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Introduction

Towards highly conducting bicarbazole redox
polymer films with plateau-like conductivitiesy

Claudia Malacrida,® Yushi Lu,? Klaus Dirnberger,? Sergio Gamez-Valenzuela,”
M. Carmen Ruiz Delgado (2 ° and Sabine Ludwigs () *

Chemical doping of redox polymer films based on triphenylamine (PVTPA), phenylcarbazole (PVPhCbz)
and carbazole (PVCbz) pendant redox units is performed with different concentrations of FeCls
solutions. Analogies to in situ electrochemical doping show that stable crosslinked dimer containing
redox polymer films are created. The conductivity behavior of the doped films is analyzed and the
charge carrier species are identified by UV-Vis-NIR spectroscopy. In particular the behavior of PVCbz
upon doping is unique: transparent films with conductivities as high as 2 x 1072 S cm™*! are found over
a large range of FeCls concentrations. Such plateau-like conductivity — also encountered upon electro-
chemical doping — is a phenomenon, usually only found for conjugated polymers such as poly-
(3-hexylthiophene). PVTPA and PVPhCbz on the other hand show bell-shape behavior with maximum
conductivities reaching 1073 S cm™ for a limited range of dopant concentrations. The stability (induced
by crosslinking) and the transparency make the layers applicable as transparent electrodes or hole-
transport layers in opto-electronic devices. The observed results are discussed in the context of mixed
valence conductivity with high conductivities only accessible when a certain amount of dications
coexists with radical cation species. While PVTPA and PVPhCbz follow the classical findings of the
model, a favorable m-stacking tendency of bicarbazole dimers seems to strongly improve efficient
communication between the redox sites in the three dimensionally connected redox polymer films.
Our results indicate that the nature of charge propagation of redox and conjugated polymers is closer
than usually discussed in the literature which can be mainly attributed to intermolecular interactions
throughout the films. Last but not least we want to highlight the strength of in situ electrochemical
techniques to identify charged species and potential-dependent conductivity regions which help
targeting optimized chemical doping.

redox active units, whereas for conjugated polymers the motion
of delocalized electrons occurs in intra and inter conjugated

The intrinsic electronic conductivity upon chemical and electro-
chemical doping combined with their solution processability,
lightweight and synthetic versatility has made conducting
polymers very appealing candidates in a wide number of
applications including thermoelectric devices, transparent
electrodes as well as in energy storage applications.' ™

Based on the nature of charge propagation conducting
polymers can be subdivided into two main groups, namely
redox and conjugated polymers.® In the case of redox polymers,
electronic conductivity is sustained by electron hopping, which
is essentially an electron exchange reaction between localized
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chains. Mechanisms of conductivity, and in particular, correla-
tions with the redox state of the polymers have been the subject
of studies since decades;”® a useful technique for this purpose,
with Murray”'® and Zotti'' as pioneers, is in situ conduc-
tance coupled to cyclic voltammetry. Despite several studies
in the literature,”®'* a general mechanism for describing
the potential-dependent conductivity behavior of conducting
polymers has not yet been found. A mixed-valence conductivity
model can be successfully employed for describing the conduc-
tivity profile of pure redox systems which is typically charac-
terized by narrow potential regions of conductivity with a
characteristic peak or bell-shape.”®'%'>* Experimentally it
remains non-trivial to find the optimum doping level to reach
maximum conductivities, furthermore conductivities typically
remain rather low.®?

Conjugated systems such as poly(3-hexylthiophene) and
poly(ethylenedioxythiophene) are on the other hand characterized
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by a sigmoidal shape and broad conductivity region when
polarons and bipolarons are present.'®® This type of behavior
was also tried to be rationalized in terms of a mixed valence
conductivity model*®?° in contrast to the bipolaron model.*!
For P3HT we have recently developed an ex situ electrochemical
doping approach that allows precise tuning of the doping level
of films and allows reaching maximum conductivities of
224 S cm " over broad doping potential ranges.>* These systems
gain from interchain interactions due to the planar backbones of
P3HT. One example for a conjugated polymer which behaves
rather as a localized redox system is n-type poly{[N,N’-bis-
(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,5'-(2,2'-bithiophene)} (PNDI20OD-T,) which has maximum
conductivities in the mixed valence states of the neutral/radical
anion and radical anion/dianion respectively.>*>*

In this work we show that also pure redox polymer systems
can give typical characteristics of conjugated polymers,
such as plateau-conductivities. For this we present a doping

n n
PVTPA n=0 PVCbz
n=1 PVPhCbz
(n=0,1)

N

5

View Article Online

Journal of Materials Chemistry C

conductivity study on polymers based on triphenylamine,
polyvinyltriphenylamine (PVTPA), and carbazole redox active
pendants, polyvinylphenylcarbazole (PVPhCbz) and polyvinyl-
carbazole (PVCbz) (Scheme 1). Following an oxidative dimerization
approach of the triarylamine and carbazole redox units®>° cross-
linked polymer thin films can be generated with dimeric redox-
active units N,N,N’,N'-tetraphenylbenzidine (TPB), 9,9'-diphenyl-
9H,9'H-3,3'-bicarbazole (BPhCbz) and 9,9'-diethyl-9H,9'H-3,3'-
bicarbazole (BCbz), respectively.

An analysis of the doping behavior of such systems is very
important for applications where the system is employed in a
doped state, for example during the charging/discharging
process in batteries®® or where the materials are employed
in highly doped states e.g. in hole-transport layers (HTLs) or
transparent electrodes in perovskite solar cells and organic
light emitting diodes.?'™*

The manuscript is structured as follows: In the first part
of the manuscript we analyse the chemical doping of PVTPA,

pristine film

FeCl3 (_ ) crosslinked &
doped film

N 37°

R+. 292°

D2+ 7°

High
Conductivity

Low
Conductivity

Scheme 1 (a) Representation of the crosslinking process as a result of oxidative coupling by chemical or electrochemical doping of the redox active TPA
and Cbz to the respective TPB and BCbz dimer units in films of the three polymers PVTPA, PVPhCbz and PVCbz. (b) Representation of the mixed-valence
conductivity mechanism between dimeric species in the neutral (N, blue), radical cation (R™®, green) and dication (D?*, red) states with maximum
conductivity obtained in mixed valence states N/R**, and R**/D?*. (c) DFT-optimized (B3LYP/6-31G** level in acetonitrile) dihedral angles () of TPB,
BPhCbz and BCbz dimers, respectively, in different states of oxidation, color code as in (b).
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PVPhCbz and PVCbz redox polymer films upon oxidation with
FeCl;/CH;CN solutions. The chemical doping of the polymer
films, which takes place with concurrent crosslinking of the
redox-pendant units in the films, is studied by 4-point probe
conductivity experiments and UV-Vis-NIR spectroscopy. In the
second part of the manuscript the chemical doping results
are compared with in situ spectroelectrochemical and in situ
conductance measurements performed on electrochemically
crosslinked and doped polymer films. This set of experiments
allows us to follow the trends in conductance as a function of
oxidation potential in correlation to the evolution of the
neutral, radical cation and dication state, respectively.”'*"®
Based on previous findings** the chemical and electrochemical
doping results are interpreted within the mixed valence con-
ductivity model (Scheme 1b) and the differences encountered
between the polymers are discussed in terms of intermolecular
interactions.

We find that PVCbz (often abbreviated as PVK in the
literature) gives conductivities as high as 107> S cm ™" over a large
range of doping concentrations and electrochemical potentials.
PVTPA and PVPhCbz achieve conductivities of 10 * S cm ™" in rather
narrow concentration and potential ranges. The increased chemical
stability resulting from crosslinking together with the transparency
of the resulting doped layers makes them interesting candidates for
HTLs and transparent electrodes in optoelectronic applications.

Experimental section
Sample preparation

Sample preparation was performed by spin coating the
polymers from chloroform solution (10 mg mL™') at room
temperature (samples for chemical doping: 1000 rpm s~ " on
float glass substrates (1 cm?); samples for electrochemical
characterization: 2000 rpm). After casting, all polymer films
were annealed at 150 °C for 1 h. Atomic Force Microscopy
(Dimension Icon, Bruker) and profilometry (Dektak 150, Veeco)
were used to measure film thickness. Typical film thicknesses
of the chemically doped samples were around 90-100 nm and
of the samples employed for electrochemical characterization
were around 50 nm.

Chemical doping

Chemical doping and the related characterization (UV-Vis-NIR
and conductivity measurements) were performed in a nitrogen
filled glovebox to avoid dedoping effects otherwise observed (ESI).
Chemical doping was performed by exposing the substrates to
anhydrous iron(m) chloride (FeCl;) in acetonitrile as dopant
solutions. The doping process was controlled by varying
the concentration of the dopant and its exposure time. The
excess of dopant was removed from the sample by spinning at
3000 rpm for 1 min. Immediately after doping, the sheet
resistivites of the polymer films were measured using the four-
point-probe technique (Signatone SP4 probe head, linear arrange-
ment of tips, spacing = 1 mm, and Keithley 2636B SourceMeter).
The samples were also analysed by UV-Vis-NIR spectroscopy.

This journal is © The Royal Society of Chemistry 2020
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Electrochemical measurements

Electrochemical measurements were performed with an Autolab
PGSTAT204 potentiostat (Metrohm) at room temperature under
an Argon atmosphere. A three-electrode glass cell equipped with
a Pt plate as a counter electrode (CE) and an AgCl-coated silver
wire as a pseudo reference electrode (RE) were employed.
As working electrodes (WE) 1 cm x 1.5 cm Au (vacuum deposited
on glass slides over 5 nm of adhesion Cr layer; 50 nm Au layer)
slides and 5 um spacing Pt interdigitated electrodes (Dropsens,
Metrohm) were used. Prior to usage, the electrodes were cleaned
by sonication with water, isopropanol and acetone, 10 min each.
For all the electrochemical measurements a 0.1 M CH;CN
solution (Sigma Aldrich) with Bu,NPF; as a supporting electrolyte
(Sigma Aldrich) was employed; the electrolyte solution was
deaerated through argon bubbling before the measurements.
All potentials were referenced to the formal potential of
the Fc|Fc' reference redox couple, measured under the same
conditions of the analytes. The redox active polymer films were
crosslinked by potentiodynamically cycling at oxidative potentials
with a scan-rate of 20 mV s~ recording the voltammetric signal
for three subsequent cycles in 0.1 M Bu,NPF/CH;CN.

In situ spectroelectrochemical experiments

In situ spectroelectrochemical experiments were performed
using an Autolab PGSTAT204 potentiostat (Metrohm) and a
Zeiss UV-Vis spectrometer coupled with a MCS621 Vis II spectro-
meter cassette and a CLH600F lamp or a Zeiss UV-Vis-NIR
spectrometer coupled with a MCS621 Vis II and a MCS611
NIR 2.2p spectrometer cassette and a CLH600F lamp. The
measurements were conducted in a custom-made three-electrode
quartz cell employing a Pt wire as a counter electrode (CE),
an AgCl coated Ag wire as a (pseudo)reference electrode (RE)
and polymer-coated 5 pm interdigitated (IDE) Pt electrodes
(Dropsens) as working electrodes (WE). The measurements
were performed under an Ar atmosphere and all the potential
values were referenced to the formal potential of the Fc|Fc"
redox couple. In situ spectroelectrochemical measurements
were conducted with a scan rate of 20 mV s~ and potential
steps of 10 mV, with simultaneous recording of electrochemical
data points and UV-Vis-NIR spectra every 0.5 s.

In situ conductance experiments

In situ conductance experiments were performed in parallel
to the CV measurements. Interdigitated Pt electrodes from
DropSens (comb distance = 5 pm) were used as the working
electrodes. The CV experiments were performed at room
temperature under an argon atmosphere using an Autolab
PGSTAT101 potentiostat (Metrohm) (potentiostat 1) with a Pt
wire as a CE and an AgCl-coated Ag wire directly immersed
into the electrolyte solution as a pseudoreference electrode.
Additionally, a constant bias (E4) of 10 mV was applied between
the combs of the interdigitated electrode using a second
potentiostat (uStat400, DropSens) measuring the current (I4)
which is flowing between the two combs of the interdigitated
electrodes as a function of the potential in the CV measurement.
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With the help of two resistors (Heka interface), both current
signals are galvanostatically separated in order to allow conducting
both the CV measurements and to measure the in situ conductance
simultaneously. The conductance values G were calculated from
the measured current flowing between the combs according to

1 1
Ohm’s law GZE =7 Electrolyte solutions (0.1 M Bu,NPF4/

CH;CN) were deaerated by argon bubbling before use. Conduc-
tance values are given as conductance change (AG) with respect to
the conductance of the materials in the neutral state (background
current non-negligible in the experimental setup) (Fig. S11, ESIt).

Results and discussion

Conductivity behavior upon chemical doping

The chemical doping of PVTPA, PVPhCbz and PVCBz thin films
was conducted by a sequential solution doping method. The
low cost oxidizing agent FeCl; (anhydrous) was used because of
a high standard oxidation potential of 1.47 V vs. Fc|Fc" of the
Fe(ur)/Fe(n) redox couple in acetonitrile.>** FeCl, has already
been used to polymerize and dope triarylamines and carbazoles
in the literature.>®3¢3° Furthermore, chemical oxidation with
FeCl; and electrochemical oxidation lead to similar oxidation
products which is important for a direct comparison between
chemically and electrochemically oxidized samples in this
manuscript.'>*7*°

All chemical oxidation measurements reported in the manu-
script were performed in a nitrogen filled glovebox. Thin films
of the polymers were covered with 50 pL of the oxidant in
acetonitrile, which is an orthogonal solvent for the polymers,
and excess of dopant was removed by spincoating. The doping
process was controlled by varying the concentration of the
dopant [0.1 to 4 mg mL™" in the case of triphenylamine
polymer and 1 to 10 mg mL ™" for the carbazole polymers]
and its exposure time. In order to follow the chemical doping
process, and in particular to identify the nature of charge
carriers responsible for the measured conductivities of each
film, UV-Vis-NIR spectra were recorded.

Conductivity data of PVIPA, PVPhCbz and PVCbz films
doped with FeCl; solutions for 10 s are presented in Fig. 1.
Maximum conductivities of (1.0 + 0.1) x 10> S ecm " and
(6.8 £ 1.1) x 10°* S em™* for PVTPA (Fig. 1a) and PVPhCbz
(Fig. 1b) are registered upon doping with 2 mg mL™"' and
5 mg mL " solutions, respectively. By analyzing the dependency
of the conductivity of PVTPA and PVPhCbz on the FeCl;
concentration, a bell shape trend is observed, with conductivity
decreasing after reaching the maximum. PVCbz (Fig. 1c) on the
other hand is the polymer presenting the highest conductivities
and gives values up to 10 > S cm ™" for FeCl, concentrations in a
large concentration range from 3 to 10 mg mL~". For all three
polymers maximum conductivities measured for films after
60 s doping time were similar but were reached already at
lower oxidant concentrations. This strongly suggests a diffusion
controlled process*" (ESL1 Fig. S2, S6 and S7). Fig. 1 further
shows selected UV-Vis-NIR spectra for the 3 polymers in the
neutral non-doped form (black continuous line), in the state of
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the highest conductivity (purple dashed line) and at the highest
doping concentration (black dotted line). For the complete set
of measurements we refer to the ESIT (Fig. S3 and S5).

In the case of PVTPA (Fig. 1d) the pristine polymer exhibits a
neutral band with a maximum of 322 nm, this fits very well with
the absorption wavelength reported for the pure triphenyl-
amine (TPA) compound.*? At 2 mg mL ™" FeCl; concentration
one can distinguish bands with maxima at 479, 707, 804 and
>1100 nm. At the highest concentration of 5 mg mL ™" a small
band at 479 nm and a more distinct band around 804 nm are
visible. In all doped samples, a peak maximum at 360 nm is
observed which is associated with the absorption of the dopant
FeCl;, which overall hampers band assignments to the polymer
species in this wavelength range (in particular, neutral
dimerized species: TPB, BPhCbz and BCbz (see the discussion
below)).*>*

PVPhCbz (Fig. 1e) seems to be characterized by a similar
absorption behavior as PVTPA in relation to conductivity. The
neutral polymer film has an absorption maximum at 328 nm.**
The highest conductivity was registered for the 5 mg mL "
doped sample where the characteristic film absorption presents
maxima at 428 nm, 797 nm and 1024 nm. For the 10 mg mL ™"
doped film the band at 797 nm is dominant.

In the case of PVCbz doping (Fig. 1f), the absorption of the
neutral polymer has a maximum at 332 nm. The conductivity
values do not show significant variations above 3 mg mL ™" over
the whole concentration range explored, also the absorption
behavior is quite similar. One can identify a band around
422 nm, as well as a rather broad band above 600 nm with
a shoulder around 770 nm in the films doped with 5 and
10 mg mL . The spectra show overall less pronounced variations
when compared with the ones registered for chemically doped
PVTPA and PVPhCbz. It can be noted that the films are overall
quite transparent which could be useful for application as a
transparent electrode. The charge carrier assignment upon
chemical oxidation will be elucidated with the help of electro-
chemical studies in the following (Fig. 3 and Table 1).

Electrochemical studies of PVTPA,
PVPhCbz and PVCbz films

To better understand the different conductivity behavior observed
for the three polymers - despite their structural similarities —
in situ electrochemical studies were conducted for PVTPA,
PVPhCbz and PVCbz thin polymer films. The in situ combi-
nation of cyclic voltammetry with conductance and UV-Vis-NIR
spectroscopy allows the assignment of the charge carriers to the
associated conductance response of the polymer films when
tuning their oxidation/doping level.

Preparation of poly(TPB), poly(BPhCbz) and poly(BCbz)

For all three polymer films, first cyclic voltammetry was per-
formed with a scan-rate of 20 mV s~ in 0.1 M Bu,NPF4/CH;CN
electrolyte solutions (Fig. 2a), all given potentials are referenced
with respect to the internal standard Fe|Fc'. In the first forward

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a—c) Conductivities for PVTPA (a), PVPhCbz (b) and PVCbz (c) films measured after sequential doping with FeCls/CHsCN doping solutions
for 10 s. The photographs in the insets correspond to the films in their highest conducting state (dimensions of ~ 1 cm?) and indicate transparency.
(d—f) UV-Vis-NIR normalized absorption spectra of the polymer films PVTPA (d), PVPhCbz (e), and PVCbz (f) in their neutral state (black continuous line),
in the state where the highest conductivity was measured (purple dashed line), and in the state where the highest FeCls concentration was applied (black

dotted line).

Table1 Characteristic UV-Vis-NIR absorption maxima upon electrochemical doping of poly(TPB), poly(BPhCbz) and poly(BCbz) and chemical oxidation
by FeCls of PVTPA, PVPhCbz and PVCbz

EC doping of poly(TPB), poly(BPhyCbz) & poly(BCbz)

Chemical doping of PVTPA, PVPhCbz & PVCbz

Species Jmax N (NM) Amax r+* (M) Amax p2+ (NM) Amax N (NM) Amax r+* (NM) Jmax p2+ (M)
TPA — — — 322 — —

TPB 352 476 (1083) 741 — 479 (>1100) 804

PhCbz —_ —_ — 328

BPhCbz 342 429 (1004) 751 — 428 (1024) 797

Cbz 332

BCbz 326 402 (999) 761 - 422 (1021) 777

This journal is © The Royal Society of Chemistry 2020
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cycle of the voltammetric experiment all films show an irreversible
oxidation peak assigned to the one-electron oxidation of the redox
active pendant unit to the radical cation state. The peak potentials
for the irreversible oxidation (E,) are at 0.63 V for PVTPA, 0.84 V
for PVPhCbz and 0.79 V for PVCbz, respectively. For a detailed
description of the oxidation mechanism of arylamines and carba-
zoles we refer to the literature®**™” and present a complete
reaction mechanism in the ESI{ (Fig. S8). The reaction involves
the one-electron oxidation of the redox units generating radical
cations, which are highly unstable due to the high spin density
localized at the phenyl para position in triarylamines and the
position 3 of the carbazole units. The species undergo an irrever-
sible dimerization generating N,N,N',N'-tetraphenylbenzidine
(TPB) in the case of PVTPA and 3-3'-bicarbazole (BCbz) in the case
of PVPhCbz and PVCbz, respectively. The as-generated films will
accordingly be called poly(TPB), poly(BPhCbz) and poly(BCbz) in
the following.

The second voltammetric cycle shows in all cases a decrease
of the oxidation onset, as expected by the increased conjugation
following the coupling reaction. The CV patterns of the gene-
rated poly(TPB) and poly(BPhCbz) show two reversible and
partially overlapping oxidation peaks which are assigned to
the one electron oxidation to the radical cation at half-wave
potentials of E** = 0.39 V (TPB"*) and 0.65 V (BPhCbz"*) and,
at higher potentials of oxidation to the subsequent one electron
oxidation to the dication state with EY> = 0.53 V (TPB**) and
0.89 V (BPhCbz**). In comparison to the other polymers
poly(BCbz) does not show clear and separated oxidation waves,
but rather a broad reversible oxidation signal up to potentials of
0.9 V, with characteristics more typical of conjugated systems
such as P3HT. Differential pulsed voltammetry (DPV) of a
poly(BCbz) thin film (Fig. S10, ESIt) also shows a similar
behavior. An onset potential of 0.26 V corresponding to a
HOMO of —5.36 eV is measured for the poly(BCbz) film.

Based on the literature results®***® we expect that the oxida-
tion and coupling of the redox pendant groups in acetonitrile
stops at the level of dimerization and no superior oligomers are
generated. The dimerization of redox-active pendants in the
polymer films occurs both in inter- and intra-polymer chains
and results in crosslinked networks.>® The crosslinking reaction
leads to an increased stability towards dissolution, in particular
for solvents such as acetone and THF for which the pristine films
are completely soluble. No significant variations in the CV shape
are observed between the second and all following subsequent
voltammetric cycles, suggesting that the coupling reaction might
be concluded after the first cycle. In fact, a further increase of the
conjugation length with the number of cycles (formation of higher
oligomers) would result in progressive lowering of the oxidation
onset which was not observed here. Electrogenerated poly(TPB),
poly(BPhCbz) and poly(BCbz) films were characterized by in situ
UV-Vis-NIR and conductance for further comparison with the
chemical oxidation experiments.

Poly(TPB)

The evolution of the spectra of poly(TPB) during the forward cycle
of the CV is presented in Fig. 2b and c (see also Fig. S13, ESIY).

15398 | J Mater. Chem. C, 2020, 8, 15393-15405
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The neutral polymer film shows an absorption maximum at
352 nm at —0.4 V which is characteristic of neutral TPB. The
increase in the oxidation potential above 0.26 V is associated
with the development of two new bands appearing at 476 nm
and 1083 nm, which can be assigned to the HOMO-SOMO and
SOMO-LUMO transitions of the radical cation (Fig. S13b,
ESI).*>*® The intensity of these bands reaches a maximum at
0.6 V (purple line) after which a band with an absorption
maximum at 741 nm starts forming, while the neutral band
reaches its minimum. The band at 741 nm is - in accordance
with the literature - assigned to the dication TPB>" species.
Two sets of isosbestic points are encountered: at 395 nm for
TPB/TPB**, and at 378 nm, 425 nm, 529 nm and 995 nm for the
redox couple TPB**/TPB>". The onset for the peak-trend in
the forward oxidation cycle (Fig. S13d, ESIf) coincides also
with the conductance onset (Fig. 2b). The conductance profile
in the forward cycle shows a bell-shape with a maximum
at 0.57 V and a shoulder around 0.42 V, no conductance is
measured up to 0.2 V and above 0.8 V. This behavior can be
explained by mixed-valence conductivity.” The polymer con-
ductance only starts increasing above 0.2 V due to the hopping
between neutral and radical cation species. The first shoulder is
reached at 0.42 V in close correspondence to the half-wave
potential for the first oxidation (E'* (TPB/TPB"*)) in the CV. The
conductance then further increases reaching its highest value
at 0.57 V which is around the half-wave potential for the second
oxidation (EY? (TPB'*/TPB?")). Upon further increasing the
potential the conductance decreases, as at some point only
TPB*" species are available, i.e. no more sites for electron
hopping. This conductance behavior was already described by
Yurchenko et al.** in terms of two distinct but partially over-
lapped conductance regimes where hopping takes place between
the two redox couples of TPB.”® Interestingly, in the literature
example the authors found two independent conductance
maxima of equal intensity. Our data however show a broader
and barely resolved conductance regime with a higher conduc-
tance registered for the TPB™*/TPB>" redox couple. We suggest
that these differences might arise from the slightly different
chemical nature of the two polymers under study. Whereas
in our case the TPA redox units are directly connected to a
polyvinyl backbone, in the case of Yurchenko et al. the pendant
TPA units were linked via oxydimethylene spacers to a polystyrene
backbone. We suggest that the different extent of interactions
between the redox units in the two polymer films might result in
the variations of the local environments of the redox centers,
giving rise to slightly different ranges of redox potentials®*9>>
and, consequently, to the observed differences in the conductance
profiles.

Poly(BPhCbz)

Fig. 3a and b show the spectra and conductance which were
registered during the charging of poly(BPhCbz) in the forward
cycle. The complete datasets can be found in the ESIt (Fig. S14
and S15). The neutral state of poly(BPhCbz) is characterized by
a Amax 0f 326 nm. The radical cation state has two characteristic
bands at 426 nm and 1047 nm and the dication state gives a

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) CV pattern for three subsequent oxidative cycles of PVTPA, PVPhCbz and PVCbz thin polymer films registered in 0.1 M BusNPFs/CH3CN with a
scan rate of 20 mV s~% The first cycle is indicated with a dashed line, the second cycle with a gray line and the third cycle with a continuous black line.
After the first cycle poly(TPB), poly(BPhCbz) and poly(BCbz) are generated. (b) and (c) CV coupled with in situ conductance (b) and in situ spectroscopy (c)
of poly(TPB) in 0.1 M BusNPFs/CH3CN with a scan rate of 20 mV s~*. The conductance change during the forward cycle is indicated by a continuous
purple line in (b). The purple line in (c) shows an absorption spectrum taken at 0.53 V. For comparison reasons the black dashed line (right y-axis) in (c)
shows the absorption spectrum of a PVTPA film which was chemically doped by 2 mg mL~! FeCls which gives the maximum conductivity registered

during the chemical doping experiment (compare Fig. 1).

Amax Of 758 nm. Isosbestic points for the redox couple BPhCbz/
BPhCbz** are found at 355 nm and for BPhCbz'*/BPhCbz”>" at
466 nm and 995 nm.>* The UV-Vis-NIR spectroscopic assign-
ments are also supported by EPR data in the literature.?*>*
In Fig. 3a the absorption spectra registered for the potential
values associated with the two conductance maxima (0.67 V,
green) and (0.89 V, purple) in Fig. 3b are highlighted. The peak
evolution for the different doped states in Fig. 3b shows the
increase in absorption of the radical cation state (green curves,
426 and 1047 nm) together with the absorption decrease of the
neutral band starting from 0.42 V which coincides with
the onset of the in situ conductance and the oxidation onset
(see the CV trace in Fig. S14, ESIt). The maximum absorption
(i.e. concentration) of the radical cation is reached at 0.80 V, the
potential value at which the dication band intensity also starts
to increase. This potential value correlates well with the relative
minimum between the two conductance maxima in the in situ
conductance plot (black curve, Fig. 3a).

The behaviour of poly(BPhCbz) is overall very similar to the
poly(TPB) film with bell-shaped conductance and presence of
two defined mixed conducting regimes and higher conduc-
tance when BPhCbz"*/BPhCbz** species are present. Another
interesting observation concerns the lower conductance asso-
ciated to electron hopping between N/R™ and R**/D*" found
for poly(TPB) and poly(BPhCbz). In both cases the conductance

This journal is © The Royal Society of Chemistry 2020

for the second conductance regime is around twice as high as
the first one. Similar findings are also described for oligothio-
phenes in the literature."*>® The results could be explained by a
different electron diffusion coefficient for the different species
(N/R™*)< (R™*/D**). Another possible explanation could be the
superimposition of the second regime upon the first due to the
small peak to peak separation of only 140 mV in the case of
poly(TPB) and 210 mV in poly(BPhCbz).

Poly(BCbz)

In situ UV-Vis-NIR spectra registered during the forward CV
cycle of poly(BCbz) are presented in Fig. 3c (and Fig. S16 & 517,
ESIT). In accordance with the other two polymers we assign the
following redox states: 326 nm for the neutral polymer; broad
bands around 400 nm and above 1000 nm for the radical cation
and another broad band with a maximum at 761 nm for the
dication. In this case only a single isosbestic point at 966 nm is
visible. With respect to the two other polymers, the spectro-
scopic variation between the different redox states seems to be
less pronounced. This also becomes evident from the peak-
evolution in Fig. 3d. In the case of poly(BCbz) the radical cation
bands (green curves, 402 nm and 999 nm) do not decrease in
intensity after the first oxidation is completed, but seem to
rather reach saturation for higher potentials. These absorption
variations also correlate well with the in situ conductance
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Fig. 3 Summary of electrochemical in situ conductance and spectroscopy data for poly(BPhCbz) (a and b) and poly(BCbz) (c and d) which were
generated according to the protocol in Fig. 2. The measurements were performed in 0.1 M BusNPF/CH3CN with a scan rate of 20 mV s~*. The data are
shown for the forward cycle. For full cycles compare the ESI{ (a) and (c) The development of the absorption spectra as a function of potential.
Additionally the absorption of the chemically doped films (5 mg mL~* FeCls) is shown for comparison (right y-axis). (b) and (d) The conductance profiles
and the peak trends of selected wavelengths for the neutral species (blue), radical cation (green) and dication (red) species from (a) and (c).

measurement, Fig. 3d. By increasing the polymer oxidation level,
the conductance slowly starts to increase above 0.18 V as radical
cations are generated (development of the 402 and 999 nm bands,
green curves). Above 0.7 V the radical cation absorption saturates
and in correspondence to the slope change in the dication band at
761 nm (red curve), the film reaches its maximum conductance.
This maximum conductance is maintained throughout the entire
potential window explored (up to 1.1 V).

Despite their structural similarities it is striking that
poly(BCbz) shows a significantly different conductance profile
compared to poly(TPB) and poly(BPhCbz). Whereas two conduc-
tance regimes with the corresponding maxima could be identified
for poly(TPB) and poly(BPhCbz), the conductance trend in the case
of poly(BCbz) shows a broad region of high conductance. Such a
conductance plateau is usually reported for conjugated polymers,
and has not been reported for redox systems so far.”® Furthermore,
in analogy to conjugated systems the voltammogram of poly(BCbz)
appears featureless (Fig. 4b, see discussion below).

Discussion
PVTPA and PVPhCbz films with bell-shape conductivity

From the comparison of the electrochemical results with the
spectroscopic and conductivity study of chemically doped

15400 | J. Mater. Chem. C, 2020, 8, 15393-15405

PVTPA and PVPhCbz films, we find that the doping with the
FeCl; dopant leads to highly conducting states only when
charge carriers of different oxidation states are concurrently
present. This is the case for the PVTPA and PVPhCbz films for
doping with 2 and 5 mg mL ™" respectively, where the highest
conductivities of the two polymer films are registered (Fig. 1).
For a direct comparison, we superimposed the absorption of
the chemically oxidized samples at their maximum conductivity
with the ones registered during the spectroelectrochemical
measurements, compare Fig. 2c for poly(TPB) and Fig. 3b
for poly(BPhCbz). In both cases the samples are characterized
by the simultaneous presence of radical cation and dication
species. By comparing the film absorption maxima of the
different states of oxidation obtained by chemical and electro-
chemical doping, the absorption peak maxima for the different
states of oxidation are well comparable between chemically
and electrochemically oxidized samples. The maxima after
FeCl; doping show only a slight blue shift with respect to the
electrochemically doped samples (Table 1). Similar observa-
tions were also found for polaron and bipolaron band positions
in various conjugated polymers and are generally discussed in
terms of polaron/bipolaron-anion distance resulting from differ-
ent counterions. In our case the differences observed might arise
from the slightly larger thermochemical radius r of FeCl,~
(r = 3.35 A) compared to PFs~ (r = 2.4 A) as counteranions.**

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Lateral views of the DFT-computed global minimum structure n-dimers of BCbz and BPhCbz in an anti configuration. The shortest C-C
distances between the monomers and the free energy of formation values (at 298 K) calculated at the ®B97XD/6-31G** level in acetonitrile are also
shown (blue, green and red values denoted the neutral, radical cation and dication states, respectively). (b) CV of poly(BCbz) in 0.1 M BusNPFs/CH3CN,
scan rate 20 mV s~ film prepared according to the protocol in Fig. 2a. (c) CV of N-ethyl carbazole (0.5 mM) in 0.1 M BusNPFg/CH=CN, scan rate

150 mV s~ Au working electrode.

In the case of chemical doping there might always be the issue of
no complete crosslinking of films. An additional voltammetric
characterization of chemically doped PVTPA samples hints in this
direction (Fig. S4, ESIf). Overall higher oxidant concentrations
would be necessary to trigger the crosslinking and doping of
PPhCbz film, which seems to be in accordance with the higher
oxidation potential of PVPhCbz (0.84 V) with respect to PVTPA
(0.63 V). The oxidation potential of FeCl; is ca. 1.47 V vs. Fc|Fc*,*®
which indicates the thermodynamic feasibility of the oxidation
of the polymer films. Furthermore, diffusion of the oxidant
through the polymer film must, however, be taken into considera-
tion as well.

One aspect regarding air stability shall be mentioned here as
well: we found that highly oxidized, but low conducting PVTPA
films (e.g. after FeCl; doping with 4 mg mL™" for 10 s with
conductivities of 107> S cm™ ') undergo a dedoping process
upon contact with air, probably due to interaction with air
moisture, Fig. S1 (ESIT). These films then show high conduc-
tivity values in the range of 10> S cm ™', which means that after
dedoping conductivities are reached in air which are compar-
able to the peak conductivities for PVTPA measured in the
glovebox (when exposed to 2 mg mL ™" FeCl;/CH;CN for 10 s,
Fig. 1). UV-Vis-NIR measurements after dedoping indicate
coexistence of radical cation and dication species which is
optimal for high conductivities. The stability of the doped
states upon prolonged contact with air will be further explored.

This journal is © The Royal Society of Chemistry 2020

Chemical doping of PVTPA and PVPhCbz and in particular
the conductivity profiles can overall be well compared with
the in situ experiments and the conductivity behavior can be
explained by mixed valence conductivity.””® As already discussed,
the model predicts that for localized electroactive system conduc-
tivity is sustained by the electron hopping between redox units in
different states of oxidation. The highest conductivity for a
certain redox event is found at its half-wave potential. In this
situation the highest probability for electron hopping is found
when exactly half of the redox states for the redox reactions are
occupied.”®'**® A model of mixed conductivity is given in
Scheme 1b.

PVCbz: plateau conductivity

In contrast to the bell-shape discussed above, both chemical
and electrochemical doping experiments of the PVCbz films
indicate a conductivity/conductance plateau maintained over
the whole concentration and potential range analyzed. This
is surprising due to the structural similarities between the
3 polymers, all characterized by pendant dimeric redox units
that can be reversibly oxidized in two redox steps. Such plateau
conductivity has so far only been observed in conjugated
polymer films, such as poly(3-hexylthiophene) (P3HT) and
PEDOT.”'>'#?% Electron hopping between polymer chains
generally constitutes the rate determining step for charge trans-
port in conducting polymers. In this context, high conducting
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states can for example be achieved by favoring the spatial
proximity of the redox units for an efficient electron tunneling
and by a low reorganization energy.®*'*®° n-dimers and n-stacks
are known to favor interchain transport of charge carriers in
conjugated polymers.®**®1"%3 It was also recently found that an
effective n-n stacking constitutes the bottle-neck to enhance the
electrical performance of conducting polymers allowing for good
percolation channels, rather than high crystallinity and high
order.”*®® Zozoulenko et al. analyzed the charge percolation
efficiency in different PEDOT:tosylate morphologies, showing
how samples with relatively low order but with good n-n connec-
tions between the polymer chains are more efficient connections
for charge hopping than disjunct crystallites in highly crystalline
samples. Similar considerations resulted in a very recent work
from our group; we measured surprisingly high conductivities
in simply spin-coated disordered P3HT films using an ex situ
electrochemical doping approach.*

To get more insight into the difference between the systems,
we carried out DFT calculations to investigate the ability for
n-dimer formation and n-n aggregates comparing pure BPhCbz
and BCbz dimer systems. Since TPB is a propeller-like structure
with limited ring planarization and low tendency to n-stacking,>”
this system was not taken further into consideration. Two
different cofacial arrangements of the BPhCbz and BCbz moieties
were considered: a parallel (syn) and an antiparallel (anti) con-
formation. The negative Gibbs free energy values reveal the
favourable formation of n-n aggregates in the neutral, radical
cation and dication states, both in the BPhCbz and BCbz systems
(Fig. 4 and Fig. S22, ESI{). The anti configuration is found to be
2-3 keal mol ™" more stable than the parallel syn model, with
similar energies found for BPhCbz and BCbz systems. Smaller
intermolecular n-stacking distance and a higher cofacial over-
lap are calculated for BCbz compared to BPhCbz (Fig. 4 and
Fig. S22-S25, ESIY).

A stronger interaction between the BCbz units is further
corroborated by the experimental spectroscopic data: the
absence of an isosbestic point and the merging of the radical
cation and dication bands might suggest overall less defined
distinction between the redox states. Also the electrochemical
characterization of poly(BCbz) does point in this direction. The
CV in Fig. 4b is rather featureless and capacitive with several
broad overlapping redox waves. It is quite usual to find that
the shapes of CVs are strongly dependent on intermolecular
interactions.®® Reciprocal interactions, differences in the spatial
distribution of the redox centers and a distribution of species
with different E° can give rise to peak widths at half-height that
can differ by up to several hundreds of mV from the theoretically
expected value of 90.6 mV for the one electron exchange of
surface confined species at RT.®**~? For comparison reasons
we did a CV analysis of the low molecular compound
N-ethylcarbazole presented in Fig. 4c. The two broad redox waves
that can be identified over the broad CV signal of poly(BCBz)
correlate in potential values with the first and second oxidation
of the dimer of N-ethylcarbazole registered during the CV
experiments (Fig. 4 and Fig. S9, ESIf). The electrolysis of
N-ethylcarbazole performed in solution with similar conditions
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to the electrochemical polymer film oxidation (the same electro-
Iyte and electrode support, Fig. S8 and S9, ESIf) confirms
literature results which claim the formation of only dimeric
species and no higher oligomers with the experimental condi-
tions employed.’”"® In this context, the featureless CV and
wider electrochemical window of poly(BCbz) with respect to
the other polymers analysed in the manuscript could be
described as a result of the conspicuous intermolecular inter-
actions which might arise from a more efficient n-stacking.
One could consider the redox polymers, despite the limited
conjugation length of the dimers, as a network of close inter-
acting dimers which generate a band of closely spaced states
with slightly different energies. These could be considered as
several close redox states and conductivity described as discussed
earlier by Heinze et al.” as a sequence of electron hopping between
several mixed valence-states very close in energy. Analogous
considerations were proposed by Zotti et al.®” to describe the
plateau conductivity found for octathiophene and decathiophene
oligomers despite their limited conjugation.

In the case of conjugated polymers and oligomers the
separation between intra- and inter-molecular contributions to
conductivity is usually non-trivial because of their strict inter-
relation. Since we compare redox systems characterized by a
limited and comparable conjugation of the redox units®®*”*”
we can consider that the observed modifications of conductivity
trends are mainly determined by the different degrees of
inter-chain interactions encountered in the systems. The experi-
mental results show that an efficient cross-communication
allowing three-dimensional electronic connectivity for hopping
strongly affects the conductivity profile, which results for
poly(BCbz) in a broader region of higher plateau-like conduc-
tance also for higher doping levels, normally found for conju-
gated systems. Similar considerations were used by Swager et al.**
to explain the differences in the potential-dependent conduc-
tivities of a polypyrrole substituted with bulky canopy units with
respect to unsubstituted polypyrrole. The authors observed how
the reduced cross-communication between adjacent polymer
strands results in a bell-shaped profile in the in situ conductance
with respect to the normal plateau like behavior observed in the
unsubstituted polypyrrole.

Maximum conductivities

Remarkably, the conductivity of PVCbz after FeCl; doping results
in maximum conductivities as high as 2 x 107> S cm™ ' which are
maintained over different levels of oxidation of the polymer. Also
the conductivities obtained with the described doping procedure
for PPhCbz and PVTPA with 10 ® S ecm ™" are high for this class of
polymers. Compared to the literature the conductivity values are
higher than the ones reported for chemically doped PVCbz.%*"*
Kanega et al. reached conductivities of up to 6 x 10°* S cm
upon oxidation with SbCl;, while Block et al’* reported
107> S em ! by doping to BCz radical cations (stoichiometric
determination) with tris(4-bromophenyl)Jammoniumyl hexa-
chloroantimonate. One possible reason for these lower values
could be that the doping in these studies only resulted in a
radical cation state, as demonstrated by optical absorption. Our
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data on the other hand suggest that the highest conductivity
values should only be reached when also some of the redox
active units are oxidized to the dication level. This result
emphasizes the importance of performing electrochemical
and chemical doping studies in parallel as it helps to target
the doping process towards the highest conducting state for
the system. Other very recent literature also points in this
direction.**"®

Just to mention some other conductivities of redox polymers
from the literature: polymers bearing the redox-active unit
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as a pendant can
reach maximum conductivies as high as 8.5 x 107> S em™"
upon electrochemical doping.”>”® Tetrathiafulvalene (TTF)
based redox polymers did show conductivities up to 2.3 x
107* S em " upon doping with tetracyanoquinodimethane.”*”®
Furthermore, TPA based films for optical applications showed
upon doping maximum conductivities of the order 10 -
107% S em ™ '.*"7®7”7 Finally, also in the case of chemical doping
of the n-type polymer PNDI2OD-T2 values of 10 >-10 > S cm™*
are found, Z.e. a similar order of magnitude.**?*

In general redox polymers present conductivities which are
orders of magnitude lower than those reachable by conjugated
systems. However, also the chemical nature might play a role:
while PVCbz can give 2.1 x 107> S cm ™" as reported here, the
conjugated carbazole analog poly(3,6-N-alkylcarbazole) gives
maximum conductivities of 1 S em™"**7®”® which are still
orders of magnitude smaller than classical polythiophenes
such as P3HT or PEDOT with conductivities ranging from
hundreds to thousands of S cm™'. We might guess that
preparing redox polymers based on oligothiophene pendant
groups which have strong intermolecular interactions might
also show higher values. This will be the subject of further
studies.

Conclusions

In conclusion, we presented a study on electronic conductivity
upon chemical and electrochemical oxidation of polyvinyl-
triphenylamine (PVTPA) and polyvinylcarbazole (PVPhCbz and
PVCbz) redox polymer films. The oxidative dimerization of
the electroactive units is performed on solution cast films
and results in polymer crosslinking. Upon exposure to FeCl;
solutions highly conducting films are obtained with maximum
conductivities ranging from 107 to 107> S em ™. The increased
chemical stability resulting from crosslinking together with the
transparency of the conducting layers makes them interesting
candidates for optoelectronic applications as HTLs or trans-
parent electrodes.

We found that doping of PVTPA and PVPhCbz gives bell-
shaped conductivity profiles with a maximum conductivity only
observed when radical cations and dications are both present
with the pure neutral and fully oxidized samples only giving
very low conductivities. Crosslinked and doped PVCbz films on
the other hand do maintain the highest conductivity over a
broad doping range of 400 mV (from 0.7 to 1.1 V) and a range of

This journal is © The Royal Society of Chemistry 2020
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doping concentrations. This is also the region where dication
species are concurrently present with radical cations.

The bell-shape conductivity profile also implies that for
chemical doping the exact doping concentration has to be
found, while the plateau-conductivity is overall less sensitive
to the doping conditions. In situ electrochemistry with conduc-
tance and spectroscopy proved to be useful to identify the
right doping regime targeted. We suggest that efficient cross-
communication allowing three-dimensional electronic connec-
tivity for hopping strongly affects the conductivity profile in the
case of doping PVCbz. DFT calculations hint to a pronounced
tendency of the bicarbazole units to form m-stacks, and in
particular, in the case of BCbz smaller intermolecular n-stacking
distances are calculated in comparison to BPhCbz. A more efficient
n-stacking between neighboring units may explain the broad
region of high conductivity. Summarizing, designing redox
polymers with efficient spatial interactions which allow for
good hopping connectivities could lead to a broader region of
conductivities, similarly to conjugated polymers, with the
advantage of a superior redox activity and processability charac-
teristic of these systems.
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