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ABSTRACT: Doped conjugated polymers have a variety of
potential applications in thermoelectric and other electronic
devices, but the nature of their electronic structure is still not
well understood. In this work, we use time-dependent density
functional theory (TD-DFT) calculations along with natural
transition orbital (NTO) analysis to understand electronic
structures of both p-type (e.g, poly(3-hexylthiophene-2,5-diyl),
P3HT) and n-type (e.g., poly{[N,N’-bis(2-octyldodecyl)-naphtha-
lene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithio-
phene)}, N2200) conjugated polymers that are both p-doped and
n-doped. Of course, the electronic transitions of doped conjugated
polymers are multiconfigurational in nature, but it is still useful to
have a one-electron energy level diagram with which to interpret
their spectroscopy and other electronic behaviors. Based on the NTOs associated with the TD-DFT transitions, we find that the
“best” one-electron orbital-based energy level diagram for doped conjugated polymers such as P3HT is the so-called traditional band
picture. We also find that the situation is more complicated for donor—acceptor-type polymers like N2200, where the use of different
exchange-correlation functionals leads to different predicted optical transitions that have significantly less one-electron character. For
some functionals, we still find that the “best” one-electron energy level diagram agrees with the traditional picture, but for others,
there is no obvious route to reducing the multiconfigurational transitions to a one-electron energy level diagram. We also see that the
presence of both electron-rich and electron-poor subunits on N2200 breaks the symmetry between n- and p-doping, because
different types of polarons reside on different subunits leading to different degrees of charge delocalization. This effect is exaggerated
by the presence of dopant counterions, which interact differently with n- and p-polarons. Despite these complications, we argue that
the traditional band picture suffices if one wishes to employ a simple one-electron picture to explain the spectroscopy of n- and p-
doped conjugated polymers.
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TD-DFT + NTO = Traditional Band Picture

4

—neutral
f=— p-doped

Absorbance

Energy

I. INTRODUCTION

Organic semiconducting conjugated polymers typically have low
conductivities due to low intrinsic charge carrier densities. To
increase the density of charge carriers, semiconducting polymers
can be oxidized (p-doped) or reduced (n-doped) to introduce
holes or electrons, respectively, onto the conjugated polymer
backbone. The addition of new charge carriers changes the
electronic structure of the doped polymer relative to the pristine
material. Although the electronic structure of doped inorganic
semiconductors is well understood, there is still not a consensus
on the nature of the electronic energy levels of doped conjugated
polymers. Currently, the literature uses two different one-
electron models for the electronic structure of doped polymers:
the traditional band picture,'” which borrows from the
language of inorganic semiconductors, and a density-func-
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tional-theory projected-density-of-states-based (DFT PDOS-
based) model that has sometimes been referred to as the “band-
bending” picture.'"”™"* The two models are summarized in
Figure 1a,b.

When an electron is removed from the highest occupied
molecular orbital (HOMO) level of the conjugated 7z-system of
the polymer backbone in p-doping, several repeat units of the
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Figure 1. (a) Energy level diagrams for p- and n-doped conjugated
polymers in the traditional band picture, where both n- and p-doping
cause two states to move into the gap, inducing new optical transitions
labeled P1 and P2. The energies of the transitions are similar for both
types of doping. For p-doping, the ending orbital of the P1 transition is
the same as the starting orbital of the P2 transition, while for n-doping,
the starting orbital of the P1 transition is the same as the ending orbital
of the P2 transition. (b) Energy level diagrams for p- and n-doped
polymers in a model based on the projected density of states from DFT
calculations, where the conduction and valence bands bend up or down
for n- and p-doping, respectively, and only one state moves into the gap.
The starting orbitals of the P1 and P2 transitions are the same for p-
doping, while the ending orbitals of the P1 and P2 transitions are the
same for n-doping.

polymer change structure from aromatic to quinoidal. The
quinoidally distorted segment, along with both the charge and
the unpaired spin, are together referred to as a polaron. In the
traditional band picture, this reorganization of the polymer
backbone causes two energy states move into the bandgap (BG),
where the lower intragap state is half-filled and the upper
intragap state is empty (Figure la). This, in turn, creates two
symmetry-allowed optical transitions, labeled P1 and P2 (“P” for
polaron) in order of their energy. For n-doping, an electron
added to the conduction band creates a mirror-image situation
that also causes a quinoidal distortion and pushes two states into
the gap, where the lower state is filled and the upper state is half-
filled. This also creates symmetry-allowed P1 and P2 optical
transitions.

For both p- and n-doping, the symmetry of band-folding
demands that the two states move into the gap by the same
amount of energy. Therefore, for both types of doping, the P1
and P2 transitions should occur at roughly the same energies,
and the following relation should hold:

Eggm 2% By + By, ey

where Egg, Epy, and Ep, are the energies of the BG, P1, and P2
transitions, respectively.

The traditional band picture is supported by ultrafast transient
absorption experiments.'*”"” For p-doped materials, the
traditional picture predicts that photoexciting the P1 transition
transfers an electron from the valence band (i.e., an undoped
polymer segment) to fill the hole (lower intragap state). This
should then lead to a bleach of the P1 and bandgap (BG)
transitions, as well as an induced absorption of the P2 transition,
which is exactly what has been observed for multiple conjugated
polymers with different dopants."*™'” We note that the
predicted transient spectroscopy for n-doped materials should
be different: the removal of the electron from the upper intragap
state by exciting the P1 transition should increase the P2
absorption by unblocking the upper state, but there should be no
accompanying bleach of the BG transition. Although Wen et
al.'® and Gish et al." performed ultrafast transient absorption
experiments on the undoped n-type polymer poly{[N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5’-(2,2-bithiophene)} (N2200, for chemical struc-
ture see Figure 2c), to the best of our knowledge, ultrafast
transient absorption experiments have yet to be performed on
any n-doped semiconducting polymers.

In addition to the P1 and P2 transitions, the traditional picture
for both p- and n-doped semiconducting polymers predicts the
existence of two symmetry-forbidden transitions, P3 and P3’,
which are indicated by red X’s in Figure la. On the basis of
quantum chemistry calculations, Brédas and co-workers
explained that these transitions can become partially allowed
when there is disorder among the polymer chains or when there
is some degree of delocalization of polarons between the 7-
stacks of neighboring polymer chains.””’ We and others have
seen evidence for the presence of a partially allowed P3
transition both in steady-state absorption spectroscopy”' " and
in ultrafast transient absorption experiments on p-doped
conjugated polymers.' '’

Although the traditional band picture is generally widely
accepted, Heimel'” and others'"'* have proposed a new model
based on the projected density of states (PDOS) from DFT
calculations. In this model, which is summarized in Figure 1b,
instead of two states moving symmetrically into the gap upon
doping, the aromatic-to-quinoidal structure change causes the
valence and conduction bands to bend and only one unfilled
state moves into the gap. For p-doping, both the valence and
conduction bands bend downward, and the unpaired electron
occupies the bent valence band region; the picture is symmetric
for n-doping but with upward bending.

A major difference between the DFT-based PDOS model and
the traditional band picture is the description of what happens
when there are multiple charges on a single chain. The DFT-
based PDOS model predicts that the lowest energy state is a
triplet bipolaron,'°™"* whereas the traditional band picture
predicts a spinless bipolaron. We showed previously that
whether two polarons spin-pair to form a spinless bipolaron or
simply J-couple depends on the positions of the counterions.*®
We also identified the spectroscopic signatures of polarons,
coupled polarons, and bipolarons at different doping levels using
both chemical and electrochemical doping.”

Another significant difference between the PDOS and the
traditional band picture is that for p-doping in the PDOS
picture, the P1 and P2 transitions start at the same state. This
implies that photoexcitation of P1 should bleach the P1, P2, and
BG transitions, which is contrary to what is observed in ultrafast
transient absorption experiments.'*~"” Another difference
between the traditional band picture and the DFT-based
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Figure 2. UV—vis—NIR absorption spectra of pristine (solid curves)
and doped (dashed curves) (a) p-type and (b) n-type polymers. The
P3HT films in (a) 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
normalized absorption spectra of the pristine and doped n-type
polymers in (b) were reproduced from ref 31. The films were doped
with (4-(2,3-dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dime-
thylbenzenamine) (N-DMBI), a commonly used dopant for n-type
polymers. (c) Chemical structures of the n-type semiconducting
polymers PDTzTI, BTI2TEG-FT, and N2200, the p-type semi-
conducting polymer P3HT, and N-DMBL

PDOS model is that there are no P3 and P3’ transitions in the
DFT-based PDOS model, even though these have been
experimentally observed.”' 72072426

All of this leads to the question of how to reconcile the PDOS
model from DFT calculations with ultrafast transient absorption
experiments' """ and the observation of P3 transitions.
Recently, we showed that TD-DFT calculations were able to
reproduce the experimental UV—vis—NIR spectrum (Figure 2a)

of doped p-type poly(3-hexylthiophene-2,5-diyl) (P3HT; see
Figure 2c for chemical structure).”” Because the optical
transitions in TD-DFT calculations have multiconfigurational
character, we used natural transition orbital (NTO) analysis to
provide the best possible one-electron picture to compare with
the electronic structure diagrams in Figure 1. We found that the
combination of TD-DFT, the use of a hybrid functional, the
inclusion of counterions, and NT O analysis led to a one-electron
orbital-based energy level diagram where the ending orbital for
the P1 transition is the same as the starting orbital for the P2
transition; the calculations also predicted the presence of P3 and
P3’ transitions with low oscillator strengths. Moreover, 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 calculations were also able to show that the
polaron is harder to oxidize than the neutral polymer. Thus,
although there is no perfect one-electron diagram describing the
electronic structure of doped polymers, these calculations
indicated that the most accurate simple representation for p-
doped P3HT is the traditional band picture.

The calculations described above, however, were only
performed on a single p-type doped conjugated polymer. In
general, there are relatively few experimental and computational
studies of n-type polymers.'” ”**7>7 Although both the
traditional and DFT-based PDOS models predict a partial
bleach of the BG transition and the induced presence of P1 and
P2 transitions upon both n- and p-doping, these features are not
always observed experimentally in doped n-type polymers.
Figure 2b shows that for some n-doped conjugated polymers,
there are clear signatures of doping-induced P1 and P2
transitions at 0.5 and 1.5 eV,”' similar to that of p-doped
P3HT in Figure 2a. However, for n-doped N2200, instead of
seeing new P1 and P2 peaks appear at around 0.5 and 1.5 eV
upon doping, doping caused a decrease in the intensity of the BG
transition with a new peak appearing at 1.4 eV and a shoulder at
1.0 eV. This opens the questions as to whether or not p- and n-
doped polymers have mirror-image electronic structures and
what picture, if any, can explain the spectroscopy of doped n-
type polymers?

To better understand whether the traditional band picture
works more universally across different types of doping and
different polymers, in this paper, we extend our previous study to
include both p- and n-type polymers. In particular, we perform
TD-DFT calculations using hybrid functionals, both with and
without long-range correction, the inclusion of counterions, and
NTO analysis on both n- and p-doped P3HT and N2200. We
find that for P3HT, the traditional band picture works well for
understanding the electronic structure when the polymer is both
p- and n-doped. However, we also see that conjugated polymers
with donor—acceptor character, such as N2200, have a more
complicated electronic structure that cannot be as easily reduced
to a one-electronic energy level diagram. Overall, however, it still
appears that if one wishes to use a one-electron picture for
describing the electron structure of doped conjugated polymers,
the traditional band picture still provides the best qualitatively
accurate energy level diagram for explaining the observed optical
transitions of most p- and n-doped semiconducting polymers.

II. COMPUTATIONAL METHODS

To determine what quantum chemistry says about the electronic
structure of n- and p-doped conjugated polymers, we performed
TD-DFT calculations and NTO analysis on hydrogen-
terminated P3HT oligomers with 10 monomers and methyl-
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terminated N2200 oligomers with 3 repeat units using the
Gaussian 16 package.* To reduce the computational cost, the
P3HT hexyl side chains and N2200 alkyl chains in our
calculations were replaced by methyl groups. For P3HT, we
used this same oligomer length in our previous works” "’
because we found it provided the best balance of properly
describing polarons on doped P3HT (which are known
experimentally to have polaron delocalization lengths of 5 to 7
monomer units)** while maintaining reasonable computational
cost. We also performed the same calculations on P3HT
oligomers with 8 and 16 monomers, with results discussed in the
Supporting Information (SI). We arrive at the same one-
electron energy level diagram, independent of the oligomer
length. For N2200, our chosen length of 3 repeat units gives the
same number of conjugated aromatic rings as P3HT with 10
monomers. All systems were geometry-optimized using DFT
calculations with the 6-31G(d,p) basis set and PBEO functional
in the presence of a polarizable continuum model (PCM) with €
= 3, chosen to match the experimentally measured dielectric
constant of P3HT.*>*°

For the geometry optimization of N2200, we fixed the
dihedral angles such that the oligomer chain lies completely flat.
Without fixing the dihedral angles, the optimized geometry
twists around the C—C bond connecting the thiophene unit and
the naphthalenetetracarboxylic diimide (NDI) unit. We
performed TD-DFT calculations on both planar and nonplanar
N2200 (Figure S8 in the SI), and the calculated absorption
spectra are qualitatively identical. Since experiments have shown
that N2200 is a preferentially face-on polymer when cast into
thin films,*” we chose to force the N2200 to be planar. The
optimized P3HT and nonplanar N2200 structures have no
imaginary frequencies, while the optimized planar N2200 has 14
imaginary frequencies that are less than 100 cm™ due to the
planar constraint. We then performed TD-DFT calculations on
the optimized structures using the same basis set and functional.

Our previous work”” showed that the use of functionals such
as PBEO,*® wPBE* with default value of the range-separation
parameter, and wPBE with an optimized value of the range-
separation parameter, yielded one-electron orbitals generated
from NTO analysis that are qualitatively similar and which
support the traditional band picture’s description of the P1 and
P2 transitions. We also found that the TD-DFT-calculated
spectrum with the PBEO functional gave the best agreement with
experiment for p-doped P3HT. Leal et al. also found that hybrid
functionals like PBEO work better than range-separated hybrid
functionals with optimized range-separation parameters for
N2200 films, and that the inclusion of PCM produces a better
agreement between theoretical and experimental results.*”

Even though all this previous work suggests that the PBEO
functional should be adequate for the polymers we focus on in
this work, we also performed TD-DFT calculations using the
long-range-corrected @PBE and @B97X-D*° functionals. For
P3HT, we find that all three functionals produce the same one-
electron energy level diagram, as discussed in detail in the SI.
Therefore, for the rest of this paper, we will focus only on P3HT
investigated with the PBEO functional because its calculated
absorption spectrum agrees best with the experimental
absorption spectrum for p-doped P3HT. For N2200, as
discussed in more detail below, the PBE0 and wB97X-D
functionals yield similar one-electron energy level diagrams that
agree with the traditional band picture, but the wPBE functional
produces multiconfigurational transitions that cannot be easily
reduced to a one-electron energy level diagram.

The main goal of this paper is to take the complex electronic
structure that results from DFT (spin-split PDOS) and TD-
DFT (multiconfigurational transitions that involve multiple
pairs of occupied and unoccupied orbitals with different spins)
calculations, and boil them down into a simplified one-electron
orbital-based energy level diagram for p- and n-doped polymers
that can be used as an aid to help interpret spectroscopy and
other experiments. This is why we employ NTOs, which are
constructed by singular value decomposition of a one-particle
transition density matrix,”"** to simplify the assignment of TD-
DFT-based optical transitions. With NTO analysis, the essential
information as to what extent two electronic states involved in a
transition are related to each other by a one-electron excitation is
condensed into a pair of important electron/hole—particle
NTOs.”*~¢ Therefore, NTO analysis is specifically well-suited
for orbital-based characterizations of electronic transitions and
thus for constructing one-electron orbital-based energy level
diagrams. NTO analysis was done using the Gaussian 16
package™ and the orbitals were visualized using VMD’’ at
isocontour values of 0.005 and —0.0085.

For all the systems that we calculated, we included a point-
charge counterion so that the system is electrically neutral. As
mentioned above, in previous work, we showed that the position
of the counterion(s) determines whether bipolarons are bound
and whether two polarons will spin pair or J-couple.”” We also
saw that the position of the counterion(s) affects the energies of
the TD-DFT calculated polaronic transitions. For this work, for
our P3HT calculations, we placed a single point-charge
counterion 7.5 A from the center of the chain in the direction
along the side chains. This distance was chosen to match the
experimentally measured position of the anions in F,TCNQ-
doped P3HT films.””>**” For N2200, we placed the counterion
7.5 A from the center of the chain in the direction along the side
chains next to the thiophene units. With this choice, the
counterion sits between two bulky NDI units and thus plays a
similar role to that in our P3HT calculations, allowing for ease of
direct comparison. We note that there are no well-documented
experimentally determined positions of the counterions in
N2200 films, but we believe that the position we have chosen is
the most likely location for the counterions based on steric
considerations.

lll. RESULTS AND DISCUSSION

We showed in previous work that the combination of TD-DFT
with a hybrid functional and the inclusion of counterions gives
good qualitative agreement with experiment for the ionization
energies and spectral signatures of polarons, bipolarons and
coupled polarons for p-doped P3HT.”**” The purpose of this
paper is to test whether this combination also works for n-doped
polymers, and to see if the underlying electronic structure better
resembles the traditional band picture or the picture based on
the PDOS from DFT calculations. Of course, there is no
experimental spectrum of n-doped P3HT, but we can
theoretically test whether p- and n-doped P3HT have identical
absorption spectra with mirror-image optical transitions and
electronic structures. We also theoretically examine p- and n-
doped N2200, for which the experimental spectrum for the n-
doped material is available (cf. Figure 2b).

lllLA. Electronic Structure of p- and n-Doped p-Type
P3HT. Figure 3 shows the TD-DFT-calculated absorption
spectrum of both n- and p-doped P3HT using the PBEO
functional; the results and conclusions using long-range-
corrected functionals are similar and are discussed in the SI. A
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Figure 3. Absorption spectra of n- (red) and p-doped (blue) P3HT
calculated with TD-DFT using the PBEOQ functional and 6-31G(d,p)
basis set and a counterion placed 7.5 A from the backbone, so that the
system is electrically neutral. The sticks show the individual transitions,
weighted by their oscillator strength, and a width of 0.3 €V is used for
plotting the absorption spectra. The calculated spectra using the wPBE
and wB97X-D functionals are similar and are shown in Figure S3.

total of 20 transitions were calculated for each type of doping
and a width of 0.3 eV was used for plotting the absorption
spectra. The results show that both the n- and p-doped P3HT
absorption spectra have nearly identical P1, P2, and BG
transitions, consistent with the “mirror image” symmetry
predicted by both electronic structure pictures in Figure 1.
However, the underlying transitions are not entirely the same.
For example, even though the n- and p-doped P2 transitions
have similar energies, the P1 transition of p-doped P3HT is at a
slightly higher energy than its n-doped counterpart, and for both
the P1 and P2 transitions, the oscillator strength is slightly higher
for p-doped P3HT than for n-doped P3HT. In addition to the
P1 and P2 transitions, TD-DFT calculations yield several other
transitions with low oscillator strengths, but these transitions
would not be visible experimentally under the strongly allowed
P2 transition, so as discussed further in the SI, we do not include
them below when constructing our simplified one-electron
energy level diagrams.”’

Figure 4a shows the DFT projected density of states for n-
doped P3HT; as has been seen in previous work and
summarized in Figure 1b, the PDOS appears to show a single
spin-split occupied state (252A) that stands out from the others.
It is unclear, however, whether one should assign this state as the
only state lying in the gap or if there are other states in the gap.
As we show in the SI for p- and n-doped P3HT, however, if one
uses the TD-DFT-calculated energy diagram or DFT-
calculations on a pair of z-stacked P3HT chains to identify
how doping shifts the edges of the valence and conduction
bands, the PDOS also appears to be “traditional band picture”-
like in that there are two states that lie in the gap. Both the TD-
DFT-calculated energy diagram from our previous work”” and
this work, and the DFT calculations on a pair of doped 7-stacked
P3HT chains in the SI, show that p-doping shifts only the edge
of valence band, while n-doping shifts only the edge of the
conduction band. This has important consequences for
interpreting the PDOS. For example, because n-doping shifts
only the position of the conduction band and not the valence
band, the result is that both states 251A and 251B are also in the
gap. By placing states 251 and 252 in the gap, the resulting

250A->253A  0.220
251A->253A  0.250
252A->255A  0.305

250B->252B -0.169
250B->253B -0.324
251B->252B  0.725
251B->253B  0.158

Figure 4. (a) Density of states of n-doped P3HT calculated with DFT;
(b) the multiconfigurational description of the 1.44 eV electronic
transition calculated with TD-DFT; (c) starting and ending one-
electron natural transition orbitals for the 1.44 eV transition. In this
case, the 1.44 eV electronic transition is 61% accounted for by a one-
electron transition between the pictured starting and ending one-
electron orbitals. All calculations were done using the PBEO functional
and 6-31G(d,p) basis set with a counterion placed 7.5 A from the
backbone so that the system is electrically neutral.

energy level diagram agrees with the traditional band picture.
We also note that TD-DFT calculations, which provide a much
better description of the electronic excited states that are
involved in optical transitions, also have an electronic structure
that matches energy level diagram from the traditional band
picture.

Figure 4b shows the TD-DFT-calculated electronic structure
for the transition at 1.44 eV for n-doped P3HT. The
multiconfigurational description makes any simple assignment
of this transition challenging, as there is no single pair of energy
levels in the PDOS that can explain the origin of this transition.
Thus, we turn to NTO analysis to simplify the assignment of the
TD-DFT-based optical transitions, because the construction of
NTOs condenses the essential information on an optical
transition into a quasi-one-electron excitation between a pair
of important electron/hole-particle orbitals, which for the 1.44
eV transition are shown in Figure 4c.

Figure 5 shows the one-electron NTOs associated with the
P1, P2, P3, P3’, and BG transitions for p- and n-doped P3HT.
For most of the transitions, the natural transition orbital
coefficients are greater than 50%, which means that these
transitions can be fairly well approximated by the transition of a
single electron between the starting and the ending orbitals. We
see that the oscillator strengths of the symmetry-forbidden P3
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p-doped P3HT

P1:0.636eV: f=1.64_

Ty

P2: 1.45eV: =156 _

=

P3’:2.19eV, f=0.03

P3:2.37eV; f=0.04

BG:2.78¢eV: f=0.75

Figure S. Starting and ending one-electron orbitals for the P1, P2, P3, P3’, and BG transitions generated from NTO analysis of our PBE0/6-31G(p,d)
TD-DFT calculations on p- and n-doped P3HT. As in Figure 4, the numbers above the arrows are the NTO coefficients between the orbital pairs
connected by the arrows. The identity, energy, and oscillator strength are shown above and to the left of each transition.

and P3’ transitions are much smaller than the P1, P2, and BG
transitions, as expected with the traditional band picture.

One of the key ideas of this work is to use NTOs to construct a
one-electron energy level diagram, which requires determining
when the NTOs associated with different transitions are
essentially the same. Thus, to compare NTOs, we calculated
their orbital overlaps. For example, to compare the ending
orbital of the P1 transition and the starting orbital of the P2
transition, the orbital overlap is calculated by

0VG'|q3 = ‘flPPl,dePZ,Qatdr‘ (2)

where the absolute value accounts for the fact that the calculated
phase of the orbitals is arbitrary, which could give a negative

result when the phase is flipped. A detailed explanation of our
calculation of the NTO overlaps is included in the SI. Since the
orbitals are normalized, an overlap of 1 means that the two
orbitals are identical, whereas an overlap of 0 means that the two
orbitals are completely orthogonal. Tables S2 and S3 in the SI
list the overlaps of all the orbitals involved in the P1, P2, P3, P3’,
and BG transitions for p- and n-doped P3HT, respectively.

As we discussed in our previous work, the NTOs for p-doped
P3HT (upper part of Figure 5) have essentially identical starting
orbitals for the BG and P1 transitions, with an overlap of 0.93.
They also show that the ending orbital of the P1 transition is very
similar to the starting orbital of the P2 transition, with an overlap
of 0.92.”” We also see that the NTOs associated with the low-
oscillator-strength P3 and P3’ transitions use essentially these
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same orbitals (overlaps >0.92), all in a way that is consistent
with the traditional band picture.

The lower portion of Figure 5 shows that for n-doped P3HT,
the ending orbital of the P2 transition matches the starting
orbital of the P1 transition, with an overlap of 0.87. We also see
that the starting orbital of the P3’ transition matches the starting
orbital of the P2 transition, with an overlap of 0.97, and that the
ending orbital of the P3’ transition matches the ending orbital of
the P1 transition, with an overlap of 0.95. The NTOs associated
with the BG transition also match the starting orbital of the P3
transition, with an overlap of 0.96, and the ending orbital of the
P1 transition, with an overlap of 0.97. All of these features are
consistent with the traditional band picture in Figure 1a, and are
in disagreement with the DFT PDOS-based model in Figure 1b.

Perhaps most importantly, Figure 5 shows that p- and n-
doped P3HT have essentially the same starting and ending
orbitals for both the BG and P2 transitions. The overlaps of the
starting and ending orbitals of the p-doped P2 transition with
that of the n-doped P2 transition are 0.71 and 0.66, respectively.
The overlaps of the starting and ending orbitals of the p-type BG
transition with that of the n-doped BG transition are 0.83 and
0.72, respectively. The orbital overlaps of the NTOs for p-doped
P3HT with the NTOs for n-doped P3HT are listed in Table S4.
This allows us to identify common energy levels between the
two types of doping, something that is not possible with the
PDOS from separate DFT calculations.

By aligning the common orbitals as belonging to the same
one-electron energy levels and then spacing the levels according
to the associated TD-DFT transition energies, we can build a
one-electron energy level diagram, which is shown in Figure 6.

P3HT

p-doped n-doped
BG , P1
247eV | PP 2386V 0.57 eV
X
P2 l P3 P3 P2
1.45 e\ 2.19 eV 219 e 1.44 eV
P1 BG
0.63 e\ P32.37eVl |, 78 ev

Figure 6. Effective one-electron energy level diagram and one-electron
transitions based on TD-DFT and NTO matching for n- and p-doped
P3HT, which agrees with the traditional band picture.

The energy level diagram matches well with the traditional band
picture, although we do see some minor differences. For
example, the energies of the transitions are slightly different for
the n- and p-doped polymer, although these differences are small
and likely reflect the fact that the transitions are multiconfigura-
tional in character and thus not perfectly represented by a one-
electron picture. Overall, we conclude that if one wishes to draw
a one-electron picture to describe n- and p-doped P3HT, the
traditional band picture provides a much better way to
understand the spectroscopy and electronic structure than the
DFT-based PDOS model.

lll.B. Electronic Structure of p- and n-Doped n-Type
N2200. Having established that the use of TD-DFT calculations

with NTO analysis for both n- and p-doped P3HT yields an
electronic structure that agrees well with the one-electron
traditional band picture, we now turn our attention to a
commonly studied n-type polymer, N2200. The TD-DFT-
calculated absorption spectra of p- and n-doped N2200 are
shown in Figure 7a. Unlike what we saw for P3HT, the
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Figure 7. Absorption spectra of p- (dashed curves) and n-doped (solid
curves) N2200 (a) with and (b) without a counterion, calculated with
TD-DFT using the PBEO (red curves), @PBE (green curves), and
@B97X-D (blue curves) functionals and 6-31G(d,p) basis set. For the
calculations in (a), the counterion is placed 7.5 A from the center of the
chain in the direction along the side chains next to the thiophene units.
A width of 0.3 eV is used for plotting the absorption spectra. The x-axis
is scaled by the energy of the BG transition of the neutral (undoped)
N2200; nonscaled spectra are included in the SI. The experimental
absorption spectrum is reproduced from ref 31 and is the same as the
one shown in Figure 2b but scaled to the energy of the BG transition.
The experimental N2200 film was doped with N-DMBI, a commonly
used dopant for n-type polymers.

calculated spectra for n-doped N2200 are different for the three
different functionals we employed. Since the three functionals
yielded three different bandgap transitions for this material, we
plot the spectra on an energy scale (x) normalized to the BG
transition energy for ease of comparison; the unscaled spectra
are included in the SI. Moreover, also unlike P3HT, the lowest
energy P1-like transitions of n- and p-doped N2200 do not occur
at the same relative energy and have different oscillator
strengths. This difference between the n- and p-doped calculated
spectra is particularly exaggerated when using the wPBE and
@B97X-D functionals, suggesting that p- and n-doped N2200 do
not have mirror-image electronic structures.

The calculated spectra of n-doped N2200 in Figure 7a also do
not have clearly distinct P1, P2, and BG peaks. Instead, they
show only two main peaks: one near the neutral BG transition
and one below the neutral BG transition. The PBEO functional
predicts that the peak below the neutral BG transition is the
most red-shifted, whereas wPBE gives the most blue-shifted
peak. The calculated spectra using the @PBE and wB97X-D
functionals also have a shoulder near x = 0.7. Of the three
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functionals we used, the spectra calculated using the wPBE and
@B97X-D functionals look the most similar to the experimental
absorption spectrum of n-doped N2200 reported in ref 31 and
shown in Figure 2b; this experimental spectrum is also
reproduced scaled to the bandgap energy in Figure 7a (purple
curve). For undoped N2200, the calculated spectrum using the
PBEO functional agrees the best with the experimental spectrum
(see the SI). All of these observations suggest that there are
important differences between the electronic structures of
doped N2200 and doped P3HT.

First, we explore the reasons why p- and n-doped N2200 do
not have mirror-image electronic structures. Unlike P3HT,
N2200 is a donor—acceptor-type polymer composed of
thiophene units, which are electron rich, and NDI units, which
are electron poor. Therefore, when N2200 is oxidized or
reduced, the hole and the electron prefer to reside on different
subunits. This is quantified in Figure 8, which shows the
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Figure 8. Distribution of DFT-calculated Mulliken charges for n- and p-
doped (a) P3HT and (b) N2200 using the PBEO functional. For
N2200, the shaded regions denote the thiophene units and the
unshaded regions the NDI units. For P3HT, the charge distributions
are essentially identical for n- and p-doping, but for N2200, a donor—
acceptor-type polymer, the charge distributions are different for n- and
p-doping. Mulliken charge distributions for other functionals are shown
in the SI.

distribution of Mulliken charges for n- and p-doped P3HT
(panel a) and N2200 (panel b) using the PBEO functional. The
distribution of Mulliken charges for n- and p-doped N2200
using the @PBE and wB97X-D functionals are similar to that
using the PBEO functional, as shown in Figure S4 in the SI. The
charge distributions are essentially identical for n- and p-doped
P3HT, but clearly quite different for n- and p-doped N2200. As
expected, the positive hole resides mainly on the electron-rich
thiophene units in p-doped N2200, while the negative electron
strongly prefers to reside on the electron-poor NDI units in the
n-doped material. Not only do the polarons of different signs
reside on different subunits, but they also have different degrees

of delocalization, explaining why the P1-like transitions have
different energies.

Moreover, the fact that N2200 is a donor—acceptor-type
polymer also explains why different functionals produced
different calculated spectra for doped N2200 but not for
doped P3HT. Many studies have shown that TD-DFT often fails
to correctly describe charge-transfer excitations.”””** Since
N2200 is a donor—acceptor-type polymer, its excitations have
charge-transfer character, explaining why different functionals
give different results. Since P3HT is not a donor—acceptor-type
polymer, its excitations have little charge-transfer character,
consistent with the fact that all three functionals yield essentially
the same result.

The other significant difference between P3HT and N2200
comes in the relative positions of the dopant counterions. For n-
doped N2200, the positive counterion sits between two NDI
subunits, forcing the electron to at least partially sit on the more
electron-rich thiophene subunits. Figure 7b shows that when the
counterions are removed, the calculated spectra of p- and n-
doped N2200 become more similar. However, the spectra are
still not as similar as those for p- and n-doped P3HT (Figure 3)
because even without the counterions, the presence of separate
electron-rich and electron-poor subunits makes the electronic
structures of p- and n-doped N2200 different.

To determine if the assignments of the optical transitions by
the traditional band picture model also work qualitatively for n-
doped N2200, we constructed a one-electron description of the
energy level diagram using NTOs along the same lines as we did
in the previous section for P3HT.”” To minimize the
complications that arise from the presence and the location of
the counterion, we performed our NTO analysis on the TD-
DFT calculations without counterion. If n-doped N2200
behaves in the same way as n-doped P3HT, then the ending
orbital of the P2-like transition should be essentially the same as
the starting orbital of the Pl-like transition. Therefore, to
identify whether an N2200 transition is P2-like, we calculated
the orbital overlaps of the starting orbital of the P1-like transition
(denoted by * in Figure 9a) with the ending orbital of the
different calculated transitions.

For the PBEO functional, there are multiple N2200 transitions
(denoted by ** in Figure 9a) whose ending orbitals are the same
as the starting orbitals of the P1-like transition, with overlaps of
0.90, 0.94, and 0.67. For the P2-like transition with an ending
orbital overlap of 0.67, the ending orbital is localized on the
middle NDI and thiophene units rather than delocalized across
multiple NDI units as with the other two P2-like transitions. For
the wB97X-D functional, the ending orbital of the strongly
allowed transition near x = 0.8 (denoted by ** in Figure 9b) is
the same as the starting orbital of the P1-like transition with an
overlap of 0.84. Figure 9b shows the effective starting and ending
one-electron orbitals and the NTO coefficients of the P1-like
and P2-like transitions for these two functionals.

Thus, the broad peak at x = 0.8 in the TD-DFT-calculated
spectra using both the PBEO and @B97X-D functionals is indeed
P2-like in the language of the traditional band picture, even
though in the experimental spectrum, it appears more as a
shoulder on the BG transition. The natural transition orbital
coefficients (Figure 9b) for the P2-like transitions using both
PBEO and wB97X-D functionals are around 0.3. These
coeflicients indicate that these transitions are much less “one-
electron-like” than the P2 transitions in doped P3HT, suggesting
that things are more complicated for donor—acceptor-type
conjugated polymers because of issues with asymmetry.
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Figure 9. (a) Absorption spectra of n-doped N2200 calculated using the PBEO functional (left) and the @B97X-D functional (right). The P1-like and
P2-like transitions are marked with * and **, respectively. For the P2-like transitions, the orbital overlaps of their ending orbitals with the starting
orbital of the P1 transition are listed in the absorption spectra with arrows pointing to the transitions. The sticks show the individual transitions,
weighted by their oscillator strength, and a width of 0.3 eV is used for plotting the absorption spectra. (b) Starting and ending one-electron orbitals
from NTO analysis of the P1-like and P2-like transitions of n-doped N2200 calculated using the PBEO functional (left column) and the @B97X-D
functional (right column). The numbers next to the black arrows connecting the orbitals are the NTO coefficients between the orbital pairs connected
by the arrows.

However, the basic features of the traditional picture still appear For the wPBE functional, we find that the multiconfigura-
to work fairly well in describing the electronic structure. tional TD-DFT electronic transitions cannot be easily reduced
10067 https://doi.org/10.1021/acs.jctc.4c00817
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to a one-electron energy level diagram for two reasons. First, the
transitions are simply not “one-electron-like”. Of the 20
electronic transitions calculated, only four transitions have
NTO coeflicients greater than 0.4, and none of the transitions
have an NTO coefficient greater than 0.6. Second, the orbital
overlaps indicate that most of the transitions with significant
oscillator strength have essentially the same starting orbital,
which would give a one-electron energy level diagram that is
different from both the traditional band picture and the DFT-
based PDOS model, as discussed in the SI.

Finally, we address the question of why the experimental
spectrum of doped N2200 in Figure 7a (the same as non-BG-
normalized spectrum shown in Figure 2b) does not show a P1-
like transition? For the calculated spectra, the P1-like transition
for n-doped N2200 is at x = 0.22 and 0.34 for the PBEO and
@B97X-D functionals, respectively, but the experimental
spectrum of doped N2200 appears to not have any absorption
below x = 0.4. We see three possible explanations. First, as
mentioned above, TD-DFT-calculated transitions tend to be
blue-shifted compared to experiment.”*~®” This means that
there could be a P1-like transition in the experiment that is
beyond the red edge of the figure and thus was not visible to Guo
etal.®' Second, it is now well documented that strong Coulomb
interactions between the counterion and polaron can blue-shift
the polaron’s P1 absorption.”***** Thus, it is possible that the
shoulder at x = 0.5 in the experimental spectrum in Figure 7a
(purple curve) could be the Pl-like transition we see in our
calculations but blue-shifted by a counterion interaction that is
stronger than what we included in our calculations. Finally, in
the experiment, N2200 was doped using N-DMBI (4-(2,3-
dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethyl-
benzenamine; see Figure 2c for chemical structure), which
instead of transferring an electron to the polymer as in our
calculations, dopes the polymer via hydride transfer.”® In
addition to doping, the hydride transfer reaction might break the
conjugation of the polymer backbone or otherwise alter the
chemical and electronic structure in ways that are not accounted
for in our calculations. Regardless, the experimental spectra of
the other n-doped polymers in Figure 2b, PDTzTI and
BTI2TEG-FT, do show P1 and P2 peaks that strongly resemble
the experimental spectrum of p-doped P3HT and the calculated
spectrum of n-doped P3HT. This suggests that the absence of a
Pl-like transition in N2200 is likely an exception and worth
further exploration.

We close by noting that our NTO and energy level analysis
can directly be tested by pump—probe spectroscopy. The
energy-level diagram from the PBEO and wB97X-D functionals
predicts that if one were to pump the P2-like transition of n-
doped N2200, it would cause an induced absorption of the P1-
like transition, whereas if one pumps the BG transition, it would
not cause any induced absorption. One could then tune the
pump wavelength to create an action spectrum to map out the
underlying P2-like and BG transitions in much the same way as
we did previously to map out the different P1 spectra of free and
trapped polarons in doped P3HT.'* The model based on the
DFT PDOS, in contrast, predicts that exciting either the P2-like
or BG transitions of n-doped N2200 should have no effect on
any of the other transitions. Thus, our conclusion is that even
though the transitions in doped N2200 are less “one-electron-
like” and much more subject to counterion effects, the
traditional band picture still serves as the most useful simple
energy level diagram for understanding electronic structure, an
idea that can be directly tested by experiment.
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IV. CONCLUSIONS

In this paper, we used TD-DFT calculations to better
understand the electronic structure of p- and n-doped
conjugated polymers. We find that by using NTOs to construct
the best possible one-electron energy level diagram, we end up
obtaining the traditional band picture. Of course, our
calculations do not include the reorganization that accompanies
the excitation of one of the doped polymer transitions (the so-
called Hubbard U),"” and they can only approximately account
for the multiconfigurational character involved in systems with
many correlated electrons in the conjugated 7 system. But to the
extent that it is useful to have a simple one-electron picture for
the electronic structure of doped polymers, our calculations
indicate that the traditional picture is superior to the one based
on the DFT-calculated projected density of states.

We also saw that the situation is more complicated for donor—
acceptor-type polymers, particularly when the dopant counter-
ions are explicitly accounted for. This is because the symmetry
between n- and p-doping is broken by the facts that the different
polarons prefer to reside on different subunits and that there is
typically only one place for the counterion to sit in the polymer
lattice; this causes the two types of doping to no longer be mirror
images. Our calculations based on hybrid and long-range-
corrected hybrid functionals provide a definitive prediction for
the results of pump—probe experiments on n-doped conjugated
polymers that could be used to test the origins of the underlying
optical transitions. Overall, we believe that the traditional band
picture still provides a qualitatively accurate understanding of
the electronic structure of doped conjugated polymers no matter
whether they are p- or n-doped and whether the polymer has
push—pull character or not.
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