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ABSTRACT: In this work, we demonstrate that high solid-state
conductivities of simply spin-coated poly(3-hexylthiophene)
(P3HT) films can be obtained by means of an ex situ
electrochemical doping strategy using 4-line electrodes. With
increasing electrochemical doping potential, we find an increase in
conductivity over 6 orders of magnitude, giving a maximum
conductivity up to 224 S cm−1 with maximum hole densities of
1021 holes per cm3. Most intriguingly, highly conducting states are
achieved over a very broad potential range from 0.4 to 0.8 V versus
Fc/Fc+ in the doped state. The experiments are complemented by
UV−vis−NIR absorption and electron paramagnetic resonance
spectroscopy in the solid state as well as with in situ electro-
chemical measurements which confirm that the electrochemically
generated doped species can be successfully transferred into the solid state. Our results suggest that for reaching high conducting
states, P3HT has to be present in different redox states and that the plateau conductivity region should arise from the coexistence of
overlapping polaron and bipolaron states. Comparisons to films of regiorandom P3HT and pure redox polymer systems based on
diphenyl-3,3′-bicarbazyl are further presented, which highlight the role of mixed valence states in conducting polymers. Last but not
least, the highly conducting films are simply spin-coated and therefore rather disordered, adding new aspects to the discussion
whether high crystallinity is a prerequisite for achieving high conductivities in conjugated polymers.

1. INTRODUCTION

Conducting polymers (CPs) feature a unique set of properties
such as low weight, processability from solution, and intrinsic
electronic conductivity upon doping, explaining their success-
ful integration in numerous applications in the field of organic
electronics and electrochemical devices in the last years.1−3

Depending on their chemical nature, CPs can be divided into
conjugated and redox polymers.4 In redox polymers, charge
transport is governed by pure hopping transport between
localized redox units that are in different oxidation states,
following a well-accepted mixed valence conductivity
model.5−8 Conjugated polymers on the other hand are based
on long π-conjugated backbones that allow inter- and
intrachain transport between the chains. Charge carriers go
along with a geometrical deformation, delocalized over
multiple repeating units and are hence usually referred to as
polaron and bipolaron species.8−11 The existence of mixed
conductivity mechanisms also in conjugated polymers, that is,
treating the polymer as molecular redox systems has been, for
example, proposed in the work of Heinze and co-workers.12−15

Poly(3-hexylthiophene) (P3HT) is one of the most studied
conjugated polymers and is often considered to be the
workhorse in the field of organic electronics devices because

of a variety of realized applications.2 Regioregular P3HT with
high regioregularity can be assigned to the group of
semicrystalline polymers, whichdepending on the processing
conditionscan be obtained in morphologies ranging from
mainly amorphous films with short-range order to highly
crystalline films with large-scale well-oriented domains.
Techniques such as mechanical rubbing16−18 and controlled
crystallization in solvent vapor atmospheres19 have been used
for increasing crystallinity and improving orientation of the
chains with respect to substrates in preferentially face-on and
edge-on orientations to measure anisotropic charge trans-
port.17,18,20

The conductivity of pristine neutral CPs can be increased
over several orders of magnitude by means of chemical or
electrochemical doping. Regarding chemical doping ap-
proaches of polymer films, the dopant can either be directly
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mixed with the polymer in solution and then deposited as
blend21 or sequentially added to as-cast films either through
the vapor phase or by using dip- or spin-doping
approaches.22−24 The advantage of the latter approach is that
morphology optimization in terms of improving order and
orientation can be conducted to the films before they are
exposed to the dopant.25,26

Because of matching energy levels, chemical redox dopants
like FeCl3,

27 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane (F4TCNQ),28 and dodecaborane clusters29 were
presented as strong and efficient dopants for P3HT which
has the highest occupied molecular orbital (HOMO) energy of
−5.1 eV30 (when determined from an electrochemical
oxidation onset of ∼0 V vs Fc/Fc+, using the correction factor
of 5.1 eV31). Müller and co-workers provided a systematic
conductivity comparison on using different solvents for spin-
coating of P3HT films which were subsequently vapor-doped
with F4TCNQ.

32 These results strongly suggest that high order
in terms of crystallinity is necessary to obtain high
conductivities.16,30,32 However, alternative theories proposed
by Zozoulenko and co-workers hypothesize that only efficient
π−π aggregation with a network of percolation paths seems to
be essential for high electric performance and can outweigh the
importance of perfect long-range crystalline order.33−35

An outstanding feature of electrochemical doping is the
possibility for precisely adjusting the redox doping potentials
and therefore the induced doping levels and charge carrier
densities in the polymer.36−38 Electrochemical measurements
are typically performed in three-electrode setups and can be
performed either statically or dynamically, providing the
additional advantage of reversible doping and dedoping. The
influence of the used supporting electrolyte, most commonly
TBAPF6, is not to be underestimated because the doping
process is accompanied by the incorporation of counterions
from the electrolyte into the polymer film to stabilize the
induced charge carriers on the conjugated moieties. Only if the
counterions are able to penetrate the bulk polymer film and
remain inside the film, acceptable stability of the doped states
can be realized.12,37

While fundamental electrochemistry of CPs is a mature field
in the electrochemical literature, only recently its important
experimental value has started to impact the polymer

electronics and materials science communities. New applica-
tions like organic electrochemical transistors (OECTs)39,40

and thermoelectric devices are nowadays hot topics in terms of
energy conversion.41−43 Electrochemical doping represents the
fundamental mechanism in OECTs,44 where the charge
density inside the semiconductor layer is varied to tune the
strength of the drain currents occurring in the transistor
channel.39,40,45,46

It is essential to differentiate between a field effect-based
charging (accumulation of charge carriers at the semi-
conductor−electrolyte interface) and an electrochemical
doping of the bulk material with diffusion of ions into the
semiconductor film. We refer to the literature which discusses
differences in the working principles for devices built from
P3HT.37,47,48 Berggren et al. used the OECT configuration to
monitor thermoelectric performance of poly(3,4-ethylenediox-
ythiophene) as function of the doping level.49,50

In this study, we present a new approach to fine-tuning
solid-state conductivities by ex situ electrochemical bulk
doping, which goes beyond classical in situ electrochemical
approaches.5,51 Ex situ in this context means semiconducting
films are first electrochemically doped, then taken out of the
electrochemical cell, dried under inert conditions, and
measured with 4-line probe conductivity measurements.
Maximum conductivities of regioregular P3HT films of as

high as 224 S cm−1 are obtained in the solid state. Most
importantly, the highly conducting state is achieved over a
broad potential range, namely, from 0.4 to 0.8 V (vs Fc/Fc+).
Intriguingly, the P3HT films are simply spin-coated, that
means, have not been further ordered or oriented. Compar-
isons to regiorandom P3HT films with conductivities up to 10
S cm−1 are included to discuss the role of disorder in the films.
This manuscript is organized as follows: In the first step, we

explore the electrochemical doping behavior employing cyclic
voltammetry (CV) coupled with in situ conductance and in situ
UV−vis−NIR spectroscopy in the electrolyte (see Scheme 1,
top). This set of experiments allows us to systematically
identify regions of highest conductivities and additionally
assign the generated redox species which are responsible for
the charge transport.
We then present our new 4-band electrode design which on

the one hand allows to perform electrochemical doping in the

Scheme 1. Schematic Overview of an Electrochemical Bulk Doping Process in a Three-Electrode Geometry; This Doping
Technique can be Coupled with In Situ Conductance and UV−Vis−NIR Spectroscopy Performed in Liquid Electrolyte (In
Situ, Top) Inside the Electrochemical Cell and Further Allows for Ex Situ Measurements of Solid-State Bulk Conductivities in
Combination with Spectroscopic Tools after Removing the Doped Films from the Electrochemical Cell (Ex Situ, Bottom)
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electrolyte and on the other hand enables obtaining reliable
conductivities in the solid state after doping by 4-line
conductivity measurements (see Scheme 1, bottom). The
conductivity measurements are complemented with UV−vis−
NIR and electron paramagnetic resonance (EPR) spectrosco-
py. Our experiments show that species that are generated in
situ in the electrochemical measurements can be fully
transferred to the solid state and suggest that the presence of
P3HT in different redox states is needed for highly conducting
states.
The role of mixed charge carrier species for achieving high

conductivities is discussed by a comparison to electrochemi-
cally cross-linked vinyl polymer films containing redox-active
bis(phenylcarbazole) (BCbz) moieties which are prone to
mixed valence conductivity.8,52

2. RESULTS AND DISCUSSION
2.1. In Situ CV Studies of P3HT Films. First, a basic

electrochemical characterization was performed to reveal the
nature of the charge carriers upon electrochemical doping in
the oxidative region from −0.2 up to 0.9 V. We refrained from
exploring higher doping potentials to avoid irreversible side
reactions in the polymer film which can occur at extreme
oxidation potentials.53

The CV is, as typical for conjugated polymer films, quite
broad without distinct peaks (see Figure 1a) which can be
attributed to the oxidation of multiple overlapping redox
states.12,54 The oxidation onset is around 0 V which results in a
HOMO level of −5.1 eV.30 Because of the absence of a strong
redox wave between 0.11 and 0.13 V, the spin-coated P3HT
films can be regarded as mainly disordered.30 The nearly
complete absence of an absorption shoulder at 610 nm, which
is characteristic for a vibrational fine structure of aggregated
and crystalline P3HT films,55,56 further indicates that our films
can be specified as rather disordered. The low crystallinity of
our films becomes even more clear when comparing the CV
and spectroelectrochemistry data to results of completely
amorphous films of regiorandom P3HT (see Figure S2).
The in situ spectroscopy data in Figure 1b provide a deeper

insight into the conduction mechanism by giving information
about the generated charged species when increasing the
potential. In the case of P3HT, three characteristic absorption
spectra can be identified: a neutral, a first oxidation state, and a
second oxidation state. With respect to well-accepted literature,
these spectra can be assigned to the neutral species, polarons,
and bipolarons.51,57,58 The neutral P3HT film shows a distinct
absorption band at 525 nm, and no further signals at higher
wavelengths (inset in Figure 1).
Above the oxidation onset of 0 V, the absorption band of the

neutral species starts to decrease in favor of an intermediate
band at 805 nm. A broad absorption in the wavelength region
of 1600 nm starts to develop above 0.3 V, when the band at
805 nm has already reached substantial intensity. The 805 nm
band reaches its maximum at an oxidation potential of 0.5 V
and starts to decrease again when going to potentials beyond
0.5 V. In contrast, the broad signal at 1600 nm constantly
increases up to the maximum oxidation potential of 0.86 V. In
agreement with the traditional literature, the band at 805 nm
can be assigned mainly to polaronic species, whereas the broad
absorption above 1600 nm is rather correlated to bipolarons at
high doping levels.51,57,59 Comparison with in situ EPR
spectroelectrochemistry data supports this assignment.51

Recent literature by Zozoulenko et al. uses density functional

theory (DFT) calculations to give evidence that both polarons
and bipolarons give rise to two absorption maxima, meaning
polarons also contribute to a certain degree to the absorption
at wavelengths above 1600 nm and bipolarons absorb also to
some extent around 800 nm.11

Especially in the case of oligomeric species, literature further
discusses the existence of σ-dimers, π-dimers, and polaron pairs
as alternative charged species.38,60−62 Regarding our obtained
data, we do not see clear evidence for the existence of other

Figure 1. In situ electrochemical studies of a P3HT film spin-coated
from CHCl3 solution. (a) CV measured in 0.1 M TBAPF6/MeCN at
20 mV s−1 on an interdigitated Pt electrode, (b) correlating in situ
UV−vis−NIR spectra at the given potentials. The neutral spectrum of
P3HT is inserted in the bottom right corner. (c) Changes of the in
situ conductance measured in 0.1 M TBAPF6/MeCN at 10 mV s−1 on
an interdigitated Pt electrode (forward scan) and evolution of the
absorption maxima at 525, 805, and 1600 nm corresponding to the
characteristic species in the forward scan from (b). The complete in
situ spectroelectrochemistry and in situ conductance data are given in
the Supporting Information.
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species, which might be because of the high molecular weight
and polydispersity of the P3HT that we used (Mn = 46.6 kg
mol−1, PDI = 2.4).
The obtained conductance change (Figure 1c black) appears

in a sigmoidal shape starting from a region of lower
conductance for P3HT in its neutral state, where conductance
remains low until the onset of the cyclic voltammogram is
reached. The emerging doping process is accompanied by a
strong increase in the conductance until a plateau-like region is
entered at an oxidation potential of ∼0.3 V. This plateau of
high conductance is fully developed when potentials of 0.4 V
are reached. By reversing the potential sweep direction, the
film can once again be brought into the neutral state with low
conductance proving the reversibility of the doping experiment
(see Figure S3 for backward cycle of the conductance change).
As the absorption band evolution of the differently charged

species implies, the plateau of highest conductance suggests
the presence of differently charged species. Below 0.3 V
during the steep increase of conductancethere seem to be
mainly neutral and polaron species present. The strong
increase of the absorption at 1600 nm (which is around the
beginning of the plateau at ∼0.3 V) further suggests the point
where there is considerable formation of bipolarons, suggesting
their importance in highly conducting states. This agrees with
in situ EPR spectroscopy from Enengl et al.51 Literature reports
evidence that mixed valence states involving bipolarons tend to
be highly conductive compared to mixed valence states
containing only neutral and polaron species.7 In view of the
substantial conductance at potentials where bipolaron
concentration should still be low, a conduction mechanism

that is exclusively based on bipolarons9,63 is therefore unlikely.
We refer to Heinze et al. for further discussions of this topic.12

Interestingly, our data show the existence of the neutral
species up to 0.8 V, implying a broad potential range where we
seem to have mixed charge transport between neutral/polaron
and polaron/bipolaron redox couples. These findings agree
well with recent DFT-studies from Zozoulenko et al.,
suggesting a coexistence of differently charged species over
the whole applied potential range.11

2.2. Ex Situ Studies of Electrochemically Doped P3HT
Films. 2.2.1. Ex Situ-Measured Solid-State Conductivities.
Although all previously presented experiments were performed
in situ employing a dynamic potential sweep to investigate the
oxidation (doping) behavior of the P3HT films on
interdigitated electrodes, the following experiments were
conducted using new tailor-made 4-line gold electrodes.
These 4-line electrodes allow for the application of defined
potentials to the polymer film by electrochemical doping in the
electrochemical cell and can furthermore be used straightaway
to measure reliable conductivities in the dry solid state. P3HT
films were deposited by spin-coating onto the 4-line electrodes
and then potentiostatically charged at defined oxidation
potentials. During potentiostatic charging, the current was
recorded until it approached zero, indicating a completed
oxidation process. Respective current−time graphs are
provided in Figure S4. The electrochemically doped films
were then removed from the electrolyte, and solid-state
conductivity measurements were conducted.
An important feature of our procedure is that the entire

experiment is performed under the inert conditions of a
glovebox with short times between potentiostatic charging in

Figure 2. Ex situ-measured solid-state conductivities (a) and corresponding UV−vis−NIR spectra at three selected doping potentials (b) of
electrochemically doped P3HT films on 4-line electrodes (an extended UV−vis−NIR spectrum up to 2200 nm can be found in Figure S8). (c)
Calculation of the corresponding hole density is based on the evaluation of the injected charge during the potentiostatic doping process performed
on Au-coated Kapton. (d) Spin densities calculated from EPR measurements from potentiostatically doped films on Au-coated Kapton.
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the electrochemical cell and measurement of the conductivity
in solid state. This setup excludes harmful influences of
humidity on electronic conductivity that occur when moisture
from the air comes in contact with highly doped polymer
films.64 The line-based electrode geometry helps to reduce
contact issues especially in samples with low conductivities.
Reference measurements in a traditional 4-point probe
geometry gave similar conductivity values.
Because maintaining the counterions from the electrolyte

inside the film is crucial to securing the obtained highly doped
state, the samples are not washed after doping and removal
from the electrochemical cell. This procedure does not impact
the electronic conductivity measurements because even when
ions from the electrolyte are still on the sample, electronic
conductivity is dominant.64

Washing of the doped samples turned out to reduce the
conductivity by at least 1 order of magnitude in our
experimental procedure. This can be explained by the fact
that the counterions are washed away which leads to dedoping
and hence less charge carriers in the highly doped samples.
This might be the reason for only low conductivities of
electrochemically doped P3HT and polythiophene films
reported in the literature so far.65,66

Figure 2a presents the results of the ex situ-measured solid-
state conductivity measurements as function of the applied
electrochemical doping potential. The conductivity data clearly
show a sigmoidal shape with an extended plateau of high
conductivity from 0.4 to 0.85 V. This trend is comparable to
the obtained conductance change in the in situ experiment
given in Figure 2c. The measured conductivity values are
independent of the channel length of the 4-line electrodes and
independent from the film thickness of the deposited P3HT
film (see Figure S5).
At low doping potentials, before reaching a doping potential

of ∼0.05 V, the conductivities are rather low in the range of
10−4 S cm−1. Above 0.05 V, a strong increase of conductivity
by over 6 orders of magnitude is observed. The conductivity
becomes rather constant at doping potentials above 0.4 V with
conductivities ranging from above 10 up to 220 S cm−1.
Maximum conductivities of 224 S cm−1 are reached which are
impressive values when compared to literature of chemically
doped samples.
For the system P3HT/F4TCNQ, published conductivities

peak in the region of 48 S cm−1 for films doped through the
vapor phase.67 FeCl3 doping gave high conductivities of up to
63 S cm−1 for blade-coated P3HT films.16 Only strongly
oriented films of P3HT provided conductivities in the same
order of magnitude with measured values of 250 and 570 S
cm−1 by exploiting techniques like small-molecule epitaxy68 or
high-temperature rubbing,16 respectively. Also Müller and co-
workers suggested that high conductivities are achievable only
with high crystallinities and order.16,32,67 Our reported high
conductivities over the broad doping potential range are
however obtained by a simple spin-coating procedure from
toluene solution. The rather disordered nature of the films is
proven by atomic force microscopy (AFM) (Figure S6) and
absorption spectroscopy in the neutral state; see discussion
below. The influence of many amorphous regions in
regioregular P3HT films on the resulting conductivity is
further evidenced by measurements on completely amorphous
films of regiorandom P3HT (see Figure S7). These experi-
ments delivered conductivities of up to 10 S cm−1, which is 2

orders of magnitude higher than reported for chemically doped
regiorandom P3HT films by Müller et al.32

The conductivities of the regiorandom P3HT films are
overall 1 order of magnitude lower compared to the
regioregular P3HT films, Figure S7, which fits to findings in
literature.32 For completely amorphous films, these values are
still very impressive and underline the success of our ex situ
doping strategy, implying that high crystallinity with perfect
long-range orientation is not a prerequisite to achieving high
conductivities in semicrystalline polymer films. Although a
certain degree of crystallinity seems favorable, good short-
range order with efficient π−π aggregation is of higher
importance regarding electronic properties. This goes more
in line with predictions from theoretical studies from
Zozoulenko and co-workers who show that only efficient
π−π aggregation with a network of percolation paths seems to
be essential for good electric performance.33−35

Possibly, the rather low crystallinity of the films might be
also favorable for incorporation and securing counterions to
stabilize the doped states.37 Counterion incorporation has also
strong impact on the film morphology because upon
electrochemical doping, the counterions also take solvent
molecules with them into the films.30,37 This process is always
accompanied by swelling of the entire polymer film.55 The
higher the doping potential the more ions need to be
incorporated into the film to counterbalance the (bi)polarons
in the film and the more dominant swelling effects become
therefore. Furthermore large amounts of counterion incorpo-
ration in the charged polymer films can influence the charge
transport in a negative way via the so-called Coulomb
scattering.32 The Coulomb potential of a counterion in this
case can act as a trap for charge carriers in its close distance
leading to weaker electronic properties.69

In this context, our finding of a conductivity plateau in the
potential region from 0.4 to 0.8 V (highlighted area in gray in
Figure 2a) is even more significant. Our method allows to
obtain high conductivities already at low doping levels where
the counterion incorporation and swelling should still be low
and less destructive for the film morphology than using high
potentials and high doping levels. In the literature, it has also
been shown that the tuning of doping levels is extremely
important to optimize the thermoelectric performance in CP
materials.50

2.2.2. Discussion of Nature of Charged Species in the
Highly Conducting Films. To characterize the highly
conducting states further, ex situ UV−vis−NIR (on 4-line
gold substrates) and EPR spectra (on gold-coated Kapton foil
substrates) were recorded in the solid state. The absorption
spectra in Figure 2 show a neutral P3HT film and two films
after electrochemical doping: one at the beginning of the
conductivity plateau region (0.67 V) and one at the highest
doping level (0.87 V). The spectrum of the neutral P3HT film
(Figure 2b, blue) shows one characteristic broad band at
around 540 nm with a weak shoulder at 610 nm, suggesting
rather low crystallinity similar to the in situ measurements.17

The spectrum obtained after doping at 0.67 V (Figure 2b,
green) shows the presence of the neutral species at 540 nm, a
broad band at 780 nm, and a broader signal at 1200 nm and
higher. The spectrum of the film doped at 0.87 V has no
evidence of the neutral band but shows a very broad
absorption over the whole wavelength range above 600 nm.
When overlaying these spectra with the in situ spectra from in
situ spectroelectrochemistry, one can deduce that films doped
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at 0.67 V contain polarons, bipolarons, and a certain amount of
neutral species, while the 0.87 V doped film seems to contain
essentially just polarons and bipolarons.
All observed bands are in accordance with the detected

bands in the in situ experiments, leading to the conclusion that
the doped states obtained upon electrochemical doping are
stable in the solid state. It should be highlighted that mixed
charged states containing neutral, polaron, and bipolaron could
be successfully transferred from solution to the solid state. This
is in stark contrast to earlier reports in the literature.65 We have
to stress that keeping the samples in the doped states is
absolutely necessary, that means, washing and humidity should
be avoided.
The discussion of the nature of the generated doped states

can be extended by taking the charge carrier density into
account; in this case, the hole density in Figure 2c. The
injected charge during the electrochemical doping process of
P3HT films on gold-coated Kapton substrates was extracted by
integrating the area under the recorded current−time graphs
(see Figure S9 for current−time graphs). The evolution of the
hole density in dependence of the doping potential follows the
expected trend with a constant increase of injected charge from
low to high doping potentials. The highest charge carrier
density achieved by our doping technique is in the order of
1021 holes per cm3 which is comparable to the maximum hole
densities presented for P3HT films in the literature, proving
the reliability of our approach.39,40,65

The potentiostatically doped films on Kapton were further
studied by EPR spectroscopy to track the dependence of the
polaron concentration as a function of applied doping
potential. This is possible because the ions which are
integrated for charge compensation are EPR silent, so that
purely, the P3HT doping can be followed. Experimentally, the
films had to be cut and sealed in an EPR tube under inert
conditions and subsequently investigated by means of EPR

spectroscopy. The resulting spectra are displayed in Figure
S10. There was no observable dependence of g-factor and
linewidth on the orientation of the film with respect to the
applied magnetic field, further suggesting the amorphous
nature of the sample (Figure S11). At doping potentials below
∼0 V, that means, in the neutral state, no EPR signal can be
detected because no unpaired electrons are present in the
films.
First, EPR spectra could be obtained above ∼0 V which

suggests the creation of polarons on the P3HT chains. The
extracted change of the g-factor (Figure S10) with doping
potential is small but significant, whereas the linewidth (Figure
S10) shows a considerable increase. The linewidth increase can
be interpreted as increased lifetime broadening because of
(dipolar) interactions between polarons.
The double integral of the EPR spectrum is proportional to

the number of spins and can be used to investigate the creation
and conversion of polarons in P3HT in more depth. Figure 2d
shows the spin density as a function of the doping potential.
The total amount of spins in Figure 2d shows a strong

increase beyond 0 V and displays a maximum at doping
potentials of ∼0.4 V. Increasing the doping potential above 0.4
V leads to a decrease of the total amount of spins. This is
consistent with EPR-active polaronic states turning into EPR-
silent bipolaronic charge carriers at higher doping levels, and
we interpret our results in this manner.51,66,70 However, a
significant amount of spins and therefore polarons remain in
the system even for the highest doping potential which means
that polarons are present over the doping potential range from
0.1 to 0.8 V. The direct comparison with in situ EPR
spectroelectrochemistry shows identical trends, suggesting that
also the EPR measurements qualitatively prove that all in situ
electrochemically doped species can in principle be transferred
to the solid state.51 It should be noted that doped samples for
quantitative EPR measurements are highly sensitive and the

Figure 3. (a) Model of the chemical structure of a poly(BCbz) redox polymer film together with a sketch of mixed valence conductivity. (b) In situ
conductance measurement (dotted black line, right axis, forward scan) with underlying cyclic voltammogram (solid black line, left axis) of
poly(BCbz) measured in TBAPF6/MeCN 0.1 M at 20 mV s−1 on an interdigitated Pt electrode. (c) Results of ex situ-measured solid-state
conductivities of potentiostatically doped poly(BCbz) films on 4-line gold electrodes.
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sample preparation, involving cutting and sealing of the
samples into a tube, can lead to loss of charge carriers and
hence an underestimation of the total amount of spins in the
EPR. This can explain the discrepancy of 1 order of magnitude
between injected charge carriers (measured from potentiostatic
measurements in the electrochemical cell) and detected spins
in the EPR measurements (measured ex situ).
In conclusion, our experimental evidence with conductivity,

UV−vis−NIR, and EPR spectra as a function of the doping
potential in the solid state supports a coexistence of at least
two different redox species over the plateau of high
conductivity that depending on the doping potential leans
more toward polarons or bipolarons.
From the data, it is also possible to calculate the amount of

thiophene-repeating units and the resulting charge per
repeating unit. Regarding an intermediate doping potential of
0.4 V with the highest amount of spins, ∼0.15 charges per
thiophene unit can be calculated. This corresponds roughly to
one charge per five to six thiophene units, which correlates to
the established picture of a polaron in P3HT. For the highest
doping potential of 0.8 V, about 0.39 charges per thiophene
unit can be obtained. This is close to two charges per five
thiophene units, which could be explained by bipolaronic
species. At these highest doping states, a maximum doping
level of around 40% can be deduced (see conductivity as
function of doping level in Figure S12).51

2.2.3. Comparison to Pure Redox Polymer Systems with
Mixed Valence Conductivity. To set the presented results on
electrochemically doped P3HT films in a wider context, the
doping behavior of a more localized redox polymer system was
examined. The idea was to demonstrate the conductivity
behavior for a polymer system that shows pure intermolecular
hopping transport because of localized redox centers. As redox
centers, we chose bis(phenylcarbazole) which can be reversibly
transferred from a neutral via a radical cation into a dication
species; this is analogous to tetraphenylbenzidine species.8,52

Fo r th i s pu rpose , t he redox po l ymer po l y -
(vinylphenylcarbazole) (PVPhCbz) was spin-coated from
solution and transferred into an electrochemical three-
electrode setup. Upon oxidation, the carbazole-active pendants
generate dimeric bis(phenylcarbazole) (poly(BCbz)) units
(Figure S13 for mechanism). This dimerization behavior
simultaneously leads to a crosslinking of the entire polymer
film, whereas the cross-link points are the redox-active BCbz
units (Figure 3a). The procedure is motivated by our earlier
research on triphenylamine-bearing polymers which can be
easily dimerized by electrochemical oxidation into dimeric
redox species based on tetraphenylbenzidine units.8,52,71,72

The created BCbz units are electroactive and can undergo a
twofold oxidation from neutral to BCbz•+ radical cation into
the BCbz2+ dication state. The cyclic voltammogram of an
electrochemically cross-linked PVPhCbz filmhereafter re-
ferred to as poly(BCbz)(Figure 3b solid black) is therefore
characterized by two chemically reversible peaks with half-wave
potentials of 0.63 V for the neutral/radical cation couple
(BCbz/BCbz•+) and 0.86 V for the radical cation/dication
couple (BCbz•+/BCbz2+), respectively.
The in situ conductance data of the poly(BCbz) film

registered during the forward scan of the CV measurement
(see Figure 3b dotted black line) gives a bell-shaped profile
with a maximum at 0.89 V and a shoulder at 0.67 V; see Figure
S14 for complete in situ conductance data with forward and
backward scans. Both the peak maximum and the shoulder are

located close to the half-wave potentials of the first and the
second peak in the CV which can be explained by a mixed
valence conductivity model in accordance to the literature.5−7

Figure 3a shows a sketch of this model: in the neutral and fully
oxidized state, no low conductance is obtained (states I and
V), whereas the maxima of conductance are observed around
the half-wave potentials when the highest amount of
isoenergetic states between which hopping can take place is
present (states II and IV). Interestingly, the first conductance
regime, associated to hopping between neutral BCbz and the
BCbz•+ radical cation species (state II) is lower in intensity
with respect to the second conductance regime with BCbz•+

and BCbz2+ species (state IV).
Because the redox waves for the first and second oxidation

are very close to each other (no baseline separation), the pure
presence of BCbz•+ radical cations (state III) is not visible.
This would in principle also correspond to a low to
nonconducting state. The two close oxidation potentials
however lead to a merging of the conductance into a broader
peak or “bell-shape” profile. In agreement with the literature, in
this redox system, high conductance can only be realized when
the electroactive units are present in different states of
oxidation.8,52

The ex situ-doping approach used for P3HT was also
pursued with the poly(BCbz) films. The solid-state con-
ductivity as a function of different doping potentials of
electrochemically doped poly(BCbz) films is presented in
Figure 3c.
Above a threshold voltage of ∼0.34 V which corresponds to

the onset potential of the oxidation in the in situ experiments,
the conductivity strongly increases over 3 orders of magnitude.
The highest measured conductivity of up to 3.4 × 10−3 S cm−1

is achieved at a doping potential of 0.75 V. A further increase
of the doping potential leads to a decrease of the conductivity
values as expected from the in situ measurements. Poly(BCbz)
films therefore feature a bell-shape conductivity trend, where
highest conductivities are only detected in a very narrow
potential window. While the conductivity is decreasing at high
potentials, it is still higher than what would be expected from
the in situ conductance profile in Figure 3b. The partial
decrease of the conductivity in comparison to the in situ
measurements (Figure 3b) might be explained by dedoping
effects upon transferring the electrochemically generated
doped state into the solid state. We observed that the
counterions are leaving the polymer films significantly more
compared to P3HT films when transferring the film from the
electrolyte into the solid state. This phenomenon will be the
subject of further studies and becomes particularly crucial
when structural information is targeted, for example, by
transmission electron microscopy.25

Taking these data into account, a model for charge transport
in the P3HT films might be proposed: The plateau
conductivity with very high conductivities over a broad doping
range might be explained as a consequence of many underlying
conductivity maxima. Because of different chain lengths in a
conjugated and polydisperse polymer like P3HT, a distribution
in effective conjugation lengths seems intuitive. One could say
that the P3HT polymer consists of sections of different
effective conjugation lengths which could themselves be
regarded as extended, delocalized redox systems varying in
length. These extended redox systems would then have only
slightly different oxidation potentials: A superposition of these
multiple oxidized states with mixed charged species could be a
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good explanation of the extended region of high conductivity,
also taking into account the broad CV curves. The lack of clear
isosbestic points in the in situ spectra underlines this statement.

3. CONCLUSIONS

In the presented work, we analyze the conductivity behavior of
electrochemically doped P3HT films starting from dynamic in
situ experiments in electrolyte. In situ conductance measure-
ments show a sigmoidal conductance behavior with a plateau
region of high conductance. In situ spectroelectrochemistry
experiments conclude that at least two differently charged
species are present over the entire doping potential range
applied.
Proceeding from these results, solid-state conductivities of

electrochemically doped P3HT films were recorded establish-
ing a potentiostatic ex situ-doping approach. Reliable solid-
state conductivities correlate with the in situ conductance
change, confirming a successful transfer from in situ to ex situ.
Maximum conductivities of up to 224 S cm−1 in highly doped
states with maximum hole densities of 1021 holes per cm3 for a
P3HT film with low crystallinity are a highlight of this survey.
Even completely amorphous films of regiorandom P3HT
provide impressive conductivities, as high as 10 S cm−1,
questioning the importance of high crystallinity and perfect
long-range order to obtain highly conducting films. The high
conductivity follows theories suggesting that efficient π−π
aggregation containing only a short-range order is sufficient to
achieve high bulk conductivities in CPs.
Our UV−vis−NIR and EPR data support the presence of

mixed charged species suggested from the in situ experiments
also for the solid state. Both first and second oxidized states
(polaron and bipolaron) are coexisting even at the highest
doping levels.
Finally, a comparison to a short and localized redox system

from the family of redox polymers is pursued. Cross-linked
films of poly(BCbz) show a bell-shaped in situ conductance
profile with localized but merging conductance maxima.
Similar trends can be extracted from the ex situ solid-state
conductivity measurements with peak conductivities of up to
3.4 × 10−3 S cm−1 at intermediate doping levels.
Summarizing, the large versatility of electrochemical redox

doping for both conjugated and redox polymers is demon-
strated in a potentiostatic ex situ doping approach to generate
highly CP films with tunable charge carrier densities that can
be implemented in ex situ device applications. This study
outlines the importance of identifying doping potential-
dependent regions of conductivity for a successful implemen-
tation of CPs in organic electronic devices such as OECTs,
batteries, or applications in the field of thermoelectrics. The
role of intermolecular interactions and semicrystalline
morphologies together with counterbalancing incorporated
charges will be subject of further studies to increase
conductivities.

4. EXPERIMENTAL SECTION
4.1. Materials. P3HT (regioregular: Mn = 46.6 kg mol−1, PDI =

2.4, regioregularity of 95%; regiorandom: Mn = 15.9 kg mol−1, PDI =
2.4) was purchased from Merck and used without further purification.
Solvents (chloroform, toluene, and acetonitrile) were purchased from
Sigma-Aldrich (p. a. grade) and used as received. Poly-
(vinylphenylcarbazole) (PVPhCbz, Mn = 2.3 kg mol−1, PDI = 2.4)
was synthesized according to literature procedures.73−76

4.2. Thin-Film Preparation. Thin films of P3HT with different
thicknesses (10−80 nm) were processed from solutions in chloroform
or toluene prepared in a glovebox at concentrations ranging from 3 to
8 g L−1. All solutions were stirred overnight at elevated temperatures
(40 °C for chloroform and 60 °C for toluene) to ensure complete
dissolution. Films were spin-coated on precleaned substrates
(subsequent ultrasonication in acetone and isopropanol) in a dry
nitrogen atmosphere.

4.3. In Situ Conductance Measurements. For in situ
conductance experiments, films of P3HT (thickness 30 nm) were
spin-coated (CHCl3, 3 g L

−1, 2500 rpm for 120 s, 5000 rpm for 15 s)
on interdigitated platinum electrodes on glass substrates with a gap
distance of 5 μm. Measurements were performed in an electrochemi-
cally gated transistor setup under argon atmosphere using a scan rate
of 10 mV s−1 and 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAPF6, electrochemical grade, Sigma-Aldrich) in acetonitrile
(MeCN) as the electrolyte. An additional bias of 10 mV was applied
between the individual combs of the interdigitated electrode leading
to a measured current that is converted into the conductance at a
certain potential. All potentials were referenced against the redox
couple Fc/Fc+, added as the internal standard (after the measure-
ment). The experiments were conducted by a commercial solution
using a Metrohm PGSTAT101 potentiostat and a DropSens
μSTAT400 as the second potentiostat, connected to two resistors
(Heka) to separate the signals in order to allow simultaneous
measurement of CV and in situ conductance. Because background
currents cannot be neglected in this configuration, we focus on
discussing conductance trends and not absolute values in this study.
Therefore, in situ conductance data are given as conductance changes
related to the conductance of the material in the neutral state.

4.4. 4-Line Probe Conductivity. Custom-made 4-line gold
electrodes with a channel width of 1 cm and a channel length of 100
μm were evaporated on glass substrates and subsequently coated by
spin coating from P3HT solutions (toluene, 3 g L−1, 2000 rpm for
120 s, 5000 rpm for 15 s, and thickness 10 nm). The individual
samples were electrochemically doped by potentiostatically charging
in a three-electrode setup in standard electrolyte (TBAPF6/MeCN
0.1 M) controlled by a Metrohm PGSTAT101 potentiostat. Doped
samples were removed from the electrochemical setup, and solid-state
conductivity measurements were conducted by a Keithley 2636
system source meter, operated by a self-written LabView program.
The entire procedure was performed under inert conditions.

4.5. In Situ Spectroelectrochemical Measurements. The
spectroelectrochemical experiments were performed on the same
electrode geometry as used for the in situ conductance measurements.
Films of P3HT were processed via spin coating (CHCl3, 5 g L

−1, 1500
rpm for 120 s, 5000 rpm for 15 s, and thickness 50 nm) on
interdigitated platinum electrodes on glass substrates. To allow for the
detection of UV−vis−NIR data, the electrochemical cell (TBAPF6/
MeCN 0.1 M at 10 mV s−1) was positioned in the beam path and the
electrochemical setup was connected to a spectrometer via optical
fibers. The in situ absorption spectra were recorded by a modular
Zeiss spectrometer system (diode array) equipped with MCS611 2.2
and MCS621visII detectors and a CLH600 halogen lamp.

4.6. EPR Spectroscopy. Samples for EPR spectroscopy were
prepared on custom-made gold coated Kapton foil (500 HN,
DuPont) substrates. Films of P3HT were spin-coated (CHCl3, 8 g
L−1, 1250 rpm for 120 s, 5000 rpm for 15 s, and thickness 80 nm) on
the foil substrates and electrochemically doped in a three-electrode
setup using a Metrohm PGSTAT101 potentiostat and standard
electrolyte (TBAPF6/MeCN 0.1 M) under argon atmosphere.
Subsequently, films were transferred into EPR tubes (under inert
conditions) and analyzed in the EPR spectrometer. EPR measure-
ments were performed on a Bruker EMX X-Band spectrometer in a
Bruker ER4102ST cavity. For all measurements, the microwave
frequency was ∼9.47 GHz and the microwave power 5 mW. The
magnetic field was modulated at 100 kHz with 1 Gauss amplitude.
The measured spectra were fitted using the EasySpin package for
MATLAB.77 After obtaining the fit parameters (g-value, linewidth),
the simulated spectra were doubly integrated to obtain the relative
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numbers of spins. To obtain the absolute numbers of spins, the
double integrals were compared to a calibration curve previously
obtained from a concentration series of the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical.
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