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ABSTRACT: Eco-friendly solution processing and the low-cost synthesis of
photoactive materials are important requirements for the commercialization of
organic solar cells (OSCs). Although varieties of aqueous-soluble acceptors have been
developed, the availability of aqueous-processable polymer donors remains quite
limited. In particular, the generally shallow highest occupied molecular orbital
(HOMO) energy levels of existing polymer donors limit further increases in the power

Glass substrate
ITo

PEDOT:PSS

X=S : P(Qx80-T) or
X=Se : P(Qx80-Se)

Energy (eV)

IT-F3N-B
Ag

conversion efficiency (PCE). Here, we design and synthesize two water/alcohol- §°'° Aigh Voo 1
processable polymer donors, poly[(thiophene-2,5-diyl)-alt-(2-((13-(2,5,8,11-tetraox- i o P(asson:pDDEST)
adodecyl)-2,5,8,11-tetraoxatetradecan-14-yl) oxy)-6,7-difluoroquinoxaline-5,8-diyl) ] N
(P(Qx80-T)) and poly[(selenophene-2,5-diyl)-alt-(2-((13-(2,5,8,11-tetraoxadodec- 250 = pce
y1)-2,5,8,11-tetraoxatetradecan-14-yl) oxy)-6,7-difluoroquinoxaline-S5,8-diyl)] (P- y Sk
(Qx80-Se)) with oligo(ethylene glycol) (OEG) side chains, having deep HOMO  water and Ethanol 0 02 vmﬂaf;e(v)ofs 0s

energy levels (~—5.4 eV). The synthesis of the polymers is achieved in a few synthetic

and purification steps at reduced cost. The theoretical calculations uncover that the

dielectric environmental variations are responsible for the observed band gap lowering in OEG-based polymers compared to their
alkylated counterparts. Notably, the aqueous-processed all-polymer solar cells (aq-APSCs) based on P(Qx80-T) and poly[(N,N’-
bis(3-(2-(2-(2-methoxyethoxy)-ethoxy)ethoxy)-2-((2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-methyl) propyl )naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl)-alt-(2,5-thiophene)] (P(NDIDEG-T)) active layer exhibit a PCE of 2.27% and high open-circuit
voltage (V) approaching 0.8 V, which are among the highest values for ag-APSCs reported to date. This study provides important
clues for the design of low-cost, aqueous-processable polymer donors and the fabrication of aqueous-processable OSCs with high

Voc.
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1. INTRODUCTION

State-of-the-art organic solar cells (OSCs) with power
conversion efficiencies (PCEs) of around 19%'~® continue to
attract great attention in academia and the industry due to
their potential for real-life applications. However, there remain
more challenges in OSC research, such as eco-friendly solution
processing and low-cost synthesis of photoactive materials to
put OSCs in the forefront of the electronics market.”"’
Researchers have strived to make conjugated materials soluble
in less toxic solvents (i.e,, nonhalogenated solvents including
toluene, xylenes, and trimethylbenzenes) for eco-friendly
fabrication of OSCs because halogenated solvents pose serious
threats to human health and the environment.”*™* However,
there is still a question mark about how “green” these
nonhalogenated solvents are since they may still pose serious
health hazards and harmful environmental impacts.'> Encour-
agingly, it has been discovered that utilization of ionic
pendants or nonionic oligo(ethylene glycol) (OEG) groups
in the side chains can enable the processing of conjugated

© 2024 The Authors. Published by
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materials in alcohol and aqueous solvents (i.e., water/alcohol
mixtures), which are considered the greenest solvents even
compared to the nonhalogenated solvents.'*™*" For example,
Woo et al”' developed the first OEG-based materials
(PPDT2FBT-A donor and fullerene-based acceptors) process-
able in aqueous solvents, affording OSCs with a power
conversion efficiency (PCE) of 0.75%, and they later enhanced
the PCE to 2.51% by various structural modifications.””*’
Also, Wang et al.”* used D-OEG polymer donor, with a newly
synthesized alcohol processable, boron-containing, nonfuller-
ene small-molecule acceptor and obtained a PCE of 1.03%.
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Figure 1. (a) Molecular structures, (b) frontier orbital energy levels of P(Qx80-T), P(Qx8-Se), and P(NDIDEG-T). (c) Absorption coefficients
of the polymer thin films processed from water/ethanol mixtures (15:85 v/v).

Recently, Tan et al.'® further raised the PCE of aqueous-
processable OSCs (ag-OSCs) to 3.03% using a new polymer
donor (PFO3) with OEG-containing furan as the polymer
backbone.

Although the development of aqueous-soluble conjugated
materials has spurred the research on eco-friendly aq-OSCs,
there exist hurdles that should be overcome to move to the
next stage. For instance, the number of aqueous-soluble donors
is highly limited compared to that of aqueous-soluble n-type
acceptors including fullerene derivatives and nonfullerene
polymers. Only PPDT2FBT-A and the recently reported
PFO-based donors have been successfully used to produce ag-
OSCs with PCE > 2%.">"*** Notably, even for these donors,
the open-circuit voltage (V¢) of the corresponding ag-OSCs
is relatively low due to their high-lying highest occupied
molecular orbital (HOMO) energy levels (~—5.2 to —5.3 eV)
and associated serious charge recombination.

The synthetic cost of the material is another important
factor to consider in the effort to commercialize OSCs. Having
a lower synthetic complexity with ease of purification will
amount to cheaper OSC materials and industrial scalability.
However, the synthesis/purification of most aqueous-soluble
materials is generally very difficult and time-consuming
compared to that of typical OSC materials due to the
hydrophilic nature of OEG or ionic side chains.”® Therefore,
there is a high demand for new aqueous-soluble donors, having
down-shifted HOMO energy levels as well as reduced
synthetic steps.

In this respect, quinoxaline (Qx)-based polymers can be a
model system to benchmark for developing eflicient and
economical ag-OSCs. For example, Wang et al.*® developed
Qx-thiophene-based polymers (e.g, TQl) for efficient and
low-cost OSCs in 2010. Recently, another simple Qx-

12887

thiophene-based polymer, PTQI10, was further developed,
which has become one of the best donors in this class of
polymers and exhibited a comparable PCE in OSCs with that
of the state-of-the-art donor PM6."*’ It is worth noting that
PTQI0 has a lower-lying HOMO energy level (~—5.5 eV)
than most polymer donors, such as P3HT (~—5.1 &V),**
PPDT2FBT (~—54 eV),” PTB7-Th (~-52 eV),’® and
PBDB-T (~—5.3 €V),”" which is beneficial for producing high
Voc. In addition, You et al.>**® reduced the cost of
synthesizing PTQI0 further by employing the Mitsunobu
reaction while maintaining the synthetic simplicity. Thus, we
envisioned that employing the Qx-based backbone would
provide a great opportunity for the development of new
aqueous-soluble polymer donors.

Herein, two Qx-based polymers, poly[(thiophene-2,5-diyl)-
alt-(2-((13-(2,5,8,11-tetraoxadodecyl)-2,5,8,11-tetraoxatetra-
decan-14-yl) oxy)-6,7-difluoroquinoxaline-5,8-diyl)] (P(Qx80-
T)) and poly[(selenophene-2,5-diyl)-alt-(2-((13-(2,5,8,11-tet-
raoxadodecyl)-2,5,8,11-tetraoxatetradecan-14-yl) oxy)-6,7-di-
fluoroquinoxaline-5,8-diyl)] (P(Qx80-Se)), are developed, in
which branched OEG solubilizing groups are grafted onto the
conjugated backbone to ensure sufficient solubility in water/
ethanol mixtures. The electronic properties and geometric
conformations of these polymers are compared theoretically
and experimentally with those of their alkoxylated counter-
parts. Unlike the alkylated polymers, the OEG-based polymers
exhibit high-lying HOMO and low-lying lowest unoccupied
molecular orbital (LUMO) energy levels. Notably, the
preparation of the polymers is completed in five synthetic
steps, effectively reducing the overall synthetic cost. In
addition, an aqueous-soluble polymer, poly[(N,N’-bis(3-(2-
(2-(2-methoxyethoxy)-ethoxy)ethoxy)-2-((2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-methyl)propyl)naphthalene-

https://doi.org/10.1021/acsami.3c18994
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Table 1. Material Properties of P(Qx80-T), P(Qx80-Se), and P(NDIDEG-T)

polymer M, (B) [kg mol™']” D™ [nm]? Ema™ [em™']? E® [eV]* Eyomo LeV]? E umo [eV]© E, [eV)
P(Qx80-T) 16 (22) 557, 599 5.8 x 10* 1.84 —5.43 —3.52 191
P(Qx80-Se) 7.6 (22) 594, 647 5.4 % 10* 1.67 —5.40 -371 1.69
P(NDIDEG-T) 26 (3.1) 343, 623 42 x 10* 1.69 —5.86 —4.13 1.73

“Determined by size-exclusion chromatography using ortho-dichlorobenzene as the eluent relative to polystyrene standard. *Determined from UV—
vis absorption spectra of thin films processed from the aqueous solvent. “Optical band gap calculated from the absorption onset of the thin film.
Bono = —(Eo ™ + 5.13) €V. °Eyumo = — (Ereg™ + 5.13) V. /Electrochemical band gap calculated from the difference of Eyopo and Ejyyo-

1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-(2,5-thiophene)] (P-
(NDIDEG-T)) is selected as an acceptor to construct
aqueous-processed all-polymer solar cells (ag-APSCs) with
the synthesized donors due to the advantages of APSCs over
polymer:fullerene-based OSCs.”*** As a result, the aq-APSCs
based on the P(Qx8O0-T):P(NDIDEG-T) blend achieve a
maximum PCE of 2.27% with a high V¢ of ~0.8 V due to the
deep HOMO level of P(Qx80-T). This work lays the
groundwork for designing inexpensive, aqueous-soluble poly-
mer donors with deep HOMO energy levels for the fabrication
of efficient aq-OSCs.

2. RESULTS AND DISCUSSION

The chemical structures of the polymers used in this study are
given in Figure la. For the P(Qx80-T) and P(Qx80-Se)
polymer donors, two different backbones (Qx-thiophene and
Qx-selenophene) were employed to modulate their energy
levels and intermolecular interactions.”™*” It was expected that
the sulfur atom in thiophene and the selenium atom in
selenophene, which have dissimilar atomic radii and different
degree of quinoidal resonance effect,”® would result in different
molecular packing and electrical properties. Besides, the two
fluorine atoms attached to the Qx unit help reduce the HOMO
energy levels of both polymers for attaining high Vic. In
addition, the OEG side chains were grafted to the backbone to
enable sufficient processability in aqueous solvents. The
detailed synthetic procedures of the Qx-based polymers
(Scheme S1) are described in the Experimental Section, and
their molecular structures were confirmed by proton nuclear
magnetic resonance ("H NMR) and carbon-13 NMR ("*C
NMR) spectroscopies (Figures S1 and S2, respectively). The
number-average molecular weight (M,) and dispersity (D) of
the polymers are provided in Table 1. P(NDIDEG-T) was
used as an acceptor because it has good electrical properties
and aqueous processability plus well-matched energy levels
with the donor polymers.'"® P(Qx80-T) and P(Qx80-Se)
showed good solubility in various halogenated and non-
halogenated solvents such as acetone, ethyl acetate, tetrahy-
drofuran, chloroform, and also in ethanol/water mixtures,
ranging from SO to 95% ethanol (v/v). P(Qx80-T) and
P(Qx80-Se) showed solubility of 43.3 and 36.4 mg mL™",
respectively, in 85 vol % ethanol. The thermogravimetric
analysis (TGA) of P(Qx80-T) and P(Qx80-Se) showed
good thermal stability where the decomposition temperatures
at 5%-weight loss were 366 and 359 °C, respectively (Figure
S3a). No thermal transitions were detected for both polymers
from the differential scanning calorimetry (DSC) measure-
ments (Figure S3b).

Notably, in the design of the polymers, their synthetic costs
were also considered. We have followed previously reported
cost-effective synthetic route®™*” where the Qx unit was
prepared in three steps from inexpensive 1,4-dibromo-2,3-
difluorobenzene. In addition, the synthesis of the intermediates

and monomeric molecules included easy purification proce-
dures, with only two column chromatography processes over
the five synthetic steps. To calculate the cost, the final amount
of each polymer was set to be 1.0 g and computed back to each
starting material considering the percentage yield at all stages.
The cost of each starting material was taken based on the price
quoted in the Sigma-Aldrich catalog for the largest available
package. Thus, in this synthetic pathway, the total costs were
estimated to be only 44.89 $ g~' for P(Qx80-T) and 55.08 $
g~! for P(Qx80-Se) (Tables S1 and S2), significantly lower
than other state-of-the-art polymer donors.”"** In particular,
P(Qx80-T) has a comparable low cost as compared to the
recently reported aqueous-processable polyfuran homopoly-
mers PFO3 and PFO4." The low-cost of the polymers makes
Qx-based donors promising candidates for the large-scale
production of aq-OSCs.

The HOMO and LUMO energy levels (Egopmo and Epymo)
of the polymers were experimentally determined from cyclic
voltammetry (Figures 1b and S4, and Table 1). The Eyono/
Eiumo of P(Qx80-T) and P(Qx80-Se) was found to be
—5.43/-3.52 and —5.40/-3.71 eV, respectively, from the
onset potentials of oxidation/reduction. Notably, both P-
(Qx80-T) and P(Qx80-Se) showed deeper Epoyeo values
compared to that previously reported for PPDT2FBT-A
donor,"® and therefore, enhanced Vi in the resulting OSCs
can be expected (vide infra). Replacing thiophene with
selenophene in the donor polymer decreases the Ejyo and
increases the Eyopo. Consequently, the band gap of P(Qx80-
Se) is smaller than P(Qx80-T), which agrees with previous
comparative studies.’”*’ It is generally believed that
selenophene has lower aromatic stabilization energy and can
form stronger quinoidal resonance relative to thiophene, which
can explain the band gap lowering and slightly upshifted
Enomo of selenophene-based polymers, but it has not been
clear why they have relatively more downshifted E;yyo. To
gain further insights into this difference between thiophene-
and selenophene-based polymers and to understand the
experimental results, we conducted DFT-based calculations
(detailed are given in the Supporting Information). Figure S5
displays the HOMOs and LUMOs of P(Qx80-T), P(Qx80-
Se), and P(NDIDEG-T) polymers. The HOMO densities of
the donor polymers are evenly distributed. However, the
HOMO density of the acceptor polymer experiences slight
perturbations due to the influence of the thiophene rings,
resulting in an asymmetrical distribution along the diimide
moieties. In contrast, the LUMO densities of both the donor
and acceptor polymers are homogeneously distributed across
their respective monomeric units. As a result, this can impact
the character of low-lying electronic transitions of the systems
upon light absorption. The calculated isotropic polarizability of
P(Qx80-Se), 2060.9 au, is larger than that of P(Qx80-T),
1927.9 au (Table S3). The stronger electric field created by the
larger polarizability of the Se atom can lead to lower E; 0.

https://doi.org/10.1021/acsami.3c18994
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The Se atoms also affect the local electrostatic surface potential
(ESP) of the polymer (Figure S6). In the vicinity of the Se-
atom in P(Qx80-Se), the ESP exhibits a relatively more
negative appearance than that in the S atom in P(Qx80-T). A
higher molecular polarity index (MPI) of 13.82 for P(Qx80-
Se), compared to 13.35 for P(Qx80-T), was observed from
the integration of the ESP surface. This difference in the MPI
values can be attributed to the greater electronegativity of Se
relative to S, which is different from the Pauling scale of
electronegativity41 (refer to the detailed discussion in Note 1
and Figure S7 in the Supporting Information, and Sanderson™**
and Allred-Rochow scales™ ). Here, we conclude that although
P(Qx80-T) has a less positive charge as compared to
P(Qx80-Se), the larger ESP and MPI values from the
selenophene-based polymer P(Qx80-Se), resulting from the
more electronegative Se atom as compared to the S atom, can
explain its downshifted E; 0.

Another important aspect here is that the OEG-containing
polymer P(Qx80-T) showed significantly different energy
levels and band gap compared to the alkylated analog PTQ10
(Table S4 and Figure S8). More specifically, the band gap of
P(Qx80-T) was found to be much narrower than that of
PTQ10 with up-shifted Eyopmo and down-shifted E; 0. This
trend in energy level is commonly observed in the literature for
many OEG-containing polymers and their alkylated analogues,
but a clear explanation for these differences is still missing.””**
One possible explanation is that the electronegative oxygen
atoms in the OEG-based materials draw some electron density
through the inductive effect, leading to slightly deeper E; yy0
but potentially contradicting the destabilization of Eyoyg in
these materials. To further understand this, we optimized the
molecular geometry of trimeric donors and acceptor materials
with both the OEG and alkyl side chains using DFT
calculations at the HSE03/6-311G(d,p) theory level. Figure
S9 illustrates the fully relaxed geometries in the ground state,
and no visible differences in terms of side-chain orientation or
backbone planarity between the OEG-based polymers and
their corresponding alkyl-based counterparts are observed. In a
vacuum, the OEG-based polymers P(Qx80-T) and P(Qx80-
Se) have comparable E;yyo/Enomo With their alkylated
counterparts P(QxC27-T) and P(QxC27-Se) with minor
differences of —0.06/—0.06 and —0.05/—0.03, respectively. To
account for the impact of the surrounding environment, the
implicit universal solvation model SMD was employed.* We
used two solvents, n-octanol (¢ = 9.86) and 1-fluorooctane (&
= 3.89), to mimic the dielectric constants of the polymeric
films as closely as possible. Specifically, n-octanol was utilized
for OEG-based polymers, while 1-fluorooctane was selected for
the alkyl-based polymers. As a result, when OEG is replaced by
alkyl side chains, the E;yyo/Enomo of P(Qx80-T) and
P(Qx80-Se) are altered by +0.12/—0.17 eV and +0.14/—0.16
eV, respectively (Figure S10). This is consistent with the
experimental results, as illustrated in Figure S10. These
findings suggest that the environmental effects may primarily
contribute to the observed energy level and band gap
differences between OEG-containing and alkylated polymers
as an OEG-based polymeric material possesses a higher
dielectric constant than that of an alkyl-based polymer.”® As
mentioned above, the impact of the OEG side chains on the
Eniomo and Ejyyo obtained from CV measurements was not
well understood previously. The most widely accepted
argument was that the enhanced ion permeability of OEG-
based polymers results in reduced oxidation and reduction

potentials.”” This seems plausible since alkylated polymers
have hydrophobic side chains that are not favorable to the
permeation of ions and polar solvent particles. Hence, the
pristine state of the alkylated polymer needs external potential
to compel the movement of ions in and out of the thin films.**
Conversely, the OEG side chains enhance the interaction of
OEG-based polymers with ionic species. In addition to those
effects, here, we have shown through our theoretical
calculations that the dielectric environment induced by the
presence of OEG groups could also influence the Eyoyo and
Erumo- Additionally, a significant electrochemical band gap
(ELumo — Enomo) difference between P(Qx80-T) and
P(Qx80-Se) (191 eV vs 1.69 eV, AE, = 022 eV) was
observed. This difference is larger than the commonly
observed band gap differences in alkylated polymers with
thiophene—selenophene exchange.”” Nevertheless, a similarly
significant alteration was observed in OEG-grafted NDI-based
polymers with the thiophene—selenophene exchange as
compared to their alkylated counterparts.'® Therefore, we
tentatively attribute this pronounced electrochemical band gap
difference to the combined effects of OEG side-chain
substitution and thiophene—selenophene exchange.

UV—vis absorption spectra were recorded (Figure 1c) to
examine the optical properties of the polymers. The thin films
of both P(Qx80-T) and P(Qx80-Se) featured two absorption
bands, which are typical characteristics of donor—acceptor
copolymers. However, the absorption onset of the P(Qx80-
Se) film (738 nm) was red-shifted by 64 nm compared to that
of the P(Qx80-T) film (674 nm), mainly due to the larger
quinoidal resonance effects and more electron-rich properties
of selenophene as compared to thiophene.”” This result
suggests that the P(Qx80-T):P(NDIDEG-T) blend system
would result in better complementary absorption than the
P(Qx80-Se):P(NDIDEG-T) pair (Figure 1c). Furthermore,
the first electronic transition (S;) is the most intense in the
visible range and corresponds with the absorption maxima of
P(Qx80-T), P(Qx80-Se), and P(NDIDEG-T) (Figure S11).
P(Qx80-Se) exhibits a more red-shifted S, transition (Figure
S11), which corresponds well with its lower band gap than
P(Qx80-T). Moreover, at higher energies, a set of weaker
electronic transitions account for the lower-intensity absorp-
tion bands of the polymers.

To investigate the molecular aggregation in solution, the
temperature-dependent aggregation (TDA) properties of the
polymers in water/ethanol (15:85 v/v) solution were analyzed
by UV-—vis spectroscopy (Figure S12). Although both
polymers displayed weakening of the main absorption bands
as the temperature increased from 20 to 80 °C, their maximum
absorption wavelengths (4,,,,s) barely changed, indicating that
P(Qx80-T) and P(Qx80-Se) have favorable preaggregation
properties in aqueous solution, even at high temperature,
which is essential for producing optimal blend morphology in
OSCs.*”*" For both polymers, the intensity of the shoulder
peak generally diminished as the temperature increased from
20 to 80 °C. However, the shoulder peak (ca. 650 nm) of
P(Qx80-Se) prevailed even at 80 °C. This result suggests that
P(Qx80-Se) has a strong aggregation tendency compared to
P(Qx80-T), which could also be confirmed by larger surface
roughness in atomic force microscopy (AFM) measurement of
the P(Qx80-Se):P(NDIDEG-T) blend, as discussed below.
To further understand this, we looked into the simulated
conformations (Note 2). The presence of selenium in
P(Qx80-Se) induces the planarity of the polymer backbone,
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Figure 2. (a) 2D GIWAXS scattering patterns of P(Qx80-T), P(Qx80-Se), and P(NDIDEG-T) films and their line-cut profiles in the (b) IP and
(c) OOP directions. (d) Pole figures were calculated based on the (010) scattering peak intensities of the P(Qx80-T) and P(Qx80-Se) films.

whereas twisting was observed in P(Qx80-T). This is mainly
because of the higher quinoidal resonance contribution from
the selenophene ring, which is connected to the larger p-orbital
size and higher polarizability of the Se atom (see Table S3).
Thus, the high aggregation tendency of P(Qx80-Se) might
have emanated from its relatively planar conformation, as
shown in Figure $9.>

The thin-film crystalline properties of P(Qx80-T) and
P(Qx80-Se) were investigated by grazing incidence wide-
angle X-ray scattering (GIWAXS) (Figure 2).°° All of the
polymer films were prepared using water/ethanol mixtures
(15:85 v/v) as the processing solvent. As presented in Table 2,

Table 2. Crystalline Properties of P(Qx80-T) and P(Qx80-
Se) Thin Films and Their SCLC Hole Mobilities

polymer thin

d 100),IP d(m ),00P
film [A]& [X]" AJAY oy [em? VsTUC
P(Qx80-T) 262 3.69 12 (31+05)x107*
P(Qx80-Se) 26.9 3.72 8.9 (1.6 £ 0.1) x 107*

“Calculated from the GIWAXS line—cut profiles. “Obtained from
pole figures. “Averaged from five SCLC devices for each system.

P(Qx80-T) and P(Qx80-Se) showed similar (100) lamellar
stacking distances (d(loo)ylp) and 7—r stacking distances
(do10)00p) in the in-plane (IP) and out-of-plane (OOP)
directions, respectively. However, their polymer packing
orientation was different. Although P(Qx80-T) and P-
(Qx80-Se) both showed mixed face-on and edge-on
orientation, the population of the face-on orientation was
more dominant in P(Qx80-T) than that in P(Qx80-Se). The

different packing orientation of the polymers is evidenced by
pole figures (Figures 2d and S13),”* which were calculated
based on the (010) scattering peaks (please see the Supporting
Information for the detailed calculation). The ratio of the
edge-on fraction relative to the face-on fraction (A./A¢) was 1.2
for P(Qx80-T), and 8.9 for P(Qx80-Se) (Table 2),
suggesting that P(Qx80-T) has more favorable molecular
orientation for vertical charge transport than P(Qx80-Se).”
The relatively planar conformation and stronger aggregation of
P(Qx80-Se), as confirmed by the DFT and TDA results, are
considered responsible for its edge-on-dominant behavior, as
previously reported by many studies.””*°

The hole transport abilities of the two polymer films were
investigated by measurement of the space-charge limited
current (SCLC) (Table 2 and Figure S14).°” The hole
mobilities (y;,) of P(Qx80-T) films (u;, = (3.1 + 0.5) x 107*
em? V7! s7') were determined to be larger than those of
P(Qx80-Se) films (uy, = (1.6 + 0.1) X 10~ cm? V! s71). As
the structural difference of P(Qx80-T) and P(Qx80-Se) did
not greatly affect the m—z stacking distance, the packing
orientation of P(Qx80-T) being more advantageous than that
of P(Qx80-Se) can explain its higher s, values.

To investigate the photovoltaic performances of the
polymers, aq-APSCs were fabricated with a normal device
architecture of indium tin oxide (ITO)/poly(3,4-ethylenediox-
ythiophene): polystyrenesulfonate (PEDOT:PSS) mixed with
0.15 vol % of 3-glycidoxypropyl-trimethoxysilane (GOPS)/
active layer/poly[ (9,9’-bis(3’-(N,N-dimethylamino)-propyl)-
2,7-fluorene)-alt-5,5'-bis(2,2’-thiophene)-2,6-naphthalene-
1,4,5,8-tetracarboxylic-N,N’-di(2-ethylhexyl)imide] (PNDIT-
F3N—Br)/silver (Ag). The optimized donor:acceptor blend

Table 3. Photovoltaic Properties of aqg-APSCs Based on P(Qx80-T):P(NDIDEG-T) and P(Qx80-Se):P(NDIDEG-T) Blends

donor Voc [V] Jsc [mA cm™2] caled J,. [mA cm™?] FF PCE,,,“(PCE,,,) [%]
P(Qx80-T) 0.77 + 0.01 4.82 + 0.56 5.06 0.55 + 0.03 2.02 + 0.16 (2.27)
P(Qx80-Se) 0.70 + 0.01 446 + 023 471 0.55 + 0.02 1.72 + 0.12 (1.86)
“Calculated from at least 10 devices.
12890 https://doi.org/10.1021/acsami.3c18994

ACS Appl. Mater. Interfaces 2024, 16, 12886—12896


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18994/suppl_file/am3c18994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18994/suppl_file/am3c18994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18994/suppl_file/am3c18994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18994/suppl_file/am3c18994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18994/suppl_file/am3c18994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18994/suppl_file/am3c18994_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18994?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18994?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18994?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18994?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c18994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

D
N—

< 00 (2
E I8
o —a—P(Qx80-T):P(NDIDEG-T) 9
< —o—P(Qx80-Se):P(NDIDEG-T)
E
225
"
c
@
o
c
g 5.0
E
T T T T

: —
0.0 0.2 0.4 0.6 0.8
Voltage (V)

—_
(2]
~

Short-circuit condition

61 A
&
< 47
é —a— P(Qx80-T):P(NDIDEG-T)
=839
ﬁﬁ 2 P(E,T) = 83%
—a— P(Qx80-Se):P(NDIDEG-T)
P(E,T)=73%
0 T T

0.0 0.5 1.0 1.5 2.0

Verr (V)

(b)

50

] —a— P(Qx80-T):P(NDIDEG-T)
40 —o— P(Qx80-Se):P(NDIDEG-T)

30

20

EQE (%)

10 +

0 T T T T T
300 400 500 600 700 800
Wavelength (nm)

0.85

@ P(Qx80-T):P(NDIDEG-T) (S=1.59 kBTq")

@ P(Qx80-Se):P(NDIDEG-T) (S= 1.7 kyTq™)
0.80

< o015 /0/

8

> 0.70

0.65 /
0.60

40 60 80 100

P (mW cm?)

Figure 3. (a) J—V characteristics under 1 sun illumination, (b) EQE spectra, (c) Joh Vs Vg curves, and (d) P-dependent Vi of P(Qx80-

T):P(NDIDEG-T) and P(Qx80-Se):P(NDIDEG-T) devices.

ratio was 2:1. Various processing solvents, including acetone,
ethyl acetate, and water/ethanol mixtures, were tested (Table
SS). Among these solvents, a water/ethanol mixture with a
composition of 15:85 (v/v) was the most effective solvent for
device fabrication. The active layer of this device has a smooth
morphology, while the active layers processed from other
water/ethanol mixtures delivered relatively coarser morpholo-
gies, as shown in Figure S15. The detailed device fabrication
procedure is presented in the Supporting Information. The
P(Qx80-T):P(NDIDEG-T)-based aq-APSCs delivered a
PCE of 2.27% (Ve = 0.78 V, Jsc = 547 mA cm™% and FF
= 0.54) (Table 3). Table S6 and Figure S16 compare this
performance to previously reported aq-OSCs. Encouragingly,
this level of performance is also comparable with the
performance of the devices based on PTQI10:N2200
(comparable polymers with alkyl side chains) processed from
the halogenated solvent chlorobenzene (best PCE = 2.84%).>
The P(Qx80-Se):P(NDIDEG-T)-based devices showed a
slightly lower PCE of 1.86% (Voc = 0.70 V, Jg¢ = 4.69 mA
ecm™?, FF = 0.55) (Figure 3a and Table 2). The different
photovoltaic performances mainly originated from the different
Voc and Jsc values of the two systems. The higher V¢ of the
P(Qx80-T)-based device is in line with the slightly deeper
Enomo of P(Qx80-T) compared to that of P(Qx80-Se). To
the best of our knowledge, the V¢ reaching nearly 0.8 V is the
highest value among aq-APSCs (Table S6 and Figure $16)."®

We have also noted that in P(Qx80-T):P(NDIDEG-T)-
based devices, different processing solvents yielded different
Voc values (Table SS). This is a commonly encountered
phenomenon when device fabrications involve different
processing solvents,” which may be because the changed
morphological features by different solvents lead to different
charge collection behaviors.”>" Figure 3b shows the external
quantum efficiency (EQE) spectra of the ag-APSCs. The Jycs
calculated from the EQE curves agree well with the
experimental Jc values within 6% error.

12891

A series of device characterizations were performed to
determine the origin of different Jsc values of the aq-APSCs.
First, the SCLC charge mobilities of the blend films were
measured (Table S7). Similar to the hole mobility (u;,) trend
of pristine films, the P(Qx80-T)-based device showed a higher
uy, value [(7.4 + 1.0) X 107> cm? V™! s7!] than the P(Qx80-
Se)-based device [y, = (3.7 + 0.8) X 107> cm® V7! s7'].
Analogous to the case of the pristine films, this result can be
attributed to the more face-on-oriented polymer structure in
the P(Qx80-T):P(NDIDEG-T) blend film (Figure S17),
which is favorable for inducing efficient charge transport in the
vertical direction. By contrast, in the 2D GIWAXS scattering
pattern of the P(Qx80-Se):P(NDIDEG-T) blend film (Figure
S17), a pronounced (010) peak in the IP direction together
with lamellar scatterings up to (300) peak in the OOP
direction was observed, suggesting a stronger edge-on packing
contribution than P(Qx80-T):P(NDIDEG-T). This result
partially accounts for the slightly lower PCE of the P(Qx80-
Se)-based device than that of the P(Qx80-T)-based device.
SCLC characterization of the P(Qx80-T):P(NDIDEG-T)
and P(Qx80-Se):P(NDIDEG-T) blends also revealed that
the electron mobilities are around 1 order of magnitude lower
than the hole mobilities. This high mismatch in mobilities may
be the reason for the still lower performance of the devices.””

The exciton dissociation probability [P(E,T)] was deter-
mined from the relation P(E,T) = Johse/ Johysar Where Jp, o is the
photocurrent density at short-circuit condition and J, i, is the
saturated photocurrent density at effective voltage (V=2 V)
(Figure 3¢).* For devices based on P(Qx80-T):P(NDIDEG-
T), P(E,T) (83%) was found to be higher compared to devices
based on P(Qx80-Se):P(NDIDEG-T) (P(E,T) = 73%). The
higher P(E,T) of P(Qx80-T):P(NDIDEG-T) can be related
to its better-mixed blend morphology (vide infra) and may also
be partially attributed to the larger LUMO—LUMO offset
between the donor and acceptor polymers.
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The charge recombination properties of the ag-APSCs were
also investigated by determining V¢ and Jsc values as a
function of light intensity (P) (Figure 3d and Figure $18).°*
For P(Qx80-T):P(NDIDEG-T) devices, the lower slope in
the Voc—In(P) plot (S = 1.59 kzT q~") and larger slope in the
In(Jsc)—In(P) plot (@ = 0.97) than those of the P(Qx80-
Se):P(NDIDEG-T) counterparts (S = 1.77 kyT q_l and @ =
0.94, where k; = Boltzmann constant, T = absolute
temperature, and g = elementary charge), suggest that both
monomolecular and bimolecular recombination were relatively
suppressed. Overall, the higher 4, values suggest more efficient
exciton dissociation and better-suppressed recombination of
the P(Qx80-T):P(NDIDEG-T) blends than that of the
P(Qx80-Se):P(NDIDEG-T) blends, which are consistent
with their enhanced Js and PCE.

To examine the blend-ilm morphology of aq-APSCs,
resonant soft X-ray scattering (RSoXS) measurements (Figure
4a) were performed.”> The beam energy was selected to be
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Figure 4. (a) RSoXS profiles of P(Qx80-T):P(NDIDEG-T) and
P(Qx80-Se):P(NDIDEG-T) blend films and (b) their AFM height
images.

285.0 eV, at which point the scattering contrasts between the
donor and acceptor components were maximized. The domain
size (Dy;,e) and relative domain purity (D,y,) were calculated
from the RSoXS curves (Table S8). The P(Qx80-T):P-
(NDIDEG-T) blend film showed slightly smaller Dg;,. (69 nm)
and Dy, (0.92) values than those of P(Qx80-Se):P-
(NDIDEG-T) (Dy;,e = 73 nm and Dy, = 1.00). These data
suggest that P(Qx80-T) produced a better-intermixed
morphology with smaller domains, when blended with the
acceptor polymer, compared to P(Qx80-Se), which is
desirable for efficient charge generation.66 In addition, the

surfaces of the blend films were probed by AFM (Figure 4b).
The AFM height images show that the P(Qx80-T):P-
(NDIDEG-T) blend formed a smoother film surface than
P(Qx80-Se):P(NDIDEG-T), which may indicate a relatively
severe aggregation tendency of the P(Qx80-Se) polymer
compared to P(Qx80-T). Generally, all of the morphological
features of the blend films can be associated with the higher Jqc
and photovoltaic performance of the P(Qx80-T)-based
system than those of the P(Qx80-Se)-based counterpart.

The air-stability of OSCs is crucial for their commercializa-
tion. Thus, we tested the stability of the aqueous-processed
P(Qx80-T):P(NDIDEG-T) device in dark and ambient
conditions without encapsulation. For comparison, a control
device fabricated from chloroform using comparable alkylated
materials (PTQ10:P(NDI20OD-T) (Figure S10a) was also
tested. Consequently, the aqueous-processed P(Qx80-T):P-
(NDIDEG-T) device showed superior stability by retaining
over 80% of the initial performance after 120 h of storage,
while the chloroform-processed PTQ10:P(NDI2OD-T device
showed less than 50% of the initial PCE in the same period
(Figure Sa). Following the arguments previously reported by
Kim et al,,'® the higher air-stability of the ag-OSCs compared
to their alkylated counterparts can be ascribed to the strong
interactions between the hydrophilic layers, preventing layer
delamination over time.

Furthermore, to compare the influence of water on the
performance of both devices more intuitively, we monitored
their stabilities under underwater conditions. Thus, we
observed how the PCEs evolved after immersing both devices
in water for 90 min (Figure Sb). Consistently, the aqueous-
processed OSC exhibited a slightly better level of stability by
retaining 75% of its initial performance after being soaked in
water, whereas the PTQI10:P(NDI20OD-T)-based device
retained only 69% of the initial PCE value (Table S9).
Hence, the stability experiments demonstrate the potential of
OEG-grafting to achieve robust devices under ambient and
aqueous environments.

3. CONCLUSIONS

In summary, we have successfully designed and synthesized
low-cost and aqueous-processable polymeric donors, namely,
P(Qx80-T) and P(Qx80-Se). These polymers exhibit
excellent solubility in eco-friendly water/ethanol mixtures
and can be synthesized with minimal synthetic and purification
complexity using readily available starting materials. Our DFT
simulations suggest that the lower aromatic stabilization energy
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Figure S. (a) Normalized PCEs of the corresponding devices as a function of time (dark condition, without encapsulation, relative humidity: 60—
70%, and temperature: 26—28 °C). (b) Pictures of the OSCs of PTQ10:P(NDI20D-T) and P(Qx80-T):P(NDIDEG-T) before (left) and after

(right) storing the devices underwater for 90 min.
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of the selenophene ring and the large polarizability of the Se-
atom are the reasons for the band gap lowering of P(Qx80-
Se) compared to its counterpart, P(Qx80-T). Furthermore,
the DFT calculations uncover an intriguing aspect regarding
the energy level difference between the OEG-based polymers
and their alkylated counterparts that was not previously
known. Specifically, it is observed that the OEG side chain has
negligible influence on the HOMO/LUMO energy levels of
the polymers in a vacuum, with a range of 0.02—0.06 eV.
However, when the dielectric environment is taken into
account, the OEG side chains exert a significant impact on the
energy levels, causing a difference of 0.12—0.17 eV. This
finding sheds new light on the role of the OEG side chains in
determining the electronic properties of the polymers. When
paired with P(NDIDEG-T) as the acceptor polymer, the
P(Qx80-T)-based aq-APSCs attained a PCE of 2.27%, which
is superior to the P(Qx80-Se)-based devices (PCE = 1.86%).
The superior performance is mainly ascribed to the favorable
packing properties of P(Qx80-T) and its blend morphology,
leading to higher p; values and more efficient charge
generation. This photovoltaic performance of P(Qx80-T):P-
(NDIDEG-T) is the highest among aq-APSCs reported to
date, which can be attributed to the design motif of the
polymer donors to yield deep HOMO levels (—5.43 eV) and
high V¢ (~0.8 V). It is also found that the strategy of grafting
the corresponding OEG groups over the conjugated backbone
enhances the overall stability of the OSC devices, especially in
ambient and aqueous environments as compared to the OSCs
from their corresponding alkylated counterparts. This study
exemplifies the significance of designing inexpensive polymer
donors with deep HOMO energy levels, which are processable
from eco-friendly solvents, for developing efficient, stable, and
commercially viable ag-APSCs. We expect that future develop-
ment of aqueous-processable acceptors based on state-of-the-
art acceptor moieties will possibly fill the PCE gap to realize
efficient and eco-friendly OSCs. We believe that our work here
will be a valuable input for future studies that aim at the
realization of the overall sustainability of the OSCs.

4. EXPERIMENTAL SECTION

4.1. Materials/Chemicals. Materials, chemicals, and solvents
were obtained from Fisher Chemical, Sigma-Aldrich and other
commercial sources and used as received.

4.2. Instruments/Characterization. FTIR spectra was generated
using the attenuated total reflection-Fourier-transform infrared
spectroscopy (ATR-FTIR) technique on a PerkinElmer FT-IR
spectrometer. The 'H NMR spectra were obtained on a Varian
Inova 400 MHz spectrometer at 400.13 and 100.6 MHz, respectively.
Mass spectra were obtained on a Xevo G2-XS QTof mass
spectrometer equipped with electrospray ionization. Polymer '*C
NMR spectra were recorded by using a Bruker Avance Neo 600 MHz
spectrometer at 150 MHz. A PerkinElmer lambda 1050 UV/vis/NIR
spectrometer was used for obtaining the ultraviolet—visible (UV—vis)
absorption spectra. A Mettler Toledo TGA/DSC3+ was employed to
perform TGA. DSC measurement was performed by using DSC 250
(TA Instruments). Cyclic voltammetry measurements were carried
out on a CH Instruments electrochemical workstation from thin films
of the polymers on a platinum wire working electrode, Ag/AgCl
reference electrode, and another Pt wire as a counter electrode in a
solution of tetrabutylammonium hexafluorophosphate in anhydrous
acetonitrile. The internal reference was ferrocene/ferrocenium ion
(Fc/Fc*). The number-average molecular weight (M,) and dispersity
(P) of the polymers were determined by size-exclusion chromatog-
raphy (SEC) analyses with an Agilent GPC 1200 instrument
equipped with a refractive index detector. The system was calibrated

with polystyrene standard, and ortho-dichlorobenzene (80 °C) was
used as eluent. The AFM images were obtained using a Park Systems
model NX10 instrument in the noncontact mode under ambient
conditions.

The GIWAXS analysis was conducted at the Pohang Accelerator
Laboratory (beamline 9A, Republic of Korea), with incidence angles
between 0.12 and 0.14°. The pole figures were acquired using the
following procedures:*>>*%” first, the GIWAXS line-cut profiles were
extracted from every azimuth angle (y) from 10 to 80° with the
interval of 1° (here, y = 0° indicates the q, axis). The inaccessible y
ranges near the g, axis were excluded in this pole figure analysis.”®
Then, the intensity of the (010) scattering peak in each line—cut
profile was multiplied by a geometric factor, sin(y), and plotted
against y, as shown in Figure SS. Next, scatterings attributable to
isotropic domains were subtracted, yielding the final form of the pole
figures in Figure 2d. A; is defined as the integrated area of the pole
figure for 10° < y < 45°, while A, is defined as the integrated area of
the pole figure for 45° < y < 80°, to represent the face-on-oriented
and edge-on-oriented fractions, respectively.

The RSoXS experiment was performed at beamline 11.0.1.2 in the
Advanced Light Source (United States). Blend films for the
measurement were prepared on a 100 nm thick, 1.0 mm X 1.0 mm
Si;N, membrane supported by a 200 pm thick, S mm X 5 mm silicon
frame (Norcada Inc.). The domain size (Dg,,) and relative domain
purity (Dpurity) of the blend films were calculated from the RSoXS
profiles. The Dy, was assumed to be half of the domain spacing
(Dspmng), where the Dy, is defined as D,y = ZHquak_l.é
Meanwhile, the Dy, was estimated as the relative value of the square
root of the total scattering intensity.”’

The hole and electron mobilities of the pristine and blend films
were measured by the SCLC method using devices with hole-only
(ITO/PEDOT:PSS (+0.15 vol % GOPS)/active layer/Au) and
electron-only (ITO/zinc oxide (ZnO)/active layer/poly(9,9-bis(3'-
(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide (PFN-Br)/Al) device architectures. The
thicknesses of the films were ~80—90 nm. The current—voltage
measurements were performed in the voltage range of 0—4 V, and the
results were fitted by the Mott—Gurney equation

9V
Jscrc = g‘% F

where ¢ is the relative dielectric constant of the pristine and blend
constituents, €, is the permittivity of free space (8.85 X 10" F cm™),
u is the hole or electron mobility, L is the film thickness, and V is the
potential across the device (V = Vipplied = Vbi — Vi, where V, and V;
are the voltage drops induced by the built-in potential and the series
resistance, respectively).

4.3. Polymer Synthesis. The synthesis of the acceptor polymer
P(NDIDEG-T) was accomplished following a procedure similar to
that described in our previous report.'® The detailed synthesis of the
monomer and intermediates is described in the Supporting
Information. The preparations of P(Qx80-T) and P(Qx80-Se)
were accomplished by the Stille polymerization reaction between
dibromide monomer 7 and 2,5-bis(trimethylstannyl)thiophene and
2,5-bis(trimethylstannyl)selenophene, respectively (Scheme S1).

4.3.1. P(Qx80-T). Monomer 7 (244.9 mg, 0.34 mmol), 2,5-
bis(trimethylstannyl)thiophene (139.3 mg, 0.34 mmol), tris-
(dibenzylideneacetone)dipalladium(0) (Pd,(dba);) (6.2 mg, 0.0068
mmol), and tri(o-tolyl)phosphine (P(o-Tol);) (8.3 mg, 0.027 mmol)
were charged into a 25 mL two-necked round-bottom flask which was
degassed and filled with nitrogen five times. Anhydrous toluene (10
mL) was added, and the mixture was heated under reflux for 48 h.
The polymer chains were end-capped with 2-(tributylstannyl)-
thiophene and 2-bromothiophene, respectively. After cooling to
room temperature, the crude polymer was precipitated into hexane
and filtered into a Soxhlet extraction thimble. Subsequently, the
polymer was extracted with hexanes, diethyl ether, methanol, and
chloroform. The chloroform fraction was concentrated and
precipitated again in hexanes, filtered using a PTFE membrane
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(0.45 pm), and dried under vacuum at 40 °C overnight to afford
P(Qx80-T) (160 mg, 73%).

4.3.2. P(Qx80-Se). Monomer 7 (1932 mg, 0.27 mmol), 2,5-
bis(trimethylstannyl)selenophene (123.3 mg, 0.27 mmol), Pd,(dba),
(4.9 mg, 0.0054 mmol), and P(o-Tol); (6.5 mg, 0.021 mmol) were
charged into a microwave vial which was degassed and filled with
nitrogen five times. Anhydrous chlorobenzene (1.4 mL) was added,
and the reaction mixture was heated at 100 °C for 5 min, 110 °C for
10 min, 140 °C for 50 min, and 150 °C for 1 h in a microwave
reactor. The polymer chains were end-capped with 2-
(tributylstannyl)thiophene and 2-bromothiophene, respectively. Post-
polymerization treatment was similar to that of P(Qx80-T) described
above. P(Qx80-Se) (150 mg, 81%) was recovered from the
chloroform extract.
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