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1. Introduction

Dielectric-constant effects on the exciton
dissociation and photovoltaic conversion
efficiency of water-soluble green conducting
polymerst

Xin Wei,? Daniel Williams® and Giovanni Fanchini @ *2°

While the best strategy to design semiconducting polymers for organic photovoltaics (OPVs) is still
debated, several reports link the performance of some such polymers to a high dielectric constant, with
polythiophenes at the forefront of those studies. The use of the dielectric constant as a figure of merit to
design OPVs will represent a game-changing strategy towards high photoconversion efficiency (PCE) if it is
rigorously proven by a theoretical model on a specific OPV polymer with tunable susceptibility. Water-
soluble poly[2-(3-thienyl)-ethoxy-4-butyl-sulfonate] (PTEB) is the ideal platform to test such a hypothesis,
due to its properties that are tunable in liquid environments and are highly dependent on the pH of the
aqueous solutions used to disperse it, in addition to offering a unique avenue toward fully water-processed,
environmentally green OPVs. Here, we characterize a set of PTEB samples, assemble bulk heterojunction
(BHJ) OPVs out of them, and develop a mean-field theory model explaining why the tunability of the
optoelectronic properties of PTEB persists in the solid state, which is assigned to the different polarizability
of the terminations of PTEB pendant groups that are stable in basic and acidic environments. Dielectric
constants decreasing from ¢ = 4.5 (in layers spun from solutions at pH = 4) to ¢, = 2.9 (at pH = 10) are
measured and shown to affect the operation of PTEB OPVs with bathocuproine (BCP) as an acceptor,
increasing their PCE from 0.44% up to 2.8% at the highest value of ¢,. Even if these figures are still relatively
low over OPV polymers soluble in nonpolar solvents, they are the highest obtained to date for PTEB and,
to the best of our knowledge, also for any other water-soluble polythiophenes, except for polythiophene
particles previously processed in nonpolar solvents.

been reported for binary organic photovoltaics by enhancing
the crystallization of their active layer via non-fullerene

Organic photovoltaics (OPVs) prepared from earth abundant
and environmentally benign elements possess light weight,
flexibility, and simplicity in terms of device manufacturing that
are desirable towards the implementation of environmentally
friendly solutions at zero-carbon emissions."” OPVs may find
their use for in-motion applications requiring solar cells with
high flexibility and light weight, for example on electrical
vehicles,” as backup power sources to be placed on wind
turbine blades," and for recharging personal electronic
devices.” The photoactive layers of OPVs are made of polymers,
small organic molecules, or their combination.*” To date,
photoconversion efficiencies (PCEs) approaching 20% have
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acceptors,® additives® and crystallization regulators'® as well as
the use of step-by-step modulation of crystalline features.'*
OPVs do not require any precious metals such as ruthenium, a
frequent ingredient of dye solar cell sensitizers."”” Indium,
determining the cost of indium-tin oxide (ITO) electrodes, can
also be replaced in OPVs with graphene'®'* or carbon
nanotube'® electrodes. Furthermore, OPVs do not require any
environmentally problematic element such as lead, ubiquitous
in perovskite solar cells,"® and cadmium, that is frequent in
quantum-dot photovoltaics."”

The use of green solvents in OPV manufacturing is vital so
as not to lose all of their advantages in terms of
environmental friendliness over competing technologies and
has been the subject of unique attention.'® Although some
high-efficiency OPV architectures that have been proposed to
date utilize relatively benign solvents, such as o-xylene,®'"
water is the solvent of choice for any green manufacturing
process,'® which also limits the processing costs. It is
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imperative to envisage specific OPV architectures that are
water-based. This poses compatibility challenges in the
fabrication of multiple layers by spin-coating,*® and the issue
of low stability of certain organic polymers in an aqueous
environment needs to be tackled.*! To this end, a number of
reports®>>® have heralded the use of water-dispersible
surfactant-based  polymer micelles, surfactant-stripped
nanoparticles, Janus nanoparticles and mini-emulsions to
fabricate OPVs from water-dispersed particles of nonpolar-
soluble polymers. However, these types of fabrication
processes are dubiously green, even if they reached up to
11% PCE.*® In fact, while the final OPV preparation stage is
claimed to be water-based, the initial stages of preparation
always require highly volatile, environmentally problematic,
nonpolar organic solvents in large amounts.*® For example,
Janus nanoparticle preparation®* and surfactant-stripped
preparation®® use tetrahydrofuran that is highly explosive
and potentially carcinogenic for kidneys,”” while mini-
emulsions necessitate considerable amounts of chloroform,**
which presents reproductive toxicity and easily decomposes,
in the presence of light, into extremely toxic phosgene and
hydrogen chloride.”® Therefore, these methods, albeit
partially water-based, do not seem to offer the much-needed
environmental friendliness that will make OPVs a green form
of energy conversion for the future. Vohra et al.>® reported
open-circuit voltages up to 1.3 V from the poly[3-(6-N,N,N-
trimethyl ammonium)-hexylthiophene] bromide donor
combined with a water-soluble fullerene acting as the
acceptor, and Laval et al.*® reported an open-circuit voltage of
0.69 V with the poly[(thiophene)-alt(6,7-difluoro-2-(2-
hexyldecyloxy)quinoxaline)] donor and a Cg; derivative as the
acceptor, but the PCE was 0.24% and 1.02% respectively. A
strategy for steadier PCE improvement in all-water OPV
manufacturing processes, and related materials, is therefore
in high demand.*'

Water-soluble
sodium (PTEBS)
water-compatible

poly[2-(3-thienyl)-ethoxy-4-butylsulfonate]
is a commercial, highly water-soluble and
organic photoconducting polymer that has
found critical applications as a polyelectrolyte,** in
biosensing,**** and for solar cell fabrication. The
photoluminescence (PL) of PTEBS has been shown to be
quenched in the presence of oxygen in the solvent, and by
specific electron acceptors, such as methoxy-propyloxy-
sulfonate-phenylenevinylene and TiO,,**”*> which is a strong
indication that the dissociation of excitons photogenerated in
PTEBS may also occur in the solid state. As far as PTEBS-based
photovoltaics are concerned, Qiao et al>*® reported bilayer
dye-sensitized TiO, solar cells in which PTEBS plays the
multifunctional role of both a sensitizer and electrolyte, with
PCE up to 0.17%. The same authors reported®® bulk
heterojunction (BHJ) OPV devices where PTEBS (acting as an
electron donor) was intermixed with single-walled carbon
nanotubes (acting as acceptors). BH]J architectures are critical in
achieving high PCEs in OPVs because of the very short exciton
lifetimes and limited diffusion lengths (I, ~10 nm) in organic
materials,>"*° which requires donors and acceptors to be mixed
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at the nanoscale for optimal electron-hole pair dissociation,
whereas planar p-n junctions are sufficient in solar cells from
inorganic materials, where I, can exceed 10 pm. With PTEBS
being a commercially available material,"" these figures could
indicate strong potential for its use in OPVs if this water-soluble
polymer is properly understood and utilized.

One critical property of PTEBS rests in the tunability of
the optical properties in liquid environment, which appear to
be dependent on the presence of oxygen®® as well as the pH
of the aqueous solution used to disperse it. For example, it
has been shown that, at a given polymer concentration, the
color of aqueous solutions of PTEBS may vary from pale
yellow to orange and dark red.** This phenomenon has been
explained in terms of different degrees of n-electron
stacking,”® cation exchange and self-doping,**** as well as
different polarizability of the terminations of the pendant
groups attached, with this polymer sitting at the equilibrium
configuration between a sodium salt (i.e., PTEBS) at basic pH
and a proton salt (ie, poly[2-(3-thienyl)-ethoxy-4-
butylsulfonate], or PTEB) at acidic pH.?” If either or both the
last two explanations are assumed, PTEB/PTEBS will
represent the ideal playground for investigating the role of
dielectric constant in promoting high PCE in OPVs. While
the best strategy to design photoconducting polymers for
OPVs is still debated, several**™*® reports link the
performance of multiple polythiophenes as photoactive OPV
materials to a high dielectric constant. The use of dielectric
constant as a figure of merit to design polymers for OPVs will
represent a game changer towards designing OPVs at high
PCE, if it is rigorously proven by a theoretical model on a
specific polymer with tunable susceptibility. Specifically, if
the dielectric constant (g;) of PTEB/PTEBS is controlled by
different terminations®” we will expect it to decrease at
increasing pH as protonated groups are expected to be more
electronegative, and therefore more polar, than the PTEBS
sodium salt. Conversely, if & was controlled by self-doping
related to cation exchange, we would expect it to decrease at
decreasing pH, as self-doping occurs in an acidic
environment, and free electrons produced by doping**** will
screen the dipoles and decrease the susceptibility of the
material at long wavelengths and low frequencies.*

In this paper, we will thoroughly investigate a set of
commercial PTEBS samples with multiple characterization
tools, including ultraviolet-visible (UV-vis),
photoluminescence (PL), and electron spin resonance (ESR)
spectroscopy as well as capacitive resonance dielectric
function measurements. We anticipate that the dielectric
function of PTEBS decreases at increasing dielectric function,
consistent with different polarizability from different
pendant groups in the sodium salt (PTEBS) and the
corresponding proton salt - a phenomenon we will be able to
explain in the framework of a mean-field theory model.
Furthermore, we will report the discovery of favorable
dissociation of the excitons from PTEBS in the presence of
bathocuproine (BCP) as witnessed by PL quenching. Due to
this observation, we will also assemble and report bulk

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heterojunction (BHJ) OPVs incorporating PTEBS in the solid
state, and their efficiency will be successfully correlated with
the polymer's dielectric constant.

2. Experimental

The flow chart of our process is shown in Fig. 1, and includes
both liquid-phase and solid-state experiments, as well as
device fabrication and testing. Collectively, the goal of the
experiments is to determine the tunability of the solid-state
dielectric properties of solution-processed PTEBS thin films,
the link between the long-wavelength dielectric constant of
the films and the pH of the starting solutions, and the
photovoltaic properties of OPVs based on such films.

2.1. Preparation of PTEBS solutions

24 mg of sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate)]
(PTEBS) (American Dye Source, Inc.) was dissolved in 6 ml of
deionized water and stirred at 50 °C overnight. It was then
separated into 6 different vials (4 mg ml™) and buffer
solutions of pH 2, 4, 6, 8, 10 were added to 5 of the vials.
Deionized water was added to the remaining vial to maintain
equal concentration. The solutions were drop-cast on
aluminium foil, and polystyrene dissolved in chlorobenzene
was drop-cast on top of it and covered the PTEBS layer.
Solutions were separated into 2 vials per pH. Bathocuproine
(BCP) (Sigma-Aldrich, CAS Number: 4733-39-5) was added to
one of those vials and stirred at 50 °C overnight to obtain
PTEBS : BCP solution with a 1:1 weight ratio. These solutions
were used for UV-vis spectrophotometry, ESR and PL
spectroscopy, as well as OPV device fabrication.

2.2. Fabrication of OPV devices

OPV devices were fabricated with the architecture shown in
Fig. 1 onto 1” x 1" indium tin oxide (ITO) coated glass
substrates (90 /O sheet resistance). Prior to device
fabrication, substrates were patterned by masking the central

Solution Dielectric
- PTEBS characterization measurements
* PTEBS:BCP pH Vc(f) R
———— 2 Spin v,
coating

PTEBS 0

o IR

Organic _

CH, Photovoltalcs

Fig. 1 Flow-chart of the experiments described in this work, in which
the pH of PTEBS solutions was varied from 2 to 10, with reproducible
change in solution color at pH = 2, and subsequent solution
characterization, fabrication of thin solid films by spin-coating and their
characterization with a focus on dielectric function measurements, as
well as organic photovoltaic device fabrication and testing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1/2 x 1-in part of the substrate with Kapton™ tape and
removing the unmasked area of the coating in an ITO
etchant bath (LCE-200, Solexir) at 50 °C on a hot plate.
Patterned substrates were thoroughly rinsed in sequential
water, acetone and isopropanol baths. The nickel oxide
(NiO,) bath used to deposit the electron-blocking layer was
prepared using the method described by Ezugwu et al.”°
Briefly, 1.3 g of nickel sulfate hydrate (NiSO,-6H,O Sigma-
Aldrich, 10101-97-0) was dissolved in 15 ml of deionized
water along with 0.2 g of polyvinylpyrrolidone, acting as a
surfactant, and 3 mg magnesium sulfate MgSO, as a doping
agent. A droplet of 30% aqueous ammonia (Sigma-Aldrich,
1336-21-6) was added to the mixture until a clear and blue
coloured solution was formed, signalling the formation of
Mg-doped nickel hydroxide.’® The pH of the mixture was kept
in the range of 12.0-12.5 at 70 °C for 16 h of processing. The
substrates were treated in a Novascan PSD-UV3 ozone-
generating system for an exposure time of 15 min
immediately prior to receiving the solution. The above-
mentioned solution was spun on the substrates at 1000 rpm
in a Laurell WS-650 spin-coater. The substrates were then
baked at 300 °C for 30 min in air on a hot plate to obtain a
NiO, thin layer of about 50 nm, as measured by a Filmetrics
F20 optical thin film profilometer.

Using the same apparatus, the PTEBS:BCP solutions
prepared at varying pH were spin-coated at 150 nm thickness
on top of the Mg-doped NiO,. Samples were then annealed
for 20 min on a hotplate at 120 °C in a glovebox (VAC Nexus,
<10 ppm O level) with a built-in thermal evaporator in it.
The device samples were subsequently transferred into the
evaporator (Nano 36, K.J. Lesker Co) where subsequent Cgq
hole-blocking layers (50 nm, Alfa Aesar 42007) and an anode
layer made from stacked calcium (20 nm, Alfa Aesar, 14457)
and aluminum (80 nm, Alfa Aesar, 42257) thin films were
thermally evaporated on top of NiO,:PTEBS:BCP through a
shadow mask enabling four OPV devices on the same chip,
thus completing the architecture in Fig. 1.

2.3. Sample and device characterization

2.3.1. Characterization of the solutions. UV-vis spectra of
PTEBS solutions were recorded in transmission mode at 120
nm min' using a Perkin Elmer Lambda 19 dual-beam
spectrometer with the wavelength range from 200 nm to 800
nm and 1 + 0.15 nm wavelength resolution. The samples for
UV-vis analysis were diluted with deionized water to a
concentration of 0.1 mg ml™. Scans were performed in a
quartz cuvette cell used for UV-vis with 2 polished sides and
a 190 nm-2.5 pum clear window, where 3 ml of each solution
were transferred for measurement. An identical reference
cuvette with pure deionized water was used on the second
spectrometer beam to calibrate the spectra.

Solutions were further diluted for PL measurements. 3 mL
of PTEBS (0.1 mg ml™") and PTEBS:BCP (0.1:0.1 mg ml™)
solutions at varying pH were placed in a quartz cuvette
(4-side polished, 3.5 mL capacity). PL emission spectra (330-
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825 nm wavelength range, 5 nm step and 0.3 nm accuracy)
were recorded on a Horiba Fluorolog QM-75-22 apparatus
with a 75 W xenon arc lamp as the excitation source filtrated
through a monochromator. A fixed excitation wavelength 4 =
430 nm was used. ESR spectra of PTEBS solutions were
recorded on a JEOL JES-FA200 X-band (9.3 GHz) spectrometer
at 100 kHz magnetic field modulation. Solutions at pH 2
were not measurable due to strong dielectric losses and high
conductivity of the self-doped polymer. 30 puL of PTEBS
solutions at pH 4, 7, 8, 10 were placed in 1.5 x 100 mm
capillary tubes, and then inserted in 1 mm diameter, thin-
wall, Suprasil™ EPR capillary tubes for measurement
(Norrell, Inc.). The ESR spectra were acquired at 1 mW
microwave power and room temperature, with a modulation
width of 0.25 mT and a time constant of 30 ms. Additional
measurements were performed at higher microwave power to
rule out the sample saturation. The spin densities were
estimated from the built-in Mn>" marker situated in the TE-
100 resonant cavity of the spectrometer, and an additional
measurement of a (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
(TEMPO) radical in aqueous solution, containing a known
number of spins.®® Uncertainty on the spin density
measurements is estimated to be 35% with this method.

2.3.2. Characterization of thin solid films. The long-
wavelength dielectric constant of the PTEBS thin films was
measured on thin films deposited on Al foil, forming a
capacitor with a liquid top contact made by Galinstan™ and
contained in a 2 mm diameter O-ring. This capacitor was
used under a probe station (Signatone S725 probes) to realize
an RLC circuit along with a function generator, a 10 kQ
resistor, a 70-mH inductor, and a digital scanning
oscilloscope (Hantek) for signal detection. For dielectric
measurements, the PTEBS thin films (pH 4, 6, 7, 8 and 10)
were spun at 400 rpm and were 1.2-um thick. The ratio
between the voltage across the thin-film capacitor and the
voltage at the function generator was measured in the f =
210-690 kHz range to determine the circuit's resonance
frequency, which is then used to calculate the dielectric
constant of the thin film layers under the assumption of a
plate capacitor.

2.3.3. Testing of OPV solar cells. An SRC-1000-RTD-Qz
reference solar cell (NREL calibrated) was used for irradiance
calibration. The reference solar cell and OSC devices (pH 4
to 10) were placed under a Sciencetech AAA (ASTM E927-19)
AM 1.5 solar simulator at 1 sun, with up to 1-in target area,
placed in a dark environment. Current voltage (J-V)
characteristics of each device were recorded using a Keithley
2400 source meter interfaced with a computer-controlled
IEEE488 acquisition card in the -0.75 V to 0.75 V voltage
range. The fill factor and PCE of each device were calculated
from the maximum power conditions and the mean and
standard deviation was estimated from the four devices on
each chip (see sect. 2.2). External quantum efficiency (EQE)
was measured in the 325-800 nm wavelength range on a
Sciencetech PTS-2 apparatus using the aforementioned E927-
19 solar simulator as a bias light source. Light from a 150-W
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xenon arc lamp photomodulated at 35 Hz was passed
through a 1/4 m Czerny-Turner monochromator and was
used as the pulsed photon source. The EQE system's
response was calibrated through the abovementioned SRC-
1000-RTD-Qz solar cell, and the photocurrents
recorded on a Keithley 2401 source meter.

were

3. Results and discussion

3.1. Characterization of polymer solutions

UV-vis spectra from PTEB/PTEBS solutions buffered at
different pH values are shown in panel a of Fig. 2, from
which the strong difference in visible properties from pH = 2
to pH = 4-10, already evident from the photo in Fig. 1, can
be elucidated. At a first glance, all of the UV-vis spectra look
very similar to each other, and this is confirmed by the
similarity of the Tauc plots (Fig. 2b) and Tauc band gaps E,
(Fig. 2c) which are all within an error bar (E, = 2.00 + 0.25 eV
at pH = 2 and E, = 2.04 + 0.25 eV at pH = 10). The peak
energies for n-n* transitions (Fig. 2c¢) are also all within an
error bar. In order to understand the colour variability of the
solutions, one must consider the excess absorption photon
energy region below the band gap (Fig. 2b, inset). It is
apparent that the darker solution at pH = 2 has a
significantly stronger excess absorption, consistent with
previous findings in the literature,***> which was assigned to
self-doping of polythiophenes. Stronger excess absorption
upon acidification was also observed by Tran-Van et al.**> and
was assigned to free carriers within the band gap. Free
carriers may affect the optical properties of solids in the
infrared and low-photon energy visible range, which explains
the dark-brown colour of our most acidic solution. The
physical meaning of the UV-vis optical properties can be
therefore summarized as in Fig. 2d, elucidating that E,
remains constant regardless of the pH, but the Fermi level
(Eg) is significantly downshifted at lower pH, consistent with
the possibility of degenerate doping at pH 2, where the free
carrier concentration is significantly higher.

Further evidence of free carriers and self-doping can be
achieved by ESR. The ESR signals of good-quality
polythiophenes were assigned** to free electrons due to their
g-values close to 2.0023, the Landé constant. This is also
evident from the ESR spectra presented in panel a of Fig. 3
(the sample at pH 2 was not measurable, arguably due to
strong dielectric screening and metallic behavior, consistent,
in fact, with degenerate self-doping). The signal intensity
(proportional to the free carrier concentration) decreases at
increasing pH, consistent with stronger self-doping upon
acidification. The corresponding spin concentrations are
reported in Fig. 3b. Basically, from the spin concentrations, it
can be calculated that there is 1 to 3.5 unpaired electrons per
polymer chain (about 3500 repeating units) at pH 10 and 4,
respectively. This is a relatively low concentration, which
seems to indicate that free carriers and self-doping will play a
marginal role in determining the dielectric constant, as we
will be able to confirm below.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis absorption spectra of PTEBS solutions at varying pH (0.1 mg mL™). It can be observed that the spectra are coincident, except for
pH = 2 at low photon energy, where (b) the Tauc plots evidence a significantly higher excess absorption (dotted square box); (c) optical bandgaps
(Eg, calculated from panel b) and peak energies which are independent of the pH; and (d) diagram showing the shifts of the Fermi level (E¢) of
PTEBS at low pH due to self-doping, which is responsible for the higher excess absorption shown in panel b, and thus explains the different colour

of the solution, at pH = 2.

3.2. Excitonic properties and exciton dissociation in the
presence of BCP

Panel a in Fig. 4 shows the PL spectra of PTEBS (400 nm
excitation) in water with and without the addition BCP.
Spectra were recorded at pH ranging from 2 to 10 (pure
PTEBS at pH = 2 exhibits negligible PL, consistent with
degenerate self-doping inferred from UV-vis and ESR
measurements). We have discovered (Fig. 4b) that the PL
spectra of PTEBS in water are significantly quenched with the
addition of BCP, but only for acidic pH values. PL quenching
can be taken as an indication that excitons formed in PTEBS
dissociate in the presence of BCP, either due to electron or
hole transfer to the added type of molecule, which requires
the corresponding energy levels to align. From an inspection
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Fig. 3 (a) Room-temperature ESR spectra of PTEBS solutions at varying

pH from 4 to 10, which confirm the presence of free carriers due to self-
doping; (b) spin density of PTEBS solution as a function of the pH,
calculated from the ESR spectra in panel a. The spin density decreases as
the environment shifts towards basic pH due to lower self-doping. The
sample in water at pH = 2 was not measurable due to high dielectric
screening from conduction electrons suggesting a spin density much

larger than 10*° g%, consistent with degenerate self-doping.

© 2025 The Author(s). Published by the Royal Society of Chemistry

of the electron energy spectra of PTEBS and BCP***" (Fig. 4c)
the highest occupied molecular orbital (HOMO) of BCP (-7.0
eV) is significantly lower than its PTEBS counterpart (-5.0 eV)
which indicates that hole transfer is unlikely. Conversely, the
lowest unoccupied molecular orbital (LUMO) of PTEBS (-3.0
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Fig. 4 (a) PL emission spectra of PTEBS and PTEBS:BCP solutions
(1:1 weight ratio) at varying pH from p4 to 10; (b) PL quenching rate
calculated as the intensity ratio as a function of pH. The quenching
rate decreases as the pH of the solution increases; (c) energy-band
diagram with the HOMO and LUMO levels of PTEBS and BCP.
Electron transfer from the conduction band of PTEBS into BCP is
possible, while hole transfer from the valence band of PTEBS into
BCP is forbidden; (d) band diagram of PTEBS to BCP showing
electron and hole transfer processes.
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eV) sits just above the BCP LUMO (-3.5 eV) which may
potentially lead to electron transfer. We are therefore inclined
to assign the observed PL quenching to electron transfer
(Fig. 4d). However, the experimental observation that such
quenching only occurs at specific values of pH requires an
explanation, which we are proposing to assign to the
intriguing behavior of this polymer in acidic and basic
environments.

Specifically, our PL results can be understood by assuming
that the pH of the solution affects the pendant group on the
polymer. For example, as far as PTEBS is concerned, it is well
known®” that modifying the pH of the solution alters the
equilibrium

_(C6H120)HSO3 + NaOHD = _(C6H120)803‘Na + Hzo, (1)

and such a shift indicates that the polymer transitions from
a sodium salt (PTEBS) at basic pH to a proton salt at acidic
pH, which can be named as poly[2-(3-thienyl)-ethoxy-4-
butylsulfonate] (PTEB) acid. When these aqueous solutions
are used to prepare films by spin coating, which eliminates
the solvent, such films are expected to have very different
properties depending on the specific pendant group carried:
either -(C¢H;,0)SO5-Na as in pristine PTEBS, or —(C¢H;,0)
HSO;, with the former more likely produced at high pH, from
basic solutions, and the second one more likely from low pH,
in acidic environments.

In addition to understanding the thin-film properties,
equilibrium (1) offers a consistent interpretation of the data
from Fig. 2-4. For example, as far as Fig. 3 is concerned, the
ESR spectra offer clear evidence that acidic aqueous
environments increase the concentration of free carriers
along the polymer backbone. This effect may be associated
with the presence of -(C¢H;,0)SO; pendant groups at low
pH if we admit that it leads to small charge transfer effects
that will even slightly move the polymer's Fermi level. Due to
the one-dimensional nature of the polymer, this will have
profound effects in the density of states at the Fermi energy®”
even without altering the shape of the electronic bands.

Furthermore, as far as optical properties are concerned, it
is well known® that the optical band gap of polythiophenes
(and, more generally, their optical properties in the visible
photon energy range) are controlled by n-n* optoelectronic
transitions, with mn-electrons only delocalized in the
thiophene rings at the polymer backbone. This is especially
true in PTEBS and related materials, where carbon atoms in
the pendant groups are sp® hybridized and do not contain
any n-electrons. The hydrophilic terminations (-SO;-Na or
-HSO;3) at the end of the pendant have little direct effect on
the optical properties of the polymer. Therefore, the observed
band gap is not directly affected by the solution pH. However,
there is a strong indirect effect of the pendants on the
n-electron system at the polymer backbone, through the local
electric field they produce, because the -SO;-Na, and -HSO;
terminations have a very different electron polarizability,
which in turn has a dramatic impact on the polymer's static
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Fig. 5 (a) Frequency-dependent transfer functions of thin solid films of
PTEBS processed from solutions at different pH; (b) dielectric constant
of PTEBS thin solid films as a function of the pH of the starting solution,
derived from the transfer functions in panel a; and (c) PTEB/PTEBS with
different pendant groups in acidic and basic environments, with -HSO3
and -SO3z-Na end terminations, respectively. The two types of end
terminations have different dipole moments which induce different
n-electron polarizations due to different local field intensities.

dielectric constant due to the limited capability of m-electrons
to screen any external perturbation, albeit small. This is
evident from the experiments that will be presented in the
next section.

3.3. Polymer thin-film dielectric constant

Fig. 5 reports the solid-state dielectric function of pure PTEB
thin films obtained from capacitive resonant circuit
measurements, which are shown in Fig. 5a. The circuit
response, defined as the ratio between the frequency
dependent voltage [V (w)] and the zero-frequency DC voltage
[Vo], is given by

VC(a)) _ 1 (2)
Vo Cf\/RlcoZ + L (w? - 1/LCy)”

where R and L are the resistance and inductance of the used
circuit (see Experimental) and C; is the polymeric film
capacitance, which is linked to the dielectric function as & =
Cid/epA, where A and d are the film's area and thickness,
respectively. As the resonant frequency o = 1/+/LCy increases at
increasing pH, it is clear that ¢, is the lowest at the highest pH
of the starting solution, a trend shown in Fig. 5b. From this, it
can be inferred that the effects of the pH of the starting solution
persist even after the solvent is removed in a dried polymeric
thin film. We propose that this is an effect of the local field from
different pendant groups, which in turn affects in different ways
the n-electron system that is responsible for the optoelectronic
properties, depending on the type of the end termination, -SO;
‘Na, or -HSO;. Different terminations have different dipole
moments,”* and, therefore, may polarize the n-electrons in a
different way. For example, Fanchini et al.>>>® have shown that
different nitrogenated terminations, para-cyanogenic and nitrile,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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led to different polarization of small n-electron domains, to the
point of leading to substantially different vibrational properties.

These effects can be understood®>>® in the framework of
mean-field theory, where the m-electrons are situated in a
spherical cavity in which the local electric field Ej,. is the

resultant of both the external field (E,) and the
depolarization field (E; = -P/3¢,):
E[oc = E() + E1 = E() - P/380 (3)

In turn, the polarization P is the consequence of the
magnitude of the dipole moments p; = ¢;jEjo. offered by the
different terminations [i.e., j = -SO3-Na, or ~-HSO; with their
respective polarizations, «(SOs-Na) or a(HSO;)] because all
the other constituents of the polymer are significantly less
polar. We can therefore adopt at the mesoscopic level a
mean-field theory model,”” in which

P =N x [ foSO5-Na) + (1 - f)a(HSO3)] X Ejoc = 360fe1 X Eipe- (4)

Ejo. is the same irrespective of the termination, because
-HSO; and SO;-Na are attached to identical pendant groups.
In the rightmost term of eqn (4), we have introduced the
electronic polarizability, f., which is linear in the
concentrations N; of each pendant group and, therefore,
linked to the total concentration (N) of monomer groups
within the thin solid film, by N(SO;:-Na) = N x fand N(HSO3)
= N x (1 - f), respectively. Thus, f in eqn (4) is the residual
fraction of sodium-containing pendant groups, which, in
consideration of equilibrium (1), is expected to be the largest
for thin films spun at the highest pH. In contrast, sodium in
acidic solutions tends to be present as NaOH, which will
segregate upon spin-coating. Therefore, films prepared at the
lowest pH are expected to mostly contain [(C,HS)-(C¢H;,0)-
(HSO3)],, (instead of pristine PTEBS, [(C4HS)(CsH;,0)
(SOs-Na)],,) and, possibly, segregated NaOH, if this is not
expelled from the film during the spinning process.

The different terminations of the polymer's pendant group
in the solid state may explain the tunability of the films’
dielectric constant, depending on the pH of the solution used
to prepare them, as we must expect (HSO3) > o(SOs-Na) due to
the lower electronegativity of Na over H. Because of self-
consistency, eqn (3) can be replaced into (4), thus solving for
the dielectric susceptivity y = P/E,, from which the dielectric
function, & = 1 + y can be determined. This results in (& — 1)/(e;
+2) = B as in the Clausius-Mossotti relationship,*® which gives

_ 1+ zﬁel(f)
1_ﬁe1(f)

with Se(f) = X Ba(SOsNa) + (1 - f) x B(HSO;). The blue line in
Fig. 5b is a plot of eqn (5) at S.(SO3:Na) = 0.40 and f(HSO3) =
0.54, which indicates that our mean-field model offers a fairly
accurate description of the root causes for the dependence of
the dielectric constant of PTEB/PTEBS thin films on the pH of
the solution used to prepare them by spin-coating. Collectively
our work indicates that small static perturbations in the

er(f) (5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pendant group lead to strong effects, in terms of polarization,
on the m-electron system, with excitons on the polymer
backbone that are strongly affected by the environment in
which they diffuse. In the next section, we will elucidate how
different values of & from layers spun from solutions at
different pH may explain the different PL quenching (sect 3.2)
as well as the different photoconversion efficiency from OPVs
incorporating those layers.

3.4. Dielectric-constant effects on exciton dissociation

The pH-dependent quenching of the PL in the presence of
BCP can be explained in the framework of a Wannier-Mott
model*® for weakly bound excitons in the polymer. Within
this model, the exciton energy can be expressed as

Heh RH
EX(g) = - 6
n(gl‘) monz grz ( )

where 7 is the exciton principal quantum number, g, is the
electron-hole exciton reduced mass, m, is the mass of the
free electron and Ry = 13.6 eV is the Rydberg energy for the
hydrogen atom. From the measured dielectric constants of

Fig. 6 (a) Energy-band diagram of the PTEB/PTEBS:BCP system at
low (acidic, left) and high (basic, right) pH. Excitonic levels closer to
the valence band can be observed at acidic pH, thus enabling electron
transfer to the BCP LUMO from the fundamental excitonic level (n = 1)
while electron transfer from the fundamental excitonic level is
prevented at basic pH, due to the high energy difference between such
an excitonic level and the valence band, situating the excitonic level
below the LUMO of BCP; and (b) energy-band diagram of OPV solar
cells based on the PTEB/PTEBS:BCP bulk heterojunction,
incorporating the concepts from panel a, where the functions of NiO,
and Cgp thin films as electron- and hole-blocking layers, respectively,
are also highlighted.
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PTEBS spun at varying solution pH, a strong increase of Ej(&;)
from 0.33 eV at pH = 4 to 0.75 eV at pH = 10 can be estimated
from eqn (6) as also plotted in Fig. 6. Since we are not aware
of any estimates of electron and hole effective masses in
PTEBS, we assume m, > my;, = m, consistent with estimates®®
in other polythiophenes, which normally behave as p-type.
Because the HOMO-LUMO band gap of PTEBS measured by
UV-vis (Fig. 2c¢) is minimally affected by the pH, the
dependence of the electron energy on the pH is mainly
affected by Ej(e,).

For samples prepared at high pH, where Ej(¢,) is large, the
PTEBS electron energy

E}, = Erymo — E;(Sr) (7)

can be as low as 3.75 eV below the vacuum level for n = 1,
which is larger than the LUMO level of BCP (Egcp = 3.5 €V,
Fig. 6). At high pH, this makes impossible the electron
transfer from PTEBS to BCP in the fundamental (n = 1)
excitonic state. Therefore, even though it is still a possible to
transfer electrons into BCP from higher excitations of PTEBS
(i.e., n = 2, where Ef(e;) < 0.19 eV according to eqn 6) it is
apparent that low-dielectric constant layers spun from basic
solutions are not the most ideal ones for OPV fabrication.

Conversely, for samples prepared at low pH, the PTEBS
electron energy sits at a minimum of E;, = 3.3 eV, which is
lower than Egcp and enables exciton dissociation and
electron transfer to BCP even at the lowest excitation. This
phenomenon explains the PL quenching of the samples, with
diminished PL intensity of PTEBS: BCP solutions in water, as
well as the increased photoconversion efficiency of OPV
devices in the solid state. Therefore, the successful
quenching of the PTEBS luminescence by BCP is chiefly due
to Ef = Epcp, with other effects (e.g. charge transfer from
excitons at n > 1) being negligible. In other terms, this
indicates that the dielectric properties of PTEB/PTEBS have a
profound effect on the exciton Bohr radius.

The dielectric-constant effect on the excitonic energy levels
of PTEB/PTEBS can be more immediately understood from
its impact on the exciton's Bohr radius*’

P moserLHnZ7 ®)
Hen

where ay = 0.053 nm is the Bohr radius for the hydrogen
atom. From eqn (8), it is readily observed that the larger the
&, the larger the rj; and, therefore, the more delocalized the
exciton, which increases the probability of the electron to
transfer towards a nearby BCP molecule when this is added
to PTEB/PTEBS within the active layer of a device. Conversely,
smaller values of r; indicate that the electron and hole
components of the exciton are, on average, closer. This
increases their probability of radiative recombination, with
the photo-absorbed energy being lost as luminescence.
Relatively small values of r;, also result in little quenching of
the PL intensity in the presence of BCP, as previously
demonstrated in Fig. 4.
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Although a model linking the dielectric constant of the
donor polymer to the OPV dielectric constant was previously
proposed by Koster et al® our present work goes
significantly beyond this model in the following aspects: (a)
our model explains, through mean field theory, that, in OPV
semiconducting polymers, small modifications in the
pendant groups (such as their transition from sodium salts
to proton salts) have a dramatic impact on the dielectric
constant and the polarization of the m-electron system and
associated excitons; (b) differently from the model by Koster
et al.,** which only considers the electron hole-pair binding
energy, our model considers environment-dependent excitons
at multiple quantum numbers to explain the dependence of
the EQE spectra on the dielectric constant; and (c) our model
is be backed by experimental data on a polymer (PTEB/
PTEBS) with tunable dielectric constant. In summary, the
profound effects of the polymer's dielectric constant on the
exciton dissociation are assigned to:

i) Exciton delocalization promoted by more polar
environments [eqn (8)], and

ii) Exciton energy decrease, inversely proportional to the
square of the dielectric constant, favouring electron transfer
to acceptor molecules at a given LUMO energy level [eqn (6)].

Although the differences of dielectric constants in the
system investigated in this study are about 55% maximum,
from & = 2.9 to 4.5 (Fig. 5b), it is worth noting that the
electron transfer process probability is highly superlinear in
distance. For example, it will decrease as the inverse sixth
power of the distance if a Forster resonance energy transfer
is assumed® and will decrease exponentially under the
assumption of Dexter energy transfer.®" This indicates that a
55% increase in dielectric constant may produce increases in
dissociation rates by one order of magnitude,*® or even more.
Furthermore, the observed variation of ¢, in PTEB/PTEBS is
among the highest ever measured without modifying the
conformation of polythiophene rings. Therefore, using PTEB/
PTEBS as a case study of a specific polymer with tunable
susceptibility, our paper offers a rigorous proof, in the
framework of the Wannier-Mott theory of excitons, of the
dielectric constant effects on the exciton dissociation
efficiency, which was observed in this work as well as several
other reports.*®

3.5. Dielectric-constant effects on the photoconversion
efficiency of OPV solar cells

The observed dielectric-constant effects also extend to the
photoconversion efficiency of OPVs incorporating the PTEB/
PTEBS:BCP system, as depicted in Fig. 1, and in analogy to
what was previously shown in other organic photovoltaic
systems by other groups.*®* The band diagram for these
devices is shown in Fig. 6b (referring to devices spun from
solutions in which PTEBS was dispersed in acidic water). The
additional incorporation within the device of a doped NiO,
layer at the bottom of PTEB/PTEBS:BCP and a thermally
evaporated Cq, layer at the top (functioning as electron-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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blocking and hole-blocking layers, respectively) enables the
operation of these devices as solar cells. Specifically, previous
studies from our group®®®® have shown that our
hydrothermally grown p-type NiO, on ITO has its valence
band sitting about 4.8 eV below the vacuum level and a 3.1
eV band gap, leading to a conduction band at about 1.7 eV,
which offers a sufficient barrier for electrons not to
recombine in ITO, while not preventing hole diffusion.
Conversely, it is known® that thermally evaporated Ce, layers
have a conduction band at 3.7 eV, aligning well with
polythiophenes and calcium/aluminum (Ca/Al) bilayers, while
its valence band (6.1 eV) is too high for holes to cross it thus
effectively functioning as a hole-blocking layer. Although BCP
also features a very high HOMO level (7.0 eV), it does not
form a continuous layer, which explains the need for the Cgo
top layer. As all of the device components are either
fabricated by physical vapor deposition (ITO, Cgy, and Ca/Al)
or solution processed from aqueous solutions (NiO, and
PTEB/PTEBS: BCP) and do not contain toxic elements (e.g.,
Cd in quantum dots and Pb in organic perovskites) our
architecture is of great promise towards the manufacturing
of green and environmentally friendly organic photovoltaics.
AM 1.5, 1-sun current-voltage (J-V) characteristics of our
devices are reported in panel a of Fig. 7, where the excellent
correlation between the OPV efficiency and the pH of the
PTEB/PTEBS : BCP starting solution can be appreciated. EQE
scans of the same devices (Fig. 7b) are also reported. The root
cause for the observed correlation between dielectric-
constant effects and device PCEs is apparent from the EQE
spectra in Fig. 7b, where it can be noticed that the decrease
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in device J-V curves (panel a) and PCE (panel c) is associated
with a decrease of EQE in the long-wavelength region, while
EQE at wavelength 1 < 450 nm remains substantially
unchanged up to pH 8. This is very consistent with more
spread-out excitonic levels at lower dielectric constant in
accordance with eqn (6) and Fig. 6a. Larger E; at lower &,
causes the impossibility of ground-state (n = 1) excitons
excited by long-wavelength photons to diffuse and dissociate
into BCP. Therefore, our EQE data also validate our model of
dielectric-constant effects on the exciton dissociation and
OPV photoconversion efficiency. There are multiple shoulder
peaks in the EQE curves in Fig. 7b. While the origin of these
shoulders is consistent with multiple excitonic peaks at
different energies Ey (n = 1, 2, ...) this is just a hypothesis
that needs to be the subject of future investigations. This is
also corroborated by the fact that the most relevant factor of
influence leading to high PCE appears to be the short-circuit
current and fill-factor (Fig. 7c). Specifically, the short-circuit
current is related to the integrated EQE spectrum weighted
over AM 1.5 illumination, which also controls the maximum
electrical power delivered by the device and the fill-factor.
Conversely, the device open-circuit voltage (Voc) appears to
be marginally dependent on ¢, and, therefore, the pH of the
PTEB/PTEBS : BCP starting solution. This is also consistent
with our model, as well as a band energy offset model®**>
frequently invoked to explain the origin of Voc in OPVs,
which proposes that Voc is controlled by the energy
difference between the donor's HOMO (i.e., 5.0 eV in PTEBS)
and the acceptor's LUMO (i.e., 3.7 eV in BCP) minus a fixed
correlation energy.®® Therefore, as none of these parameters
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10 8 7 6 4
L 8
3.
A a™
E 2 ; S
w _4<
o —_— E
|l 2
:
0 : : : —to
60 1 +
— 4t
S 40 + + 50 0 (=
5 >
N I
>
:20_ - 0.4
=
0 . . . —L 0.0
30 35 40 45

8!’

(a) Current-voltage characteristics of OPV solar cells at different pH of the processed water solutions based on PTEB/PTEBS:BCP active

layers as in Fig. 1 and 6b; (b) EQE spectra of the same devices, where the quantum efficiency is seen to decrease at increasing pH in the long
wavelength range, consistent with diminished electron transfer to BCP from the fundamental excitonic level (n = 1) of PTEBS at increasing pH and
decreasing dielectric constant ¢,; (c) PCE and short-circuit current (Js.) of the same OPVs, where it can be seen that the PCE increase up to 2.7% at
the highest ¢, is due to higher EQE at long wavelengths while (d) the open circuit voltage (Voc) of the OPVs is limitedly influenced by ¢, and the pH
of the starting solution. Conversely, the fill factor only shows a moderate increaser with ¢, as it is influenced by both Voc and J..
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is linked to Ey, Voc is expected to be independent of the
polymer's dielectric constant.

It is also worth noting that, although the maximum PCE
attained in our devices (2.8%) is still relatively low compared
to nearly 20% in counterparts processed from nonpolar
solvents such as o-xylene,*®” ours are already the most
efficient fully water-processed OPVs obtained to date, with
the exception of those requiring polymer nanoparticles and
mini-emulsions®*’ which require organic solvents (and
quite often toxic ones) in addition to water at the earlier
stages of fabrication. It is also remarkable that our devices
are relatively stable in dry air, at least for a few hours (see the
ESIt). Of course, we expect that stability in the presence of
humidity will be more of an issue. It is also possible that our
devices can be made more stable over extended times by
encapsulating them with the same technology that is
extensively used to improve the lifetime of commercial
organic light-emitting devices. It is also critical to remark
that our devices are assembled from relatively low-cost and
widely commercially available photoconducting polymer,
PTEBS, and a commercial and easy-to-synthesize acceptor,
BCP. It is expected that more sophisticated polymer donors
and non-fullerene molecular acceptors can be used to
dramatically improve the PCE of OPV devices implementing
our architecture.®”

4. Conclusion

Our work is extremely significant from three very different
perspectives: in terms chemistry, engineering and physics. As
far as chemistry is concerned, we have discovered that
bathocuproine, a water-soluble organic molecule that is very
commonly used in organic light-emitting device technology,
is a pH-tunable quencher for the PL of PTEB/PTEBS, with
extremely high PL quenching efficiency for acidic pH values
(4-7). This effect can be understood from the transformation
of the polymer's pendant group from a sodium-salt (PTEBS,
basic pH) to a proton-salt (PTEB, acidic pH). Through a
mean-field theory model, we have shown that the sodium-to-
proton salt transition has a profound impact on the
thiophene's m-electron polarizability and, therefore, the
polymer's dielectric constant. A higher polymer dielectric
constant in its acidic environment suggests a decrease in the
exciton energy (Ex) which is inversely proportional to &>, thus
favoring the transfer of electrons to BCP and its
photoreduction, with photooxidation of PTEB.

From an engineering perspective, our discovery that the
tunability of the dielectric constant of PTEB/PTEBS persists in
the solid state, as measured in Fig. 5, is a powerful tool towards
the optimization of the efficiency of bulk-heterojunction OPVs
based on PTEB/PTEBS: BCP active layers. Specifically, we have
found that the PCE increases up to a maximum of 2.8% in
devices at pH 4, which is a record for devices based on
commercial PTEBS, a widely available semiconducting polymer
of relatively low cost. Ours are the most efficient fully water-
processed OPVs to date, thanks to effective exciton dissociation
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by BCP, and will pave the way for improving the efficiency of
dielectric-constant ~ designed green OPVs with more
sophisticated polymers and acceptors. For example, the
presence of multiple n-electron systems and highly polar
pendant groups in a semiconducting polymer is expected to
increase their dielectric constant. Our findings will be pivotal
to designing green OPVs that can be processed from
environmentally friendly aqueous solvents, such as water.

From a physics perspective, our paper is pivotal because it
elucidates for the first time, thanks to a rigorous model based
on Wannier-Mott excitons, the root cause for the dependency
of the OPV efficiency on the dielectric constant of their p-type
constituent, which was previously conjectured in a number of
different experimental reports.”***®* PTEBS is the ideal case
study for validating our model because of its widely tunable
long-wavelength dielectric constant, from & = 2.9 to 4.5.
Nonetheless, our model is general enough to be applicable to a
wide range of bulk heterojunction OPVs. Within our model,
the p-type polymer's dielectric constant determines the Bohr
radius of the excitons, and therefore their degree of
delocalization. It is thus demonstrated that a larger value of &,
results in more likely exciton dissociation, and faster
dissociation rates, as well as reduced radiative recombination.
As short exciton lifetime is known to be the bottleneck limiting
the PCE of OPVs, all of these effects concur towards more
efficient organic solar cells. In addition, higher values of ¢, also
result in an upshift (i.e., decrease) of the exciton energy levels,
which favours the electron transfer to acceptor molecules at a
given LUMO energy level. The use of dielectric constant as a
figure of merit to design new photoactive polymers will
represent a game-changing strategy towards more competitive
OPVs with higher photoconversion efficiencies.
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