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ABSTRACT: Anion-exchange doping, in which a semiconducting polymer is exposed to
a solution containing both a dopant and an electrolyte, has become a popular method to
create polarons on conjugated polymers to increase their electrical conductivity.
Although many different initiator dopants can be used, a common dopant/salt
combination for anion-exchange p-doping is 2,3,5,6-tetrafluoro-tetracyanoquinodi- Pl P2
methane (F,TCNQ) and lithium bis(trifluoromethane) sulfonimide (LiTFSI). Depend- Bandgap
ing on the concentration of initiator dopant, it is usually presumed that all the F,TCNQ"
ions that remain after doping are exchanged out by mass action for the salt anion, TFSI".
When both LiTESI and F,TCNQ are present in excess, however, we find that two new
peaks appear in the UV—visible absorption spectrum of anion-exchange-doped conjugated polymers that are not seen when
conventionally doping without the addition of salt. We further see that these peaks appear in the same spectral regions, ~1.95 and
~3.65 eV, independent of the conjugated polymer being doped by F,TCNQ/TFSI anion exchange, and that they do not appear
when initiator dopants other than F,TCNQ_are used. With the aid of Resonance Raman spectroscopy and quantum chemistry
calculations, we assign these peaks to a LiF,TCNQ complex that forms during the exchange process of anion-exchange doping and
remains in the doped polymer film. We estimate that roughly ~25% of the F,TCNQ ions present during the anion exchange doping
process are converted into LiF,TCNQ_complexes, and show that the complex can be dissociated back into F,TCNQ" by washing
with an appropriate solvent.
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1. INTRODUCTION

Conjugated polymers are a promising class of organic materials

tional doping methods. Because of these advantages, AX
doping has been used to explore the role of counterion size in

for use in electronic devices such as thermoelectrics, solar cells,
and organic photovoltaics.' ™ Although their electrical
conductivity is inherently low, their electrical properties can
be improved by doping the polymer by either adding (n-
doping) or removing (p-doping) electrons from the conjugated
backbone.”® The charge carriers created this way are
accompanied by a distortion of the polymer backbone from
aromatic to quinoid; the charge, unpaired spin, and structural
rearrangement are collectively referred to as a polaron. In order
to keep the system electrically neutral, a counterion generated
by the doping process is also inserted into the polymer matrix.”

Recently, Yamashita et al. developed a new doping
technique in which a molecular oxidant (for p-doping) is
introduced to the polymer in the presence of a high
concentration of inert salt” This method, referred to as
anion-exchange (AX) doping, uses mass action to exchange the
dopant counterion for a salt anion. AX doping provides the
benefits of facile tunability of the choice of counterion as well
as increased stability of the doped polymer films. This method
also increases the energetic driving force for doping,”’~"" thus
improving the electrical conductivity compared to conven-
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determining the electrical properties of doped polymer
films,"*~"* as well as to quantify the interaction between
counterions and environmental factors such as humidity."”

AX doping has been studied using multiple different
polymers and initiator dopants.”~'"">7>* A standard combi-
nation includes the conjugated polymer poly(3-hexylthio-
phene-2,5-diyl) (P3HT), the well-studied molecular oxidant
2,3,5,6-tetrafluoro-tetracyanoquinodimethane (F,TCNQ), and
the inert electrolyte lithium bis(trifluoromethane) sulfonimide
(LiTFSI), the chemical structures of which all can be found in
Figure 1.

Chemical doping of P3HT forms two new electronic states
between the polymer’s valence band and conduction band.
These new states created upon doping lead to three new
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Figure 1. Structures of the various polymer, dopants and salt used in this study. The top row shows the two different structures of P3HT:
regioregular (RR) P3HT (top left) and regiorandom (RRa) P3HT (top right). The bottom row, from left to right, shows the structure of a
secondary polymer, (PProDOT-Hx,), the initiator dopant, F,TCNQ, the LiTFSI electrolyte used for AX doping, and the dopant DDB-F, where

the blue spheres indicate B atoms.

optical transitions associated with the presence of polarons,
labeled P1, P2, and P3 on the energy diagram of a doped
polymer shown in Figure 2. These transitions can be observed

Conduction

band

Figure 2. Energy level diagram of a p-doped conjugated polymer with
the polaronic optical transitions labeled. The lower midgap state is
singly occupied, and the bandgap transition connects the valence and
conduction bands (cf. Figure 3).

using UV—vis/NIR spectroscopy, and their presence is often
used to confirm doping. For example, when conventionally
doping P3HT with F,TCNQ (as seen below in Figure
3a)b,d,e), the doped polymer (see Experimental Methods for
how the films were created) shows both P1 and P2 optical
transitions near 0.5 and 1.5 eV, respectively, confirming the
formation of polarons. The P3 transition is usually forbidden
by symmetry and generally appears only weakly or not at
all.”*~*” The F,TCNQ" anion also has absorption features at
1.4, 1.6, 1.8, and 3.0 €V, as highlighted on the dashed curves in
Figure 3ab,d,e by asterisks, verifying the presence of the
counterion in F,TCNQ-doped conjugated polymer films.

As previously stated, the AX doping method exchanges out
the dopant counterion for the salt anion by mass action. The
absence of F,TCNQ ™ anion peaks following AX doping
indicates a successful exchange process, as the TFSI™ anion
does not absorb in the spectral region shown in Figure 3. The
solid traces in Figure 3a,b,d show the spectroscopy of P3HT
films that have been AX doped with F,TCNQ_and LiTFSI
(again, see the Experimental Methods section for details of the
film fabrication), where the disappearance of the F,TCNQ~
counterion peaks indicate successful counterion exchange.

Although many studies have been published using AX
doping,”™""">***” the chemistry that takes place during this
process involves more than simple mass action ion exchange.
For example, in some cases, we see the presence of two new
electronic absorption peaks at ~1.95 and ~3.65 eV (which we
refer to as the Z and Z' peaks, respectively), highlighted in
Figures 3a,d,e, that do not appear following conventional
doping. As far as we are aware, these absorption features have
not been discussed or assigned in the literature, even though
they have been observed in at least one other AX doping study
independent from our group.’® The purpose of this paper is to
explore these two peaks that are associated with AX doping
and determine what new electronic species is created via this
process. Throughout what follows, we will consider four
different possible assignments for these two peaks, including:
(1) a P3 transition that has somehow become less symmetry-
forbidden,”' =% (2) a charge—transfer complex (CTC)
between the polymer and initial dopant,**™** (3) a dianion
of the initial dopant formed via an AX-assisted double-doping
process,””** or (4) a LiF,TCNQ complex formed during the
exchange process.””"'™* We will consider each of these
potential assignments in turn.

The first idea that we will consider is that the new AX-
doping spectral feature near 1.95 eV might be the P3 transition
(cf. Figure 2). As mentioned above, the P3 transition in doped
conjugated polymers is typically symmetry forbidden.”***
Based on the energy level diagram in Figure 2, for P3HT,
the energy of the P3 transition should be the sum of the
energies of the P1 (~0.5 eV) and P2 (~1.5 eV) transitions,
which is precisely the energy of the observed AX-doping
induced spectral feature. Thus, it is possible that the AX
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Figure 3. (A) UV—visible—NIR absorption spectra of regioregular (RR) P3HT conventionally doped by sequential processing with a 6 mg mL™"
F,TCNQ in n-butyl acetate (n-BA) solution (dashed yellow trace) and anion-exchange (AX) doped with a solution of 6 mg mL™" F,TCNQ and 30
mg mL™" LiTFSI dissolved in n-BA (solid yellow trace). The Z (1.95 €V) and Z’ (3.65 €V) peaks that are the subject of this work, the polaron
transition peaks, and the polymer bandgap (BG) transition are labeled; F,TCNQ_ absorption features are denoted by asterisks. (B) Absorption
spectra of RR P3HT conventionally doped with a solution of 0.33 mg mL™" of F,TCNQ in n-BA (dashed teal trace) and AX doped with 0.33 mg
mL™! of F,TCNQ and 30 mg mL™" of LiTFSI (black trace) in n-BA. There is no sign of either the Z or Z' peaks in the AX doped sample with this
low initiator concentration. (C) Absorption spectra of RR P3HT conventionally doped with a 2.5 mg mL™" solution of DDB-Fy in n-BA, plotted in
light blue, and AX doped with a solution of 2.5 mg mL™" DDB-Fg, and 30 mg mL™" LiTFSI in n-BA. There is no sign of the Z or Z' peaks when
DDB-Fy is used as the initiator for AX doping. (D) Absorption spectra of regiorandom (RRa) P3HT conventionally doped with a solution of 6 mg
mL™' F,TCNQ in n-BA (dashed blue trace) and AX doped with solution of 6 mg mL™" F,TCNQ_and 30 mg mL™" LiTFSI (solid blue trace) in n-
BA; the AX doped film clearly shows the Z and Z’ peaks in the same location as in AX doped RR P3HT films (as do AX doped films of PProDOT-
Hx,, as shown in the SI). (E) Absorption spectra of RR P3HT doped with a solution of 3 mg mL™" F,TCNQ with 0, 3, 6, and 10 mg mL™" of
LiTFSI in n-BA, plotted in black, red, purple, and blue, respectively. The shoulder at 3.2 eV is due to excess neutral F,TCNQ, and the Z and Z'
peaks are clearly present at higher salt concentrations. (F) Normalized absorption spectra from panel E on an expanded scale, showing that the Z
peak appears when the initiator dopant and salt are present in a > 1:1 molar ratio. Electrical conductivities of the samples shown in panels a,b,d are
given in Table S1 of the Supporting Information.

doping process produces some type of structural change that is transfer complex (CTC). Typically, chemical doping results in
drastic enough to disrupt the symmetry and make the P3 integer charge transfer, in which an electron is entirely
transition more strongly allowed. removed from the polymer backbone and transferred to the
The second idea we consider is that the new AX doping- dopant. There are some extreme conditions, however, that
induced spectral features result from some type of charge— result in placement of the dopant so that electron density is
15773 https://doi.org/10.1021/acs jpcc.5c02950
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shared between the polymer and the F,TCNQ; such a species
is known as a CTC.”*™*® CTC formation between P3HT and
F,TCNQ is characterized by a broad electronic absorption
feature near 2.0 eV, similar to the Z peak we observe with AX
doping.”” P3HT/F,TCNQ CTCs are also characterized by a
C=N vibrational signature on the partially negatively charged
F,TCNQ at ~2200 cm™, and by a broadening of the P1 peak
to have significant absorption at 0.65 eV.”’ Although some
CTCs are typically always present in F,TCNQ-doped P3HT
films,”**” producing a significant amount of CTCs usually
requires extreme processing conditions such as high-temper-
ature annealing, using a branched-side-chain polymer to force
dopants into the z-stacks, or using solvents that dissolve and
recrystallize the doped polymer.*”">*® Thus, it is possible that
AX doping is another example of an extreme processing
condition that encourages the formation of CTCs.

The third plausible assignment for the Z and Z’ peaks that
we consider is that incorporating LiTFSI into the dopant
solution increases the doping potential of F,TCNQ enough to
double dope P3HT. Studies have shown that even though it is
an anion, F,TCNQ” is capable of oxidizing low ionization
energy conjugated polymers.”” The absorption spectra of
(Li*),F,TCNQ?™ shows an electronic feature at 3.7 eV, in the
general location where we see the Z' peak.”” Other work has
suggested that F,TCNQ?" in solution may absorb in the visible
region at 481 nm (2.57 eV) or at 567 nm (2.19 eV),4O’47 near
where we see the Z peak. Thus, it is possible that the additional
oxidation potential obtained through AX doping allows for the
removal of two electrons per dopant from the polymer
backbone, giving rise to F,TCNQ’~ counterions in the doped
films and thus the Z and Z’ peaks.

Finally, we consider the idea that the new absorption
features arise from a LiF,TCNQ complex trapped in the AX
doped polymer films. Previous studies have explored using
F,TCNQ to dope silver nanoparticles in order to improve their
electronic capabilities in devices;”**”**™>° one such study
sug§ested that a AgF,TCNQ complex forms that absorbs at 2.0
eV,”? precisely where we see the Z peak. These studies thus
suggest that forming a cationic complex with F,TCNQ~ is
possible, leading us to consider the LiF,TCNQ complex as a
possible assignment for the Z and Z’ peaks. In what follows, we
sort through each these four possibilities using a series of
experiments and quantum chemistry calculations. We conclude
based on the evidence that the new spectral peaks arise from a
LiF,TCNQ complex that forms during the AX doping process
and remains behind in the doped polymer film.

2. EXPERIMENTAL METHODS

To study what happens during anion-exchange (AX) doping
that produces the Z and Z’' absorption peaks, we AX doped
three different conjugated polymers: regioregular (RR) and
regioregular (RRa) P3HT, and dihexyl-substituted poly(3,4-
proylene-dioxythiophene) (PProDOT-Hx,);”" see Figure 1 for
chemical structures. The chemical doping of all three polymers
was performed using sequential processing (SqP), a method
developed in our group that produces a superior film quality
compared to blend casting.””* SqP entails casting the polymer
on a substrate first, followed by a second step casting the
dopant from a solvent that is carefully chosen to swell but not
dissolve the polymer film. RR P3HT was dissolved at a 2% w/v
concentration in 1,2-dichlorobenzene (o-DCB) while RRa
P3HT was dissolved in a 1% w/v concentration in chloroform
(CF). Following SqP, in the subsequent doping step, the

initiator dopant, F,TCNQ, and for AX doping, the inert salt,
LiTFSI, were dissolved in n-butyl acetate (n-BA) with varying
concentrations. 100 uL of the dopant solution was allowed to
sit on top of the polymer film for 80 s, to allow time for the
doping and exchange process to unfold, before the excess
solution was spun off. A more detailed description of the
experimental procedure, including spin times and concen-
trations can be found in the Supporting Information. We also
performed electrical conductivity measurements of our doped
samples (see Table Sl in the Supporting Information) but
found that the presence of the Z and Z’ peaks do not appear to
affect the electrical properties, as discussed in more detail in
Section S4 of the Supporting Information.

3. FORMATION CONDITIONS FOR THE Z AND Z’
PEAKS

To determine which of these four assignments, if any, makes
the most sense for the Z and Z’ peaks that appear upon AX
doping of conjugated polymers, we first explored whether or
not the presence of the peaks depends on the choice of
initiator dopant. Both we (see solid traces in Figure 3a,d) and
others™ have seen that the Z and Z’ peaks appear when using
the common AX dopant/salt combination, F,TCNQ and
LiTFSL. Thus, we used a different initiator dopant to
determine if the peaks are associated with the use of
F,TCNQ. Figure 3c shows the absorption spectra of P3HT
both conventionally doped with a dodecaborane-based dopant
(DDB-F,***° blue curve, see Figure 1 for chemical structure)
and AX-doped with DDB-F¢, and LiTFSI (brown curve). In
the conventionally doped sample in this low doping regime,
the local symmetry is broken, allowing for the P3 peak to
weakly appear.”* The P3 peak is not observed in the AX-doped
sample, which is more strongly doped as evidenced by the
higher intensity of both the P1 and P2 peaks and the increased
depletion of the bandgap absorption. Most importantly,
however, the AX-doped sample shows no signs of either the
Z or Z' peaks. This suggests that the electronic species that
absorbs at 1.95 and 3.65 eV is associated with the F,TCNQ_
dopant.

We note that in their original AX doping study, Yamashita et
al. used F,TCNQ_ as the initiator dopant and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-
TFSI) as the salt.” When these workers used the same
concentrations of dopant and salt as we used in Figure 3a, they
did not observe any sign of the Z or Z' peaks.” This is also
consistent with the idea that the combination of F,TCNQ and
LiTFSI is essential in forming the new absorbing electronic
species.

Since it appears that the F,TCNQ/LiTFESI dopant/salt
combination is necessary to create the Z and Z' peaks
following AX doping, we turn next to see if formation of the
species responsible for these peaks depends on the
concentration of either the dopant or the salt. We first limited
the dopant concentration (0.33 mg mL™' or 1.2 mM
F,TCNQ) while keeping the salt in excess (30 mg mL™" or
105 mM LiTFSI); the spectra of the resulting AX-doped
P3HT films are shown in Figure 3b. The conventionally doped
sample (dashed teal trace) verifies that the polymer is indeed
doped with F,TCNQ, as confirmed by the presence of
F,TCNQ anion absorption peaks, highlighted with asterisks.
The AX-doped sample (solid green trace) shows that the
exchange process was successful because the F,TCNQ™ peaks
disappear upon the addition of excess LiTFSL In this dopant-

https://doi.org/10.1021/acs.jpcc.5c02950
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limited case, however, we see no signs of the Z and Z’ peaks,
indicating that there are specific concentration conditions for
formation of the species responsible for these peaks.

We next tested the AX salt content to help understand the
conditions under which the new species begins to form. Figure
3e shows the absorption spectra of P3HT doped with 3 mg
mL™ (10.9 mM) F,TCNQ, and AX-doped with the addition
of 3, 6, or 10 mg mL™" (10.5, 20.9, and 34.8 mM, respectively)
of LiTFSI. Figure 3f shows a zoom-in of the Z-peak region near
2 eV, with the spectra normalized at 1.8 eV for ease of
comparison. When the dopant to salt ratio is less than 1:1
(black and red traces), F,TCNQ~ anion peaks are still visible.
This indicates that equimolar ratios of salt must be present to
fully exchange out all of the original dopant counterions. More
importantly, only when the salt is in molar excess (purple and
blue traces) are the Z (and Z’) peaks formed. This indicates
that formation of the species that absorbs at 1.95 and 3.65 eV
is contingent on having an excess concentration of both dopant
and salt. Therefore, for the remainder of this study, we focus
on doping P3HT with 6 mg mL™"' (21.7 mM) F,TCNQ and
30 mg mL™" (104.5 mM) LiTFS], as in Figure 3a,d, to better
understand the species responsible for the Z and Z’ absorption
peaks that is readily made under this doping condition.

4. THE Z AND Z' PEAKS APPEAR IN THE SAME
LOCATION WITH DIFFERENT POLYMERS

Now that we have established that the peaks have specific
formation conditions, we can use a combination of
experimental and theoretical studies to explore the four
possible assignments. First, the idea that the Z peak at 1.95
eV could be a broken symmetry-allowed P3 transition is not
consistent with the fact that the Z peak also appears
concomitantly with Z’ at 3.65 eV. A second reason that the
Z peak is likely not the P3 transition comes from the fact that
we studied two different P3HT samples with different
regioregularities. Regiorandom (RRa) P3HT has a bandgap
that is ~0.5 eV bluer than the regioregular (RR) P3HT that we
studied in Figure 3a—c,e. When doped, RRa P3HT has its P1
transition at 0.65 eV and its P2 transition at 1.65 eV (see
dashed trace Figure 3d), suggesting that the P3 transition
should occur near 2.3 eV. However, AX doping of RRa P3HT
(Figure 3d) with the same 6 mg mL™' F,TCNQ 30 mg mL™"
LiTFSI solution that we used for RR P3HT (Figure 3a) shows
that the Z and Z’ peaks are in the exact same spectral positions.
Furthermore, in Figure S2 in the Supporting Information, we
compare conventional and AX doping of PProDOT-Hx, and
again find that the Z and Z' peaks are in the exact same
location. All of these results indicate that these peaks are not
associated with the P3 transition of the doped polymer.

5. FTIR SPECTROSCOPY OF
ANION-EXCHANGE-DOPED P3HT

Since it appears that F,TCNQ is necessary to create the
species responsible for the Z and Z' peaks, we can take
advantage of the fact that the vibrational stretching modes of
the nitrile groups on the F,TCNQ dopant absorb in an
otherwise spectrally quiet region to probe what is happening
with FTIR spectroscopy. It is well-known that the B}, and B,,
vibrational modes of F,TCNQ", which are generally located at
~2190 cm™" and ~2170 cm™’, respectively, shift depending on
the charge on the molecule as well as the degree of polaron
localization and crystallinity of the nearby doped polymer.>

Figure 4a,b show the normalized C=N stretching vibrations
for both conventionally- and AX-doped samples of RR and
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Figure 4. F,TCNQ_nitrile stretch FTIR vibrational spectra for (a) RR
and (b) RRa P3HT conventionally doped (CD) with 6 mg mL™"
F,TCNQ_ (dashed traces) and anion-exchange doped (AXD) with 6
mg mL™" F,TCNQ and 30 mg mL™" LiTFSI (solid traces). Both CD
samples show the B;, (~2190 cm™) and B,, (~2170 cm™)
vibrational modes associated with F,TCNQ_. The AXD samples for
both polymers show a peak close to where P3HT/F,TCNQ CTCs
are known to absorb (2200 cm™), but they also show a peak near
2220 cm™!, closer to where neutral F,TCNQ absorbs.

RRa P3HT, respectively. The conventionally doped samples
(dashed traces) have their F,TCNQ~ B,, and B,, modes at
2188 and 2170 cm™ in RR P3HT, and at 2190 and 2166 cm™!
in RRa P3HT. The AX-doped samples (solid traces), however,
show nitrile stretching peaks at ~2200 and ~2220 cm™ for
both RR and RRa P3HT, even though there is no sign of the
electronic absorption of F,TCNQ" in these samples. We also
note that these frequencies are too high to be associated with
F,TCNQ, but given the spectral region, they must be nitrile
stretches on some form of F,TCNQ that has remained in the
AX-doped films.

The presence of higher-frequency nitrile stretches on
F,TCNQ in Figure 4, along with the positions of the Z and
Z' peaks in Figure 3a,d, appears to suggest the possibility of
CTC formation. Indeed, it has been demonstrated that one
feature of the CTC that forms between P3HT and F,TCNQ is
the presence of a C=N stretching mode at 2200 cm™,***’
similar to what is seen in Figure 4. CTCs also have been
reported to absorb near 2 eV,”” but the CTC electronic
absorption peak is much broader than that observed in Figure
3a,d, and there is no evidence that CTCs absorb near 3.5 eV
where we see the Z' peak. Moreover, we do not see any
broadening of the P1 peak in Figure 3a,d, another key feature
associated with CTC formation in this system.37 In addition,
there are no reports of CTCs with F,TCNQ having a
vibrational absorption at ~2220 cm™" (closer to where neutral
F,TCNQ absorbs), which we also observe in Figure 4. Thus,
while we may possibly have created some CTCs upon AX
doping of RR and RRa P3HT, it does not appear that the Z
and Z' peaks are associated with CTC formation.

6. RESONANCE RAMAN SPECTROSCOPY OF THE
F,TCNQ™ AND Z PEAKS OF CONVENTIONALLY-
AND AX-DOPED P3HT

Since it appears that the species giving rise to the Z and Z’
peaks is connected to an F,TCNQ species with shifted
vibrations, we turn next to resonance Raman spectroscopy to
correlate the electronic transitions with specific nitrile
vibrational modes. To accomplish this, we first use 785 nm
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(1.58 eV) excitation on both conventionally- and AX-doped
samples of both RR (Figure Sa) and RRa (Figure Sb) P3HT.
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Figure 5. 785 nm excitation resonance Raman spectroscopy of (a) RR
and (b) RRa P3HT conventionally doped (CD) with 6 mg mL™
F,TCNQ (dashed traces) and anion-exchange doped (AXD) with 6
mg mL™" F,TCNQ and 30 mg mL™' LiTESI (solid traces). This
excitation wavelength is on resonance with the F,TCNQ" anion. The
CD samples show nitrile stretches at 2196 cm™" and 2198 cm™ for
RR and RRa P3HT, respectively. The AXD samples show no
detectable nitrile stretches, indicating successful counterion exchange.
633 nm excitation resonance Raman spectroscopy of CD (dashed
traces) and AXD (solid traces) (c) RR and (d) RRa P3HT. This
excitation wavelength excites the Z peak directly. In the CD samples
both the RR and RRa P3HT have peaks at ~2200 cm™", which could
correspond to a CTC. The AXD films also have a C=N stretch that
is shifted to 2235 and 2231 cm™ for RR and RRa P3HT, respectively,
confirming that the Z peak is associated with some F,TCNQ-related
species.

Light at 785 nm is on resonance with the F,TCNQ" electronic
absorption, which means that we expect to see C=N
stretching vibrations in the resonance Raman spectra of the
conventionally doped samples but not in the AX-doped films
where most of the counterions have been exchanged away for
TESI". Indeed, the 785 nm Resonance Raman data shows a
nitrile stretching mode only for the conventionally doped
samples (dashed traces), with no sign of C=N stretches in the
AX-doped (solid traces) samples. This verifies that the
exchange process was successful and that there is not a
significant amount of F,TCNQ left in the AX-doped films,
reinforcing our conclusion that the Z peak is not associated
with the bare F,TCNQ” anion.

We next turn to on-resonance Raman spectroscopy by
exciting the Z peak directly at 633 nm (1.96 eV), with the data
shown in Figure Sc,d for doped RR and RRa P3HT,
respectively. The conventionally doped samples, shown with
dashed traces, display peaks at 2198 cm™' and 2202 cm™! for
the two polymer environments, which could be consistent with
the presence of a CTC between the F,TCNQ dopant and the
host polymer. It is known that the F,TCNQ/P3HT CTC
absorbs at this excitation wavelength, so it would make sense
that we could be probing some of the small number of CTCs
that are always formed with this dopant, even if they are not
strongly evident in the UV-vis-NIR absorption spectrum.’**’
More importantly, the fact that we see vibrational features
around 2198 cm™' when exciting the conventionally doped
samples using both 785 and 633 nm wavelengths indicates that

the species giving rise to this peak is likely not the same one
that forms the Z peak. In contrast, when excited at 633 cm™,
the AX-doped films show C=N vibrational modes at higher
wavenumbers, 2235 and 2231 cm™ for RR and RRa P3HT,
respectively. Thus, these peaks are indeed associated with
nitrile stretches on the F,TCNQ dopant, but they are not
coming from a F,TCNQ/P3HT CTC.

The position of the vibrational peaks associated with
resonant excitation of the Z peak also allows us to comment
on the possibility of forming an F,TCNQ’~ dianion of the
initiator dopant during AX doping of P3HT films. As
mentioned in the introduction, there have been literature
reports that the F,TCNQ’" dianion might have an electronic
absorption in the visible region of the spectrum near where the
Z peak absorbs, as well as an absorption at the position of the
Z' peak.’”***’ However, the F,TCNQ>" dianion has nitrile
vibrational frequencies at 2166 cm™ and 2136 cm™.>7*%%
The data in Figures Sc,d show that the C=N vibrational
frequencies associated with the Z-peak are nearly 100
wavenumbers blue-shifted from the known F,TCNQ"~
modes. This indicates that the AX process is not conducive
to double doping with the P3HT/F,TCNQ materials
combination and that the Z and Z’ peaks are not associated
with F,TCNQ2~.>?***

7. QUANTUM CHEMISTRY CALCULATIONS OF
DIFFERENT F,TCNQ-BASED SPECIES

Given that the vibrations of the F,TCNQ-based species
responsible for the Z and Z’ peaks lie to higher frequency than
those of the monoanion, this suggests that the species
responsible for these peaks has more of the character of
neutral F,TCNQ. This idea led us to investigate the possibility
of having a lithium ion from the electrolyte form a complex
with F,TCNQ" during the AX doping process; forming such a
complex would render the F,TCNQ anion insoluble,
potentially leaving it in the doped film. Previous studies
using F,TCNQ to dope Ag nanoparticles suggest that
AgF,TCNQ_ complexes can form and that they have an
electronic absorption near 2 eV.>* This indicates not only that
F,TCNQ can form complexes with small cations, but also that
such complexes could have electronic transitions where we see
the Z and/or Z’ peaks.50 This idea would also be consistent
with the facts that we see these features only when there is a
sufficiently high salt and F,TCNQ concentration, that the
peaks are independent of the polymer being doped, and that
the peaks do not appear when salts with other cations are
used.”

To investigate this possibility, we started by performing
density functional theory (DFT) quantum chemistry calcu-
lations on LiF,TCNQ complexes with multiple locations of the
Li* in relation to F,TCNQ. The calculations are performed at
the B3LYP/6-311++G level of theory, with the electronic
spectra calculated using TD-DFT, as discussed in more detail
in the Supporting Information. Here, we focus on the
configuration in which the Li" is placed “in line” with one of
the cyano groups of F,TCNQ; a cartoon of this geometry is
shown in the inset of Figure 6b as well as in the TOC graphic.
The calculated vibrational frequencies and ground-state
absorption electronic absorption spectrum of LiF,TCNQ_ are
plotted in Figure 6a,b, respectively. The calculated IR
frequencies of F,TCNQ~ complexed with Li* (2239 cm™)
are blue-shifted from those of uncomplexed F,TCNQ, similar
to what is seen in the resonance Raman experiments when
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Figure 6. Panels a and b show DFT-calculated vibrational frequencies (IR spectrum) and TD-DFT-calculated electronic absorption of LiF,TCNQ,
respectively. The calculated IR spectrum of the complex shows that the nitrile stretching vibration is significantly blue-shifted compared to that of
both the uncomplexed F,TCNQ anion (green curve, panel c) and the F,TCNQ?" dianion (see the Supporting Information). The absorption
spectrum of the LiF,TCNQ complex shows peaks at 2 and 3.2 eV. Panels ¢ and d show the calculated vibrational frequencies and electronic
spectrum of F,TCNQ'~ (green curves) and tetrabutylammonium (TBA)-F,TCNQ_(purple curves), indicating that the large counterion does not
affect the electronic structure or vibrational frequencies of F,TCNQ" the way that the small Li* cation does.

exciting the Z peak on resonance. The calculated electronic
absorption for LiF,TCNQ_has peaks at ~2.0 and ~3.2 €V, in
excellent agreement with the positions of the Z and Z’ peaks
seen in experiment. Thus, we propose that the Z and Z' peaks
seen upon anion-exchange doping of conjugated polymers at
high concentrations are associated with a LiF,TCNQ_complex.

We also calculated the properties of F,TCNQ~ complexed
with a tetrabutylammonium (TBA") cation, as shown in Figure
6¢,d, to test if any positively charged ion could form a species
that would give rise to the Z and Z’ peaks. The data make clear
that unlike with Li", the TBA" ion does not greatly affect either
the vibrations or the electronic absorption of F,TCNQ". This
is due to the TBA" counterion’s size, which places its charge
too far away from the F,TCNQ™ anion to affect its electronic
structure, whereas the smaller and higher charge density Li*
has a much stronger interaction. Thus, different initiator
dopant and cation complexes do not form peaks in the visible
or shift the nitrile stretches to higher frequencies the way we
see experimentally and the way that is predicted for the
LiF,TCNQ complex. Overall, all of the data and calculations
support the assignment of the Z and Z’ absorption peaks seen
following AX doping of conjugated polymers to a LiF,TCNQ
complex that forms after TFSI™ exchanges with F,TCNQ,
with the insoluble complex remaining in the doped polymer
film.

8. VERIFYING AND QUANTIFYING LIF,TCNQ
COMPLEX FORMATION IN AX DOPING

With our conclusion that the Z and Z’ peaks arise from a low-
solubility LiF,TCNQ complex that forms during the AX
process and remains trapped in the doped polymer film, we
turn next to a brief series of experiments that help verify the

15777

assignment of these peaks, and then work to quantify the
amount of complex that is formed.

First, we structurally analyzed the AX-doped films using
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS),
with the results shown in Figure S1 of the Supporting
Information. The anion exchange process is known to change
the structure of doped P3HT films, both because of the
enhanced doping level and because the TFSI™ ion fills space in
the P3HT crystal lattice differently than the F,TCNQ~
anion.””"" We find that we see the structural changes expected
with AX doping whether or not the Z and Z’ peaks are present,
indicating that the formation of the complex does not
significantly affect the structure of the doped polymer film.
However, we do see a small scattering peak at ~0.56 A~
whose amplitude roughly scales with the amplitude of the Z
and Z’' peaks in the absorption spectrum. We speculate that
this peak may correspond to the lattice spacing of crystallites of
LiF,TCNQ complexes, a possibility that is discussed in more
detail in the Supporting Information.

As a second approach to verify the identity of the Z and Z’
peaks as arising from LiF,TCNQ, we attempted to make the
complex electrochemically by reducing F,TCNQ in solution in
the presence of either a LiTFSI or a TBA* TSFI™ electrolyte
and then casting the reduced solution onto a poly(vinyl
alcohol) film. Figure S7 in the Supporting Information shows
the results, where the Z and Z' peaks (along with both
F,TCNQ~ and F,TCNQ absorption bands) are clearly evident
when the LiTFSI electrolyte is used, but absent when the
TBA"* TESI™ electrolyte is used, providing strong verification
of our assignment of these peaks to LiF,TCNQ.

Third, we worked to see if we could ‘reverse anion exchange’
the LiF,TCNQ complex by applying a postdoping solvent
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washing step to break up the complex and regenerate
F,TCNQ . To do this, we took a RR P3HT film AX-doped
with 6 mg mL™" F,TCNQ and 30 mg mL™' LiTFSI that
displayed the Z and Z’ peaks and washed it with pure n-BA.
We chose n-BA because the complex should be insoluble in
this solvent (given that the complex forms when using this
solvent and then remains in or on the doped polymer film).
The TESI™ anion in the doped film, however, is highly soluble
in n-BA, so if washing removes TFSI”, this would create a mass
action driving force to break up the LiF,TCNQ complex, using
F,TCNQ liberated from the complex to serve as the polaron
counterion and releasing Li* and TFSI™ into solution.

Figure 7 shows the results of this ‘reverse anion exchange’
washing experiment; the red trace shows the absorption
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Figure 7. UV—vis—NIR absorption spectra of 97% RR P3HT anion-
exchange doped (AXD) with 6 mg/mL F,TCNQ and 30 mg/mL
LiTFSI (same as in Figure 3a) both before (red curve) and after
(black curve) washing with n-BA solvent. It is clear that washing the
samples removes the Z and Z’ peaks that arise from the LiF,TNCQ
by breaking up complex, causing “reverse anion exchange”, as
evidenced by the appearance of F,TCNQ" peaks, which are marked
with asterisks. The increase in the BG absorption and decrease in the
P2 absorption indicate that the washing process also has partly
dedoped the sample.

spectrum of the as-prepared AX-doped P3HT film, while the
black trace shows the same film after washing with n-BA. The
results show clearly that washing not only eliminates the Z and
Z' peaks, but also creates a new population of F,TCNQ~
(peaks highlighted by asterisks), which could only have come
from dissociation of the LiF,TCNQ complex. Thus, this
experiment provides further evidence that the Z and Z’ peaks
arise from LiF,TCNQ.

One interesting feature of the spectra in Figure 7 is that the
magnitude of the newly formed F,TCNQ™ peaks following -
BA washing is about ~25% of that observed following
conventional doping with F,TCNQ_(cf. Figure 3a). This
suggests that a significant fraction of the F,TCNQ used in the
AX doping process gets tied up in LiF,TCNQ complexes and
remains in the film, leading to the question of the formation
yield of the complex. We tried several approaches to quantify
the amount of LiF,TCNQ_ complex in our AX-doped films.
First, we used the calculated oscillator strength of the complex’
Z-peak from Figure 6b and the measured optical density of that
peak in the AX-doped RRa P3HT sample in Figure 3d (see the
Supporting Information for details) to estimate the number
density of complexes in that sample. With this analysis,
described further in the Supporting Information, we obtained a
value of about 1.27 X 10*° absorbers per cm®. Given that films

of P3HT that have been anion-exchanged-doped to a high level
have been reported to have a doping density of approximately
4.7 X 10%° ecm™>° this suggests that ~25% of the F,TCNQ
molecules used in the initial doping process end up trapped as
LiF,TCNQ complexes after the exchange process is complete.

As a second way to quantify the amount of complex formed
during AX doping, we used the amplitude of the ~2220 cm™
nitrile stretching vibration of the complex in seen in the solid
curve in Figure 4b to estimate the amount of complex in the
sample. The idea is to compare the amplitude of that peak to
the amplitude of the ~2190 cm™ B, stretch of F,TCNQ in
the conventionally doped sample (dashed curve in Figure 4b),
assuming that the IR cross sections of these two peaks are
similar. We did this by fitting all of the peaks in the nitrile
stretch region, with the unnormalized IR spectral data and fits
summarized in Figure S5 and Table S3 in the Supporting
Information. We find that the amplitude of nitrile stretch of the
LiF,TCNQ_ complex is ~20% that of the B;, peak in the
conventionally doped sample, again suggesting that ~20% of
the F,TCNQ~ anions are trapped by Li* and become
complexes during the AX doping process.

Finally, we performed X-ray photoelectron spectroscopy
(XPS) on a RR P3HT AX-doped sample whose absorption
spectra show the Z and Z' peaks (same doping conditions as in
Figure 3a). The results are shown in Figure S6 and Table S4 of
the Supporting Information. By examining the ratios of the
elements Li, F, N and S in the sample, we are able to determine
the amount of LiF,TCNQ complex relative to the amount of
TESI™ that serves as the counterion for the polarons. Of
course, XPS primarily probes only the top few nm of the film,
whose composition may or may not be representative of the
bulk of the film; however, we were able to estimate that about
25% of the F,TCNQ that is in the film is converted to
LiF,TCNQ, which is similar to the values we obtained from
the other analysis methods presented above.

9. CONCLUSIONS

In summary, using UV—visible and FTIR absorption spectros-
copy, resonance Raman spectroscopy and density functional
theory calculations, we have investigated the origin of the 1.95
and 3.65 eV absorption peaks that appear following high-
concentration anion-exchange doping of conjugated polymers.
We were able to eliminate possible assignments as arising from
the P3 transition of the doped polymer, a CTC between the
polymer and the dopant, and dianions of the dopant, but found
strong evidence that the species involved is a LiF,TCNQ
complex. When high concentrations of both the dopant and
Li* are present, there is enough of this complex species to be
seen readily seen spectroscopically, indicating that this is an
important byproduct of the AX doping process. We were able
to estimate using multiple methods that ~25% of the
F,TCNQ~ anions created upon doping the film become
trapped as LiF,TCNQ_complexes during the AX process. We
also showed that under the proper conditions, the complex
could be dissociated in a ‘reverse anion exchange’ process,
regenerating the original F,TCNQ”. The results also extend
our understanding of TCNQ-based ionic comoplexes, which
have a rich and varied history in the literature.*”*’
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Readers can find the following information: the specific
materials used; film preparation and polymer doping
procedures; details about characterization methods such
as UV—vis, FTIR, and Raman; conductivity measure-
ments; structural analysis; secondary polymer studies;
details about the quantum chemistry calculations;
quantitative analysis of the complex; and electrochemical
experiments (PDF)
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