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ABSTRACT: First-principles calculations are used to investigate the electronic
properties of negatively charged n-pyrrole oligomers with n = 2-18. Chains of neutral
oligomers are bent, whereas the negatively charged oligomers become almost planar
due to accumulation of negative charge at the end monomers. Isomers of short
oligomers (n < 6) display negative electron affinity although the corresponding anions
are energetically stable. For longer oligomers with n > 6, the electron affinity is small
and positive, slowly increasing with oligopyrrole length. Doping of 12-pyrrole with
lithium atoms shows that negative oxidation states are possible due to electron transfer
from dopant to oligomer at locations close to dopant. These 12-pyrrole regions support
extra negative charge and exhibit a local structural change from benzenoid to quinoid
structure in the C—C backbone conjugation. Comparison between neutral and doped
polypyrrole (PPy) indicates that doped polymers displays a substantial depletion of the
band gap energy and the appearance of dopant-based bands in the gap for a 50% per
monomer doping level. It is predicted that Li-doped PPy is not metallic. ©2010 Wiley
Periodicals, Inc. Int ] Quantum Chem 111: 2295-2305, 2011
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S

cations are now available, more than 800 this past

1. Introduction year alone according to Web of Science. PPy is a
prototype conducting polymer [3] that displays

ince the discovery of polypyrrole (PPy) unique mechanical, optical, electrical, and biocom-
almost 50 years ago [1, 2], a myriad of publi- patible properties. However, much about the
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physical properties and structural characteristics
of PPy are still not well understood, with data
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at the nanoscale in a variety of sensors, fibers,
and coated foams among other nanostructures [4,
5]. For example, when shaped as a conduit, PPy
has been proven effective for biomaterials modifi-
cation and regeneration of damaged nerves [6, 7].
Polymerization occurs either electrochemically or
chemically with dopant anions that remain em-
bedded into the polymeric matrix. This constitutes
the oxidized phase of PPy that displays conduc-
tion and possesses quinoid structure. Therefore,
most commonly oxidized PPy is a polycationic
conductor that synthesizes forming thin or thick
films. A wide variety of electronegative dopants
have been used, such as chloride ions, polysty-
rene sulfonate, molecular and polymeric anions,
buffer salts [8-10], and several biologically active
anions [7, 11]. Oxidation properties are crucial for
affinity binding of peptides for chloride-doped
PPy [12]. By reduction, the electrical conduction
property is lost and the structure of the conju-
gated chain becomes benzenoid. However, the
polymeric PPy matrix is difficult to be fully
reduced, it is not crystalline, and displays regions
of stacked chains [13]. Electrochemical switching
from oxidized to reduced phases of PPy produces
up to 30% change in the sample volume. This
actuation property is exploited for artificial
muscles [9, 10].

Oxidation by electronegative dopants that gain
electrons from the polymer is equivalent to p-
doping and is feasible because of the low work
function of PPy. A different oxidation mechanism
occurs when electropositive dopants donate elec-
trons to the polymer (n-doping) turning PPy into
a polyanionic system. This oxidation mechanism
is difficult to realize by electrochemical means. In
fact, researchers assess that they did not obtain
stable doped systems when electropositive atoms
or molecules were used in the electrochemical
process [13]. The often accepted reason for n-dop-
ing not being favored is the low electron affinity
of PPy and its oligomers. Therefore, PPy negative
oxidation states have been elusive to experimen-
talists. The purpose of this article is the investiga-
tion of the electron affinity of Py oligomers and
determination of the changes in the polymer
backbone structure when oligopyrroles are doped
with lithium.

Over the years, a series of theoretical studies
have provided different predictions for oligopyr-
roles. For example, changes in the UV and visible
absorption spectra of neutral and cation oligopyr-
roles due to chlorine dopants have been put
forward within hybrid density functional theory

(DFT) and pseudopotentials [14]. This publication
provides an extensive bibliography on previous
electronic structure calculations. Contemporarily
to Ref. 14, we published [15] a careful study of
oligopyrroles electronic structure and structure
optimization in their reduced and multiply oxi-
dized phases with fluorine dopants within all-
electron DFT approach (B3PW91). Here, we apply
the same methodology as in our pervious study
[15] for investigation of the electron affinity, struc-
tural effects of doping with lithium, and changes
in the electronic structure of oligopyrroles and
PPy. A clear difference emerges by comparing the
new results of negative oxidation levels with
those previously obtained for positive oxidation
levels.

Electronic structure studies of negatively oxi-
dized PPy and oligopyrroles are scarce. Early
work was done with low-level electronic structure
calculations. The pioneer HF calculations with
STO-3G basis sets of Bredas et al. [16] of tetrapyr-
role (4-Py) with and without Na dopants (n-type)
demonstrated an almost complete electron trans-
fer between the doping atoms and pyrrole (Py)
rings. Although the small basis set was inad-
equate for an accurate electronic structure
description, this work predicted that the domi-
nant state for conduction was attained with two
doping Na atoms located adjacent to each other
on top of two contiguous Py rings (50% per
monomer doping level). This is referred in the lit-
erature as bipolaron. Very recent DFT studies of
lithium-doped polythiophene [17] reported posi-
tive energies of formation for 20-100% per mono-
mer doping levels. This prediction indicates the
need of supplying to the oligomer about 5 kcal/
mol for each pair of Li dopants to attain a doped
system, which suggests a negative electron affin-
ity of the oligothiophenes. Negative electron affin-
ities of oligopyrroles n-Py up to n = 16 were
reported within a molecular fragment approach
[18], thus, predicting unfavorable negative oxida-
tion of oligopyrroles. In this article, we calculate
electron affinities of n-Py up to n = 18 within our
more advanced first principles methodology.

Because calculation of electron affinities
requires basis sets with polarization and diffuse
functions, one double-{ and two triple-( basis sets
are considered here. This article is organized as
follows. Section 2 describes the computational
details for obtaining the electronic structure.
Section 3 investigates the structure, energetics,
and vibrational analysis of neutral and anion
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bipyrrole, tripyrrole, and tetrapyrrole possible iso-
mers. Additionally, the isomerization reactions in
3-Py and 4-Py anions from anti-gauche to syn-
gauche structures are discussed in this section.
Energetics and electron affinities of n-Py neutral
and anion oligomers with n > 6 are reported in
Section 4. This section contains a study of the
charge distribution and structure and of lithium-
doped 12-Py. Based on periodic boundary condi-
tions (PBC), section 5 is dedicated to the study of
the band structure of pristine and n-doped PPy
by considering an infinite chain of a 4-Py motif
decorated with two Li atoms. Section 6 concludes
this article.

2. Methods

All-electron DFT within the Becke three-param-
eter hybrid approach [19] including local and
nonlocal correlation functionals as implemented
in Gaussian09 [20] is adopted throughout this
study. The choice of the correlation functional is
based on comparative results of Py structure
using a variety of functionals: B3PW91 [21, 22],
B3LYP [23, 24], B3BMK [25], and MO06-HF [26].
Results closest to experiment [27] are obtained
with B3PW91 reproducing the experimental Cs,
planar structure of neutral Py monomer. The
B3PWO91 approach is then adopted, which addi-
tionally allow for comparison with our previous
studies [15]. In the study of doped n-Py oligom-
ers, where a considerable charge transfer takes
place, comparison between results within B3PW91
and full exchange MO06-HF approaches is
reported.

Structures of oligomers are optimized using tri-
ple valence basis sets 6-311G, 6-311++4G with dif-
fuse functions and double valence basis sets 6-
31+G (3d, 3p) with diffuse and polarization func-
tions for all atoms. Comparison between the opti-
mal calculated structure of neutral Py and experi-
ment [27] indicates that these three basis sets
yield comparable relative errors in the geometry:
0.38% with 6-311G, 0.42% with 6-311++G, and
0.37% with 6-31+G (3d,3p). The Py monomer has
a strong dipole moment along the direction of the
N—H bond (Y-axis) of 1.89 D with the 6-311++G
basis sets (1.85 D with 6-314+G (3d,3p)). The quad-
rupole matrix is diagonal in a set of axis where
the X-axis is perpendicular to the N—H bond and
contained in the plane of the molecule and the Z-

axis is perpendicular to the molecular plane pass-
ing through the center of the Py ring. The quad-
rupole matrix in this set of axis is diagonal with
the XX, YY, ZZ matrix elements having values of
~27.26, —24.11, —34.97 DA using 6-311++G and
—27.55, —24.32, —34.33 DA using 6-31+G (3d,3p).
These properties are in excellent agreement with
our previous results using the 6-311G basis set
without diffuse or polarization functions [15].

Geometry optimization for each n-Py oligomer
is attained by minimizing the molecular electronic
energy with respect to coordinates of all atoms in
3D using the Berny algorithm and redundant in-
ternal coordinates [28, 29]. Optimizations ensure
accuracies of 107* for distances or angles and
107 Hartrees for energies. For n-Py optimized
geometries, the vibrational analysis is routinely
performed to attest for the existence of a mini-
mum. For transition states (TS), the displacement
of atoms corresponding to the vibrational mode
associated with the imaginary frequency is
checked to ensure that the TS geometry is
attained. Furthermore, the intrinsic reaction coor-
dinate method allows us to assess that the TS con-
nects the two desired minima (two different iso-
mers) along the potential energy surface [30, 31].
Solvent effects are included for the small oligom-
ers with the polarized continuum model approach
[32].

In forthcoming sections, binding energies E are
reported with respect to the separated atoms
energies: —13.7133 eV for H, —1027.4931 eV for C,
and —1481.9450 eV for N with the 6-311G;
—13.7156 eV for H, —1027.5601 eV for C, and
—1482.0417 eV for N with the 6-311++G;
—13.6642 eV for H, —1027.4197 eV for C, and
—1482.0417 eV for N with the 6-31+G (3d,3p)
basis sets.

The electron affinity EA is calculated as the dif-
ference between all-electron total energies:

EA = E,ya(neutral) — E, (anion), (1)

where E.(neutral) is the total energy of the opti-
mized neutral oligomer and E,,,/(anion) is the
total energy of the optimized singly negative-
charged oligomer. Singly negative charged n-Py
oligomers are referred to as anions in the follow-
ing sections.

For PPy with PBC, the band structure is
referred to the Fermi energy Ep. The value of Eg
is obtained by solving a self consistent equation
that equates the number of electrons N to the sum
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TABLE |

Binding energies of n-Py and n-Py~ stable isomers with n = 2, 3, 4. Energies are referred to the separated

atoms energies given in Section 2.

Neutral E/n (eV)

Anion E/n (eV)

N Isomer State 6-311G  6-311++G 6-31+G(3d, 3p)  State 6-311G ~ 6-311++G  6-31+G(3d,3p)
2 11 C, 'A -53.4209 —53.1300 —54.9775 Con, Ay —52.6860 —52.9188 —54.6165
1 C, 'A -53.3599 —53.0954 —54.9399 Cow 2A;  —52.6994 —52.9600 —54.6319
3  1lt  Cy'A -526129 —52.3189 —54.1434 Ci, 2A 523243 —52.1983 —53.9450
Ml Cy,'A -525636 —52.2946 ~54.1304 Cy, 2A  -52.3362 —52.2122 ~53.9570
Mt Cy, 'A -525673 —52.2735 ~54.1167 Ci, °A 523448 —52.2743 —54.0018
4 111l Co 'A 522097 -—51.9145 ~53.7274 Ci,?A  -51.0819 —51.8370 —53.6606
1111 Co 'A —52.1968 —51.9007 —53.7040 Cy,?2A -51.0880 —51.8411 —53.6541
1111 Cy'A —52.1922 -51.8974 ~53.6994 Ci,°A 510825 —51.8358 —53.6476
MLl Co, 'A —52.1793 —51.8844 ~53.6851 Cy, A -51.0821 —51.8342 —53.6464
1M1l Cy'A —52.1784 —51.8827 ~53.6837 Ci,°A  —-51.0912 —51.8423 —53.6534
M1 Cn 'A —52.1582 —51.8630 ~53.6733 Ci, A —-51.0916 —51.9241 —53.6779

of electron occupation probabilities (Fermi func-
tions) of eigenstates composing the bands:

Mpand " 2
N=>D> —&= @)
=1 k=17 4 ¢ K7

where 1pang = 16 is the number of bands consid-
ered in this work, n, = 81 is the number of k-
points in each band allowing up to 162 electrons
per band, Kg is Boltzman’s constant, T = 600 K is
a broadening temperature and N = 2myny,,,q. Val-
ues of these parameters ensure accuracy of 0.01
eV in the determination of Ep.

3. Bipyrrole, Tripyrrole, and
Tetrapyrrole Anions

The geometrical structure of bipyrrole, as well
as that of longer oligomers, is modulated the most
by the monomer rotational degree of freedom
around the C—C bond joining contiguous mono-
mers. Neutral bipyrrole (2-Py) has four stable iso-
mers: two puckered structures anti-gauche and syn-
gauche, and two planar structures anti and syn [15,
33]. These four neutral isomers are stable irrespec-
tive of the basis sets used. The anti-gauche isomer
is the lowest in energy with a torsion angle
around 150° followed by the syn-gauche isomer
that lies a few hundredths eV above as reported in
Table I and has a torsion angle around 50°. The
cation 2-Py" displays two planar isomers: anti

(Cyn) and syn (C,,) and the transition between
them is not thermally possible [15]. Our calcula-
tions of the anion 2-Py~ demonstrate that the neg-
atively charged molecule has also two possible
planar isomers: anti (Cy,) and syn (Cs,). The low-
est energy isomer of 2-Py~ is the C,, structure,
whereas the C,), structure is higher in energy as
seen from values of the binding energies given in
Table I. These electronic states are doublets, with
very low spin contamination. Quartets states are
several eVs less stable. With the triple-{ basis sets
the TS from the C,, isomer to the C,, isomer is
0.20 eV (0.26 eV with 6-314+G (3d, 3p)). This TS
corresponds to a torsion barrier separating the two
isomers. The high energy of this TS eliminates the
possibility of thermally induced isomerization.
Both anion isomers have electronic energies above
their neutral counterparts. Consequently, the elec-
tron affinity EA is negative, as occurs in molecular
anions where the extra electron is dipole-bound
[34]. Values of EAs are reported in Table II. Per-
forming one-point CCSD/6-31G* calculations of
the optimized geometries of neutral and anion iso-
mers confirms the above results; namely, the C,,
anion isomer is 0.13 eV more stable that the C,,
anion isomer and the EA is negative. Thus, we
predict that 2-Py~ will not be observed experimen-
tally because if a fairly long lifetime of the anion is
required for performing the measurement, elec-
tron recombination with the surroundings will
occur before the measure takes place.
Combinations of anti-gauche with syn-gauche
orientations of monomers in tripyrrole (3-Py~)
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TABLE Il
Electron affinity of n-Py oligomers calculated
from Eq. (1).

EA (eV)
n Isomer 6-311++G 6-31+G (3d,3p)
2 Tl —0.4224 —1.1758
" ~0.2708 ~1.2034
3 11 ~0.3618 ~0.7944
"Ml —0.2472 —0.5739
"1 0.0024 ~0.1620
4 111 ~0.3100 ~0.2672
1t —0.2384 ~0.1996
11 —0.2464 ~0.2072
Ml ~0.2008 ~0.1548
M1 ~0.1616 ~0.1212
111 0.2444 ~0.0032
6 0.0432 0.0557
8 0.2396 0.2482
9 0.3087 0.3155
12 0.4634 0.4642
15 0.5709 0.5705
18 0.6475 0.6500

For n > 4 the most isomer reported is the most stable in
which the -anti-syn- monomer orientation is repeated.

and tetrapyrrole (4-Py™) give rise to three and six
isomers, respectively. The three neutral isomers of
3-Py are shown in Figure 1(a). The ground states
of these neutral isomers are singlet electronic
states. Binding energies are reported in Table I,
including comparison of results calculated with
the three basis sets considered in this study. The
vibrational analysis of isomers and their anion
counterpart yields positive frequencies, indicating
that the values reported in Table I correspond to
minima of the potential energy surface. The 3-Py
isomer of lowest energy, isomer I, has two 150°
torsion angles (157° with 6-31+G (3d, 3p))
between monomer planes containing the N—H
bond. Isomer III is the highest energy 3-Py isomer
that has two 43° torsion angles between monomer
planes (39° with 6-31+G (3d, 3p)). The two tor-
sion angles in isomer II are 150° and 43° (157°,
39° with 6-314+G (3d, 3p)). Two TSs, TS; and TS,,
lie between these three isomers ground states at
0.11 eV and 0.17 eV (0.13, 0.15 eV using 6-314+G
(3d, 3p)). The first transition structure has the
third ring in isomer I rotated 90° while the second
transition structure has the third ring of isomer II
rotated 90°. Schematics of the potential energy
along the isomerization path are depicted in Fig-

ure 1(b). Solvent effects, assuming a relative
dielectric constant for water of 78.355, were con-
sidered. The overall effect of solvent is to stabilize
the isomers and destabilize the TSs as indicated
in parenthesis in Figure 1. Our transition energies
are very close to the reported values of torsion
barriers obtained by fixing the geometry of the
rings and only relaxing both torsion angle and
interring bond length [33, 35]. Geometry optimi-
zation of 3-Py~ anion isomers yields almost pla-
nar structures in doublet states. Table I contains
the binding energies of the three anion isomers
corresponding to geometry-optimized structures.
Isomer III, with the three N—H bonds pointing in
the same side of the chain, is the most stable 3-
Py~. This anionic isomer has a marginal (almost
zero) electron affinity as shown in Table II. There-
fore, under favorable circumstances, a weak
electron attachment to 3-Py isomer III may be
observed because of a dipole binding mechanism
[34]. However, the most stable neutral isomer I
would need to overcome a 0.17 eV (0.15 eV with
6-31+G (3d, 3p)) isomerization barrier to trans-
form into isomer III before an electron could be
attached. Therefore, this process might be feasible
at high temperatures only.

For tetrapyrrole, there are six isomers combin-
ing the anti and syn orientations of the N—H
bonds. For simplicity, these isomers are repre-
sented with up/down arrows. States and binding
energies are reported in Table I, which corre-
spond to a full geometry optimization of each iso-
mer and each anion. The vibrational analysis of
all isomers and their anions yield positive fre-
quencies indicating that energies reported corre-
spond to minima of the electron energy surface.
The 4-Py neutral isomer T|1| (torsion angles 150°,
151°, 150° with 6-311++G and 156°, 157°, 156°
with 6-31+G (3d, 3p)) is the most stable and the
isomer 1111 (41°, 33°, 41° with 6-311++G and 35°,
30°, 35° with 6-31+G (3d, 3p)) is the least stable.
The other four neutral isomers are ordered in
increasing energy order as T||T (149°, 31°, 149°
with 6-311++4G and 155°, 27°, 155° with 6-314+-G
(3d, 3p)), 1111 (150°, 153°, 40° with 6-3114++G and
156°, 158°, 36° with 6-31+G (3d, 3p)), 11/] (41°,
152°, 41° with 6-311++G and 36°, 157°, 36° with
6-314+G (3d, 3p)), and T11| (40°, 35°, 149° with 6-
311++G and 36°, 31°, 156° with 6-314+G (3d, 3p)).

The most stable 4-Py™ anion is the 1117 isomer.
This is an almost planar molecule with torsion
angles 4°, 6°, 4° (3°, 4°, 3° with 6-31+G (3d, 3p)).
This isomer displays a marginal almost zero
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FIGURE 1. Potential energy surface of tripyrrole isomers along the isomerization path calculated within B3PW91/6-
311++G. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

electron affinity presumably identifying a dipole-
bound anionic state. Values of EAs are reported
in Table II. All other anion isomers are less stable
than their corresponding neutral isomer as shown
in Table I. Two TSs of neutral 4-Py were found to
lie at 0.11 eV (0.14 with 6-31+G (3d, 3p)) above
the ground state energy of the T|T| isomer to
reach the 7[77 isomer and 0.24 eV above the
ground state (0.29 eV with 6-31+G(3d, 3p)) to
reach the 1117 isomer. We predict that to detect
experimentally 4-Py ", this oligomer needs first to
isomerize, overcoming a barrier of about a quarter
eV, and only then an electron would be attachable
to the 1111 isomer. This process may occur at
very high temperatures.

IR-active vibrational spectra of neutral 2-Py, 3-
Py, and 4-Py display two frequency domains,
600-1600 and 3200-3700 cm !, as shown in Figure
2 (top) for the 6-31+G (3p,3d) case and as was
previously reported with the corresponding mode
assignments [15]. This spectral distribution is also
apparent in the IR-active vibrational spectra of
cation oligomers [15]. Most vibrational frequen-
cies in the anion 2-Py~ isomers are comparable to
those of the neutral isomers [15, 36], with several
modes displaying characteristic red shifts. For

example, the N—H stretching mode in the 2-Py
anti—ézauche neutral isomer (C,) located at 3675
em™! (intensity of 0.6) is red-shifted to 3557 cm ™"
in the anion 2-Py~ C,j isomer and becomes the

2-Py 3-Py 4-Py
(C2) (isomer 1) (Hth
05 ‘ ‘ ‘
Z o0 J Jlu] 1 L l}
@ 2-Py” 3-py” 4-Py
o (Con) (isomer 1) (hth
E o5
[
]
% 0 % 1 Lo
© 2Py 3Py 4-Py”
Ca) (Isompoyr 1) (tth
05
ob—r Ll . I L
0 1000 2000 3000 O 1000 2000 3000 0 1000 2000 3000 4000

Frequency (cm")

FIGURE 2. IR-active spectra of neutral and anion
bipyrrole, tripyrrole, and tetrapyrrole. Spectra on top
row correspond to the most stable neutral oligopyr-
roles. Spectra in the middle row correspond to the
anion of the isomers reported at the top. Spectra in the
bottom row pertain to the most stable anionic
oligopyrroles.
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most intense mode of vibration (intensity is 1.0)
as illustrated in Figure 2 (middle). Similarly, neu-
tral 2-Py syn-gauche isomer (C,,) has its N—H
stretching mode located at 3669 cm ™! (intensity of
0.16), whereas the mode is red-shifted to 3292
cm ! in the anion 2-Py~ C,, isomer becoming a
dominantly intense mode (intensity of 0.97), as
shown in Figure 2 (bottom). Another interesting
mode in neutral 2-Py anti-gauche isomer is the
coordinated hydrogen-rocking motion in N—H
and C—H bonds. This mode is located at 1126
cm ™! with moderate intensity of 0.32 (Fig. 2, top)
and is red-shifted to 1099 cm™' (0.29 intensity) in
the anion 2-Py~ C, isomer (Fig. 2, middle). The
same hydrogen-rocking mode in neutral 2-Py syn-
gauche isomer, located at 1131 cm™! (intensity of
0.16), is red-shifted to 1102 cm ™! in the anion C,,
2-Py~ isomer becoming the most intense mode of
the anion (intensity of 1.0) as seen in Figure 2
(bottom).

Similarly to bipyrrole, both neutral and anion
isomers of tripyrrole and tetrapyrrole display IR-
active vibrational frequencies in two spectral
regions, as shown in Figure 2. IR spectra of the
neutral most stable isomers of 3-Py and 4-Py were
previously reported in [15] and are depicted in
Figure 2 (top). Major differences in the modes
of neutral and anion short oligopyrroles are
observed for the N—H stretch and the coordi-
nated C=C inter-ring stretch with hydrogen-rock-
ing in C—H and N—H bonds. These two modes
in neutral 3-Py isomer I are located at 3676 and
1642 cm™' and have intensities of 0.8 and 0.3,
respectively (see Fig. 2 top). Although the C=C
stretch at 1594 cm™' in anion 3-Py~ isomer [ is
the most intense mode (Fig. 2, middle), the domi-
nant mode in anion isomer III (Fig. 2, bottom) at
around 3275 cm ™! corresponds to N—H stretches
in the first and third monomer. Spectra of tetra-
pyrrole follow a trend similar to tripyrrole. In the
neutral 4-Py 1|1] isomer (Fig. 2, top), the N—H
and C=C stretching modes at 3691 and 1560
cm ™' have comparable intensities of 0.5 while a
dramatic intensity increase of one of them occurs
in the anion isomers. Indeed, the anion 1111 iso-
mer has three intense IR-active lines within 3330-
3420 ecm~! with relative intensities 1.0, 0.7, and
0.15 that originate from the stretching of the
N—H bonds in the two central monomers (Fig. 2,
bottom). Correspondingly, the anion 1|7 isomer
displays its most intense mode around 1600 cm ™
corresponding to the C=C stretch plus hydrogen-
rockings (Fig. 2, middle). Comparison of neutral

3-Py isomer I and 4-Pyf|7| isomer IR spectra
with calculations in Ref. [36] show differences in
relative intensities and no significant differences
in frequencies.

Energetics and vibrational results in this sec-
tion should be important when considering the
experimental synthesis of PPy. Indeed, it has been
put forward that counterions may induce anti-to-
syn conformation changes along the polymer
backbone for producing helical conformations of
the polymer chain or their branches [37, 38]. Our
results provide concise energies for energy cost-
balance and IR spectra signatures, if such confor-
mational changes do indeed occur. The fact that
short oligopyrroles have negative electron affinity
is indicative that during polymerization in the
negatively oxidized phase, short chains and short
precursors are not favored.

4. Larger N-Py Anions (n = 6-9, 12,
15, 18) and Effect of Lithium Doping

Full geometry optimization of n-Py is per-
formed for sizes with n = 6, 8, 9 for both neutral
and anions with the three basis sets considered.
Only neutral and anion n-Py isomers with alter-
nating direction of the N—H bond are analyzed
for these larger oligomers because of the high
computational cost. For oligomers with n = 12,
15, 18, the geometries of neutral and anion
oligomers are fully optimized with the 6-311G ba-
sis sets and single point calculations are reported
with the 6-311++G and the 6-314+G (3d,3p) basis
sets. The reason for this is that comparison of the
smaller oligomers optimized structures with the
three basis sets shows very small differences in
calculated bond lengths and angles, with a con-
sistent decrease in difference as the oligomer
length increases. Table III summarizes the binding
energies per monomer calculated with this
scheme and the three basis sets. Electron affinities
of these oligomers are reported in Table II, clearly
showing a steady increase with increasing
oligomer length. Based on these results, EA
increases steadily as a power law: 0.187(n—6)"/>.
However, these electron affinities are very low.
To the best of our knowledge, electron affinities
of oligopyrroles have not been reported previ-
ously in the literature at the level of calculation
undertaken in this work.
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TABLE Il

Binding energy of neutral and anion n-Py oligomers.

Neutral E/n (eV)

Anion E/n (eV)

n State 6-311G 6-311++G  6-31+G(3d,3p) State 6-311G 6-3114++G  6-31+G (3d,3p)
6 C., 'A —51.8064 —51.5092 —53.3017 Ci, A —51.7872 -51.5164 —53.3110
8 Co, 'A —51.6045 —51.3070 —53.0936 Cy, A -51.6175 -51.3370 —53.1246
9 Cy, '"A  —51.5375 —51.2397 —53.0244 Cy, A  —51.5576 —51.2740 —53.0595
12 Cp 'A —51.4029 —51.1045 —52.8862 Cy, A —51.4318 —51.1431 —52.9249
15  Cy, 'A —51.3221 —51.0234 —52.8030 Cy, °A  —51.3528 —51.0615 —52.8411
18 Gy 'A  —51.2684 —50.9694 —52.7474 Cy, A —51.2995 —51.0054 —52.7835

Binding energies are referred to energies of the isolated atoms (given in Table | caption).

As we have reported in earlier work [15], the
geometry of neutral oligopyrroles is strongly bent,
and by p-doping with fluorine, the chains become
progressively planar as a function of positive
increasing oxidation level, acquiring a fully flat
structure at a critical value of charge/n = 1/3. In
contrast, when electrons are injected to the oligo-
pyrroles by electropositive Li-doping, the chain
does not become fully flat, even at high uniform
doping levels. The charge distribution along the
conjugated polymer chain is an important prop-
erty of charged oligomers. Based on the Mulliken
population analysis, with p-doping the positive
charge tends to localize over four monomers [15]
with a concentration of per monomer to dopant
level of 50%. In the oligomer anion the negative
charge tends to be pushed to the two end mono-
mers. In doing so, the oligomer becomes more
planar as more negative charge is transferred to
the molecule from the dopants. Similar to the case
of positively charged [15], for multiply charged
anionic oligomers, there is a structural change in
the conjugated backbone chain from the benze-
noid structure (single C,—C,, bond length
between contiguous monomers) to the quinoid
structure (double C,—C, intermonomer bond
length) in chain regions neighboring dopants.
Therefore, when electropositve dopants, such as
Li atoms are in the proximity of n-Py oligomers, a
transfer of electrons to the polymer occurs in their
immediate proximity. The effect of Li dopants on
the alternation of single-double C—C bonds along
the conjugated chain of 12-Py is illustrated in Fig-
ure 3, where Alc—c is the change in length of
C—C bonds and Aqc is the change in charge on
the C atoms occurring in the doped oligomer
with respect to the oligomer without dopants. In

Figure 3, a-carbons are depicted with a circle. Cal-
culation for the 6Li-12Py case is based on a full
optimization of the geometry of 12-Py with six Li
dopants using the 6-311G basis sets. Reported val-
ues of energies using the other basis sets corre-
spond to one-point calculation considering that
optimized geometry of the doped system. Plots
on the left of the figure correspond to the
B3PW91/6-31+G (3d, 3p) results, which we com-
pare with our calculation obtained under the HF-
M06/6-31+G (3d, 3p) approach depicted on the
right. These results correspond to a full optimiza-
tion of the doped system geometry. It is clear
from the figure that irrespective of the method,
changes occur preferentially at chain regions
where the polymer sustains a negative charge due
to electron transfer from dopants in that vicinity.
The Li dopants are about 1.9 A away from the
chain, located above and below two contiguous
monomers of a four-monomer motif, and the
four-monomer motif repeats three times in 12-Py
as depicted in the top of Figure 3. This configura-
tion is proved to correspond to a maximum
charge transfer of 1.36 e per motif (1.28 e/motif
with M06-HF) by inspecting several energy min-
ima of the potential energy surface. We are reluc-
tant to name this anionic 4-Py-motif a “bipolaron”
because two full electrons have not been trans-
ferred from the two Li dopants to the polymer.
Such almost full-electron-transfer has been
reported for Li-doped polythiophene [17].

5. Infinite PPy Chain with n-Doping

Neutral PPy is an insulator and when becom-
ing positively charged by p-doping one localized
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FIGURE 3. Changes of C—C bond length and charge on C atoms along the conjugated chain in 12-Py ™ anion with
respect to neutral 12-Py. Large circles identify intermonomer locations. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

state appears in the gap per electron removed
from the Py ring [15, 16]. In a supplementary
recent work [39], we showed that fluorine p-doing
of PPy (infinite chain with PBC) introduces two
very narrow bands in the gap of pristine neutral
PPy at 50% per monomer doping level without
significantly reducing the original gap. One of
these bands is at 0.5 eV above the Fermi energy
Er and the upper band is about 0.5 eV below the
lower unoccupied band. Here, additional calcula-
tions within the B3PW91/6-311G approach are
performed for the infinite polymer PPy, both pure
and n-doped with Li atoms at the same 50% per
monomer doping level. Calculations are done
with PBC in the X-direction considering a repeat-
able four-monomer motif in the planar configura-
tion. For this motif, the unit cell length is 14.35 A.
In the case of doped PPy, the unit cell contains
the same four-monomer motif plus two Li atoms
located one above and one below (at 1.9 A) two
contiguous monomers yielding a 50% per mono-

mer dopant concentration. This positioning of the
dopants is the most energetically favorable and
results in maximum electron transfer. Figure 4
illustrates a comparison between the one-electron
level spectrum of 12-Py and the band structure of
PPy. Top plots depict systems without Li dopants
whereas the bottom plots show the effect of Li-
doping. Energies are referred to the HOMO in the
case of 12-Py and Ep in PPy.

In the discrete spectrum of 12-Py, Li dopants
give rise to a manifold of states in the proximity
of the HOMO located at —3.50 eV. These dopant
states are filled, tightly bundled, and placed
within the 3.36 eV HOMO-LUMO energy gap of
neutral 12-Py. Correspondingly, the band struc-
ture of PPy has Ep = —3.52 eV and a band gap of
3.2 eV. As illustrated in Figure 4, Li-doped PPy
has Er = —1.34 eV, a strongly depleted band gap
of 24 eV and two dopant narrow bands with
widths 0.001 and 0.542 eV located in the gap of
pristine PPy. A charge transfer of 1.2 e takes place
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FIGURE 4. Energy spectrum of 12-Py compared with
the band structure of PPy for systems without dopants
(top) and with Li dopants (bottom). The 12-Py spectrum
is obtained with 6-31+G (3d,3p) basis sets and the PPy
bands with 6-311G basis sets. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

from the two Li-dopants toward the four-mono-
mer motif in the PPy chain. At T = 600 K the total
electron occupation of the narrow band below Ef
is about 158 with four holes, while the band just
above Ep has an electron occupation of about 4.
At T = 300 K the band below Ep is basically filled
(161.7). When compared with our previous results
of fluorine p-doped band, it is very noticeable
that n-doping reduces the band gap while p-dop-
ing doesn’t. To be noted in both cases, Er lies in
the gap, and therefore, the doped systems are not

metals. A similar behavior is observed for thio-
phene [17].

Energy of formation of the Li-PPy system may
be defined as the difference between the opti-
mized energy of the doped Li-PPy minus the
energy of the same PPy configuration without the
lithium atoms and plus the energy of two isolated
Li atoms. This energy of formation is —0.11 eV,
significantly smaller than the oligopyrrole energy
of formation of —5.49 eV in 12-Py. This result is
consistent with the energetic stabilization of pla-
nar chains as the doped system becomes infinite.
Worth to note is that in thiophene [17] this energy
of formation is positive when calculated at a com-
parable level of theory.

6. Conclusions

This article reports a thorough study of neutral
and anion n-Py oligomers (n = 2-18) at the DFT
level with large basis sets. The study confirms
earlier structure and energetics results within DFT
and smaller basis sets for neutral oligomers [15]
and puts forward the new structure and ener-
getics results for their anions. Short n-Py oligom-
ers with n < 6 attach an electron through dipole-
binding. The resulting anions are less stable than
their neutral counterparts (negative EA), and
thus, may be difficult to detect experimentally.
However, larger oligomers have positive EAs that
increase with polymer length. These EAs are
small as has been speculated in several publica-
tions [17, 18]. To the best of our knowledge, EAs
of oligopyrroles have not been reported before at
our level of calculation.

We demonstrate that in oligomers doped with
electropositive Li, the electron transfer mecha-
nism occurs around oligomer monomers in the
neighborhood of the dopants. Lithium dopants,
at a concentration of 50% per monomer, create an
energy-localized bundle of states in the HOMO-
LUMO gap of neutral 12-Py. These states are
occupied. The corresponding band structure of
PPy with Li dopants at the same doping concen-
tration shows the appearance of dopant bands in
the energy gap of pristine neutral PPy accompa-
nied by a substantial decrease in the band gap.
The decrease in band gap energy is due to the
added planarity of the chain produced by the
dopants. This effect has been predicted for a vari-
ety of other conjugated polymers and their
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oligomers [40]. The dopant new bands are nar-
row and do not cross the Fermi energy. There-
fore, the Li-PPy system is not a metal at the dop-
ing concentration considered here. Similar results
have been reported for Li-doped thiophene even
at 100% per monomer doping concentration [17].
In agreement with published results for a variety
of other conducting polymers [41], extrapolation
of the HOMO-LUMO energy gap in pristine and
doped n-Py as a function of 1/n does not predict
the band gap of the infinite chain.
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