Open Access Article. Published on 11 November 2025. Downloaded on 3/28/2026 11:58:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

I ROYAL SOCIETY
P OF CHEMISTRY

Digital
Discovery

View Article Online

View Journal | View Issue

Design of simple-structured conjugated polymers
for organic solar cells by machine learning-assisted
structural modification and experimental validation

{ ") Check for updates ‘

Cite this: Digital Discovery, 2025, 4,
3774

Shogo Tadokoro,® Ryosuke Kamimura,® Fumitaka Ishiwari®®® and Akinori Saeki (2 *2°

Improving the performance of organic photovoltaics (OPVs) depends on the development of new p-type
polymers and n-type non-fullerene acceptor (NFA) molecules. However, conventional experimental and
theoretical methods are inefficient for exploring the vast chemical space. In this report, we use machine
learning (ML) to explore simple-structured p-type polymers. The structural simplicity is associated with
a small synthesis step relevant for low-cost, large-scale production. By considering the structural
simplicity (primitively based on the molecular weight of its repeating unit) of the 200 thousand virtually
generated polymers, together with synthetic accessibility, we focus on copolymers composed of
benzoxadiazole as an acceptor and thiophene (or phenylene) as a donor. Although the structures of
these copolymers resemble a high-performance simple-structured PTQ10, their structural symmetries

(regioregularity) are modified for synthetic reasons. Through the characterization of the synthesized
Received 18th September 2025 l their OPV devices blended with Y6 NFA, and resultant syntheti lexit h
Accepted 25th October 2025 polymers, their evices blended wi , and resultant synthetic complexity scores, we show

that our polymer with a minor manual modification of the donor and alkyl chain exhibits a power

DOI: 10.1038/d5dd00418g conversion efficiency of 5.56%, which closely aligns with that predicted by ML and provides a basis for
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Introduction

Organic photovoltaics (OPVs) offer the advantages of light
weight, flexibility, and low toxicity, along with their solution
processing, at potentially low cost. The mixture of p-type and n-
type organic semiconductors forms a bulk heterojunction (BHJ)
and is used as an active layer, which is responsible for light
absorption, charge separation, and charge transport.** The p-
type materials are usually conjugated polymers, while the n-type
materials are non-fullerene acceptor (NFA) molecules.>* With
the advent of NFAs, the power conversion efficiency (PCE) of
OPV has dramatically increased.®® Similar to NFAs, p-type
polymers are designed by combining electron-donating (D) and
electron-accepting (A) units mostly in an alternating fashion.***
Representative polymers, such as PM6,"” and D18," have ach-
ieved high PCE with Y6-type NFAs. However, these p-type poly-
mers have complex chemical structures and require an
increased number of synthesis steps, which is irrelevant for
a low-cost mass production. In contrast, PTQ10," which has
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the further development of novel polymers with low synthesis and search costs.

a simple chemical structure, can be synthesized in only two
steps, thus enabling reduced synthesis costs. Along with its
high PCE value, PTQ10 blended with the Y6 analogue is one of
the plausible candidates for large-scale production.’*®
Accordingly, the development of conjugated polymers that
simultaneously satisfy simplicity (low-cost synthesis) and high
PCE is desired, while a conventional approach is difficult to
cover the vast chemical space of polymers due to their
complexity and weak structure-property relationship.

As such, machine learning (ML) is increasingly expected to
be a viable approach for the development of high-throughput
materials.”?* In particular, energy-related materials such as
solar cells are common targets as they involve a complex
interplay of the material properties and device performance.**>*
We previously reported an ML model for predicting the PCE of
fullerene* and NFA***?> OPVs based on the experimental data
taken from the literature. Furthermore, by incorporating failure
data,* we demonstrated ML-driven polymer design and exper-
imental validation of the virtually generated 200 932 polymers
in combination with ITIC (or IT4F)** and Y6.** Many of these
polymers contain halogenated benzodithiophene (BDT) flanked
with alkylthiophenes as the D unit,**® which is a promising
building block but detrimental to a cost-effective synthesis due
to its relatively more synthetic steps (distannyl BDT requires 2-5
steps to be synthesized from benzo[1,2-b:4,5-b']dithiophene-4,8-
dione).>”*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Plot of ML-predicted PCE and molecular weight of the
repeating unit (M,,) of the polymer. The number of these virtually
generated polymers is ~200 thousand. The area of the black ellipse is
the high PCE region and that of the white ellipse is the target in this
study. (b) Selected candidates of simple-structured polymers. The
appended values are ML-predicted PCE. BO1 (the bottom left) was
chosen as the target in this study.

In this study, we attempted to develop p-type polymers with
a simple structure from our dataset of ~200 thousand virtual
polymers, along with their ML-predicted PCE (Fig. 1a). In brief,
this ML model uses a random forest algorithm and a dataset of
2169, of which 1295 are experimental data taken from the
literature (provided as a text file*’) and 874 are virtually gener-
ated failure data to improve the ML model.** Five-fold cross-
validation of the model yielded a correlation coefficient of 0.84.
Approximately 200 thousand virtual polymers were generated by
combining the D (#=382) and A (#=566) units fragmented from
reported polymer structures.®> Here, we primitively defined
a simple chemical structure as “a small molecular weight of the
repeating unit (M,,)”. As shown in Fig. 1b, we focused on the
M., range that is about half (the white circle) of the typical high-
performing polymers (the black circle) and selected six candi-
dates by stepwise manual screening Fig. 1b. In all compounds,
the D unit is thiophene, and the A unit is benzoxadiazole (BO) or
benzothiadiazole (BT) (the synthesis details: Fig. S1-S47(SI)).
Considering the ease of synthesis, BO1 was selected as the first
target for experimental investigation. BO was chosen over BT
because it has been reported less frequently than BT. The alkyl
side chain of BO1 is 2-hexyldecyl, which is the same as PTQ10
and expected to provide good solubility. In addition to the
simple chemical structure, synthetic accessibility (SA)*® is one of
the synthetic cost indicators. The SA assesses the ease of
synthesis only from the chemical structure and gives a value
from 1 (simple) to 10 (complex). We calculated the SA score for
the six candidates and found that BO1 (SA score = 3.28) was the
simplest in synthesis among them (Fig. S48(SI)). The SA scores
among the 120 thousand polymers range from ~2 to ~9
(Fig. S49(S1)) and are mostly correlated with M,,, and thus, BO1
can be considered as a simple structure with a low SA. The
predicted PCE of BO1:Y6 calculated using our ML model® is
6.09%, which is not high, but it is worth investigating to verify
our approach.

Results and discussion
Synthesis and OPV characterization of BO1

The synthesis of BO1 from 4-amino-3-nitrophenol was planned
in five steps (Scheme S1(SI)). First, a 2-hexyldecyloxy side chain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route of BO1.

was introduced into 4-amino-3-nitrophenol using Williamson
ether synthesis to yield 1. Next, 3 was synthesized via 2 based on
the previously reported synthesis method of benzoxadiazole;*
however, under several conditions for the bromination of 3 to 4
(Fig. S50(SI)),*~** 4 was not obtained. We modified the synthesis
route (Scheme 1), where two equivalents of 4 and 2,5-bi-
s(trimethylstannyl)thiophene were cross-coupled via the Stille
reaction to yield 5. After the dibromination reaction to obtain 6,
the Stille coupling copolymerization of 6 and 2,5-bi-
s(trimethylstannyl)thiophene was applied to yield BO1l. By
changing the chemical structure of the repeating unit (Fig. 2a),
the SA value of BO1 was increased to 4.53. In addition, the
molecular weight of BO1 could not be accurately measured by
size exclusion chromatography (SEC, CHCIl; at 40 °C) because
BO1 showed unexpected strong aggregation in CHCl;. Never-
theless, its highest occupied molecular orbital (HOMO) and the
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Fig. 2 (a) Structure of the BO1 polymer that was modified from the
original structure Fig. 1b because of the synthetic reason (see the main
text). (b) UV-vis absorption spectra of BO1, BO2, BO1Ph (vide infra) and
Y6 films. (c) Energy diagram of PM6, BO1, BO2, BO1Ph, and Y6; data for
PM6 and Y6 were taken from the literature.*® (d) JV curves of BO1: Y6,
BO2:Y6, and BO1Ph: Y6 OPVs.
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Table 1 Summary of the OPV device performance®

Polymer : NFA (p: n ratio) Structure PCE [%] Jsc [mA cm™?] Jsc"? [mA em ™3] Voc (V) FF (%) L (nm)
BO1:Y6 (1:0.5) Inverted? 3.04 + 0.12 (3.12) 11.83 + 0.15 (12.07) 9.18 0.610 + 0.013 (0.617) 42.1 = 0.5 (41.9) 124 + 12
BO2:Y6 (1:1.5) Inverted? 5.34 + 0.22 (5.56) 15.68 + 0.38 (15.85) 14.49 0.687 + 0.002 (0.690) 49.5 + 1.0 (50.8) 85+ 5
BO1Ph:Y6 (1:1.5) Inverted? 3.05 & 0.18 (3.18) 9.96 = 0.40 (10.21)  9.17 0.784 + 0.004 (0.789) 39.0 £ 0.7 (39.4) 96 + 7
BO2:Y6 (1:1.5) Normal? 4.28 + 0.18 (4.53) 15.12 + 0.43 (15.65) 15.11 0.682 + 0.002 (0.685) 41.5 =+ 0.5 (42.3) 90 + 10

“ The values in parentheses are the average and standard deviation for at least three devices. ? Jsc value calculated by integrating the EQE spectrum.
¢ Thickness of the BHJ layer. ¢ Inverted: glass/ITO/ZnO/BH]J/MoO3/Ag, normal: glass/ITO/PEDOT:PSS/BH]/PDINO/Ag.

lowest unoccupied molecular orbital (LUMO) energy levels and
the bandgap energy (E;) were measured using ultraviolet-visible
(UV-vis) absorption spectroscopy (Fig. 2c and S51) and photo-
electron yield spectroscopy (PYS, Fig. S52(SI)). BO1 and Y6
showed relatively close optical E, values of 1.44 and 1.36 eV,
respectively. Thus, BO1 could not achieve complementary
absorption such as in the PM6 and Y6 systems,* while the
HOMO-HOMO and LUMO-LUMO offsets of BO1 and Y6 were
sufficiently large, more than 0.3 eV, required for efficient charge
separation.’®*” The current density (/) voltage (V) curves of the
optimal BO1:Y6 devices are shown in Fig. 2d (the device
parameters are listed in Table 1). The maximum PCE values of
BO1:Y6 were 3.12%, approximately half of the predicted value
(6.09%).

Alkyl and donor modification of BO1

Manual modification of the ML-suggested polymer structure
based on experimental feedback is a reasonable approach for
further progress.*> We considered two possible reasons for the
much lower PCE value of BO1:Y6 OPV than predicted. The first
is the low solubility of BO1, probably caused by the inadvertent
addition of regioregularity not present in the original structure.
The regioregular (RR) chemical structure generally increases the
crystallinity and improves PCE, while the solubility of the
polymer may be decreased. Conversely, some reports suggest
improved PCE with regiorandom (RRa) chemical structures.***°
Although the improvement in crystallinity would improve the
charge transport properties of the polymer, it does not neces-
sarily lead to an improved PCE of BHJ OPVs. We therefore
designed BO2 with extended side alkyl chains of 2-octyldodecyl
to improve the polymer solubility, which showed a slightly
decreased predicted PCE of 6.02% (Fig. 3). Despite the mostly
unchanged prediction, an empirical parameter® (the ratio of
the number of aromatic rings to the number of alkyl carbons) of

CgHq7

= BO1Ph R= -y s

CgHqz
ML-predicted PCE = 6.98%

CioH21
ML-predicted PCE = 6.02%

Fig. 3 Manually revised polymer structure of BO2 and BO1Ph. The
updated ML-predicted PCE are appended.

3776 | Digital Discovery, 2025, 4, 3774-3781

BO2 (6/40 = 0.15) becomes closer to the optimal value (~0.09)
than that of BO1 (6/36 = 0.19), suggesting the improved balance
between solubility and crystallinity for BO2. The second reason
is the light absorption region. As shown in Fig. 2b, BO1 and Y6
have similar light absorption (the former is slightly blue-shif-
ted) and are unable to achieve complementary absorption with
Y6, as is the case with efficient p-type polymers such as PM6. We
therefore attempted to adjust the wavelength of light absorption
by replacing one of the thiophene D units with phenylene in the
repeating unit, as previously reported.*® The resultant polymer :
BO1Ph, which has 2-hexyldecyl chains similar to those in BO1,
shows an improved predicted PCE of 6.98% Fig. 3. The SA values
of BO2 and BO1Ph were 4.66 and 4.44, respectively.

BO2 and BO1Ph were successfully synthesized without major
changes in the synthetic route of BO1 (Scheme S2(SI)). BO1Ph
was obtained by the Suzuki-Miyaura coupling polymerization of
6 and 1,4-benzenediboronic acid bis(pinacol) ester. BO2 was
obtained using the same procedure as BO1. As expected, they
are well soluble in the eluent of SEC, giving the number- and
weight-averaged molecular weights (M, and M,,, respectively) as
32.7 kDa and 62.1 kDa (M,,/M,, = 1.9) for BO2 and 31.5 kDa and
81.9 kDa (My/M,, = 2.6) for BO1Ph, respectively (Table S1(SI)).

OPV characterization of BO2 and BO1Ph

The UV-vis spectra of the three polymers in the film state are
provided in Fig. 2b. While the absorption spectra of BO1 and
BO2 are very similar, the latter shows enhanced intensity in the
longer wavelength peak, indicating a more planar conforma-
tion. The BO1Ph spectrum shows blue-shifted peaks and
complementary absorption with Y6. The UV-vis spectra of each
polymer in chloroform solution, along with those of the films,
are shown in Fig. S51(SI). Comparing the absorption spectra
between the solution and film states, BO2 and BO1Ph exhibit
slightly red-shifted and enhanced 0-0 peaks in their film states,
indicating a transition from random to aligned conformations
from the solution to the film. However, the difference is very
small for BO1, suggesting that BO1 is partially aggregated in
solution. As shown in Fig. 2c, we constructed the energy
diagram of BO2 and BO1Ph from the E, values calculated from
the UV-vis absorption edges and the HOMO energy levels
measured by PYS measurements (Fig. S52(SI)). The E,s of BO1
and BO2 are nearly the same (1.44 and 1.43 eV, respectively),
while BO1Ph has a wider E; of 1.72 V. The deeper HOMO level
of BO1Ph (—5.58 eV) than BO1 (—5.38 eV) and BO2 (—5.47 eV) is
readily explained by the low-lying HOMO of less electron-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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donating nature of the benzene ring. Interestingly, the HOMO
level of BO2 is 0.09 eV deeper than that of BO1, suggesting that
the elongation of the alkyl side chain reduces the crystallinity
and deepens the HOMO level, analogous to the previous report
on conjugated molecules.”

DFT calculations were performed on three repeating units of
BO1(or BO2) and BO1Ph (Fig. S53(SI)). As evident from their
side views and HOMO/LUMO lobes, BO1(2) has a planar
conformation and delocalized HOMO/LUMO, whereas BO1Ph
has a curved shape at the phenylene bridge (~30°) and localized
HOMO/LUMO. The obtained HOMO energy level of BO1Ph was
0.16 eV deeper than that of BO1(2), and the HOMO-LUMO gap
of the former is 0.39 eV narrower than that of BO1(2). The trend
in the calculations is in agreement with the experimental
results.

The JV curves of the best performing OPV devices are shown
in Fig. 2d (the parameters are listed in Table 1), where BO2 : Y6
recorded an improved PCE of 5.56% (inverted structure), which
is close to the predicted PCE of 6.02% within the mean absolute
error (1.59%) and root mean square error (2.12%) of our ML
model.* In contrast, BO1Ph : Y6 shows a low PCE of 3.18% (ML-
predicted PCE = 6.98%), although its photoabsorption spec-
trum matches that of Y6, and its open-circuit voltage (Voc) is
increased to 0.789 V compared to BO2:Y6 (0.690 V) due to the
deeper HOMO level of BO1Ph. As shown in the short-circuit
current density (Jsc) and external quantum efficiency (EQE)
spectra in Fig. 4, the low Js¢ (10.21 mA ecm™?), together with the
low fill factor (FF, 39.4%), is responsible for the low PCE of
BO1Ph : Y6. We examined a normal structure OPV for BO2 : Y6,
but its PCE of 4.53% was lower than that of the inverted
structure (Fig. S54(SI)).

Photoluminescence (PL) measurements were performed for
both polymer and BHJ (Fig. S55(SI)). Under the predominant
excitation of polymers (600 nm for BO1 and BO2 and 530 nm for
BO1Ph), BO1: Y6 showed the lowest quench of 85%, followed by
90% for BO2:Y6 and 100% for BO1Ph:Y6. In contrast, PL
quenching of Y6 using 700 nm excitation showed the highest
quenching for BO2 : Y6 (Fig. S56(SI)), which may be linked to its
prominent w-7v stacking of Y6 observed in 2D-GIXRD (vide
infra). Flash-photolysis time-resolved microwave conductivity

0.6

BO1:Y6 —
BO2:Y6 —
BO1Ph : Y6 —

300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 4 EQE spectra of BO1:Y6, BO2:Y6, and BO1Ph:Y6 OPVs.
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Fig.5 AFM height images of (a) BO1:Y6, (b) BO2:Y6, and (c) BO1Ph:
Y6 films. The scale bar is 600 nm (the size is 2 x 2 um?). RMS values are
11.9, 1.2, and 1.5 nm for (a)—(c), respectively.

(TRMC)*** measurements revealed that the BHJ of BO1:Y6
showed the largest signal, while the charge carrier lifetime (7)
was the shortest at 0.79 us (Table S2 and Fig. S57(SI)). The high
TRMC signal despite the low PCE of BO1: Y6 is explained by its
highly crystalline nature, despite the unpreferred orientation
(vide infra) of BO1 associated with its solubility problem and
inefficient PL quenching. The shortest © probably leads to low
charge transport efficiency and low Jjsc and FF values. The
resultant low miscibility between BO1 and Y6 would also cause
an inefficient energy cascade at the polymer/NFA interface.’*>
On the other hand, the BO2:Y6 and BO1Ph : Y6 showed much
smaller TRMC signals (about 1/4 of BO1:Y6), but much longer
74 (3.5 and 4.6 ps) than that of BO1 : Y6, which contributes to the
improvement of Jsc and/or FF.

Fig. 5 shows the height images obtained by atomic force
microscopy (AFM) of BH]J surfaces. Aggregated objects were
observed in BO1:Y6, which yielded the largest root mean
square roughness (RMS) of 11.9 nm. Such large aggregations are
detrimental to efficient exciton diffusion to the p/n interface in
BH]J and to charge separation/transport,**>* consistent with its
low PL quenching and fast decay of the TRMC transient.
Domain purity in the p and n phases also affects the fate of
geminate recombination.> Contrary to BO1:Y6, BO2:Y6 and
BO1Ph : Y6 show a good mixing and small RMS values of 1.2 and
1.5 nm, respectively. The good miscibility of BO2 (and BO1Ph)
with Y6 is partly related to the contact angle (CA) of water and

5 10 15 20
Gy ()

BO1Ph : Y6

Gy ()
BO1:Y6

d.= 3.50A

th= 27.2 A

d.= 3.53A
—
al:"= 26.4A

N d- 2374
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Ad,: 222A
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15 20
Gy (nm")
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Fig. 6 2D-GIXRD images of (a) BO1, (b) BO2, (c) BO1Ph, (d) BO1: Y6,
(e) BO2:Y6, and (f) BO1Ph : Y6 films. The calculated 7t—t distance (d),
its crystallite coherence length (L), and interlamellar distance (d)) are
appended.
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Table 2 Characterization of BHJ films and calculated synthesis cost
Y6-blended BHJ film Polymer®

Polymer  SCLC up [em®>V 's™']  SCLC pe[em®’V™'s™']  p/un,  PLquench[%] RMS[nm] SA SC PCE [%] FOM’
BO1 9.1 x 107° 8.6 x 107* 9.5 ~85 11.9 4.53 48.7 3.12 15.6
BO2 2.9 x10°° 1.6 x 10°* 5.5 ~90 1.2 4.66 49.5 5.56 8.9
BO1Ph 2.2 x 107* 1.4 x 107° 0.061 ~100 1.5 4.44 52.7 3.18 16.6
PM6 - — - — - 598  73.1° 1577 4.7
PTQ10 - — — - - 3.44  27.7°  16.2° 1.7

“ Calculated synthetic cost of polymer. SA: synthetic accessibility, SC: synthetic complexity. See the main text for their details. > FOM = SC/PCE.

¢ Taken from ref. 64. ¢ Taken from ref. 5. ¢ Taken from ref. 65.

glycerol (Fig. S58(SI)) for the pristine polymers, where the CAs of
BO2 and BOL1 are close to that of Y6,** although the difference in
CAs is marginal.

The 2-dimensional (2D) grazing-incidence X-ray diffraction
(2D-GIXRD) measurements were performed on the pristine
polymer film (Fig. 6a-c) and Y6-blended BH]J films (Fig. 6d-f).
Their in-plane (IP) and out-of-plane (OOP) profiles are provided
in Fig. S59(SI). The pristine BO1 film showed the diffraction of
(100), (200), and (300) in the OOP direction (the scattering
vector g: 3.05, 6.02, and 8.90 nm ™, respectively), indicating that
BO1 is highly crystalline and edge-on oriented (Fig. 6a). The
pristine BO2 film showed a strong (010) diffraction in the OOP
direction (g = 17.98 nm™ '), concomitant with the (100)
diffraction in the IP direction (g = 2.65 nm™ "), demonstrating
its face-on orientation (Fig. 6b). The calculated -7 distance
(d-) and crystallite coherence length (L) are 3.49 and 27.1 A,
respectively. These crystalline properties of BO2 are advanta-
geous for vertical charge transport in OPVs.**** In sharp
contrast, the pristine BO1Ph film was isotropic and with low
crystallinity (Fig. 6c). As shown in Fig. 6d-f, the polymer-Y6
blend films exhibited the superposition of the polymer and Y6
diffraction patterns (the 2D-GIXRD data of the pristine Y6 film
is provided in Fig. S60(SI)). Notably, BO2:Y6 showed a clear
face-on orientation, whereas BO1:Y6 showed a reduced edge-
on-originated diffraction intensity of BO1 (disappearance of
higher-order diffraction). The BO1Ph:Y6 film exhibited low
intensity diffraction attributed to Y6, which could decrease
electron mobility in this blend.

The hole mobility (u) and electron mobility (i) in the BH]J
films were measured using the space-charge-limited current
(SCLC) method. The results are summarized in Tables 2 and
S4(SI), and the JV curves are shown in Fig. S61(SI). The up, and p.
values in these blend films were ca. 0.29-2.2 x 10 *em* V"' s~
and 0.14-8.6 x 10~* cm® V' s, respectively. Interestingly, the
largest u;, was obtained for BO1Ph : Y6, whereas the smallest uy,
was obtained for BO2 : Y6. The isotropic 7w-m stacking observed
in the BO1Ph pristine film may merit the efficient 3D hole
transport even in its Y6 blend, while the face-on orientation
observed in the BO2 pristine film may be weakened in its Y6
blend. Although the u; and . values are unlikely to directly
affect the PCE of OPVs, we found that their ratio (u./un) well
explained the device performance. The u./u, of BO2 : Y6 was the
most balanced value of 5.5, followed by 9.5 of BO1: Y6 and 0.061
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of BO1Ph:Y6. In particular, the lowest u. in BO1Ph:Y6 is
closely associated with the degraded crystalline feature and
orientation of Y6 in the 2D-GIXRD image of the blend. We
therefore conclude that the highest PCE of BO2 : Y6 is due to its
balanced charge-carrier mobilities and the well-mixed BHJ.
Furthermore, the low PCE of BO1Ph:Y6 is due to the unbal-
anced charge-carrier mobility associated with its low orienta-
tion and crystallinity, although it showed well-suited
photoabsorption, energy matching, and mixing (high PL
quenching and good AFM morphology).

Evaluation of synthetic complexity

Finally, we evaluated the experimental synthetic cost of p-type
polymers by calculating their synthetic complexity (SC).** The
SC value is based on five parameters, namely, the number of
reaction steps required to synthesize a compound, the recip-
rocal overall yield, the number of unit operations for isolation/
purification, the number of column chromatographic purifica-
tion steps, and the use of hazardous chemicals. A low SC means
a low synthesis cost. The SC values of our three polymers were
calculated based on our synthesis (Fig. S62-S64(SI)), and those
for PM6 and PTQ10 were taken from the literature.®*** Due to
the small synthesis step, PTQ10 has the lowest SC value of 27.7,
while the SC values of our polymers were 48.7 for BO1, 49.7 for
BO2, and 52.7 for BO1Ph (Table 2). Note that these values are
lower than those of PM6 (73.1). However, the figure of merit
(FOM), which is defined as the SC value divided by PCE, was still
higher for our polymers (8.9-16.6) than those for PM6 (4.7) and
PTQ10 (1.7), due to the low PCE values of the former (Table 2).
Nevertheless, we demonstrated an effective approach for low-
cost, simple-structured polymers based on ML prediction and
manual search and modification. Given the good agreement
between the experimental and predicted PCEs, this approach is
vital for further development of new p-type polymers.

Conclusions

We developed a new p-type polymer with a simple chemical
structure, designated as BO1, through a meticulous ML search.
The PCE of BO1:Y6 was 3.12%, which is approximately half of
the predicted value. We systematically modified the chemical
structure of BO1, resulting in BO2 (extended length of alkyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chains) and BO1Ph (replacement of thiophene by phenylene).
The OPV of BO2 : Y6 improved the PCE to 5.56% in line with the
ML-predicted value of 6.02%. The most significant effects are
improved solubility and miscibility with Y6, as well as
a balanced charge carrier mobility. They are related to the
predominant face-on orientation of the polymer film. However,
the PCE of BO1Ph:Y6 remained low at 3.18% (prediction =
6.98%), despite a good photoabsorption spectrum comple-
mentary to that of Y6 and an increase in V¢ due to the deeper
HOMO. Mobility balance and orientation of polymer/Y6 could
not be well controlled in BO1Ph : Y6, resulting in a low FF and
Jse- We demonstrated that the SA and SC values associated with
the synthetic cost, as well as ML exploration, are useful for
further exploring simple-structured, efficient polymers for
large-scale, low-cost OPVs.

Experimental
Machine learning

The PCE prediction of the ~200 000 virtually generated poly-
mers was performed using the reported random forest ML
model.**** The training dataset is composed of the reported
experimental data of polymer: NFA (1295) and virtually gener-
ated failure data (874).* Five-fold cross-validation (CV) of this
model yielded a correlation coefficient of 0.84, excluding the
failure data for CV, the mean absolute error of 1.59% (PCE), and
root mean square error of 2.12% (PCE). The synthetic accessi-
bility (SA) score of a polymer repeating unit was calculated from
its SMILES using the “calculate_sascore” function in the RDKit
library in the Python environment.

OPV fabrication and measurement

A ZnO layer was deposited on a cleaned and UV ozone-treated
ITO layer by spin-coating with a ZnO precursor solution (0.1 g
per mL zinc acetate dihydrate and 0.028 g mL ™" ethanolamine
in 2-methoxyethanol) at 4000 rpm for 15 s. The precursor
solution was heated at 60 °C for 1 h and at room temperature for
2 h with stirring at ~300 rpm. Before use, the precursor solution
was filtered through a 0.22 pm filter. The substrate was
annealed on a hot plate at 200 °C for 30 min. An active layer (p +
n = 16 mg mL " of CHCl; with/without 0.5 vol% CN) was
dynamically spin-coated onto the ZnO layer in a nitrogen glove
box (O, < 0.1 ppm; H,0 < 0.1 ppm). The optimized spin rate for
each polymer was 2000-3000 rpm for 30 s. The active layers were
annealed on a hot plate at 110 °C for 10 min. An anode con-
sisting of 10 nm MoO; and 100 nm Ag layers was sequentially
deposited on the active layers, through a shadow mask, by
thermal evaporation in a vacuum chamber. The resulting device
configuration was ITO (120-160 nm)/ZnO (30 nm)/active layer
(around 100 nm)/MoOx (10 nm)/Ag (100 nm) with an active area
of 7.14 mm®. The normal structure device was fabricated
according to the same procedure, except for the bottom hole
transport layer (Clevious P VP AI 4083 PEDOT:PSS, 5000 rpm, 60
s, anneal at 150 °C for 20 min) and top electron transport layer
(1.5 mg mL~" ethanol solution of PDINO, 3000 rpm, 30 s),
yielding ITO/PEDOT:PSS/BHJ/PDINO/Ag. Current density-
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voltage curves were measured using a source-measure unit
(ADCMT Corp., 6241A) under AM 1.5G solar illumination at 100
mW cm™> (1 sun, monitored by a calibrated standard cell,
Bunko Keiki BS-520BK) from a 300 W solar simulator (SAN-EI
Corp., XES-301S). The EQE spectra were measured using
a Bunko Keiki model SM-250KD equipped with a Keithley
model 2401 source meter. The monochromated light power was
calibrated using a silicon photovoltaic cell (Bunko Keiki model
S1337-1010BQ).

SCLC hole-only device

A PEDOT:PSS layer was deposited on a cleaned and UV ozone-
treated ITO layer by spin-coating with a PEDOT:PSS dispersion
solution (Clevios P VP AI 4083) at 5000 rpm for 60 s. The
precursor solution was filtered through a 0.45 pum filter before
use. The substrate was annealed on a hot plate at 120 °C for 20
min. The procedure for the active layer was the same as for OPV
devices. The resulting device configuration was ITO/
PEDOT:PSS/active layer/MoOx/Ag, with an active area of 7.1

mmz.

SCLC electron-only device

A ZnO layer was deposited on a cleaned and UV ozone-treated
ITO layer by spin-coating with a ZnO precursor solution (0.1 g
per mL zinc acetate dihydrate and 0.028 g per mL ethanolamine
in 2-methoxyethanol) at 4000 rpm for 15 s. The precursor
solution was heated at 60 °C for 1 h and at room temperature for
2 h with stirring at 280 rpm. The substrate was annealed on
a hot plate at 200 °C for 30 min. The procedure for the active
layer was the same as for OPV devices. The 20 nm Cgo and 100
nm Ag layers were sequentially deposited on top of the active
layers, through a shadow mask, by thermal evaporation in
avacuum chamber. The resulting device configuration was ITO/
ZnO/active layer/Cgo/Ag, with an active area of 7.1 mm?.

General measurements

NMR (400 or 600 MHz for "H 151 MHz for *C) spectra were
measured on a JEOL JNM-ECS400 (400 MHz) and a Bruker
AVANCE III (600 MHz) spectrometer at 25 °C. Chemical shifts
(6) were relative to the resonances of tetramethylsilane (TMS).
Absolute values of the coupling constants are given in Hertz
(Hz), regardless of their sign, and multiplicities are abbreviated
as singlet (s), doublet (d), multiplet (m), and broad (br). High-
resolution matrix-assisted laser desorption direct analysis
(DART) was performed on a JEOL JMS-T100LP. UV-vis absorp-
tion spectra, PL spectra, and FT-IR spectra were recorded on
a Jasco V-730 UV-vis spectrophotometer, a Jasco FP-8300 spec-
trometer, and a Jasco FT/IR-4700AC spectrometer, respectively.
PYS measurements were performed using a Bunko Keiki BIP-
KV202GD in vacuum. TRMC measurements were performed
using 550 nm light (intensity = 7.1 x 10" photons per cm? per
pulse) from an optical parametric oscillator (Continuum Inc.,
Panther) seeded by the third harmonic generation of a Nd:YAG
laser (Continuum Inc., Surelite II, 5-8 ns pulse duration, 10 Hz)
as the excitation and continuous microwave (~9.1 GHz, ~3
mW) as the probe. Thickness measurements were performed
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with a Bruker Dektak XT. AFM was performed using a Bruker
Innova. Contact angle was measured with an Asumi Giken
CAMEL1. 2D-GIXRD was performed on the BL13XU beamline at
SPring-8 (Japan Synchrotron Radiation Research Institute,
JASRI), using 12.39 keV (1 = 1 A) X-rays at a grazing incidence
angle of 0.12°. The 2D diffraction patterns were recorded with
a 2D detector (Dectris PILATUS 300 K).
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