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ABSTRACT: The UV-to-IR transitions in p-doped poly(3-hexylthiophene) (P3HT) P(g:2T-T) Type of transitions
with alkyl side chains and polar polythiophene with tetraethylene glycol side chains =~ ©f™Ter  — ewstene T [Tee
are studied experimentally by means of the absorption spectroscopy and /\ e

D S 2

computationally using density functional theory (DFT) and tight-binding DFT.
The evolution of electronic structure is calculated as the doping level is varied, while
the roles of dopant ions, chain twisting, and 7—x stacking are also considered, each of - k b —L
these having the effect of broadening the absorption peaks while not significantly | /™ =

changing their positions. The calculated spectra are found to be in good agreement — S L .
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with experimental spectra obtained for the polymers doped with a molybdenum £ 32 r32
dithiolene complex. As in other DFT studies of doped conjugated polymers, the 32 1 |t 8 ' l
i i ~ iti itati < &o h o
electronic structure and assignment of optical transitions that emerge are qualitatively | ==
different from those obtained through earlier “traditional” approaches. In particular, ey © Q=+ T o=+

the two prominent bands seen for the p-doped materials are present for both polarons

and bipolarons/polaron pairs. The lowest energy of these transitions is due to excitation from the valence band to a spin-resolved
orbitals located in the gap between the bands. The higher-energy band is a superposition of excitation from the valence band to a
spin-resolved orbitals in the gap and an excitation between bands.

I. INTRODUCTION

Molecular doping and side-chain engineering of conducting
polymers represent powerful tools to enhance and tune the
electronic and optical properties of polymer-based devices.
Doping leads to electron transfer between dopants and the
polymer backbone, thus increasing the charge carrier
concentration. This, in turn, can strongly affect the mobility
and the polymer morphology due to changes in the mechanical
stiffness/planarity of backbones and the enhancement of
backbone—dopant interactions.'~* The utilization of oli-
goether side chains greatly improves polymer solubility in
most organic solvents.’” Because of their hydrophilicity,
oligoether side chains enhance the intake of hydrated ions
and water swelling."™® The interplay between molecular
doping and the character of the side chains makes it possible
in some cases to alter morphological and electrical properties
of polymer thin films, enhancing their crystalline order, thermal
stability, conductivity, Seebeck coefficients, and other
important material parameters. These changes, can in turn,
lead to improved performance of polymer-based devices such
as organic solar cells,” field-effect transistors,'® electrochemical
transistors,' actuators, and robotic devices.'>

Most of the conducting polymers are p-doped because the
Fermi level in the electrodes on the metal/polymer interface is
typically aligned with the valence band of polymer, which
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favors the hole injection.”> Molecular doping of polythio-
phenes (PTs) and related polymers has been a subject of
intensive research (see, e.g, refs 13 and 14 for a review).
Molecular p-doping of thiophene-based polymers with differ-
ent side chains such as poly(3-hexylthiophene) (P3HT), with
aliphatic side chains,"*"” and poly(13,13'-([2,2":5',2"-terthio-
phene]-3,3’-diylbis(oxy) )bis(2,5,8,11-tetraoxatridecane)) P-
(g,2T-T)">'° with tetraethylene glycol side chains have been
studied (see Figure 1 for chemical structure). The studies
referred to above focused on electronic properties including
conductivity and Seebeck coefficient. Also, the optical spectra
of these materials were reported. It should be noted, however,
that a detailed theoretical understanding of the effect of doping
and side chains on the optical absorption by these polymers is
not complete.

Optical absorption spectroscopy of polythiophenes and
related conjugated polymers with a thiophene-like backbone

Received: September 25, 2020
Revised:  November 4, 2020
Published: November 25, 2020

https://dx.doi.org/10.1021/acs.jpcb.0c08757
J. Phys. Chem. B 2020, 124, 11280-11293


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ihor+Sahalianov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonna+Hynynen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+Barlow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seth+R.+Marder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+Zozoulenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+Zozoulenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.0c08757&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/124/49?ref=pdf
https://pubs.acs.org/toc/jpcbfk/124/49?ref=pdf
https://pubs.acs.org/toc/jpcbfk/124/49?ref=pdf
https://pubs.acs.org/toc/jpcbfk/124/49?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08757?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(a) P3HT W oo
]\
S” 'n
® P@2TT .. .
EE
0 T < "Z:
-\ I\
T\ ) sT R .

33

o

3
T

Figure 1. Chemical structure of (a) P3HT, (b) P(g,2T-T), and (c) Mo(tfd-COCF;);. Polymers are visualized with two oligomers consisting of N
= 18 thiophene units each.
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such as poly(3,4-ethylenedioxythiophene) (PEDOT) has
received tremendous attention during past decades.'*™*°
When the oxidation level of the polymer is varied, the optical
absorption spectra evolve and show features that are similar for
all the above-mentioned polymers. Namely, undoped polymer
films show absorption at ~2.0—2.3 eV (450—600 nm) due to
the electronic transition from the valence to the conduction
band. The absorption peaks of the neat polymer gradually
disappear as the doping level increases. At the same time, a
peak at intermediate energies ~1.3—1.7 eV (700—900 nm)
accompanied by a peak at low energies ~0.3—0.7 eV (>1500
nm) develop. As the oxidation level increases further, the
absorbance of the intermediate-energy peak reaches a
maximum and then decreases, while that of the low-energy
peak increases and becomes dominant in the spectra.

In the literature, one can find various interpretations of the
nature of these peaks in the electronic absorption spectra and
the explanation of their evolution during oxidation and
reduction of thin films. An early interpretation, which is still
often invoked in the current literature, was developed in the
1980s and was based on various methods, including Su—
Schrieffer—Heeger Hamiltonian,”” valence effective Hamilto-
nian,*® various Hartree—Fock methods,'”***° Holstein Ham-
iltonian,*’ and others. Following Heimel,** we will refer to
these approaches and corresponding interpretations as “tradi-
tional” ones. In recent years, density functional theory (DFT)
and time-dependent (TD)-DFT methods have been widely
utilized to study various aspects of electronic structure and
optical absorption in polythiophenes and related poly-
mers.””**~*" These methods have also been a6pplied to n-
doped polymers®>* and p-type/n-type blends.*® It has been
realized that DFT-based approaches lead to a qualitatively
different electronic structure and provide a distinct inter-
pretation of the absorption peaks and the evolution of the
spectra as compared to the above-mentioned traditional
picture (see Section IILI for discussion of the differences in
the traditional and DFT descriptions).””*****! The essential
reason for these differences is that the traditional model fails to
capture some very basic and essential physics; specifically, it
ignores the Coulomb interactions leading to the lifting of the
spin degeneracy that DFT calculations take into account
effectively. These effects have been discussed more recently in
papers by Png et al,*> Winkler et al,*” and Heimel** in a very
accessible manner, based upon a combination of experimental
studies aided by DFT studies.

In spite of the qualitatively and quantitatively different
picture that modern DFT-based approaches provide (see
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Section IILI), they remain largely ignored by many
experimental studies on polythioéphenes and related polymers.
The current literature,"”*”**~*° including many recent re-
views,"* ™" is still dominated by the early traditional picture.
Hence, we argue that DFT studies that elucidate the electronic
structure of conjugated polymers are vital to provide more
accurate descriptions of these transitions, despite the limitation
of various levels of DFT (for example, the tendency to over-
delocalize electrons).

As briefly reviewed above, many DFT-based studies of
polythiophenes and related polymers addressing various
aspects of the electronic structure and the nature of charge
carriers have been reported during past decades. However, a
number of crucial questions remain unanswered. One such
question is the effect of doping on the electronic structure and
optical transitions. Most DFT-based studies focusing on the
absorption spectra for the systems at hand consider only the
isolated charged oligomers and neglect the influence of
compensating charge associated with the anions that results
from the dopants and which modifies the electrostatic potential
around the positively charged z-systems. Providing such an
understanding of their effect on the electronic structure and
corresponding optical transitions represents one of the central
aims of this study.

Other questions that are not clarified yet within the DFT
approach concern the effect of a realistic nanostructure on the
electronic absorption spectra. In particular, polythiophenes
tend to form m—n-stacked aggregates and in some cases
crystallites composed of several chain segments.””*"*#*%3>
Therefore, the effect of 7—7 stacking on the absorption spectra
needs to be quantified. Further, at finite temperatures, the
chain segments and crystallites that constitute the solid-state
nanostructure are in constant movement, leading to twisting of
main-chain bonds and changes in torsion angles and
movements of the side chains. While a standard DFT
calculation is suitable for accurate simulations of individual
polymer chains, it is too computationally expensive to simulate
m—n stacks when one needs to average over many dopant
configurations or temperature-induced motion of oligomers
with long side chains. In the present paper, we utilize a
molecular dynamics (MD) simulation based on tight-binding
DFT (DFTB) and provide a systematic treatment of the
above-mentioned effects.

Here, we report on a combined experimental and theoretical
study of absorption spectroscopy of doped P3HT and P(g,2T-
T) and interpret the observed spectra based on the electronic
structure and corresponding electronic transitions calculated
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using DFT and molecular dynamics simulations utilizing tight-
binding DFT. Through the utilization of the DFT-based
approaches, we are able to systematically study and quantify
the influence of the above-mentioned key factors on the
absorption spectra, such as the effect of doping, the presence of
the counterions, the effect of the n—m stacking of the
backbones, the effect of the side chains, and the effect of the
bending and twisting of the chains. In addition, we attempt to
provide a clear guideline for the use of correct language for the
assignment of polaron, bipolaron, and polaron pair, as they
apply to the electronic state and optical spectra of ionized &
systems. We also point out that, despite the fact that the
terminology of polaron and bipolaron (as well as polaron
pairs) has been discussed in the literature accurately for several
decades, the descriptions using the earlier models and
inaccurate assignment of spectral features based upon these
models continue to be widely used, propagating misconception
and confusion. We hope that this paper will serve to provide
additional clarity to these issues and encourage the organic
electronic community working on doping to accept and adopt
the more modern and physically correct picture of the states
and the transition that occur upon doping.

Il. METHODS

ILl. Experimental Methods. /Ll.I. Materials. P3HT was
purchased from Ossila Ltd. (number-average molecular weight
M, ~ 29 kg mol™'; polydispersity index (PDI) ~2.2;
regioregularity ~96%), and P(g,2T-T) (M, ~ 24 kg mol™};
PDI ~ 3.3) was synthesized according to ref 15. Mo(tfd-
COCEF;); was synthesized according to ref 53. The solvents
chlorobenzene, o-dichlorobenzene, chloroform, and acetoni-
trile with purity >99% were purchased from Sigma-Aldrich.

ILLIl. Sample Preparation and Doping. Thin films of
P3HT and P(g,2T-T) were spin-coated onto BaF, substrates
from 1:1 w/w chlorobenzene/o-dichlorobenzene at 60 °C and
chloroform at room temperature, respectively (7.5 g L™").
Sequential doping with Mo(tfd-COCF;); was done by drop-
casting 2.5 g L™" solutions of the dopant in acetonitrile onto
polymer films and spinning off the remaining solution after 3
min.

ILLII. UV—=Vis—Near-Infrared (NIR) and Infrared Spectros-
copy. Absorption measurements were performed in trans-
mission with a PerkinElmer Lambda 900 spectrophotometer in
the UV—vis—NIR region and a PerkinElmer FTIR Spectrom-
eter “Frontier” in the infrared region. The resulting spectra
were stitched together.

ILIl. Theoretical Methods. During the simulations, we
used two methods: single oligomers, without and with
counterions, were simulated using DFT and time-dependent
DFT (TD-DFT). Larger systems, including stacked polymer
chains, as well as oligomers with side chains during
temperature-induced motion, were simulated using tight-
binding density functional theory (DFTB) and TD-DFTB.

ILILI. Density Functional Theory Simulations. Polymer
chains with counterions were simulated with DFT, imple-
mented in the Gaussianl6 software package.”* For the
calculation of the optical transitions (vertical excitations), we
utilized the TD-DFT approach. The DFT calculations in the
present study were performed using two different popular
functionals, the global hybrid exchange—correlation functional
B3LYP**°° and the range-separated hybrid functional
@B97XD.”” A comparison of these two functionals for the
present system is discussed in Section S1 (Figures S1 and S2)

in the Supporting Information. While we find that both
functionals provide a similar description of the systems, B3LYP
gives a better agreement with the experimental data. Hence, all
of the DFT calculations presented in the main text correspond
to the functional B3LYP. As a basis set, we chose 6-31G(d).
This basis set proves itself as a reasonable balance between
accuracy and cost-efficiency in simulations of electronic
properties and UV—vis absorption spectra.*' Diffuse functions
were omitted without the loss of accuracy for both self-charged
and counterion-charged oligomers (see Figure S3). Self-
consistent calculations are performed in S0 iterations steps
(see Figure S4 for details). The dispersion correction is not
included as its effect on the absorption spectra for the case of a
single oligomer with counterions is negligible (see Figure SS).
For the visualization of the absorption spectra, the oscillator
strengths were fitted by a Lorentzian with half-width at half-
maximum, hwhm = 0.15 eV.

ILILIL. Density Functional Tight-Binding Simulations.
Density functional tight binding™ allows the simulation of
larger systems compared to DFT. To describe the effects of
m—n stacking and temperature-induced motion of oligomers
with long side chains on the absorption spectra of P3HT, we
performed molecular dynamics (MD) DFTB simulations.
Studied systems consisted of a single oligomer, two 7—7n-
stacked oligomers, and three 7—n-stacked oligomers without
any explicit or implicit solvents. The initial optimization of the
oligomer geometry was performed with the DFT. Therefore,
the molecular dynamics simulations were performed without
initial equilibration. Atomic motions were calculated with
velocity Verlet dynamics under the Nose—Hoover thermostat
with a targeted temperature of 300 K, a time step of 1 fs, and a
coupling strength of 1500 cm™'. Fermi electron filling at a
temperature of 300 K was used to speed up convergence, and
the adaptive filling was not considered during MD. A self-
consistent charge procedure was performed with tolerance 1 X
1075, Individual oligomers were simulated for up to 20 ps.
Crystallites consisting of two or three stacked oligomers were
simulated for 1 ps. The DFTB studies were performed for
isolated polymer chains, without periodic boundary conditions.
Calculations were conducted with the DFTB+ software
package™ on the SCC-DFTB3 level.”” 30b-3-1 parameter
sets®*~%” were utilized during all simulations, as well as the D3
dispersion correction®” with the Becke—Johnson dumping.®>*
After obtaining geometries of the polymer chains, UV-to-IR
absorption spectra were calculated with the time-dependent
density functional tight-binding (TD-DFTB) method.®®

ILILIIl. Model for Polymer Chains. Both P3HT and P(g,2T-
T) have rather long polymer chains, where the number of
thiophene rings in the chains is ca. 100 or more."” In our
calculation, we choose the number of thiophene rings N = 18
(~6.9 nm) for the DFT calculations of oligomers and N = 12
for the DFTB calculations of #—m-stacked chains and chains
with long side chains. This is justified because the calculated
absorption is practically unchanged when the oligomer length
increases above N ~ 12 (see Figure S6). It should also be
noted that much shorter chain lengths in calculations are
justified because the coherence length is not expected to
extend over the entire chain but rather over the distance
comparable to the persistence length, which, for the system at
hand, is around 3 nm.®%¢

P3HT and P(g,2T-T) oligomers consist of thiophene rings
(backbone) decorated with long side chains. Including the side
chains explicitly into the DFT calculations represents a
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formidable task in terms of the computational time. At the
same time, electronic and optical properties of P3HT and
P(g,2T-T) are primarily determined by the z-electrons
residing on the carbon and sulfur atoms in the polymer
backbone and are much less affected by the side chains. We
performed calculations for oligomers where we subsequently
cut the side chain from the full length to no side chains at all
(see Figure S7). We find that the side chains with only two
carbon atoms give practically the same absorption spectra as
the full structures. Hence, in all DFT calculations of the
oligomers reported in this paper, the side chains in P3HT and
P(g2T-T) are represented as CH,CH; and OCH; groups,
respectively. The DFT calculations of PT without side chains
were performed in implicit dichloromethane solvent with the
CPCM model®® with a default set of parameters in Gaussian16.
The van der Waals radii of the atoms were chosen according to
the universal force field. Cavities were simulated as scaled van
der Waals surfaces with scaling parameter 1.1.

Charged oligomers can be in several different spin
configurations. For instance, for the total charge Q = +2, the
oligomer can be in two configurations, singlet (S = 0) or triplet
(S =1). We calculated and compared the ground-state energies
of all possible spin configurations for charged oligomers in the
range from neutral polymer Q = 0 to +4. All polymer
geometries were optimized. For singlet states, we used
restricted (closed-shell) spin calculations. For all other cases,
we performed unrestricted (open-shell) calculations. A similar
approach to the calculation of the ground-state energy for
different spin configurations has previously been used for p-
type*' and n-tyge conjugated polymers’® and n-type/p-type
polymer blends.*

ILILIV. Simulation of Dopants (Counterions). Charging of
P3HT and P(g,2T-T) was conducted in two ways: with the
addition of positive charges to the chain without counterions
and with the addition of charges and further balancing of the
positively charged polymer chains by negatively charged
counterions. Counterions are initially placed at an average
distance of 4 A from the thiophene rings and at least 8 A apart
from neighboring counterions, as was suggested by molecular
dynamics studies of related systems.”"”” The geometry of Cl;~
was obtained after the DFT optimization. More details
concerning the placement of the counterions are given in the
captions of Figure S8. During geometrical optimization of the
chains, the ion positions were frozen. This was done because a
single oligomer represents only a small part of a realistic thin
film. Positions of counterions in the film are affected by all
oligomers around, which are not present in the current model.
From this point of view, performing a full geometry
optimization of an individual oligomer with nonfrozen
counterions would completely disregard the effect of the
surroundings. Note that a similar placement of counterions was
recently used for DFT calculations of the intrinsic capacitance
of conducting polymers.”> For each oxidation level, five
different counterion positions were calculated, as shown in
Figure S8.

In the experimental films, Mo(tfd-COCF,); complexes were
used as dopants and thus the counterions are Mo(tfd-
COCEF;);". These are large molecules, and their utilization in
the calculations requires significant computational efforts.
Hence, in the calculations, we instead used ions Cl;~ that
are much smaller. Note that in most cases (an exception has
been recently reported’*) the orbitals on counterions do not
appreciably mix with those of polymer chains nor their

absorption spectra overlap with those of the polymers. This is
illustrated in Figure S9 showing the absorption spectra of Cl;™.
The main effect of the counterions is that they give rise to an
electrostatic potential that affects localization of charge carriers
in the polymeric chains. Note also that the calculated positions
of the absorption peaks strongly depend on the choice of the
functional (see Section S1), and therefore, DFT-based
predictions should be considered to be of semiquantitative
character. Hence, the exact type of counterions is not expected
to be important for the electronic and optical properties of
oligomers, and our choice of counterions is motivated by the
computational efficiency. Note that we also tried other
counterions often used in conductive polymers, including
Cl5, NO;7, tosylate, and FATCNQ~ (2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane). We find that for some of
these counterions (NO;”, tosylate), the self-interaction errors
of DFT are too high (leading to the charge Q ~ —0.5 to —0.85
¢ instead of the expected —1 ¢). Note that the delocalization
errors caused by incomplete self-interaction corrections
represent one of the known issues of the DFT leading7 to the
inaccuracies in the description of the charge transfer.”>’® Also,
the calculations CI” and F4TCNQ~ were plagued by
convergency problems. On the other hand, Cl;~ demonstrated
a good convergence and an acceptable level of self-interaction
error, typically leading to the charge on the counterions Q &
—0.95 e. An average charge on each of the counterions was
carefully controlled during the geometrical optimization. If the
absolute value of the counterion charge was lower than 90% of
the elementary charge, the simulation was discarded as
unsuccessful.

lll. RESULTS AND DISCUSSION

Due to the complexity of the system, there are many factors
affecting the electronic structure and UV-—vis and IR
absorption spectra of P3HT and P(g,2T-T) thin films. We
first emphasize the differences in traditional and DFT pictures
of the origin of the optical transitions of oxidized
polythiophenes and define the terms that we will use in the
following sections. Next, we examine a small-molecule
oligomeric model system in more detail. The impact of
counterions on the doped polymers is then investigated using
DFT and TD-DFT simulations. As a next step, DFTB-based
molecular dynamics simulations and TD-DFTB simulations of
P3HT are conducted to investigate the influence of torsional
deformation of backbones and the side-chain orientation.
Further, the impact of z—7x stacking is studied using TD-
DFTB. Finally, experimental data are analyzed based on the
calculated spectra.

lil.l. Differences in Traditional and DFT Descriptions.
The term “polaron” is defined here to indicate a singly charged
(Q = +1) charge carrier that has doublet spin multiplicity. In
the literature, one can find different definitions of a bipolaron
(see, e.g., ref 41); however, here we follow refs 34, 77, and 78
in defining a bipolaron as a doubly charged (Q = +2) charge
carrier in which two electrons of opposite spins occupy the
same spin-degenerate energy level resulting in a singlet spin
multiplicity. It is noteworthy that in the literature, in particular
in organic chemistry, one often uses notations “radical cations”
and “dications” for, respectively, polarons and bipolarons. Also,
in physical and quantum chemistry literature, the notion of
valence and conduction bands is widely used for the occupied
and unoccupied manifolds of states in the oligomers. While the
notion of the “band” is, strictly speaking, justified only for the
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Figure 2. Electronic structure of polythiophenes according to (a, b) traditional approaches (refs 17, 18, 27, 29, and 30) and (c—e) DFT
calculations®>***%*! for different oxidation levels (Q indicates the charge of a chain, and S indicates the spin). The small blue arrows (spin-up and
spin-down states) indicate occupied electronic states. The blue and red lines are occupied and unoccupied states in conduction and valence bands,
respectively. (The conduction and valence bands are marked by yellow and blue background colors.) The dashed red lines indicate polaronic/
bipolaronic states in the gap. The black solid lines identify possible electronic transitions.

case on an infinite periodic structure, it de facto became
common in the literature on the electronic and optical
properties of conducting polymers already from the early
days.”” In the present study, we will also follow this
nomenclature as it captures and well reflects the essential
features of the energy structure even for oligomers of a finite
length.

As discussed in Section I, p-doped polythiophenes exhibit
“intermediate-” and “low-energy” absorption peaks, with the
latter being more dominant at high doping levels. In the
traditional model, both the polaron and bipolaron are
characterized by the presence of two spin-degenerate levels
in the gap between valence and conduction bands, the lowest
of which is sin§ly occupied for the polaron and empty for the
bipolaron.'”'®*7***® The intermediate-energy peak is attrib-
uted to a combination of excitations from the half-filled
“polaronic” energy levels in the gap to the conduction band
and from half-filled to empty “polaronic levels” (see Figure 2a).
The low-energy peak is attributed to transitions from the
valence band to the empty “bipolaronic” energy levels in the
gap, as shown in Figure 2b. In other words, the intermediate-
energy peak is attributed solely to a doublet of singly charged
carriers, i.e., polarons, whereas the low-energy peak is
attributed solely to singlet dicationic species, i.e., bipolarons;
accordingly, these two peaks are often referred to as polaronic
and bipolaronic peaks, respectively.”’

The schematic diagram of the electronic structure and
optical transitions at different oxidation levels according to
DFT predictions”*>***! is outlined in Figure 2c—e. For the
case of a polaron (Q = +1, S = 1/2), the spin degeneracy is
lifted, and there is a single empty level (i.e., empty spin orbital)
in the gap; this should be contrasted with the occupation of
two spin-degenerate levels by a single electron in the “early”
approach (cf. Figure 2a,c). For a bipolaron (Q = +2, S = 0),
there is a single spin-degenerate orbital in the gap, also
differing from the traditional picture, where there are two such
levels. We also consider the possibility of two polarons
interacting to give a triplet doubly charged charge carrier (i.e.,
Q = +2, S = 1) and term these polaron pairs; for these charge

carriers, there are two empty spin orbitals in the gap. For
higher oxidation levels, charge carriers are polarons and/or
bipolarons and are also associated with empty levels in the gap
(see Figure 2e). The TD-DFT-based interpretation of the
absorption peaks also differs qualitatively from the traditional
approaches described above. Namely, the intermediate-energy
peak (“polaronic peak”) is assigned to excitation between the
valence and conduction bands or a superposition of interband
and valence-band-to-empty-level excitation; in contrast to the
traditional assignment, it is present not only for polarons (Q =
+1) but also for bipolarons and polaron pairs (Q = +2). The
low-energy peak is attributed to excitation from the valence
band to the empty polaron/bipolaron (spin)orbital(s) in the
gap; again in contrast to the traditional assignment, this
transition is also present for all oxidation levels (i.e., polarons
(Q = +1), bipolarons/polaron pair (Q = +2), etc.).*'

lILIIl. UV-to-IR Absorption in a Reference System: PT N
= 6 Oligomers. A quantitative agreement between theory and
experiment is a prerequisite for the validation of the theoretical
approach. However, because of the complexity of the present
system of P3HT and P(g,2T-T) films, a possible discrepancy
between theory and experiment may reflect shortcomings of
the DFT-based approach utilized and/or can be related to a
number of factors not included in the model, such as
inhomogeneity of thin film doping, chain bending, effects of
dielectric environment and water, presence of adsorbed atoms,
short-chain segments, and surface effects. Therefore, to validate
the method and demonstrate its predictive power, we first
focus on a well-defined reference system, in which such
experimental uncertainties should not be present. We chose to
model a diluted system of polythiophene (PT) oligomers of
fixed, well-controlled lengths and oxidation levels whose
absorption spectra were studied by van Haare et al.'”

The calculated electronic structure and the absorption
spectra (superimposed on the experimental spectra from ref
17) of PT oligomers consisting of N = 6 thiophene rings with
the oxidation levels Q = +1 and +2 are shown in Figure 3. The
ground state for Q = +1 is a polaron (spin S = 1/2) and that
for Q = +2 is a bipolaron (spin S = 0). Note that for N = 6 the
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Figure 3. UV-to-IR absorption spectra (to the left) and electronic
structure (to the right) of polythiophene oligomers consisting of six
monomers (shown in the insets) with the oxidation levels (a) Q = +1
(polaron) and (b) Q_ +2 (bipolaron). Experimental data were taken
from van Haare et al.'” and converted from absorbance to absorption.
The blue and red lines are occupied and unoccupied states in
conduction and valence bands, respectively. (The conduction and
valence bands are marked by yellow and blue background colors; the
small blue arrows (spin-up and spin-down states) indicate occupied
electronic states in the valence band.) The dashed red lines indicate
(unoccupied) polaronic/bipolaronic states in the gap. The black solid
lines identify dominant transitions contributing to the peaks Tp/ and
T in the absorption spectra.

formation of a polaron pair is energetically unfavorable
compared to that of the bipolaron. The polaron pair becomes
the ground state of the Q = +2 species for N 2 10. The
calculated absorption is in an excellent quantitative agreement
with the experimental data.'” For the case of polarons, the
absorption spectrum exhibits two peaks, at E =~ 0.8 eV (1 =
1550 nm) and E = 1.6 eV (4 &~ 780 nm). The first polaronic
absorption peak (denoted as Tp,p) is due to transitions from
the “valence band” to the polaron energy level. In molecular
language, this can be described as a highest occupied molecular
orbital (HOMO)(8)-to-lowest unoccupied molecular orbital
(LUMO)(f) transition, where HOMO(f) and LUMO(j)
denote the highest occupied and lowest unoccupied spin
orbitals for the minority spin (the “down” spin in Figure 3),
respectively. The second peak T is due to excitation from the
valence band into the “conduction band”, consisting of a
superposition of HOMO(a) to LUMO(a), HOMO — 1(a) to
LUMO + 1(a), and HOMO(f) and LUMO + 2(f)
excitations, where « refers to the “up” spin (see Figure 3a).
For the case of the bipolaron, only one peak, Ty, is present, E
~ 1.25 eV (4 ~ 1000 nm), which, as in the case of the polaron,
corresponds to transitions from the valence band into the
empty orbital in the gap (i.e., from the HOMO to the LUMO
of the dication). To conclude, the excellent agreement between
the experimental and theoretical absorption for the well-
controlled reference system of polythiophene oligomers

provides a validation of the utilized theoretical approach
based on DFT and TD-DFT calculations.

lILII. Effects of Counterions on the Electronic
Structure and Optical Absorption of P3HT and P-
(942T-T) Oligomers. lILIILI. Electronic Structure. We start
our discussion with a reference case of N = 18 oligomers
without counterions. In this subsection, we present results for
P3HT only because P(g,2T-T) exhibits practically the same
features. Figure 4a shows the ground-state spin multiplicity
calculated for each oxidation level (Q), while Figure 4b shows
the corresponding energy diagrams. For the polaron (Q = +1),
the spin degeneracy is lifted and the ground state is a doublet.
We stress that in the DFT approach the spin of the polaron (as
well as of all other S > 1 charge carriers) originates from the
imbalance between the number of up and down spin electrons
in the valence band and not from the empty levels in the gap
(which cannot have spins because they correspond to the
absence of electrons). The ground state for the case Q = +2 is a
triplet and thus corresponds to a polaron pair. The bipolaron
(i.e., the singlet state with Q = +2) is energetically higher than
the polaron pair. The Q = +3 and +4 systems are, respectively,
doublet and triplet, and, therefore, they do not have any
bipolaron levels (as defined above, a bipolaron is a spin-
degenerate charge carrier where two electrons of opposite
spins occupy the same spin-degenerate energy level). It should
be stressed that the spin multiplicity of the ground state and
the structure of the energy levels of P3HT shown in Figure
4a)b are the same as those for PEDOT oligomers with the
same number of repeat units (N = 18).*' This is not surprising
because PEDOT is also composed of thiophene-type rings
accommodating 7-electrons, primarily responsible for the
electronic structure and the absorption spectrum.

Let us now discuss the effect of counterions. For each of the
charged oligomers (Q = +1, +2, +3, +4), we calculated the
electronic structure for five representative counterion positions
relative to the oligomer (see Figure S8 depicting these spatial
realizations). For each of these spatial realizations, we
calculated energies of the ground states for different spin
multiplicities M = 2S +1. The red dots in Figure 4c show the
spins of the ground state with the lowest energy for each of
these configurations. A comparison with the case without
counterions (cf. Figure 4a) shows that in most cases the spin
multiplicity remains the same, i.e., doublets for Q = +1 and +3
and triplets for Q = +2 and +4. The only exceptions were one
counterion position for Q = +2 and one for Q = +4, which
both resulted in the singlet ground states (see Figure 4h,i and
related discussion in the text below). The calculations predict a
localization of polarons and bipolarons in the vicinity of
counterions with localization length extending over several
monomer units, as illustrated in Figure 4e—i, which shows the
change in the bond length alteration as compared to the
neutral oligomers. (Note that the bond length alteration
changes from the aromatic to the quinoid character in the
oligomer backbone where the charge is localized*"). It is also
noteworthy that in the absence of counterions, B3LYP
calculations do not predict polaron localization, as illustrated
in Figure 4e.

Figure 4d shows the spin-resolved orbitals for different
oxidation levels of the oligomers with counterions. (For each
oxidation level, we chose a representative counterion position
corresponding to a typical ground-state multiplicity as
indicated in the figure.) As expected, the positions of the
individual energy levels are affected by the presence of
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Figure 4. Total electron spin of the lowest-energy ground states of the P3HT oligomers without and with counterions ((a) and (c), respectively).
For the case of oligomers with counterions, five different realizations (shown in Figure S8) were calculated; the red dots in (c) indicate the spin of
the ground state with the lowest energy for each of these configurations. (b, d) Energy diagram for P3HT oligomers at different oxidation levels for
the cases without and with counterions, respectively. For the case with counterions, the energy diagrams are chosen for representative realizations
where the ground energy spin state is the same as for the case without counterions, namely, realization 1,1,1,2 for the cases Q = +1, +2, +3, +4 in
Figure S8. The blue and red lines are occupied and unoccupied energy levels. The dashed red lines represent (unoccupied) polaronic states in the
gap. The yellow and blue backgrounds mark the conduction and valence bands, respectively. (e—g) Bond length alteration for the case of Q = +1
without counterions and for different positions of counterions, as illustrated in the upper panel; the counterions are highlighted in green. The bond
numbers and the bond length alteration are defined in Figure S10. Examples of two different counterion configurations for the case Q = +2 leading
to the formation of (h) a bipolaron and (i) a polaron pair. The corresponding energy diagram and the bond length alterations are shown. All

calculations (a—i) correspond to the number of thiophene units N = 18. In all energy diagrams, the highest occupied (spin-resolved) orbital levels
of the valence bands are aligned at E = 0.

counterions,”*”"! but the overall energetic structure remains case for Q = +3 in Figure 4d, for which there are three empty
similar to that without counterions. spin orbitals in the gap. The lowest of these are spin-
Figure 4h,i illustrates the cases for which two different degenerate with spin-up and spin-down having the same
counterion positions lead to different ground-state spin energy levels and identical orbitals, which correspond to the
multiplicities, singlet and triplet, corresponding to, respectively, bipolaron, whereas the remaining empty spin-down spin orbital
a bipolaron and a polaron pair. Bipolaron, rather than polaron in the gap is associated with the polaron. Note that the
pair, ground states typically arise when two counterions are coexistence of polarons and bipolarons on the same polymer
relatively close to each other, which helps to overcome chain was also predicted for n-doped polymers, such as the
Coulombic repulsion between two holes. Note that bipolarons ladder polymer poly(benzimidazobenzophenanthroline)
can coexist with polarons on the same oligomers. This is the (BBL).” The coexistence of multiple polarons on a single
11286 https://dx.doi.org/10.1021/acs.jpcb.0c08757

J. Phys. Chem. B 2020, 124, 11280—-11293


https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08757/suppl_file/jp0c08757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08757/suppl_file/jp0c08757_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08757/suppl_file/jp0c08757_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08757?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08757?ref=pdf

The Journal of Physical Chemistry B pubs.acs.org/JPCB
without counterions (e) P3HT
TN ATP/B .
Ay
(@) P3HT (b) P(ge2T-T) —— ———
> >
——Q=0,Cox=0% ——Q=0,Cox=0% © 2 02—
——Q=+1, Cox=5.6% ——Q=+1,Cox=5.6% = =
——Q=+42,Cox=11.1% ——Q=+2,Cox=11.1% E’) E” o TToo
Q= +3, Cox = 16.7% ——Q=+3,Cox=16.7% @ 9] ILIAC
Q= +4, Cox = 22.2% Q= +4, Cox = 22.2% 5o g 0-—“—
25 i ' —
:.TP/B+C T — —
c 20 4 g g : TPB+C Tc
R N AT 4 A ¥ A v
§ 151 .' 3 Téi”' -M- > e — 1
8 10 . ' |‘ ] ': \‘ I‘-I-C | [} 4 % 2 — |
2 T TN W é <
P/B ] I o -t >
i J& TP/BJW\\ o [Tk el szal=z
0 o 5o
0 Eﬁ 2 v 30 Eﬁ 2 y 3
nergy, e nergy, € Q=4 Q=
(c) P3HT (d) P(ge2T-T) P3RT
TrB
J T , a-wt (0
Tr+c lTP/B+C Cox =22.2% = (ER = position 1
) PR | 0 sl fotanl 03 ——position 3
®
TrB Tr - = 2
P Tr+c N TriB+C Q=+3 g
B & Cox =16.7% =1
S 0 0 , 2
@ 4 TPB Tpp.c 4 Tri TeB+c Q=+2
o Tc Tc Cox=11.1%
©
[} D" —— position 1
S 4 g, TOEC 4 1o TPBEC Q=+1 54 —osions
il Te Tc Cox=56% 33 || —psias
0 0 1 S2f I\ A T withoit:
TN TN Q 0 g 1 counterions
5 5 (&= B Y
Cox=0% oy tlily——y
0y L % 4 3 Energy, eV

1 2
Energy, eV

1 2
Energy, eV

Figure S. Evolution of the absorption spectra of (a) P3HT and (b) P(g,2T-T) with the oxidation level for the case without counterions. The
transition from dark to bright colors corresponds to the increase in the oxidation level. Comparison of the absorption spectra of (c) P3HT and (d)
P(g,2T-T) for different oxidation levels for the cases with (blue lines) and without (red lines) counterions. For the sake of clarity, only the
oscillator strengths are shown (without the Lorentzian fit). (e) Illustration of the electronic transitions contributing to the main peaks in the
absorption spectra of the oxidized polymers, Tp g, Tp/p,c, and T¢. The peak Ty corresponds to the absorption spectrum of a neutral polymer chain.
(f) Absorption spectra of the P3HT oligomers for two different counterion realizations for Q = +1—in position 1, the counterion is located near
the oligomer side, while in position 3 the counterion is above its middle thiophene units (the exact geometry can be found in Figure S8). (g)
Absorption spectra of the P3HT oligomers for five different counterion realizations for Q = +3 and their combined averaged spectrum (solid line).

Panels (f) and (g) show both oscillatory strength and their Lorentzian fit.

chain was experimentally shown for the case of poly(3-
decylthiophene).>

HILILIL UV-to-IR Absorption Spectra. Figure 5 shows the
simulated absorption spectra of P3HT and P(g,2T-T) without
and with counterions for different oxidation levels: C,, = 5.5,
11.1, 16.6, and 22.2%. (The oxidation level is defined as the
number of charges per thiophene ring.) These values
correspond to the charge Q = +1, +2, +3, and +4 per chain.

Let us first discuss the spectra for the system without the
counterions (Figure Sa—d). The spectra of charged polymers
show absorption peaks that can be divided into three main
groups, as outlined in Figure Se. The peaks Tp/p and T have
the same origin as discussed in Section IILI for polythiophenes
in general and in Section IILII for an oligothiophene, i.e., they
correspond to the transitions from the valence band to the
empty polaronic/bipolaronic levels and from the valence band
to the conduction band, respectively. A third peak, Tp/z,c,
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corresponds to a superposition of excitations from the valence
band into polaronic/bipolaronic levels and from the valence
band into the conduction band. Calculated spectra exhibit a
clear pattern with increasing oxidation level, as shown in Figure
Sa,b: Tpp becomes stronger and shifts to higher energies,
whereas T and Ty, become progressively weaker, with T
disappearing at higher oxidation levels (16% and more). This
behavior reflects the evolution of the electronic structure with
the oxidation level (Figure 4b) where progressively more
polaronic/bipolaronic states in the gap emerge. This also
explains the shift of Tp/ to higher energies because more high-
lying energy polaronic/bipolaronic levels become available in
the gap, as shown in Figure 4b. Note that for C,, & 14% the
heights of the peaks Tp,z and Tp/5,c become approximately
equal. This can be used to estimate the oxidation level of a
polymer film from its absorption spectrum if the films are
doped homogeneously. It is noteworthy that the calculated
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Figure 6. (a) Geometrical structure of a P3HT oligomer with N = 12 (Q = +2) after an MD-DFTB run and (b) corresponding C—C backbone
bond alteration at t = 0, 1, 15, and 20 ps. (c) Absorption spectra of a neutral and a doped P3HT oligomer with Q = +2 (C,, = 16.6%) at t = 1, 15,
and 20 ps. The bold black line shows the averaged spectrum. (a) Band diagrams of P3HT at 1, 1S, and 20 ps. (e) Geometrical structure of bi- and
trilayer P3HT after a 1 ps DFTB MD run; C,, = 16.6% (Q = +2). The absorption spectra of neutral (f) and doped (g) P3HT multilayers with C_, =
16.6% at t = 1, 15, and 20 ps. The bond numbers and the bond length alteration are defined in Figure S10.

evolution of the absorption spectra is similar to that reported
for PEDOT."!

Let us now discuss the influence of counterions on the
absorption spectra. The positions of counterions significantly
affect the electronic structure of the polymers, which, in turn,
affects the absorption spectra. An example is depicted in Figure
Sf, where the absorption spectra for the P3HT chains with the
Coy ® 5.6% (Q = +1) are calculated for two different
counterion positions. In position 1, the counterion is located at
the end of the polymer chain, whereas in position 3, the
counterion is located at the center of the chain (see Figure S8).
This change in the geometry of the system results in different
absorption spectra for two oligomers with the same oxidation
level. Absorption peaks of P3HT chains with three counterions
(Q = +3) for five different spatial counterion orientations are
depicted in Figure Sg. As for the case of Q = +1, each
arrangement of counterions leads to a different spectrum.
However, averaging over these five arrangements results in two
broad absorption peaks residing at the positions close to the
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corresponding peaks for the counterion-free chains with the
same charge, as shown in Figure Sa. We performed calculations
for chains with different oxidation levels and find that the same
conclusion holds for all considered systems for both polymers
P3HT and P(g,2T-T) (see Figure Sc,d). Thus, the effect of
counterions on the absorption spectra of polythiophenes with
one or several charges can be summarized as follows: the
presence of counterions leads to a significant broadening of the
absorption peaks, whereas the positions of the peaks remain
close to those without counterions.

lILIV. Absorption Spectra in Polymer Chains That
Display Backbone Torsion and z—x Stacking. P(g,2T-T)
thin films are mostly disordered with some degree of
crystallinity, while regioregular P3HT films have semicrystal-
line character.”*"****® The chains of both P3HT and
P(g,2T-T) are nonplanar; both the backbones and side chains
are in constant temperature-induced movement, which causes
twisting of the side chains and changes of the torsion angles
along the backbones. In this section, we will study the effect of
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twisting and the effect of 7—x stacking on the absorption (a) P3HT (d) P(g42T-T)
spectra. In the treatment of chain twisting, it is important to 35 NP 35 ey e—

account for the effect of the side chains, as they strongly affect
the chain movement and bending. The TD-DFT simulation of
polythiophenes decorated with side chains and/or several 7—7-
stacked chains is computationally challenging due to a large
size of the systems. Therefore, to study the effect of backbone
torsions and #—z stacking on the absorption spectra of
polythiophenes, we use the TD-DFTB approach combined
with DFTB-based molecular dynamics (MD) simulations,
which allows us to calculate much larger systems than
conventional DFT.

Figure 6a shows snapshots of the geometry of a P3HT
oligomer with charge Q = +2 calculated using MD simulations
on the DFTB level of theory during a time interval of 0—20 ps.
The initial geometry of the thiophene rings and side chains is
close to planar. With time, the side chains start to move,
changing the torsion angles and bond lengths in the thiophene
rings. At t = 15 ps, side chains bend relative to the oligomer
backbone, and at t = 20 ps, some of the side chains twist so
strongly, so that they are in part located on the top and under
the thiophene rings. Twisting of the backbone results in
significant changes in the bond lengths, as illustrated in Figure
6b.

Figure 6¢ shows the absorption spectra of a neutral P3HT
oligomer and the oligomer with Q = +2 calculated for different
times t = 1, 10, 15, and 20 ps. All of them show similar
behavior where, however, the positions and the strengths of the
absorption peaks vary for different spatial conformations of the
chains. The black solid line shows the spectrum averaged over
spatial conformations at different moments of time. It shows a
broadening relative to a spectrum corresponding to a given
confirmation. This is similar to the case of a chain with
counterions discussed in Section IILIII, in which the
broadening was caused by averaging over different counterion
positions. This similarity is not a coincidence. Indeed, Figure
6d shows the electronic structure of a chain with Q = +2 at
different times. While the structure of the energy levels is
similar, the exact position of the bipolaron levels in the gap is
different for different moments of time. This is related to the
changes in the bond length and angles that take place during
the torsional motion of the chains (see Figure 6b). The
difference in the energy levels leads to different absorption
spectra, in a similar way as discussed above for the case of
counterions.

To analyze the effect of 7—x stacking on UV—vis absorption
spectra, we simulated bilayer and trilayer P3HT crystallites for
t = 1 ps, for both neutral and 16.6% oxidized states. From the
nanostructure snapshots shown in Figure 6d, the 7—7 stacking
is clearly observed. Absorption spectra in Figure 6f show a
broadening of the main peaks as the number of chains in the
layer is increased. Unfortunately, TD-DFTB simulation of the
doped trilayer sample is too computationally demanding (due
to a large number of excited states), and, therefore, Figure Sf
shows the spectra for a bilayer only. We conclude that the
effect of twisting of the polymer chains and the effect of 7—n
coupling on the absorption spectra of polythiophenes with side
chains is qualitatively similar to that of counterions and
manifests itself in a broadening of the absorption peaks.

lILV. Comparison of Simulation and Experimental
Studies. Figure 7 shows the measured absorption spectra for
undoped P3HT and P(g,2T-T), as well as thin films doped
with Mo(tfd-COCEF;); (see Figure 1c for chemical structure).
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Figure 7. Evolution of the absorption spectra of (a) P3HT and (d)
P(g,2T-T) with the increase in the oxidation level for the case with
counterions. (Note that absorption spectra are obtained by super-
position of the Lorentzian-fitted oscillator strengths in Figure Sc,d.)
The transition from dark to bright colors corresponds to the increase
in the oxidation level. Comparison of experimentally obtained
absorption spectra with the theoretical ones for pristine (b) P3HT
and (e) P(g,2T-T) (note that the pristine polymer is in fact slightly
oxygen-doped due to its low ionization energy) and (¢, f) the same
polymers sequentially doped with Mo(tfd-COCEF;);. The calculated
curves include the averaged spectra for all calculated doping levels
(Cox = 5.6, 11.1, 6.7, 22.2%). The black curves are experimental
studies; the red and blue curves are simulation results for P3HT and
P(g,2T-T). The calculations are performed for oligomers with N = 18
monomer units.

The calculated spectra accounting for the broadening due to
the effect of counterions are shown in Figure 5¢,d and are also
displayed in Figure 7a,d. We note that, as will be discussed
below, the experimental samples are likely to contain both
doped or nondoped domains. Hence, for the sake of
convenience of the comparison to the experiment, each
displayed theoretical spectrum in Figure 7 represents the
averaged spectrum for all calculated doping levels (C,, = 5.6,
11.1, 16.7, 22.2%). This corresponds to the average doping
level of ca. 14%, close to the experimental one (see below).
Let us start with the case of P3HT. For the doped films, the
spectrum shows three peaks. The comparison with the
calculated spectra shows that the first two peaks match the
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corresponding theoretical peaks (Tp/s and Tpp,c). The low-
energy peak Tp/p (at ca. 0.4 eV) is the most pronounced,
which suggests that the doping level of the sample is rather
high (see Figure 7a). Although calculated spectra for high
doping levels are dominated by only two peaks, Tpz and
Tp/p.c, the third (high-energy) experimental peak (at ca. 2.3
eV) matches exactly the absorption peak of the neutral
(undoped) film, excluding vibronic spectrum. This leads us to
conclude that some regions remain undoped. Therefore, based
on our DFT calculations, the assignment of the experimentally
observed peaks for a doped P3HT is as follows. The low-
energy peak at ca. 0.4 eV corresponds to Tpp the
intermediate-energy peak at ca. 1.5 eV corresponds to
Tp/psc, and the high-energy peak at ca. 2.3 eV corresponds
to Ty due to the presence of undoped polymer segments in the
film (see Figure 7a).

To estimate the oxidation level from the experimental
spectra, we used a molar attenuation coefficient of € = (4.1 +
0.2) X 10> m* mol™" for the Tp/p,c transition of oxidized
P3HT with the peak at 1.55 eV (800 nm), which we have
obtained from spectroelectrochemistry measurements.*” The
Beer—Lambert law A = N,-¢-d relates the peak absorbance A of
doped P3HT at 1.55 €V to the molar attenuation coeflicient &,
where d = 54 nm is the film thickness. We obtain a polaron
density of N, = (4.2 + 0.5) X 10* m™3, which translates to an
oxidation level of (11 + 1)% per thiophene for Mo(tfd-
COCF,);-doped P3HT (assuming a density of 1.1 g cm™).

Let us now proceed to the P(g,2T-T) film. The low-energy
and the intermediate-energy peaks for the doped sample are
very close to the corresponding peaks for P3HT (0.4 and 1.5
eV vs 0.4 and 1.4 eV). Therefore, the assignment of these
peaks is the same as that for the P3HT film. In contrast to the
doped P3HT, the high-energy peak at ca. 2.3 eV is not present
in the doped P(g,2T-T) film; we, therefore, conclude that the
P(g,2T-T) film does not contain undoped regions. We
estimated the oxidation level from the experimental spectra
assuming that the molar attenuation coeflicient of the Tp /5, ¢
transition of oxidized P(g,2T-T) with the peak at 1.38 eV (900
nm) is the same as that of oxidized P3HT. We obtain a value
of N, = (4.6 + 0.5) X 10*® m™ for a film thickness of d = 80
nm, which indicates an oxidation level of (15 + 2)% per
thiophene for Mo(tfd-COCF,);-doped P(g,2T-T). As dis-
cussed above, the ratio of peak heights of Tp/ and Tp/p,c
depends on the doping level (see Figure Sa). A comparison of
the experimental peak ratio to the theoretical one is consistent
with an oxidation level of ca. 16—20% for P(g,2T-T), which is
in agreement with the above estimation taking into account
experimental uncertainties and systematic errors in DFT.

As already mentioned in Sections I and IILI, the polymers
with a thiophene-like backbone share the same features of the
absorption spectra. In particular, similar spectral features are
also observed for electrochemical doping,'”** photoinduced
de-doping,'® acid doping,® self-doping, ° and doping with
different redox dopants.*’ Hence, this confirms our conclusion
that the position of the absorption is largely independent of the
counterions.

IV. CONCLUSIONS

The electronic absorption of polythiophenes decorated with
aliphatic and oligo ethylene glycol side chains (P3HT and
P(g,2T-T), respectively) and molecularly doped with Mo(tfd-
COCF,;);~ counterions was studied and analyzed based on
DFT-, TD-DFT-, and DFTB-based molecular dynamics

simulations, paying particular attention to the understanding
of the effect of counterions, side chains, 7—n stacking, and
temperature-induced bending and twisting of the chains on the
absorption spectra of the systems at hand. The calculated
results are used to interpret the peaks in the measured spectra,
where a good agreement between the theoretical and
experimental data is found, especially when using the B3LYP,
rather than wB97XD, functional.

DTF calculations predict that the absorption spectra of
doped polythiophenes show three distinct peaks Tpp, Tc
(weak), and Tpp,c (see Figure Sab or 7a,d). The peaks
Tp, and T correspond to the excitations from the valence
band to the polaronic/bipolaronic levels and the conduction
band, respectively, whereas the peak T} /g, corresponds to a
superposition of excitations from the valence band to both
polaronic/bipolaronic levels and the conduction band. The
evolution of the calculated spectra exhibits a clear pattern with
the increase in the oxidation level (see Figure Sab): the
strength of Tpp increases, whereas T and Tp/p,c become
progressively weaker, with T¢ disappearing at higher oxidation
levels. This behavior reflects the evolution of the electronic
structure with the oxidation level (Figure 4b) where
progressively more polaronic/bipolaronic states in the gap
emerge.

We note that, as in other DFT studies of polythiophene
materials, the calculations presented here lead to electronic
orbital structures for polarons and bipolarons that are
fundamentally different from those in the earlier traditional
approaches from the 1980s that still dominate the current
literature. DFT indicates a single unoccupied spin orbital in the
band gap of the polymer for a polaron, whereas in the
traditional interpretation there are two spin-degenerate levels
in the gap, one of which is singly occupied and is associated
with the polaronic band. DFT indicates a single spin-
degenerate level in the gap for a bipolaron, whereas there are
two such levels in the traditional model. A qualitatively
different interpretation of the absorption of polythiophenes
also emerges: traditionally, the two most prominent peaks are
referred to as polaron (at ca. 1.5 eV) and “bipolaron” (at ca.
0.4 eV) peaks,” but the DFT results show that both major
bands are seen for both polarons and bipolarons. This suggests
that the existence of polarons or bipolarons cannot be reliably
inferred from experimental absorption spectra, although the
doping level is indicated by the relative strength of the two
major bands.

The presence of counterions leads to a significant broad-
ening of the absorption peaks, whereas the positions of the
peaks remain close to those without counterions. The effect of
m—n stacking and temperature-induced bending and twisting of
the chains is qualitatively similar to that of dopants and also
leads to peak broadening. The origin of the above broadening
is analyzed based on the calculated electronic structure. At the
same time, we show that the absorption spectra are practically
unaffected by the side chains because the electron density of
the m-orbitals is localized along the polymer backbones.
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