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This paper deals with the electrochemical doping of different poly(ethylenedioxythiophene)
(PEDOT)-based active layers performed in an organic electrochemical transistor configuration
through the mapping of in situ conductance trends during electrochemical doping and dedoping. The
experiments are complemented by UV /Vis/NIR in situ spectroelectrochemistry in the wavelength
range from 400 to 1600 nm, which allow monitoring of the development of the neutral and charged
redox species. Both electropolymerized EDOT-based layers and solution-processed chemically
synthesized PEDOT films are characterized. In addition to pure electropolymerized PEDOT
(e-PEDOT), tris(4-(2,3-dihydrothieno[3,4-b][ 1,4]dioxin-5-yl)phenyl) (TPA-EDOTS3) is electrode-
posited to generate highly branched networks of P(TPA-EDOT3). The solution-deposited PEDOT
films contain poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with ratios of 1:2.5
and 1:6. Overall, we find that e-PEDOT and PEDOT:PSS(1:2.5) behave like classical conjugated
polymers with a plateau-like conductance over a wide potential region. In contrast, PEDOT:PSS(1:6)
and P(TPA-EDOT3) show rather bell-shaped conductance profiles. The mixed-valence conductivity
model is used to interpret the experimental results in terms of the number of accessible redox states.
We suggest that the bell-shaped conductance in the case of PEDOT:PSS(1:6) is caused by a high
amount of PSS insulator that limits the inter-chain interaction between PEDOT moieties and in the
case of P(TPA-EDOTS3) by its distorted molecular architecture.
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1. Introduction

Organic electrochemical transistor devices (OECTSs)
are gaining more and more interest due to their
promising applications in biosensors and bioelectro-
nics [1]. Materials that show a change in electronic
conductivity upon oxidation/reduction are suitable
for use as the active layer in OECTs, since the change
in the electronic conductivity can be utilized for the
current switching function in the devices [2]. Semi-
conducting polymers, generally classified into conju-
gated and redox polymers, are perfect candidates for
the active layers because of their ability to reversibly
switch between the neutral and the doped states. In
these systems, conducting states can be obtained by

oxidation/reduction of the polymer backbone in the
case of conjugated polymers, or of the redox-active
moieties in the case of redox polymers. Since electro-
chemical charging or doping requires counterbalan-
cing with ions to maintain electroneutrality, the
polymer layers used in OECTs also have to allow ion
exchange with an electrolyte.

OECTs can be driven in the accumulation or the
depletion mode. On the one hand, conjugated poly-
mers such as poly(3-hexylthiophene) (P3HT) that are
in the neutral state and thus non-conducting state
have to be oxidized in order to enable a drain current
to flow (accumulation mode) [3]. On the other hand,
materials that are already oxidized and thus conduct-
ing in their pristine state, such as poly(3,4-ethylene-

© 2020 The Author(s). Published by IOP Publishing Ltd
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dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
enable drain current and thus the transistor is in its on-
state without any applied voltage [4]. In this second
case, only upon reduction of the pristine charged states,
the drain current and thus the transistor can be swit-
ched off (depletion mode). Further in-depth informa-
tion about OECTs can be found in a recent review by
Rivnayetal[1].

The first experiment for measuring electronic con-
ductivity of electroactive thin films during electro-
chemical experiments, commonly called in situ
conductance, was developed by Zotti et al [5]. This
method was based on the use of a double-band micro-
electrode separated by an insulator with known spa-
cing (in the ym range) and the concurrent use of two
potentiostats. The double-band microelectrode acts as
the working electrode in a three-electrode configura-
tion and allows electrochemical measurements.
Simultaneously, the conductance of an electroactive
film deposited on the electrode surface and bridging
the two bands is mapped as a function of the polariza-
tion potential of the electrochemical experiment.
Wrighton et al subsequently improved Zotti’s set-up
for potential-dependent conductance evaluation by
replacing the band arrangement with an interdigitated
microarray configuration which allows more sensitive
determinations of currents [6-8], as shown in
scheme 1. Different polymer materials including poly-
aniline [9], polypyrrole [10] and polythiophene deri-
vatives [11, 12] have since then been characterized
with this electrochemical set-up. The technique is for
example reviewed in references [13] and [14]. Our
groups have used cyclic voltammetry (CV) coupled
with in situ conductance measurements of pure redox
polymer systems, such as triphenylamine (TPA)-
bearing polymers in order to study mixed-valence
conductivity [15, 16]. While the conductance profile
of the conjugated polymers is typically plateau-like,
the redox polymers show conductance maxima only at
specific potentials, which strongly depend on the
degree of doping and therefore accessible redox states.

Among the conjugated polymers, poly(ethylene-
dioxythiophene) (PEDOT) remains one of the most
widely utilized materials. Both electrochemical and
chemical synthesis routes have been shown in litera-
ture and discussed extensively [4, 17]. In the case of
electropolymerization, PEDOT can be obtained from
EDOT-monomer containing electrolytes directly onto
electrode surfaces. The nature of the electro-
polymerization product can be tuned by the choice of
electrolyte and electrodeposition techniques [13].
Depending on the oxidation level PEDOT can be in
the neutral, radical cation and dication states, often
referred to as non-doped, polaron and bipolaron
states, respectively; see figure 1.

As solution-processable material poly(ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is of highest relevance in the field of polymer electro-
nics. PEDOT:PSS is synthesized via oxidative
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polymerization in aqueous PSS solution and is essen-
tially a complex of PEDOT in its doped state and the
ionically conducting polyelectrolyte PSS as polymeric
counter-ions [4]. Depending on the ratio of PEDOT to
PSS, different applications can be realized; whereas the
1:2.5 ratio is often used as electrode replacements [18],
the 1:6 ratio can be utilized as an interlayer in organic
photovoltaics [19] or organic light-emitting diodes [20].
In dispersion, PEDOT:PSS forms colloidal gel particles,
which result after coating on a substrate in PEDOT-rich
and PSS-rich phases [21, 22]. We refer to Modarresi
et al who give a good summary of current morphologi-
cal models [23].

In the current study, we compare the electro-
chemical doping behavior of films of electro-
polymerized EDOT materials and spin-coated
PEDOT:PSS with PEDOT to PSS ratios of 1:2.5 and
1:6. In addition to pure electropolymerized PEDOT
(so-called e-PEDOT), the last part of the manuscript
will deal with the electropolymerization product of tris
(4-(2,3-dihydrothienol[3,4-b][ 1,4]dioxin-5-yl)phenyl)
P(TPA-EDOT;) which is an example of a three-
dimensional redox polymer where bi-EDOT units are
connected by triphenylamine (TPA) core units; see
supporting information available online at stacks.iop.
org/FPE/5/014016/mmedia and figure 3(a). CV is
coupled with in situ conductance and in situ UV /Vis/
NIR absorption spectroscopy (400-1600 nm) mea-
surements, which allows us to follow the trends in
conductance as a function of the charging level and to
follow the evolution of the neutral, polaron (radical
cation) and bipolaron (dication) species at the same
time. These experiments also allow us to screen differ-
ent materials for their suitability in real OECT device
operations, because they provide information about
the potential range in which EDOT polymers are in
their most conducting state.

2. Experimental procedures

2.1. Film preparation on working electrode

Pt interdigitated microarray electrodes (from Fraun-
hofer Institute of Physical Measurement Techniques
IPM) with channellengths of 5 zm and channel widths
of 192 cm were cleaned twice for five minutes in
acetone with ultrasonification. Two PEDOT:PSS
batches were used for film preparation; firstly, a
Clevios PVP AI 4083 batch (PEDOT to PSS weight
ratio 1:6, in the following referred to as PEDOT:PSS
(1:6)) and, secondly, a Clevios PH 1000 batch with a
1:2.5 weight ratio referred to as PEDOT:PSS(1:2.5),
both from Heraeus. Films from these materials were
prepared by spin-coating from 15 pl aqueous suspen-
sions of PEDOT:PSS(1:6) with 3000rpm and
1500 rpm for PEDOT:PSS(1:2.5). The film thicknesses
of these spin-coated films are typically in the range of
70-80 nm as measured by profilometry. Before further
use, the films were dried for at least 10 min under
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Scheme 1. Scheme of electrochemical set-up for coupling CV (WE, RE and CE refer to working, reference and counter electrode) with
in situ conductance and/or in situ UV /Vis/NIR absorption spectroscopy, in which Eg is the gate potential (electrochemical doping
potential), I, the gate current, E, the drain potential and I, the drain current. E,;is fixed to 10 mV, and Ohm’s law is used to calculate

vacuum. e-PEDOT was prepared by CV (see electro-
chemical methods) by applying eight cycles in a
potential range between —1.3 V and +1 V versus Ag/
AgClin 10 mM EDOT. The synthesis of TPA-EDOT;
was conducted according to procedures in literature
and involves a stannylation of EDOT [24] and subse-
quently a Pd catalyzed Stille cross-coupling reaction
with TPA [25]. Details about the synthesis can be
found in the supporting information. Electropolymer-
ized P(TPA-EDOTj;) films were prepared with CV by
applying five cycles in a potential range between
—0.5V and +1.2V versus Ag/AgCl in a 5mM
solution of TPA-EDOTj; in 1:1 dichloromethane/
acetonitrile (typical film thicknesses of the electropo-
lymerized films are around 500 nm).

2.2. Electrochemical methods

For electrochemical measurements, three-electrode set-
ups with a Pt counter-electrode (CE) and an AgCl-coated
Ag wire as the reference electrode (RE) with a potentio-
stat from Metrohm were used. All measurements were
referenced to the external intersolvential standard

Fc/Fc*. As an electrolyte a 0.1 M solution of tetrabuty-
lammonium hexafluorophosphate (NBu,PFy) in aceto-
nitrile (MeCN) was used. All measurements were
conducted in an argon atmosphere. CV measurements
with in situ conductance measurements and in situ UV /
Vis/NIR absorption spectroscopy measurements were
conducted with the polymer film-coated interdigitated
electrodes as working electrodes (WE), as shown in
scheme 1. For measuring the in situ conductance we use
a commercial set-up from Metrohm in which a potential
of 10mV is applied by potentiostat 2 (1:Stat400 from
DropSense) between both sides of an interdigitated
electrode (E;), and the current (I;) is measured as
function of the potential in the CV measurement
potentiostat 1 (Autolab PGSTAT204 from Metrohm).
With the help of two resistors (interface from Heka) both
signals are galvanostatically separated in order to allow
us to conduct both the CV measurements and to
measure the in situ conductance simultaneously. Note
that throughout the study we only discuss conductance
trends and not absolute values since background
currents cannot be neglected in this measurement




10P Publishing

Flex. Print. Electron. 5(2020) 014016

M Wieland et al

a ) e-PEDOT b )
Neutral + > Doped | 3 o —51V
20 0.8+ ¢ l —_—-01V
—1.07V
L 100 07+
10 té)’ . 0.6+ T
L8 o : il
g 5 3
s lso £ g 0.4 $
g s =
£ 8 B 03
3 Lao § @
5 2 021
-10 L 20 -!é 0.1
(&)
0.0
/ o Charge
-20 T HELE T T T T 0.1 T T T T T
20 5 (40 05 0.0 0.5 1.0 15 400 600 800 1000 1200 1400 1600
C) : E (vs. Fe/Fc') (V) wavelength (nm)
0.8 :
0.7
0.6
e)
T 054 Neutral
o SN N N TN [\
g 044 0o OO0 0O 0o 00 o
£ os] pavawawWaWaw
£ sl s s s s s
0.1+ ox. || Red. _
g
0.0 Q
' I ; - ICharge Polaron o
2.0 156 410 05 0.0 05 1.0 15 =\ & % X F\ I\ £
d) E (vs. FolFc') (V) 2 7 ® £ PR 9 (5
= — = o
I O W W0 o W o WD o W -
| — 530 nm S S S S S P
074 ——935nm g
] —— 1550 nm =
o6 - Ox. |(Red.
'{% 0.5+ Bipolaron
04 A O N
§ ] o o 0 00 00 O
£ 034 — — —
2] wldl N N= = e 4 N
® 0.2+ s s s s (]
0.1
0.0 B Discharge
20 45 0 05 0.0 05 10 15
E (vs. Fc/Fc") (V)
Figure 1. In situ studies of e-PEDOT. (a) CV (black line) and in situ conductance (charge sweep violet solid line, discharge sweep violet
dashed line). (b) UV/Vis/NIR absorption spectra during charge sweep at various potentials. Peak trend (evolution of peak absorption)
of neutral band at 630 nm (black), polaron band at 935 nm (red) and bipolaron band at 1550 nm (blue) extracted from the absorption
spectra during charge (c) and discharge (d) sweeps. (¢) Chemical structures of neutral, polaron and bipolaron states on PEDOT chains.
All measurements were conducted in 0.1 M NBu,PFs/MeCN at a scan rate of 10 mV s~ .

configuration. In situ conductance values are given as
conductance change with respect to the conductance of
the materials in the neutral state.

For the in situ UV /Vis/NIR spectroelectrochemistry
measurements of the polymer films either the inter-
digitated electrodes were directly connected as the work-
ing electrode or ITO electrodes were used. The
measurements were conducted in a quartz cell and the
in situ absorption was measured by connecting the light
source and the detector on opposite sides of the cell. For
all films, the in situ conductance measurements were
conducted prior to the in situ UV /Vis/NIR absorption
spectroscopy measurements. The data shown in this
contribution are all taken from the second cycles in

order to eliminate memory effects that might occur in
the first cycle [26].

3. Results and discussion

3.1. In situ studies of e-PEDOT

As the first step we electrodeposited EDOT according
to standard electropolymerization procedures by CV
to obtain overall neutral e-PEDOT films [27, 28]. As
the supporting electrolyte NBu,PFg in acetonitrile was
used, and eight cycles were applied. The electropoly-
merization of EDOT proceeds in a kind of step-growth
polymerization manner and e-PEDOT can be

4
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regarded as a mixture of different chain lengths of
EDOT sequences. One of the best models to describe
the electropolymerization is the so-called oligomer
approach [13]. It is important to mention that during
cycling the charges on the polymer backbone are
counterbalanced by ions from the electrolyte, which is
also accompanied by solvent uptake [13]. Acetonitrile
is a very suitable solvent for electrochemical experi-
ments because of its large electrochemical window
which allows oxidation and reduction of PEDOT over
a wide potential range. Potentiodynamic cycles are
terminated at potentials for which the polymer is in its
neutral state. All of the following studies are performed
in monomer-free electrolyte.

In figure 1(a), the CV and the corresponding in situ
conductance measurements of neutral e-PEDOT films
are shown. The voltammogram itself shows the typical
broad signal of electropolymerized conjugated poly-
mer films with an onset of oxidation of —1.15V. The
e-PEDOT is oxidized from the neutral state into
charged states upon increase of the potential and can
be reversibly reduced to its neutral state. During the
experiment the charges on the backbone are neu-
tralized by the electrolyte [13]. In the simplest case
PF,~ is counterbalancing the positive charges, even
though the real situation is presumably more compli-
cated and could be further elucidated with advanced
techniques like AC gravimetry [29].

The simultaneously recorded conductance change
suggests that the oxidation of e-PEDOT leads to a
change from a low to a non-conducting to a conduct-
ing state, with a typical sigmoidal variation of the con-
ductance as a function of the doping level [13, 30]. In
concomitance to the oxidation onset in the CV charge
carriers are generated in the polymer backbone and an
increase in the conductance is observed which results
in a plateau at higher oxidation potentials. The process
is reversible for the discharge step, as the in situ con-
ductance decreases again in the neutral state. The
in situ conductance of the electropolymerized PEDOT
studied here is at its maximum over a broad potential
range from 0.2 to 1.0 V versus Fc¢/Fc ™. This high con-
ductance over a broad potential window is typical for
conjugated polymers [13].

As already mentioned, to better understand and
interpret the in situ conductance behavior, the analysis
of spectroscopical variation of the film upon doping is
a very useful tool for the assignment of the respective
charge carriers to the doping level of the polymer film.
In figure 1(b), the in situ UV/Vis/NIR spectra regis-
tered during the charge step of e-PEDOT are given.
For e-PEDOT as well as for all other PEDOT materials
in this contribution, the UV/Vis/NIR spectra of the
respective charge or discharge sweeps are given in
addition in the supporting information. At a potential
of —1.51 V (black curve in figure 1) e-PEDOT is char-
acterized by one broad absorption band with a max-
imum at 630 nm which can be assigned to neutral
PEDOQT. As the electrochemical polarization potential

M Wieland et al

is increased and the polymer starts to become oxi-
dized, two new absorption bands at 935nm and
1550 nm appear, with a concurrent decrease in the
intensity of the neutral band at 630 nm. The mid-
energy band (935nm) and the low energy band
(1550 nm) are assigned to polaron and bipolaron spe-
cies, respectively, in agreement with the literature
[4, 31-35]; see also figure 1(e). In figures 1(c) and (d),
the peak trends (evolution of peak absorption) of the
neutral band and the polaron and bipolaron bands at
935nm and 1550 nm for the charge and discharge
processes are shown. Looking at the peak trend for the
polaron band during the charge scan, a slight max-
imum is observed at potentials of ~—0.14 V which
could suggest a maximum of the polaron species, as
shown in figure 1(c). At higher potentials the super-
position of the 935 and 1550 nm bands makes it diffi-
cult to separate and to determine their relative
contributions. In this context, Zozoulenko et al
showed with the help of density functional theory cal-
culations that electronic polaron and bipolaron trans-
ition contributions are existent both at low and high
oxidation levels, in which the spin count and thus the
polaron transition exhibits a maximum at inter-
mediate oxidation potentials [36].

The in situ conductance shows a hysteresis
between the charge and the discharge scans as a func-
tion of potential, i.e. for the charge scan the in situ con-
ductance starts to increase at potentials above —0.77 V
and for the discharge scan the in situ conductance
reaches its minimum at potentials below —1.15V.
This trend is also visible in the absorption spectra: the
absorption of the neutral band starts decreasing at
potential values more positive than —0.89 Vin the
charge sweep, whereas during the discharge sweep, the
neutral absorption reaches its maximum for potential
values more negative than —1.09 V.

3.2. In-situ studies of PEDOT:PSS
The following section is dedicated to the characteriza-
tion of the solution-deposited chemically polymerized
PEDOT:PSS. Since synthesis of PEDOT:PSS is based
on an oxidative polymerization, similar PEDOT
materials are expected as for the e-PEDOT case [17].
The main difference is that in the case of PEDOT:PSS a
polymeric anion is involved which is immobilized in
the PEDOT:PSS mixture while in the above studied
e-PEDOT the ions from the NBu,PF salt are incorpo-
rated in the film in order to establish charge neutrality.
The results from the in situ UV /Vis/NIR and con-
ductance studies of PEDOT:PSS(1:2.5) and PEDOT:
PSS(1:6) are summarized in figure 2. Since PEDOT:
PSS is in its fully oxidized state at ambient conditions,
all measurements were performed starting with the
discharge sweep of the CV experiment, which means
that PEDOT:PSS is reduced from the oxidized to the
neutral state with decreasing the electrochemical
potential.

5
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Figure 2. In situ studies of PEDOT:PSS(1:2.5) in (a), (c), (e) and (g) and PEDOT:PSS(1:6) in (b), (d), (f) and (h). CV and in situ
conductance (discharge sweep dashed violet line, charge sweep violet solid line) of (a) PEDOT:PSS(1:2.5) and (b) PEDOT:PSS(1:6).
Peak trend (evolution of peak absorption) of neutral (black), 935 nm polaron band (red) and 1550 nm bipolaron band (blue) extracted
from the absorption spectra during discharging and charging for PEDOT:PSS(1:2.5) in (c) and (e) and for PEDOT:PSS(1:6) in (d) and
(). (g) and (h) are the corresponding in situ spectra during discharge for PEDOT:PSS(1:2.5) and PEDOT:PSS(1:6), respectively. All
measurements were conducted in 0.1 M NBu,PFs/MeCN at a scan rate of 10 mV s~ .
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3.2.1. PEDOT:PSS(1:2.5)

The CV of PEDOT:PSS(1:2.5) in figure 2(a) shows
multiple waves, which is typical for conjugated poly-
mers. In the discharge sweep two main reduction
peaks around —0.98 V and —1.18 V can be distin-
guished. The corresponding oxidation peaks are
encountered in the charge sweep at around —0.92 V
and —0.72V. A third oxidation peak is present at
around —0.45 V; however, the reduction counterpart
cannot be clearly identified.

The in situ conductance of PEDOT:PSS(1:2.5)
shows a trend which is overall very similar to the one
observed for e-PEDOT: a change from a conductive
state at positive potentials to low conductance upon
discharge. The polymer shows its maximum con-
ductance in a broad potential region with a plateau-
like behavior encountered for potential values super-
ior to —0.30 Vin the case of the charge sweep, and
superior to —0.60 V in the case of the discharge sweep.
The variation in the conducting properties of the poly-
mer are compared with the spectroscopic variations
registered on the same sample during in situ UV /Vis/
NIR spectroelectrochemistry; see figures 2(c), (e), (g).
Similar UV /Vis/NIR absorption patterns are also
encountered for PEDOT:PSS(1:2.5) and e-PEDOT,
suggesting that the two materials have similar electro-
nic nature of the different PEDOT moieties in their
neutral (630 nm, black curve), polaron (935 nm, red
curve) and bipolaron (1550 nm, blue curve) states.
The presence of PSS in the films of PEDOT:PSS(1:2.5)
does not seem to result in changes of the overall
absorption characteristics of PEDOT.

The peak trend of neutral, polaron and bipolaron
bands of PEDOT:PSS(1:2.5) for the discharge
(figure 2(c)) and charge sweep (figure 2(e)) show a
reversible redox switching of PEDOT:PSS(1:2.5) with
a hysteresis of 0.6 V. The peak evolution is also com-
parable to that of e-PEDOT. A full conversion to neu-
tral PEDOT is reached for the discharge process at
potentials more negative than —0.75V, when the
absorption band at 630 nm reaches its maximum con-
currently with the complete bleaching of the polaron
and bipolaron bands. A peculiarity is observed during
the charge sweep (figure 2(e)): in the potential range
between —1.4V and —1.27V the absorption of the
neutral peak decreases significantly, while the absorp-
tion of polaron and bipolaron bands increases. The
absorption of the bands then remains constant until
the potential value of —0.95V is reached, after which
the absorption of the neutral band further decreases
and the absorption of both polaron and bipolaron
bands rise. The variation of the absorption properties
encountered for potentials more positive than
—0.95V is in good agreement with the onset of the
conductance (—0.90 V). This stepwise change in the
absorption can also be observed on ITO electrodes
(supporting figure S3) and has not been previously dis-
cussed in the literature.
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3.2.2. PEDOT:PSS(1:6)

The cyclic voltammogram of PEDOT:PSS(1:6) which
contains PSS as a majority component shows rather
indistinct waves and a tilt in the baseline, which might
be explained by a higher internal resistance with
respect to the higher PEDOT content e-PEDOT and
PEDOT:PSS(1:2.5) materials [37]. In contrast to the
other analyzed systems where a conductance plateau
was found for high doping levels, in the case of
PEDOT:PSS(1:6) a broad bell-shaped conductance
trend is encountered (figure 2(b)). The conductance
maxima are found at —0.30 V for the discharge sweeps
and at 0.39V for the charge sweep. The significant
hysteresis observed between the conductance maxima
(difference of ~0.7 V) might also be explained by the
higher internal resistance due to the large amount
of PSS.

The in situ spectra of PEDOT:PSS(1:6) are pre-
sented in figure 2(h) showing analogies with the other
PEDOT samples. The maxima of absorption for the
neutral (630 nm), polaron (935 nm) and bipolaron
(1550 nm) states do not differ from the maxima of the
other PEDOT materials previously discussed. During
the discharge sweep, in spite of going to rather nega-
tive potential values (—1.54V) the polaron band
(935 nm) of PEDOT:PSS(1:6) is still observed together
with the neutral band (630 nm). The peak maximum
variation with the potential for the PEDOT:PSS film is
presented in figure 2(d) (discharge cycle) and f (charge
cycle). The same effects were also observed during the
in situ UV /Vis/NIR absorption studies on ITO sub-
strates (figure S4). Further, only small changes during
the discharge and charge sweep are found in the peak
trend of the polaron band (figures 2(d) and (f)), hint-
ing at an incomplete conversion of bipolaron and
polaron states to neutral state.

3.2.3. Comparison of PEDOT:PSS ratios

A huge amount of research on PEDOT:PSS in the
literature is dedicated to electronic conductivity
optimization for their use as electrode replacements in
flexible electronic devices [38, 39]. Zotti et al compared
electropolymerized PEDOT and PEDOT:PSS with
ex situ conductivity measurements of the pristine
PEDOT films and CV with in situ UV/Vis/NIR
absorption spectroscopy [17]. They found that the
conductivity of electropolymerized PEDOT is signifi-
cantly higher than that of pristine chemically synthe-
sized PEDOT:PSS. The experimental results were
explained with the amount of insulating counter-ions
in the composite PEDOT:PSS materials: whereas only
the minimum amount of required counter-ions is
included in the film formation during an electropoly-
merization, an excess amount of polymeric PSS anions
is present in PEDOT:PSS films. While the conductivity
of PEDOT:PSS(1:6) is overall quite low, which is
indeed due to the high PSS content [40], PEDOT:PSS
batches with 1:2.5 or 1:2.2 ratios can be manipulated
to be highly conducting up to values as high as
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4380 Scm ™' [41]. Approaches include for example
processing with additives or post-processing technol-
ogies [21,42,43].

In the present work we found that different PSS
contents strongly influence the ability of the system to
be discharged to the neutral state. This is evidenced for
example by the immediate stepwise conversion of
PEDOT:PSS from the neutral to the oxidized state in
the charge sweep of PEDOT:PSS(1:2.5) and by the
inability to fully discharge PEDOT:PSS(1:6)
(figure 2(c)). Analogous results were encountered dur-
ing experiments performed on ITO electrodes; see
figures S3 and S4. These experimental observations
could be explained by the presence of immobile nega-
tively charged PSS moieties forced into close proxi-
mity of the polymer backbone stabilizing its oxidized
state [21, 43, 44]. Indeed, in the case of e-PEDOT
where the ions counterbalancing the positive charges
are provided entirely by the electrolyte ions
(NBu,PF), a complete discharge of the polymer film
can be performed. The ability of the different PEDOT
materials to be discharged is evidenced by the absorp-
tion spectra registered at negative potentials. In this
situation, e-PEDOT shows only the neutral band
whereas in the extreme case of PEDOT:PSS(1:6) the
polaron band is still encountered together with the
neutral one.

Further, we found that in the extreme case of
PEDOT:PSS(1:6) the low PEDOT content also seems
to influence the potential-dependent conductance
behavior of the material, which shows a bell-shaped
conductance profile. The experimental results on
e-PEDOT and PEDOT:PSS(1:2.5) on the other hand
seem to be in accordance with the majority of cases
encountered during in situ conductance experiments
of conjugated polymers, where a plateau-like behavior
of high conductance is found for high doping levels.
The broad in situ conductance maximum could be
described with the model proposed by Heinze et al
considering the conjugated polymer to be composed
by multiple and overlapping interacting mixed-
valence states, each of which is passed as the polymer is
charged [13]. The polymer system can then be con-
sidered to be always in a mixed-valence state [13]. This
is reasonable as mixtures of different chain lengths
(molecular weights) and effective conjugation lengths
are present in the conjugated polymer films. Both
multiple effective conjugation and intermolecular
interactions in these systems seem to contribute to
give high conductance over large potential windows.
In the literature, a decrease of the in situ conductance
at very high potentials is further observed [45, 46]. The
absence of mixed-valence states for hopping at high
doping levels might explain this phenomenon. There-
fore, it is reasonable to apply the mixed-valence con-
ductivity model for the case of conjugated polymers
from an electrochemical perspective [13]. For com-
plementarity we mention here the older bipolaron
model [26, 47-49].
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In the case of PEDOT:PSS(1:6), a bell-shape beha-
vior during the in situ conductance experiments is
found. We explain the observed behavior in the con-
text of the mixed-valence conductivity model, as the
amount of available or interacting redox states seems
to be significantly smaller in the high PSS content
polymer than for e-PEDOT and PEDOT:PSS(1:2.2). A
possible explanation might include the hindered elec-
tronic interactions between PEDOT phases in
PEDOT:PSS due to large amounts of electronically
insulating PSS in the polymer blend. This hindrance is
dependent on the ratio of PEDOT to PSS as seen by the
decrease in electronic conductivity with increasing
PSS content [40]. We refer to the morphology models
in literature on phase-separated structures of PEDOT
and PSS domains [21, 22]. Furthermore, as discussed
by Fan et al and Ju et al the presence of PSS might
imply the distortion of PEDOT molecular chains due
to the different lengths of the polymer chains of
PEDOT and PSS [43, 44]. Similar explanations were
suggested by Rivnay et al: the addition of ethylene gly-
col to aqueous PEDOT:PSS suspensions increased
phase separation between PEDOT-rich and PSS-rich
moieties with optimized packing of the PEDOT
domains [21]. The proposed distortion by PSS might
therefore cause a decrease in the conjugation of
PEDOT chains, which might also depend on the
PEDOT to PSS ratio.

3.3. In situ studies of P(TPA-EDOT3)

The peculiarities of PEDOT:PSS(1:6) as a system with
partially localized redox centers with limited intermo-
lecular interaction in an electronically insulating PSS
matrix become further evident when comparing this
system with P(TPA-EDOTj;). This polymer can be
essentially regarded as a conjugated polymer with a
limited conjugation length, since the propeller-shaped
TPA separates bi-EDOT units (figure 3(a)).

The CV of P(TPA-EDOT3) shows one broad oxi-
dation and reduction wave (figure 3), which is in
accordance with data from Chahma et al [25]. The
authors measured in situ UV /Vis/NIR absorption and
explained the broad redox waves by coinciding redox
potentials of the bi-EDOT and the TPA unit. By com-
paring the oxidation potentials of different di- and
triphenylamine aromatic heterocyclic compounds,
they deduced that the oxidation potentials for the
bi-EDOT and the triphenylamine moieties are very
similar, which results in broad oxidation waves [50].
The UV/Vis/NIR spectra in the charge sweep
(figure 3) show in the neutral state (black line) two
absorption bands at 440 nm and 680 nm. The former
can be assigned to m—7" transitions and the latter to
intramolecular sulfur—oxygen interactions. Compar-
ing the neutral band of P(TPA-EDOT3) with the neu-
tral absorption of the PEDOT materials, figures 1(d)
and 2(g) and (h), P(TPA-EDOT3) reveals a band at
440 nm, while PEDOT absorbs around 600 nm. A
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Figure 3. In situ studies of P(TPA-EDOT3). (a) Chemical structure P(TPA-EDOTS3). (b) CV and in situ conductance (charge sweep,
violet solid line; discharge sweep, violet dashed line). (c) UV/Vis/NIR absorption spectra of charge sweep at various potentials. Scan

1385 nm band (blue) at charge (c) and discharge (d) sweep. (d) Evolution of conductance as function of the potential ina CV
experiment of TPB-bearing redox polymers. All measurements were conducted in 0.1 M NBu,PF¢/MeCN at a scan rate of
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reasonable explanation is the overall shorter conjuga-
tion length in P(TPA-EDOT3;).

Upon oxidation (red and blue line), the intensity of
the neutral band decreases and two bands at 660 nm
and 1385 nm evolve; see figure 3(c). The peak trend of
the charge sweep (figure 3(c)) shows that the neutral
band starts to decrease simultaneously as the polaron
and bipolaron bands start to increase. After a max-
imum of the polaron band at 0.57 V, the intensity
decreases since the polaronic species are further con-
verted into bipolaronic species. In the peak trend at the
discharge sweep, the maximum of the polaron band is

at 0.31 V, which means that the transition from the
oxidized into the neutral state is shifted in the direc-
tion of the scan rate as seen in the hysteresis of the CV
in figure 3(b).

In contrast to the plateau in situ conductance of
e-PEDOT and PEDOT:PSS(1:2.5) and similarly to
PEDOT:PSS(1:6), P(TPA-EDOT3;) shows a bell shape
instead of a plateau in the in situ conductance trends.
When analyzing the potential-dependent conductance
behavior of the electropolymerized P(TPA-EDOT3)
system in relation to the peak trend of spectro-
electrochemical measurements in figures 3(d) and (e),
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an agreement with the model predicting multiple
overlapping redox states, each of which following a
mixed-valence conductivity model can be found. The
maximum of conductance, broader than for canonical
redox systems [51, 52], is indeed observed for the
coexistence of different charged states, as shown in
figures 3(d) and (e). As previously discussed in the text,
an ubiquitous model for the description of potential-
dependent conductance behavior of conjugated poly-
mers has not yet been found [2, 13, 14]. A hypothesis
for the conductance decrease observed here might be
derived by the peculiar structure of the TPA-EDOT};
monomer and its electropolymerization product. The
TPA-EDOT; molecule is in fact endowed by an intrin-
sic 3D structure, imparted by the triphenylamine core.
This tri-dimensional character is also transferred to
the electropolymerization product.

It is well established that charge transport in con-
jugated polymers takes place both intra- and inter-
molecularly. In this context, the molecular structure,
and in particular planarity, play a significant role. Both
intra- and intermolecular transport pathways are in
fact dominated by the torsional angle of the m-con-
jugated backbone, on which the effective conjugation
and the extent of m-stacking depend. Due to the inter-
relation between these two factors, a clear separation
between intra- and intermolecular contributions to
conductivity is usually difficult to obtain [53]. We sug-
gest that the bell-shaped conductance observed for
electropolymerized P(TPA-EDOT;) might be
explained by the limited amount of total overlapping
redox states in between which hopping takes place.
The distorted nature of the repeating units could limit
the effective conjugation of the system and the inter-
chain interaction when compared to the linear
PEDOT counterpart. A similar experimental observa-
tion was found by Benincori et al when studying in situ
conductance of the electropolymerization product of
an inherently chiral bis-EDOT derivative (2’-bis{bi
[2,2'-(3,4- ethylenedioxy)thiophen-5-yl]}-3,3'-bithia-
naphthene) [54]. In their work two independent max-
ima of conductance are observed and described in
terms of mixed-valence conductivity behavior
between tetrameric EDOT units in their polaron and
bipolaron state, respectively. The encountered simi-
larity might be explained by the limited conjugation in
the molecules determined by the atropoisomeric core,
imparting a helicoidal geometry to the system and lim-
iting the conjugation in the electropolymerization
products only to tetrameric EDOT units. Different
examples of oligomeric systems presenting mixed-
valence conductivity behavior can be found in the lit-
erature including different oligo- and electro-
polymerized terthiophene-functionalized dendrimers
studied by the Heinze group [15, 55]. As a final con-
sideration, we refer to the conductance behavior
of pure redox polymer films based on tetra-
phenylbenzidine (TPB) redox wunits crosslinking
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neutral vinyl and styrene polymer backbones [15, 16].
The in situ conductance during oxidation in a cyclic
voltammetry experiment shows two overlapping con-
ductance maxima. The results were explained by the
authors in terms of mixed-valence conductivity, in
particular the two partially overlapping maxima are
attributed to the presence of half-neutral /half-radical
cation (first maximum), and half-radical cation/
dication species (second maximum), as the maxima
coincide with the half-way potential of the corresp-
onding redox species.

4. Conclusions

Within the article we have discussed in situ conduc-
tance and in situ UV /Vis/NIR spectroelectrochemis-
try of different EDOT-containing polymer films in
OECT configurations. Both e-PEDOT and PEDOT:
PSS(1:2.5) show broad sigmoidal conductance pro-
files, as many redox states are accessible in the polymer
films contributing to the charge transport. This is due
to the presence of mixtures of different chain lengths
(molecular weights) and effective conjugation lengths.
The spectroscopy data suggest the presence of both
polaron and bipolaron species across the high con-
ductance plateau in these systems which might be
explained by mixed-valence conductivity [13, 48]. The
intermolecular interactions and effective conjugation
allow the systems to remain conducting over large
potential windows.

In the case of PEDOT:PSS(1:6) the high amount of
electronic insulator PSS within the mixtures seems to
reduce intermolecular interactions between the
PEDOT moieties. This might explain the bell-shaped
conductance which is more typical for isolated redox
sites in redox polymers. For P(TPA-EDOTj3) the con-
jugation lengths are limited due to the distorted char-
acter of the TPA core units.

In conclusion, we suggest that the mixed-valence
conductivity model can be used to describe the poten-
tial-dependent conductance of all the systems ana-
lyzed here. These systems only differ in the availability
of redox states due to factors such as the effective con-
jugation lengths, polydispersity, and the extent of
intermolecular interactions. In general, the broadness
of the conductance window is likely to be determined
by the amount and superposition of subsequent redox
states available.

These studies clearly show the relevance of analyz-
ing the potential-dependent conductance behavior of
conducting polymers in order to drive OECTs effi-
ciently. In situ conductance allows precise identifica-
tion of the potential range in which the switch between
non-conducting (neutral) and conducting (oxidized)
states occurs in the polymer.
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