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ABSTRACT: In this study, we focus on computational predictions of the electronic and optical properties of a one-dimensional
periodic model of a single chain of a diketopyrrolopyrrole (DPP)-based conjugated polymer (PDPP3T) as a function of electronic
configuration changes due to charge injection. We employ density functional theory (DFT) to explore the ground-state and excited-
state electronic properties as well as optical properties influenced by charge injection. We utilize both the Heyd−Scuseria−Ernzerhof
(HSE06) and Perdew−Burke−Ernzerhof (PBE) functionals to predict the band gap and compute the absorption spectrum. Our
DFT results point out that utilizing the HSE06 functional in conjunction with momentum sampling over the Brillouin zone can
appropriately predict the band gap and absorption spectrum in good agreement with experimental data. Moreover, we explore the
influence of charge-carrier injection on the electronic configuration of the PDPP3T polymer. Our results indicate that the injection
of charge carriers into the PDPP3T semiconducting polymer model greatly affects the electrical properties and ends in a low band
gap and high mobility of charge carriers in PDPP3T polymers, offering the potential to tailor the material electronic performance for
organic photovoltaic and optoelectronic device applications.

■ INTRODUCTION

Over the last decades, the development of donor−acceptor
(D−A) type semiconducting conjugated polymers (CPs)1−5

prompts considerable progress in organic electronic devices
such as organic photovoltaics and field-effect transistors.6−10 It
has been shown that CPs exhibit excellent solution
processability, structural tenability, good optical and electrical
properties as well as tunable mechanical compliance compared
to their inorganic counterpart silicon.11−19 Among the CPs, the
diketopyrrolopyrrole (DPP)-based polymer (PDPP3T) has
been increasingly utilized in the semiconductor industry due to
its high charge mobility,20 which makes it a promising material
candidate in a wide range of applications such as flexible-
wearable and biomedical devices. In particular, PDPP3T is
known to show relatively high and balanced charge carrier
mobilities for both electrons and holes accompanied by an
extended optical absorption near the infrared (IR) region.21

Despite considerable experimental and computational efforts,
the ground state and influence of the injection of charge

carriers on the electronic structure of this particular semi-
conducting polymer is less investigated at the atomistic level.
The charge carrier density and conductivity of semi-

conducting CPs can be modified via p- or n-type doping
(charge injection).22 Through the doping process (or injection
of charge carriers), appropriate impurities with desired
electronic properties can be added to donate an electron to
the lowest unoccupied molecular orbital (LUMO) for n-type
doping or to get rid of an electron from the highest occupied
molecular orbital (HOMO) for p-type doping.23,24 In the case
of injection of the charge carriers, the polymer is not doped via
chemicals; instead, the polymer is oxidized or reduced by
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adding or withdrawing electrons, respectively.25,26 The
applications of semiconductors in various devices can be
expanded by tuning the energy of the band gap to achieve
tailored performance.27 For instance, in photovoltaic cells, a
low band gap increases visible light absorption, carrier
mobility, and raises the photogenerated electron−hole pair
separation.28 Therefore, it is crucial to better understand the
effect of charge injection on the electronic performance of CPs
at a fundamental level. For this purpose, density functional
theory (DFT), one of the most popular computational
methods used in modern quantum-chemical modeling of
materials, can be utilized to probe their fundamental electronic
structures.29,30 Besides the appropriate accuracy, computa-
tional costs of DFT calculations are relatively low compared to
traditional methods, such as exchange-only Hartree−Fock
(HF) theory.
The Hohenberg−Kohn theorems31 indicate that the ground

state and properties of a many-electron system could be a
unique functional of the electron density. In the standard DFT
calculations, the nonlocal form of the many-electron Fock
exchange energy is computed by integrating a local energy
density per electron, described by the local electron density
and its derivatives.32,33 One of the most common usages of
these generalized gradient approximation (GGA)34 semi-local
functionals is the Perdew−Burke−Ernzerhof (PBE) model,35

which was later improved by incorporating its exchange energy
with a fraction of the exact nonlocal Fock exchange energy,36

producing hybrid functionals such as PBE0.37 Among these
hybrid functionals, Heyd−Scuseria−Ernzerhof (HSE)
screened-Coulomb hybrid density functionals38−42 take
advantage of the short-range HF exchange and avoid
computationally expensive long-range exchange. These short-
range exchange HSE functionals have shown an appropriate
performance to precisely capture the band gap of semi-
conducting materials.32,43,44 For this reason, in the current
study, we employ both PBE and HSE hybrid functionals to
take advantage of computationally efficient and precise DFT
techniques to explore the electronic structure of the current
CP model.
Recently, the DFT approaches have been broadly utilized to

explore the electronic properties of diverse semiconducting
polymers.45−55 Yang and co-workers56 showed that the DFT
approach can properly estimate the band gap of the CPs having
different molecular structures, where the hybrid functional
indicated higher accuracy to predict the energy gap. Another
DFT study was done on exploring the band gap of several
CPs,52 where the calculated theoretical band gaps show good
agreement with experimental data. In a time-dependent DFT
(TD-DFT) study, the simulation successfully predicted the
excitation energies and the maximal absorption wavelength of
fluorene-based CPs,57 which were validated by the exper-
imental measurements. DFT and TD-DFT approaches with
hybrid functionals were performed to probe the doping process
of the polypyrrole,58 in which the computational results
successfully predicted the experimental results on the doping
phenomenon. These recent studies have demonstrated that the
DFT approach can be utilized as a reliable computational
assessment of optoelectronic properties of CPs before
experimentally performing a multistep synthesis of these
semiconductors. In addition, in the case of polymer materials,
the periodicity of the DFT computational model is
considerably advantageous for the numerical treatment of
polymer structures. For these periodic DFT systems, although

sampling of the Brillouin zone via an infinite number of k-
points is challenging, it can provide suitable convergence to
experimental data. An explicit account of the momentum
dispersion is a typical technique for 1D periodic models, such
as semiconductor nanowires.59−62

In the present study, we first explore the ground-state
properties of the PDPP3T CP using the DFT approach and a
one-dimensional single-chain periodic model. Specifically, the
PBE and HSE06 hybrid functionals are employed to predict
the band gap and absorption spectrum of the system. A basic
definition of the conductivity and a classification of the
materials such as conductors, insulators, and semiconductors
are based on the value of the band gap. A small band gap will
allow charge carriers to be promoted from occupied to
unoccupied orbitals by thermal excitation or acceleration
gained via external voltage AC or DC.63 We developed our
conclusion based on band gap calculations followed by
computing absorption spectrum and charge density distribu-
tion. To improve the reliability of our periodic polymer system,
the results of band gaps and absorption spectra are numerically
treated via momentum sampling over the wide range of k-
points in the Brillouin zone.
Additionally, the influences of the charge-carrier injection

phenomenon, mimicking n-type and p-type doping, on the
conductivity and absorbance of the polymer model are
investigated, which shows that doping plays a critical role in
the electrical properties of the semiconductors.64 We further
explore the excitation of the model system by evaluating the
electronic properties at the triplet states. Then, the influence of
nuclear re-organization induced by the promotion of the
electrons from the HOMO to LUMO on the energy of the
band gap is studied to understand the Stokes shift. The
predictive modeling framework established through our study
lends valuable insights into the optoelectronic properties of the
PDPP3T CPs at both ground and excited states, providing
design guidelines for synthesis and processing of novel organic
semiconducting materials to achieve a tailored performance.

■ METHODS
Theoretical methods are logically organized into three
sections: ground-state DFT, computational details, and
ground-state observables. Some common statements are
included in the description for consistency of notations.

Ground-State DFT. In the current study, the atomic model
is defined by the initial positions of each ion, R⃗I. The electronic
structure is calculated through the solution of a self-consistent
equation of DFT65 via the Vienna Ab initio Simulation
Package (VASP).66 This approach is developed based on a
fictitious one-electron Kohn−Sham (KS) equationL
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where ρ(r)⃗ stands for the electronic charge distribution and
r( )i k,

KSφ ⃗⃗ are electronic states. The solution of the Kohn−Sham
equations are single-electron KS orbitals that depend on three
spatial variables r( )i k,

KSφ ⃗⃗ . Then, the solution of eq 1 is a set of
one-electron momentum-dependent orbitals
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where G⃗ is the reciprocal lattice vector and G⃗cut stands for a
cut-off sphere in the reciprocal space. The total density of
electrons is calculated from the combination of the orbitals and
the orbital occupation function f i,k.⃗
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Then, the total density provides the potential

v r E T, ( )o
totρ δ ρ ρ[ ⃗ ] = δρ [ ] − [ ] (6)

The potential is described as a functional derivative of total
energy to the variation of total density, which includes
interactions of electrons with ions as well as three electron
interactions such as Coulomb, correlation, and exchange. In
the case of hybrid functionals, the HSE functional benefits
from the fraction of Fock exchange, a, at zero electron
separation and a length scale, 1/ω, where the short-range Fock
exchange is calculated as follows
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The short-range Fock exchange is then computed via the
spinful Kohn−Sham density matrix ρσ,σ′(r,r′)32
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while the long-range and remaining short-range exchange is
determined from the exchange-hole formulation of PBE
functionals.35

Charge Injection. To study the influence of charge-carrier
injection on the optoelectronic properties of the current CP
model, we consider two additional configurations with a
different number of electrons. The solution of the electronic
structure and total energy depends on the number of electrons
N = ∫ ρ(r)⃗dr.⃗ For the neutral CP system utilized in this study,
the total number of valence electrons is NNeutral = 624. For the
negatively charged system, we consider DFT calculations for a
model with two more electrons (NAnion = NNeutral + 2) by
setting the control parameter of “NELECT” to 626 in the
VASP software to determine the total number of electrons in
the system. In the same manner, for the positively charged
system (NCation = NNeutral − 2), “NELECT” is set to 622, having
a hole-injected DFT model with two fewer electrons. For each
model, the geometry of the system is fully optimized after the
charge injection before any characterization. It should be noted
that, in the case of a manually modified value of the
“NELECT” parameter of the charge-injected polymer systems,
an additional neutralizing homogeneous background charge is
applied by VASP.67−70

Triplet State. In the case of triplet (and any non-singlet)
electronic configuration, the total number of electrons can be
different for spin α and β, where Nα = ∫ ρα(r)⃗dr ⃗ and Nβ =
∫ ρβ(r)⃗dr ⃗ are the number of α-electrons and β-electrons,
respectively. The sum of Nα + Nβ should be equal to the total
number of electrons, and the difference ΔN = Nα − Nβ is often
referred to as a spin polarization (SP) parameter in the DFT
calculations. In the present study, we perform triplet spin-state
calculations by setting the parameters of “ISPIN = 2”, and
“NUPDOWN = ΔN = 2” in the VASP software. For ΔN = 2,
the total spin is S = ΔN/2 = 2/2 = 1, and multiplicity of energy
configuration reads m = 2S + 1 = 2 × 1 + 1 = 3, which
corresponds to the triplet spin configuration.71

Modified Occupancy. A promotion of electronic pop-
ulation from the HOMO to LUMO is related to a change in
the population pattern for KS orbitals, maintaining a close shell
and singlet spin configuration. The vertical excitation is
mimicked by such promotion from the HOMO to LUMO,
where the contribution of each KS orbital to the total density
of the system is defined via occupation numbers, as defined in
eqs 3−5. In general, an excitation from occupied orbital a and
unoccupied orbital b can be described by the diagonal density
matrix ρij(a,b) = δij( f i − δia − δib) where δ is the Kronecker delta
symbo l and the equ i l i b r ium popu la t ion reads

f i
i

1 HOMO
0 LUMOi {= ≤

≥ .72 To perform this, one defines

the modified occupancy by setting the “FERWE” parameter in
the VASP software to artificially set up the non-Aufbau
occupancies for examining excited states beyond the lowest
energy occupancy. After resetting the electronic populations,
the geometry of the polymer system is optimized before any
property calculation.73−75

Ground-State Observables. Momentum dispersion is
presented as εi(k)⃗, which is considered in the z-direction of the
polymer model. The partial density of states for a given
momentum k ⃗ is computed as follows

D ( ) ( )k
i

i k,∑ε δ ε ε= −⃗ ⃗
(9)

where εi,k ⃗ represent the energy of a given orbital and the index i
runs over all calculated bands, as defined in eq 1. The Dirac
delta function δ(ε − εi,k)⃗ is modeled using a finite width
Gaussian distribution.
In the case of SP DFT calculations, in addition to

summations over bands, additional summations over spin up
α and spin down β components are taken into account.

D ( ) ( )
i

iSP
,

,
SP∑ε δ ε ε= −

σ
σ

(10)

The Dirac delta function is approximated as a Gaussian
distribution to capture the thermal broadening.
The calculation of the absorption spectrum is based on the

independent orbital approximation in which the optical
property of the model is defined by matrix elements of
electronic transitions on the basis of auxiliary KS orbitals.76,77

The lowest energy peak of the computed absorption spectrum
is an appropriate quantitative measure of the conductivity since
they include the matrix element of the momentum.78 The
absorption spectrum of the polymer model is calculated based
on the consideration of the transitions maintaining momentum
conservation Δk ⃗ = 0 via the following equation
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Here, for a given value of k ⃗ vector, D⃗ij,k ⃗ stands for the
expectation value of the transition dipole moment.

D r rdij k i k j k, ,
KS

,
KS∫ φ φ⟨ ⃗ ⟩ = ⃗ ⃗⃗ ⃗ (14)

The matrix element of the transition dipole moment
correlates the spatial overlap between pair of electronic states
i and j and corresponds to the matrix elements of the position
operator.78 The delta function in equation eq 12 is
approximated as a finite-width Gaussian distribution to
account for thermal fluctuations.

Periodic Model. The atomistic model of the CP is shown
in Figure 1. The periodic model consists of the monomers
which are connected upon approximately 180° rotation relative
to each other to make adjacent thiophene groups more stable
and preserve the linear structure of the backbone, while the
same-oriented successive monomers exhibit a curvature of the
backbone within the conjugated plane.79 The chemical
structure is generated by Materials Studio package pre-
optimized via force-field calculations. The backbone of the
periodic model is stretched in the z-direction where the cell
size in that direction is calculated to keep the system at the
minimum total energy state. The side groups of C6H13 and
C8H17 are grafted to both sides of the DPP core on the

Figure 1. (a) Schematic chemical structure of the PDPP CP model employed in the simulations. (b) Geometry-optimized structure (ground state)
of the polymer model aligned in the y−z plane. Cyan, blue, gray, yellow, and red spheres represent C, N, H, S, and O atoms, respectively.

Figure 2. (a) Schematic of the ground-state energy band and absorption spectra. (b) Schema of the energy band and absorption spectra due to n-
type doping (electron donors). (c) Schema of the energy band and absorption spectra due to p-type doping (electron acceptors). (d) Schema of
the SP process and corresponding absorption spectra. (e) Portrayal of change of geometry due to excitation and optimized geometry after the
excitation. (f) Schematic representation of a band structure with k-points sampling and corresponding absorption spectrum. Here, Eg, EF, Eσ, and
EΔσ represents band gap energy, Fermi energy, and band energy gap of the excited state, respectively.
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backbone. Figure 1B shows the geometrically optimized
structure of the polymer model.

■ RESULTS
An illustrative schema of the current study is presented in
Figure 2. First, as it is shown in Figure 2a, the energy gap of the
current semiconducting polymer model is explored, and the
results are compared to the experimental data. Next, the
influence of charge-carrier injection, mimicking the doping
phenomenon, on the fundamental electronic and optical
properties of the polymer model is investigated. Doping is
the process of adding impurities to the semiconductors to
modify their electronic structure. A smaller energy gap between
the conduction band (CB) and valence band (VB) facilitates
moving electrons from the HOMO to LUMO under
excitation, leading to an increase in the electrical conductivity
in semiconductors. Such a phenomenon is directly relevant to
the photovoltaic performance of these semiconducting
materials. Through the injection of a charge carrier, a new
filled/empty energy level appears between VB and CB, which
reduces the band gap and increases the conductivity as shown
in Figure 2b,c. Here, we explore the influence of charge-carrier
injection on the electronic properties of PDPP3T CP to
provide useful insights into the optical properties at the excited
state, allowing for tunable conductivity of these polymers.
Additionally, the triplet state of the polymer model is probed
to gain insights into the excitation of these semiconductors
(Figure 2d). Next, we explore the response of geometry to
electronic excitation, that is, nuclear reorganization, induced by
promoting electrons from the HOMO to LUMO, and its
influence on the band gap of the polymer model (Figure 2e).

Finally, for further investigation of the band gap of the ground
state and absorption spectrum, momentum sampling (Figure
2f) is carried out over the Brillouin zone to properly sample
the reciprocal space.
First, to study the ground-state band structure and predict

the band gap, the PBE functional is utilized to minimize the
total energy of the system. The density of states (DOS)
representing the band structures of different electronic
configurations of the PDPP3T model are reported in Figure
3. The DOS in the energy range near frontier orbitals are
exhibited in Figure 3a, where a computed band gap of 0.89 eV
is found, which is smaller than the experimentally measured
band gap of 1.3 eV obtained via the optical absorption.21 This
implies that the PBE functional underestimates the value of the
band gap of the current polymer model. Next, the electronic
structure is computed via a hybrid HSE06 functional to
provide a better prediction of the band gap compared to the
experimental value. The band gap of 1.2 eV obtained via the
HSE06 functional corresponds to the DOS shown in Figure
3b, which agrees reasonably well with the experimental value,
highlighting the capabilities of DFT calculations to predict the
energy gap of semiconductors. The value of the band gap is
one of the major factors that determine the electrical
conductivity of semiconductors. In the case of low-band-gap
systems, electrons can be easily promoted from the VB to the
CB, and the current can flow.
The results of the injection of the negative and positive

charge carriers on the energy gap are reported in Figure 3c,d.
The electronic structure of the injected polymer model is
expected to imitate the behavior of doped semiconductors. As
Figure 3c indicates, after the injection of two electrons into the
system, the original LUMO is populated, ending in a smaller

Figure 3. (a) DOS of the polymer model calculated by DFT via PBE exchange−correlation functional. Red shaded regions represent the occupied
orbitals and unshaded regions indicate unoccupied orbitals. Four frontier orbitals near the band gap are labeled. (b) DOS of the polymer model
calculated by DFT via the HSE06 hybrid functional in which the band gap is larger. (c) DOS of the polymer model calculated by DFT for the
injected electron doping of the CP model (n-doping, negative polaron). Red shaded regions represent the occupied orbitals and unshaded regions
indicate unoccupied orbitals. Four frontier orbitals near the band gap are labeled. (d) DOS of the polymer model calculated by DFT for the
injected hole doping (p-doping, positive polaron) of the CP model. (e) Triplet state DOS of the CP model. The red-shaded regions indicate the
occupied orbitals with spin +1/2 and blue shaded regions correspond to spin component −1/2. (f) DOS near the band edges of the CP model
when an electron was promoted from the HOMO to LUMO, mimicking the excited state.
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energy gap of 0.34 eV. This decrease of the band gap indicates
that injecting the electrons (n-type doping) can considerably
improve the conductivity of the current model, which is
consistent with the recent experimental study of the similar CP
system.80 Negative and positive injections here could
correspond to chemical reduction and chemical oxidation in
experiments, respectively, and also relate to the formation of
polaron quasiparticles.81,82

In a similar manner, we explore the influence of a positive
charge-carrier injection, mimicking p-type doping, on the
energy gap of the current semiconducting CP. Figure 3d shows
that injecting holes into the system tends to considerably
decrease the band gap to 0.29 eV. Indeed, withdrawing two
electrons from the system forms a p-type region and evacuates
two electrons of the HOMO that converts it into a new
LUMO*, which leads to the appearing of new energy levels
and a smaller band gap. In similar experimental studies on the
PDPP3T polymer, it was found that p-type doping can
significantly improve the conductivity of the system.83,84

Then, the triplet state results are presented in Figure 3e,
where the results for both spin up and down directions point
out the band gap of 0.35 and 0.29 eV, respectively, implying
that the band gap is decreased in the triplet state. To further
explore the excited state, the influence of nuclear reorganiza-
tion on the electronic properties is investigated as shown in
Figure 3f, where two electrons are promoted from the HOMO
to LUMO. The optimized geometry under the new condition
shows smaller band gaps of 0.49 eV, which corresponds to a
higher conductivity for this excited system. Also, the difference
in the gaps for the ground and excited configurations 0.89−
0.49 ≈ 0.4 eV gives a possible value of Stokes shift for this
material.
The DOS plots representing the electronic structure of the

positively charged, uncharged, and negatively charged polymer
model calculated via the PBE functional are shown in Figure 4.
In this figure, all DOS plots are reported for the same energy
range to indicate how orbitals are occupied and how the
energy level is changed after the charge injection. As we go
across the progression of the systems with different charges, a
larger number of orbitals get occupied. For the positively
charged system, Figure 4a, two electrons are removed from the
system and the HOMO label is attributed to orbital 311. For
the uncharged system shown in Figure 4b, the HOMO label is
attributed to orbital 312. Eventually, for the negatively charged
system, Figure 4c, two electrons are injected into the system
and occupied orbital 313, which becomes HOMO. Interest-
ingly, the energy of the orbitals changes as the system gets
charged, which is interpreted as a signature of the electron−
electron interaction. As more orbitals get occupied, the Fermi
energy shifts up from the lower to higher values. Since
principles of the Hohenberg−Kohn theorems of the DFT
approach signify and prove the importance of the total energy
of the electrons, it would be beneficial to review the total
energy of these three systems. For the uncharged system, a
total energy of −1519.71 eV is predicted. However, the
positively charged system exhibits a total energy of −1510.99
eV, as the model misses electron−electron interactions
compared to the uncharged system. The negatively charged
system reaches the total energy of −1524.054 eV since the
model benefits from two more electrons.
Figure 5 shows the momentum resolved band structure with

16 k-points for both PBE and HSE06 functionals. The
considered PDPP3T CP model is found to be a direct band

gap semiconductor. In the case of PBE functionals, a direct
band gap of 0.79 eV is predicted, which underestimates the
observed experimental values (as mentioned above). However,
for the HSE06 functional, a direct gap of 1.2 eV is found to
yield a good approximation compared to the experimental
values.
Figure 6 exhibits the calculated iso-surfaces of absolute value

squared of the four frontier KS orbitals computed via the
HSE06 functional. A qualitative assessment of the conductivity
of a material is affected by two contributions: (a) charge
mobility/localization/delocalization and (b) availability of
charge carriers in a given band related to the HOMO/
LUMO energy gap. In the current study, both contributions
are discussed with more focus on the second contribution. For
the orbital HOMO-1 shown in Figure 6a, maximal absolute
value squared/charge density appears to be localized on the
oxidized dipyrrole group and this localized orbital is not
conductive. Figure 6b shows the HOMO, where the maximum
absolute value squared/charge density also resides on the
oxidized dipyrrole group. However, there is substantial charge
density on each thiophene group, and this delocalized nature
of that orbital is expected to contribute to a conductive

Figure 4. DOS of the (a) positively charged, (b) uncharged, and (c)
negatively charged polymer models calculated via the PBE functional.
All three DOS are plotted for the same energy level to show how near-
gap orbitals are populated and how the energy level is shifted upon
the charge injection. Red shaded regions represent the occupied
orbitals. The orbital number of four frontier orbitals near the band
gap is shown.
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behavior of the polymer. The LUMO shown in Figure 6c
demonstrates a maximal value on the oxygen in the pyridine
group accompanied by a substantial absolute value squared/
charge density on each thiophene and oxidized dipyrrole
group. This delocalized nature of this orbital is also expected to
contribute to the conductive behavior of the polymer. Figure
6d indicates the absolute value squared/charge density of the
orbital LUMO+1 in which the incomplete delocalization may
end in partial conductive behavior.
The absorption spectra of the considered PDPP3T polymer

model are reported in Figure 7. The fundamental absorption
band presented here shows the transition of an electron from
the ground state to an excited electronic state. The absorption
spectrum describes the probability of an excitation at a certain

transition energy. Note that the re-population of orbitals
involved in such a transition is used for approximate excited-
state optimization in what follows. Here, we calculate the
oscillator strength and transition energies of the PDPP3T
polymer model for both ground and excited states. For the
spectrum computed with the PBE functional as shown in
Figure 7a, the first peak appears at 0.8 eV corresponding to the
transition energy from the HOMO to LUMO. Other peaks of
the absorption spectrum correspond to electron promotion
pathways between other frontier orbitals. The spectrum
computed with the HSE06 hybrid functional, Figure 7b,
shows the first peak equivalent to the smallest transition energy
of 1.2 eV, which is equal to the calculated band gap between
the HOMO and LUMO for this functional. The momentum
sampling, introduced in Figure 5, is computed for both PBE
and HSE06 functionals to provide averaged absorption spectra
reported in Figure 7c,d. As Figure 7c exhibits, momentum
sampling of PBE functional calculations demonstrates the
lowest energy first peak of the absorption spectrum at a
transition energy of 0.82 eV. This value corresponds to the
predicted direct band gap of 0.79 eV, reported in Figure 5a,
plus a correction from thermal broadening. On the other hand,
Figure 7d shows the spectrum computed with momentum
sampling using the HSE06 functional and demonstrates the
minimum transition energy around 1.32 eV. The absorption
spectra of the excited state show the minimum transition
energies of 0.34 and 0.29 eV for models with injected charges,
corresponding to n-type and p-type doping, respectively, which
is found to be very close to their predicted band gaps in Figure
3, see Figure 7e,f.
In order to explore the PDPP3T ground-state electronic

properties and its optical absorption and to compare our
results to the available experimental findings, we evaluate the
absorption spectra in terms of wavelength, see Figure 8. The
fundamental absorption wavelength of a semiconductor
corresponds to the band gap value and usually appears in
the visible and near-IR spectral range. Figure 8a shows the
absorption spectrum computed with the PBE functional, in
which the maximum absorbance (λp) appears at around 1400
nm, away from the reported experimental value of λp ≈ 800
nm.85 Furthermore, the absorption spectra computed using the

Figure 5. (a) Band structure of a reference CP model calculated using
the PBE functional. A direct band gap is predicted. (b) Band structure
of the same model was calculated through the HSE06 functional. In
both cases, the x-axis represents k-point sampling.

Figure 6. Charge density of the frontier molecular orbitals at the ground state via HSE06 hybrid functionals: (a) orbital of 311, HO-1, (b) orbital of
312, HO, (c) orbital of 313, LU, and (d) orbital of 314, LU+1. Shaded areas indicate the electron density. To plot the isosurfaces, an isovalue of
0.002 is used.
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HSE06 functional as shown in Figure 8b provides an improved
value of λp = 1036 nm compared to the value from the PBE
functional; however, it still represents a considerable deviation
from the experimental data. To improve these results, we
calculate the averaged absorption spectrum averaged via
momentum sampling, resulting in a better approximation of
λp, which alleviates the challenge of discrepancy between the
computational results and experimental data. In the case of the
spectrum obtained via sampling and the PBE functional, Figure
8c, we do not observe any improvement compared to the
results at the gamma point. However, the spectrum computed
with k-point sampling and the HSE06 functional provides an
improved value of λp ≈ 737 nm, which is found to be in good
agreement with the experimental data, marked by the black
dashed line in Figure 8d.
Moreover, Figure 8e,f shows a large red shift of the

absorption spectra wavelength in the presence of the injected
charges, analogous to n-type and p-type doping of the polymer
model. The results imply that the wavelengths of doped
PDPP3T absorption spectra will no longer remain in the
visible/near-IR spectral range and shift into the IR region. A
similar trend for this polymer system was observed in

experimental studies,83,84 where the doped PDPP3T polymer
exhibited a strong absorption in the IR spectral range.

■ DISCUSSION
The dependence of electronic properties on the size of the
model is important for finite length oligomers and taken into
account in periodic models. For finite oligomers, at a certain
system size, the band gap experiences saturation and becomes
independent of further increase of the size of the model. In the
case of a periodic model, the motion of electrons is restricted
in the direction normal/orthogonal to the growth directions
and the carriers (electrons) are free to move only in the growth
directions (in the direction of the polymer backbone).

Trends in Band Gap as a Function of Method.
Typically, the GGA-based PBE exchange−correlation func-
tional underestimates the band gap. The underestimated band
gap can be improved by calculating the electronic structure
using a hybrid functional. In our study, band structure
calculation with the PBE functional underestimates the band
gap of the PDPP3T polymer by around 0.41 eV. However, the
HSE06 functional predicts the band gap value of 1.2 eV,
reasonably close to the experimentally measured value of 1.3
eV.

Figure 7. (a) Absorption spectra of the CP model using the PBE exchange−correlation functional. Dashed lines show the transition energy
between selected orbitals where the lowest energy is predicted for the transition from the HOMO to LUMO (B,C). Four frontier orbitals near the
band gap are labeled. (b) Absorption spectra vs transition energy of the CP model calculated using the HSE06 functional. (c) Absorption spectra vs
transition energy graph for the reference model using the PBE functional with k-point sampling of 16 k-points. (d) Absorption spectra vs transition
energy graph for the same model using the HSE06 functional with k-point sampling of 16 k-points. (e) Absorption spectra vs transition energy
graph of the CP model in case of injected electron doping (n-type doping, negative polaron). Dashed lines show the transition energy between
selected orbitals where the lowest energy is predicted for the transition from the HOMO to LUMO (B,C). (f) Absorption spectra vs transition
energy graph for the CP model in case of injected hole doping (p-type doping, positive polaron).
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Trends in the Band Gap as a Function of Physical
Conditions. Injection of additional electrons and holes
(mimicking n-type and p-type doping) is responsible for
decreasing the band gap value. This further implies that the
increase of the concentration of injected charge carriers or
dopants improves charge carrier mobility in the injected
PDPP3T, resulting in higher conductivities, which have been
experimentally explored before. Generally, charge injection
corresponds to oxidation or reduction of the polymer, which
means electrons are added to the π* band or removed from the
π band, in an analogy with the doping phenomenon;
nevertheless, here, the polymer is not directly doped in the
sense of chemical or electrochemical doping.25,26 Besides, the
injected PDPP3T polymer with a lower band gap exhibits a
shift of absorption spectrum into the IR spectral range,
corresponding to a change in the semiconductor’s color upon
doping. This potentially makes them appropriate material
candidates for the development of transparent electronic
devices. The absorption spectrum calculated with momentum
sampling under the HSE06 hybrid functional demonstrates the
computed value of λp close to the reported experimental
values. Additionally, the band gap of the polymer model
becomes smaller via two additional mechanisms: nuclear
reorganization induced by promoting the electrons from the
HOMO to LUMO and by the formation of the triplet state.

Our results provide computational design guidance for the
development of high-performance D−A semiconducting
polymers. Band gap results obtained with the HSE06
functional and sampling of the Brillouin zone indicate the
capability of the current approach to predict the band gap and
absorption spectra of CPs. The charge injection modeling,
which is mimicking the doping process, is found to be a key
driving factor for obtaining low band gap and high mobility of
PDPP3T polymers.

■ CONCLUSIONS
In the present study, the fundamental electronic and optical
properties of the PDPP3T CP are studied via the DFT-based
computational approach. The energy gap and absorption
spectrum of the ground and excited states are studied using the
PBE and HSE06 hybrid functionals. The HSE06 functional
yields a noticeable improved prediction of a band gap of 1.2
eV, which is consistent with the experimental value of 1.3 eV
for the PDPP3T polymer. The explicit treatment of
momentum dispersion under the HSE06 functional provides
an appropriate agreement of the computed absorption
spectrum with the experimental data. Additionally, the paper
discusses the analogy between charge injection and n-type and
p-type doping on the optoelectronic properties of the
semiconducting polymer model. This analogy is supported

Figure 8. (a) Absorption spectra vs wavelength graph of the CP model via the PBE exchange−correlation functional. (b) Absorption spectra vs
wavelength plot for the CP model using the HSE06 functional. (c) Absorption spectra vs wavelength graph of the reference model using the PBE
functional with 16 k-points. (d) Absorption spectra vs wavelength graph of the same model using the HSE06 functional with 16 k-points. The
experimental results of the current polymer are indicated by a black dashed line.85 (e) Absorption spectra vs wavelength of the CP model in case of
injected electron doping (n-type, negative polaron). (f) Absorption spectra vs wavelength graph of the CP model in case of injected hole doping (p-
type, positive polaron).
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by computed evidence that injection of holes and electrons
into the polymer can both effectively reduce the band gap and
shift the absorption spectrum into the IR region. Such a change
of the electronic structure correlates to increases in
conductivity, in agreement with experimental observations.
This observation is further confirmed by evaluations of nuclear
reorganization and the triplet state. The reported results
demonstrate the efficacy of introducing charge carriers into
PDPP3T as a computationally guided design strategy to tune
the optical and electronic properties and achieve a lower band
gap, which are useful in the development of high-performance
organic photovoltaic and optoelectronic devices.
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