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Abstract

In both chemical and electrochemical doping of organic semiconductors (OSCs), a
counterion, either from the electrolyte or ionized dopant, balances the charge introduced to the
OSC. Despite the large influence of this counterion on the OSC optical and electronic
response, there remains substantial debate on how a fundamental parameter, ion size, impacts
these properties. This work addresses this discrepancy by accounting for two doping regimes.
In the low-doping regime the Coulomb binding energies between polarons on the n-
conjugated polymers and the counterions are significant, and larger counterions lead to
decreased Coulomb interactions, more delocalized polarons, and higher electrical
conductivities. In the high-doping regime the Coulomb binding energies become negligible
due to the increased dielectric constant of the films and a smoothing of the energy landscape;
thereby, the electrical conductivities depend primarily on the extent of morphological disorder
in the OSC. Moreover, in regioregular poly(3-hexylthiophene), rr-P3HT, smaller counterions
lead to greater bipolaron concentrations in the low-doping regime due to the increased
Coulomb interactions. Emphasizing the impact of the counterion size, we show that larger

counterions can lead toincreased thermoelectric power factors for rr-P3HT.
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1. Introduction

The doping of organic semiconductors (OSCs) is widely used to modulate OSC
electronic and optical properties in devices such as organic light emitting diodes,
thermoelectrics, electrochromics, and electrochemical transistors.[!l Doping can be
accomplished via either chemical or electrochemical mechanisms, and in both cases can
improve important material properties, such as charge-carrier mobility and electrical
conductivity.?’l In chemical doping, dopant molecules are introduced to reduce or oxidize the
OSC and compensate the newly acquired charges;®! whereas, in electrochemical doping a
working electrode oxidizes or reduces the OSC while ions transferred from an electrolyte
solution balance the injected charge carriers.!* In both chemical and electrochemical doping
the structure of the counterion, i.e., either the dopant ion or electrolyte ion that compensates
the charge carrier on the OSC, impacts the optical and electronic properties.L!

While these concepts are well established, it remains difficult to isolate how the
structure of the counterion impacts optical and electronic properties due to the number of
variables at play. For example, when chemically p-doping an OSC, the dopant molecule must
have an electron affinity (EA) that is greater than the ionization energy (IE) of the OSC.!®!
This difference in the IE and EA of OSCs and dopant molecules can have a large effect on
doping efficiency.”) Furthermore, some dopants may even contribute more than one charge-
carrier per dopant molecule.[®! Adding further complication, chemical doping is susceptible to
the formation of charge-transfer complexes, wherein orbital hybridization between OSC and
dopant leads to less mobile charge-carriers and reduced electrical conductivity.[! These
dopant-dependent effects lead to a high uncertainty in charge-carrier concentration and often
require differing dopant concentrations to reach the same charge-carrier concentration,
thereby, making it difficult to disentangle how counterion structure impacts optical and
electronic properties.

A conceptually simple counterion property to consider is size. Here, counterion size is
thought to be an important variable from the standpoint of impacting the Coulomb binding
energy between the charge carrier on the OSC and the counterion, i.e., the center of mass of a
larger counterion will remain further from the n-conjugated backbone than a smaller
counterion and thereby result in a decreased Coulomb binding energy with the charge carrier.
Yet, there are conflicting reports of whether dopant size actually matters."'”] Work from
Sirringhaus and co-workers indicates that at high doping concentrations the electrical
conductivity is not correlated with anion size but rather with the degree of paracrystallinity.!!]

Follow up work by the same group investigated the intermediate doping regime in PBTTT,
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again finding that dopant size does not exert a large effect on thermoelectric properties down
to electrical conductivities in the 0.1 — 1 S cm™! range.['?! Other studies support that large
dopants can interfere with the microstructure of the polymer films and limit the electrical
conductivity, suggesting that smaller dopants may be better.’® 2l Alternatively, there are
several works that observe higher electrical conductivities with larger dopants, which are
attributed to decreased Coulomb interactions resulting in more delocalized charge carriers.>
Bl Ultimately, mixed results with counterions of different size have thus far presented
challenges in obtaining a universal understanding of how and why counterion size matters.
In this paper we apply a quantitative approach to probe the optical, electronic, and
thermoelectric properties of doped n-conjugated polymers as a function of charge-carrier
concentration, which is directly determined during electrochemical doping. To establish a
well-defined difference in counterion size, we focus primarily on lithium tetrafluoroborate
(LiBF4) and sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBArF) as the
electrolyte ions; here, BF4™ provides a smaller counterion to a positive charge carrier, while
BArF~ provides a larger counterion. Notably, both counterions are roughly spherical in
shape.'] Regioregular and regiorandom poly(3-hexylthiophene), rr-P3HT and rra-P3HT,
respectively, are investigated to probe the effects of a semi-crystalline vs. mostly amorphous
film. The combination of quantitative charge-carrier concentrations from electrochemical
doping coupled with spectroelectrochemistry, electron paramagnetic resonance (EPR), density
functional theory (DFT) calculations, thermoelectric characterization, and recent literature
contribute to a comprehensive model of how counterion size impacts doped OSC properties

over a wide range of charge-carrier concentrations.

2. Results and Discussion

It is first important to consider qualitatively the differences in polymer films after
electrochemical doping with anions of differing size. The diagram in Figure 1 schematically
depicts our proposed model regarding the relative polaron sizes after electrochemical doping
of rr-P3HT films to different charge-carrier concentrations with BF4~ and BArF". This
proposed model is supported throughout the paper and is presented here to provide a clear
basis for the discussion. Here, at low doping concentrations, we propose that the smaller
counterion is able to approach the conjugated backbone of the polymer more closely while the
larger counterion is further displaced from the conjugated backbone due to its size. These
differences result in the Coulombic interactions being more pronounced for the smaller

counterion, thus leading to more localized polarons, while the larger counterion leads to more
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delocalized polarons due to the increased separation betwen the counterion’s center-of-mass
and the polymer backbone. At high charge-carrier densities, the dielectric constant of the
doped materials increase to the point where the Coulomb interactions are negligible and all
charge-carriers are effectively free.['! Such an increase in the dielectric constant was recently
predicted theoretically and experimentally supported.['! Additionally, alternative theoretical
arguments predict a diminishing effect of Coulomb interactions with increasing dopant
concentration, either due to overlapping of Coulomb wells or a flattening of the energy
landscape due to hole-hole repulsion.['® All three of these theoretical arguments result in a
decreased impact of counterion — charge carrier interactions at high charge-carrier
concentrations. This proposed counterion and charge-carrier concentration dependent model,
depicted schematically in Figure 1, is supported here through quantitative electrochemical
doping experiments combined with spectroelectrochemistry, electron paramagnetic resonance

(EPR), DFT calculations, and thermoelectric properties.

a . .
) Small hard counterion (- Large soft counterion -

Localized polaron  Delocalized polaron

b) c)
Low Doping — P3HT : BF, Low Doping — P3HT : BArF
d)
{/{D 6
High Doping — P3HT : BF High Doping — P3HT : BArF-

Figure 1. (a) Schematic diagram of our proposed model illustrating the differences in polaron
delocalization (blue) between rr-P3HT films electrochemically doped with BF4™ (green) and
5
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BArF" (pink) as counterions. Zoomed out view of proposed schematics illustrating how
polaron delocalization varies with counterion size for BF4™ (b,d) and BArF~ (c,e) at low (b,c)

and high (d,e) doping levels.

Spectroelectrochemistry was used to probe polaron and bipolaron absorbance as a
function of counterion size, polymer morphology, and charge-carrier concentration. The use
of electrochemical doping allows us to monitor the amount of charge injected into the film,
which combined with the initial film volume is used to calculate the charge-carrier density.
Here, electrochemical doping was performed by applying a set potential to the films for 60s
while measuring the injected charge. Time-dependent UV-Vis-NIR absorbance spectra (SI
Figure S1) show that doping occurs more rapidly with BF4™ as a counterion compared to
BArF-, and that 60s is adequate for doping to reach equilibrium with both counterions. The
spectroelectrochemistry data in Figure 2 and S2 shows the UV-Vis-NIR absorbance of ink-jet
printed P3HT films measured at several different charge-carrier densities after
electrochemical doping with either BF4” or BArF~ as the counterion. As the films of both rr-
and rra-P3HT become electrochemically doped, the neutral (N) absorbance decreases and two
new polaron/bipolaron absorbance peaks, P1 at lower energy and P2 at higher energy,
increase in intensity. At relatively low charge-carrier densities between 3.5 and 4.3 x 10%° cm
3, rr-P3HT:BArF- displays a P1 absorbance peak that is 0.20 eV lower in energy than the P1
peak for rr-P3HT: BF4". A similar P1 energy difference of 0.19 eV is also observed for rra-
P3HT with BArF" and BF4, indicating that this peak shift is not associated with the degree of
crystallinity. The similar trends observed for P1 shifts in both rra-P3HT and rr-P3HT are in
part attributed to this peak arising primarily from intrachain excitations.['”! We attribute the
lower energy of the P1 peak with BArF™ at low charge-carrier densities to more delocalized
polarons within the film, regardless of morphology, as supported in other works comparing

counterions of different size.® 12

I However, as we continue to dope the films, we observe a
hypsochromic shift of the P1 peak with BArF~ and a bathochromic shift with BF4, resulting in
more overlapping P1 absorbance bands for both electrolytes with both polymers at these
higher charge-carrier densities. We attribute the hypsochromic shift observed with increasing
doping for BArF" to increasing morphological disorder, as supported by the GIWAXS data
discussed later in this paper, and the bathochromic shift observed with BF4™ to increased
polaron delocalization. In general, the more similar P1 absorbance bands with the different

anions suggests that charge-carrier delocalization is less dependent on counterion size at high

charger-carrier concentrations, as proposed in the model presented in Figure 1.
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The data in Figure 2 also provides insight on how the morphology of polymer films
impacts electrochemical doping with different size counterions. The neutral absorbance for
undoped rr-P3HT shows clear evidence of crystallinity with the shoulders on the lower energy
side at 2.06 and 2.26 eV that are not apparent for rra-P3HT.['®] Although both morphologies
show a similar trend in the location of the P1 absorbance peaks, with rr-P3HT showing lower
energy P1 peaks than rra-P3HT (SI Figure S2), there is a more pronounced difference in the
P2 peaks. The more crystalline rr-P3HT film with BArF™ shows structure to the P2 peak, with
two contributing peaks centered at ca.1.3 and 1.6 eV. Whereas, for rr-P3HT:BF4™ the P2 peak
lacks the defined lower energy contribution and only displays the 1.6 eV peak. The P2 peak
with rr-P3HT:BF4™ is more similar to that of the rra-P3HT films, where the P2 peaks for rra-
P3HT show minimal difference between the counterions. We thereby attribute the low energy
contribution to the P2 peak with rr-P3HT:BArF" to absorbance from delocalized charge-
carriers in the more ordered crystalline phase. With BF4", the stronger Coulomb interactions

limit the delocalization of these charge carriers.
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Figure 2. UV-Vis-NIR data for (a) rr-P3HT and (b) rra-P3HT ink-jet printed films at varying
charge-carrier densities after electrochemically doping with BF4™ and BArF~ as anions. From

left to right, the peaks are labeled P1 (polaron 1), P2 (polaron 2), and N (neutral).

DFT and time-dependent DFT (TDDFT) calculations were used to interpret the
absorbance signatures of electrochemically doped P3HT with the different counterions. Here,
the extent of polaron delocalization and optical absorbance spectra are calculated when either
BF4™ or BArF acts as the counterion and is positioned next to the backbone (in an edge-on
fashion) of a polythiophene (PT) chain. As depicted in Figure 1a, BF4™ should be able to be in
closer contact to the PT backbone, whereas the larger size of BArF~ suggests that the distance
between the counterion and PT backbone will be constrained by the hexyl side chains. Based
on grazing incident wide angle x-ray scattering (GIWAXS)-derived lamella spacing (see

below), we set the distance of BArF- at 10 A from the PT backbone (i.e., near the center of the
8
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lamellar region), while for BF4™ an unconstrained geometry optimization predicts 5 A.
Furthermore, this difference of 5 A is consistent with the difference in the radii of BArF- vs.
BF4 (7.7 vs. 2.8 A). The DFT calculated polaron charge distribution and polaron-induced
bond distortion data presented in Figure 3 show that the charge-carrier is more delocalized on
the PT backbone in the presence of the larger BArF~ anion as compared to BF4". This
increased delocalization is attributed to a reduced Coulomb interaction owing to the center of
mass of BArF™ being further from the backbone of the polymer than that of BF4". These results
support the schematic in Figure 1.

The TDDFT calculations in Figure 3¢ show the same trend observed in experiments,
with the P1 peak appearing at a lower energy with BArF™ as opposed to with BF4". These
results are for only a single charge on the 25-mer PT oligomer and thereby model how the
absorbance of these films would look in a lightly doped state. Indeed, these trends in the P1
peak and the observed shift of 0.18 eV match well with the experimentally measured spectra
for both rr- and rra-P3HT at low doping levels, which displayed shifts of 0.19 eV and 0.20
eV, respectively. Two alternative positionings of the counterions relative to the PT backbone,
where both BF4” and BArF~ are either as close to the backbone as they can get without side
chain hinderances (Figure S3) or as far away from the backbone as possible given the
experimentally measured lamellar spacing (Figure S4), were explored. Both scenarios show a
P1 peak shift that further deviates from experiment and together provide additional support

for the schematic in Figure 1.
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Figure 3. (a) Schematic diagram showing the spatial distance of the counterions and polarons
used for the DFT and TDDFT measurements. (b) Bond distortion of the polymer backbone
with respect to counterion used. (¢) TDDFT compared with experimental UV-Vis-NIR data
showing trends in polaron absorbance. (d) Excess charge distribution on the polymer

backbone as a function of counterion used.

GIWAXS measurements were performed on electrochemically doped rr-P3HT to
probe how the counterions are distributed and how crystalline packing depends on the
counterion and charge-carrier concentration. The samples were electrochemically doped in an
inert atmosphere glovebox and sealed under nitrogen before being sent for measurements.
Stability of the doped films was probed using UV-Vis absorbance, as shown in Figure S5.
The data indicates that slight de-doping also occurs after exposure to vacuum, as is the case
during the GIWAXS measurements. The data in Table S1 and Figure 4 show extracted d-
spacings for both the - stacking (020) and the lamellar stacking (100) peaks.!'”) The neutral
n-n d-spacing of 3.73 A and the lamellar spacing of 16.23 A align with previously reported
values for semicrystalline rr-P3HT.[3%20]

When looking at the progression of the lamellar (100) d-spacings with increasing

doping concentration, we see clear increases in these distances as the films are
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electrochemically doped with both BF4~ and BArF . This increase indicates that both ions
partially reside in the lamellar regions within the crystalline domains after electrochemical
doping, with the bulkier BArF~ anion taking up more space and causing a larger increase in
the lamellar spacing. This trend qualitatively correlates with anion size, with an increase of
about 2.0 A for BF4 and 3.8 A for BArF- with a charge carrier density of ca. 1.0 x 10?! cm?.
The n-n stacking distance shows the opposite trend as the lamellar, with a decrease in -1
stacking distance with doping for both counterions. For BArF-, this distance hits a minimum
of 3.68 A at a charge-carrier density of 1.0 x 10*' cm™, while for BF4” we see a decrease to
3.53 A at the same doping level. While the n-m stacking distance remains at 3.53 A as the
charge-carrier density is increased to ca. 2.0 x 10?! cm™ for BF4, it increases to 3.85 A with
BATrF at the same doping level . This increased n-m stacking distance with BArF- at high
charge-carrier densities indicates that this larger counterion is more disruptive to the close n-n
stacking of the rr-P3HT chains. Such disruption to the morphology is further supported by the
scattering intensity shown in Figure S6. Here, the (100) peak intensity with BArF-
continuously decreases with increasing charge-carrier concentration, dropping to only 13% of
the original intensity of the neutral rr-P3HT sample when the charge-carrier concentration
reaches 2 x 10! cm™. On the other hand, the scattering intensity with BF4~ shows minimal
change relative to neutral rr-P3HT with increasing charge-carrier concentration.

tamellar
20 —

19 :

m-P3HT : BF,
rr-P3HT : BAIF |

o
:
|

1

o0 ~ @
'\ll"
[EERREE aEsEEREEERERE N

[T T
0.0 0.5 | 1.0 | 1.§3 2.0 x10%
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Figure 4. Calculated d-spacings from GIWAXS for the n-r (020) and lamellar (100) planes

plotted against charge-carrier density for electrochemically doped rr-P3HT films.
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The charge carriers in polymer films can be either singly charged polarons, which
have unpaired electrons, doubly charged bipolarons or dications,?!) which do not have any
unpaired electrons, or more highly charged states that either fall into the general polaron
(unpaired electrons) or bipolaron (no unpaired electrons) categories.!'%® 221 While it has been
proposed that the mobility of polarons and bipolarons differ and that there may be an optimal

23] other work has

ratio of polarons to bipolarons to maximize electrical conductivity;'
indicated that high electrical conductivities can be realized with <1% of the charge carriers as
polarons and the remaining 99+% as bipolarons.[*: 24 These high electrical conductivities
with primarily bipolarons as charge-carriers highlight that bipolarons contribute significantly
to the electrical conductivity. For an improved understanding of the fundamental nature of
charge carriers in doped conjugated polymers, it is important to understand how polaron and
bipolaron concentrations depend on the counterion. Here, electron paramagnetic resonance
(EPR) spectroscopy provides a direct method to probe the polaron densities in conjugated
polymers,1*>2°] as bipolarons do not have unpaired electrons and do not contribute to the EPR
signal.?!l Importantly, recent theoretical models highlight that polarons, bipolarons, and more
highly charged species show significant overlap in their absorbance spectra,?* 2% thereby
highlighting the difficulty of extracting polaron and bipolaron concentrations from UV-Vis-IR
absorbance spectra.

The EPR data presented in Figure 5 shows that rr-P3HT:BF4 has an EPR signal
intensity that is less than half of that shown for rr-P3HT:BArF" at low charge-carrier
concentrations, which indicates that rr-P3HT:BF4” shows a significantly higher fraction of
bipolarons relative to rr-P3HT:BArF" at these low doping concentrations. This difference
decreases as the doping concentration increases, and at higher doping concentrations the
polaron concentration does not depend on the counterion. A similar trend is also apparent for
rra-P3HT, but the difference in intensity with BF4™ vs. BArF™ rapidly disappears as the doping
concentration is increased. The increase in bipolaron concentration with BF4™ relative to BArF-
is indicative of a stronger interaction between the charge-carriers and counterions. Using point
charges in the place of counterions, theoretical models suggest that bipolaron formation is a
function of the relative positions of the charges and becomes more favorable as these
counterions become closer together.!'®> 271 Here, the smaller diameter of BF4 (5.6 A)
compared to BArF- (15.4 A) will result in the potential for BF4 ions to be nearly three times

closer together than BArF™ ions.
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Figure 5. Integrated EPR intensity plotted against charge-carrier density of rr- and rra-P3HT

at varying electrochemical doping potentials with BF4~ and BArF" as anions.

Electrical conductivity and Seebeck coefficients in Figure 6 were measured for rr- and
rra-P3HT with BF4 and BArF" as a function of charge-carrier density to probe the counterion
size effects on the electronic and thermoelectric properties. The rra-P3HT samples exhibit
similar trends, SI Figure S7; however, the higher resistivity of rra-P3HT hindered doping
across the 400 um channel region and so we focus primarily on rr-P3HT. At low charge-
carrier densities, rr-P3HT:BArF" displays higher electrical conductivity than rr-P3HT:BF4’,
which further supports the increased polaron delocalization with the larger counterion.?®]
However, at charge-carrier densities beyond 1.0 x 10! cm?, the conductivities for the films
doped with BF4™ surpass the films doped with BArF". These trends are explained by
considering the combination of the Coulomb interactions and morphological disorder. At low
charge-carrier concentrations, the material dielectric constant is small and Coulomb
interactions between polymer and counterion are strongly dependent on counterion size. Even
though the morphology will be more disrupted with the larger counterion, the reduced
Coulomb interaction dominates the observed trend in the electrical conductivity in this low-
doping regime. However, at higher doping concentrations, the trend reverses as Coulomb

interactions become negligible, the energy landscape smooths, and the influence of the
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counterion on polymer morphology dominates.[''* 2% Indeed, the scattering intensity from the
GIWAXS measurements supports that BArF™ is more disruptive to the crystalline morphology
at higher doping concentrations relative to BFs".

Alternatively, the opposite trend is observed for the measured Seebeck coefficients. At
low charge-carrier densities, the films with BF4” have a larger Seebeck coefficient than those
with BArF-, yet at higher charge-carrier densities the opposite is true. The Seebeck coefficient
is partly dependent on energetic disorder and the resultant broadening in the density of states,
with more energetic disorder leading to larger Seebeck coefficients at a given charge-carrier

1391 The observation of a larger Seebeck coefficient with BF4™ at low charge-carrier

density.
densities is consistent with the smaller counterion introducing more energetic disorder
through the larger Coulomb interactions. At higher charge-carrier densities, the trends reverse
and the Seebeck coefficient with BArF~ becomes larger than that with BF4". This crossover of
the Seebeck coefficients occurs at a similar doping level where the conductivity of rr-
P3HT:BF4 surpassed that of rr-P3HT:BArF . Similar to the electrical conductivity, these
trends are explained by the Coulomb interactions contributing more to the Seebeck coefficient
differences at low doping, followed by morphology effects at higher doping concentrations.
That is, at higher doping concentrations the larger BArF~ counterion introduces more

morphological disorder that leads to higher Seebeck coefficients than when BF4™is the

counterion.
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Figure 6. Electrical conductivity (a), Seebeck coefficient (a), and thermoelectric power factor
(b) of electrochemically doped rr-P3HT with BArF- and BF4™ at varying charge-carrier
densities. Two separate data sets collected on different films for each polymer:counterion
combination are presented to show the extent of reproducibility.

The thermoelectric performance of a material is in part determined by the power
factor, which is equal to the Seebeck coefficient squared multiplied by the electrical
conductivity. Increasing the power factor can be difficult owing to the trade-off between the
electrical conductivity and Seebeck coefficient. The power factor plot in Figure 6b shows that
rr-P3HT:BArF- has higher power factors at almost all charge-carrier densities than rr-
P3HT:BF4, with two to three fold increases in the charge-carrier density range where the

power factor is maximized. Counterion or dopant selection thereby provides a promising
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strategy to maximize the thermoelectric performance over a broad range of charge-carrier
concentrations.

To determine the generality of these findings we investigated two additional
counterions, including tetracyanoborate (TCNB") and tetrakis(pentafluorophenyl)borate
(TpFPB"). Here, TCNB' is slightly larger than BF4” and TpFPB" is slightly smaller than BArF".
The spectroelectrochemical data (SI Figure S8) show that TCNB~and TpFPB- show P1 peak
absorbances that fall between those of BF4~ and BArF" for a given charge carrier density, with
the P1 peak for the smaller TCNB™ anion falling at a higher energy than the larger TpFPB-
anion. Based on our previously presented arguments, this data indicates that TCNB~ and
TpFPB display intermediate degrees of charge-carrier delocalization, with carriers being
more delocalized with the larger TpFPB relative to TCNB". Similarly, the EPR results (SI
Figure S9) show a higher intensity for films doped with the larger TpFPB~ compared to
TCNB- at intermediate doping concentrations. Seebeck and electrical conductivity
measurements (SI Figure S10) show that the trends for TCNB™ and TpFPB" are qualitatively
similar to the trends observed for BF4 and BArF-, with the larger TpFPB" counterion showing
lower Seebeck coefficients and higher electrical conductivities at low charge carrier densities
relative to TCNB . This trend then reverses at higher charge carrier densities, with TpFPB-
displaying higher Seebeck coefficients and lower electrical conductivities compared to
TCNB-. In general the differences observed with TpFPB-and TCNB- are less pronounced than
with BF4 and BArF-, which is consistent with TpFPB and TCNB™having a smaller size
difference than BF4 and BArF".

3. Conclusion

In summary, we systematically investigated the differences in rr- and rra-P3HT
electrochemically doped with BF4™ and BArF- as model material systems for small and large
counterions. Our results strongly support a model where two operating regimes must be
considered, a low doping regime where Coulomb interactions dominate optical and electronic
properties and a high doping regime where Coulomb interactions become negligible and
morphology becomes more influential. Accounting for these two regimes resolves much of
the discrepancy in reports related to the influence of dopant or counterion size. We suspect
that other contributors to the varying results on the ion size dependence are related to the
polymer structure and morphology, including the sidechain structure and sidechain
positioning. For example, in a polymer such as rr-P3HT small dopants or counterions may

often intercalate between the sidechains and abut the polymer backbone in both crystalline
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and amorphous regions, whereas larger dopants that cannot intercalate are further distanced
from the polymer backbone than the ion size alone would suggest; thereby, enhancing the
impact of ion size. On the other hand, in polymers with increased spacing between sidechains,
such as PBTTT!!%, larger dopants or counterions could also directly contact the polymer
backbone and decrease the influence of ion size. Another situation that could greatly diminish
the impact of ion size effects is when the counterion resides primarily in the amorphous
regions of a semicrystalline polymer.*!) For example, conductivities of 3000 S cm™ were
recently demonstrated for rr-P3HT when the SbCle counterion resided primarily in the
amorphous regions.*?! Here, the influence of ion size is likely to be minimal, so long as the
polaron stabilization energy gained in the crystalline regions is enough to outweigh the
polaron-counterion Coulomb interaction energy in the amorphous regions.

These findings have broad applications to the design of doped OSC, as the choice of
dopant or counterion will be highly dependent on the desired operating regime and
application. For example, to maximize the sensitivity of an organic electrochemical transistor
operating in accumulation mode, large counterions are more desirable; whereas, when trying
to make the most electrically conductive material possible smaller counterions are best. In
thermoelectrics larger or intermediate size counterions may be best due to the balance
between the electrical conductivity and Seebeck coefficient, which leads to higher power
factors with large and intermediate size counterions for nearly all charge-carrier

concentrations in rr-P3HT.

4. Experimental Section/Methods

Materials

Regioregular (91% - 94% regioregular, MW 50-70 kDa) and regiorandom (MW 70-90 kDa)
poly(3-hexylthiophene-2,-5-diyl) were purchased from Rieke Metals. Both electrolyte salts,
lithium tetrafluoroborate and sodium tetrakis(3,5-bis17rifluoromethyly)phenyl)borate were
purchased from Alfa Aesar. All electrolyte solutions were prepared to 10 mM concentrations
in anhydrous acetonitrile from VWR.

Solution and Film Preparation

To begin, 25 mg of P3HT was dissolved in 2 mL of 1,2,3,4-tetrahydronaphthalene (tetralin)
and 1,4-dimethylbenzene (1:1 ratio). The ink was then filtered through a 0.45 um PTFE filter
into a commercial disposable Fujifilm Dimatix, piezoelectric-based cartridge with 12

individually addressable nozzles and 2.4 pL nominal droplet volume. The substrates were
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subsequently cleaned with a sodium dodecylsulfate solution, DI water, acetone, and
isopropanol followed by UV-ozone cleaning to remove any surface adsorbed organic
molecules. This cleaning process is essential so that the surface free energy is greater than the
surface tension of the P3HT ink to obtain desirable wetting.l**! A drop-on-demand (DOD)
Fujifilm Dimatix 2850 inkjet printer was used to fabricate the desired pattern. The printing
condition was optimized to enable reliable jetting and obtain the appropriate shape. At the
optimized condition, the jetting frequency was 5.0 kHz. The cartridge and platen temperature
were set at room temperature (25°C) and the nozzle voltage varied between 33-40V. The drop
spacing (the distance between the center of two adjacent drops) was modified to obtain
complete overlap and sufficient coverage of the film.** The optimized drop spacing for all
the films prepared for this study was 25 um. After printing, the films were annealed on a hot
plate at 120°C for 10 minutes. Images of the patterned films can be found in Figure S11.
Spectroelectrochemistry

Spectroelectrochemistry measurements were done by first electrochemical doping the
polymer films for 60 seconds using chronocoulometry to monitor the injected charge,
followed by removing the film from the electrolyte solution immediately after. The films were
allowed to dry and absorbance measurements were performed on the dried films. ITO coated
glass substrates (Delta Technologies, 70-100 Q/o were used as the working electrode coupled
with a silver wire reference electrode and a platinum wire counter electrode. The
chronocoulometry measurements were done using a VersaStat4 electrochemical analyzer
(Princeton Applied Research) with the data recorded on the Versastudio software. All
absorbance measurements were collected from 300-3300 nm using an Agilent Technologies
Cary 5000 UV-vis-NIR spectrophotometer. The thickness used to calculate the charge-carrier
densities is the initial film thickness prior to doping, as this allows more straightforward
comparison with the charge carriers injected per volume of pure P3HT. With BF4 as a
counterion film thickness changes were insignificant, while BArF~ resulted in more significant
thickness increases. Figure S13 shows the thicknesses of these films as a function of injected
charge. Capacitive effects due to the ITO/electrolyte double layer were insignificant (< 3%)
relative to the total charge injected into the polymer (Table S2).

DFT/ TDDFT Calculations

DFT calculations were performed for a polythiophene oligomer comprising 25 thiophene
rings. A long-range corrected hybrid functional LC-oHPBE, optimally tuned with respect to
both the HOMO and LUMO, and the 6-31g(d) basis set were used. The geometry was

optimized for the neutral state and for the oligomer-counterion complex [PT-25mer":BF47] or
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[PT-25mer":BArF] state, and an implicit solvation model utilizing the polarizable continuum
model (PCM) was used with dibutylether as solvent to mimic the bulk dielectric environment.
The distribution of excess charge along the oligomer backbone and backbone bond distortions
relative to the neutral state were calculated to determine the polaron
localization/delocalization. Charge model 5 (CM5)1* was used to derive the partial atomic
charges. The optimized geometries were subsequently employed as the basis for time-
dependent DFT (TDDFT) calculations to obtain excitation energies and oscillator strengths,
and an artificial broadening of 6=0.3 was applied to each peak to establish the optical
absorption spectra. All calculations were performed using the Gaussian 16 Revision A.03

quantum chemical calculation package.[*®

GIWAXS

Films were prepared and electrochemically doped following the procedure reported above.
The electrochemically doped films were sealed under nitrogen and shipped to Brookhaven
National Laboratory for GIWAXS measurements. GIWAXS measurements were conducted
in a vacuum chamber at the CMS beamline (11BM) of NSLS II, Brookhaven National Lab.
The x-ray beam with the energy of 13.5 keV shone upon the thin film samples in the grazing
incident angle of 0.1°. A Pilatus800k detector was placed 260mm away from the sample to
collect the scattering signals. The exposure time was 10 seconds. Raw data for GIWAXS
measurements can be found in Figure S6.

EPR

Films for EPR were electrochemically doped following the same procedure as for
spectroelectrochemistry using chronocoulometry with ITO coated glass as the WE (cut to
strips roughly 2 mm wide to fit in an EPR tube), a silver wire reference electrode, and a
platinum wire counter electrode. EPR measurements were done using a Bruker EMX Plus x-
band instrument with a working microwave frequency of roughly 9.7 GHz. Data was
integrated and corrected for by the respective g-values for each measurement. Raw EPR data
is plotted and shown in SI Figure S12.

Electrical Conductivity and Seebeck Coefficients

We thermally deposited 2 nm of chromium and 40 nm of gold onto clean glass substrates
using shadow masks for patterning two equally spaced lines at a distance of 0.4 mm and
contact pads, following a previously reported design.*”! Electrical conductivities of the films
were measured using a Keithley multimeter to obtain the 2-probe resistances across the

polymer films. Seebeck coefficients were obtained by applying a temperature difference
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across the substrate with a 100 nm thick bismuth film (-62.2 pV/K) used to measure the
temperature difference.l*”) At each charge carrier density, the voltages across the polymer and
bismuth films were recorded together as the temperature differential between the gold
contacts increased to 0.5 °C.

Statistical Analysis

All sample measurements were repeated in duplicate or triplicate, with all sets of results
showing the same comparative trends as presented herein. Plots with error bars show the

mean =+ one standard deviation.
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TOC Entry:

Electrochemically doped organic semiconductors display higher electrical conductivities with
larger counterions at low doping concentrations due to decreased Coulomb interactions
between counterions and charge carriers. In the high doping regime, the higher dielectric
constant allows all counterions to be “free” regardless of size and morphological disorder

dominates the observed electrical conductivity.
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