RESEARCH ARTICLE

'-) Check for updates

Counterion Control and the Spectral Signatures of Polarons,
Coupled Polarons, and Bipolarons in Doped P3HT Films

Eric C. Wu, Charlene Z. Salamat, Omar Ledn Ruiz, Thomas Qu, Alexis Kim,

Sarah H. Tolbert,* and Benjamin J. Schwartz*

When an electron is removed from a conjugated polymer, such as poly(3-
hexylthiophene-2,5-diyl) (P3HT), the remaining hole and associated change

in the polymer backbone structure from aromatic to quinoidal are referred to
as a polaron. Bipolarons are created by removing the unpaired electron from
an already-oxidized polymer segment. In electrochemically-doped P3HT films,
polarons, and bipolarons are readily observed, but in chemically-doped P3HT
films, bipolarons rarely form. This is explained by studying the effects of
counterion position on the formation of polarons, strongly coupled polarons,
and bipolarons using both spectroscopic and X-ray diffraction experiments
and time-dependent density functional theory calculations. The counterion
positions control whether two polarons spin-pair to form a bipolaron or
whether they strongly couple without spin-pairing are found. When two
counterions lie close to the same polymer segment, bipolarons can form, with
an absorption spectrum that is blueshifted from that of a single polaron. Oth-
erwise, polarons at high concentrations do not spin-pair, but instead J-couple,
leading to a redshifted absorption spectrum. The counterion location needed
for bipolaron formation is accompanied by a loss of polymer crystallinity.
These results explain the observed formation order of single polarons,
coupled single polarons, and singlet bipolarons in electrochemically- and

conjugated polymer films are often doped
to introduce equilibrium charge carriers
on the mconjugated polymer backbone.
Charge carrier creation in conjugated
polymer films can be achieved through
either electrochemical or chemical doping.
In electrochemical doping, the conducting
working electrode is coated with the con-
jugated polymer and a voltage is applied
to create an electric potential difference
between the electrodes.’! The applied
voltage causes electrons to be removed
from (p-type) or added to (n-type) the
conjugated msystem; counterions must
then be incorporated into the polymer
film to balance the charge.”l In chemical
doping, which is usually p-type,® a strong
oxidizing agent, such as 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane
(F,TCNQ, see Scheme 1f for chemical
structure) or iron (III) chloride (FeCls),
is used to remove electrons from the
polymer backbone.

chemically-doped conjugated polymers.

1. Introduction

Semiconducting conjugated polymers, such as poly(3-hexylthio-
phene-2,5-diyl) (P3HT; see Scheme 1a for chemical structure),
have found applications in flexible electronics, such as light-
emitting diodes, photovoltaics, and thermoelectric devices.['™!
To improve their performance in many of these applications,
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When an electron is removed from the
m-system of a conjugated polymer, such
as P3HT, the backbone locally changes
structure from aromatic to quinoidal, as

depicted in Scheme 1b. The unpaired electron that remains,
along with the accompanying distorted backbone structure, are
together referred to as a polaron. In the traditional band picture
borrowed from the language of inorganic semiconductors,®*!
polaron creation causes two electronic energy levels that are
associated with the half-filled state to move into the band gap,
which creates two new allowed optical transitions, P1 and P2,
shown in Scheme 1le. In most doped conjugated polymers, the
lower-energy P1 transition usually occurs in the mid-infrared
(mid-IR) near 0.5 eV, while the higher-energy P2 transition
appears roughly an eV below the band gap, usually in the near-
infrared (NIR).02.13]

If the oxidative driving force to remove electrons is strong
enough, an already-oxidized polymer segment can be oxidized
again, removing the unpaired electron from the half-occupied
level in the band gap. This removes the radical character on the
polymer backbone, and the resulting doubly-charged species
is referred to as a singlet bipolaron, depicted in Scheme 1c.'¥
In the traditional band picture, this removal of a second elec-
tron causes the two intra-gap states to move further into the
gap and away from the band edges, as shown in Scheme 1e.’!
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Scheme 1. Chemical structures of a) neutral P3HT, b) P3HT polaron,
c) P3HT singlet bipolaron, and d) strongly-coupled polarons (triplet
bipolaron) on P3HT. Panel €) shows traditional energy level diagrams for
the different P3HT polaronic species. Panel f) shows the chemical struc-
ture of F,TCNQ. A polaron (panel (b)) is a radical with a single positive
charge, while a singlet bipolaron (panel (c)) is a doubly-charged species
that is formally closed-shell. Well-separated polarons (panel (d)) can have
open-shell character.

The resulting allowed bipolaronic optical transition, referred
to as BP1, is bluer than the P1 transition of the single polaron
and typically occurs between 0.8 and 1.1 eV; this transition has
been observed in many highly-doped conjugated polymers,
including poly(3,4-ethylenedioxythiophene) (PEDOT) and deriv-
atives,>™8 P3HT and derivatives,*?? as well as other conju-
gated polymers.[23-%]
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Figure 1. a) The absorption spectra and b) the difference spectra of the
electrochemically-doped P3HT films as a function of applied potential
relative to Ag/Ag*. The data were taken from the work of Enengl et al. in
Ref. [28]. Enengl et al. and Spano and co-workers?’ both have assigned
the absorption peak near 0.3 eV that appears at high oxidation poten-
tials as the absorption of singlet bipolarons. Throughout this work, how-
ever, we argue that this absorption feature arises from strongly-coupled
polarons (triplet bipolarons), and that the blue shoulder seen near 1.0 eV
is the absorption band associated with singlet bipolarons. We label the
peaks in (a) and (b), accordingly.

Despite all this support for the way polarons and bipolarons
behave in doped conjugated polymers, Enengl et al. recently
have proposed a different picture.?®! As shown in Figure 1,
these researchers monitored both the visible/NIR (panel b)
and mid-infrared (panel a) absorption spectrum of P3HT films
during electrochemical doping. When Enengl et al. increased
the oxidative driving force to be high enough for bipolaron for-
mation (2800 mV vs. Ag/Ag®), they saw the absorption band
in the mid-IR region shift to the red, from =0.5 to =0.3 eV, as
evident in Figure la. In combination with electron paramag-
netic resonance (EPR) measurements, these workers concluded
that the spectral redshift was caused by the formation of bipo-
larons.l?®l This implies that the BP1 transition lies to the red of
the P1 transition, which is contrary to the traditional band pic-
ture shown in Scheme le, where BP1 lies to the blue of P1. We
note, however, that the data in Figure 1b also show the simul-
taneous growth of a new peak in the 0.8-1.0 eV region that
creates the isosbestic point near 1.4 eV. Enengl et al. did not
comment on this feature, which would be consistent with the
BP1 transition in the traditional picture of bipolaron formation.
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Intrigued by the conclusions of Enengl et al., Spano and
coworkers took their previously presented model based on the
Holstein Hamiltonian that successfully explains the mid-IR
polaron absorption in P3HT3%-38l and extended it to describe bipo-
larons.?”) When they did this, their extended model predicted that
the P3HT bipolaron spectrum should lie to the red of the single
polaron spectrum, which appears to corroborate the conclusions
of Enengl et al.’® We note, however, that the Holstein Hamilto-
nian does not explicitly include any type of electron correlation and
thus cannot account for spin when multiple particles are involved.
This means that it is not clear if the model is correctly able to
describe a spin-paired singlet bipolaron, or if it is better thought of
as describing the behavior of two strongly-coupled single polarons
without any definite spin relationship between them.

All of this leads to the main questions that we address in this
paper: what are the electronic structure and spectral signatures
of bipolarons in doped conjugated polymer films? Why do most
experiments suggest that the BP1 absorption band lies to the blue
of the P1 transition,’>2% while the experiments in Figure 128
and the 2-particle Holstein model®” suggest that BP1 lies to the
red of P1? Why are bipolarons readily observed in electrochemi-
cally-doped films, but rarely observed in chemically-doped films?

Here, we answer these questions using spectroscopic and
structural experiments in combination with time-dependent den-
sity functional theory (TD-DFT) calculations that employ a range-
separated hybrid functional. We argue that it is the positions of
the counterions in doped conjugated polymer films that control
whether two close-lying polarons spin-pair to form a singlet bipo-
laron or instead retain their single-polaron/open-shell character
while strongly perturbing each other. We show that if the coun-
terions are located so that the singlet bipolaron is stabilized, the
traditional picture holds and the BP1 transition appears to the
blue of the P1 transition. For other arrangements of the counte-
rions, however, two nearby polarons cannot stably spin pair, but
the transition dipoles of their P1 absorptions, which lie along the
polymer backbone, can strongly J-couple to produce a redshifted
absorption. Thus, the redshifted absorption observed by Enengl
et al.?8l and Spano and coworkers?® are associated with strongly
coupled single polarons and not with spin-paired bipolarons.
In addition, we show that the positions of the counterions are
related to the crystallinity of the polymer: bipolaron formation
requires counterion positions that are not compatible with highly
crystalline films. The fact that polaron interactions are controlled
by the counterion positions also explains why bipolarons are
much more commonly observed via electrochemical doping than
via chemical doping: counterions are much more mobile in films
that are swollen with the electrolyte solution in electrochemical
doping. The spatial location of oxidizing equivalents and coun-
terions is also quite different in chemical and electrochemical
doping, leading to different counterion locations in each case.

2. Results and Discussion

2.1. TD-DFT Calculations of Polarons and Bipolarons on P3HT
Oligomers

We begin our exploration of the electronic structure of polarons
and bipolarons in doped conjugated polymer films by per-
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forming quantum chemistry calculations. As further described
in the Experimental Section, we will take advantage of TD-DFT
calculations using a range-separated hybrid functional, ®PBE,
to understand the stability and spectroscopy of oxidized P3HT
oligomers in the presence of counterions with a variety of posi-
tions relative to the chain backbone. We note that others also
have investigated the idea that counterion positions make a
difference in the electronic structure of P3HT polarons and
bipolarons.?*# For example, Bendikov and co-workers!*#!
performed DFT calculations at the B3LYP/6-31G(d) level of
theory and found that a singlet bipolaron configuration is pre-
ferred at high polaron concentrations, while a polaron pair
configuration (triplet bipolaron) is preferred at low concentra-
tions."Y However, these workers concluded that even in the
presence of counterions, singlet bipolarons are intrinsically
unstable with respect to dissociation into polaron pairs,*! a
result that is not consistent with experiment. Zozoulenko and
co-workers also studied counterion effects on doped P3HT,
taking advantage of TD-DFT calculations with the B3LYP and
®B97XD functionals.*”l However, these workers did not distin-
guish between singlet and triplet bipolarons in their calculated
spectra. Moreover, these workers placed the simulated counte-
rions on top of the thiophene rings, but both experiments“243]
and simulations* have shown that counterions prefer to sit in
the lamellar region of the polymer crystallites, among the hexyl
side chains rather than near the polymer 7-system.

One of the issues when analyzing the results of DFT cal-
culations on charged P3HT oligomers is that it is quite dif-
ficult to interpret the spin density (or any of the Kohn-Sham
orbitals) as belonging to a particular energy level.?**®! Thus, to
best visualize the nature of the polarons and bipolarons in our
calculations, we take advantage of the change in bond length
associated with quinoidal nature of charged species on the
P3HT backbone. The changes in bond length between a neu-
tral P3HT oligomer with predominantly aromatic character and
the same oligomer with charged (or doubly-charged) quinoidal
character is depicted in Figure 2. As might be expected from the
Lewis structures shown in Scheme 1, the C—C bonds that had
more double-bond character on a neutral P3HT chain become
longer and more single-bond-like while the bonds that had more
single-bond character become shorter and more double-bond-
like when the chain becomes charged. Since this change from
aromatic to quinoid character only takes place in the presence of
charges, the changes in the bond lengths provide a straightfor-
ward way to visualize the location of a polaron or bipolaron.l?’!
The absolute bond lengths of the neutral and charged P3HT oli-
gomers are shown in Figure S2 (Supporting Information).

In addition to changes in bond lengths, another method that
can be used to visualize the location and size of polarons or
bipolarons is the change in the partial charges on the backbone
C and S atoms of P3HT. Figure S1 (Supporting Information)
shows how the Mulliken charges change as a P3HT chain goes
from neutral to singly oxidized. The results are in excellent
qualitative agreement with the changes in bond length shown
in Figure 2, so that either the bond length or Mulliken charge
changes can be used to visualize the location and spatial extent
of polarons and bipolarons. For simplicity and ease of compar-
ison to previous work,!?”} we will focus on the changes in bond
length in what follows.
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Table 1. Binding energies of singlet bipolarons and strongly-coupled
single polarons (triplet bipolarons) for 5-mer, 6-mer, and 10-mer P3HT
chains with and without negative point charges at different positions
along the backbone (Scheme 2).%
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6-mer (no point charges) -1.30 -0.98
6-mer (3.5,3.5) —-0.42 —-0.24
10-mer (no point charges) -1.27 -0.26
10-mer (5.5,5.5) d = 5A®) 0.51 0.78
10-mer (5.5,5.5) -0.35 0.22
10-mer (5,6) -0.28 0.17
10-mer (4,7) —-0.42 0.30
10-mer (3,8) -0.67 0.23
10-mer (2,9) —-0.87 0.24
10-mer (1,10) -1.14 0.04

Figure 2. Differences in C—C bond lengths between the neutral and
charged species for different charged states of a 10-mer of P3HT with no
counterions, calculated at the PBE0/6-31G** level of theory. The bond
length changes are shown for a single polaron (blue), coupled single
polarons (triplet bipolaron; yellow) and singlet bipolaron (red). The
dashed curves are fits of the bond length changes to Gaussian distribu-
tions to represent the position and extent of delocalization of the different
charged species, as described in the Supporting Information.

The blue curves in Figure 2 show the calculated changes in
bond length for a single polaron (without any counterions) on a
P3HT 10-mer. The curves make it clear that the polaron resides
in the center of the chain and is delocalized over roughly 5
monomer units, in excellent agreement with recent experi-
mental measurements of the polaron coherence length. The
red curves in Figure 2 show the results for a singlet bipolaron
on the same oligomer (again, without counterions). The bond
length changes are slightly larger and the spatial width of the
quinoid-like distortion are a bit larger than those of a single
polaron, but otherwise a singlet bipolaron and a single polaron
have a generally similar shape and spatial extent.

We also wanted to calculate the spatial distribution of two
polarons that are not spin-paired. Since this is not possible
with quantum chemistry, we instead have chosen to inves-
tigate triplet bipolarons as a proxy for polaron pairs that are
not spin-paired (i.e., two single polarons that do not behave
as a singlet bipolaron at high doping densities). The orange
curves in Figure 2 show the changes in bond lengths for a
triplet bipolaron on the same P3HT 10-mer (again, without
counterions). In this case, the changes in bond length have
a bimodal structure, with the two charges migrating toward
opposite ends of the chain within the limit that their delocal-
ization will allow. This is consistent with Scheme 1d, which
shows that the chemical structure of a triplet bipolaron has
aromatic thiophenes sandwiched between two segments of
quinoid thiophenes associated with the two charges. Thus, the
triplet bipolaron serves as a good proxy for two single polarons
that are forced to interact without spin pairing at high doping
densities.
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A(X,Y) indicates that the negative point charges are placed next to the Xth
monomer and the Yth monomer at a distance of 7.5 A unless otherwise noted;
blthe negative point charges are placed at a distance of 5 A.

With the ability to visualize each of the charged species estab-
lished, Table 1 examines the energetic stability of the different
P3HT polaron and bipolaron species both with and without the
presence of counterions. We calculate the binding energy of
the bipolarons using the methodology described in the Experi-
mental Section below. The way we define the bipolaron binding
energy is that a positive binding energy means that forming a
bipolaron takes less energy than forming two separate single
polarons, so that bipolarons would form spontaneously when-
ever the chain is doubly-oxidized. A negative binding energy
indicates that it is energetically more favorable to oxidize two
different neutral segments of the polymer, creating two sepa-
rate polarons, than to oxidize the same segment of the polymer
twice and create a bound bipolaron.

In the absence of counterions, Table 1 shows that the binding
energies of both singlet and triplet bipolarons on a 10-mer of
P3HT are negative, which means that neither type of bipo-
laron is energetically bound. This is almost certainly a result
of the fact that the system is not electrically neutral, and that
positively-charged polarons will strongly repel each other no
matter what their spin relationship. In real systems, however,
whenever a conjugated polymer segment is oxidized, there
always will be a counterion nearby. In chemical doping, the
counterions are typically the anionic form of the dopant mole-
cules used to oxidize the polymer. In electrochemical doping,
the counterions are the anions of the electrolyte solution that
are driven into the polymer film after the electrode removes
charge from the material. The fact that chemical and elec-
trochemical doping incorporate counterions into conjugated
polymer films in different ways suggests that the counterions
in films doped by these two methods are likely to reside in dif-
ferent locations relative to the positively-charged holes on the
polymer backbone.
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Scheme 2. Cartoon showing the various locations of the negative point charges used to represent the counterions for the 10-mer P3HT used in the

TD-DFT calculations.

Thus, to understand how the counterion positions might
affect the energetic stability of singlet and triplet bipo-
larons, we performed a series of calculations using six different
positions of negative point charges to represent the counterions
along our charged P3HT 10-mers. We placed the point charges
in the plane of the thiophene rings to be consistent with experi-
ments and simulations that have shown that dopant counte-
rions sit in the lamellar regions of P3HT crystallites and not
among the polymer 7-stacks.>*! We denote a set of counterion
positions as (X,Y), where X and Y mark the relative monomer
position of the negative point charges, which are placed 75 A
away from the backbone, as experimentally documented for the
position of the anions in F,TCNQ-doped P3HT films.3>4*
We placed the two counterions on opposite sides of the polymer
backbone, as depicted by the colored circles in Scheme 2. For
one set of calculations, (black circles in Scheme 2, denoted
“(5.5,5.5) d =5 A’), the point charges were placed only 5 A away
from the P3HT backbone to better represent the experimental
counterion distance in anion-exchanged doped P3HT films.[*]

Table 1 shows that when the counterions are included in
the calculations, the binding energy of a triplet bipolaron, i.e.,
a pair of strongly coupled single polarons, is always positive,
regardless of the counterion positions. This suggests that Cou-
lombic attraction from the counterions are able to “hold” two
single polarons in relatively close proximity, allowing them to
interact with a favorable energy. This result is different from
the studies by Bendikov and co-workers,**l who used dif-
ferent DFT functionals than we employ here and who did not
find any bipolaron stabilization energy, even in the presence of
counterions.

In contrast, Table 1 also shows that the binding energy for
singlet bipolarons remains negative in the presence of counte-
rions, except for the case (5.5,5.5) d = 5 A, where the counte-
rions are both centered along the P3HT 10-mer and are as close
as possible to the polymer backbone. This shows that not only
are counterions needed for singlet bipolarons to form, but also
that singlet bipolaron formation requires the two anions to be
arranged in a highly specific geometry. Charges near the ends
of the chain tend to pull the singlet bipolaron apart; only the
Coulomb attraction from closely-spaced counterions can hold a
singlet bipolaron together.

Experimentally, bipolarons are not observed to form until the
doping level approaches one charge for every few P3HT repeat
units. Thus, to test the limit of higher doping levels, we repeated
the calculations for shorter P3HT oligomers with only 5 or 6
repeat units, roughly doubling the doping density of the P3HT
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10-mer. Interestingly, the singlet bipolaron remains unbound
even at these much higher effective polaron concentrations,
explaining why singlet bipolarons are rarely observed in
F,TCNQ-doped P3HT films where the anions sit in the lamellar
regions of crystalline domains at a distance of =75 A away from
the polymer backbone.’>#~# Even though singlet bipolarons
remain unbound, they do become more stable than triplet bipo-
larons at higher doping levels. The reason for this can be seen
in Scheme 1: for the same effective charge distribution, a sin-
glet bipolaron distorts the P3HT backbone only once, but a tri-
plet bipolaron distorts the backbone in two different locations.
Thus, our calculations suggest that as the concentration of
polarons increases, strongly coupled single polarons (triplet bipo-
larons) will form first, but then as the concentration of polarons
continues to increase, stable singlet bipolarons will form.

We turn next to exploring the spectral signatures of polarons
and singlet and triplet bipolarons on P3HT chains with different
counterion positions. As described in the Experimental Sec-
tion, we do this via TD-DFT calculations using the range-sep-
arated hybrid wPBE functional to obtain realistic excited-state
energy positions and transition dipoles; the results are shown
in Figure 3. The solid and dashed black curves in both panels
show the results for neutral P3HT and single P3HT polarons,
respectively. Although the calculated P1, P2, and BG transitions
are all bluer than seen experimentally, a known issue with DFT
calculations on systems with extended 7-conjugation, the calcu-
lated spectra do strongly resemble the experimental spectrum
(shown below in Figure 5a).

Figure 3a shows the calculated spectra of a singlet bipo-
laron on a P3HT 10-mer with different counterion positions; in
accord with Scheme 2, purple curves correspond to counterion
positions near the center of the chain (the most energetically
stable configurations; see Table 1) while red curves correspond
to placing the counterions close to the chain ends (the least
energetically stable configurations). As the singlet bipolaron
is increasingly stabilized by moving the point charges nearer
the chain center, its absorption spectrum shifts to the blue.
For the one counterion configuration where the singlet bipo-
laron is energetically more stable than separate single polarons
((5.5,5.5) d = 5 A), the calculated BP1 transition occurs at higher
energies than the P1 band of the single polaron. Thus, our cal-
culations are in agreement with the traditional picture in
Scheme 1e, which predicts that stable singlet bipolarons absorb
to the blue of single polarons.

In contrast, Figure 3b shows that the calculated spectra of
triplet bipolarons, our proxy for strongly-coupled single polarons
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Figure 3. Absorption spectra, calculated using TD-DFT with the @PBE functional and with PCM (e = 3), for P3HT a) singlet bipolarons and b) coupled
polarons (triplet bipolarons) for the different locations of the point-charge counterions shown in Scheme 2. (X, Y) indicates that the anions are placed
along the Xth and Yth monomers at a distance of 7.5 A from the backbone. Red curves for (1,10) show the spectra with the anions near the ends of the
chain. The counterion positions move toward the chain center in spectral order, with the purple curves for (5.5.,5.5) showing the absorption spectra with
the anions positioned at the center of the chain. The absorption spectra of neutral P3HT (black solid curve) and a single P3HT polaron (black dashed
curve) are also included. c) The energy of the lowest spectral transition, i.e., the position of the first peak in the absorption spectrum, as a function of
the charge delocalization width (o, calculated from fits like those in Figure 2) for polarons (blue circles), singlet bipolarons (red circles), and coupled
polarons (triplet bipolarons; yellow circles). For the coupled polarons, o, is the average of 0, and 0, . d) The energy of the lowest transition for cou-
pled polarons (triplet bipolarons) as a function of the distance between the two coupled polarons, A i, = |1 — tyy| (see the Supporting Information for
more details). The dashed curve shows a fit to an inverse-cubed dependence, as expected for J-coupling between the two polarons’ transition dipoles.

without a definite spin relationship, have the opposite behavior.
The P1 peak starts out very blueshifted for coupled polarons with
(1,10) or (2,9) counterion locations (red and orange in Figure 3b).
For these two configurations, the counterions pull the pair
of polarons to the opposite ends of the chain. Confining the
polarons at the chain ends makes them less delocalized, which
causes a spectral blueshift relative to the P1 transition of a single
polaron in the chain center. When the counterions are positioned
within a monomer or two of each other, however, the calculations
predict that the absorption spectrum of the triplet bipolaron
shifts to the red of the P1 transition of the single polaron.

This result strongly suggests that the redshifting spectrum
seen by Enengl et al. in Figure 1?8 is due to strongly-cou-
pled single polarons. As the electrochemical bias is initially
increased and more counterions are driven into the film, the
polarons start to couple together, creating the redshifted spec-
trum. Only at higher biases, which as we show experimentally
below are accompanied by increased disorder that allows the
counterions to get closer together, can the polarons can spin-
pair, producing singlet bipolarons that absorbing to the blue of
the single polaron, as evident in the data in Figure 1b and con-
sistent with the traditional picture. This result also suggests that
the Holstein Hamiltonian model of Spano and co-workers,?’!
which does not include spin, also predicts a redshift due to cou-
pling between single polarons that are not spin-paired.
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Why would strongly-coupled single polarons (triplet bipo-
larons) and singlet bipolarons have their spectra shift in oppo-
site directions as they more strongly interact with their counte-
rions? To answer this question, we examined both the locations
and coherence length of our calculated polarons and bipolarons
using the same type of bond length analysis shown in Figure 2.
We fit the changes in bond lengths for each case to a Gaussian
distribution, yielding a central position (u,) and a width or delo-
calization length (o,)) in units of the number of C—C bonds. We
then correlated the energies of the calculated spectral peaks in
Figure 3 with the positions and coherence lengths of the cor-
responding (bi)polaronic species.

Figure 3c shows the energy of the lowest-energy spectral
transition as a function of the delocalization length for single
polarons (blue circles) and singlet bipolarons (red circles) on a
P3HT 10-mer. For single polarons, as counterions are added,
Coulomb attraction causes the polaron to become less delocal-
ized, leading to a spectral blueshift; this is in accord with both
experiments and the predictions of the Holstein Hamiltonian
model.®! For singlet bipolarons, as the anions move toward
the middle of the chain, Coulomb attraction causes the delo-
calization length to decrease. Conversely, when the anions are
located at the ends of the chain, Coulomb forces tend to pull
the two bipolaron charges apart, causing the singlet bipolaron
to become more delocalized. Thus, it makes sense that for
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both polarons and singlet bipolarons, the energy of the lowest
spectral transition is inversely related to the delocalization
length, which is controlled by the number and position of the
counterions.

For two coupled polarons on a P3HT 10-mer (i.e., triplet
bipolarons), the yellow circles in Figure 3c show that there is
no correlation between the energy of the lowest transition and
the polaron delocalization length (plotted as the average width
of the two Gaussians used to fit the change in bond lengths).
Instead, Figure 3d shows that the energy of the lowest transi-
tion is related to the distance between the two coupled single
polarons: as the distance between the two polarons decreases,
the absorption spectrum redshifts. Since the transition dipole
moment of the lowest-energy polaronic transition lies along
the chain axis,”] two nearby polarons have aligned transition
dipoles that can J-couple.[*5% For J- (and H-) aggregation, cou-
pling causes an energy splitting that is inversely proportional
to the cube of the distance between the two chromophores.
For J-aggregates, the lower state carries the oscillator strength,
so as the distance between the chromophores decreases,
the absorption spectrum redshifts. As the counterions are
moved from the ends of the chain to the middle of the chain,
Coulomb attraction causes the distance between the two cou-
pled polarons to decrease, making the coupling stronger and
causing the absorption spectrum to redshift. The black dashed
curve in Figure 3d shows a fit to an inverse-cubic dependence,
verifying that the spectral redshift is indeed due to coupling
between the transition dipoles of two essentially independent
polaronic chromophores.

All of the above calculations show that, as the doping
density increases, single polarons can begin to have their tran-
sition dipoles J-couple. This leads to a redshifted absorption
spectrum like that seen by Enengl et al. in Figure 1% and by
Spano and co-workers’ Holstein Hamiltonian-based bipolaron
model.?’l Only when the doping density gets high enough and
the counterions are appropriately positioned can two polarons
spin-pair, leading to a blueshifted absorption spectrum and a
decreased EPR signal. It is important to note, however, that not
every experiment shows a significantly redshifted or blueshifted
polaronic absorption at higher doping levels, which suggests
that the difference between different experiments is due to the
positions of the counterions. The positions of the counterions,
in turn, depend both on the counterion identity and whether
the counterions were introduced by chemical or electrochem-
ical doping (and on the exact nature of both of those processes).
We thus turn to explore the conditions under which coupled
single polarons and singlet bipolarons can form experimentally
in the next section.

2.2. Creation of Coupled Polarons and Bipolarons via
Electrochemical and Chemical Doping Methods in P3HT

The electrochemical doping experiments by Enengl et al.
reproduced in Figure la show clear evidence for a redshifted
polaronic absorption band as the doping level is increased
to ~800 mV potential relative to Ag/AgCL2®¥ In Figure 1b, how-
ever, at slightly higher oxidation potentials, there also appears
to be a new blueshifted absorption in the region near 1.0 eV,
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Figure 4. a) Cyclic voltammetry of a P3HT thin film on an
indium tin oxide (ITO) substrate over the potential range of 0 V to
+1.2 V versus Ag/Ag* in a 0.1 m lithium perchlorate (LiClIO,) in propylene
carbonate solution. b) In situ absorption spectra of the electrochemically-
doped film whose CV is shown in panel (a) at different potentials versus
Ag/Ag*. The color of the absorption spectrum curves in panel (b) corre-
sponds to the colored circles on the CV curves in panel (a). The data are
similar to those from Enengl et al. in Figure 1,28 but the decreased P2
absorption and new BP1 absorption to the blue of P1 (and corresponding
isosbestic point at 1.4 eV) at high oxidation potentials are more clearly
shown. Reliable absorption data could not be taken near =1.6 eV due to a
detector change in the instrument.

accompanied by an isosbestic point near 1.4 eV that indicates
the production of a new chemical species. Thus, the change in
EPR signal observed by Enengl et al.?®l might be associated with
the blue =1.0 eV absorption shoulder rather than the =0.3 eV
redshifted polaronic absorption since both exist at similar oxi-
dation potentials. The fact that the =0.3 and =1.0 eV absorption
bands do not appear simultaneously, however, unambiguously
shows that these two features are associated with different elec-
tronic species.

To better understand the outcomes obtained by Enengl
et al.l?8! we performed chemical and electrochemical doping
experiments on P3HT films to produce polarons and bipo-
larons, as shown below in Figures 4 and 5. In the electro-
chemical doping experiments (Figure 4), electrons are removed
from the polymer film at the electrode, and a counterion is
brought in from the electrolyte for charge-balance. In con-
trast, chemical doping of conjugated polymers involves a redox
process involving the dopant molecule that then becomes the
charge-balancing counterion. To compare these two modes
of doping, we also chemically doped P3HT with a strong oxi-
dant, iron (III) chloride (FeCl;), which is able to produce both
polarons and bipolarons and which creates absorption features
at both =0.3 and =1.0 eV (Figure 5). Additionally, in the Sup-
porting Information, we explore the role of how swelling of the
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Figure 5. a) Absorption spectra, b) normalized absorption spectra, and
c) radially-integrated 2-D grazing-incidence wide-angle X-ray diffraction
pattern of P3HT films sequentially doped with different concentrations
of FeCl;. For panel (b), the absorption spectra are normalized by the
maximum absorbance of the P1 peak near 0.5 eV. The data in panels
a and b clearly show that as the doping concentration increases, the
absorption of coupled polarons to the red of P1, near 0.3 eV appears
first, and then this absorption and both P1 and P2 decrease as the new
BP1 band appears near 1.0 eV, with isosbestic points near 0.7 and 1.4 eV.
In panel (c), the vertical axis scale changes at 0.6 A~, indicated by the
vertical dashed line. To the right of the scale break, the y-axis is expanded
by a factor of 20 to better show the (h00) overtones and the (020) peak.
The data show clearly that bipolaron formation is accompanied by a loss
of crystalline structure.
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polymer controls counterion localization and thus determines
whether bipolarons can be formed (Figure S10, Supporting
Information). Finally, we show that only the =1.0 eV absorbing
species is associated with a structural change (loss of crystal-
linity) in the doped P3HT film, further verifying that the two
absorption bands are independent electronic species. By
using different doping mechanisms and solvents that swell
the polymer films to different extents, we are able to correlate
spectroscopic features with structural changes, and thus pro-
duce a coherent picture of doping based on the positions of the
counterions in the doped polymer films.

For our electrochemical doping experiments, we cycled
a P3HT film in the potential window of 0 V to + 1.2 V versus
Ag/Ag* with a 0.1 M LiClO, electrolyte in propylene carbonate
to create polarons and bipolarons. Figure 4a shows the cyclic
voltammetry (CV), which displays a clear oxidation peak starting
at 0.2 V versus Ag/Ag®, and a second smaller oxidation peak
between 0.8 and 1.0 V versus Ag/Ag*. The colored circles above
the CV curve represent points at which absorption spectra were
taken in situ while holding the potential fixed. These spectra
are shown with matching colors in Figure 4b. When there is no
applied potential, the red curve in Figure 4b shows the neutral
bandgap (BG) peak of P3HT, centered at 2.5 eV. As the poten-
tial is increased to roughly 400 mV versus Ag/Ag", the bandgap
peak decreases and polaronic absorption peaks appear, one cen-
tered at =1.5 eV (P2) and the other off the red edge of our spectral
window (P1). As the potential is further increased, the P2 absorp-
tion band then starts to decrease and an obvious new absorption
peak appears near 1.1 eV, with an isosbestic point between them
near 1.4 eV. This clearly indicates that single polarons are being
converted to a new chemical species with an absorption spec-
trum that lies well to the blue of the P1 absorption band, and that
the new chemical species forms at higher oxidation potentials.

All these observations, which mirror those seen in this same
spectral region by Enengl et al. (cf. Figure 1b),1%! are consistent
with the idea that singlet bipolarons are being formed by
doubly-oxidizing the P3HT backbone, and that these bipolarons
have a BP1 peak that is bluer than the single polaron P1 band.
This result is consistent with both the traditional picture in
Scheme 1 and our TD-DFT calculations discussed above. The
energy to create singlet bipolarons is =0.3 eV greater than the
energy to form single polarons, and we will discuss the origins
of that energy difference below.

As mentioned above, in electrochemical doping, the electrode
removes electrons from the P3HT backbone, and a counterion
from solution is subsequently recruited into the solvent-swollen
polymer film to balance the charge. This gives the counterions
a lot of flexibility in finding their final locations, creating the
possibility that counterions can reside in the most energetically
favorable location to stabilize the singlet bipolaron. In contrast,
in chemical doping, the counterions are produced by the redox
process involving the dopant. Thus, the counterions tend to be
trapped in the film wherever the dopant originally resided, as
diffusion of traditional large dopant molecules like F,TCNQ is
slow. This may make it less likely for two counterions to reside
very close together, which based on our TD-DFT calculations, is
required to stabilize a singlet bipolaron. These ideas thus pro-
vide a possible explanation for why chemical doping may be less
likely to produce singlet bipolarons than electrochemical doping.
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To test this hypothesis experimentally, we chemically doped
P3HT films with different concentrations of FeCl; using
sequential processing (SqP);>°!°% the results are shown in
Figure 5. Several groups have argued that FeCl; has a high
enough oxidation potential to ionize P3HT chains twice,
allowing for the potential creation of bipolarons.l3l Addition-
ally, Yamamoto et al.®¥ showed that both vapor-phase and
solution-phase doping of P3HT with FeCl; initially results in
polarons and that longer exposure time leads to the formation
of bipolarons. We focus on FeCl; both because of its high oxi-
dizing potential, which allows energetically for the possibility
of making bipolarons, and because it is quite small, allowing
its counterions to have more mobility in doped P3HT films
and thus providing the possibility of optimizing the counterion
location to stabilize singlet bipolarons.

Figure 5a shows that as the concentration of FeCl; increases,
P3HT films become more doped, as evidenced by a decrease in
the bandgap absorption near 2.5 eV and large increases in the
polaronic P1 and P2 absorption bands near 0.5 and 1.6 eV, respec-
tively. Figure 5b shows the red portion of the absorption spectra
with the data normalized at 0.5 eV to more easily compare the
spectral shapes at different doping concentrations. The data
show that at low FeCl; doping concentrations (1 mM), only single
polarons are formed. As the FeCl; concentration is increased
to 10-50 mM and the films become more doped, we see a red-
shift of the P1 peak, exactly along the lines of that observed by
Enengl et al. in Figure 18 and our TD-DFT calculations from
the previous section, which we believe reflects the formation of
strongly coupled single polarons (or triplet bipolarons). We note
that when P3HT is doped with a highly-oxidizing functional-
ized dodecaborane-based dopant, a similar spectral redshift is
also observed,**>’ but no such redshifts are seen with F,TCNQ,
which likely does not have enough oxidizing power to create
polarons that are close enough together to J-couple.

As the FeCl; doping concentration is further increased to
between 100 and 200 mM, the red shoulder indicative of the
formation of coupled polarons starts to disappear, and a new
absorption band near 1.1 eV appears, accompanied by isosbestic
points at 0.7 and 1.4 eV. All of these features are consistent with
the idea that there are now enough counterions in the correct
positions to allow for the formation of singlet bipolarons. Some
of the previously strongly-coupled single polarons are now spin-
paired, so their redshifted P1 absorption and accompanying P2
absorption disappear and are replaced by the blueshifted BP1
absorption at 1.1 eV, exactly in accord with the traditional pic-
ture in Scheme 1 and our TD-DFT calculations. Interestingly,
this same conversion of coupled single polarons to singlet
bipolarons is not seen with the highly oxidizing dodecaborane-
based dopants studied previously, even though they have a sim-
ilar oxidation potential to FeCl;.2%>% This is because the dode-
caborane counterions are too large to allow them to get close
enough together to provide the necessary Coulomb stabilization
for the singlet bipolaron.

Given that it is now clear that singlet bipolarons can be
created both electrochemically and chemically, it is worth
considering the following question: why there is only partial
conversion of single polarons into singlet bipolarons in the
FeCl;-chemically-doped P3HT films and in the electrochemi-
cally-doped films studied in Figure 1, but there is almost full
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conversion in the electrochemically-doped films presented
in Figure 4? Since the presence of different polaronic species
depends sensitively on the counterion positions, this difference
likely reflects a change in structure of polymer films doped
by different methods. We thus have looked for such structure
changes using grazing-incidence wide-angle X-ray scattering
(GIWAXS).

Figure 5c shows GIWAXS diffractograms of the FeCl;-doped
films whose absorption spectra are shown in Figure 5a,b. Prior
to any dopant being introduced to P3HT (black curve), we see
the (100) principle lamellar peak located at 0.38 A~', along
with two overtones, as well as a clear (020) m-stacking peak
near 1.7 A", At low FeCl; doping concentrations (< 10 mM),
where the absorption spectrum suggests only isolated single
polarons are formed, the lamellar peak shifts to lower g, while
the m-stacking peak shifts to higher g. These structural signa-
tures, which correspond to an expansion of the crystal lattice
in the lamellar direction and a change in tilt of the unit cell,>®
have been seen in numerous doped conjugated polymers
with a plethora of dopants.’>1°2%7] As the doping concentra-
tion increases to the point where singlet bipolarons start to
form (= 50 mM), the lamellar overtones decrease in intensity,
indicating that the polymer crystallites are beginning to dis-
order. This is consistent with the observations of Banerji and
co-workers, who have argued that bipolarons form in disor-
dered regions of the polymer films first.>®! At the highest FeCl;
dopant concentration, where the absorption suggests that sin-
glet bipolarons are becoming the dominant species, even the
m-stacking peak, which is a very robust feature of almost all
conjugated polymers, has disappeared, indicating that the films
have become almost entirely amorphous.

The fact that the red-shifted P1 band does not appear simul-
taneously with the blue-shifted band and that the blue-shifted
band is associated with a structural change in the doped P3HT
film shows clearly that red- and blue-absorption features belong
to two entirely different electronic species. It is certainly pos-
sible that these two species could be something like intra- and
inter-chain singlet bipolarons, but given the DFT calculations
in the previous section, we believe that the simplest assignment
is that the red-absorbing species is strongly-coupled single
polarons while the blue-absorbing species corresponds to sin-
glet bipolarons.

This assignment is supported by the fact that the crystal-
linity of P3HT begins to lower at precisely the same dopant
levels as singlet bipolarons start to form, which is a clear
experimental signature that counterion location is important
in the formation of singlet bipolarons. When P3HT is strongly
crystalline, dopant counterions are generally confined to the
lamellar region, far from the backbone and in lower density,
where they are unable to provide the stabilization necessary
to create singlet bipolarons. At higher dopant concentrations,
more counterions are needed, and eventually, the number of
counterions exceeds the capacity of the crystalline polymer
network. This necessitates disordering the polymer. Once that
disordering occurs, however, the counterions can then more
flexibly arrange around the P3HT backbone to stabilize singlet
bipolaron formation. Thus, bipolaron formation and a loss of
crystallinity are coupled, because the latter is required to allow
counterions to provide the necessary Coulomb stabilization.
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The disordering of the crystalline polymer network comes at an
energetic cost, and is likely part of the =0.3 eV energy differ-
ence between the polaron and the bipolaron observed in in the
CV curves in Figure 4.

With these ideas in hand, it is now possible to understand
why singlet bipolaron formation does not occur equally in all
systems. The key difference involves how the different doping
methodologies swell the polymer films. We describe the way
in which we quantify swelling, by the mass gain when the
polymer is exposed to the vapor of the different solvents, in
the Supporting Information. The electrochemical doping data
in Figure 4 was collected using propylene carbonate (PC) as
a solvent, and PC is an effective swelling solvent for P3HT,
gaining 22% mass after being allowed to swell in the presence
of PC vapor (Figure S8, Supporting Information). As a result
this swelling, two things happen. First, because the films are
swollen by the electrolyte solution, the necessary structural
reorganization and loss of crystallinity needed for bipolaron for-
mation can take place with less energetic penalty. Second, the
swollen polymer environment allows for facile counterion dif-
fusion so the counterions can easily move to locations that can
optimally stabilize bipolarons. By contrast, the data of Enengl
et al. in Figure 1 was taken using an acetonitrile-based electro-
lyte, and acetonitrile is a very poor swelling solvent for P3HT,
gaining no measurable weight within error after exposure to
acetonitrile vapor. For our chemical doping experiments with
FeCls, n-butylacetate (n-BA) was used to introduce the dopant, a
solvent which swells P3HT significantly, producing a 60% mass
increase after being allowed to swell in n-BA vapor. Based on
swelling alone, one might expect doping in n-BA to produce the
most singlet bipolarons. However, the fact that the oxidizing
equivalent and counterion are delivered together does not allow
time for the counterions to find the optimal location to stabi-
lize singlet bipolarons. This means that chemical doping with
a swelling solvent and electrochemical doping with a very poor
swelling solvent produce similar results (Figures 1 and 5). Only
electrochemical doping in a reasonable swelling solvent pro-
duces significant amounts of singlet bipolarons (Figure 4).

Finally, we note that in addition to the fact that dopants like
F,JCNQ are likely not oxidizing enough to produce singlet
bipolarons, the fact that the incorporation of their counterions
does not significantly reduce the crystallinity of P3HT!”> pro-
vides an additional energetic barrier to the creation of singlet
bipolarons. Overall, a broad range of data paints a coherent
picture of the conditions needed to stabilize singlet bipolaron
formation. The conclusions from our TD-DFT calculations are
that the counterion positions control the nature of the oxidized
species at high doping concentrations in P3HT. This is born
out in real experimental systems where counterion location is
either more rigidly controlled through crystallinity, or allowed
to be more flexible in amorphized materials.

3. Conclusion

Using both calculations and experiments, we have explored
how the energies and the absorption spectra of single polarons,
coupled single polaron (triplet bipolarons) and singlet bipo-
larons on doped conjugated polymers are affected by counterion

Adv. Funct. Mater. 2023, 2213652

2213652 (10 of 13)

positions. Without counterions, neither singlet bipolarons nor
coupled single polarons are energetically bound, but with coun-
terions in the right locations, both coupled single polarons
and singlet bipolarons can form. When the counterions are
placed at the middle of a chain, singlet bipolarons can stably
form, with an absorption peak that is blue of the polaron P1
band; this blue shift results because the singlet bipolaron is less
delocalized because of coulomb attraction to the high counte-
rion density at the chain center. For other counterion positions,
strongly-coupled single polarons are the most stable species,
with an absorption spectrum that lies to the red of the P1 transi-
tion because of J-coupling between the transition dipoles of the
individual polarons.

Taken together, our results allow us to propose the following
model for the order of formation for single polarons, coupled
single polarons, and singlet bipolarons upon increased doping
of conjugated polymers:

1) Initially, at low doping concentrations for either chemical or
electrochemical doping, only single polarons are formed. In
this regime, there are plenty of neutral polymer segments of
polymer that are kinetically convenient to be oxidized. The
polarons that are formed have the traditional P1 and P2 ab-
sorption bands, and the BG transition decreases in intensity.
At this stage, no coupled polarons or singlet bipolarons can
form because of the low density of polarons and counterions.

2) As more segments of the polymers are oxidized and addi-
tional counterions are incorporated into the polymer film,
coupled polarons and singlet bipolarons begin to form de-
pending on the local positions of the counterions. Since the
counterion position for creating singlet bipolarons is more
restrictive, the red-shifted spectral signatures of strongly-cou-
pled polarons generally appear before the blue-shifted signa-
tures associated with singlet bipolarons. The exact spectral
changes, however, depend on the oxidizing potential of the
dopant or applied electrochemical bias, the size and mobility
of the counterions in the doped polymer film, the crystallinity
of the polymer film, and the extent of solvent swelling.
Finally, as the doping concentration continues to increase,
the polymer crystallites are unable to accommodate all of the
counterions in an ordered manner, so the crystalline struc-
ture of the doped polymer film is disrupted. The energetic
cost to disorder the polymer film is part of the increased re-
dox energy required to produce highly-doped polymer films.
Once disordering occurs, counterions can move so that both
single polarons and strongly-coupled polarons can spin-pair
into singlet bipolarons. The spectral signatures of this are a
decrease in the P1 and P2 single-polaron absorption band in-
tensities and a growth of the BP1 absorption band at energies
in between. A signature of this transformation are the isos-
bestic points between the P1/BP1 and P2/BP1 bands, which
in doped P3HT occur near 0.7 and 1.4 eV, respectively.

&)
—

Overall, all of our work suggests that the traditional band pic-
ture for polarons and bipolarons in doped conjugated polymers is
correct;#”%2 the “new” spectral signature that appears to the red of
P1 results from the interaction between strongly-coupled, but not
spin-paired polarons. Understanding the production sequence
of the different polaronic species on doped conjugated polymers
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is important for their applications. In general, the formation of
polarons, rather than bipolarons, is desirable, as bipolarons gen-
erally have poor mobility and their presence is associated with a
decrease in electrical conductivity. Our results not only have iden-
tified spectral signatures of coupled polarons and singlet bipo-
larons, but also present design rules for preventing or enhancing
their formation: the use of large, bulky counterions in rigidly
crystalline films favors polaron formation, whereas small mobile
counterions in poorly crystalline films (such as those swollen
with solvent during electrochemical doping) favor bipolaron for-
mation. Thus, the proper choice of doping method and coun-
terion allows the creation of highly doped films with minimal
bipolaron formation and thus maximum electrical conductivity,
leading to improved optoelectronic devices.

4. Experimental Section

Calculations: DFT (density functional theory) and TD-DFT (time-
dependent density functional theory) calculations were done using the
Gaussian 09 program. The calculations focused on P3HT oligomers
with either 5, 6, or 10 monomers. These oligomer lengths were chosen
because Stanfield et al.*3] recently demonstrated that polarons in doped
P3HT have a spatial extent of =5 to 7 repeat units, depending on the
P3HT crystallinity, so that these lengths were sufficient to capture
polaron and singlet bipolaron behavior without significant computational
expense. For the triplet bipolaron, the use of a longer chain might led
to additional delocalization of the two coupled polarons. However, this
would further redshift the calculated absorption spectrum of the coupled
polarons, reinforcing the conclusions reached in the main text.

To further reduce the computational cost, the P3HT hexyl side chains
in the calculations were replaced by methyl groups and the oligomer
chains were also methyl terminated. The calculations were performed on
neutral oligomers as well as oligomers with either one or two electrons
removed; when electrons were removed, sometimes negative point
charges were also added at various positions, as described in Scheme 2,
to ensure that the system was electrically neutral. For the case of the
doubly-charged oligomers, calculations were performed with both
multiplicity =1 (singlet bipolaron) and multiplicity = 3 (triplet bipolaron,
used as a proxy for strongly-coupled, but unpaired single polarons).
For the singlet bipolaron, only the closed-shell state was considered, as
there was no easy way to investigate the possibility of singlet bipolarons
with open-shell character. The stability of the wavefunctions was tested
for the singlet bipolaron state for the P3HT 5-mer, 6-mer, and 10-mer
both with and without counterions. All were found to have RHF — UHF
instability, which was not surprising because the energy of the triplet
state was close to and sometimes lower than the energy of the closed-
shell singlet state. It was believed, however, that open-shell singlet
bipolarons would behave essentially identically to triplet bipolarons and
thus serve as another proxy for strongly-coupled single polarons.

All systems studied were geometry-optimized using the 6-31G**
basis set and the PBEO functional with a polarizable continuum model
(PCM) with € = 3, chosen to match the experimentally-measured
dielectric constant of P3HT.I®Yl TD-DFT calculations were then performed
on the optimized structures using the 6-31G** basis set and the long-
range corrected @PBE functional. The geometry was not optimized
using the long-range corrected @wPBE functional both because this
functional was computationally more expensive and because the use of
this functional caused the polaron to localize on one end of the chain
rather in the middle, which was not believed to be realistic. When
geometry optimizing the charged oligomers in the presence of negative
point charges, the positions of the methyl groups at the ends were fixed
and the S—C—C=S inter-ring dihedral angles were fixed at 180 degrees.
This prevented the positively charged oligomers from drifting toward the
negative point charges.
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The binding energies of bipolarons with and without counterions
were calculated as follows:

Binding Energy =2x Ef,polaron - Ef,bipolaron (])

where Egpojarons and Egpipolarons: the energy of formation for a polaron and
a bipolaron, are:

Ef,polaron = Epolaron w/one anion — Eneutral w/one anion (2)

Ef,bipolaron = Ebipolaron w/two anions — Eneutral w/two anions (3)

and Ex y/n anion(s) IS the energy of the neutral oligomer, polaron, or
bipolaron with N anion(s). The bipolaron binding energy is defined such
that a positive binding energy means that forming a bipolaron takes
less energy than forming two separate single polarons and a negative
binding energy indicates that it is energetically more favorable to oxidize
two different neutral segments of the polymer, creating two separate
polarons, than to oxidize the same segment of the polymer twice and
create a bound bipolaron.

Figure S1 (Supporting Information) shows the changes in the
Mulliken charges between the neutral and the charged species for each
monomer. Both the changes in the partial charges and the changes in
bond lengths give qualitatively similar description for the position and
the delocalization of the polaron/bipolaron.

Figures S3-S5 (Supporting Information) show the fits of the change
in bond lengths curves to sums of Gaussian distributions to get the
central position (u,) and the width of delocalization length (o) in units
of C—C bond lengths. For single polarons and singlet bipolarons, the
change in bond lengths were fitted with a single Gaussian function.

A(bond Iength)(,un,on)=Aexp|:_%(b;i)2:| 4

For triplet bipolarons/pairs of coupled single polarons, the change in
bond lengths curves were fitted to the sum of two Gaussian functions.

A(bondIength)(:"nu#nzycm,d,,z):A1 exp[—%(b;”"‘ JZ:|

m

2 ©)
+A, exp[—%[b;&J :l

Experiments: Doped P3HT films were prepared by sequential
processing (SqP), where undoped P3HT films were first made by spin
coating, and then the dopant (either F,TCNQ or FeCl;) was introduced in
a second spin coating step from a semi-orthogonal solvent that swells,
but does not dissolve the film. Electronic-grade regioregular P3HT (4002-
EE; 91-94%, Mw = 46-57 kg mol™', PDI = 2.3) was purchased from Rieke
Metals, FeCl; was purchased from EM Science, and all solvents were
purchased from Sigma-Aldrich. All materials and solvents were used as
received without any further purification, unless otherwise stated

For FeCl;-doped P3HT films, 20 mg mL™ of P3HT was dissolved in
o-dichlorobenzene (ODCB) at room temperature and stirred overnight.
The dopant solution was prepared immediately before use by dissolving
appropriate amount of FeCl; in n-BA. Undoped P3HT films were made
by spin-coating 10 pL of the P3HT solution on glass at 1000 RPM for one
minute. The films were then doped by letting 50 pL of the FeCl; solution
soak the films for 120 s followed by spinning at 4000 RPM for 10 s to
remove excess FeCl; solution.

Cyclic voltammetry (CV) was carried out on a VMP potentiostat/
galvanostat (Bio-Logic). The working electrode is a P3HT film on ITO,
the reference is silver wire, and the counter electrode is platinum
sputtered onto an ITO substrate. The electrolyte was composed of 0.1 m
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lithium perchlorate (LiCIO4) in propylene carbonate (PC). To collect
spectroelectrochemistry in situ, the potential of interest was applied
during the entire data collection period.

UV-vis—NIR absorption spectra were acquired from 300-2500 nm
using a Shimadzu UV3101PC Scanning Spectrophotometer. FTIR data
was acquired from 220-7000 cm™' for matched samples deposited on
KBr plates using a Jasco FT/IR-420 spectrometer.

To understand the structural changes of heavily doped P3HT,
matched FeCl;-doped films were made on 1.5 cm? Si substrates with
a <100> orientation. Measurements were performed at the Advanced
Photon Source on beamline 8ID-E with X-ray energy of 10.92 KeV, at an
incident angle of 0.14 with the detector distance at 217 mm. Gap-filling
and integrations of the 2D diffractograms was performed on the
MATLAB toolbox GIXGUI.[61

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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