode
demonstrates the electro-chemical feasibility of
ultrathin polymer films, where these ultrathin films
play an important role in different applications.

4000 -
3000 -
22000 -

3
<1000 -
0 e a

-1000 T
-1 -0/5

0/5 1
ety
Fig. 3. Comparison of 1" (a), and 15" (b) cycles of CVs for
polymerization in 0.07 M Py/0.2 M KNO3 aqueous solution on
GCE at scan rate of 100 mV s™.

Based on CVs of the polymerization process of Py
(see Fig. 2), there is a noticeable trend towards lower
potential values for oxidation of Py derivatives as

the cycle number increases. In this regard, the half-
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wave potential (Eis), defined the potential to reach
current that equals to half-value of diffusion-limited
current, was plotted against the number of cycles for
CVsin Fig. 4. It was observed that as the number of
cycles increased, a lower E1/; value was obtained. In
other words, the potential needed for the oxidation
of Py products decreased with an increase in the
number of cycles. This behavior is anticipated
because as the polymer film grows, the length of the
w-electron conjugated system along the polymer
chains increases, resulting in a decrease in the

energy required for its oxidation.

-0.20

-0.22 °
-0.24
0.26 ®
s ©
«
=
W .oz28} °
°
-0.30 F ° °
°
-0.32 °
-0.34 . . . . . .
2 4 6 8 10 12 14 16

Number of cycles
Fig. 4. The half-wave potential (E,/;) against the number of cycles
for CVs of Py polymerization in 0.07 M Py/0.2 M KNO; aqueous
solution on GCE at scan rate of 100 mV s,

The quantum chemical calculations offer suitable
tools capable of predicting the redox potential. By
convention, the reduction potential reveals the
tendency of a chemical species to gain electrons and
thereby, be reduced, in which it is the inverse of the
oxidation potential. Here, we consider the following
one-electron half-oxidation reaction for the first step
of electro-polymerization mechanism (Scheme 1) in
the present solvent:

Red(sol) — Ox**(sol) + e Q)
where Red, and Ox** denote the ground and
oxidized states of Py or oligo(Py), respectively. The
thermochemical characteristics of Eq. (1) can be
employed to ascertain the oxidation potential (Eox).
In relation to this matter, in order to compute the
standard oxidation potential of each oligo(Py), it

becomes imperative to determine the standard free
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energy change (AG°) for the oxidation reaction (Eq.
1). AG® is related to the standard oxidation potential
via the subsequent thermodynamic expression:

o AG”
Eop = —— )

nFr

where n is the number of electrons transferred in the
reaction (it is equal to one in this case) and F is the
Faraday’s constant (23.061 kcal mol'V?). To
calculate AG®, one can use the thermodynamic cycle
in solution [32], as depicted in Scheme 2.

AG (sol
Red (SO') L» Ox (SOl) +e

AG(solv,Red) AG(solv,0x)
AG (9)
Red(g) ——— > Ox(g)+e

Scheme 2. Thermodynamic cycle for predicting redox potentials
in solution.

According the thermodynamic cycle in Scheme 2,
AG?® of reaction 1 can be written as:

AG® = AG°(g) + AG°(solv,0x) - AG°(solv,Red) (3)
where AG°(Qg) is the change in the standard free
energy of the oxidation reaction in the gas phase, and
AG°(solv,0x) and AG°(solv,Red) are the standard
free energies of solvation of the oxidized and
reduced species, respectively. The optimized
geometries of all species obtained at B3LYP/6-
31G(d,p) level of theory were used to determine the
absolute thermochemical properties by the
frequency calculations under the same level at
298.15 K and 1.00 atm. The results obtained were
employed to calculate the quantities AG°(g),
AG®(solv,0x), and AG°(solv,Red). The standard free
energy of the free electron was determined by
considering its energy (3.720 kJ mol™?) and entropy
(0.023 J molK™?) at 298 K [33]. Additionally, an
adjusted value for the change in the standard state of
reactions from one atmosphere in the gas phase to 1
mol I in solution should be taken into account for
each component as 1.9 kcal molt. To establish a
consistent electrochemical scale, the absolute values

for the oxidation potential obtained from Eq. (2)
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were compared with the Hg/Hg.Cl, reference
electrode (as known that the saturated calomel
electrode), which has an electrode potential value of
4,522 V in non-aqueous solution. The calculated
oxidation potential values for oligo(Py)s and the
available experimental data in the THF solvent [34]

were compiled in Table 5.

Table 5. Calculated oxidation potentials and available
experimental values (in V vs. Hg/Hg.Cl,) [34] for oligo(Py)s in
THF.

Oligo(Py)s Eox (cal.) Eox (exp.)
di(Py) 0.597 0.60
tri(Py) 0.299 0.28
tet(Py) 0.124 0.16
pen(Py) 0.043 -
hex(Py) 0.007 -
hep(Py) -0.053 -
oct(Py) -0.050 -

According to Table 5, the calculated Eox values show
an expected decrease with increase in the =
conjugated length of oligo(Py) chains. Furthermore,
one can find a qualitative agreement between the
predicted Eox values and the available experimental
measurements for the short oligomers di-, tri-, and
tet(Py). The observed trend in the reduction of Eox
for the long oligo(Py) chains is expected with the
potential shifting to anodic region with respect to
short oligo(Py) chain. The average absolute
deviation (AAD) between the predicted and
experimental quantities was found to be 0.016 V,
which is nice results for oligo(Py)s reported by the
proposed theoretical approach. It may conclude that
the theoretical protocol used is adequate and valid

for predicting the redox potential of the oligo(Py)s.

0.7
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0.5
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Ex (V)
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o1 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.140 0.145 0.150 0.155 0.160 0.165 0.170 0.175 0.180
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Fig. 5. Correlation plot of the calculated E. (V) against the IP
values in THF.

In Fig. 5, the values for Eqx of oligo(Py)s plotted
versus the ionization potential in the THF solvent.
As illustrated in this figure, there exists a clear linear
correlation between the Eox values and the IP values.
A straightforward linear relationship has been
identified, as demonstrated by the following
expression, which establishes a correlation between
the Eox and IP values for the oligo(Py) in the THF
solution:

Eox (V) =-3.15 - 21.19 IP (eV) ()
where the correlation coefficient, denoted as r?,
yielded a value of 0.9963. The observed correlation
indicates that a higher escaping tendency of
electrons corresponding to a low E.x value, be
consistent to less positive IP, due to the higher 7z
conjugation. The correlation obtained provided a
resonance effect on the electronic and energetic
properties of oligo(Py)s, and thereby, as an evidence
for the accuracy of the theoretical approach used.
The relationship between the redox potentials and
the energy levels of HOMO has been established by
several authors [35, 36]. In this context (Fig. 6), a
straightforward linear correlation was discovered,
expressed as follows, between the Eox values and the
energies of the HOMO levels (Enomo) for the
oligo(Py)s:

Eox(V) = -3.48 — 22.74 Erowmo (€V) (5)
It is worth noting that the correlation coefficient was
determined to be r? = 0.9981. This well-known
correlation between the oxidation potential and
energy of the highest occupied molecular orbital of
oligo(Py)s is to be expected, as oligomers with lower
HOMO energy exhibit a greater propensity for
electron loss.

In Fig. 7, the Eox values for the oligo(Py)s is plotted
against the number of repeating units. According to
this figure, the Eox values decrease exponentially as
one shifts from 2 to 8 repeating units, related to a
less energy barrier for the hole injection for a long

oligomer chain.
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Fig. 6. Correlation plot of the calculated E.x (V) against the
HOMO energy (eV) in THF.

The data was utilized the Meier expression, which
has been effectively employed to elucidate the
absorption and fluorescence values of polymers as
the oligomer chain grows [37]. In order to consider
the saturation in the infinite chain length limit, as n
— o0, we employed the following equation:

Eox(n) = Eox(®0) + [Eox(1)- Eox(0)] exp(-a.(n-1))  (6)
where a parameter corresponds to the fitting
parameter, Eox(1) and Eox(ec) are the oxidation
potentials for the monomer and polymer units,
respectively. The use of the Meier equation allows
us to predict the oxidation potential for the 7~
conjugated polymeric material. In the case of THF
solution, the extrapolated Eox(x) for poly(Py) was
found to be 0.21 V with the correlation coefficient r2
= 0.9985. A lower value for the Eox of poly(Py)
respect with the initial monomer (1.51 V) suggests a
higher charge mobility rate in polymer possibly
caused by an increase of the resonance system. It is
interesting that the observed trend for the Eox(c0)
value is in good agreement with the experimentally
observed potential oxidation of the conducting
polymers [38].

3.4. The simulated current-voltage curves (1Vs)
Fig. 8 displays I'V-curves for a Py monomer and two
different short oligo(Py)s obtained by means of
simulated electrode device in ATK-DFT software
According to Fig. 8, the conductivity of oligo(Py)s

significantly increased with respect to monomer.
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Fig. 7. The oxidation potential of oligo (Py) against the number
of repeating units in THF.

The simulation results reveal that extended
conjugated z-electron through the oligomer chain is
responsible for the change in the charge carrier’s
concentration in the studied molecules. An increase
in the flow of electric current for both di(Py) and
tri(Py) that

increased as the number of building units (n)

species, indicating conductivity
increased.
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Fig. 8. Simulated current-voltage (IV) curves for Py monomer (-
e-), di(Py) (-m-), and tri(Py) (-A-).

3.5. Analysis of UV-visible spectra

It is evident that comprehending the low-energy
excited states of oligomers is crucial for identifying
suitable candidates for the production of conducting
polymers. To qualitatively evaluate the elucidation
of charge-transfer mechanisms in such materials,
examining the excited states through TD-DFT
calculations proves to be an appropriate approach.

We calculated the UV-visible spectra properties
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including the excitation energies (Eg) and longest
wavelengths (Amax) of the maximum absorption peak
for each oligo(Py) using TD-DFT with B3LYP/6-
31G(d,p) level of theory, which presented in Table
6. According to this table, the Amax values for both
the ground and oxidized states increase as one shifts
from the dimer to octamer chain.

The maximum peak of simulated absorption spectra
for each oligo(Py) in its ground state was depicted in
Fig. 9(a). Increasing toward higher wavelength
shows that delocalization in aromatic rings of the
long oligomer is higher as compared to the short
ones, providing a clue that electrical conductivity of
the final polymer will be raise as compared to its
oligomers. As one can see in Table 6, the oxidation
process of oligo(Py)s (Scheme 1) exhibits an evident
bathochromic shift and a decrease in the excitation
energies with growth of oligomer chain. For
instance, in the case of the ground state pen(Py), the
calculated Amax value is found to be 388 nm, in
contrast, in the oxidized state is found to be 499 nm
which is red shifted by 111 nm. The observed trend
is comparable to those obtained for the HOMO-
LUMO gap energies (Section 3.2).

Table 6. Calculated E4(eV) and Omax(nm) of simulated absorption

spectra for the ground and oxidized states of oligo(Py)s in THF.
Ground state Oxidized state

Oligo(Py)s Eqg Amax Eqg Amax
di(Py) 4.68 265 3.84 323
tri(Py) 3.88 319 311 399
tet(Py) 3.46 358 2.74 453
pen(Py) 3.19 388 2.48 499
hex(Py) 3.03 409 2.35 528
hep(Py) 257 482 2.29 542
oct(Py) 251 494 2.22 557

The peak of the maximum absorption of the ground
state pen(Py) in the gas phase and both the water and
THF solvents were also compared in Fig. 9(b). As
can be noted, the solvent effect is more favorable in
both the aqueous and non-aqueous solutions, which
the excitation energy for pen(Py) in both solutions is
red shifted by about 20 nm with respect to one in the

gas phase. According to Fig. 9(b), no considerable
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difference is observed for the excitation energy of
pen(Py) in both the water and THF solvents.
Generally, it is foreseeable that the utilization of a
polymer comprising Py monomer may prove
advantageous in the development of a collection of
altered desirable

compounds possessing

characteristics and proficient conduction of
electrical charges in the emerging field of opto-

electronics.
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Fig. 9. UV-visible spectra properties obtained at TD/B3LYP/6-
31G(d,p) level for: (a) oligo(Py)s in the ground states, and (b)
pen(Py) in the gas and both condensed phases.

4. Conclusions

In this work, the DFT-B3LYP/6-31G(d,p) level of
theory was employed to calculate the accurate
oxidation potentials of a series of oligo(Py)s and
final polymer in the gas and condensed phases. The
computational study was focused on the exploration
of theoretical protocol based on a thermodynamic
cycle for the prediction of oxidation potential using
the calculated structural and electronic properties of

the title oligomers. It is found that the electronic
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delocalization corresponds to an increase in the
aromatic character along the conjugated oligomer
chain played fine-tune effects on the structural,
electronic, and electro-chemical properties of
oligo(Py)s. The electro-chemical polymerization of
Py was carried out by means of CV measurements.
It was found that the oxidation potential was reduced
when the growth of poly(Py) enhanced. Comparison
of the calculated results for the oxidation potential
of oligo(Py)s with experimental measurements
showed a nice agreement with an average absolute
deviation 0.016 V. A good correlation was obtained
between the oxidation potential and both the
ionization potential and HOMO energy. To predict
the Eox value for poly(Py), a Meier expression was
used to fit the Eqx with the length of oligo(Py)
chains, which the extrapolated value for poly(Py)
was found to be 0.21 V vs. Hg/Hg.Cl, in the THF
solvent. A significant difference between the
simulated 1V-curves of oligomeric products and
monomer was observed, in which the electrical
conductivity increase with increase building units.
Moreover, the outcomes derived from the UV-
visible absorption spectra validated the fact that the
oxidized entities exhibited reduced excitation
energies when compared to their ground states,
which coincided well with the estimations made
based on the HOMO-LUMO energy gap.
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