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ABSTRACT: Polarons and bipolarons are created when one or two electrons are TD-DFT Traditional
removed from the z-system of a p-type conjugated polymer, respectively. In the + — Band
., . . . [—— an
traditional band picture, the creation of a polaron causes two electronic energy Pict
ICture

levels to move into the band gap. The removal of a second electron to form a

bipolaron causes the two intragap states to move further into the gap. Several |
groups, however, who looked at the energies of the Kohn—Sham orbitals from E‘
DFT calculations, have recently argued that the traditional band picture is
incorrect for explaining the spectroscopy of doped conjugated polymers. Instead,
the DFT calculations suggest that polaron creation causes only one unoccupied
state to move into the band gap near the valence band edge while half-filled state in
the valence band and the conduction band bend downward in energy. To understand the discrepancy, we performed TD-DFT
calculations of polarons and bipolarons on poly(3-hexylthiophene) (P3HT). Not only do the TD-DFT-calculated absorption spectra
match the experimental absorption spectra, but an analysis using natural transitional orbitals (NTOs), which provides an
approximate one-electron picture from the many-electron TD-DFT results, supports the traditional band picture. Our TD-DFT/
NTO analysis indicates that the traditional band picture also works for bipolarons, a system for which DFT calculations were unable

NTOs
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to determine the electronic structure.

1. INTRODUCTION

Organic semiconducting conjugated polymers, such as poly(3-
hexylthiophene-2,5-diyl) (P3HT; see Scheme la for chemical
structure), have found applications in flexible electronic devices,
such as light-emitting diodes, photovoltaics, and thermoelectric
devices."~° For these applications, conjugated polymer films are
often oxidized (p-type doping) or reduced (n-type doping) to
introduce equilibrium charge carriers on the n-conjugated
polymer backbone.

For p-type conjugated polymers, such as P3HT, when an
electron is removed from the 7 system, the backbone locally
changes structure from aromatic to quinoidal, as depicted in
Scheme 1b. The unpaired electron and positive charge that
remain, along with the changes in the bonding structure, are
together termed a polaron. If the oxidative driving force to
remove electrons is strong enough, then polaronic P3HT can be
oxidized a second time, removing the unpaired electron. This
second oxidation removes the radical character on the polymer
backbone, and the resulting spinless doubly charged species is
referred to as a bipolaron, depicted in Scheme 1c. The question
that we focus on in this work is how to think about the electronic
structure and spectroscopy of polarons and bipolarons in doped
conjugated polymers.

Most papers in the literature treat the charge carriers on
doped conjugated polymers using the traditional band picture
borrowed from the language of inorganic semiconductors.”"*
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In this picture, the distortion of the conjugated backbone caused
by the aromatic-to-quinoid structural change causes two states
associated with the unpaired electron to move into the band gap;
one of these states is half-filled and the other is empty, as
depicted in the center diagram of Scheme 1d. The presence of
these two midgap electronic states creates two new optically
allowed transitions, usually labeled P1 and P2, as well as two
transitions that are optically forbidden by symmetry but may be
weakly allowed in some cases,'® usually labeled P3 and P3’, as
also shown in the center panel of Scheme 1d. For doped P3HT,
the lower-energy P1 transition usually occurs in the mid-infrared
with a peak between 0.3 and 0.6 eV, while the higher-energy P2
transition appears roughly an eV below the band gap, usually in
the near-infrared around 1.4—1.5 eV.">'°

For bipolarons, the traditional picture involves removing the
unpaired electron from the lower intragap state. The addition of
another positive charge causes the backbone structure to further
distort, causing the two intragap states to move even further into
the gap (i.e., away from the band edges), as shown in the right-

Received: July S, 2023 JCTG e
Published: September 28, 2023 7; 5

https://doi.org/10.1021/acs.jctc.3c00743
J. Chem. Theory Comput. 2023, 19, 6761-6769


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+C.+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+J.+Schwartz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jctc.3c00743&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00743?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00743?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00743?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00743?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00743?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jctcce/19/19?ref=pdf
https://pubs.acs.org/toc/jctcce/19/19?ref=pdf
https://pubs.acs.org/toc/jctcce/19/19?ref=pdf
https://pubs.acs.org/toc/jctcce/19/19?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JCTC?ref=pdf
https://pubs.acs.org/JCTC?ref=pdf

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Scheme 1. Chemical Structures of (a) Neutral P3HT, (b) Polaronic P3HT, and (c) Bipolaronic P3HT; (d) the Energy Level
Diagrams for Neutral P3HT, Polaronic P3HT, and Bipolaronic P3HT for the Traditional Band Picture (left, center, and right,
respectively) and (e) the DFT-Based “Band-Bending” Model for Polarons”
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“BG is the band-gap transition. P1, P2, P3, and P3’ are the optical transitions associated with polarons, while BP1 and BP2 are the transitions
associated with bipolarons. The P3, P3’, and BP2 optical transitions are nominally forbidden by symmetry.

most diagram of Scheme 1d."” This leads to two transitions, an
optically allowed transition labeled BP1 and a higher-energy
optically forbidden transition labeled BP2. Although there has
been some controversy regarding whether the BP1 transition is
observed to the blue or the red of the P1 transition for doped
P3HT,"*>° previous work from our group21 and other
groups”>~>* has shown that the P3HT BP1 transition indeed
appears to the blue of the P1 transition, typically occurring
between 0.8 and 1.1 eV. Indeed, we recently argued that the new
peaks that appear to the red of P1 at high doping concentrations
should be assigned to coupled polarons and not to bipolarons.”’

Despite the fact that basic observations of the P1, P2, and BP1
transitions seem to fit well with the traditional band picture,
several groups have argued on the basis of quantum chemistry
calculations that borrowing the traditional band picture of
conjugated polymer doping from inorganic semiconductors is
»>7! These groups used density-functional theory
(DFT)-based calculations, and upon examination of the density

incorrect.
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of states of the Kohn—Sham orbitals yielded by such
calculations, concluded that polaron creation causes only one
unoccupied state to move into the band gap and that states in the
conduction and valence bands associated with the unpaired
electron bend downward in energy.”>~>" In this picture, which is
summarized in Scheme le, the singly occupied polaronic state
lies below the top of the valence band instead of in the band gap
as in the traditional band picture; we have previously referred to
this view as the “band-bending picture”.’” In the band-bending
picture, exciting the P1 transition causes an electron to move
from the valence band to an unoccupied state in the gap and
exciting the P2 transition causes an electron to move from the
valence band to the bent-down region of the conduction band.
Several groups recently have used the band-bending picture to
interpret experimental results.** >

One of the strongest criticisms of the traditional band picture
is based on the ionization energies of neutral versus polaronic
P3HT.” Cyclic voltammetry shows clearly that the ionization
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energy of polaronic P3HT is roughly 300 meV higher than that
of neutral P3HT,”' a result that makes sense since second
ionization energies are always higher than first ionization
energies; this is because the second electron needs to be
removed in the presence of an already-existing positive charge.
In the traditional band picture, because the half-filled state is
drawn as having moved up in energy from the valence band into
the band gap, one could conclude that the electron in this state is
easier to ionize (i.e., has a lower ionization energy) than the
electrons that remain in the valence band, a result that would be
unphysical. The band-bending picture remedies this apparent
contradiction by putting the half-filled state below the top of the
valence band, so that removal of the unpaired electron would
indeed require a higher ionization energy.

On the other hand, the DFT-based band-bending picture has
several short-comings. First, the band-bending picture does not
account for the presence of P3 or P3’ transitions, which are
nominally forbidden by symmetry but sometimes experimen-
tally observed.">*° Moreover, without explicitly included
counterions, bipolarons are not bound in DFT calcula-
tions,”"***”** 50 there is no DFT-based “band-bending” picture
of the electronic structure of bipolarons.”” Lastly, a few years
ago, our group attempted to test whether the traditional or the
band-bending picture of doped conjugated polymer electronic
structure makes more sense by performing ultrafast transient
absorption spectroscopy experiments on polarons in doped
P3HT.” The resulting pattern of transient absorptions and
bleaches seen in the experiments fit perfectly with what would be
expected from the traditional band picture; the results were not
consistent with the band bending picture, which predicts a
different pattern of transient bleaches and absorptions.””*” In
addition, we also performed ultrafast spectroscopy experiments
exciting the BP1 transition of a different conjugated polymer
doped to produce bipolarons, and again found results that were
consistent with the traditional band picture.*”

All of this leads to the main questions addressed in this paper:
which picture, traditional or DFT-based band-bending, better
represents the electronic structure of doped conjugated
polymers? Which picture gives a more accurate description of
the transitions observed in spectroscopy? If the traditional
picture is correct, how does one connect the multielectron
character of the energy levels in high-level quantum chemistry
calculations to simplified one-electron states used in diagrams
like those in Scheme 1d? And is there a quantum-chemistry-
based explanation for the ionization energy ordering of neutral
and doped conjugated polymers?

Here, we address these questions through a series of time-
dependent DFT (TD-DFT) calculations combined with an
analysis based on natural transition orbitals (NTOs). TD-DFT,
by construction, generates a multielectron description of the
transitions between the occupied and unoccupied energy levels,
but we show that NTO analysis applied to such calculations
allows us to construct a qualitatively accurate one-electron
picture of the transitions involved. We find that unlike standard
DEFT calculations, which predict the band-bending picture based
on energy levels inferred from Kohn—Sham orbitals, the
physically meaningful excited states generated by TD-DFT
calculations and the orbitals generated from NTO analysis yield
the traditional picture for the P1 and P2 transitions of doped
conjugated polymers. We also find that the TD-DFT-calculated
difference in jonization energies of neutral and doped P3HT are
in reasonable agreement with experiment: the calculations
suggest that the presence of the positive charge associated with
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the polaron shifts the vacuum level so that the absolute energy
level of the polaronic half-filled state is lower than that of the
valence band for the neutral polymer, similar to the band-
bending picture. Taken together with previous experiments, our
TD-DFT calculations strongly suggest that the traditional band
picture, although not perfect, is the best way to think about the
electronic structure and optical transitions of doped conjugated

polymers.

2. RESULTS AND DISCUSSION

To answer the questions posed above, TD-DFT and NTO
calculations were done on hydrogen-terminated P3HT
oligomers with 10 monomers using the Gaussian 09 package.*’
We chose this oligomer length because our previous theoretical
work showed that this was sufficient to properly describe
polarons on doped P3HT;”" use of oligomers of this length is
also consistent with recent experiments by Stanfield et al.,*' who
demonstrated that polarons in doped P3HT have a spatial extent
of ~5 to 7 repeat units, depending on the P3HT crystallinity. To
further reduce the computational cost, we replaced the P3HT
hexyl side chains in our calculations by methyl groups. All
systems were geometry-optimized using DFT calculations with
the 6-31G(d,p) basis set and the PBEO functional in the
presence of a polarizable continuum model (PCM) with € = 3,
chosen to match the experimentally measured dielectric
constant of P3HT."” Although long-range corrected functionals
often perform better in many systems, we found that the
structure of oxidized P3HT optimized with wPBE puts the
polaron at one end of the oligomer rather than in the middle, a
situation that we did not feel was realistic, as shown in Figure S3
of the Supporting Information (SI). We also found that the TD-
DFT-calculated wPBE absorption spectrum was significantly
different from that observed experimentally, as shown in Figure
S4 in the SI. Thus, for this work, we focus on calculations with
the geometry optimization performed with the PBEO functional
because it gives a more realistic picture of both polarons and
bipolarons than the long-range corrected wPBE functional.

We then performed TD-DFT calculations on the optimized
structures using the same basis set and functional. We also
performed TD-DFT calculations using the long-range corrected
@PBE functional, both with the range-separation parameter, w,
set to the default value, 0.4 bohr™!, and with @ set to 0.1882
bohr™!, the value used by Heimel et al.*® to develop the band-
bending picture. A detailed discussion comparing the results
obtained with the different functionals is included in the SI, but
regardless of the functionals chosen, the one-electron orbitals
generated from NTO analysis are qualitatively similar and
support the traditional band picture’s description of the P1 and
P2 transitions. For the discussion below, we focus on the results
obtained with the PBEO functional, which provides a TD-DFT-
calculated spectrum that best agrees with experiment.

For polaronic P3HT, a single point-charge counterion was
placed at a distance of 7.5 A from the center of the chain in the
direction along the side chains, matching the experimentally
documented position of the anions in F,TCNQ-doped P3HT
films.*™*° For bipolaronic P3HT, point-charge counterions
were placed on opposite sides of the center of the chain at a
distance of S A, as required for bipolarons to be bound in this
system.”’ For geometry optimization with point charge(s), the
terminal hydrogen atoms at the ends of the chain and one carbon
atom at the middle of the chain (one of the carbon atoms that
bridges monomer S and monomer 6) are fixed during geometry
optimization. By fixing the positions of these three atoms, all the
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bonds are still able to fully relax, which was checked via
frequency calculations.

Although the use of point charges to represent the
counterions may seem overly simplistic, previous
work*###5% has shown that point charges provide an adequate
description of the Coulomb interaction between (bi)polarons
and their counterions. For example, Spano and co-workers**°
showed that the use of point charges perfectly captures the
experimentally seen shifts in the P1 peak position based on the
polaron-anion distance. Moreover, our previous study on
bipolarons” used a point-charge model and was able to
successfully assign the spectroscopic signatures of bipolarons
and coupled polarons in doped conjugated polymers. The
atomic positions for the optimized geometries are listed in the SI
and the optimized geometries, including the counterion
positions, are shown in Figure S1. For bipolaronic P3HT, our
calculations were performed with multiplicity = 1 and only the
closed-shell state was considered. The precise chain and
counterion geometries are the same as those explored in our
previous work.”"

To benchmark our use of TD-DFT as a quantum chemistry
method to determine the electronic structure of doped
conjugated polymers, in Figure 1 we compare the calculated
and experimental absorption spectra of neutral and (bi)-
polaronic P3HT. As expected for any DFT-based method,*’~*
the calculated spectra are slightly blue-shifted from experiment,
but remarkably, the two sets of spectra are quite similar. The
TD-DFT-calculated neutral P3HT spectrum has its band gap
transition at 2.06 eV, only slightly blue of the experimental
spectrum whose band gap transition is near 1.9 eV. For the TD-
DFT-calculated P3HT polaron, the P1 and P2 transitions are
seen around 0.63 and 1.45 eV, respectively, again only slightly
blue of those seen experimentally. For P3HT bipolarons, the
BP1 transition appears around 0.8 eV in experiments and 0.95
eV in our TD-DFT calculations. The fact that the calculated and
experimental spectra agree so well for neutral, polaronic, and
bipolaronic P3HT strongly suggests that the TD-DFT
calculations are producing reasonable energy gaps to the excited
states when determining the energies of these transitions.

One potential difference between the experimental and
calculated spectra is that in addition to the experimentally
expected P1, P2, and BG transitions, the TD-DFT calculations
also show several other transitions that are weakly allowed. We
will discuss this issue in more detail further below, but our NTO
analysis shows that some of these are weakly allowed mixtures of
the P1 and P2 transitions.

Given that TD-DFT does an excellent job reproducing the
experimental spectroscopy, the next question is what is the
underlying electronic structure? This is not a straightforward
question to answer, however, because the transitions calculated
from TD-DFT are described as a superposition of multiple
individual transitions between Kohn—Sham orbitals, reflecting
the multielectron character of such calculations. For example,
Table 1 lists the 11 most important Kohn—Sham orbital
transitions that comprise the 1.45 eV “P2” absorption transition
in the calculated spectrum of the P3HT polaron (the transition
marked with an asterisk in Figure 1b). Given that the
eigenenergies of individual Kohn—Sham orbitals are not
physically meaningful, this superposition makes it quite difficult
to visualize the relevant multielectron energy levels underlying
the calculated absorption spectrum.

To remedy this situation and restore an approximate one-
electron picture to the observed transitions to the extent
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Figure 1. (a) Experimental absorption spectra of pristine P3HT (black
curve) and FeCl;-doped P3HT films (blue curve). (b) PBE0/6-
31G(p,d) TD-DFT calculated transition oscillator strengths (red
sticks) and absorption spectra (calculated by assuming each individual
transition has a Gaussian band shape with a fwhm of 0.6 eV) for a
neutral P3HT 10-mer (black curve) and a polaron on a P3HT 10-mer
(blue curve); panel ¢ shows the same for a bipolaron on a P3HT 10-
mer. For the experimental spectra, the P3HT films were cast from a 20
mg mL™" solution of P3HT in o-dichlorobenzene. The doped film was
created using sequential processing with a 1 mM solution of FeCl; in n-
butylacetate. The transition marked with an asterisk in panel b is the
1.45 eV “P2” transition listed in Table 1 whose NTOs are shown in
Figure 2.

Table 1. TD-DFT Description of the 1.45 eV “P2”
Transition” of the P3HT Polaron

Transitions” Weights Transitions” Weights
249A — 252A 0.16527 248B — 251B —0.20172
249A — 254A 0.13536 249B — 254B 0.10962
250A — 252A —0.10327 250B — 251B 0.14560
251A — 253A —0.27689 250B — 252B 0.21509
251A — 252A 0.78010 250B — 253B 0.22477
251A — 253A 0.15173

“This is the transition that is marked with an asterisk in Figure 1b.
bOrbital 250 is the HOMO and 251 is the SOMO; A and B indicate
the spin of the corresponding electron.

possible, we have examined the natural transition orbitals
(NTOs) associated with our calculated TD-DFT spectra, which
was not performed in previous works.”~>” NTO analysis works
by applying unitary transformations to the occupied and virtual
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orbitals, so that each optical transition is compactly assigned as
occurring mainly between a single occupied and a single
unoccupied orbital”® For example, when we apply NTO
analysis to the P3HT polaron 1.45 eV P2 transition whose
Kohn—Sham makeup is described in Table 1, we find that this
absorption feature can be well-represented by a single transition
between the two orbitals shown in Figure 2, with an NTO

Ending MO

Figure 2. Starting and ending MO’s for the 1.4S eV P2 transition of the
P3HT polaron (the starred transition in Figure 1b whose Kohn—Sham
composition is given in Table 1) generated using NTO analysis of our
PBE0/6-31G(p,d) TD-DFT calculations on a P3HT 10-mer. The
natural transition orbital coefficient between these two orbitals is 0.66,
which means that this particular absorption feature is 66% accounted
for by a one-electron transition between these two orbitals. A similar
analysis for the other polaronic and bipolaronic transitions of P3HT is
given in the SL

weight of 0.66. In other words, for the heavily mixed 1.45 eV P2
polaron absorption, the two orbitals shown in Figure 2 account
for 66% of the observed transition, so that this absorption feature
can be fairly well approximated by the transition of a single
electron between these two orbitals.

In addition to simplifying the visualization of the transitions
underlying the TD-DFT calculated absorption spectrum, NTOs
also provide a way to construct the underlying one-electron
energy level diagram. For example, for the P3HT polaron, NTO
analysis shows us directly that the ending orbital of the 0.63 eV
P1 transition is the same as the starting orbital of the 1.45 eV P2

transition, as documented in more detail in the SI. Since we
know the transition energies between these orbitals, this tells us
that the energy gap between the starting orbital of the 0.63 eV
transition and the ending orbital of the 1.45 eV transition must
be roughly 2.03 eV. Thus, by examining the starting and ending
NTOs of all of the TD-DFT calculated transitions, we can
qualitatively construct TD-DFT-based one-electron energy level
diagrams of neutral, polaronic, and bipolaronic P3HT. The one-
electron energy-level diagram for P3HT extracted from our
NTO analysis on our TD-DFT calculations is summarized in
Figure 3.

The left part of Figure 3 shows the energy level diagram for
neutral P3HT, whose calculated absorption spectrum has a
single peak at 2.06 eV. The NTO analysis of this transition shows
a starting one-electron orbital with aromatic thiophene rings
spread over the entire P3HT 10-mer and an ending one-electron
orbital with quinoidal thiophene rings. This fits with our
chemical intuition that the P3HT band gap transition is a z-to-
¥ transition.

The central portion of Figure 3 shows the NTOs and
underlying energy level diagram for the P3HT polaron. The
starting one-electron orbital of the 0.63 eV P1 transition has a
central quinoidal thiophene ring sandwiched between aromatic
thiophene rings, which fits well with the expected Lewis
structure of the polaron shown in Scheme 1b. The ending orbital
of this transition has aromatic thiophene rings throughout the
chain. Moreover, as mentioned above, the starting orbital of the
1.45 eV P2 transition also has aromatic thiophene rings
throughout the P3HT 10-mer, indicating that the ending orbital
of the P1 transition is the starting orbital for the P2 transitions. It
is worth remembering, however, that the single-electron
transitions between the pair of NTOs pictured in Figure 3 are
only approximations of the true TD-DFT transitions. However,
for the purpose of creating the most accurate simple single-
electron picture that explains the spectroscopy of doped
semiconducting polymers, we believe that it is reasonable to
assign the various optical transitions as occurring between the
NTOs pictured in Figure 3.

In contrast with the one-electron picture developed with our
NTO analysis, in the one-electron band-bending picture, the P1
and P2 transitions should have the same one-electron starting

P1:0.63 eV (f=1.64)
P2:1.45 eV (f=1.56)

2-BG:2.06 eV (f=3.77)
266 —0305eRe%%R

Energy (eV)

P3:2.19 eV (f=0.03)
P3’: 2.38 eV (f=0.03) BP1: 0.95eV (f=4.39)
BG:2.47 eV (f:0_17) BP2: 2.08eV (f=0.05)

BG: 2.69 eV (f=0.14)

Neutral

Polaron

Bipolaron

Figure 3. Absolute one-electron energy levels and corresponding NTOs from PBE0/6-31G(p,d) TD-DFT calculations for a neutral (left), a polaronic
(center), and a bipolaronic (right) P3HT 10-mer. The energy levels of each species clearly resemble those of the traditional band picture and not the
DFT-based band-bending picture shown in Scheme 1. Note that the presence of the positive charge associated with the polaron shifts the vacuum level
(or correspondingly lowers all of the occupied energy levels) so that the ionization energy of the polaron SOMO is larger than that of the neutral. In
other words, the traditional band picture works well as long as the vacuum level shift is properly accounted for.
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orbital, whereas the traditional band picture predicts that the
ending orbital for the P1 transition is the starting orbital for the
P2 transition. Therefore, our NTO analysis of the P3HT
polaronic absorption transitions indicates that electronic
structure and the optical transitions obtained via TD-DFT is
much more like the traditional band picture than the band-
bending picture; our analysis is also in better agreement with the
pattern of bleaches and transient absorptions seen in pump/
probe experiments on doped conjugated polymers.*>*’

As mentioned above, in addition to the P1 and P2 transitions,
our TD-DFT calculations show a few additional weakly allowed
transitions, such as the ones at 1.54 and 1.56 eV in Figure 1b.
The one-electron NTOs associated with these transitions can be
found in the SI, and the analysis shows that these are mixtures of
P1 and P2 transitions. For example, the 1.54 eV transition can be
described as having 30% P1 transition and 21% P2 transition
character, and the 1.56 eV transition has 56% P1 transition and
25% P2 transition character. For constructing a simplified one-
electron energy level diagram, however, we believe it makes
sense not to include these transitions since their oscillator
strengths are much lower than the P1 and P2 transitions, and
thus they would not be visible under the strongly allowed bands
seen experimentally.

In the traditional band picture, the P3 transition, which is
usually forbidden by symmetry, should be from the HOMO to
the LUMO, which means it should have the same starting one-
electron orbital as the 0.63 eV P1 transition and the same ending
orbital as the 1.45 eV P2 transition. Based on this picture, the
TD-DFT-predicted transition at 2.19 eV, which has a small
oscillator strength of ~0.03, is the P3 transition. Indeed, the
NTO analysis shows that the starting orbital of the 2.19 eV
transition has a central quinoidal thiophene ring between
aromatic thiophene rings, clearly the same as the starting orbital
of the 0.63 eV P1 transition. The ending orbital of the 2.19 eV
transition has quinoidal thiophene rings throughout the chain,
matching the ending orbital of the 1.45 eV P2 transitions. And of
course, the low oscillator strength of the 2.19 eV transition
agrees with the traditional band picture in which the P3
transition is symmetry forbidden."

We also note that NTO analysis also shows that the 2.38 eV
P3’ transition has the same starting orbital of the 1.45 eV P2
transition and an ending orbital that is the same ending orbital of
the 2.47 eV BG transition. As mentioned above, there is no P3 or
P3’ transition, forbidden or otherwise, predicted in the band-
bending picture, but the TD-DFT calculations, which support
the traditional picture via NTO analysis, are able to predict the
2.19 eV P3 and 2.38 eV P3’ transitions in the calculated
spectrum. Finally, our NTO analysis shows that the 2.47 eV
transition for the P3HT polaron, which corresponds to the
remaining BG absorption, clearly has the same starting orbital as
the 0.63 eV P1 transition, which again is consistent with the
traditional picture and experiment.

Overall, the one-electron energy level scheme obtained when
combining all the multielectron TD-DFT-calculated transitions
with NTO analysis (Figure 3) looks remarkably like the
traditional band picture shown in Scheme 1d. We note that
there are some subtle differences between the traditional band
picture and the TD-DFT-based energy levels. For example, the
traditional picture predicts that the BG transition energy should
be roughly the P2 transition energy plus twice the P1 transition
energy; it also predicts that the forbidden P3 transition energy
should roughly equal the sum of the P1 and P2 transition
energies. Our TD-DFT calculations indeed suggest that the BG
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transition energy is roughly equal to twice the P1 plus the P2
transition energies but the TD-DFT P3 and P3’ transition
energies are somewhat larger than the sum of the P2 and P1
transition energies. This could be because of the particular
functional and basis set used for the TD-DFT calculations, or it
could be a reflection of the fact that the traditional band picture
is overly simplified in that it does not account for the
multielectron mixed nature of the underlying transitions. The
important point, however, is that by combining TD-DFT
calculations with NTO analysis, we are able to show that the
one-electron energy levels and optical transitions of the P3HT
polaron much better resemble the traditional band picture than
the band-bending picture based on standard DFT.

We can do a similar TD-DFT-based NTO analysis for the
energy levels of the P3HT bipolaron, which is summarized in the
right portion of Figure 3. As mentioned above, a bipolaron forms
when the unpaired electron is removed from the SOMO of the
P3HT polaron. In the traditional band picture, this should cause
the two intragap states to move further into the gap, leaving
three transitions, BP1, BP2, and the BG, that should all share the
same one-electron starting orbital. Our TD-DFT-based NTO
analysis of bipolaronic P3HT shows that indeed, the calculated
0.95, 2.08, and 2.69 eV transitions share the same starting
orbital, consistent with their assignments as the BP1, BP2, and
BG transitions, respectively. We also see that the starting NTO
for these three transitions is similar to that of the P1 transition
for the P3HT polaron other than the bipolaron NTO shows two
central quinoidal thiophene rings instead of only one for the
polaron. This observation fits well with our previous work, which
showed that bipolarons have a similar structure to polarons but
with a larger quinoidal distortion of the P3HT backbone.*! And,
as the traditional band picture suggests, the two intragap states
move further into the gap, explaining why the BP1 transition at
0.95 eV lies to the blue of the P1 transition at 0.63 eV.”™” As
mentioned above, there is no corresponding band-bending
picture based on DFT for the bipolaron, so the fact that our
calculations match well with experiment indicates that they are
successfully capturing the underlying electronic structure.”’

With TD-DFT-based energy level diagrams established for
neutral, polaronic, and bipolaronic P3HT that all match well
with the traditional band picture, we close by examining the
relative energies between the different P3HT ionization states.
Our TD-DFT calculations place the HOMO energy levels for
neutral and polaronic P3HT at —4.72 and —5.46 eV relative to
vacuum, respectively. We note that the experimental position of
the neutral PZHT HOMO is usually taken to be ~ —5.0 eV,>' >
so that the TD-DFT calculations are off by several hundred
meV, which is not all that surprising given the importance of
electron correlation in conjugated polymers with delocalized &
MOs that is treated only approximately by DFT.

Even though the absolute TD-DFT energy levels are
somewhat off, Bellafont et al. have argued that shifts in electron
binding energies can be accurately obtained from DFT-based
energy levels.”* Given this and the relative ordering of the energy
levels seen in Figure 3, this would put the SOMO level of the
polaron P3HT at —4.83 eV relative to vacuum. This positioning
suggests that polaronic P3HT is ~100 meV harder to oxidize
than the neutral P3HT, which is somewhat less than the ~300
meV that is seen experimentally.”’ The difference between the
calculated value and experimental value is most likely due to our
choice of positioning of the counterions in the calculation
(Table S1 shows how the anion distance affects the difference
between the first and second ionization energies); it could also

https://doi.org/10.1021/acs.jctc.3c00743
J. Chem. Theory Comput. 2023, 19, 6761-6769


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00743/suppl_file/ct3c00743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00743/suppl_file/ct3c00743_si_001.pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

be due to the choice of functional or finite chain length. Another
possibility is that since bipolaron formation requires loss of
polymer crystallinity,”"*> the experimentally measured differ-
ence in ionization energy includes the energy needed to disrupt
the P3HT crystal structure, something that is not included in the
present calculations that only examine electronic effects.

Whatever the case, TD-DFT correctly predicts that the
ionization energy of neutral P3HT is less than that of a positively
charged P3HT polaron. We believe that the confusion in the
literature was based on the fact that when the traditional band
pictures for neutral and polaronic P3HT are drawn side-by-side,
as in Scheme 1d, it appears that the polaron SOMO lies above
the neutral P3HT HOMO. However, the presence of the
positive charge shifts the vacuum level (or correspondingly
lowers all of the P3HT energy levels because the remaining
electrons are all attracted to the net positive charge), so that on
an absolute scale, the polaron is harder to oxidize than the
neutral polymer (and the bipolaron is harder to oxidize than the
polaron), as expected. When the shift of the vacuum level is
accounted for (by aligning the energy levels using TD-DFT
calculated excited states and NTO analysis), the traditional band
picture works quite well.

3. CONCLUSIONS

In summary, the work presented here shows that when using
DFT-based quantum chemistry calculations to describe the
electronic structure and the optical transitions of doped
conjugated polymers, two important things must be taken into
account. First, although it is computationally more expensive,
TD-DFT is necessary to obtain meaningful excited states to
correctly determine the differences between the occupied and
unoccupied multielectron energy levels associated with P3HT
polarons and bipolarons. This is because the use of traditional
DFT, where the calculated energy gaps between one-electron
states involve unoccupied Kohn—Sham orbitals whose energies
have no physical meaning, gives results that are not consistent
with experiment. Second, it is important to use NTO analysis to
correctly identify which effective one-electron energy levels have
the same character for neutral P3HT and the P3HT polaron and
bipolaron to properly align the location of the occupied valence
band levels for the different charged P3HT species.

Opverall, despite some controversy in the literature over the
best way to think about the electronic structure and optical
transitions of polarons on doped conjugated polymers, our TD-
DEFT calculations and NTO analysis suggest that the traditional
band picture works well for explaining the spectroscopy of the
different charged states of P3HT. The traditional band picture
also can explain the relative ionization energies of the different
charged states of P3HT as long as one accounts for the shift of
the vacuum level in the presence of the polaronic charge(s). We
note that after accounting for the vacuum level shift, the energy
levels of the occupied and half-filled states in the traditional
picture look very similar to those in the band-bending picture.
However, the assignments of the P1 and P2 transitions in the
band-bending picture,”> >’ which are based on the Kohn—Sham
orbital energies from DFT calculations, are inconsistent with
both the TD-DFT calculations presented here and with ultrafast
spectroscopy experiments that have measured the pattern of
bleaches and excited-state absorptions of photoexcited polarons
on P3HT.***° Our TD-DFT/NTO picture also suggests that
the traditional band picture also holds for bipolarons, a system
that could not be properly described by the DFT-based band-
bending picture. Thus, even though the underlying details of the
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TD-DEFT electronic structure are complex, when combined with
NTO analysis, they support the idea the traditional band picture
of doped conjugated polymers works quite well as a simplified
explanation for understanding the behavior of these interesting
materials.
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