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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is a material that has become ubiquitous in the field of organic
electronics. It is most commonly used as a hole transport layer (HTL)
in optoelectronic devices and can be purchased commercially in
various formulations with different properties. Whilst it is a most
convenient material to work with, there are stability issues associated
with PEDOT:PSS that are detrimental to device stability and these are
due to the acidic nature of the PSS component. In this paper, we
present a molecular, non-acidic alternative to PEDOT:PSS. The parent
structure is composed of a quater(3,4-ethylenedioxythiophene) unit
capped either side of the short chain with two pyridine units. This
compound, termed (BEDOTPy),, can be prepared chemically and
electrochemically to give doped materials with a choice of counter-
anions. Further functionalisation via quaternisation at the nitrogen
atoms allows for modification of solubility and film-forming properties.
The conductivity of the doped samples can reach up to 3.75 S cm ™.
The materials are non-acidic and are therefore attractive alternatives to
PEDOT:PSS for device applications. We demonstrate an OLED device
using the compound (BEDOTPy-EtOH-I),PF¢ as an HTL, and compare
the device performance to one made with PEDOT:PSS. Due to the non-
acidic nature of the molecular material, the corresponding OLED device
does not show a drop in luminance over time, whereas a loss of
performance is observed for the device containing PEDOT:PSS over a
short period. These results are presented to introduce the parent
compound (BEDOTPy), as an attractive alternative to PEDOT:PSS,
which can be easily modified chemically to provide a plethora of
potential compounds with tunable properties.

Introduction

n-Conjugated polymers, such as poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS), are attractive due

New concepts
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a
material that has become ubiquitous in in the field of organic electronics.
It is most commonly used a hole transport layer (HTL) in optoelectronic
devices and can be purchased commercially in various formulations with
different properties. Famously, there are stability issues associated with
PEDOT:PSS that are detrimental to device stability and these are due to
the acidic nature of the PSS component. Herein, we present a molecular,
non-acidic alternative to PEDOT:PSS. This compound, (BEDOTPy),, can
be prepared chemically and electrochemically to give doped materials
with a choice of counteranions. The materials are non-acidic and are
therefore attractive alternatives to PEDOT:PSS for device applications. We
demonstrate an OLED device using the compound (BEDOTPy-EtOH-
I),PFs as an HTL, and compare the device performance to one made
with PEDOT:PSS. Due to the non-acidic nature of the molecular material,
the corresponding OLED device does not show a drop in luminance over
time, whereas a loss of performance is observed for the device containing
PEDOT:PSS over a short period. These results are presented to introduce
the parent compound (BEDOTPy), as an attractive alternative to
PEDOT:PSS, which can be easily modified chemically to provide a
plethora of potential compounds with tunable properties.

to their high conductivity, transparency (80-87%), and easy
solution processing. PEDOT:PSS is also considered to be an
effective hole-transporting material due to its good film-
forming properties and ability to smooth rough surfaces.'
These properties have meant that PEDOT:PSS has been used
in a variety of applications in optoelectronic devices such as
organic photovoltaics (OPVs),> perovskite solar cells’ and
organic light-emitting diodes (OLEDs).* Despite all of these
attractive properties of PEDOT:PSS, several technical drawbacks
limit its use, such as acidity, hygroscopicity, active layer wetting
and indium tin oxide (ITO) corrosion, leading to reduced device
performance, efficiency and lifetime.>® To overcome these
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disadvantages and to improve the device lifetime, researchers
have focussd on: (i) introducing a protective layer at the inter-
face between PEDOT:PSS and ITO, (ii) manipulating the acidity,
or (iii) replacing PEDOT:PSS with metal oxides or organic
conjugated electrolytes.

Introducing a protective coating layer at the PEDOT:PSS and
ITO interface can increase the device stability by decreasing the
diffusion of indium to the hole transport layer (HTL) (PED-
OT:PSS). Examples of protective layers that have been used to
improve the stability include self-assembled monolayers of
boronic acids functionalised with fluorine,””® a diamond-like
carbon coating layer on ITO,” graphene oxide and metal
oxides."®"* Neutralising the acidity of PEDOT:PSS by adding
base solutions (e.g. NaOH,"*™** guanidine,'® imidazole'’) has
also been studied. Additionally, PEDOT:PSS neutralisation by
composite film formation using (NH,),MoO, was found to
significantly increase device stability and efficiency.'® A tandem
OPV fabricated using ZnO as an interlayer showed a reduction
of the work function of more than 0.5 eV of PEDOT:PSS by
increasing the pH through the addition of dimethylaminoetha-
nol. This caused lower open circuit voltage and resulted in poor
hole injection. However, a thin layer of Nafion was deposited on
top of PEDOT:PSS to restore the hole injection ability."**°

Another approach to decrease the acidity of PEDOT:PSS is to
eliminate the PSS component by substituting it with a polyelec-
trolyte or a different type of counteranion. This can be achieved
through solution processing or solid-state deposition. Cloutet
et al. replaced PSS with different electrolytes (e.g. trifluoro-
methyl sulfonyl imide) but concluded that strongly acidic
groups are more efficient PEDOT dopants and result in better
conductivity.>'>* Solid state polymerisation**® of PEDOT by
chemical vapour deposition was pioneered by Wudl et al
resulting in a highly ordered and conductive PEDOT film.***’
Recently, PEDOT:PSS film treatment using ethylene glycol and
methanol resulted in the removal of PSS leading to the
enhancement of a perovskite solar cell device efficiency and
lifetime over the analogous PEDOT:PSS based cell.?®

T'was very excited to hear about the
planned launch of Materials
Horizons when 1 was a member
of the Journal of Materials
Chemistry Editorial Board (2011-
12). The idea of a journal based on
research that was defined as
‘conceptual’ was highly original,
aiming to feature work that
would inspire people to think in
new directions and provide a
springboard for new research. I
strongly believe that the journal
has succeeded in doing that. I am
extremely proud to be a member of the journal’s Advisory Board, as
well as an author. Congratulations to MH on its 10th anniversary!
May the journal continue to go from strength to strength.

Peter J. Skabara
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Transition metal sulfides, metal oxides and gra-
phene oxide**™** have been applied in optoelectronic devices
as solution-processable HTLs in place of PEDOT:PSS. These
materials have been found to be comparable or more efficient
and sustainable compared to PEDOT:PSS. However, they
require extra fabrication steps such as high-temperature
annealing and O,-plasma treatment which might damage the
substrate. Additionally, the thin layer thickness of metal oxides
could make them less fit for purpose, as an extra layer deposi-
tion is required and hence introduces more fabrication steps.
Copper thiocyanate (CuSCN)**™** has also been demonstrated
as a solution-processable alternative to PEDOT:PSS for optoe-
lectronic devices. However, CuSCN has poor solubility and
mainly dissolves in sulfide-based solvents that strongly interact
with copper(i). Other copper salts such as Cul,*® CuBr"’ and
copper phosphotungstate*® have been used as HTLs in devices
alone or as a double layer with PEDOT:PSS, resulting in more
stable devices. Similar to metal oxides, copper salts require
further fabrication steps to improve device efficiency, such as
using THF*® as an antisolvent or glycine hydrochloride as an
additive.>®

Conjugated polyelectrolytes (CPEs) as
PEDOT:PSS are easier to process than the aforementioned metal-
based materials. Poly[2,6-(4,4-bis-potassiumbutanylsulfonate-4H-
cyclopenta-{2,1-b;3,4-b' ]-dithiophene)-alt-4,7-2,1,3-benzothiadiazole}]
(CPE-K)>"* was used as an HTL in solar cells to improve the
efficiency and stability compared to PEDOT:PSS under ambient
conditions. Pasini et al. studied CPE-K with MoS, as a com-
bined layer between the anode and HTL interfaces in colloidal
semiconductor nanocrystal light-emitting diodes (NC-LEDs).
The device was found to be more stable than PEDOT:PSS but
less efficient, with an EQE of 2.1%, compared to 2.7% for the
PEDOT:PSS-containing device.>® An ionic salt layer (isopentyl
ammonium tetrafluoroborate, [PNA|BF,) was also tested. In
this case, it was deposited on top of PEDOT:PSS in a mixed
Sn-Pb perovskite solar cell. The benefit of the [PNAIBF, layer
gave an equal density of Sn/Pb component, therefore reducing
the surface residual stress. Also, the PNA" cation can prevent
the SO;~ hydrolysis from PEDOT:PSS resulting in less hygro-
scopicity and more interfacial stability.>® Thermally cross-
linkable materials such as organosilicate polymers®> and
1,4,5,8,9,11-hexaazatri-
phenylene hexacarbonitrile with 2,7-disubstituted fluorene-
based triaryldiamine®® were also studied as a solution-
processable alternative to PEDOT:PSS for OLED fabrication.
In another example, crosslinking between PSS and polyethyle-
neimine ethoxylated on the surface of PEDOT:PSS was studied
for OLED applications.”” Both methods showed improved
performance and stability compared to PEDOT:PSS.

In this paper, we introduce a new class of non-acidic
molecular-based material as an alternative to PEDOT:PSS,
based on the structure (BEDOTPy),*X~ (Scheme 1). This mate-
rial can be synthesised with a variety of counteranions (X™) and
can be quaternised with different side chains on the pyridine.
Being molecular-based, it does not suffer some of the problems
encountered by polymers, such as batch-to-batch reproducibility

alternatives to

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Oxidative coupling of the compound BEDOTPy.

which is a well-known problem encountered by those who routi-
nely employ PEDOT:PSS in devices. Herein we report the synth-
esis, characterisation and application of (BEDOTPy),™ salts,
showing that these materials can give improved device stability
compared to the analogous device containing PEDOT:PSS as the
HTL in an OLED. This demonstration provides an initial proof-of-
concept for a molecular-based alternative to PEDOT:PSS and
paves the way for a wide range of derivatives based on (BED-
OTPy),"*X" to be investigated for device applications.

Results and discussion
Synthesis of (BEDOTPy)," "X~

The material of interest is the oxidised product of the neutral
molecule BEDOTPy, which is shown in Scheme 1. In such a
reaction, the removal of an electron from the molecule leads to
a radical cation which then dimerises and re-aromatises
through the loss of two protons. Oxidative coupling of BED-
OTPy has been achieved electrochemically and by chemical
oxidation (vide infra). Pyridine itself is an electron deficient unit
and unlikely to undergo oxidative coupling.’® However, the
attachment of an electron-rich biEDOT unit at the 4-position
of the pyridine ring would result in increased electron density
in the N-heterocycle and allow the spin density of BEDOTPy
radical cation, the resultant of oxidation, to be delocalised
through to the pyridine ring. As such, the oxidation of BED-
OTPy could result in the generation of a polymer, with connec-
tions via radical coupling through the peripheral EDOT unit
and the pyridine ring. However, the formation of the dimer
(BEDOTPy), is much more likely with the radical cation resid-
ing predominantly on the terminal EDOT unit, as shown in
Scheme 1. Bearing in mind that these statements are assump-
tions, chemical oxidation of BEDOTPy, even under 1:1 stoi-
chiometric conditions, is likely to lead to a doped coupled

This journal is © The Royal Society of Chemistry 2023

product which is difficult to characterise by the usual techni-
ques (*H NMR and mass spectrometry). Therefore, the veracity
of the structure of the coupled product needed to be verified by
other means and to prove irrefutably that there is no coupling
through the pyridine ring. We therefore prepared an analogue
of BEDOTPy, Me-BEDOTPy, Scheme 2, in which the terminal
EDOT was functionalised with a methyl group to block any
oxidative coupling reactions through this unit. The synthesis of
both compounds and their propensity to couple upon oxidation
is discussed in the following two sections.

Synthesis

The uncapped compound BEDOTPy was synthesised according
to Scheme 2. Beginning from 3,4-ethylenedioxythiophene
(EDOT), an Ullmann coupling was applied to generate biEDOT
(1), by lithiation and coupling with copper(u) chloride (CuCl,).
BiEDOT was then stannylated, via lithiation and reaction with
trimethyltin chloride, to give the stannyl biEDOT material (2).
Compound 2 was then coupled to 4-bromopyridine under Stille
conditions to give BEDOTPy (3). The synthesis of the end-
capped BEDOTPy, Me-BEDOTPy, was achieved by the formyla-
tion of biEDOT to give compound 4, using phosphorus
oxychloride and N,N-dimethyl formamide via the Vilsmeier-
Haack reaction. The aldehyde functionality was then converted
to a methyl group to give compound 5 using hydrazine with
potassium hydroxide, via the Wolff-Kishner reduction method.
4-Todopyridine was then used in a direct arylation, to afford the
methyl-capped derivative of BEDOTPy, Me-BEDOTPy (6). The
full synthetic procedure and characterisation of all the new
compounds can be found in the ESL¥

Compound 3 can be further functionalised through
the pyridine unit to provide new quaternary materials. As an
example, BEDOTPy was reacted (Scheme 3), with 2-iodoethanol
by refluxing in acetonitrile to form BEDOTPy-EtOH-I (7). In this
example, an ethanol side chain was added for the quaternised

Mater. Horiz., 2023,10, 5087-5098 | 5089
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Scheme 3 Synthesis of quaternised material, BEDOTPy-EtOH-I (7).

pyridine in order to improve solubility in polar solvents. This
strategy gives scope for future modification where the side
chain can be varied by quaternisation with a range of reagents
to modify the solubility, molecular packing or even the energy
levels of the material.

Electrochemical study of BEDOTPy, Me-BEDOTPy and
BEDOTPy-EtOH-I

The electrochemical behaviour of the compounds under study
was investigated by cyclic voltammetry (CV) and the oxidation
of BEDOTPy is shown in Fig. 1(a). The compound displays two
irreversible oxidation waves at +0.48 V and +0.58 V, corres-
ponding to the generation of a radical cation and dication,
respectively. Upon repetitive cycling over both oxidation waves
in the range —0.41 V and +0.70 V, deposition of a product from
an electrolytic solution of BEDOTPy was observed visually on
the working electrode and its growth can be seen in Fig. 1(b) (0-
20 cycles) and Fig. 1(c) (21-60 cycles). A new, broad and
reversible oxidation wave is seen to develop upon successive
scans, at a lower potential than the oxidation potential of the
monomer, which is indicative of the formation of a more
electron rich product (i.e. with extended conjugation). Remov-
ing the subsequent working electrode from the monomer
solution and immersing it in a solution containing solely the
electrolyte afforded the CV of the product of oxidation

5090 | Mater. Horiz., 2023, 10, 5087-5098

(Fig. 1(d)). This CV shows a broad oxidation wave, which is
not dissimilar to that of PEDOT itself, with an onset of
—0.44 V and a corresponding estimated HOMO energy of
—4.36 eV, referenced to ferrocene. The broad peak indicates
the production of a conducting film with a high charge
capacity for the material.”®®® The product has a significant
decrease in oxidation potential compared to its monomer
due to an increase in the conjugation in the backbone. The
variance in current maximum of the oxidation peak of the
electrogenerated thin film was measured by CV upon increas-
ing the experiment scan rate from 0.02 Vs™' to 0.15 Vs
(Fig. 1(e)). The anodic current showed a linear increase whilst
increasing the scan rate (Fig. 1(f)) with a correlation coeffi-
cient r* = 0.999, confirming that charge transport through
the film is not diffusion limited.”®®! These results prove that
a new material is formed from the electrochemical oxidation
of BEDOTPy, deposited as a film on the working electrode
and possessing good stability upon redox cycling, but the
data do not confirm whether the product is a dimer or a
polymer. This uncertainty is resolved by similar electroche-
mical studies of Me-BEDOTPy (6).

The CV of compound Me-BEDOTPy reveals two irreversible
oxidation peaks at +0.44 V and +0.67 V (Fig. 2(a)). The decrease
in the current of the first peak upon cycling (Fig. 2(b)) and the
lack of the emergence of a peak at lower potentials indicate that
not only is there no extension in conjugation, but the most
electron rich component of the molecule, the biEDOT unit, is
being degraded. It is expected that the methyl group blocks
coupling through the thiophene units between cation radical
intermediates, and that is proven here, but the results also
strongly indicate that there is no coupling and extension of
conjugation through the pyridine rings. Therefore, from the
electrochemical results, we conclude that oxidation of the
compound BEDOTPy results in a dimer and not a polymer.
We term this new material (BEDOTPy),.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Cyclic voltammograms referenced to the ferrocene redox couple for: (a) oxidation of the BEDOTPy monomer; (b) and (c) film growth on the
electrode surface for 0-20 cycles and 21-60 cycles, respectively, by repetitive cycling over the oxidation potential; (d) oxidation of (BEDOTPYy), in
monomer-free solution; (e) and (f) scan rate measurements for the coupled product show increasing current upon increasing the scan rate. Conditions:
Au disk as the working electrode, Pt wire as the counter electrode and Ag wire as the quasi-reference electrode in ca. 0.1 mM of the compound in
dichloromethane (DCM) with TBAPF4 (0.1 M) as the supporting electrolyte at a scan rate 0.1V s~ for (a)—(d).

The dimerisation of BEDOTPy-ETOH-I was achieved electro-
chemically by repetitive cycling. In the initial cyclic voltammo-
gram, two irreversible oxidation peaks were observed at +0.54 V
and +0.68 V and a quasi-reversible, larger peak at +0.84 V (Fig.
S10(a), ESIt). The lower oxidation potential peaks are possibly
due to the oxidation of iodide anions (I and I3~). Upon
repetitive cycling over the oxidation window, deposition of a
product from a solution of BEDOTPy-ETOH-I was observed and
its growth can be seen in Fig. S10(b) (0-20 cycles) and Fig.
S10(c) (21-40 cycles) (ESIt). The electrodeposited film of
(BEDOTPy-EtOH-I), exhibited three reversible oxidation peaks
at —0.07 V, +0.39 V, and +0.90 V respectively (Fig. S10(d), ESIT).
The variance in current maximum of the oxidation peak of the
electrogenerated thin film was measured by CV upon increasing

This journal is © The Royal Society of Chemistry 2023

the experiment scan rate from 0.01 Vs~ ' to 0.15 Vs~ (Fig. S10(e),
ESIt). The anodic current showed a linear increase whilst increas-
ing the scan rate (Fig. S10(f), ESIT), with a correlation coefficient
r* = 0.999, confirming that charge transport through the film is
not diffusion limited.

Optical studies

Both the monomer BEDOTPy (0.05 mM solution state in
acetonitrile) and (BEDOTPy), (thin film deposited on an ITO
glass electrode) have been characterised by UV-Vis spectro-
scopy. As can be seen in Fig. 3, BEDOTPy displays two main
peaks at 372 nm and 387 nm, corresponding to the conjugated
triaryl unit in the molecule. Extension of the conjugated unit in
(BEDOTPy), results in a bathochromic shift of these peaks. The

Mater. Horiz., 2023,10, 5087-5098 | 5091
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Fig. 3 UV-Vis absorption spectrum shows BEDOTPy monomer (0.05 mM
solution state in acetonitrile) has its Amax at 372 nm and its corresponding
dimer (BEDOTPYy), (solid state) shows fine structure in the visible region
and a partially doped state with a band extending to the near-IR.

spectrum for (BEDOTPy), shows fine structure typical of a rigid
backbone, as seen for many EDOT-based oligomers and
polymers.®* The longest wavelength peak due to a T-n* transi-
tion is at 547 nm, and there is a shallow band at lower energy
centred at around 670 nm. The latter is ascribed to the doped
state of the as-made dimer.

Spectroelectrochemistry of (BEDOTPy),

A thin film of (BEDOTPy), was electrodeposited on an ITO glass
working electrode using potentiodynamic deposition by
repeated cycling over the oxidation potential of BEDOTPy in
0.1 M TBAPFg/acetonitrile monomer solution (0.1 mM). Fig. 4
presents the spectroelectrochemistry of (BEDOTPy), which was
performed in acetonitrile: dichloromethane (3:1 v/v) and 0.1 M
TBAPFs as the electrolyte. Applied potential values were
increased gradually during the measurement of absorption
spectra of the (BEDOTPy), thin film. At 0 V, the material is in
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the doped state with absorbance maxima at around 508 nm (n-
n* transition) and a band assigned to the radical cation centred
at ca. 700 nm. Raising the potential above 0 V resulted in a
decrease in intensity of the bands ascribed to the n-n* transi-
tion. From +0.6 V and above, a new broad band emerged,
centred at around 600 nm and this is assigned to the attain-
ment of a dication state (Fig. 4(a)). To investigate the electro-
chromic reversibility of the (BEDOTPy), thin film, the potential
was decreased back to a neutral state gradually from +0.9 V to
0 V (Fig. 4(b)) with an increase in absorption at 508 nm (Zyayx Of
the neutral state). As can be observed from Fig. 4a and b, the
spectroelectrochemical plots remain largely unchanged, show-
ing excellent stability of the material through the doping and
dedoping processes.

Bulk electrolysis and product analysis

To investigate the properties of the electrogenerated product by
larger-scale electrochemical synthesis, oxidative bulk electro-
lysis was performed at constant potential of 1.1 V. BEDOTPy (40
mg) was dissolved in CH,Cl, (96 mL) containing TBAPF, as the
electrolyte (3.8 g). At the end of the experiment, a precipitate of
the dication salt was isolated with a mass of 78 mg and a yield
of 69.8%. The (BEDOTPy), product was de-doped chemically
using hydrazine monohydrate and then purified by column
chromatography. The product was analysed by "H NMR (Fig.
S12, ESIY), electrospray (Fig. S13, ESIf), and MALDI-TOF mass
spectrometry (Fig. S14, ESIT). The mass found for the product
was 717.09 Da for [M(C3,H,4N,05S,) + H]" which, in addition to
the "H NMR data, indicated the formation of the dimer.

Chemical doping and de-doping for BEDOTPy

In order to provide further evidence of the veracity of the
electrogenerated product, (BEDOTPy),, chemical doping and
de-doping were also performed on the monomer. BEDOTPy was
doped chemically using nitrosonium hexafluoroantimonate
(NOSDbFg). The monomer solution (1 equivalent, 50 mg in 8
mL anhydrous acetonitrile) was mixed under argon atmosphere
with NOSbFs (2.5 equivalent, 90 mg in 8 mL anhydrous

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Spectroelectrochemistry plots for (BEDOTPYy), in solid state show: (a) increasing the potential from 0 to +0.9 V and (b) decreasing it back to 0 V,
using 3:1 v/v of acetonitrile and DCM dry solvents at scan rate 0.1 V s~. Note: The spectra are not referenced to the Fc/Fc* couple.

acetonitrile) and left under argon to react for 48 hours. The
doped solution exhibited an absorption maximum at 482 nm,
which is shifted bathochromically compared to the peak at
372 nm for the monomer (Fig. 5). This is due to the increased
length of conjugation as discussed previously. The band at ca.
590 nm is a signature of the doped state and, with reference to
Fig. 4, is attributed to the dication. The doped mixture was
diluted with excess CH,Cl, to give a blue precipitate which was

g ——BEDOTPy

2 101 Doped BEDOTPy

o —— (BEDOTPy),
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Fig. 5 Absorption spectra for BEDOTPy monomer (0.05 mM solution
state in acetonitrile, black trace), the dimer product after oxidation (0.05
mM solution state in acetonitrile, blue trace), and the de-doped dimer
(BEDOTPy), (0.01 mM in solution state in DMSO, red trace).

This journal is © The Royal Society of Chemistry 2023

filtered and collected (30 mg). The solubility of the filtered
product was investigated using different solvents (CH,Cl,,
chloroform, ethanol, methanol and water). The product was
soluble only in acetonitrile. The product was then de-doped by
hydrazine monohydrate, forming a red precipitate which itself
was soluble only in DMSO. The de-doped product has an
absorption spectrum (fine-structured band centred at ca.
482 nm) similar to the spectrum of the electrodeposited film
(Fig. S15, ESIT). The difference in A, absorption between both
products is due to their physical state (solution state and solid
state), which feature intermolecular interactions in the solid
state. The de-doped product was also analysed by '"H NMR
spectroscopy (Fig. S16, ESIt) and mass spectrometry (Fig. S17,
ESIY) to prove that the obtained product is a dimer (BEDOTPy),.

The optical HOMO-LUMO gap for (BEDOTPy), was esti-
mated to be 1.80 eV, taken from the onset of the longest
wavelength absorption band of the de-doped material mea-
sured in the solution state. The LUMO energy level was esti-
mated from the optical band gap value added to the HOMO
value (HOMO + E,), since no reduction wave was observable by
cyclic voltammetry, and it should be noted that this estimation
does not take into account the exciton binding energy of the
material (Table 1).%

Solution-processed thin film measurements

In order to explore the conductivity of the doped (BEDOTPy),
materials, drop-cast and spin-coated films were studied. Nitro-
sonium salts were used as oxidants due to their efficiency and
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Table 1 Energy levels for BEDOTPy in solution state and the electro-
chemically prepared (BEDOTPYy), in the solid state

Ey, Onset HOMO  LUMO  Ama HOMO-LUMO
Product \%) (ev) (eV) (nm) gap (eV)
BEDOTPy +0.35 —5.15 —2.18 372 2.97
(BEDOTPy), —0.44 —4.36 —2.56 500 1.80

the fact that the byproduct, nitrogen monoxide, is a gas,
resulting in a very clean dimerisation and doping process. It
was proposed that slow drying of a high boiling point solvent,
DMSO in this case, would assist with creating ordered films
which can improve the morphology and conductivity.
Solutions were prepared using BEDOTPy and BEDOTPy-EtOH-
1(0.8 mg mL ") with NOSbF, or NOPF, (2.5 molar equivalents)
with a solvent ratio of 1 : 4 acetonitrile/DMSO. A summary of the
conductivity results for these films is shown below in Table 2,
whilst examples of current-voltage plots used for the conduc-
tivity calculations are shown in Fig. S20 (ESIt).

The average electrical conductivity of dimerised BEDOTPy is
excellent for a doped organic small molecule, with the max-
imum measured conductivity reaching 3.75 S cm™'. The slow
drying of the films due to using high boiling point solvent,
DMSO, in the formulation leads to the formation of well-
ordered films, as shown in Fig. 6(a). The topography measure-
ment, carried out using atomic force microscopy, shows many
narrow, interconnected domains which are indicative of crystal-
lisation in the film. When BEDOTPy-EtOH-I is dimerised che-
mically using NOSbFs, there is a drop in conductivity compared
to the non-quaternised analogue, which can be explained by
disruption of molecular packing from the presence of side
chains and/or additional counter ions. However, despite lack-
ing the crystal-like features, the resulting films show good
uniformity, with an RMS roughness of 3.0 nm (Fig. 6(b)). When
the dopant is changed to NOPFg, the average conductivities are
similar but there is a significant difference in the topography
(Fig. 6(c)) with there being a large increase in roughness when
NOPF is used. The solubility of the material dimerised using
NOPFs is not as good, therefore as the film dries, solid may
precipitate out more readily to give rougher films.

As well as studying the optimised conductivity of the (BED-
OTPy), materials, it is important to characterise lower conduc-
tivity films that can be used as hole transport layers. The best
performing hole transport layer was deposited using 4.5 mg
mL~' BEDOTPy-EtOH-I and showed a low average conductivity
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of 8.0 x 107> S em ™ ". This can be explained by the rough films
(Fig. 6(d)) that result from spin-coating the solutions with
increased concentration. When compared with flexible polymer
chains, it is more difficult to achieve a uniform film with a
molecular species. However, the measured conductivity is
acceptable for use in hole transport materials and this, along
with the ability to process using acetonitrile, makes it possible
to construct organic light-emitting diode devices using ortho-
gonal processing.

Water droplet contact angle measurements were carried out
on the spin-coated BEDOTPy-EtOH-I film dimerised and doped
with NOPFg, as this was most suited for use as a hole transport
layer. The images for this and PEDOT:PSS are shown in Fig. S21
(ESIT). The average water droplet contact angle was determined
to be 51.8 + 3.8°. This shows that the layer is hydrophilic in
nature but less so than PEDOT:PSS (17.2 + 1.6°).

In addition to the electrical properties of the films deposited
using chemically-doped (BEDOTPy), and (BEDOTPy-EtOH-I),, it
is necessary to study the optical properties of the resulting
films, as hole transport layers should be transparent to avoid
parasitic absorption in OLEDs or OPVs, for example. The
transmittance spectra of the films studied for conductivity are
shown in Fig. S22 (ESIT).

PEDOT:PSS is highly transparent, with a transmittance
~95% across the visible region. The drop-cast film of (BED-
OTPy),, doped with NOSbF; is highly scattering and a reliable
transmittance spectrum cannot be obtained. Drop-cast films of
NOPF¢-doped (BEDOTPy-EtOH-I), show a lowest transmittance
of 66% at 385 nm, which suggests the presence of undoped
BEDOTPy-EtOH-I in the deposited film. When NOSbF, is used
instead there appears to be improved doping as the maximum
absorbance is at 536 nm, and is more intense than the peak
corresponding to BEDOTPy-EtOH-I. The transmittance is
greatly improved when using NOSbF¢ with a minimum trans-
mittance in the visible region of 81%. This is caused by the
greater size of the SbFs~ counter ions, which can suppress the
formation of aggregates and their absorption. This is supported
by the AFM images as the NOSbFs-doped film (Fig. 6a) shows
narrower aggregates compared to the NOPFg-doped film
(Fig. 6c).

The spin-coated film of NOPF-doped (BEDOTPy-EtOH-I),
was also studied. In the visible region, the lowest transmittance
is 77% at 380 nm. There is also a peak at 600 nm (81%
transmittance), which corresponds to the doped state of
(BEDOTPy-EtOH-I),. There is significant absorption of doped

Table 2 Summary of conductivity measurements for (BEDOTPy), and (BEDOTPy-EtOH-I), films deposited using drop-casting and spin-coating

Average thickness Average conductivity Standard Maximum
Compound/dopant (deposition method) (nm) (Sem™) deviation conductivity (S em™")
BEDOTPy/NOSbF, (drop-cast) 183 1.06° 0.87¢ 3.75
BEDOTPy-EtOH-I/NOSbF (drop-cast) 149 0.13” 0.29° 1.85
BEDOTPy-EtOH-1/NOPF, (drop-cast) 160 0.28° 0.15° 0.43
BEDOTPy-EtOH-I/NOPF, (spin-coated) 51 8.0 x 1077 1.5 x 1074 31 x 10"

“ Calculated from an average of 66 devices. ? Calculated from an average of 65 devices. ¢ Calculated from an average of 8 devices. ¢ Calculated from

an average of 4 devices.
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Fig. 6 AFM topography images of thin films deposited onto glass substrates using (a) BEDOTPy/NOSbFg, drop-cast, R, = 6.7 nm (b) BEDOTPy-EtOH-1/
NOSbFg, drop-cast R, = 3.0 nm, (c) BEDOTPy-EtOH-I/NOPFg, drop-cast, R, = 14.2 nm and (d) BEDOTPy-EtOH-I/NOPF, spin-coated, R, = 17.3 nm.

(BEDOTPy), and (BEDOTPy-EtOH-I), in the visible region which
makes it difficult to achieve a transmittance similar to PED-
OT:PSS, which is more strongly absorbing in the near-IR region.
However, a transmittance at greater than 77% across the visible
region is sufficient to create functioning OLED devices and
determine if the lack of acidity can allow improved stability.

Organic light-emitting diode (OLED) lifetime studies

In order to assess the applicability of dimerised BEDOTPy
materials as hole transport layers (HTLs), organic light-
emitting diodes were fabricated with BEDOTPy-EtOH-I and
compared with PEDOT:PSS. The quaternised material,
BEDOTPy-EtOH-I, was chosen for these studies due to its
improved solubility in acetonitrile, which is necessary for
solutions prepared at a higher concentration to be used for
spin-coating. The hole transport layer was prepared by using
BEDOTPy-EtOH-I at a concentration of 4.5 mg mL " in acet-
onitrile, with 2.5 molar equivalents of nitrosonium hexafluor-
ophosphate added to cause dimerisation and doping of the
material. The average thickness for this layer was determined to
be 51 nm.

A simple device structure of ITO/HTL/Super Yellow/Ca/Al
was chosen to assist with understanding the role of the hole
transport layer in the degradation of the OLED over time. For
example, a fluorescent emissive layer was specifically chosen
instead of a material that exhibits thermally activated delayed
fluorescence (TADF) due to the excellent stability of fluorescent
emitters. The characteristics of the tested OLEDs are

This journal is © The Royal Society of Chemistry 2023

summarised in Table S1 and Fig. S23 (ESIt), with repeat devices
shown in Fig. S24 (ESI{). The device containing dimerised
BEDOTPy-EtOH-I shows competitive performance when com-
pared with a reference device containing PEDOT:PSS, albeit the
current efficiency and maximum luminance are lower. This
may be explained by the increased absorbance of the dimerised
BEDOTPy-EtOH-I layer when compared with PEDOT:PSS. The
lifetime of the OLEDs, held at a constant current (2 mA), in a
nitrogen atmosphere, was compared to determine whether
the omission of PSS could lead to improved device lifetime in
dimerised BEDOTPy-EtOH-I layers. These plots are shown in
Fig. 7.

There are significant burn-in processes for both devices
which causes a drop in luminance but this is more marked in
the device containing the treated BEDOTPy-EtOH-I dimer. This
may be caused by a Joule heating effect which affects the
polymer ordering as Super Yellow has a glass transition tem-
perature of ~83 °C.** This effect is likely to be larger for
BEDOTPy-EtOH-I dimer devices, which requires a higher vol-
tage (5.40 V) to measure 2 mA compared to the analogous
PEDOT:PSS-containing device (3.95 V). However, despite the
higher power applied in oxidised and dimerised BEDOTPy-
EtOH-I based devices, the luminance then slightly increases
and stabilises, showing negligible degradation. On the other
hand, the PEDOT:PSS-containing device shows a gradual
decrease in luminance over time, with the oxidised BEDOTPy-
EtOH-I dimer layer showing a higher ratio of luminance/initial
luminance (L/L,) value after only three hours. The stability of
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Fig. 7 Lifetime studies of OLEDs containing dimerised and doped
BEDOTPy-EtOH-I and PEDOT:PSS as the hole transport layer. Lifetime
measured by the luminance (L) divided by the initial luminance (Lo). Device
structure ITO/HTL/Super Yellow/Ca/Al; OLEDs held at a constant current
of 2 mA for approx. 14 hours, with luminance measurements every minute.

the OLED containing BEDOTPy-EtOH-I can be considered more
impressive when comparing relative performance after the
burn-in - there is no evidence of further degradation. This is
not the case for the PEDOT:PSS containing device, indicating a
poorer device stability when this hole transport layer is used.

Conclusions

A new class of non-acidic, molecular materials based on the
structure (BEDOTPy), *X ™ has been introduced as an alternative
to PEDOT:PSS. This material is formed from an oxidative coupling
of the pyridine-capped biEDOT monomer, BEDOTPy, which has
large scope for modification by quaternisation or use of different
counter ions. Studies of the methyl-capped Me-BEDOTPy proved
that the dimer is formed rather than any polymerisation, bonding
through the pyridine for example. The oxidised, quaternised dimer
has a maximum conductivity > 1 S cm ' and an average
conductivity of > 0.1 S cm ™" when drop-cast and can be used
as a hole transport layer in OLEDs, giving longer device lifetime
in an OLED with a Super Yellow emissive layer. The molecular
structure of BEDOTPy gives it scope to be modified to tune the
ionisation energy or solubility in different solvents for example,
something that cannot be easily achieved for PEDOT:PSS. We
anticipate that this hole transport layer will be applicable to
organic photovoltaics as well as OLEDs, especially if the trans-
mittance is further optimised. As a result, this type of material
can be considered a promising alternative to PEDOT:PSS and
alleviates the acid-induced degradation and batch-to-batch
variation which are common problems with the widely used
PEDOT:PSS.
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