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Careful control of electronic properties, structural order, and solubility of p-conjugated polymers is central

to the improvement of organic photovoltaic (OPV) performance. In this work, we designed and synthesized

a series of naphthobisthiadiazole–quaterthiophene copolymers by systematically replacing the alkyl groups

with ester groups and changing the position of the fluorine groups in the quaterthiophene moiety. These

alterations lowered the HOMO and LUMO energy levels and systematically varied the combination of

intramolecular noncovalent interactions such as O/S and F/S interactions in the backbone. More

importantly, although the introduction of such noncovalent interactions often lowers the solubility owing

to the interlocking of backbone linkages, we found that careful design of the noncovalent interactions

afforded polymers with relatively high solubility and high crystallinity at the same time. As a result, the

power conversion efficiency of OPV cells that used fullerene (PC61BM) and nonfullerene (Y12) as the

acceptor was improved. Our work offers important information for the development of high-

performance p-conjugated polymers for OPVs.
Introduction

p-Conjugated polymers have been attracting substantial atten-
tion owing to their excellent functionality in electronic devices
such as organic eld-effect transistors (OFETs) and organic
photovoltaics (OPVs).1,2 In particular, a large number of p-
conjugated polymers and OPVs have been reported, which
resulted in the power conversion efficiency (PCE) surpassing
19% in single-junction cells when combined with nonfullerene
acceptors (NFAs).3–5 Because p-conjugated polymers and their
blends are solution-processed to form thin lms as the active
layer of devices, they are required to have good solubility in
organic solvents. In the meantime, as backbone coplanarity, p–
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p interaction and/or crystallinity, and p-conjugated polymer
orientation have an impact on charge transport,6–10 charge
separation,11–13 and/or charge recombination,11,12,14 these struc-
tural orders must be carefully controlled. Furthermore, the
energy levels of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) are
equally crucial as they dictate charge carrier polarity (p-type, n-
type, or ambipolar),15,16 charge injection,15 charge
separation,15–19 and/or photovoltage.16,18–21 These polymer
structures and properties are strongly dependent on the
chemical structures of the backbone, the side chain, and their
combination. However, it is very difficult to balance all these
factors; for example, solubility and p–p interaction/crystallinity
are oen in a trade-off relationship.

In the design of p-conjugated polymers, donor–acceptor type
backbones with fused heteroaromatic rings are oen employed
to enhance backbone coplanarity and p–p interactions, narrow
the optical bandgap, and/or tune the energy levels.15,22–27 In such
donor–acceptor p-conjugated polymers, long, branched alkyl
groups are typically introduced as the side chain to ensure
solubility. Alkoxy and ester groups with a branched alkyl moiety
are also introduced oen as the solubilizing group. In addition,
because of electronic effects, these heteroatom-containing
groups and halogens such as uorine are oen introduced as
substituents as they play a vital role in tuning the energetics.
Chem. Sci., 2024, 15, 6349–6362 | 6349
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Fig. 1 Chemical structures of naphthobisthiadiazole-based polymers studied in this work.
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Furthermore, these heteroatom-containing groups and halo-
gens induce intramolecular noncovalent interactions with the
sulfur of thiophene or thiophene-related rings and suppress the
torsion of the linkage and thus the polymer backbone, leading
to strong p–p interactions.28–33 Therefore, it is important to
carefully combine the donor–acceptor backbone with these
functional groups in addition to or instead of the alkyl groups to
manipulate the solubility, energy levels, and structural orders of
p-conjugated polymers, thereby maximizing device
performance.

We have been focusing on a series of p-conjugated polymers
based on naphthobisthiadiazole (NTz), such as PNTz4T (Fig. 1),
because they possess high crystallinity and exhibit relatively
high OFET and OPV performances,34–36 while several other
groups have also reported on NTz-based p-conjugated
polymers.37–39 Recently, we reported that the introduction of
uorine groups onto the PNTz4T backbone lowered the HOMO
and/or LUMO energy levels depending on the substitution
position and enhanced crystallinity, which resulted in the high
PCE of the OPV device.40,41 However, as mentioned above, the
uorination signicantly decreased the solubility owing to the
Fig. 2 Chemical structures of PC61BM and Y12 used as acceptor materi

6350 | Chem. Sci., 2024, 15, 6349–6362
intramolecular noncovalent interaction between the uorine
atom substituted on the thiophene ring and the sulfur atom of
the neighboring thiophene ring (F/S interaction), giving rise to
the loss of processability. These results propelled us to seek
ways to manage the solubility, energy levels, and structural
orders of p-conjugated polymers using the NTz polymer system
as the platform.

Here, we study a series of PNTz4T derivatives consisting of
NTz and the quaterthiophene moiety, in which uorine groups
and/or ester groups are introduced onto the quaterthiophene
moiety, as displayed in Fig. 1. PNTz4T, as we have reported
previously, has long and branched alkyl groups as the side
chain on the thiophene rings that neighbor the NTz unit.34–36 In
order to simplify and better distinguish the polymers, PNTz4T is
hereinaer called F0. The uorinated counterparts have uo-
rine atoms added to the central thiophene rings of the quater-
thiophene moiety at the “inner” and “outer” b-positions and are
thus named iF2 (formerly named PNTz4TF2)40 and oF2,
respectively. oF2 is newly synthesized in this work. E-F0, in
which the alkyl groups of F0 are replaced by ester groups, is also
newly synthesized. Similar to the alkylated polymers, uorine
als for OPV devices.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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groups are also introduced onto the thiophene rings in E-F0,
and the resulting polymers are called E-iF2 and E-oF2. As both
uorine and ester groups have an electron-withdrawing nature,
the introduction of these groups effectively lowers the energy
levels. Furthermore, the uorine and the carbonyl oxygen of the
ester group cause noncovalent interactions with sulfur of the
neighboring thiophene ring (F/S and O/S interactions)
(Fig. 1), which can interlock the linkage between the neigh-
boring heteroaromatic rings and in turn, coplanarize the
backbone. We investigate and discuss the correlation between
themolecular structure and the solubility, electronic properties,
and structural order in association with simple quantum
chemical calculations using models. We also fabricate OPV
devices using PC61BM as a fullerene acceptor and Y12 (ref. 42)
as an NFA (Fig. 2) and discuss how these functionalities and
structures inuence device photovoltaic performance.
Results and discussion
Synthesis

Scheme 1a and b illustrate the synthesis of polymers with alkyl
and ester side chains, respectively. F0 and iF2 were synthesized
Scheme 1 (a) Synthesis of polymers with alkyl side chains F0, iF2, and oF2

© 2024 The Author(s). Published by the Royal Society of Chemistry
following the reported procedures,33,40 in which NTz monomer 1
was copolymerized with 5,50-bis(trimethylstannyl)-2,20-bithio-
phene (2) and 5,50-bis(trimethylstannyl)-3,30-diuoro-2,20-
bithiophene (3), respectively, via the Migita–Kosugi–Stille cross-
coupling reaction. oF2 was newly synthesized similarly by using
1 and 5,50-bis(trimethylstannyl)-4,40-diuoro-2,20-bithiophene
(4).43 For the polymers with ester side chains, the ester-
substituted NTz monomer was rst synthesized as follows. 3-
Thiophenecarboxylic acid (5) was brominated at the 2-position
through lithiation by lithium diisopropyl amide (LDA) and the
following treatment with tetrabromomethane to yield 2-bromo-
3-thiophenecarboxylic acid (6). 6 was then iodinated using
periodic acid and iodine to give 2-bromo-5-iodo-3-
thiophenecarboxylic acid (7), and 7 was esteried to provide 8
using bromo-2-decyltetradecane in the presence of potassium
carbonate. The Suzuki–Miyaura cross-coupling reaction of 8
and diborylated NTz (NTz-Bpin2) afforded ester-substituted NTz
monomer 9. Finally, 9 was copolymerized with 2, 3, and 4,
yielding E-F0, E-iF2, and E-oF2, respectively.

The molecular weights of the polymers were evaluated by
high-temperature gel permeation chromatography (GPC)
(Fig. S1†). All the polymers had sufficiently high molecular
. (b) Synthesis of polymers with ester side chains E-F0, E-iF2, and E-oF2.

Chem. Sci., 2024, 15, 6349–6362 | 6351
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Table 1 Molecular weights and dispersity values of the polymersa

Polymer Mn Mw Đ (Mw/Mn)

F0 37 300 81 800 2.20
iF2 53 500 237 000 4.43
oF2 33 800 65 900 1.95
E-F0 124 000 241 000 1.94
E-iF2 44 500 100 000 2.25
E-oF2 43 800 96 500 2.20

a Molecular weights were determined by high-temperature GPC at 140 °
C using o-dichlorobenzene (DCB) as the eluent and calibrated using
a polystyrene standard.
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weights; the number-average molecular weight (Mn) was more
than 30 000 and the dispersity (Đ) ranged from around 2 to 4
(Table 1). The thermal properties of the polymers were investi-
gated by differential scanning calorimetry (DSC) (Fig. S2†).
Whereas F0 and oF2 showed a peak indicative of melting at
around 300 °C, other polymers did not show any peaks. The
results suggest that the polymers are thermally stable.
Polymer electronic properties

The HOMO and LUMO energy levels (EHOMO and ELUMO) of the
polymers were investigated by cyclic voltammetry (CV) (Fig. 3a)
and are summarized in Table 2 as well as Fig. 3b. EHOMO and
ELUMO were also estimated by photoelectron yield spectroscopy
and low-energy inverse photoelectron spectroscopy,44,45 respec-
tively (Fig. S3 and Table S1†), and were mostly consistent with
Fig. 3 (a) Cyclic voltammograms of the polymer thin films. (b) Energy dia
the polymers in the thin film. (d) Geometry of HOMO and LUMO for the

6352 | Chem. Sci., 2024, 15, 6349–6362
those estimated by CV. The exciton binding energies deter-
mined from EHOMO, ELUMO, and the optical bandgap
(Eoptg ) estimated from the lm absorption spectrum as shown
later are in the range of 0.4–0.5 eV (Table S1†). These values are
a quarter of the transport gaps (EHOMO – ELUMO), which is
consistent with our previous observation.46 The ELUMO and
EHOMO of F0 were −3.21 eV and −5.17 eV, respectively, which
were lowered to −3.44 eV and −5.44 eV when uorine atoms
were introduced onto the inner b-positions of the bithiophene
moiety (iF2). The down shi of EHOMO was larger than that of
ELUMO. This can be understood from the LUMO and HOMO
geometries of F0, where the density of HOMO was higher than
that of LUMO in the quaterthiophene moiety, most likely due to
the electron-rich nature (Fig. 3d, see Fig. S4† for the LUMO and
HOMO geometries of all the polymer models). For oF2 having
uorine atoms at the outer b-positions, ELUMO and EHOMO were
−3.30 eV and −5.36 eV, respectively, which were lower than
those of F0 but higher than those of iF2.

E-F0 having ester side chains exhibited the ELUMO and EHOMO

of −3.28 eV and −5.35 eV, which were lower than and similar to
F0, respectively. This can be explained by the fact that the
electron-withdrawing ester groups were introduced onto the
thiophene rings where the density of HOMO was higher than
that of LUMO (Fig. 3d). E-iF2 and E-oF2 provided ELUMOs of
−3.42 eV and −3.31 eV and EHOMOs of −5.57 eV and −5.49 eV,
respectively, which were lower than those of E-F0. This trend was
consistent with that observed in alkylated polymers.

As such, the energy levels of the polymers were lowered by the
introduction of uorine atoms and the replacement of the alkyl
groups with ester groups, which corresponded to the HOMO and
grams of the polymers and acceptors. (c) UV-vis absorption spectra of
models of F0 and E-F0.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electronic properties of the polymers

Polymer ELUMO
a (eV) EHOMO

b (eV) DEL (eV) DEH (eV) lmax
c (nm) lonset

d (nm) Eoptg
e (eV)

F0 −3.21 −5.17 0.60 0.61 718 800 1.55
iF2 −3.44 −5.44 0.37 0.34 700 770 1.61
oF2 −3.30 −5.36 0.51 0.42 699 772 1.61
E-F0 −3.28 −5.35 0.53 0.43 662 795 1.56
E-iF2 −3.42 −5.57 0.39 0.21 622 743 1.67
E-oF2 −3.31 −5.49 0.50 0.29 689 768 1.61

a LUMO energy levels determined by cyclic voltammetry (CV). b HOMO energy levels determined by CV. c Absorptionmaximum. d Absorption onset.
e Optical band gap determined from the absorption onset.
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LUMO density of the substituted positions. In addition, we also
determined the energy levels of the acceptor materials used in
this study, PC61BM and Y12, by CV (Fig. S5†). The ELUMO and
EHOMO of PC61BM were −3.81 eV and −5.96 eV, respectively, and
therefore the LUMO offset energy (DEL) values between the
polymer and PC61BM for all the blends were sufficiently large
(0.4–0.6 eV) to allow electron transfer from the polymer to
PC61BM. The ELUMO and EHOMO of Y12 were found to be−3.92 eV
and −5.78 eV, respectively. The HOMO offset energy (DEH)
between the polymer and Y12 was 0.34–0.6 eV for the alkylated
polymers and E-F0, which should be sufficiently large to allow
hole transfer from Y12 to the polymers. However, E-F0 and E-oF2
had slightly small DEH, 0.21 eV and 0.29 eV, respectively, which
could be detrimental to the hole transfer. These offset energies
were consistent with the photoluminescence (PL) quenching
efficiencies as will be described later.

The UV-vis absorption spectra of the polymers in the thin lms
weremeasured (Fig. 3c). F0 had an absorptionmaximum (lmax) at
718 nm and a shoulder at around 650 nm, whichwere assigned to
the 0–0 and 0–1 transition bands, respectively. In addition, the
absorption onset (lonset) was 800 nm, and this value corre-
sponded to an energy (optical bandgap: Eoptg ) of 1.55 eV. The
absorption spectrum of iF2 slightly sharpened compared with
that of F0, most likely owing to the enhanced backbone copla-
narity originating from the F/S interactions. The absorption
band of iF2 was also slightly blue-shied, resulting in a lmax of
700 nm and a lonset of 770 nm, and thus an Eoptg of 1.61 eV. The
absorption band of oF2 slightly broadened toward the short-
wavelength region compared with that of iF2, although lmax

(699 nm) and Eoptg (1.61 eV) were the same. This suggests that the
coplanarity and/or ordering of a single polymer chain for oF2 is
slightly lower than that for iF2. This is likely due to the difference
in the uorine substitution position and thus the difference in
the location of F/S interactions, which will be discussed later.

E-F0 gave a broad featureless spectrum in contrast to the
alkyl counterpart F0, suggesting that the polymer backbone was
less coplanar and/or less ordered, even though there were O/S
interactions between the carbonyl oxygen and sulfur. Although
the lmax of E-F0 (662 nm) was blue-shied from that of F0 (718
nm), the Eoptg (1.56 eV) of E-F0 was similar to that of F0 (1.55 eV)
owing to the broad absorption spectrum. E-iF2 also showed
a featureless absorption spectrum, but it was narrower than that
of E-F0. This is probably due to the enhanced backbone copla-
narity by the F/S interactions. Interestingly, E-oF2 provided
© 2024 The Author(s). Published by the Royal Society of Chemistry
a relatively sharp spectrum with a clear 0–0 transition band and
a 0–1 transition band as the shoulder. This implies that the
backbone of E-oF2 is more coplanar and ordered than that of E-
iF2 and sharply contrasts with the case between iF2 and oF2,
although the origin is unclear so far.

Effects of the motif and location of noncovalent interactions

To study the effects of the motif and the location of noncovalent
F/S and O/S interactions on the backbone rigidity, aggrega-
tion properties, and the solubility, we recorded the temperature-
dependent absorption spectra of the polymers in o-dichloro-
benzene (DCB) solution (Fig. 4). The absorption band of F0 was
gradually blue-shied as the temperature was increased from 20
to 100 °C, and nally became featureless (Fig. 4a), suggesting
that the heating induced torsion and disaggregation of the
backbone. In iF2, the change in the absorption spectrum was
much smaller than that in F0. This suggests that the backbone
is more rigid and has stronger aggregation properties owing to
the two F/S interactions in the bithiophene moiety (Fig. 4b),
which interlock the thiophene–thiophene linkage and suppress
the bond rotation. In contrast to iF2, oF2 showed a drastic
blueshi of the absorption spectrum as the temperature was
increased despite having F/S interactions (Fig. 4c); the blue-
shi was even more signicant than that in F0. This indicates
that the interlocking strength is much weaker in oF2 than in
iF2. In E-F0, although there are two O/S noncovalent interac-
tions between the carbonyl oxygen of the ester group and the
sulfur of the neighboring thiophene ring, the absorption spec-
trum showed a marked blueshi as the temperature was
increased (Fig. 4d), as was observed in the case of F0. E-iF2 did
not show a clear shi of the absorption spectrum (Fig. 4e),
whereas E-oF2 showed a signicant blueshi as the tempera-
ture was increased (Fig. 4f). Thus, the trends observed in E-iF2
and E-oF2 were similar to those observed in iF2 and oF2. It
should be noted that in E-oF2, the absorption spectrum did not
show a complete blueshi at 100 °C as in the case of oF2,
probably because of the enhanced backbone rigidity originating
in the addition of the O/S interactions to the F/S interactions.

We then tested the solubility by dissolving the polymer
samples in DCB at the concentration of 5 g L−1. The mixture of
the polymer and DCB was heated until the polymer completely
dissolved and then cooled to room temperature. Photographs of
the solution heated up to 100 °C and cooled down to room
temperature aer complete dissolution are shown in Fig. 4 as
Chem. Sci., 2024, 15, 6349–6362 | 6353
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Fig. 4 Temperature dependence of the absorption spectra of the polymer solutions in DCB. Insets show photographs of the polymer
solutions in DCB heated up to 100 °C and cooled down to room temperature after complete dissolution. (a) F0, (b) iF2, (c) oF2, (d) E-F0, (e) E-iF2,
and (f) E-oF2.
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the inset of each temperature-dependent absorption spectrum.
F0 dissolved completely at 100 °C and remained dissolved even
aer the cooling to room temperature (Fig. 4a). In contrast, iF2
dissolved at approximately 140 °C (it did not dissolve
completely at 100 °C) and solidied to form a gel at room
temperature (Fig. 4b). oF2 dissolved at 100 °C and remained
dissolved at room temperature, similar to F0. For the ester-
substituted polymers, whereas E-F0 and E-oF2 dissolved at
100 °C and remained dissolved at room temperature (Fig. 4d
and f) as observed in F0 and oF2, E-iF2 dissolved at around 140 °
C and formed a gel aer the cooling to room temperature
(Fig. 4e), as observed in iF2. Nevertheless, the ester-substituted
polymers had slightly lower solubility than the corresponding
alkylated polymers; E-F0, E-iF2, and E-oF2 were slightly less
soluble in DCB than F0, iF2, and oF2, respectively. The results of
the solubility test are in good agreement with the temperature-
dependent absorption spectra. The molecular weights of the
polymers are sufficiently high as shown above and there would
be no molecular-weight effect on the solubility difference. Thus,
careful choice of the substitution position of the uorine atom
and/or the substitution of the ester group does not necessarily
decrease the solubility of the p-conjugated polymers signi-
cantly even though they induce interlocking in the backbone.
6354 | Chem. Sci., 2024, 15, 6349–6362
Understanding polymer rigidity and solubility

To further understand differences in the solubility and the
backbone rigidity and order of this polymer series, we investi-
gated the relative energy of the thiophene–thiophene linkage
for various bithiophene derivatives with different substituent
combinations using methyl, uorine, and methyl ester groups
as a function of the dihedral angle (q), by DFT calculation
(Fig. 5). Fig. 5a displays the six different quaterthiophene
moieties corresponding to the present polymers, which show
a combination of corresponding thiophene–thiophene model
linkages: thiophene–thiophene (H–H), uorothiophene–uo-
rothiophene (F–F), methylthiophene–thiophene (R–H), methyl-
thiophene–uorothiophene (R–F), esterthiophene–thiophene
(E–H), and esterthiophene–uorothiophene (E–F) linkages.
Here, the coplanar form with the anti-conguration was dened
as q = 0°, and the difference between the energies at q = 0° and
q = 90° was dened as the rotational barrier (DE) of the linkage.
The DE values are shown in the plots.

First, we show the plots for H–H, uorothiophene–thiophene
(F–H), and F–F linkages (Fig. 5b), and discuss the effect of
uorination at the inner b-positions of the bithiophene moiety
in the polymers. With the F/S interaction, DE for F–H
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The six different quaterthiophene moieties of the polymers. (b–d) Energy variations of thiophene–thiophene linkages with various
substituent combinations as a function of dihedral angle. Comparison of (b) thiophene–thiophene (H–H), fluorothiophene–thiophene (F–H),
and fluorothiophene–fluorothiophene (F–F); (c) methylthiophene–thiophene (R–H) and methylthiophene–fluorothiophene (R–F); (d) R–H,
esterthiophene–thiophene (E–H), and F–H; and (e) R–F, esterthiophene–fluorothiophene (E–F), and F–F. The corresponding linkages are
highlighted with squares in the quaterthiophene moieties shown in (a).
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(3.19 kcal mol−1) was larger than that for H–H (2.63 kcal mol−1),
and with the two F/S interactions, DE for F–F (4.00 kcal mol−1)
was the largest. Notably, the difference in DE between F–F and
F–H was greater than that between F–H and H–H. In addition,
for F–F, the coplanar form with the syn-conguration (q = 180°)
had a large energy that was comparable to that of the twisted
form (q= 90°), rendering it signicantly unstable; this indicates
that F–F prefers the coplanar anti-conguration (q = 0°) more
than the coplanar syn-conguration. This sharply contrasted
with the case of H–H and F–H, in which the coplanar syn-
conguration was comparably stable with the anti-congura-
tion. This is probably because of the steric and/or possibly
electrostatic repulsions between the uorine atoms in the syn-
conguration. Therefore, diuorination in the bithiophene
moiety had an extremely high impact on linkage interlocking,
resulting in high aggregation properties. This agrees well with
the fact that iF2 (R–H/F–F) and E-iF2 (E–H/F–F) had much lower
solubility than F0 (R–H/H–H) and E-F0 (E–H/H–H), respectively.

In Fig. 5c, we have plotted the energy variation of R–H and R–
F linkages. On the basis of this comparison, we discuss the
effect of uorination at the outer b-positions of the bithiophene
moiety in the polymers. DE for R–F (1.25 kcal mol−1) was slightly
larger than that for R–H (0.88 kcal mol−1), and this tendency
was similar to that observed for H–H and F–H. Moreover, DE for
R–F and R–H was smaller than that for H–H and H–F, respec-
tively, which could be ascribed to the steric repulsion from the
methyl group. Notably, DE for R–F was smaller than that for H–

H without noncovalent interactions, meaning that the linkage
in R–F can be relatively easily rotated even though it has an F/S
interaction. However, because the syn-conguration was
signicantly more unstable in R–F than in R–H, most likely
owing to the steric repulsion between the methyl and uorine
groups, R–F would prefer to form the anti-conguration. Thus,
the uorine atom acts as a conformational-directing group in
this case: the uorine substitution can induce the anti-
© 2024 The Author(s). Published by the Royal Society of Chemistry
conguration except for F–H linkages. The results in Fig. 5b and
c strongly indicate that the rigidity and solubility of oF2 (R–F/H–

H) were signicantly lower and higher than those of iF2 (R–H/F–
F), respectively, and were similar to those of F0 (R–H/H–H), and
that the backbone order of oF2 was similar to that of iF2 and F0.

Fig. 5d shows the energy variation of R–H, E–H, and F–H
linkages. We examined the effect of replacing the alkyl group
with an ester group and the difference in the strength between
O/S and F/S interactions. DE for E–H (1.69 kcal mol−1) was
larger than that for R–H (0.88 kcal mol−1) likely because of the
O/S interaction. Seemingly, however, the difference in DE was
somewhat greater than expected as E-F0 (E–H/H–H) showed
only slightly lower solubility than F0 (R–H/H–H). The alkoxy
moiety in the ester group could freely rotate, and this might
have increased the solubility. The lower DE for E–H than for F–H
suggests that the O/S interaction has a weaker interlocking
effect than the F/S interaction, likely because the pseudo-ve-
membered ring is formed when the F/S interaction exists in
F–Hwhereas the pseudo-six-membered ring is formed when the
O/S interaction exists in E–H. Fig. 5e summarizes the energy
variation of R–F, E–F, and F–F linkages. Similar to the trend
between R–H and E–H, DE for E–F (2.31 kcal mol−1) was larger
than that for R–F (1.25 kcal mol−1) owing to the additional O/S
interaction. It is noted that DE for E–F was signicantly smaller
than that for F–F even though both have two noncovalent
interactions. This again shows the difference in the interlocking
effect between the O/S and F/S interactions. On the other
hand, a striking feature in E–F was that the instability of the syn-
conguration was greater than the other linkages, and thus the
anti-conguration should be highly preferred. Therefore,
similar to the case of R–F, the uorine atom acts as a confor-
mational-directing group in E–F linkages.

Overall, these calculations furnish useful information on
linkage characteristics and reasonably explain the solubility
and the backbone rigidity and order of these polymers. For
Chem. Sci., 2024, 15, 6349–6362 | 6355
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example, the polymer having uorines at the bithiophene
“outer” positions such as oF2 (R–F/H–H) showed higher solu-
bility and lower rigidity, but similar or higher backbone order
than that at the bithiophene “inner” positions such as iF2 (R–H/
F–F), and ester-substituted polymers exhibited similar solubility
to the corresponding alkyl-substituted polymers.
Polymer order in neat lm

We performed grazing incidence X-ray diffraction (GIXD)
measurements to determine polymer order in the thin lm.
Fig. 6a and d display the two-dimensional (2D) GIXD patterns and
the cross-sectional proles cut from the 2D GIXD patterns for the
polymer neat lms. F0 provided a series of diffractions that were
assignable to the lamellar order (h 0 0) up to the fourth order
along the quasi-qz (∼qz) axis and a diffraction assignable to thep–
p stacking order (0 1 0) along the qxy axis, indicative of an edge-on
orientation.10,47 The d-spacing (dp) and the coherence length (Lp)
for the p–p stacking order were 3.53 Å and 33 Å, respectively
(Table 3). iF2 and oF2 also showed similar 2D GIXD patterns,
although oF2 showed some fraction of a p–p stacking diffraction
Fig. 6 (a–c) 2DGIXD patterns and (d–f) cross-sectional profiles cut along
e) polymer/PC61BM blend films, and (c and f) polymer/Y12 blend films.

6356 | Chem. Sci., 2024, 15, 6349–6362
along the ∼qz axis, which was assignable to the face-on orienta-
tion.10,47 Whereas iF2 exhibited a dp of 3.53 Å and an Lp of 34 Å,
which were almost the same as those for F0, oF2 exhibited
a slightly wider dp of 3.58 Å and a slightly shorter Lp of 26 Å (Table
3). The slightly reduced polymer order for oF2 compared with
those for F0 and iF2 could be due to the low molecular weight of
oF2.

In contrast, the ester-substituted polymers (E-F0, E-iF2, and
E-oF2) showed a different trend in the polymer order. E-F0 and
E-iF2 exhibited diffraction patterns assignable to the face-on
orientation, as evidenced by the fact that the p–p stacking
diffraction was observed around the ∼qz axis. Although both
polymers had similar dp values of around 3.5 Å, E-iF2 showed
a signicantly shorter Lp (14 Å) than E-F0 (29 Å) (Table 3).
Although knowing that the diffraction along the qz axis is not
true data, we here compare dp and Lp values determined from (0
1 0) diffraction along the qz axis since they were obtained under
the same conditions. On the other hand, E-oF2 exhibited
a diffraction pattern that was assignable to the edge-on orien-
tation with a dp of 3.53 Å and an Lp of 35 Å (Table 3), similar to
the alkyl-substituted polymers. As regards the face-on
the quasi-qz axis and the qxy axis for (a and d) polymer neat films, (b and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 p–p stacking distances and crystallite coherence lengths

Polymer
(linkage models) Acceptor

Edge-on p–p
stacking

Face-on p–p
stacking

dp
a (Å) Lp

b (Å) dp
c (Å) Lp

b (Å)

F0 (R–H/H–H) — 3.53 33 — —
PC61BM — — 3.49 28
Y12 — — 3.51 29

iF2 (R–H/F–F) — 3.53 34 — —
PC61BM — — 3.49 27
Y12 — — 3.48 23

oF2 (R–F/H–H) — 3.58 26 3.56 16
PC61BM — — 3.57 22
Y12 — — 3.50 31

E-F0 (E–H/H–H) — — — 3.49 29
PC61BM — — 3.49 29
Y12 — — 3.48 25

E-iF2 (E–H/F–F) — — — 3.51 14
PC61BM — — 3.47 14
Y12 — — 3.52 24

E-oF2 (E–F/H–H) — 3.53 35 — —
PC61BM — — 3.53 33
Y12 — — 3.47 35

a d-Spacing corresponds to the p–p structure of the edge-on fraction,
(010) along the qxy axis.

b Crystallite coherence length estimated from
Scherrer's equation (Lp = 2p/FWHM) for the p–p stacking diffraction,
where FWHM is the full width at half-maximum of the diffraction
peak. c d-Spacing corresponds to the p–p stacking of the face-on
crystallite, (010) along the zqz axis.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/2

5/
20

26
 1

:1
2:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
orientation observed for E-F0 and E-iF2, it is possible that the
alkoxy moiety in the ester group can more freely rotate than the
alkyl group, which diminishes the interchain interaction, giving
rise to the alteration of the orientation from edge-on to face-on.
The shorter Lp for E-iF2 than that for E-F0 could be ascribed to
the signicantly lower solubility of the former, which makes the
polymer chains quickly aggregate and solidify, in turn pre-
venting crystallization. In E-oF2, although it also had ester
groups, the uorine atom at the outer b-positions would play
the role of a conformational directing group as discussed above,
so that the E–F linkage highly preferred the anti-conformation,
making the backbone more ordered. Thus, in E-oF2, the more
Fig. 7 TEM images of (a) polymer/PC61BM and (b) polymer/Y12 blend fi

© 2024 The Author(s). Published by the Royal Society of Chemistry
ordered backbone may compensate for the effect of the alkoxy
moiety, giving rise to the higher packing order and thereby an
edge-on orientation.
Polymer order in blend lms

We also studied polymer order in the blend lms, which were
fabricated under the optimized conditions for each OPV cell, by
2D GIXD measurements. In the polymer/PC61BM blend lms
(Fig. 6b and e), all the polymers mainly adopted the face-on
orientation as they exhibited the p–p stacking diffraction
predominantly along the ∼qz axis. Therefore, the orientation of
F0, iF2, oF2, and E-oF2 was altered by blending with PC61BM.
This was consistent with our previous studies.34,40,41 A plausible
reason for the change in the backbone orientation is that the
polymer chains can p–p interact with PC61BM molecules not
only from the side but also from the top/bottom of the spherical
fullerene moieties, forming the edge-on orientation and the
face-on orientation, respectively.10 The dp and Lp values were
almost unchanged, though the orientation was changed, indi-
cating that the polymer order was retained even by blending
with PC61BM for all the polymers (Table 3). Consistent with the
case of the neat lms, Lp for E-iF2 was signicantly short
compared with the other polymers. Again, this is probably due
to the signicantly low solubility, preventing crystal growth.

In the polymer/Y12 blend lms (Fig. 6c and f), the (0 1 0) p–p
stacking diffraction also appeared along the ∼qz axis in all
cases. However, this included the p–p stacking diffractions of
both polymer and Y12, which showed a face-on orientation
(Fig. S6†). To probe the polymer order further in the polymer/
Y12 blend lms, we focused on the (1 0 0) lamellar diffraction
for the polymer that appeared in the small-angle region. F0/Y12
and oF2/Y12 blend lms exhibited a clear lamellar diffraction in
the qxy axis, consistent with the clear p–p stacking diffraction,
meaning that F0 and oF2 indeed formed crystalline structures
in the Y12 blend lm. On the other hand, the lamellar diffrac-
tion for the iF2/Y12 blend lm was relatively weak, consistent
with the weak p–p stacking diffraction. Such a relationship
between the p–p stacking and lamellar diffractions in the
polymer/Y12 blend lm was also seen in the ester-substituted
polymers. Therefore, we can safely compare the polymer
lms.

Chem. Sci., 2024, 15, 6349–6362 | 6357
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crystallinity in the polymer/Y12 blend lm by using the Lp
values. Notably, the 2D GIXD images mean that the orientation
of F0, iF2, oF2, and E-oF2 was also altered by blending with Y12.
This is probably because the orientation of the polymers was
affected by that of Y12 (Fig. S6†). F0 and oF2 showed longer Lp
values (29 Å and 35 Å) than iF2 (24 Å) (Table 3). Interestingly, the
fact that oF2 showed a longer Lp value than iF2 contrasted with
the fact that iF2 showed a longer Lp value than oF2 in the
PC61BM blend lm. Seemingly, the higher solubility in oF2 than
in iF2 was benecial to form a higher crystalline structure
particularly in the Y12 blend. In the ester-substituted polymers,
E-oF2 showed a longer Lp value (35 Å) than E-F0 (25 Å) and E-iF2
(24 Å) (Table 3). Similarly, E-oF2 with higher solubility had
higher crystallinity than E-iF2.

Overall, in the PC61BM blend lm, the trend of crystallinity
was similar to that in the neat lm. On the other hand, in the
Y12 blend lm, the polymers having higher solubility tended to
show higher crystallinity. It is likely that the difference in the
aggregation properties between PC61BM and Y12 affects the
growth of the polymer crystallites during the drying process.

Blend morphology

The morphology of the blend lms was investigated by trans-
mission electron microscopy (TEM). Fig. 7a and b depict the
TEM images of the polymer/PC61BM and polymer/Y12 blend
lms that were fabricated under the optimized conditions for
each OPV cell.
Fig. 8 (a and c) J–V curves and (b and d) EQE spectra of photovoltaic c

6358 | Chem. Sci., 2024, 15, 6349–6362
In the polymer/PC61BM blend lms, we observed brillar
network structures for all the blends, which were likely formed
by the polymer aggregates. For the alkyl-substituted polymers,
iF2 exhibited thicker brils than F0 and oF2, presumably
because of the higher aggregation properties of iF2 than the
other polymers. On the other hand, all ester-substituted poly-
mers had similar network structures. We note that even though
E-iF2 had higher aggregation properties similar to iF2, bril
width in the E-iF2 blend lm was smaller than that in the iF2
blend lm, probably because E-iF2 showed much lower crys-
tallinity than iF2 in the PC61BM blend lm.

In the polymer/Y12 blend lms, we did not observe such
clear brillar network structures observed in the polymer/
PC61BM blend lms. This implies that the polymers were more
mixed and formed a more nely phase-separated structure with
Y12 than with PC61BM. This is consistent with the fact that the
difference in interfacial energy between the polymer and the
acceptor was smaller in the polymer/Y12 blend than in the
polymer/PC61BM blend (Fig. S7 and Table S2†) and therefore,
the former was more miscible.48 Nevertheless, iF2 and E-iF2
seemed to have formed somewhat large phase separation
compared with the other polymers, which might be due to their
high aggregation properies.

Photovoltaic performance

We fabricated photovoltaic cells with an inverted structure (ITO/
ZnO/polymer:acceptor/MoOx/Ag), where the polymers were used
ells. (a and b) PC61BM-based cells and (c and d) Y12-based cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as the donor and PC61BM and Y12 were used as the acceptors.
For all the cells, the photoactive layer was prepared by spin-
coating the blend solution. Fig. 8a and c depict the current–
voltage (J–V) curves and Fig. 8b and d depict the external
quantum efficiency (EQE) spectra of the cells. Table 4 summa-
rizes the photovoltaic properties of the cells along with the
polymer physical features, blend structural features, and PL
quenching efficiency. For all the cells, the JSC value obtained by J–
Vmeasurement was consistent with the JSC value integrated from
the EQE spectrum (JEQESC ).

In all the polymer/PC61BM-based cells, the optimal polymer-
to-PC61BM weight ratio was 1 : 2. F0 and iF2 showed a PCE value
of 8.6% (JSC = 16.9 mA cm−2, VOC = 0.69 V, ll factor (FF)= 0.73)
and 9.3% (JSC = 17.5 mA cm−2, VOC = 0.83 V, FF = 0.64),
respectively, consistent with our previous reports.40 Note that the
lower FF of the iF2 cell than that of the F0 cell in spite of the
relatively high mobility is due to the enhanced bimolecular
recombination.40 The higher VOC for iF2 than that for F0 corre-
sponded to the deeper EHOMO. The low FF for iF2 could be
ascribed to the increased recombination owing to the deterio-
rated morphology originating in the low solubility. The oF2 cell
showed a slightly lower JSC and a considerably higher FF than the
iF2 cell, resulting in a similar PCE of 9.7% (JSC = 15.9 mA cm−2,
VOC= 0.82 V, FF= 0.75). The photoluminescence (PL) quenching
study revealed that F0, iF2, and oF2 showed similarly high PL
quenching efficiencies of more than 95% when the polymers
were excited (lex = 600 nm) (Fig. 9a and Table 4), which agrees
well with the sufficiently large DEL values (Table 2), and thus the
electron transfer from the polymer to PC61BM was evenly effi-
cient. Therefore, the slightly lower JSC in oF2 than in iF2 could be
due to the slightly lower crystallinity, which possibly originates
from the relatively low molecular weight of oF2. On the other
hand, the high FF in oF2 could be ascribed to the nely phase-
separated morphology perhaps owing to the increased solu-
bility compared to iF2, thereby avoiding charge recombination.

E-F0 showed a JSC of 16.1 mA cm−2, which was similar to that
for F0 (16.9 mA cm−2). This was quite reasonable that the crys-
tallinity andmorphology of these polymers were similar. The VOC
for E-F0 (0.82 V) was signicantly increased from that for F0 (0.69
V) due to the deeper EHOMO originating from the replacement of
the alkyl groups with the ester groups. However, E-F0 showed an
FF of 0.63 which was lower than F0 (0.73), resulting in a PCE of
8.4% which was similar to that of F0 (8.6%). E-F0 and E-iF2
showed lower FF values (both 0.63), which was consistent with
the lower charge carrier mobility than the others (Fig. S8 and
Table S3†). E-iF2 provided a low JSC of 9.4 mA cm−2. As the PL
quenching efficiency for E-iF2 in the PC61BM blend was as high
as 99%, which was similar to the other polymers and was
consistent with DEL, the low JSC can be ascribed to the low
crystallinity. As a result, although the VOC was as high as 1.02 V,
reecting the deepest EHOMO among the present polymers, E-iF2
showed a lower PCE of 6.1%. By contrast, E-oF2 showed a JSC of
15.3 mA cm−2 and a VOC of 0.92 V, resulting in the highest PCE of
9.8% among the present polymers. These JSC and VOC values were
similar to and higher than those of E-F0 (without uorine
substitution) and oF2 (alkyl counterpart), which were consistent
with the crystallinity and EHOMO.
Chem. Sci., 2024, 15, 6349–6362 | 6359
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Fig. 9 Photoluminescence spectra of (a) polymer thin films and polymer/PC61BM blend films (excited at 600 nm) and (b) Y12 neat film and
polymer/Y12 blend films (excited at 820 nm).
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In the Y12-based cells, F0 exhibited a PCE of 10.9%, a JSC of
21.7 mA cm−2, a VOC of 0.69 V, and an FF of 0.73. In contrast to
the PC61BM-based cell, iF2 showed a lower JSC and thereby
a lower PCE than F0 in the Y12-based cell; PCE of the iF2/Y12
cell was 9.2% (JSC = 16.6 mA cm−2, VOC = 0.81 V, FF = 0.69).
This can be ascribed to the fact that iF2 showed lower crystal-
linity than F0 in the Y12 blend. With a similar crystallinity to
and a deeper EHOMO than F0, oF2 had a higher PCE of 13.9% (JSC
= 24.0 mA cm−2, VOC = 0.79 V, FF = 0.72), the highest among
the polymers studied here. For E-F0 and E-iF2, although their
VOC values were higher than those of the other polymers,
reecting their deep EHOMOs, JSC and FF were considerably
lower, resulting in low PCEs of around 3–6%. This was also
consistent with the lower crystallinity of E-F0 and E-iF2. In
addition, because the PL quenching efficiency for the E-iF2/Y12
blend lms when excited at Y12 absorption wavelength (lex =
820 nm) was limited to approximately 30%, originating from the
relatively small DEH value (Table 2), whereas the quenching
efficiencies for the blends of E-F0 and the alkylated polymers
were higher than 90% (Fig. 9b and Table 4), the low JSC for the E-
iF2/Y12 cell compared to the other Y12 cells was also ascribed to
the inefficient hole transfer from Y12 to the polymer. For E-oF2,
although the PL quenching efficiency was also low (approx.
70%) because of the smaller DEH (Table 2), the JSC value was
relatively high (20.5 mA cm−2), most likely owing to the high
crystallinity. As a result, the E-oF2 cell gave a relatively high PCE
of 11.9% with a VOC of 0.84 V and an FF of 0.70.

To summarize, the variation of VOC was mostly consistent
with the difference in the EHOMO of the polymers in both the
cells based on PC61BM and Y12. The JSC mostly followed the
crystallinity in the blend lm: the smaller DEH also affected the
Y12-based cell. The FF was determined by the combination of
crystallinity and morphology in the blend lm: although E-F0
was an exception, its lower mobility agreed well.

Conclusions

We designed and synthesized a series of NTz-based polymers by
systematically changing the combination of the side chain (alkyl
or ester group) and the uorination position in the backbone. By
doing so, the locations of the intramolecular noncovalent
6360 | Chem. Sci., 2024, 15, 6349–6362
interactions, namely, O/S and F/S interactions, in these
polymers were systematically changed. The energy levels of the
polymers lowered by reecting the electronic effects of the ester
and uorine groups. As the ester and uorine groups were
introduced in the positions where the HOMO density was rela-
tively high, the shi of the HOMO energy level was more
signicant than that of the LUMO energy level, which correlated
well with the variation of the optical bandgap.

The solubility, aggregation properties, and crystallinity of the
polymers varied signicantly, which was well explained by the
effects of these noncovalent interactions. In fact, replacing the
alkyl group with the ester group did not signicantly lower the
solubility of the polymer although it induces an O/S interaction.
When two uorine groups were introduced at the inner b-posi-
tions of the bithiophene moiety, bithiophene is strongly inter-
locked by the two F/S interactions, leading to a highly rigid
backbone and strong aggregation and thereby signicantly
decreased solubility. In contrast, when uorine groups were
introduced at the outer b-positions of the bithiophene moiety,
these uorine groups induce a weaker F/S interaction with the
alkylthiophene or esterthiophene attached to the bithiophene
moiety and act as the conformation-directing group, leading to
a more exible backbone and weaker aggregation but a similarly
ordered backbone. We also found that the polymer solubility is
a more important factor to have high crystallinity in the non-
fullerene blend than in the fullerene blend. As a result, the
photovoltaic performance of the polymers in both fullerene- and
nonfullerene-based cells correlated well with the energetics,
physical properties, and structural orders of the polymers.

To conclude, this study clearly shows that the introduction of
the electron-withdrawing groups that can induce noncovalent
intramolecular interactions is a powerful strategy to create the
p-conjugated polymers with lower HOMO energy levels and
high structural orders, which is crucial for improving the
photovoltaic performance, as has been studied so far. More
importantly, we found that the careful design of the introduc-
tion positions of those functional groups can successfully afford
such polymers without sacricing the solubility that is essential
for solution-processing and is, found to be, crucial for forming
higher crystallinity particularly in the nonfullerene blend. We
© 2024 The Author(s). Published by the Royal Society of Chemistry
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believe that our systematic study offers important hints for the
design of p-conjugated polymers for efficient OPVs.

Data availability

ESI† is available and includes the synthesis and characteriza-
tion of the compounds, experimental procedures, GPC charts,
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