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Abstract The conductive properties of polypyrrole chains
doped with CIO4 or M00427 anions and the existence of
polarons and bipolarons in these doped polypyrrole chains
were investigated by performing computational calculations
based on density functional theory (DFT). Doping with these
anions was found to decrease the band gap of the polypyrrole.
Theoretical calculations revealed that changing the type of
oxidative agent applied does not affect the conversion of poly-
pyrrole into a conducting polymer, but the conductivity of the
doped polypyrrole does depend on the ratio of oxidant to

polypyrrole.

Keywords DFT method - Polypyrroles - Polaron -
Bipolaron - IR spectra

Introduction

Polypyrrole (PPy), an amorphous polymeric material (for the
simplified structure of PPy, see Fig. 1), is currently being
extensively researched because of its high electrical conduc-
tivity and durability. It can be easily synthesized by chemical
and electrochemical methods from pyrrole monomers in var-
ious organic solvents or even in aqueous solutions [1-6]. The
high electrical conductivity of PPy derives from its conjugated
pyrrole rings. These pyrrole rings can be oxidized to become
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positively charged and to interact with different anions during
doping, which significantly reduces the energy band gap of
the material. This oxidation can be accomplished electro-
chemically (by immersing electrodes in pyrrole and then ap-
plying a voltage between the electrodes) or chemically (by
applying various oxidizing agents such as iron(Ill) chloride,
iron(Il) perchlorate, ammonium peroxydisulfate, and many
other substances) [2]. It is known that the removal of a 7t
electron due to the oxidation of a polymer backbone generates
a polaron (an interacting electron—hole pair), and that remov-
ing a second electron in a similar manner induces two po-
larons or one bipolaron. A bipolaron usually encompasses
1-6 carbon atoms and is associated with a structural deforma-
tion. Polarons and bipolarons are responsible for electrical
conduction in polymer chains as they are mobile in an external
electrical field [7-9].

Modifying PPys as described above can generate
ecofriendly anticorrosive materials. The anticorrosive proper-
ties of modified PPys depend on the nature of the counter
anions present, the properties of the solvent used, and the
temperature applied [10, 11]. PPy-based materials are
employed in rechargeable batteries [12, 13], sensors [14,
15], supercapacitors [16, 17], electromagnetic shielding [18,
19], and for corrosion protection [20, 21]. Notable among the
various corrosion-resistant doped PPys is PPy doped with
molybdate compensation anions; the mechanism for the cor-
rosion resistance of this doped PPy has been investigated ex-
perimentally [22-25]. Although numerous experimental stud-
ies of PPy have been performed over the years, including
research into their surface properties, theoretical studies of
PPy using quantum chemical calculations remain scarce. A
literature review indicated that theoretical investigations of
PPy have mostly been implemented with low-level ab initio
methods. For example, Ford and his colleagues used the semi-
empirical method CNDO/S3 to analyze the UV-Vis
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Fig. 1 Structure of polypyrrole (PPy), as drawn using the GaussView
software package. The small light-gray balls represent H atoms, the
darker-gray balls represent C atoms, and the blue balls represent N atoms

photoabsorption and emission of polypyrrole [11]. Their re-
sults suggested that an excited pyrrole cation could comprise
as many as 4—6 pyrrole units. In another work, Bredas et al.
explored the quarter pyrrole system with and without Na dop-
ant using the Hartree—Fock method and the STO-3G basis set
[26]. However, those calculation methods were not sufficient
to achieve an accurate description of the electronic structure of
polypyrrole.

Recently, density functional theory (DFT) has been
emerged as a popular theoretical approach for studying the
structures and properties of materials ranging from simple
organic and inorganic compounds to conductive polymers
[27-34]. For example, it has been applied to study the elec-
tronic properties of negatively charged n-pyrrole oligomers
(n =2-18) [35] and PPy [36]. In those studies, the band gaps
and the conductivities of #Py and nPy-X (n = 1-9 and X = +,
NHjs, or Cl) were investigated and the calculated infrared (IR)
spectra of the substances were observed to fit well to the
corresponding experimentally obtained IR spectra. DFT and
time-dependent density functional theory (TD-DFT) methods
have also been applied to calculate the electronic spectra of
aniline and pyrrole monomers/dimers, which were again
found to agree well with corresponding experimentally deter-
mined optical absorption spectra [37]. These methods have
also been used to study the structures and properties of
polyaniline [38—40] and polythiophenes [41-43].

It is known that PPys doped with MoO,4>~ or ClO, ™ anions
have the potential to protect mild steel from corrosion
[22-25]. However, the structures of these doped polypyrroles

Fig. 2 Model of PPy employed
in the study. The small light-gray
balls represent H atoms, the
darker-gray balls represent C
atoms, the blue balls represent N
atoms, the red balls represent O
atoms, and the gray balls denoted
“X” represent Cl or Mn atoms
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at the molecular level and their conductive properties had not
been elucidated, so we used DFT to probe the geometric and
electronic structures of these chemical systems. This paper
reports the results of those investigations.

Models and computational methods

In order to avoid the considerable computational effort that
would be required if a full model of polypyrrole were to be
investigated, a chain (Fig. 2) containing building blocks of
pyrrole was employed for the simulations. This was an oligo-
mer with 5 Py monomers that we denoted P. (XO,4)" (X =Cl,
Mo) anions interact with the second and the fourth pyrrole
rings of this chain. The two terminal rings act as chemical
media, while the second, third, and fourth rings exhibit prop-
erties similar to those of polypyrrole.

All quantum chemical calculations were carried out using
DFT. The exchange-correlation energy was calculated using
the Perdew, Burke, and Ernzerhof (PBE) nonlocal gradient-
corrected functional [44]. The double-zeta plus polarization
(DZP) basis set, which is known to be useful for examining
hydrogen bonding, was employed for all the atoms. All equi-
librium structures were geometrically optimized, applying a
threshold for the forces acting on the dynamic atoms of 0.002
Ha/A.

To our knowledge, no previous DFT-based study of the
PPy system has considered the effects of solvent molecules.
This is an important oversight, as we would expect the DFT
results for electrochemical systems to be significantly influ-
enced by the presence of solvent molecules (H,O, for in-
stance) [45-47]. In order to take the effects of solvation in
water into account, the conductor-like screening model
(COSMO) [4] was applied in our study. In this model of con-
tinuum solvation, the investigated PPy model was embedded
inside a cavity that was demarcated by the solute molecules
and characterized by the dielectric continuum of permittivity e
of the solvent.
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Table 1
molecule

Bond lengths (in A) and angles (in degrees) in pyrrole

C-N N-H C-N-C C-C-N H-N-C

107.60
107.70

125.00
125.10

From theoretical calculations 1.37 1.014 110.00

From experiment [49] 1.37 0.996 109.80

In order to calculate the band gap energy accurately, a TD-
DFT [48] method in which the electron—hole interaction was
taken into account was used instead of DFT. The same func-
tional and basis set were used to calculate the energies of the
electronic transitions and the oscillator strengths of the transi-
tions (from which UV-Vis absorption spectra were construct-
ed) of all the geometrically optimized models considered in
this work. The results of those calculations are presented and
discussed in the “Results and discussion” section.

To confirm the accuracy of the computational methods and
the models employed here, some evaluations of them were
carried out. The first was a comparison between the calculated
and experimental geometric parameters (Table 1), which
showed that these two sets of data were in fairly good agree-
ment for all bond lengths and bond angles (the maximum error
in the N-H bond length was only 1.8%). Secondly, the calcu-
lated IR spectrum of P, as shown in Fig. 3, was also found to
accurately reproduce the experimental one (obtained from the
NIST/EPA Gas-Phase Infrared Database [50]). Because the IR
spectrum reflects the structure of the model (i.e., its chemical
composition and geometry), the oligomer can be used instead
of a full polypyrrole model. However, the calculated electronic
energy band gap could not be directly compared to the exper-
imentally determined band gap due to its dependence on the
size of the chain: the smaller the chain, the larger the band gap.

Results and discussion
Change in the band gap of PPy after doping
Neutral PPy is an insulator with a band gap of about 3.2 eV,

corresponding to an interband transition derived from the
m—7t* transition of the pyrrole moiety [51]. After oxidation,

PPy loses electrons and can be transformed into a semicon-
ductor (oxidized PPy) due to the formation of polaron (a rad-
ical cation: a pair of an unpaired electron, *, and a hole with
positive charge) and bipolaron states, which function as the
charge carriers in PPy.

The presence of anions (A ") in the PPy stabilizes the chain
by neutralizing positive charge. This is demonstrated by the
amount of energy released when A~ anions react with oxi-
dized PPy, as shown later in the paper. In addition, the pres-
ence of anions can also encourage the pyrrole rings to remain
coplanar, which is one condition for achieving a 7t-conjugated
system. The anions can donate negative charge to the oxidized
PPy, which can destroy polarons. Two unpaired electrons in
two different polarons will combine with each other to form a
bipolaron.

When a potential is applied to a doped PPy, 7t electrons
(electrons in 2p, orbitals of carbons in the conjugated system)
move towards holes. The disappearance of these 7t electrons
generates other holes. This process occurs continuously,
resulting in a current of electrons, implying that the doped
PPy is a conductor. Electrons in the HOMO are the easiest
ones to detach because these electrons possess the highest
energies. The conductivity of PPy depends on both the forma-
tion of polarons/bipolarons (when anions are attached to the
PPy) and the existence of a conjugated system in the PPy.

Upon the formation of polarons and bipolarons, PPy is
transformed into its oxidized form. In this study, we focused
on bipolarons of [P(X04),]" (X = Cl, Mo; n = 0 and 2)
systems, in which PPy has a conventional oxidation state of
+2. In order to determine the stable conformations of
[P(CIO4)2]O and [P(MOO4)2]27 systems, energy optimization
was carried out. The results of this indicated that these systems
are most stable at an equilibrium state where the anions
(Cl0,~ and MoO,*") are in contact with the hydrogen atoms
of the N—H groups of the second and the fourth pyrrole rings
in the PPy chain, as shown in Fig. 4.

For [P(ClOy4),]°, the N-H bond is slightly extended
(1.03 A) in comparison to its original value (1.02 A).

Fig. 3 Calculated IR spectrum of
the pyrrole model
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Fig.4 The [P(C104)2]0 (left) and [P(M004)2]27 (right) systems. The small light-gray balls represent H atoms, the darker-gray balls represent C atoms,
the blue balls represent N atoms, the red balls represent O atoms, and the gray balls with chemical symbols represent Cl and Mn atoms

However, the N-H bond in [P(MoO4)2]2_ is greatly ex-
tended to 1.64 A: indeed, it breaks completely, leading
to the formation of HMoO, . This implies that P** is
converted into P'* with the loss of a H* or a bipolaron.
This means that the interaction between MoO,>” and
PPy is stronger than the interaction between ClO,
and PPy, as also demonstrated by the large negative
value of the change in the interaction energy
(AE = —131.49 kJ/mol for MoO4>~ and —55.13 kJ/mol
for ClO4 ).

P> 4 2Cl0, —[P(CI0,),]°, AE = -55.13 kJ/mol
P> 4 2M004> —[P(MoOy),]”", AE = —131.49 kJ/mol

According to the results of the optimization process, the
[P(MoO4)2]27 and P(C104)2]° systems are both flat and there-
fore can readily adopt conjugated structures. As mentioned
above, values of the band gap energy ( £,) obtained from
TD-DFT calculations for conformations of [P(M0oOy4),]*~
and P(ClOy),]° in their equilibrium states represent the differ-
ence between the HOMO and LUMO. The magnitude of the
oscillator strength ( /) determines the transferability of an elec-
tron from the HOMO to the LUMO, and can be expressed as
follows [52, 53]:

2m
fhoL =y (EL"En) ¥ |Wn|R.|¥L (1)
3% a=xy,z

Table 2 Values of the band gap energy (E,, in €V) and the oscillator
strength for the transfer of an electron from the HOMO to the LUMO (f,
in arbitrary units) for the studied systems

P P [P(CIO4)) [P(MoOy),]*
Ef 2.79/1.23 2.78/1.17 2.78/1.01

P Free P** [P(C10,),]° [P(MoO4),]*
Elf 1.83/1.67 1.81/1.66 1.71/1.21

P Free P** [P(ClO4),]** [P(M00O4),]°
Eqf 1.79/0.00 0.68/0.00 0.63/0.02

@ Springer

Here, the subscripts L and H refer to the LUMO and
HOMO, respectively. The operator R, is the sum of the x-
coordinates 7; , of all N electrons in the system:

N
Ry =) Tia (2)
i=1

Based on the results shown in Table 2, we can draw the
following conclusions:

(i) IfClO4 orMoO,* isadded to neutral PPy (P°), the band
gap energy barely changes (to 2.78 eV for [P(XO4),]"; it
is 2.79 eV for P°). Therefore, it is necessary to oxidize the
PPy before doping with C10,~ or MoO4> anions to
achieve a highly conductive polymer.

(ii) The band gap energy of the oxidized PPy (free P** and

P**, or those species within anions) is significantly lower
than that of P°. Oxidation therefore converts PPy into a
low band gap polymer (£, < 2.0 €V).

(iii)y The presence of CIO, or MoO,>" in PPy barely alters
the band gap energy and oscillator strength of P**.

(iv) Ifthe oxidation state of PPy is greater than +2, as in P**,
there is no transfer of an electron from the HOMO to the
LUMO because the oscillator strength is approximately
zero. Though the addition of ClO4 or MoO,> to P**
lowers its band gap, there is no electron transfer from the
HOMO to the LUMO. This result implies that the con-
ductivity of the polymer depends mainly on the ratio of
oxidized PPy (containing P** or P**) to neutral PPy. In
this study, we employed a ratio of 2/5 in our calculations
and obtained results that were in good agreement with
the above hypothesis about the formation of bipolarons.

In addition, the computed charges on the carbon atoms in
free P** indicated that the charges on the carbon atoms near
nitrogen atoms were more positive than those on other carbon
atoms, as shown in Fig. 5. However, the third and eighth
carbon atoms (circled in Fig. 5) had the highest positive
charges. These positions coincide with the positions of
bipolaron holes.



J Mol Model (2017) 23:336

Page 5 of 8 336

Fig.5 Positive charges (x10%) on
carbon atoms next to nitrogen
atoms in free P**

In Fig. 6, it is apparent that the electron density around the
third and eighth carbon atoms of free P** is too low to discern
(using an isovalue 0 0.03 elA3 ), which means that the positive
charges on these two atoms are large, as can be seen in Fig. 5.
However, this behavior was not seen for the neutral PPy. The
oxidative addition of C1IO, or MoO42_ decreases the £, value
of PPy from 2.80 eV to 1.81 eVor 1.71 eV, respectively. These
values of E,, are characteristic of semiconductors (for example,

HOMO in P

the band gap energies of CdSe and CdS are 1.73 and 2.42 eV,
respectively) [54].

Electronic spectroscopy

In general, the electronic structure of a conducting polymer can
be used to derive important information about the optical spec-
trum of the polymer, and vice versa. The conjugation present in

HOMO in free P*?

Fig. 6 The HOMOs in P (left figure) and P** (right figure) (plotted at an isovalue of 0.03 e/A%)
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Fig. 7 Electronic spectroscopy of PPy. The first absorption band (centered at 2.79 eV) corresponds to electron transfer from the HOMO to the LUMO,
while the second band (centered at 3.85 eV) is due to electron transfer from the HOMO-1 to the LUMO+1
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Fig. 8 Electronic spectroscopy of free P**. The absorption band at 2.16 eV corresponds to electron transitions from the HOMO-4 to the LUMO

a PPy chain determines its color, so the optical spectrum of the
polymer is needed to characterize the electronic processes that
take place in the PPy chain during doping. The changes that
occur to the optical spectrum of the PPy chain upon doping can
be analyzed in order to elucidate the mechanism for the doping
process and the charge distribution in the PPy.

Figure 7 shows the UV-Vis spectrum of PPy as a plot of
excitation energy against oscillator strength (in arbitrary
units). Two important peaks can be seen at excitation energies
0f'2.79 and 3.85 eV. The sharp peak at 2.79 eV was assigned
to electron transfer from the HOMO to the LUMO, while the
broad peak at 3.85 eV was assigned to electron transfer from
the HOMO-1 to the LUMO+1.

The UV-Vis spectrum of P** is similar to that of PPy (P°),
but the sharp peak corresponding to electron transfer from the
HOMO to the LUMO is shifted into the infrared region and its
intensity increases from 1.23 to 1.67. Meanwhile, the broad
peak is assigned to electron transfer from the HOMO to the
LUMO+2, and it decreases in intensity from 0.52 to 0.32 for
P?*, though it also shifts into the infrared region.

According to the calculations, the UV-Vis spectra of
[P(Cl0,),]° and [P(M0O,),]*~ have the same shape as the spec-
trum of PPy. Although the most intense peaks of these spectra
were assigned to electron transfer from the HOMO to the
LUMO, the spectra vary in the positions and intensities of the
peaks. In the case of [P(Cl0,),]°, there is no broad peak. The
shapes of the HOMOs and LUMOs of [P(ClOy4),]° and
[P(M0O,),]*" are similar to those of free PPy>" without contri-
butions from the ClO,~ or MoO,? ™ anions. This reveals that the
formation of a conducting polymer from PPy does not depend on
the nature of the oxidant; the only requirement is that the oxidant
converts PPy into a suitable oxidized form, such as PPy**.

@ Springer

The calculated UV-Vis spectrum of free P** (see Fig. 8) has
just one major peak, at about 2.16 eV, which was assigned to
electron transfer from the HOMO-4 to the LUMO. It is inter-
esting that no such peak is seen for [P(C104),]** and
[P(M00,),]°. An analysis of the HOMO, HOMO-1,
HOMO-2, ... up to the HOMO-6 showed that there is no
conjugation in the polymer chain; if this is also the case for
PPy, the oxidized form PPy** will not conduct.

Conclusions

(1) This study has demonstrated the existence of a bipolaron
in the (-Py*—Py-Py*—) system.

(2) In order to convert PPy into a conducting polymer, the
PPy must be carefully oxidized to get polarons or
bipolarons. Further oxidation could diminish the conduc-
tivity of the polymer.

(3) The conversion of PPy into a conducting polymer does
not depend on the nature of the oxidant used, provided
that it can convert PPy into a suitable oxidized form
containing polarons/bipolarons. In this form, the conduc-
tivity of PPy is barely influenced by the presence of
counter anions such as ClO4 [55]. However, if an anion
shows a very strong affinity for H* (e.g., MoQy "), its
presence may reduce the conductivity of the PPy.
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