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ABSTRACT
Semiconducting conjugated polymers (CPs) have shown great potential in organic solar cells and
organic field-effect transistors (OFETs), due to their tunable electronic and optical properties. In this
study, we compare computational predictions of electronic and optical properties of ensembles of
cis-polyacetylene (cis-PA) multiple oligomers in two different forms (a) undoped cis-PA and (b) cis-
PA doped by phosphorous fluoride (PF−

6 ) via density functional theory (DFT) with hybrid functionals.
The comparison of undoped cis-PA under the constraint of injected charge carrier and cis-PA doped
by PF−

6 shows that either doping or injection provides very similar features in electronic structure
and optical properties. Doped and injected are similar to each other and different from the pristine,
undoped PA. Computed results also indicate that the injection of charge carriers and adding p-type
doping into the semiconducting CP model both greatly affect the conductivity. These observations
provide a better understanding and practical use of the properties of polyacetylene films for flexible
electronic applications.
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Introduction

Conjugated polymers (CPs) are one type of organic
macromolecules that show interesting tunable electronic
properties, conductive properties and their potential
applications in di!erent "elds such as organic photo-
voltaics, soft electronics, "eld-e!ect transistors (FET),
light-emitting devices, sensors, microelectronic actua-
tors, photovoltaic cells, coatings, energy storage devices
and so on [1–5]. Signi"cant experimental and computa-
tional e!orts have been devoted to studying the electronic
properties of conjugated polymers using the approxi-
mation of the energies and density of states via density
functional theory (DFT). However, such studies are quite
complicated, because polymers do not have well-de"ned
structures. Amorphous or semicrystalline rather than

CONTACT Wenjie Xia wenjie.xia@ndsu.edu Department of Civil, Construction and Environmental Engineering, North Dakota State University, Fargo,
ND 58108, USA; Dmitri Kilin dmitri.kilin@ndsu.edu Department of Chemistry and Biochemistry, North Dakota State University, Fargo, ND 58108, USA

long-range crystals, there are no long-range orders and
many of them are insoluble and polydisperse, and com-
putational techniques are signi"cantly less developed for
in"nite polymers than for well-de"nedmolecules. There-
fore, it is common to extrapolate oligomer properties to
in"nite chain lengths to estimate polymeric properties.
We examine di!erent aspects of such extrapolations in
this article and discuss how their properties converge
with increasing oligomer chain length. There are several
CPs available that show excellent results in the molecu-
lar modi"cation of the structure, solution processability,
electrical properties and charge carrier compared to their
inorganic counterpart’s silicon [6].

The conductivity and the charge carrier density of
CPs can be modi"ed by adding p-type or n-type doping

© 2022 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2022.2110167&domain=pdf&date_stamp=2022-08-12
http://orcid.org/0000-0002-0684-930X
http://orcid.org/0000-0001-7870-0128
http://orcid.org/0000-0001-7847-5549
mailto:wenjie.xia@ndsu.edu
mailto:dmitri.kilin@ndsu.edu


2 K. N. KEYA ET AL.

or injecting charge in the models [7]. Adding dopants
or injecting charge in the CPs has the potential to con-
trol carrier mobility, electronic properties and absorp-
tion. When the charge is injected into the CPs, the elec-
tronic population is added to the lowest unoccupied
molecular orbital (LUMO) and this process occurs when
the doping type is ‘n’. In p-type doping, the electronic
population can be removed from the highest occupied
molecular orbital (HOMO) [8,9]. This charge injection
is occurred by withdrawing or adding electrons from
the polymer or oxidising the polymer [10]. For dop-
ing, there is no chemical reaction needed. Adding a
dopant or injecting a charge carrier a!ects the bandgap
of the semiconductor CP materials [11,12]. As an exam-
ple, a bandgap increases the visible light absorption
in the photovoltaic cells and improves the charge car-
rier mobility which educates the separation between the
electron–hole pair. Therefore, it is more challenging to
understand the behavior of the electronic properties of
CPs and the e!ect of adding doping or injecting charge
in the system. For a better understanding of the elec-
tronic properties of the conjugated polymers, DFT can be
used.

Recently, DFT calculations can be used for predicting
molecular geometries, energy levels and absorption spec-
tra of CPs [13]. DFT is one of the most common com-
putational methods which are used to compute the elec-
tronic properties of the quantum-chemical modelling of
materials [14,15]. Therefore, the local electronic density
and local energy density per electron can be calculated
using many DFT functionals. Performing DFT calcula-
tions on CPs is challenging due to their size (a large num-
ber of atoms); so, for better accuracy/precision, methods
such as hybrid functionals, Heyd−Scuseria−Ernzerhof
(HSE06) screened-Coulomb hybrid density function-
als can be used. Hartree–Fock (HF) exchange energy
is contributed to the HSE06 hybrid functional. These
functionals employ a screened coulomb potential for
exchanging the exact correlation between atomic struc-
tures using short-range HF exchange [16–19] instead of
full exact exchange to avoid the computational expenses
of the long-range character of HF exchange [20]. For this
purpose, Heyd−Scuseria−Ernzerhof (HSE06) methods
have been used to compute the electronic structures
and bandgap of the CPs which are a function of DFT
[20,21]. Compared to other methods of DFT, HSE06 is
more relevant and provides accurate results for comput-
ing the fundamental electronic structures [22]. Though
the computational cost of DFT is lower than tradi-
tional exchange–correlation methods HSE06, for this
research workHSE06methods were used because it gives
exact exchange–correlation energy from other ab ini-
tio or empirical methods. HSE06 methods can be used

to explore the electronic properties and estimate the
bandgap of the CPs.

During the last few decades, many researchers have
worked on the electronic conductivity of polyacetylene,
and it gets great attention particularly because of the pos-
sibility of increasing its electrical conductivity by doping
[23–25]. Heeger and co-workers suggested that solitons
played a fundamental role in the charge-transfer doping
mechanism [26]. Yamabe et al. studied the conducting
mechanism in the direction perpendicular to the chains
for lightly doped PA [27]. Based on their model, the
charged soliton was helped to hop between the PA chains
due to the vibrational motion of the dopant. However,
most earlier models for conducting mechanisms were
one-dimensional (1D)models, and not suited to the elec-
trical anisotropy of the PA system. Detailed experiments
have shown that the doped oriented-polyacetylene shows
conductivity anisotropy in directions parallel and per-
pendicular to the oriented direction of the "lm [28,29].
Makoto Kuwabara et al. numerically investigated the
interchain hopping of solitons and polarons in poly-
acetylene and observed that charge solitons can hop
to the opposite chain by forming bipolarons [30]. R.
R. Chance et al. studied the interchain hopping of bi-
polarons of doped polyacetylenewhichwas discussed as a
mechanism for spinless conductivity. They observed that
this mechanism can account for the observed dopant-
concentration dependence of the conductivity in trans-
polyacetylene and the observation of anomalously low
magnetic susceptibilities in the highly conducting regime
of several doped polymers [31]. Several researchers inves-
tigated that polyacetylene showed remarkable electronic
properties in the "lms doped and undoped PA. It is
important to explore the research on the conductivity of
the conjugated polymer like cis-PA at the ground state
and understand the in#uence of the electronic structure
of the semiconducting CPs after adding doping or injec-
tion of charge carriers. The electronic properties, charge
carrier density, and conductivity of the conjugated poly-
mer can be improved by adding p- or n-type doping
(charge injection) after adding those things to the CPs,
the conductivity of the semiconducting material can be
changed or modi"ed [9].

In this current study, we investigate the ground-
state properties of the polyacetylene (PA) using HSE06
which is an organic conjugated polymer. PA consists
of a long chain of carbon and hydrogen atoms, this
long chain of carbon atoms bonded using single or
double bonds between them. Because of the geometry,
PA which consists of double bonds can be named cis-
polyacetylene (cis-PA) or trans-polyacetylene (trans-PA).
By changing the temperature of the cis-PA or trans-
PA, the isomer of the polymer can be controlled. One
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may note that a favourable comparison with experi-
ments and wavefunction-based methods, was reported
for Vinylene-linked conjugated polymer systems by use
of ‘full hybrid’ functional such as B3LYP [32,33]. Amodel
of an isolated PA oligomer was studied in our previous
work [34] to explore excitonic e!ects by TDDFT with
B3LYP functional and patterns of relaxation in absence
of neighbour oligomers, as a reference point. Multiple
oligomers model processed by B3LYP is expected to
demonstrate similar correction as for a single oligomer,
in respect to other functionals [34]. Therefore, a con-
sideration of excitonic e!ects in models with multi-
ple oligomers would be a natural continuation of this
research. Multi-oligomer models are expected to show
certain di!erence to a single oligomermodel as a function
of the oligomer length. The shorter oligomers behaving
like molecules are expected to show similarity between
single-and multi-oligomer models. In contrast, longer
oligomers are expected to show di!erent trends: single-
oligomer models are expected to demonstrate con"ne-
ment and exciton e!ects, while multi-oligomer models
are expected to demonstrate saturation, where the gap
is de"ned not by the length of the oligomer but inter-
oligomer hoping. So, we have selected the small enough
oligomer that allows to analyse interchain hopping. Also,
we are bound by our recently published reference point
work [34].

The main goal of this work is to control the conduc-
tivity of the conjugated polymer which can be hypothet-
ically controlled by doping or injecting charge carrier.
Therefore, the charge carrier density and conductivity of
conducting conjugated polymers can be modi"ed either
by charge injection or via p- or n-type doping [35]. Most
of the conducting polymers are the p-doped type because
the Fermi level in the electrodes on the metal/polymer
interface is typically aligned with the valence band of
polymer, which favours the hole injection [22].

In this work, we want to check which mechanism
provides better improvement to conductivity: doping or
charge injection into the conjugated polymer.We utilised
Vienna Ab initio Simulation Package (VASP) to study the
optical, electronic, and conductive properties of the PF−

6
doped cis-PA and undoped cis-PA conjugated polymers
at the fundamental atomic level. DFT with HSE06 hybrid
functional has been used to understand such properties
such as bandgap and absorption spectra. We add a few
PF−

6 groups serving as p-dopants inside the cis-PAmodel
as an attempt to control the conductivity of the polymer.
First principles calculations are used to prove a hypoth-
esis that upon adding dopants or injecting charge into
the conjugated polymer, several polymer properties expe-
rience a change, such as the bandgap getting smaller.
We organise computational evidence of conversion of the

considered models from semi-conductor to conductive
range. A comparison of the DOS and absorption spec-
trum of the undoped and PF−

6 doped models help to
understand the trends in the conductive materials and
how they change upon doping. The results indicate that
the energy o!set between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) energies are decreased greatly, as
explained in detail in the result and discussion section.

Methods

This paper presents theoreticalmethod based on ground-
state DFT calculations. In this research, the electronic
structure of atomic model is determined by using
DFT which is implemented in the VASP software. The
atomic model is de"ned by the initial positions of each
ion, set of coordinates for nuclei {"RI} and number of
electrons Nel. Kohn–Sham equations are employed to
self-consistent DFT functions to get better approxima-
tion. The main equation is a "ctitious one-electron
Kohn–Sham equation [36,37]:

(
− !2

2m
∇2 + v([ρ("r)],−→r )

)
ϕKS
i ({"RI}, "r)

= εi({"RI})ϕKS
i ({"RI}, "r) (1)

where the "rst term corresponds to kinetic energy T
and uses the symbol of gradient ∇ =

(
∂
∂x ,

∂
∂y ,

∂
∂z

)
. In

Equation (1), we "nd a set of one-electron orbitals
ϕKS
i ({"RI}, "r) and their energies εi. The orbitals are com-

binedwith orbital occupation function fi for constructing
the total density of electrons.

ρ("r) =
Nel∑

i=1
fiϕKS∗

i ("r)ϕKS
i ("r) (2)

fi =
{
1, i ≤ HOMO
0, i ≥ LUMO (3)

where HOMO and LUMO stand for highest occu-
pied molecular orbital and lowest unoccupied molecu-
lar orbital, respectively. The total density determines the
potential,

v[ρ] = δ/δρ(Etot[ρ] − T[ρ]) (4)

The potential energy is de"ned in terms of a functional
derivative of the total energy with respect to variation
of the total density and includes interactions of electrons
with ions and three electron interactions: Coulomb, cor-
relation and exchange. Rectangular brackets symbolise
functional. Equations (1)–(4) are solved in the iterative,



4 K. N. KEYA ET AL.

self-consistentmanner by using hybrid functionalswhich
gives us approximate exchange–correlation results.

In this article, the HSE06 (Heyd–Scuseria–Ernzerhof)
functionals are used to improve the computational e$-
ciency of the systems. The HSE06 functional calculated
from the fraction of Fock exchange, a, at zero electron
separation and a length scale,ω−1, where the short-range
Fock exchange is computed as follows [34,38]:

EHSEXc = aEHF,SRX (ω) + (1 − a)EPBE,SRX (ω)

+ EPBE,LRX (ω) + EPBEc (ω) (5)

where EHF,SRX (ω) is the component of Hartree–Fock
exact exchange functional, EPBE,LRX (ω) and EPBE,SRX (ω)

are the long and short-range elements of the PBE
(Perdew–Burke-Ernzerhof) exchange functional and
EPBEc (ω) is used to compute the correlation of the PBE
functional. The aboveEHF,SRX (ω) is computed through the
spinful Kohn−Sham density matrix ρσ , σ ′(r, r′), which
is given below:

EHF,SRX (ω) = −1
2

∑

σ ,σ ′
∫ dr dr′

erfc(ω|r − r′|)
|r − r′|

× |ρσ , σ ′(r, r′)|2 (6)

Though this function accuracy was achieved which was
equal to PBE0, the value of a = 0.25 exchange frac-
tion was limited. Therefore, for improving the accuracy
reparametrised the HSE06 function which was based on
ω not a [34,39,40].

Note that number of electrons Nel is a critical param-
eter, which a!ects the occupation of orbitals, shape of
orbitals and total energy. Total number of electrons is

Nel =
∫∫∫

dxdydzρ("r) (7a)

For restricted DFT singlets, the number of occupied
orbitals reads

HOneutral =
Nneutral
el
2

, LUneutral =
Nneutral
el
2

+ 1 (7b)

A change in the number of electrons results in rede"-
nition of the number of occupied orbitals. Speci"cally,
for anions and cations, the indices of HO and LU
Kohn–Sham orbitals di!er from those in neutral models.
Therefore, absolute values of indices of frontier orbitals
are changed as follows:

HOanion =
Nneutral
el
2

+ 1 = LUneutral,

LUanion =
Nneutral
el
2

+ 2 = LUneutral + 1 (7c)

HOcation =
Nneutral
el
2

− 1 = HOneutral − 1,

LUcation =
Nneutral
el
2

= HOneutral (7d)

A band gap of a material in a neutral con"guration is
de"ned as an o!set between the energies of the lowest
unoccupied Kohn–Sham orbital and the highest occu-
pied Kohn–Sham orbital.

∆Eneutralgap = εneutralLU − εneutralHO (8)

The de"nitions of the bandgap of anion and cation use
the energy di!erence of speci"c pairs of orbitals de"ned
in Equations 7(c)–7(d). The electron density of states
(DOS) describes the number of states per interval of
energy. One uses DOS to characterise electronic struc-
tures of the studied models. DOS is de"ned as

n(ε) =
∑

i
δ(ε − εi) (9)

where the Dirac delta function was approximated with
a "nite width Gaussian function. One of the parame-
ters obtained from the DFT calculation is the oscillator
strength representing probability that a model, which
absorbs a photon will undergo an electronic transition.
Thus the oscillator strength is related to the rate of
absorption and is de"ned as

fij =
4πmeωij

3he2
|"Dij|2 (10)

where ωij = εi−εj
! is the angular frequency required to

excite an electron from state i to state j.
"Dij = e ∫ d"r ϕ∗

i ("r) · "r · ϕj("r) is the transition dipole
moment for transition from state i to state j, and me, h
and e are fundamental constants. The spectral density of
absorption was calculated analogously to the DOS using
[34]

α(ω) =
∑

i≤HO

∑

j≥LU
fijδ(!ω − !ωij) (11a)

Here, two sums run over pairs of orbitals. Each delta
function is weighted by the oscillator strength corre-
sponding to the transition so that the more probable
transitions are given greater weight in the total absorp-
tion spectrum. Delta function is approximated by the
"nitewidth functionwith awidth parameter correspond-
ing to spectral line broadening due to the Heisenberg
uncertainty principle and thermal #uctuations. There is
a strong relationship between absorption spectrum and
conductivity. They are closely related to each other. Gen-
erally, the conductivity is equivalent to the absorption of
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the conjugated polymer at zero frequency [41]

σ = α(ω = 0) (11b)

Maximal conductivity is expected in case an intense
absorption peak is found at zero transition energy.

In this research, we explore a response of the prop-
erties of the conjugated polymer models to adding or
removing charge. Adding or removing charge corre-
sponds to experimental setups with charge injection to
intrinsic model or by functionalisation of the models by
doping. Speci"cally, we focus on C32H32 oligomers func-
tionalised by electron-withdrawing dopants PF−

6 com-
posed of P (phosphorous) and F (#uoride). All mod-
ellings are performed by the "rst principles treatment.
Practically, after adding and removing electrons from
the conjugated polymer, we are trying to see that how
material reacts, and which material shows more con-
ductivity behaviour. This conductivity behaviour can be
interpretedmost e$ciently based on the absorption spec-
trum analysis. Additional insight into the mechanism of
conductivity can be obtained from the analysis of orbitals.
The orbitals computed by Equation (1) are visualised
and interpreted in form of 3D iso-surfaces of partial
charge density, for selected orbital |ϕKS

i ("r)|2 or by 1D
distributions [34]

ρi(z) =
∫∫

dxdy|ϕKS
i (x, y, z)|2 (12)

ρi(y) =
∫∫

dxdz|ϕKS
i (x, y, z)|2 (13)

Computational details

The atomistic model of the di!erent conjugated poly-
mers is shown in Figure 1. For this study, two types of
conjugated polymer have been used: Figure 1(a) intrin-
sic cis-PA without any doping and (b) cis-PA doped by
phosphorous and #uoride. In Figure 1(a), the size of
the oligomer is 36Å × 5.7 Å × 19.6Å and Figure 1(b)
the size of the oligomer is 20Å × 5.7 Å × 36Å. Figure 1
shows the geometrically optimised structure of the poly-
mer model. We carefully inject the positive and nega-
tive charge carriers, i.e. holes and electrons respectively
and add some p-type dopants (Figure 1b) which is a
fundamental pre-requisite for high quantumelectrolumi-
nescence e$ciencies, which markedly a!ect the perfor-
mances of conjugated polymer. In this work, we inves-
tigated the conductivity of the cis-PA using DFT-based
computational approach. We want to demonstrate that
dopant and injection of charge are showing equivalent
in#uence on changes of the band gap and so that any
decrease in the band gap is equivalent to an increase in
conductivity. It is a lower computational cost to form
a periodic box "lled with shorter/longer oligomers, as

a possible extension of this work. The general trends
reported in this work are expected to hold for a periodic
box "lled with oligomers longer than those used here.
An exploration of periodic models "lled with shorter-
length oligomers is expected to show lower values of
computed conductivity for the following reason, quan-
tum con"nement in the shorter oligomerswould increase
gaps and sub gaps and subsequently decrease conduc-
tivity. Oligomers of conjugated polymers demonstrate
the formation of bound excitons of "nite size, due to
the electron–hole interaction. In short-length oligomers,
electrons and holes experience con"nement due to the
limited size of the oligomer. In long-length oligomers,
the transition energies are de"ned by exciton size and do
not depend on an additional increase in length. Although
a size of exciton is speci"c for each conjugated poly-
mer, there are common trends for this class of materials.
Kraner et al. reported a uniform increase of the exci-
ton size when molecules with π system sizes between 10
and 40Å. When molecules size larger than 40Å, there
was no signi"cant additional increase observed in the
excitation size [42]. Stefanie A. Mewes et al. showed
that TDDFT functions were dominated by the nonlo-
cal orbital exchange in terms of asymptotic exciton size
limits. The exciton size of the polymer changes with
length size of the oligomer and for TDDFT/PBE func-
tional, author showed that exciton size increaseswhen the
oligomers size increasing in the range from 10 − 30Å.
Upon reaching the oligomers length above 30Å, no sig-
ni"cant change was observed in exciton size [43]. For our
work, we choose shorter oligomers. So, our qualitative
analysis is expected to remain valid for short-range and
long-range oligomers.

Figure 1(c) schematically shows the energy gap of
the undoped model in the uncharged, positive and neg-
ative charge con"gurations which gives an idea about
howoccupied (HOMO) and unoccupied (LUMO) orbital
get a!ected when withdrawing or adding charge from
the model. After losing electrons from the model, the
HOMO–LUMO gap gets smaller. Losing electrons cor-
responds to the model receiving a positive charge, thus
forming cations. Due to HOMO–LUMO gaps that are
small, electrons can jump easily fromhigher energy levels
to lower energy levels. The energy gap between HOMO
and LUMO of the anion is comparatively smaller than
the neutral state. The energy level of the HOMO of the
anion signi"cantly decreases and electrons go from lower
energy levels to higher energy levels.

Result and discussion

In this paper, the hybrid HSE06 functional is used to
understand the electronic con"gurations of the ground-
state of the electronic structure and predict the bandgap
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Figure 1. Optimised geometry of ensemble of oligomers of (a) undoped cis-polyacetylene (cis-PA) model and (b) PF6-doped cis-
polyacetylene (cis-PA) model. Each ensemble is composed of six oligomers terminated by methyl groups, under periodic boundary
conditions. Note that the size of the periodic box is smaller than the length of a single oligomer. Oligomers are labelled 1 through 6
in the direction of increasing z-coordinate. All models are oriented along Z-axis, so that all models can be translated along Z-axis. The
atomic structure of the undoped cis-PA and PF6-doped cis-PA is C184H208 and C184H208F12P2. (c) illustrates a schematic diagram of the
band gap of the undoped model in the uncharged, positive and negative charge configurations.

of the system. The bandgap of conjugated polymer
(Table 1) helps to predict the behaviour of the system
whether it is behaving like semiconductor materials or
conductor materials. The density of states (DOS) repre-
senting the band structures of di!erent electronic con-
"gurations of the cis-PA undoped, and PF−

6 doped cis-
PA models are reported in Figure 2. Figure 2(a) shows
the DOS of the uncharged (neutral) cis-PA undoped
model where the computed bandgap of the system is
0.9059 eV . In case one creates anions and cations by
removing/adding literally one electron, the total spin
con"guration would change from singlet to doublet and
would require spin-polarised calculations. However, we
change the charge by adding or removing two electrons,

Table 1. Band gap for all models. In all considered models, in all
considered configurations, the number of electrons is even. All
electrons are paired.

Model Band gap Total no. of electrons

Undoped (neutral) 0.9059 eV 944
Undoped (cation) 0.0662 eV 942
Undoped (anion) 0.0989 eV 946
PF6-doped (p-type) (neutral) 0.0925 eV 1038

in purpose to keep the singlet con"guration, for sim-
plicity, as a "rst step. In the same analogy, the doping
agents were added by a pair of PF−

6 ions. Consequently,
all models and con"gurations are legitimate to be treated
as singlets. Figure 2(b) and (c) show the energy gap of
the injection of the positive charge and negative charge
carriers. It is expected that the results of the injection of
the positive charge carriers will show similar behaviour
to the cis-PA PF−

6 doped model. After withdrawing two
electrons from the cis-PA undoped model, the original
HOMO is a!ected. Because of the removing electrons,
labelling of the orbital changes (i.e. shown in Figure 1c).
This creates space inside the HOMO and generates the
new LUMO which is shown in Figure 1(c). Then the
initial bandgap is reduced to 0.0662 eV . This decrease
of the bandgap indicates that after injecting a positive
charge into the system, the system behaves like a con-
ductive material, or it helps to improve the conductivity
of the system. Figure 2(c) shows that after the injec-
tion of two electrons, the energy gap of the undoped
model is decreased from its initial bandgap which is
0.0989 eV . This bandgap tends to decrease the bandgap of
the cis-PA undopedmodel and the original LUMO is also
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Figure 2. The density of states (DOS) of the polymermodel is calculated by DFT using the HSE06 hybrid functionmethod. Green-shaded
regions represent the occupied orbitals and unshaded regions indicate unoccupied orbitals. Four frontier orbitals near the bandgap
are labelled. (a) DOS of the neutral (uncharged) undoped cis-polyacetylene model, (b) DOS of cation (positively charged) undoped cis-
polyacetylene model, (c) DOS of the anion (injecting charge or negatively charge) undoped cis-polyacetylene model, and (d) DOS of
neutral PF6−doped- (p-doping, positive polaron) cis-polyacetylene model. A, B, C, and D refer to HO, HO-1, LU and LU+1 respectively.

populated. Similarly, after adding doping (p-type) in the
model (PF−

6 doped), we can see occupied and unoccupied
orbitals are in the same energy level (Figure 2d). p-doping
creates hole in the model which initiates the LUMO level
and HOMO level should be closely aligned with each
other. Figure 2(d) indicates the band gap (0.0925 eV) of
the PF−

6 doped cis-PA model (neutral) which is almost
the same as the energy gap of the injecting negative
electron into the cis-PA undoped system. In both cases
Figure 2(c) and (d), the original LUMO is populated
which intends to decrease the bandgap of the system and
in#uence the behaviour of the materials.

Figure 2 practically supports the features sketched in
Figure 1(c). Speci"cally, in Figure 2, panel (a) corre-
sponds to the "rst segment of the schematic diagram

in Figure 1(c), labelled as ‘neutral’. In this situation, the
bandgap is open, and the computed HOMO–LUMO o!-
set is substantial, around 0.9059 eV . Figure 2, panel (b)
corresponds to the middle segment of the schematic dia-
gram in Figure 1(c), labelled as ‘cation’. There, both
HOMO and LUMO belong at the top of the valence
band. Their energy o!set is vanishing as indicated by a
solid blue bar in Figure 1(c) and as computed 0.0662eV .
Figure 2, panel (c) corresponds to the rightmost segment
of Figure 1(c), labelled as ‘anion’, and corresponds to the
situation when both HOMO and LUMO are found at the
bottom of the conduction band as indicated by solid red
bar in Figure 1(c). On one hand, the value of the broad-
ening parameter is chosen to be of the order of the room
temperature thermal quantum kT. On the other hand, the
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gap for doped/cation models is smaller or comparable to
the room temperature thermal quantum kT. In such situ-
ation, the broadening is larger than the gap and the peaks
look unresolved.

Figure 3 shows the absorption spectra of the undoped
and PF−

6 doped cis-PA models. Absorption at the transi-
tion energy value approaching zero corresponds to the
conductivity of the sample [44]. Green circle, orange
diamond, purple triangle, and pink square indicate the
value of absorption in the limit of zero transition energy
for each of the models. The violet triangle corresponds
to +ε = 0 eV absorption of the neutral undoped cis-
PA model, the green circle corresponds to +ε = 0 eV
absorption of the cation undoped cis-PA model, the
orange diamond corresponds to +ε = 0 eV absorption
of the neutral undoped cis-PAmodel, and the pink square
corresponds to+ε = 0 eV absorption of the neutral PF−

6
doped cis-PA model. Both linear and log scale plots are
needed in Figure 3 for a better understanding of the prop-
erties of materials. The absorption/conductivity at the
optical/near-infrared frequency range is convenient to
analyse in the linear plot. However, the degree of absorp-
tion/conductivity at the transition energy approaching
zero di!ers by several orders of magnitude. The linear
plot shows zero value for both neutral undoped (vio-
let line) and the neutral PF−

6 cis-PA (pink line) models,
while in log scale one can focus on theoretical di!er-
ences among the absorption/conductivity values of all
models. The main idea under this approximation is that
when voltage creates current, an electron is being acceler-
ated via promotion between orbitals. Smaller gap, intense
transitions across the gap correspond to better conduc-
tivity. The green circle and orange diamond indicate the
high-intensity region of the absorption spectra. These
values for the green circle and the pink square, are in the
range between 0.1 and 1 eV and correspond to a conduct-
ing material (doped and injected). The purple triangle
and the orange diamond illustrates absorption values in
the range between 10−8, which is 8 orders of magnitude
smaller and correspond to an insulator.

Figures 4 and 5 demonstrate the delocalisation of
orbitals over several oligomers, which have no direct
chemical bond. Such delocalisation corresponds to a con-
ductivity mechanism involving ‘hopping’ of charge carri-
ers between oligomers. Figure 4 shows the charge density
of the positively charged cis-PA undoped model which
indicates the calculation of the iso-surfaces where the
iso-surface values are computed using HSE06 functional.
The conductivity of the material is greatly in#uenced
by two components. One is the charge mobility of the
system and another one is the energy gap between the
given charge carriers. In this paper, both parameters
a!ect the charge density of the system, so this paper

Figure 3. Calculated ground state absorption spectra as a func-
tion of transition energy. The Violet line refers to the neu-
tral undoped cis-PA model, the green line indicates the cation
undoped cis-PA model, the red line states anion undoped cis-PA
model and the pink line shows neutral PF−

6 doped cis-PA model.

focuses on both contributions of the system and dis-
cussed the results accordingly. In the HOMO-1 orbital
shown in Figure 4(a), the maximum amount of charge
density appears in the "fth and sixth chains, and those
chains are mostly localised. That means the localised
orbital is not conductive. For theHOMOorbital shown in
Figure 4(b) where all most all chains are mostly localised,
and the maximum amount of the charge density appears
on those sections. However, those chains are localised,
theymostly a!ected the behavior of the conductivemate-
rial. Figure 4(c) shows the LUMO demonstrates a max-
imal value of the squared/charge density on all chains.
Figure 4(d) speci"es the absolute value squared/charge
density of the orbital LUMO+1 in which most of the
chains are delocalised. The localised and delocalised
nature of this orbital is greatly in#uencing the conductiv-
ity behavior of the polymer. Those orbitals are delocalised
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whichmeans that orbitals behave like a conductive mate-
rial and those orbitals are localised which indicates that
orbitals behave like non-conductive material and incom-
plete delocalisation refers to that orbitals behave like par-
tially conductive materials. Therefore, we can say that
the HOMO-1 orbital behaviour like partially conduc-
tive material, the HOMO orbital is non-conductive, the
LUMO orbital is also non-conductive and the LUMO+1
orbital behaves like a conductive material.

Figure 5 indicates the calculation of the iso-surfaces
of the PF−

6 doped cis-PA model where the iso-surface
values are computed using HSE06 functional. The con-
ductivity of the material is greatly in#uenced by three
components. One is the charge mobility of the system
and the second one is the energy gap between the given
charge carriers and the third one is adding doping or
materials. In this paper, both parameters a!ect the charge
density of the system, so this paper focuses on both

Figure 4. Charge density of the frontier molecular orbitals of undoped cis-PA (injecting negatively charge) model at the ground state
via HSE06 hybrid functionals: (a) orbital of 472, HO-1, (b) orbital of 473, HO, (c) orbital of 474, LU, and (d) orbital of 475, LU+1. Shaded
areas specify the electron density. The iso-value of 0.0045 is used for plotting the iso-surfaces.

Figure 5. Charge density of the frontier molecular orbitals of PF−
6 doped cis-PA (neutral) model at the ground state via HSE06 hybrid

functionals: (a) orbital of 518, HO-1, (b) orbital of 519, HO, (c) orbital of 520, LU, and (d) orbital of 521, LU+1. Shaded areas imply the
electron density. The iso-value of 0.0045 is used for plotting the iso-surfaces.
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contributions of the system and discussed the results
accordingly. The localised and delocalised nature of this
orbital is greatly in#uencing the conductivity behavior of
the polymer. Those orbitals are delocalised which means
that orbitals behave like a conductive material and those
orbitals are localised which indicates that orbitals behave
like non-conductive material and incomplete delocali-
sation refers to that orbitals behave like partially con-
ductive materials. In the HOMO-1 orbital shown in
Figure 5(a), the "rst and second oligomers are mostly
localised, and the rest of the oligomers are delocalised.
Those oligomers’ localisation and delocalisation depend
on the position of the doping. Where doping is added
to the chain, those chain/oligomers are not localised.
So, the HOMO-1 orbital is partially conductive. For the
HOMO orbital shown in Figure 5(b) where the third
and fourth oligomers are mostly localised, and the max-
imum amount of the charge density appears on those
sections and other oligomers are delocalised because of
the doing position. Therefore, we can say that HOMO
orbital behaviour is like a partially conductive material.
Figure 5(c) indicates the LUMO orbital which demon-
strates a maximal value of the squared/charge density
on the "rst, fourth, "fth and sixth oligomers of the PF−

6
doped cis-PA uncharged. So, this orbital is behaving like
non-conductive material. Figure 5(d) speci"es the abso-
lute value squared/charge density of the orbital LUMO+1
in which most of the chains are localised. However, we
can say that the LUMO+1 orbital behaves like a non-
conductive material.

Conclusion

In this research, we explore the conductivity of the cis-
polyacetylene CPs which is studied using the DFT-based
computational approach. The band gap, absorption spec-
trum and charge density of ground state have been stud-
ied using the HSE06 hybrid functional. The properties
of the cis-PA can be manipulated by injecting charge or
introducing a dopant. This paper explores the hypothe-
sis that p-doping and charge injection provide the same
increase in the conductivity of the polymer.Manipulation
of the value of the bandgap in a range between fractions of
an eV to a few eV changes conductivity by several orders
of magnitude. From presented results, one can conclude
that the bandgap becomes smaller after injecting charge
or adding dopant. This trend ismade evident via theDOS
graph, it is visually illustrated via occupied orbitals over-
lap with the unoccupied orbitals. Upon injecting charge,
the bandgap of the undoped cis-polyacetylene becomes
0.0989 eV which is equivalent to the bandgap of the neu-
tral PF−

6 (phosphorus #uoride)-doped (0.0925 eV) cis-
PA. From this study, one can understand that injection of

charge or adding a dopant can both e!ectively reduce the
band gap of the cis-PA. After analysing the DOS results,
one can conclude that dopant and injection of charge are
equivalent in their in#uence on changes in the band gap,
so any decrease in the band gap is equivalent to increase
in conductivity. The absorption spectra analysis showed
that upon injecting charge, the energy of the lowest tran-
sition in the absorption spectrum is redshifted from its
original energy range above 1eV to a smaller values and
the undoped cis-PAbehavesmore like a conductivemate-
rial. However, the PF−

6 doped cis-PA at a neutral state
also behaves like a conductive material which is useful in
the development of microelectronics; diodes and triodes
(transistors).

Acknowledgements
K.N.K., W.X. acknowledge the support from the North Dakota
Established Program to Stimulate Competitive Research (ND
EPSCoR) through the New Faculty Award, the Department
of Civil, Construction and Environmental Engineering, and
the College of Engineering at North Dakota State Univer-
sity (NDSU). The supercomputing resources of the National
Energy Research Scienti"c Computing Center (NERSC), a
U.S. Department of Energy O$ce of Science User Facility
located at Lawrence Berkeley National Laboratory DE-AC02-
05CH11231 via allocation award ERCAP0021557 ‘Computa-
tional Modeling of Photo-catalysis and Photo-induced Charge
Transfer Dynamics on Surfaces’ and CCAST Thunder Cluster
at NDSU are acknowledged. Authors thanks to Yulun Han,
Aaron Forde, David Graupner, Amirhadi Alesadi, Sarah Ghaz-
anfari, Yangchao Liao and Meade Ericksen for discussions
and editorial comments. D.K. thanks Svetlana Kilina, David
Micha, Sergei Tretiak, Oleg Prezhdo, Andriy Zhugayevych for
inspiring discussions. D.K. acknowledges the support of NSF
CHE-1944921 for the development of methods for excited
state dynamics and DOE DE-SC0021287 for research of one-
dimensional infrared emissive materials.

Disclosure statement
No potential con#ict of interest was reported by the author(s).

Funding
This work was supported by Basic Energy Sciences: [Grant
NumberDE-AC02-05CH11231 via allocation award "Comput-
atio,DE-SC0021287]; NSF: [Grant Number 1944921].

ORCID
Kamrun N. Keya http://orcid.org/0000-0002-0684-930X
Wenjie Xia http://orcid.org/0000-0001-7870-0128
Dmitri Kilin http://orcid.org/0000-0001-7847-5549

References
[1] H. Sirringhaus, N. Tessler and R. Friend, Science. 280

(5370), 1741–1744 (1998). doi:10.1126/science.280.5370.
1741.

http://orcid.org/0000-0002-0684-930X
http://orcid.org/0000-0001-7870-0128
http://orcid.org/0000-0001-7847-5549
https://doi.org/10.1126/science.280.5370.1741


MOLECULAR PHYSICS 11

[2] Y. Yamashita, F. Hinkel, T. Marszalek, W. Zajaczkowski,
W. Pisula, M. Baumgarten, H. Matsui, K. Müllen
and J. Takeya, Chem. Mater. 28 (2), 420–424 (2016).
doi:10.1021/acs.chemmater.5b04567.

[3] X. Xue, G. Chandler, X. Zhang, R.J. Kline, Z. Fei, M.
Heeney, P.J. Diemer, O.D. Jurchescu and B.T. O’Connor,
ACS Appl. Mater. Interfaces. 7 (48), 26726–26734 (2015).
doi:10.1021/acsami.5b08710.

[4] J. Mei, Y. Diao, A.L. Appleton, L. Fang and Z. Bao, J. Am.
Chem. Soc. 135 (18), 6724–6746 (2013). doi:10.1021/ja4
00881n.

[5] K.S. Al-Mawali, A.I. Osman, A.H. Al-Muhtaseb, N.
Mehta, F. Jamil, F. Mjalli and D.W. Rooney, Renewable
Energy. 170, 832–846 (2021). doi:10.1016/j.renene.2021.
02.027.

[6] S.E. Root, S. Savagatrup, A.D. Printz, D. Rodriquez and
D.J. Lipomi, Chem. Rev. 117 (9), 6467–6499 (2017).
doi:10.1021/acs.chemrev.7b00003.

[7] K.H. Yim, G.L. Whiting, C.E. Murphy, J.J.M. Halls, J.H.
Burroughes, R.H. Friend and J.S. Kim, Adv. Mater. 20
(17), 3319–3324 (2008). doi:10.1002/adma.200800735.

[8] I. Salzmann, G. Heimel, M. Oehzelt, S. Winkler and
N. Koch, Acc. Chem. Res. 49 (3), 370–378 (2016).
doi:10.1021/acs.accounts.5b00438.

[9] W.J.M.J.S.R. Jayasundara and G. Schreckenbach, J. Phys.
Chem. C. 124 (32), 17528–17537 (2020). doi:10.1021/acs
.jpcc.0c05109.

[10] A.J. Heeger, Synth. Met. 125 (1), 23–42 (2001). doi:10.10
16/S0379-6779(01)00509-4.

[11] B.G. Kim, X. Ma, C. Chen, Y. Ie, E.W. Coir, H. Hashemi,
Y. Aso, P.F. Green, J. Kie!er and J. Kim, Adv. Funct. Mater.
23 (4), 439–445 (2012). doi:10.1002/adfm.201201385.

[12] X. Ma, Y. Lv, J. Xu, Y. Liu, R. Zhang and Y. Zhu,
J. Phys. Chem. C. 116 (44), 23485–23493 (2012).
doi:10.1021/jp308334x.

[13] T.M. McCormick, C.R. Bridges, E.I. Carrera, P.M.
DiCarmine, G.L. Gibson, J. Hollinger and D.S. Seferos,
Macromolecules. 46 (10), 3879–3886 (2013). doi:10.1021
/ma4005023.

[14] K.P. Kepp, Science. 356 (6337), 496–496 (2017). doi:10.
1126/science.aam9364.

[15] R. Jones, Rev. Mod. Phys. 87 (3), 897–923 (2015).
doi:10.1103/RevModPhys.87.897.

[16] J.P. Perdew, M. Ernzerhof and K. Burke, J. Chem. Phys.
105 (22), 9982–9985 (1996). doi:10.1063/1.472933.

[17] J. Heyd, G.E. Scuseria and M. Ernzerhof, J. Chem. Phys.
118 (18), 8207–8215 (2003). doi:10.1063/1.1564060.

[18] J. Heyd and G.E. Scuseria, J. Chem. Phys. 120 (16),
7274–7280 (2004). doi:10.1063/1.1668634.

[19] J. Heyd and G.E. Scuseria, J. Chem. Phys. 121, 1187–1192
(2004). doi:10.1063/1.1760074.

[20] J. Heyd, J.E. Peralta, G.E. Scuseria and R.L. Martin,
J. Chem. Phys. 123, 174101 (2005). doi:10.1063/1.208
5170.

[21] J. Paier, M. Marsman, K. Hummer, G. Kresse, I.C. Ger-
ber and J.G. Ángyán, J. Chem. Phys. 124, 154709 (2006).
doi:10.1063/1.2187006.

[22] I. Sahalianov, J. Hynynen, S. Barlow, S.R. Marder, C.
Müller and I. Zozoulenko, J. Phys. Chem. B. 124 (49),
11280–11293 (2020). doi:10.1021/acs.jpcb.0c08757.

[23] C.K. Chiang, S.C. Gau, C.R. Fincher, Y.W. Park, A.G.Mac-
Diarmid and A.J. Heeger, Appl. Phys. Lett. 33 (1), 18–20
(1978). doi:10.1063/1.90166.

[24] A.M. Saxon, F. Liepins and M. Aldissi, Prog. Polym. Sci.
11 (1–2), 57 (1985).

[25] B. Poulaert, C. Vandenhende, J.-C. Chielens, D. Billaud
and D. Begin, Solid State Commun. 55 (5), 405–407
(1985). doi:10.1016/0038-1098(85)90837-3.

[26] W.P. Su, J.R. Schrie!er andA.J. Heeger, Phys. Rev. Lett. 42,
1698–1701 (1979). doi:10.1103/PhysRevLett.42.1698.

[27] T. Yamabe, K. Tanaka, S. Yamanaka, T. Koike and K.
Fukui, J. Chem. Phys. 82, 5737–5741 (1985). doi:10.1063/
1.448562.

[28] H. Kahlert andG. Leising,Mol. Cryst. Liq. Cryst. 117, 1–8
(1985). doi:10.1080/00268948508074585.

[29] P.D. Townsend, C.M. Pereira, D.D.C. Bradley, M.E. Hor-
ton and R.H. Friend, J. Phys. C: Solid State Phys. 18,
L283–L289 (1985). doi:10.1088/0022-3719/18/11/002.

[30] M. Kuwabara, S. Abe and Y. Ono, J. Phys. Soc. Jpn. 66 (4),
933–936 (1997). doi:10.1143/JPSJ.66.933.

[31] R.R. Chance, J.L. Brédas andR. Silbey, Phys. Rev. B. 29 (8),
4491–4495 (1984). doi:10.1103/PhysRevB.29.4491.

[32] S. Liu, F. Zheng and A.M. Rappe, J. Phys. Chem. C. 121,
6500–6507 (2017). doi:10.1021/acs.jpcc.7b00374.

[33] B.M. Wong and J.G. Cordaro, J. Phys. Chem. C. 115,
18333–18341 (2011). doi:10.1021/jp204849e.

[34] K.N. Keya, M.A. Jabed, W. Xia and D. Kilin, Appl. Sci. 12
(6), 2830 (2022). doi:10.3390/app12062830.

[35] K. Yim, G.L.Whiting, C.E. Murphy, J.J.M. Halls, J.H. Bur-
roughes, R.H. Friend and J. Kim, Adv. Mater. 20 (17),
3319–3324 (2018). doi:10.1002/adma.200800735.

[36] P. Hohenberg and W. Kohn, Phys. Rev. 136 (3B),
B864–B871 (1964). doi:10.1103/PhysRev.136.B864.

[37] G. Kresse and J. Furthmüller, Phys. Rev. B. 54 (16),
11169–11186 (1996). doi:10.1103/PhysRevB.54.11169.

[38] J.E. Moussa, P.A. Schultz and J.R. Chelikowsky, J. Chem.
Phys. 136 (20), 204117 (2012). doi:10.1063/1.4722993.

[39] O.A. Vydrov, J. Heyd, A.V. Krukau and G.E. Scuseria,
J. Chem. Phys. 125 (7), 074106 (2006). doi:10.1063/1.22
44560.

[40] D.M. Bylander and L. Kleinman, Phys. Rev. B. 41 (11),
7868–7871 (1990). doi:10.1103/PhysRevB.41.7868.

[41] D.S. Kilin, K.L. Tsemekhman, S.V. Kilina, A.V. Balatsky
and O.V. Prezhdo, J. Phys. Chem. A. 113 (16), 4549–4556
(2009). doi:10.1021/jp811169c.

[42] S. Kraner, R. Scholz, F. Plasser, C. Koerner and K. Leo,
J. Chem. Phys. 143 (24), 244905 (2015). doi:10.1063/1.49
38527.

[43] S.A. Mewes, F. Plasser and A. Dreuw, J. Phys. Chem. Lett.
8 (6), 1205–1210 (2017). doi:10.1021/acs.jpclett.7b00157.

[44] Y. Han and D.S. Kilin, J. Phys. Chem. Lett. 11 (23),
9983–9989 (2020). doi:10.1021/acs.jpclett.0c02973.

https://doi.org/10.1021/acs.chemmater.5b04567
https://doi.org/10.1021/acsami.5b08710
https://doi.org/10.1021/ja400881n
https://doi.org/10.1016/j.renene.2021.02.027
https://doi.org/10.1021/acs.chemrev.7b00003
https://doi.org/10.1002/adma.200800735
https://doi.org/10.1021/acs.accounts.5b00438
https://doi.org/10.1021/acs.jpcc.0c05109
https://doi.org/10.1016/S0379-6779(01)00509-4
https://doi.org/10.1002/adfm.201201385
https://doi.org/10.1021/jp308334x
https://doi.org/10.1021/ma4005023
https://doi.org/10.1126/science.aam9364
https://doi.org/10.1103/RevModPhys.87.897
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1668634
https://doi.org/10.1063/1.1760074
https://doi.org/10.1063/1.2085170
https://doi.org/10.1063/1.2187006
https://doi.org/10.1021/acs.jpcb.0c08757
https://doi.org/10.1063/1.90166
https://doi.org/10.1016/0038-1098(85)90837-3
https://doi.org/10.1103/PhysRevLett.42.1698
https://doi.org/10.1063/1.448562
https://doi.org/10.1080/00268948508074585
https://doi.org/10.1088/0022-3719/18/11/002
https://doi.org/10.1143/JPSJ.66.933
https://doi.org/10.1103/PhysRevB.29.4491
https://doi.org/10.1021/acs.jpcc.7b00374
https://doi.org/10.1021/jp204849e
https://doi.org/10.3390/app12062830
https://doi.org/10.1002/adma.200800735
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1063/1.4722993
https://doi.org/10.1063/1.2244560
https://doi.org/10.1103/PhysRevB.41.7868
https://doi.org/10.1021/jp811169c
https://doi.org/10.1063/1.4938527
https://doi.org/10.1021/acs.jpclett.7b00157
https://doi.org/10.1021/acs.jpclett.0c02973

	Introduction
	Methods
	Computational details
	Result and discussion
	Conclusion
	Acknowledgements
	Disclosure statement
	Funding
	ORCID
	References

