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We have developed two series of p-type conjugated polymers based on poly[2,3-bis-
(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) polymeric backbone
utilizing polar pendant groups, i.e., tertiary amine and pyridine, to achieve switchable
solubility in water and ethanol. By balancing the ratio between polar and non-polar
side-groups, we could combine green-solvent processability with the manufacturing
of functional photovoltaic devices. Due to the unavailability of water/alcohol soluble
acceptors, the photovoltaic performance of these new polymers was evaluated using
organic solvent by incorporating PCg1BM. For water/alcohol soluble partial amine-based
polymers, we achieve a maximum power conversion efficiency (PCE) of ~0.8% whereas
alcohol soluble partial pyridine-based polymers show enhanced PCE of ~1.3% with
inverted device structure. We propose that the enhancement in PCE is a result of the
reduction in amino-group content and the lower basicity of pyridine, both of which
decrease the interaction between functionalized polymers with the anode interface
material and reduce the miscibility of the donor and acceptor. Further improvement
of the photovoltaic performance, in particular the open-circuit voltage (Voc), was
achieved by using an anode buffer layer to mitigate the unfavorable interaction of the
amino/pyridine groups with the MoOg electrode. Our work demonstrated the possibility
of substituent modification for conjugated polymers using tertiary amine and pyridine
groups to achieve water/alcohol soluble and functional donor materials.

Keywords: side-chain modification, water/ethanol soluble, switchable solubility, conjugated polymers, organic
photovoltaics

INTRODUCTION

Over the past few years, a growing demand for green solvent processable conjugated materials has
been witnessed in the field of organic photovoltaic (OPV) research (Xie et al., 2018; Xue et al,,
2018; Lee S. et al., 2019) in order to realize the mass production of OPVs using low-cost and
high-throughput printing method without the negative environmental effect caused by harmful
halogenated solvent (Sendergaard et al., 2012; Angmo et al.,, 2013; Lee J. et al,, 2019). Although
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tremendous efforts have been put into the molecular design
of conjugated polymers to push up the power conversion
efficiencies (PCE) of single junction OPVs up to 18% (Liu
et al., 2020), harmful, halogenated solvents such as chloroform,
chlorobenzene or ortho-dichlorobenzene (0-DCB) are still widely
used to dissolve the high-performing active materials for
processing (Wang et al., 2017; Li X. et al., 2019; Fan et al., 2020).
Using the materials that can only be processed with harmful
solvents is undesirable for large-scale printing of OPVs due to
the large quantities of solar ink required (Krebs et al., 2009,
2010), and diverges from the environmentally friendly aim of
OPV (Seondergaard et al., 2011; Park et al., 2015). Recent research
activities have studied more environmentally benign solvents
such as anisole (Venkatesan et al., 2014), o-xylene (Xu et al,
2017; Yu et al., 2017), 2-methyl-tetrahydrofuran (Me-THF) (Fan
et al., 2017; Li et al.,, 2018) and cyclopentyl methyl ether (Li Z.
et al., 2019) for OPV manufacturing, achieving comparable or
even better device performance to the OPVs fabricated using
halogenated solvents. However, these non-halogenated solvents
still pose a health-risk to the ecosystem and are cost-ineffective
due to their high price and the necessary solvent recovery system.

Using water or ethanol as basis for solar inks is an ideal
solution to fulfill the aim of green and low-cost processing
of OPVs. One solution is offered through water dispersed
nanoparticles (NPs) based on conjugated materials to realize
the fabrication of OPVs from the most ideal eco-friendly
solvent, water. The use of NP inks additionally circumvents
the tedious development of water-soluble semiconducting donor
and acceptor pairs with high PCE (Girtner et al., 2014; Holmes
et al., 2016; D’Olieslaeger et al., 2017; Almyahi et al., 2018; Pan
et al., 2018). The fabrication process of NP-inks is, however,
not without issues, as the NP preparation via miniemulsion
method is a time-consuming process and requires both insulating
surfactants and chlorinated precursor solvents (Colberts et al.,
2017) while most of NPs made by precipitation method (Schwarz
et al.,, 2015) suffer from high instability of the final solar ink
(Geoftrey et al., 2018).

In another approach, water/alcohol soluble conjugated
polymers (WS) have been investigated as active layer materials
for water/alcohol-based solar inks. Through the side-chain
engineering (Huang et al., 2010; Mei and Bao, 2013; He et al,,
2014; Hu et al.,, 2015; Park et al., 2015; Wu et al., 2016) i.e.,
replacing the hydrophobic aliphatic substituent with hydrophilic
polar side groups, for example, ionic moieties [e.g., sulfonate
groups (Mwaura et al., 2005), quaternary ammonium salt (Hu
et al.,, 2015)] and non-ionic functional groups such as tertiary
amine (Duan et al.,, 2013; Li et al., 2013; Lv et al., 2014; Ma
et al., 2014; Cai et al, 2015) and oligoethylene glycol (OEG)
(Sendergaard et al,, 2011; Nguyen et al., 2017; Kim et al., 2018;
Lee et al.,, 2018). However, the ionic moieties have been reported
to act as charge carrier traps/recombination site (Yang et al,
2007; Duan et al, 2013), and the WSCPs designed based on
this approach have only been successfully applied as interface
layer materials for OPVs (Huang et al., 2010; Wu et al., 2016;
Xu B. et al., 2016). OPVs based on active layer fabricated from
WSCP elaborated with tertiary amine functionalities showed no
photovoltaic response (Duan et al., 2013). So far, the highest

photovoltaic performance was reported by Lee, S. et al., achieving
2.15% PCE with OEG-functionalized water/alcohol soluble active
materials (Lee S. et al., 2019).

In this work, we have modified the polymer, poly[2,3-bis-
(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl]
(TQ1) (Wang et al., 2010; Sharma et al., 2017), by complete or
partial replacement of the aliphatic solubilising side-chains with
side groups having tertiary amine and pyridine groups. In this
way, a series of new polymers were obtained that allowed us to
study the effect of functional group loading on the solubility in
water/alcohol. The new polymers have been evaluated in solar
devices using classic PCBM to prove their efficacy as electron
donors. Our results show that switchable water/ethanol soluble
p-type conjugated polymers can be achieved and using pyridine
pendant groups can give decent photovoltaic performance,
which will be beneficial for environmentally friendly fabrication
of OPVs in the future.

EXPERIMENTAL

All reactions were performed under nitrogen protection
unless otherwise stated. Chemicals were commercially available
from Sigma-Aldrich and used without further purification.
5,8-Dibromo-2,3-bis(3-(octyloxy)phenyl)quinoxaline and 2,5-
bis(trimethylstannyl)thiophene were purchased from Solarmer
Energy, Inc., and the latter was purified by recrystallisation from
methanol. All solvents were used as obtained from supplier
except toluene, which was dried and distilled prior to the
polymerisation reactions. Experimental procedures are available
in the electronic supplementary information (ESI). The
structures of the synthesized small molecular compounds were
confirmed by 'H-NMR spectra measured on Bruker 300 MHz
NMR spectrometer. The 'H-NMR spectra of all polymers
were measured on Bruker 600 MHz NMR spectrometer. The
recorded 'H-NMR were referred to tetramethylsilane (TMS) as
internal standard.

Material Characterization
Gel-permeation chromatography (GPC) measurements were
performed at 35°C on an Agilent PL-GPC 220 equipped with a
differential refractive index detector. Dimethylformamide (DMF)
was used as eluent at a flow rate of 1.0 mL/min, and the
solvent DMF as well as sample solutions were filtered through
a filter with the pore size of 0.45 pm (Nylon, Millex-HN 13 mm
Syringes Filters, Millipore, United States). The number average
molecular weights (M,) and polydispersity index (PDI) were
calculated using a calibration curve based on polyethylene glycol
(PEG) standards.

The ultraviolet-visible (UV-vis) study was performed on a
Perkin Elmer UV-vis-NIR Lambda950 spectrophotometer.

Thermogravimetric analysis (TGA) measurements were
performed on TA instruments Discovery TGA series TGAI-
0288, with the temperature range of 25 -400°C under nitrogen
gas flow, and the heating ramp of 10°C/min. The acid treated
polymer samples were prepared by dissolving polymer in ethanol
with 3% formic acid prior to drop casting on freshly cleaned
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glass substrate, followed by drying in air and then collected with
a scalpel. Prior to the TGA measurements, the collected solid
samples were further dried overnight in a vacuum oven at room
temperature. The isothermal process was conducted in the TGA
under a nitrogen gas flow of 25 mL/min.

Cyclic voltammetry (CV) measurements were
performed using a 0.1 M solution of tetrabutylammonium
hexafluorophosphate (BuyNPFs) in anhydrous acetonitrile as the
supporting electrolyte and a Ag/Ag™ quasi reference electrode.
The ferrocene/ferrocenium (Fc/Fct) reference was used to
calibrate the measurements. The highest occupied molecular
orbital energy levels (Emomo) and the lowest unoccupied
molecular orbital energy levels (ELumo) were estimated from
the onset potentials by setting the oxidative potential of Fc/Fc™
vs the normal hydrogen electrode (NHE) to 0.630 V, and the
NHE vs the vacuum level to 4.5 V (Hellstrom et al., 2009;
Gedefaw et al., 2017b).

Device Fabrication

Inverted solar «cells with the structure ITO/ZnO/bulk-
heterojunction (BHJ)/MoOs3/Ag or ITO/ZnO/BHJ/N,N’-bis(3-
methylphenyl)-N,N’-bis(phenyl)-benzidine ~ (TPD)/MoOs/Ag
were fabricated using fixed weight ratio of 1:2.5 donor-
polymer:PCg; BM in the active layer. Patterned ITO-coated glass
substrates (10 ©/sq, purchased from Xin Yan Technology Ltd.)
were cleaned using the procedure published elsewhere (Sharma
etal,, 2017). ITO-coated glass substrates were cleaned by soaking
in a 5% detergent solution (pyroneg from Johnson Diversey) at
90°C for 20 min and then rinsing in deionized (DI) water, before
sonicating in DI water, acetone and isopropanol for 10 min
each. Substrates were then cleaned in UV-ozone for 20 min
immediately before spin coating the ZnO layer. ZnO sol-gel (Sun
etal., 2011) on the cleaned ITO substrate was thermally annealed
at 280°C for 10 min in air to yield a 25-30 nm thick film. The
BH]J layers were spin-coated in the glove box to give approximate
80 nm thickness. In the case of TPD being introduced in the
device, a TPD buffer layer (3 nm) was thermally evaporated
on top of the BHJ layer (using a Covap system supplied by
Angstrom Engineering) before depositing 12 nm of MoO3 hole
transport layer (using a Covap system supplied by Angstrom
Engineering). Finally, the Ag electrode (80 nm) was deposited by
thermal evaporation through a shadow mask, which defined the
active area to be 0.1 cm?,

Device Characterization

Photovoltaic properties of solar cells were measured in air by an
Oriel solar simulator fitted with a 150 W xenon lamp (Newport),
filtered to give an irradiation of 100 mW/cm? at an atmospheric
mass (AM) of 1.5 and calibrated using a silicon reference cell with
NIST traceable certification. The photocurrent-voltage (I-V)
characteristics of the devices were measured through a Keithley
2400 source meter unit.

Atomic force microscopy (AFM) (supplied by Bruker,
Billerica, MA, United States) was performed in tapping mode
using silicon tips. The films were spin-coated from the same
solutions used for device fabrication, on freshly cleaned ITO-
coated glass substrates.

Electron Spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) measurements
were performed under an ultra-high vacuum (UHV) apparatus
built by SPECS (Berlin, Germany) using a low intensity UV
light source (Hel) with an excitation energy of 21.21 eV, to
measure the work functions, as described elsewhere (Sharma
et al, 2017). The UPS samples were prepared by thermally
evaporating MoOs3 (12 nm) on freshly cleaned glass substrates in
a vacuum deposition chamber followed by spin-coating polymer
solution (1 mg/mL 0-DCB) at 500 rpm for 60 s and 3000 rpm
for 30 s in a glove box under nitrogen. The prepared samples
were transferred from the glove box to the load lock for UPS
measurements using a nitrogen filled zip-lock bag.

RESULTS AND DISCUSSION
Material Synthesis

The quinoxaline moieties were chosen as the site for modification
of the pendent groups due to the relatively simple chemistry to
attach a hydrophilic group (Gedefaw et al., 2017a). The structure
and synthesis procedures are shown in Scheme 1.

The Williamson etherification between compound 1
and 3-dimethylamino-1-propylchloride hydrochloride led
to compound 2 as yellow oil after purification via column
chromatography. Although different parameters such as
temperature, solvent and the purity of starting materials were
explored to improve the reaction yield, the maximum yield was
only about 14% conversion. Better yield was achieved in the
synthesis of TQIA monomer 4. The monomer was prepared
through condensation of compound 2 and 3 followed by
purification via column chromatography and recrystallisation,
and the pale yellow monomer 4 was obtained in 87.4% yield.

To prepare quinoxaline monomer with pyridine side
groups, firstly compound 5 was synthesized from commercially
available 4-pyridinepropanol by reacting with HBr under reflux
overnight. It is worth noting that 4-(3-bromopropyl)pyridine was
intrinsically unstable and protonation of the compound with HBr
was necessary to be able to isolate the compound. The TQ1P4
monomer 7 was synthesized through Williamson etherification
between compound 5 and compound 6 in refluxed acetonitrile
(MeCN). The structures of the quinoxaline monomers with
tertiary amine side groups and pyridine side groups were
confirmed by !'H-NMR spectroscopy (Supplementary
Figure S1) and detailed synthetic procedures can be found
in the Supplementary Information.

Polymer TQIA was synthesized  via Stille
coupling by  polymerizing monomer 4 and 2,5-
bis(trimethylstannyl)thiophene using freshly distilled toluene as
the solvent. A significant amount of precipitate was observed
over the course of the reaction when using pure toluene to
synthesis TQ1P4, hence, a more polar solvent blend of dry
toluene/DMF (4:1 volume ratio) was used to increase the
solubility of pyridine polymer during the polymerisation
reaction. The copolymers TQI-50A, TQ1-20A, TQI-50P4,
and TQI-20P4 were polymerised using three monomers with
different molar ratio to obtain the products with different loading
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SCHEME 1 | Synthetic route for polymers with amino side groups and pyridine side groups.
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of functional groups attached to the polymer backbone. The
ratio between the functional polar groups and octyl groups
in the polymers was confirmed by their "H-NMR spectra (see
Supplementary Figure S2 and Supplementary Table S1).

The number average molecular weights (M,) of TQ1P4
and TQ1-50P4 were measured to be 9.6 and 8.6 kg/mol with
the PDI of 2.7 and 4.3, respectively. The low M, was likely

a result from the limited solubility of oligomer/polymers in
the toluene/DMF reaction solvent, which impeded the chain
growth during the coupling reaction. The molecular weights of
amino polymers and TQ1-20P4 could not be measured due to
their limited solubility in DMF and tetrahydrofuran (THF). In
addition, 1,2,4-trichlorobenzene (1,2,4-TCB) has also been tried
as the eluent for GPC measurements of amine-functionalized
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polymers, but no response was observed, which was probably
caused by the adhesion of the amino groups to the columns and
the metal tubing.

Optical Properties and Switchable

Solubility in Green Solvents

We first probed the solubility of the synthesized polymers in
ethanol and water acidified with formic acid (FA), to have an
indication how their solubility depends on the concentration of
functional groups. The amine-functionalized polymer TQ1A and
TQ1-50A showed good solubility in water and ethanol with a
small amount of FA (3% v/v), due to the protonation of tertiary
amine forming conjugated polyelectrolyte. Similarly, attributing

to the localization of the lone-pair electrons on the nitrogen
atoms in sp? orbital, pyridine can also be easily protonated by
FA to generate a pyridinium salt. Hence, TQ1P4 was found to be
soluble in acidic water/ethanol in concentrations that are typical
for solar cell inks, and TQ1-50P4, containing 50% pyridine in
the quinoxaline unit, can be dissolved in ethanol (EtOH) with
FA. The UV-vis spectra of these two new series of polymers in
chloroform and green solvents were compared with the solid
states, and the polymer solutions in water and ethanol are shown
in Figure 1. The ethanol and water solution of TQ1A revealed a
slightly enhanced absorption (Figure 1A), which can be a result
from the ion introduced electrostatic perturbation (Wu et al,
2016). However, the TQ1-50A (Figure 1B) aqueous solution
exhibits reduced absorption in the low-energy band while the

>
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FIGURE 1 | Normalized UV-vis absorption spectra of (A) TQ1A, (B) TQ1-50A, (C) TQ1P4, and (D) TQ1-50P4 in different solvents and in the solid state.
Photographs of (E) polymer in water + 3% FA solution, (F) polymer in EtOH + 3% FA solution.
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opposite behavior is observed in ethanol solution, which could be
explained by the influence of solvent on the charge transfer state
or different degrees of torsion/planarity in polymer backbone
using different solvents (Kroon et al., 2012).

The UV-vis absorption of the pyridine polymers in the solid
states are virtually identical to the amino analogs. The absorption
bands of TQIP4 film (Figure 1C) were enhanced and red-
shifted in the long wavelength region compared to the chloroform
solution, which is presumably due to the higher intermolecular
interaction and/or better packing in the solid condition. Red-
shifted absorption spectra were also found in the aqueous
and ethanol solutions of protonated polymer compared to the
neutral polymer in chlorinated solvent, indicating multichain
aggregation (Dang et al., 2016) or solvatochromic effects resulted
from the polar solvent (Woo et al., 2005; Wu et al., 2016). Similar
absorption behavior was also found in the UV-vis spectra of
TQ1-50P4 (Figure 1D).

TQ1-20A and TQ1-20P4 could not be dissolved in EtOH + 3%
FA (Figure 1F), presumably due to the low content of the
tertiary amine or pyridine substituent in the conjugated polymer
structure. The large number of octyl groups inhibits the switching
of polymer solubility assisted by acid. The UV-vis spectra of
TQ1-20A and TQ1-20P4 in chloroform solutions and in the
solid state (Supplementary Figure S3) present similar absorption
properties compared to TQ1A and TQ1P4, respectively.

Since ionic side groups presented in photoactive layers are
known to be unfavorable for efficient charge transfer (Yang
et al, 2007; Nguyen et al, 2017), it is important to study
the possibility of regenerating neutral polymers after acidified
water/ethanol processing.

TGA measurements were performed on protonated and
unprotonated TQIA and TQIP4 (Figure 2), revealing FA
release under heating, as significant weight losses from about
100 to 150°C were observed in the protonated samples. After
holding the FA treated TQ1A isothermally at 120°C, the sample
did not exhibit any further weight loss before the polymer
degraded above 300°C (Figure 2A). Due to the weaker basicity
of pyridine compared to tertiary amine, it was suspected that

part of the binding acid had already released during the pre-
drying of protonated TQ1P4 under vacuum, thus the weight
loss of FA treated TQI1P4 is relatively lower than for the
amino counterpart (Figure 2B). The TGA results reveal a mild
thermal treatment of the protonated polymer in the solid state
(120°C for TQIA and 110°C for TQIP4) could effectively
remove FA and regenerate the neutral polymers. Furthermore,
we found that the deprotonation procedure under isothermal
process was completed in about 10 min for bulk material as
shown in Supplementary Figure S4. Hence, it is possible to
process functional polymers using green solvents in the presence
of a volatile acid and achieve neutral polymer films in the
fabrication of OPVs under mild condition. This highly reversible
process is depicted in Scheme 2, showing the protonation
and deprotonation process of pyridine-functionalized polymer
TQI1P4. This switchable solubility observed in the new polymers
could also be beneficial for various electronic applications
(Hellstrom et al., 2011; Xing et al., 2018).

Electrochemical Properties

The electrochemical properties of new polymers presented
in this work were investigated by cyclic voltammetry (CV).
Compared to the reported TQl (Wang et al,, 2010), tertiary
amine or pyridine functionalized polymers in the solid states all
exhibit near-identical optical bandgaps and similar energy levels
(see Supplementary Table S2 and Supplementary Figure S5),
indicating that the modification of substituents attached to
the quinoxaline backbone have a negligible influence on the
conjugation of the resulting polymers.

It has been previously reported that amino groups are
potential hole traps in the BHJ devices containing amine-
functionalized active materials, due to that the highest occupied
molecular orbital (HOMO) level of p-type polymer lies below
the oxidation state of amine (Cai et al., 2015). Hence,
electrochemistry was also performed on triethylamine to
compare its oxidation process with amine-functionalized TQ1A.
Furthermore, since we are the first to report pyridine substituted

A B
< =
.% TQ1A .% TQ1P4
= 0y Annealed at 120 °C after FA treatment = Annealed at 110 °C after FA treatment
- - - - Pristine 904 ___. Pristine
g0l — FAtreated ——FAtreated
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FIGURE 2 | TGA plots of (A) TQ1A sample treated with formic acid and then thermally annealed at 120°C for 10 min, with neat TQ1A and FA treated TQ1A as
references and (B) TQ1P4 sample treated with formic acid and then thermally annealed at 110°C for 10 min, with neat TQ1P4 and FA treated TQ1P4 as references.
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polymer as electron-donor in the BHJ system, the oxidation
process of pyridine was carefully studied to compare with that
of TQ1P4. The CV oxidation curves of amino compounds are
presented in Figure 3A, showing an onset oxidation potential
of TQ1A conjugated backbone to be 0.34 V vs Fc/Fc™, which
is similar to the onset oxidation potential of triethylamine
(~0.32 V). Thus, the HOMO of TQIA lies very close or
slightly below the ionization state of amine side groups. This
result raised our concern about the viability and effectiveness
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SCHEME 2 | Protonation of pyridine-functionalized polymer TQ1P4 using
formic acid and the deprotonation process to remove formic
acid under heating.

of utilizing amine-functionalized p-type polymers in OPVs.
Nevertheless, the onset oxidation potential of pyridine was
measured to be ~1.0 V, which is far above the value for the
TQ1P4 backbone of 0.32 V (Figure 3B), revealing the low-lying
ionization state of pyridine groups compared to the pyridine-
functionalized polymer. Hence, the introduced side-chain with
pyridine pendant group potentially affects hole transfer in
the pyridine-functionalized polymer to a much lower degree
compared to tertiary amine functionalities (Cai et al., 2015). The
irreversibility of the CV is also a concern for the use of the
materials in OPV devices, however, some high performing donor
polymers used in OPVs also exhibit irreversible CVs (Xu X. et al.,
2016; Zhang et al., 2017; Li et al., 2018).

Interfacial Engineering
Materials with amino and pyridine functionalities have been
previously reported as interface layers to reduce the electrode
work function (Duan et al., 2013; Wu et al., 2016; Sharma
et al, 2017), which is related to the presence of nitrogens
with free electron pair in these materials. Since tertiary amines
and pyridine groups are well known for reducing the work
function of the underlying metal oxide electrodes (van Reenen
et al, 2014; Cai et al, 2015; George et al., 2016), studying
these donor polymers in devices with an inverted structure
(ITO/ZnO/BHJ/Mo0O3/Ag) would be ideal as the work function
of the underlying cathode layer would be further altered in an
energetically favorable direction. However, it is equally important
to also understand the interaction of the amine/pyridine groups
of the donor polymer with the top anode interface, due to its
potential to influence the energetics at the BHJ-MoOj3 interface.
The water contact angle value of neat TQlA and
TQ1A:PCsBM  blend films were found to be similar
(Supplementary Table S3), indicating a high content of
amino polymer on the top surface of the BHJ layer (toward the
air interface) after spin-coating. The presence of amino groups
toward the air interface makes the potential interaction between
amines and MoOj3 layer highly likely in an actual device.
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FIGURE 3 | Cyclic voltammetry (CV) oxidation curves of (A) TQ1A in the solid state and triethylamine in solution, (B) TQ1P4 in the solid state and pyridine in solution.
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Therefore, to gain more insight into the work function
modification of MoOs3 as a result of its interaction with the
tertiary amine or pyridine groups in working devices, UPS
measurements were performed on evaporated MoOs; with a
thin layer of spin-coated functional polymer on top. The work
function of freshly evaporated pristine MoO3 sample was found
to be 5.4 eV (Supplementary Figure $6). Since the polymer films
were deposited from o-DCB solution, the work function of MoO3
washed with 0o-DCB was also measured to study any changes in
the MoO3 work function due to surface treatment with o-DCB.
The work function of 0-DCB treated MoQO3 was found to be
slightly reduced to 5.3 eV and was used as a reference for MoO3 in
this study. The difference in the absolute work function value of
MoOs3 measured in this study (5.4/5.3 eV) as compared to 6.7 eV
reported in literature (Kroger et al., 2009; Meyer et al., 2012) can
be attributed to slight air/humidity exposure during the sample
transfer and mounting.

Modification of the MoOj; surface with a thin layer of
TQ1-50A and TQ1-20A was found to markedly reduce the work
function of MoO3 by around 1.0 eV, as seen by the shift in
the secondary electron cut off from 5.3 to 4.3 eV (Figure 4A).
Furthermore, the work function of MoO3 was significantly
shifted from 5.3 to 3.0 eV upon coating an extremely thin
layer of TQIA. While these results show the strong ability of
amino polymers to alter the surface properties of transition
metal oxides, it also opens up the possibility of selectively
tuning their electronic functionalities, i.e., being switched from
being an anode interface layer to a cathode interface layer. Our
UPS findings showed significant change in the MoO3 work
function post modification with amino polymer and its possible
utilization as a bi-functional interlayer was validated by the
photovoltaic response measured from solar cells incorporating
these interlayers (ITO/MoO3/TQl1A/BHJ/MoO3/Ag) (see
Supplementary Table S4).

TQI1P4 and its analogs were also found to significantly reduce
the work function of MoQj3 as seen from a shift of ~0.7 eV in the
secondary electron cut-off of the spectra (Figure 4B). However,
the relatively smaller shift in the case of TQ1P4 as compared to

TQIA indicates that the interaction between pyridine and MoO3
is weaker as compared to tertiary amine.

Photovoltaic Performance

To evaluate the photovoltaic properties of tertiary
amine/pyridine-functionalized polymers in solar cell devices, a
typical fullerene derivative, PC¢;BM, was used as an acceptor
due to the lack of a readily available water or ethanol soluble
acceptor material in this study. Thus, we used o-DCB and
anisole to process solar inks containing PC¢;BM for BHJ OPVs.
Anisole, which has also been used in some recent studies
(Venkatesan et al., 2014; Zhang et al., 2016), was selected as a
relatively greener solvent of choice compared to its halogenated
counterparts. In addition, anisole was utilized to process the
TQI1P4 and TQ1-50P4 containing active layer due to the limited
solubility of these two pyridine polymers in 0-DCB, revealed
from large polymer aggregations in o-DCB processed films
(Supplementary Figure S7). However, the amino polymers and
TQ1-20P4 could not be completely dissolved in anisole with the
concentrations ideal for device fabrication, thus, o-DCB was
chosen to process amino polymers and TQ1-20P4 containing
active layer to offer better film quality for proper evaluation of
their photovoltaic properties.

Devices based on TQ1A:PCg;BM BHJ layer and an inverted
structure (ITO/ZnO/BHJ/MoO3/Ag) showed very limited PCE of
0.07%, with Jsc of 0.93 mA/cm?® and Voc of 0.18 V (Table 1).
The significant voltage loss could be a result of the unwanted
interaction between tertiary amine groups and MoOs, or the
complex formed between tertiary amine and PCg;BM, which
could lead to severe charge recombination (Ghosh et al., 1993).
To improve the device performance, the BH] and the anode
interface was carefully engineered by inserting an additional
thin organic hole transport layer of N,N’-bis(3-methylphenyl)-
N,N’-bis(phenyl)-benzidine (TPD) (Ishii et al., 1999; Lu et al.,
2013) between the BHJ and the MoOs3. A thin layer of TPD was
utilized to not only reduce the unwanted interaction between
polar pendant groups and MoOj3 as seen from UPS studies, but
it has previously been shown to enhance the blocking of electrons
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TABLE 1 | Photovoltaic performance of the best BHJ OPVs based on TQ1A,
TQ1-50A, TQ1-20A, TQ1P4, TQ1-50P4, and TQ1-20P4 with PCg1BM (fixed
Donor:Acceptor 1:2.5 weight ratio) blends with device structure of
aITO/ZnO/BHJ/TPD/MoQs/Ag and PITO/Zn0O/BHJI/MoO3z/Ag.

Polymer Device BHJ Jsc FF (%) Voc (V) PCE (%)
structure  solvent  (mA/cm?)
TQ1A a 0-DCB 0.94 43 0.34 0.13
b 0.93 39 0.18 0.07
TQ1-50A a 0-DCB 417 43 0.46 0.82
b 3.37 43 0.41 0.59
TQ1-20A a 0-DCB 3.95 46 0.58 1.06
b 3.94 46 0.54 0.97
TQ1P4 a Anisole 2.19 43 0.60 0.57
b 1.563 36 0.47 0.26
TQ1-50P4 a Anisole 4.23 54 0.59 1.33
b 5.07 43 0.51 1.1
TQ1-20P4 a 0-DCB 5.67 a7 0.65 1.75
b 5.79 47 0.62 1.69

at the anode interface (Subbiah et al., 2010; Lu et al., 2013). Upon
applying a thin layer of TPD (3 nm), the Voc was marginally
improved to 0.34 V, leading to an efficiency of 0.13%. Although
the devices based on TQ1A showed photovoltaic response, the
PCE is much lower compared to that of TQ1:PCs;BM devices
(Kroon et al., 2012), which could be due to the charge traps
formed by the amino groups, indicated from the electrochemistry
results (Cai et al., 2015).

To further understand the OPV devices containing amine-
functionalized donor polymer, polymers substituted with 50
and 20% amine groups were studied subsequently. For the
optimized device structure with an additional TPD passivation
layer, replacing TQ1A with TQI-50A and TQI-20A resulted
in enhanced PCEs of 0.82 and 1.06%, respectively. While the
Jsc was increased from 0.93 mA/cm? (TQ1A) to 4.17 mA/cm?
(TQ1-50A), and 3.95 mA/cm? (TQ1-20A), the Voc also saw
an improvement from 0.34 V (TQlA) to 0.46 V (TQ1-50A),
and 0.58 V (TQ1-20A). These results show a strong dependence
of the Jsc and Voc on the tertiary amine content in donor
polymers, in particular for devices without TPD. It is worth
noting that with the decrease of amine content in the BHJ layer,
the difference in the average photovoltaic performance with and
without TPD becomes less significant (Figure 5 and Table 1)
and is consistent with the UPS results showing the interaction
between the amine-functionalized polymer and MoOj3 became
weaker with less tertiary amine loading.

Inverted devices having the structure
ITO/ZnO/BHJ/MoO3/Ag where the BHJ was composed of
TQI1P4:PCs1BM were found to have a maximum Jgc of
1.53 mA/cm?, FF of 36%, and Voc of 0.47 V, resulting in
a PCE of 0.26%, which is notably higher compared to their
TQI1A counterparts. The PCE was further improved to 0.57%,
with an enhancement of FF to 43%, Voc to 0.6 V and Jsc
to 2.19 mA/cm?, when an additional TPD layer was used.
For optimized devices with the BHJ] composed of TQl-
50P4:PCgBM and TQ1-20P4:PCg; BM, the PCEs were found to
increase to 1.33% (Jsc = 4.23 mA/cm?, FF of 54%) and 1.75%

(Jsc = 5.67 mA/cm?, Voc of 0.65 V), respectively (Figure 5
and Table 1). As seen in the case of the pyridine-functionalized
polymers, the Jsc is increasing significantly with the decrease
of pyridine content in the polymer structure (Figure 5D),
while Voc was found to be less dependent on the pyridine
content (Figure 5E). The representative J-V plots are shown in
Supplementary Figure S9.

While polymers substituted with 50 and 100% of tertiary
amine and pyridine side groups show excellent solubility in
ethanol with acid, the PCE of the pyridine-based polymer (TQ1-
50P4) was found to be 62% higher than that for TQ1-50A. Thus,
utilizing materials such as TQ1-50P4 for polymer solar cells may
be a good compromise between the green solvent solubility and
acceptable photo-conversion efficiencies.

Active Layer Morphology

The molecular weight of the amine/pyridine based TQl is
relatively low compared to other conjugated systems. To
determine the impact of molecular weight on performance,
TQl with a comparably low molecular weight (LMW)
(M, = 10.8 kg/mol, PDI = 2.0) was synthesized and evaluated
in BHJ devices incorporating PCg;BM with the same device
geometry (Supplementary Table S5). The maximum PCE
of OPV based on LMW-TQI1:PCsBM was found to be
2.55% (Jsc = 5.77 mA/cm?, Voc = 0.85 V, and FF = 52%),
which is comparably lower than the high molecular weight
counterpart (Kroon et al., 2012). Hence, the low PCEs observed
in amine/pyridine polymer based devices could be partly
explained by the low molecular weight of our polymers. To
further understand the lower photovoltaic performance of these
functional polymers compared to their unfunctionalized
counterpart TQI, atomic force microscopy (AFM) was
performed to investigate the surface topography of blend
films with different donor polymers.

The AFM image of the TQ1A:PCs; BM blend film (Figure 6A)
reveals an extremely smooth surface with the root-mean-square
roughness (Rq) value of only 0.5 nm, indicating a highly miscible
morphology on the surface. The lack of phase separation between
donor-rich phase and acceptor-rich phase can be a result from
interaction between tertiary amine and the fullerene (Ghosh et al.,
1993), which could lead to high degree of charge recombination.
In the case of lower content of tertiary amine, an increase
in Ry was observed as well as more phase separated feature
being indicated (Figures 6B,C). To further probe the extent of
miscibility between amine-functionalized polymer with PCg1 BM,
differential scanning calorimetry (DSC) was performed on amino
polymer:PCg;BM blends with different donor:acceptor (D:A)
weight ratios and a TQ1:PCs; BM blend as the reference, the DSC
curves were taken from the second scan (see Supplementary
Figure S8). We found that amino polymer was intimately mixed
with PCs;BM at respective D:A ratios based on the absence
of a melting behavior for PCg;BM, suggesting the presence of
a homogenous phase or new complex (Bernardo et al., 2016).
We also found a clear trend that the miscibility between amino
polymer and PCs; BM decreased when the tertiary amine content
in the polymers decreased, revealed from the detected melting
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FIGURE 5 | Device characteristics as a function of tertiary amine (A-C) and pyridine content in the quinoxaline unit of polymers (D-F).

Rq=0.5nm

FIGURE 6 | x 5 uM x 5 uM AFM images of (A) TQ1A:PCg1BM, (B) TQ1-50A:PCgs1BM, (C) TQ1-20A:PCg1BM, (D) TQ1P4:PCg1BM, (E) TQ1-50P4:PCg1BM, and
(F) TQ1-20P4:PCg1BM films processed from the same solution as device fabrication.
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peak of PCg1BM in the samples with different polymer:PC¢;BM
ratio (see Supplementary Figure S8A-C), agreeing with more
phase separation indicated from Figures 6B,C compared to
Figure 6A. Therefore, the improved performance of the
amino polymer based OPVs observed with lower content of
tertiary amine substituents compared with TQ1A (100% tertiary
amine) could be explained by the enhanced phase separation
between donor and acceptor by decreasing their interaction.
The interaction between pyridine units and fullerenes is likely
decreased further, as the conjugate acid of pyridine possesses
lower pK, values (~5.5) than that of tertiary amines (~10).

The film containing PCs;BM blends of TQ1P4 (Figure 6D)
or TQ1-50P4 (Figure 6E) shows greater phase separated
morphology compared to TQlA:PCsBM film, which could
explain the improved photovoltaic performance upon the
alteration of donor material from tertiary amine functionalized
polymer to TQ1P4 and its analogs in the devices. The TQI-
20P4:PC¢;BM film exhibits smoother surface compared to other
films containing pyridine polymers, resulting from different
processing solvent. However, the Rq of it is comparable with TQ1-
20A:PCs1BM film, indicating similar degree of phase seperation
on the surface. Further evidence of the phase separation between
TQI1-20P4 and PCg; BM was revealed from the DSC result, which
clearly shows melting behavior of PC4;BM in the blend with D:A
ratio of 1:2.5 (Supplementary Figure S8e). Therefore, the high
degree of miscibility between polar group functionalized polymer
and fullerene derivative has to be overcome to achieve sufficient
phase separation for OPV operation.

CONCLUSION

Two series of p-type conjugated polymers were successfully
synthesized incorporating tertiary amine and pyridine pendant
groups, aiming at water and alcohol soluble materials. TQ1A,
TQ1-50A, TQ1P4 and TQ1-50P4 showed outstanding switchable
solubility in water/ethanol, indicating the potential of processing
photoactive materials in an environmentally friendly way. Donor
polymers with too high tertiary amine-group content only
achieved ~0.1% PCE, which could be improved to ~0.8% PCE by
decreasing the amino-group content and using a passivating layer
of TPD to protect the anode interface. We find that high tertiary
amine content increases the miscibility of the donor-acceptor,
preventing sufficient phase-separation to occur during drying
of the active layer. Solar cells fabricated from TQ1P4:PCs BM
achieved a higher PCE of 0.57%, which was further increased
to 1.33% for TQ1-50P4. OPVs based on lower content of
functionalized group substituted polymers TQ1-20A and TQ1-
20P4 offered highest efficiencies of 1.06 and 1.75%, respectively.
However, their insolubility in acidic ethanol or water makes
them unsuitable for green solvent processed OPVs. Finally,
we conclude that by carefully tuning the ratio between polar
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