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rigidity-controlled terpolymer
donors for high-performance and mechanically
robust organic solar cells†

Jinseck Kim,‡a Geon-U Kim,‡a Dong Jun Kim,‡b Seungjin Lee, a Dahyun Jeong, a

Soodeok Seo,a Seo-Jin Ko, *c Sung Cheol Yoon, *c Taek-Soo Kim *b

and Bumjoon J. Kim *a

Organic solar cells (OSCs) are potential power sources for wearable electronic devices. However, the

mechanical stretchability of active materials is not yet sufficient; one of the main reasons is the high

rigidity of polymer donors (PDs) and the resultant excessive crystalline structures, which makes the active

layer mechanically-fragile. In this study, we develop a series of PM6-based terpolymers (PM6-BX; X =

10–30, X indicates the mole percentage of the third component) in which a bulky electro-active third

component, 7,8-bis(5-hexylthiophen-2-yl)-11H-benzo[4,5] imidazo[2,1-a]isoindol-11-one (BID), is

introduced to reduce the tightness of their molecular packing. As a result, the neat PD film with 10 mol%

BID (PM6-B10) exhibits significantly improved mechanical ductility (i.e., average crack onset strain

(COSavg) of 23.8%) compared to that of the neat PM6 film (COSavg = 14.9%) without a BID unit. In

addition, in terms of a blend film, the well-intermixed domains of PM6-B10 and a small molecule

acceptor afford OSCs with a high power conversion efficiency (PCE) of 17.2% and mechanical

stretchability (COSavg = 11.4%), outperforming the PM6 counterpart (PCE = 15.8%, COSavg = 2.0%). This

study suggests important guidelines for the design of efficient PDs for high-performance, stretchable OSCs.
1. Introduction

Stretchable organic solar cells (OSCs) are considered potential
power sources for next-generation, form factor–free, wearable
devices because of their unique features, including light weight
and intrinsic mechanical exibility/stretchability.1–5 However,
the two most important requirements for the stretchable OSCs,
high photovoltaic performance and mechanical robustness, are
difficult to achieve at the same time, because these two prop-
erties typically present a trade-off relationship.5–8 Especially,
state-of-the-art polymer donors (PDs) have highly crystalline
features with planar and rigid molecular conformation (e.g.,
PM6 with 4,8-bis(5-(2-ethylhexyl)-4-uorothiophen-2-yl)benzo
[1,2-b:4,5-b′]dithiophene (FBDT) and 1,3-bis(2-ethylhexyl)-5,7-
di(thiophen-2-yl)-4H,8H-benzo[1,2-c:4,5-c′]dithiophene-4,8-
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dione (DTBDD) units) to facilitate p–p intermolecular assembly
and enhance electrical properties, however, their mechanical
properties in lms including tensile properties are poor.9–12

In order to enhance the mechanical properties of PDs, the
high molecular rigidity of polymer chains should be reduced by
increasing the chain exibility.12–17 A promising strategy to
achieve this end is the introduction of exible spacers through
terpolymerization.12,18–20 For example, Thompson et al. reported
that a terpolymer (10% T-10-T) with decyl spacers demonstrates
an 8-fold increased crack onset strain (COS) than a corre-
sponding polymer without decyl spacers.19 However, the pres-
ence of such electro-inactive spacers in PDs oen impairs their
electrical properties (i.e., charge mobility) due to inhibited
intramolecular charge transfer.21,22 Therefore, it is necessary to
explore electro-active (i.e., conjugated) spacers to tune the
rigidity of polymer chains without compromising their elec-
trical properties.

Accordingly, an effective molecular design strategy for PDs
for stretchable OSCs involves the incorporation of bulky electro-
active units into the polymer chains, thereby inducing sufficient
steric hindrance to reduce the backbone rigidity and enhance
the mechanical properties of the PDs.21,22 For example, Bao et al.
developed a diketopyrrolopyrrole (DPP)-based terpolymer by
incorporating a third component that contains a bulky naph-
thalene side chain, so that relative degree of crystallinity of the
polymer signicantly decreased from 1 to 0.37.22 As a result, the
This journal is © The Royal Society of Chemistry 2023
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COS (∼15%) of the terpolymer considerably exceeded that
(∼3%) of the corresponding polymer without the bulky third
component. However, although the aforementioned molecular
design strategy has been used to enhance the mechanical
properties of lms based on neat polymers, to the best of our
knowledge, this strategy has not yet been explored to enhance
the mechanical properties of lms based on blends; especially,
bulk-heterojunction (BHJ) blends of PDs and small molecule
acceptors (SAs). While the mechanical properties of blend lms
are affected by the mechanical properties of each component
(i.e., PD and SA), the morphological properties, which depend on
the thermodynamic miscibility between PD and SA, also play an
important role to determine both the electrical and mechanical
properties of the blends.11,23–31 Thus, for achieving highly effi-
cient and mechanically robust OSCs, it is important to design
terpolymer donors containing appropriate bulky electro-active
third components by considering their impact on the
mechanical properties of the polymers as well as their blend
morphology with SAs.

Herein, we report the development of a series of terpolymers
(PM6-BX, X = 10–30) incorporating electro-active 7,8-bis(5-hex-
ylthiophen-2-yl)-11H-benzo[4,5]imidazo[2,1-a]isoindol-11-one
(BID) units for alleviating the excessive backbone rigidity of
PM6. The neat PM6-B10 lm shows a signicantly higher
average COS (COSavg) value of 23.8% than that of the neat PM6
lm (14.9%), while showing a comparable hole mobility (mh) to
that of PM6. Moreover, the PM6-B10:Y6-BO blend lm contains
a larger fraction of the intermixed domains than the PM6:Y6-BO
blend lm, leading to superior charge generation and
mechanical properties. As a result, the PM6-B10:Y6-BO OSC
achieves a high power conversion efficiency (PCE) of 17.2%,
outperforming a PM6:Y6-BO OSC (PCE = 15.8%). In addition,
the mechanical properties of the PM6-B10:Y6-BO blend lm
(COSavg = 11.4% and toughness = 4.1 MJ m−3) are superior to
those of the PM6:Y6-BO blend lm (COSavg = 2.0% and tough-
ness = 0.3 MJ m−3). We carefully investigate the impact of the
electro-active BID addition on the structural, optical, electrical,
and mechanical properties of the PM6-BX terpolymers and
study the polymer structure–property–device performance
relationship in OSCs.

2. Results and discussion
2.1. Material design and terpolymer properties

The molecular structures of the PDs featured in this study are
described in Fig. 1a. PM6 was selected as a reference PD owing
to its wide light absorption range, high absorption coefficient,
and superior charge mobility, which enable the construction of
highly efficient OSCs.32,33 However, the rigid, planar molecular
conformation of PM6 (which consists of highly fused FBDT and
DTBDD units) and its consequent strong/tight intermolecular
assembly lead to poor stretchability in lm.11,34 To reduce the
high molecular rigidity of PM6, we employed a terpolymeriza-
tion strategy, i.e., we incorporated a third component to tune
the conformation of the polymer main chain and thus prevent
its excessively tight packing.35,36 Here, to avoid any compromise
of the electrical properties, we designed a new electro-active
This journal is © The Royal Society of Chemistry 2023
third component (BID unit) for constructing terpolymers. In
general, bulky units have been shown to effectively adjust the
torsion angle of polymers and induce higher steric hindrance
than less bulky units. This steric hindrance manipulates the
intermolecular packing of polymers, thereby enhancing the
mechanical properties in lm.22,37 In addition, the designed
electro-active BID unit preserves good electrical and optical
properties better than other reported exible spacers.18,20,21,38–41

A series of terpolymers with different BID contents (10 −
30 mol%) was synthesized in this study to simultaneously
optimize the electrical and mechanical properties of the
terpolymers.

The synthetic scheme and characterization data of the BID
monomer (BID-Br) and PDs are provided in the ESI (Fig. S1–S4
and Table S1†). The BID monomer was synthesized via
a condensation reaction between dibromophthalic anhydride
and alkyl thiophene substituted o-phenylenediamine (Fig. S1†).
The PDs were polymerized via a Stille-coupling reaction and
puried by sequential Soxhlet extraction. The molecular struc-
tures of the PDs were veried by nuclear magnetic resonance
(NMR) spectroscopy (Fig. S2†). The presence of the BID units in
the terpolymers is conrmed by the characteristic peaks with
a chemical shi of 2.7–2.8 ppm in the obtained NMR spectra,
which correspond to the protons attached to the a-carbons of
the thiophenes in BID. Although these peaks partially overlap
with those corresponding to protons attached to the a-carbons
of the side-chain thiophenes in FBDT, the increase in intensity
of these characteristic peaks in the NMR spectra is consistent
with the increasing BID contents of the terpolymers. The
number-average molecular weights (Mns) of the PDs, estimated
by gel permeation chromatography (GPC), are similar (127–144
kg mol−1); thus, the effect of molecular weight on the
optoelectronic/physical properties of the PDs can be disregarded
(Fig. S3† and Table 1). In addition, PM6 and the terpolymers are
acceptably processable in chlorinated solvents, which are
generally used to fabricate OSCs (Fig. S4 and Table S1†). The
solubility test procedures are detailed in the ESI.†41

Density functional theory (DFT) calculations, at the B3LYP/6-
31G(d,p) level, were performed to investigate the structural
conformations of the PDs (Fig. 1b and S5†). To simplify the DFT
calculations, the length of each polymer backbone was short-
ened to the dimer level and the alkyl chains were represented by
methyl groups. According to the calculations, the incorporation
of BID in the PM6 backbone effectively modies its molecular
conformation; the largest torsional (or dihedral) angle of PM6 is
∼16° whereas that of the PM6-based terpolymers is ∼42°. Steric
effects between the bulky BID units and the adjacent FBDT
units in the terpolymers reduce their planarity. Consequently,
excessively tight packing of PM6 is expected to be alleviated as
the content of the BID unit increases in terpolymers. The suit-
able torsion and following mitigated polymer packing tend to
afford lms with enhanced ductility.22

The optical characteristics of the PDs were investigated
(Fig. 1c, S6,† and Table 1). With increasing BID content, the UV-
Vis absorption spectra of the PD lms were blue-shied and the
ratios of the 0–0 transition peak intensity (located at ∼615 nm)
to the 0–1 transition peak intensity (located at ∼575 nm)
J. Mater. Chem. A, 2023, 11, 4808–4817 | 4809
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Fig. 1 (a) Molecular structures of PDs featured in this study. (b) Simulated molecular conformation of FBDT-DTBDD-FBDT-BID. (c) Normalized
UV-Vis absorption spectra (in film) and (d) GIXS line-cut profiles of neat PD films in the OOP direction.
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decreased (Fig. 1c).42 These results indicate that the molecular
packing of the terpolymers was less tight than that of PM6, as
expected based on the DFT calculations (Fig. 1b and S5†). To
4810 | J. Mater. Chem. A, 2023, 11, 4808–4817
further examine the effect of the BID content on the aggregation
behaviors of the PDs, we obtained their temperature-dependent
UV-Vis absorption in solution (Fig. S6†). The pre-aggregation
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta09990j


Table 1 Material characteristics of PDs

PDs Mn (Đ)a [kg mol−1] lmax
lm

b [nm] Eoptg
b [eV] EHOMO

c [eV] ELUMO
d [eV] mSCLCh (×10−4) [cm2 V−1 s−1]

PM6 144 (3.66) 615 1.83 −5.53 −3.70 3.5 � 0.6
PM6-B10 137 (3.21) 614 1.83 −5.55 −3.72 3.2 � 0.4
PM6-B20 133 (3.20) 613 1.83 −5.56 −3.73 2.3 � 0.7
PM6-B30 127 (2.96) 578 1.84 −5.56 −3.72 1.6 � 0.7

a Estimated by GPC using 1,2,4-trichlorobenzene as eluent. b Determined from UV-Vis absorption spectra of the PDs in lm. c Determined by cyclic
voltammetry. d Calculated using the equation ELUMO = EHOMO + Eoptg .
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behaviors of PDs play an important role in determining the thin-
lm morphology and performance of the resulting OSCs.43,44 In
the case of PM6, the 0–0 transition peak remained more
prominent compared to the 0–1 transition peak across the
entire temperature range, indicating strong pre-aggregation
behaviors.43 Interestingly, the temperature-dependent pre-
aggregation (TDA) behaviors of PM6-B10 and PM6-B20 were
similar to that of PM6. These terpolymers may preserve short-
range ordered aggregation in solution, which can facilitate
charge carrier transport in thin lm.43,45 In contrast, in the case
of PM6-B30 with its relatively high BID content, the intensity of
the 0–0 transition peaks in the UV-Vis absorption spectra
gradually decreased with increasing solution temperature,
suggesting relatively weak pre-aggregation behaviors.

The electrochemical properties of the PDs were investigated
by cyclic voltammetry (CV) (Fig. S7†). The highest occupied
molecular orbital (HOMO) energy levels of the terpolymers were
slightly lower than that of PM6; i.e., the HOMO energy levels of
PM6, PM6-B10, PM6-B20, and PM6-B30 were −5.53, −5.55,
−5.56, and −5.56 eV, respectively. The substitution of the
DTBDD units in PM6 with BID units reduces the number of
electron-donating thiophenes, which may partly account for the
lower HOMO energy levels of the terpolymers.46

The crystalline properties of the PDs in lm were investigated
by grazing incidence wide-angle X-ray scattering (GIXS) (Fig. 1d,
S8, and Table S2†). The obtained GIXS linecut proles in the in-
plane (IP) and out-of-plane (OOP) directions are shown in
Fig. 1d and S8,† respectively. Distinct (100) and (010) peaks in
the GIXS linecut proles in the IP and OOP directions, respec-
tively, suggest that all the PDs have dominant face-on molecular
packing orientation, which facilitates vertical charge trans-
port.47,48 Meanwhile, the crystallinity of the PDs decreased with
increasing BID content owing to an increase in the torsion of
the polymer backbone, which is consistent with the DFT
calculations and the results of UV-Vis absorption spectroscopy.
For example, the coherence length (Lc(010)), estimated using the
Scherrer equation, of the PDs decreased from 27.4 Å for PM6 to
24.8 Å for PM6-B30 (Table S2†).49 In addition, the p–p stacking
distance (d(010)) of the PDs slightly increased from 3.82 Å for PM6
to 3.85 Å for PM6-B30 (Fig. 1d and Table S2†). To determine the
correlation between the crystalline and electrical properties of
the PDs, their mhs were measured using the space-charge limited
current (SCLC) method (Table 1).50 The mh of PM6-B10 (3.2 ×

10−4 cm2 V−1 s−1) was comparable to that of PM6 (3.5 × 10−4

cm2 V−1 s−1); however, that of PM6-B30 (1.6× 10−4 cm2 V−1 s−1)
was lower.
This journal is © The Royal Society of Chemistry 2023
2.2. Photovoltaic and electrical properties

The photovoltaic performance of the PDs developed in this
study was evaluated in normal-type OSCs with a conguration
of indium tin oxide (ITO)/poly(3,4-ethylenedi
oxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/active layer/
2,9-bis(3-((3-(dimethylamino)propyl)amino)propyl)anthra
[2,1,9-def:6,5,10-d′e′f′]diisoquinoline-1,3,8,10-(2H,9H)-tetraone
(PDINN)/Ag.51 The SA, 2,2

′-((2Z,2′Z)-((12,13-bis(2-butyloctyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno
[2′,3′:4′,5′]thieno[2′,3′:4,5]pyrrolo [3,2-g]thieno[2′,3′:4,5]thieno
[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-diuoro-3-
oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6-
BO) was paired with the PDs in OSCs owing to its complemen-
tary light-absorption properties and appropriately aligned
frontier orbital energy levels (Fig. S9†).52 The current density–
voltage (J–V) curve, PCE distribution, and external quantum
efficiency (EQE) spectrum of each OSC are displayed in Fig. 2a–
c. The procedures for OSC fabrication and characterization are
described in the ESI.† The photovoltaic parameters (open-
circuit voltage (Voc), short-circuit current density (Jsc), ll
factor (FF), and PCE) of the OSCs are listed in Table 2. Inter-
estingly, the PCEs of PM6-B10:Y6-BO (Voc = 0.84 V, Jsc = 26.60
mA cm−2, FF = 0.77, and PCE = 17.23%) and PM6-B20:Y6-BO
(Voc = 0.85 V, Jsc = 26.72 mA cm−2, FF = 0.71, and PCE =

16.06%) OSCs exceeded that of the PM6:Y6-BO OSC (Voc =

0.84 V, Jsc = 25.85 mA cm−2, FF = 0.73, and PCE = 15.83%;
Table 2). In contrast, the PCE of PM6-B30:Y6-BO OSC (Voc =

0.86 V, Jsc = 25.42 mA cm−2, and FF = 0.63, PCE = 13.80%) was
lower than that of the PM6:Y6-BO OSC. These results indicate
that the incorporation of an optimal amount of BID in PM6 can
afford OSCs with enhanced Jsc, FF, and PCE. And, the PM6-
B10:Y6-BO and PM6-B20:Y6-BO OSCs showed enhanced EQE
values in the absorption ranges of PD and SA (e.g., 300–400 and
500–800 nm) than those of the PM6:Y6-BO OSC (Fig. 2c). The Jsc
calculated from the EQE spectrum of each OSC agreed well with
its measured Jsc (within an error of 4%).

To demonstrate the advantage of employing the highly fused
BID unit as the third component in our terpolymerization
strategy, another PD (PM6-P10) was synthesized in which a less
fused, more widely used phthalimide unit was incorporated as
the third component into PM6. The mole percentage of the
phthalimide unit in PM6-P10 was the same as that of BID in
PM6-B10 (10 mol%), which exhibited the highest PCE among
the BID-based terpolymers (Fig. S10†).8,53–55 For fair comparison,
a batch with a molecular weight (Mn = 131 kg mol−1) similar to
J. Mater. Chem. A, 2023, 11, 4808–4817 | 4811
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Fig. 2 Photovoltaic performance of PD:Y6-BO OSCs; (a) J–V curves, (b) PCE distribution, (c) EQE spectra, (d) Jph vs. Veff curves and (e) light
intensity-dependent Voc. (f) Hole mobilities of PD:Y6-BO blend films.
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those of the other PDs was synthesized (Table S3†). The photo-
voltaic performance of PM6-P10:Y6-BO OSCs (Voc = 0.85 V, Jsc =
25.04 mA cm−2, FF = 0.65, and PCE = 13.77%) was signicantly
poorer than those of PM6:Y6-BO and PM6-B10:Y6-BO devices
(Table S4†), which can be mainly attributed to the inferior mh of
PM6-P10 (0.8 × 10−4 cm2 V−1 s−1).8,56 This result conrms the
importance of introducing BID unit as the third component of
terpolymer donors for achieving high-performance OSCs.

To elucidate the origin of the different photovoltaic perfor-
mances depending on PDs, the charge generation and recom-
bination properties of the OSCs were investigated (Fig. 2d, e and
S11†). First, the exciton dissociation probability (P(E,T)) of each
OSC was determined from its photocurrent density (Jph)–effec-
tive voltage (Veff) curve, calculated by dividing the Jph under
short-circuit conditions by the saturated current density (Jsat) at
Veff = 3 V.57 The P(E,T)s of all the OSCs were in the range of 94–
97%, indicating efficient exciton dissociation and charge
generation; the PM6-B10:Y6-BO OSC exhibited the highest
P(E,T) of 97%, which contributed to its superior Jsc (Fig. 2d). The
charge recombination properties of the OSCs were investigated
by examining their light intensity (Plight)–dependent Voc and Jsc.
Table 2 Photovoltaic performance of PD:Y6-BO OSCs

PDs Voc [V] Jsc [mA cm−2] Ca

PM6 0.84 25.85 25
PM6-B10 0.84 26.60 26
PM6-B20 0.85 26.72 26
PM6-B30 0.86 25.42 24

a Calculated from the EQE spectra. b Average values based on at least 10

4812 | J. Mater. Chem. A, 2023, 11, 4808–4817
In general, the slope (S) of Voc–log Plight plot, with unit of kBT/q
(kB = Boltzmann constant, T = temperature in Kelvin, and q =

elementary charge), and the slope (a) of log Jsc–log Plight plot
indicate the degrees of monomolecular/trap-assisted and
bimolecular recombination of OSCs, respectively.58–60 The S and
a values associated with the PM6-B10:Y6-BO (S= 1.12 kBT/q, a=

0.91) and PM6-B20:Y6-BO (S = 1.16 kBT/q, a = 0.90) OSCs were
nearer to unity (S= 1 kBT/q and a= 1) than those of the PM6:Y6-
BO OSC (S= 1.22 kBT/q, a= 0.88), suggesting that the degrees of
monomolecular/trap-assisted and bimolecular recombination
of those OSCs are comparatively low (Fig. 2e and S11†).
However, the PM6-B30:Y6-BO OSC showed more severe
monomolecular/trap-assisted recombination behavior (S = 1.28
kBT/q) compared to the PM6:Y6-BO OSC, explaining its low Jsc
and FF.

To compare the charge transport ability of each blend lm,
its mh and electron mobility (me) were measured using the SCLC
method (Fig. 2f and Table S5†). The mhs of the PM6:Y6-BO, PM6-
B10:Y6-BO, PM6-B20:Y6-BO, and PM6-B30:Y6-BO blend lms
were (4.8 ± 0.4) × 10−4, (4.8 ± 0.7) × 10−4, (4.1 ± 0.4) × 10−4,
and (1.4 ± 0.7) × 10−4 cm2 V−1 s−1, respectively. Interestingly,
lc. Jsc
a [mA cm−2] FF PCEmax (PCEavg)

b [%]

.75 0.73 15.83 (15.42 � 0.35)

.81 0.77 17.23 (16.94 � 0.28)

.53 0.71 16.06 (15.67 � 0.34)

.34 0.63 13.80 (13.65 � 0.16)

devices.

This journal is © The Royal Society of Chemistry 2023
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Table 3 Relative domain purities and DSC results of the PD:Y6-BO
blend films

Materials
Relative domain
puritya Tm

b (°C) DHm
b (J g−1)

PM6:Y6-BO 1 271 13.0
PM6-B10:Y6-BO 0.25 270, 273 7.9
PM6-B20:Y6-BO 0.29 267 1.5
Y6-BO — 271 25.7

a Estimated using integrated scattering intensity of RSoXS proles.
b Determined by DSC.
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the mh of the PM6-B10:Y6-BO blend lm was comparable to that
of the PM6:Y6-BO blend lm, showing a well-balanced electron–
hole mobility (me/mh = 1.2). These results indicate that the
presence of the electro-active BID units in PM6-B10 does not
compromise its electrical properties.61–63 The balanced elec-
tron–hole mobility (me/mh) of the PM6-B10:Y6-BO blend lm is
consistent with the low degree of charge recombination and
high FF in OSCs.

2.3. Morphological properties of blend lms

To further elucidate the differences in the photovoltaic perfor-
mances of the OSCs depending on the PDs, we investigated the
morphological characteristics of the PD:Y6-BO blend lms by
GIXS, resonant so X-ray scattering (RSoXS), differential scan-
ning calorimetry (DSC), and contact angle measurements. First,
we found that the PD:Y6-BO blend lms showed similar crys-
talline properties (Fig. S12 and Table S6†). For example, the
PM6 and PM6-BX (X= 10, 20, and 30)-based blend lms showed
dominantly face-on oriented packing structures, as conrmed
by distinct (100) peaks along the IP direction and (010) peaks
along the OOP direction in the GIXS linecut proles. Also, the Lc
values of the terpolymer-based blend lms were relatively well-
maintained (Lc(100)= 6.3 nm and Lc(010)= 2.4 nm for PM6:Y6-BO
and Lc(100) = 5.2 nm and Lc(010) = 2.3 nm for PM6-B20:Y6-BO)
(Table S6†). Interestingly, a signicant difference in the
morphological characteristics between PM6 and terpolymers
was found in the RSoXS results in terms of domain purity and
size of the blend lms (Fig. 3a and Table 3).64 The RSoXS proles
were obtained with a beam energy of 285.2 eV to maximize the
contrast between the PD and SA. The evaluation of the relative
domain purity of the blend lms is described in the ESI.†65 The
RSoXS prole of the PM6:Y6-BO blend lm exhibited a strong
scattering peak at q value of 0.010 Å−1 (corresponding to
domain spacing of 63 nm, domain spacing = 2p/qpeak). In
contrast, the peaks were much less distinct in the RSoXS
proles of the PM6-B10:Y6-BO and PM6-B20:Y6-BO blend lms;
their relative domain purities were only 0.25 and 0.29,
Fig. 3 (a) RSoXS profiles of PD:Y6-BO blend films. (b) DSC thermogram
cycle.

This journal is © The Royal Society of Chemistry 2023
respectively, relative to the PM6:Y6-BO blend lm (domain
purity = 1.00). These results indicate that the incorporation of
the BID unit into PM6 induced better-intermixed domains in
the blend lm. These results explain the higher P(E,T) values of
the PM6-B10:Y6-BO and PM6-B20:Y6-BO OSCs.

To support the enhanced intermixing of the PD and SA
domains in PM6-B10:Y6-BO and PM6-B20:Y6-BO blend lms,
DSC measurements were performed (Fig. 3b and Table 3). The
blend samples for the DSC measurements were prepared using
the same conditions as those used for the OSC fabrication. In
detail, the blend solutions were spun-cast onto glass substrates
and the lms were collected in DSC pans. We then compared
the DSC thermograms of the samples obtained during the rst
heating cycle. The DSC thermograms of all blend lms exhibi-
ted distinct peaks at 265–275 °C, which are associated with the
melting transition of Y6-BO.66,67 The melting enthalpy (DHm) of
the blend lms gradually decreased with increasing BID content
of the PD. For example, the DHms of PM6:Y6-BO, PM6-B10:Y6-
BO, and PM6-B20:Y6-BO blend lms were 13.0, 7.9, and 1.5 J
g−1, respectively. These results indicate effectively suppressed
crystalline features of the PM6-B10:Y6-BO and PM6-B20:Y6-BO
blend lms compared to those of the PM6:Y6-BO blend lms.
The DSC data also support the formation of a larger fraction of
s of Y6-BO and PD:Y6-BO blend films obtained during the 1st heating

J. Mater. Chem. A, 2023, 11, 4808–4817 | 4813
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Fig. 4 (a) Schematic of the pseudo free-standing tensile test performed in this study. (b) Stress–strain curves of neat PD films. (c) Illustration of
the impact of BID unit incorporation on the mechanical properties of PD films. (d) Stress–strain curves of PD:Y6-BO blend films. (e) Optical
microscope (OM) images of PD:Y6-BO blend films on TPU substrates under stretching.
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intermixed PD/SA domains in the PM6-B10:Y6-BO and PM6-
B20:Y6-BO blend lms than in PM6:Y6-BO.68

To examine the origin of the well-intermixed PD and SA
domains in the PM6-B10:Y6-BO and PM6-B20:Y6-BO blend
lms, we investigated the molecular compatibility of the PDs
and Y6-BO by estimating their interfacial tension (gD–A) based
on the Wu model (Fig. S13, Tables S7 and S8†).69–71 The water
and glycerol contact angles of the PDs and Y6-BO weremeasured
to determine the surface tensions of each material. The gD–A

values of the PM6-B10:Y6-BO and PM6-B20:Y6-BO blend lms
4814 | J. Mater. Chem. A, 2023, 11, 4808–4817
were 0.46 and 0.43 mNm−1, respectively, which were lower than
that of the PM6:Y6-BO blend lm (0.93 mN m−1). A low gD–A

value indicates better molecular compatibility between the PD
and SA at their interface, which facilitates intermixing of the
domains. Atomic force microscopy (AFM) measurements were
also performed to understand the surface topology of each
blend lm (Fig. S14†). While similar root-mean-square (RMS)
roughness (Rq) values of 2.2–2.6 nm were obtained for the
PM6:Y6-BO, PM6-B10:Y6-BO, and PM6-B20:Y6-BO blend lms,
the PM6-B30:Y6-BO blend lm exhibited very rough surface (Rq
This journal is © The Royal Society of Chemistry 2023
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= 7.5 nm). This result was mainly due to large aggregates
associated with the low solubility of PM6-B30. Accordingly,
PM6-B30 was not further considered in the stretchability test
below.
2.4. Mechanical properties of neat and blend lms

Considering that the molecular packing of PDs can have impact
on themechanical properties of their thin lms, we investigated
the tensile properties (i.e., COS and toughness) of the PDs in
lm using a pseudo free-standing tensile test (Fig. 4a).72,73 The
pseudo free-standing method can minimize interference
between the sample and substrate by oating thin lms on
frictionless water surface, enabling accurate evaluation of the
tensile properties. The COS refers to the strain at which cracks
rst occur, and the toughness indicates the ability to absorb
energy up to fracture. As shown in Fig. 4b, the tensile properties
of PM6-B10 and PM6-B20 neat lms were superior to those of
the PM6 lm. For example, the COSavg of PM6-B10 (23.8%) and
PM6-B20 (22.7%) were signicantly higher than that of PM6
(COSavg = 14.9%) (Fig. 4b and Table S9†). Also, the toughness of
the neat lms increased from 3.5 MJ m−3 (PM6) to 5.9 MJ m−3

(PM6-B10) and 5.5 MJ m−3 (PM6-B20) by 1.6–1.7 times. These
results emphasize that the large plastic deformation of BID-
incorporated PD lms effectively dissipate a signicant
amount of strain energy (Fig. 4c). This energy dissipation leads
to the prevention of crack generation/propagation in PD lms.

We also investigated the tensile properties of PM6:Y6-BO,
PM6-B10:Y6-BO and PM6-B20:Y6-BO blend lms (Fig. 4d and
Table S9†), which are inuenced by both the blend morphol-
ogies and tensile properties of the PD component. As a result,
the tensile properties of PM6-B10:Y6-BO and PM6-B20:Y6-BO
blend lms (COSavg of 11.4 and 12.6%, respectively, and
toughness of 4.1 and 4.8 MJ m−3, respectively) were superior to
those of PM6:Y6-BO blend lm (COSavg = 2.0% and toughness
= 0.3 MJ m−3). In particular, the COSavg of the PM6-B10:Y6-BO
blend lm exceeded that of the PM6:Y6-BO blend lm by
a factor of ve, which is much larger than the difference in the
neat PD lms. This result can be attributed to the fact that the
mechanical properties of the blend lms are determined by
both the tensile properties of each constituent and their inter-
facial properties.12,20 For example, superior mechanical prop-
erties of PM6-B10:Y6-BO and PM6-B20:Y6-BO blend lms are
attributed to the synergistic effect of better tensile properties of
their terpolymer donors and more developed intermixing of
their PD and SA domains that suppresses crack formation/
propagation.

Lastly, to demonstrate the potential of the BID-based PDs for
stretchable OSC application, the crack formation behavior was
monitored while stretching the PD:Y6-BO blend lms mounted
on the thermoplastic polyurethane (TPU) substrates (Fig. 4e). It
is noteworthy that cracks in the PM6-B10:Y6-BO blend lm were
barely observed during stretching up to 30% strain, whereas the
development of cracks was noticeable in the PM6:Y6-BO blend
lm at only 10% strain. Thus, this result was consistent with the
pseudo free-standing tensile test that the PM6-B10:Y6-BO blend
lm exhibited superior resistance to crack propagation under
This journal is © The Royal Society of Chemistry 2023
mechanical stress. The high stretchability of the PM6-B10:Y6-
BO blend lm on the substrate demonstrates its high feasi-
bility for the application in stretchable OSCs.
3. Conclusions

In this study, we developed a highly efficient and mechanically
robust terpolymer donors featuring an electro-active third
component (BID). The incorporation of 10 mol% BID in PM6
produced a PM6-B10 with optimized rigidity and crystallinity,
leading to superior electrical and mechanical properties in lm
(mh = 3.2× 10−4 cm2 V−1 s−1, COSavg = 23.8%, and toughness=
5.9 MJ m−3). Importantly, these benecial features of PM6-B10
were reected in its blend with Y6-BO. The PM6-B10:Y6-BO OSC
demonstrated a higher PCE (17.2%) than the PM6:Y6-BO OSC
(PCE = 15.8%), with improved charge generation and recom-
bination properties. The mechanical properties of the PM6-
B10:Y6-BO blend lm (COSavg = 11.4% and toughness = 4.1
MJ m−3) were also superior to those of the PM6:Y6-BO blend
lm (COSavg = 2.0% and toughness = 0.3 MJ m−3) due to the
combined contribution of the high ductility of PM6-B10 and
enhanced intermixing of PD and SA domains. Therefore, the
results of this study demonstrate the effectiveness of incorpo-
rating an optimal amount of a bulky electro-active third
component into PD for high-performance and mechanically
robust OSCs.
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J. E. Carlé, M. Helgesen, F. Livi, E. Bundgaard,
R. R. Søndergaard, F. C. Krebs and D. J. Lipomi, Chem.
Mater., 2016, 28, 2363–2373.

14 H. You, A. L. Jones, B. S. Ma, G.-U. Kim, S. Lee, J.-W. Lee,
H. Kang, T.-S. Kim, J. R. Reynolds and B. J. Kim, J. Mater.
Chem. A, 2021, 9, 2775–2783.

15 M. U. Ocheje, M. Selivanova, S. Zhang, T. H. Van Nguyen,
B. P. Charron, C.-H. Chuang, Y.-H. Cheng, B. Billet,
S. Noori, Y.-C. Chiu, X. Gu and S. Rondeau-Gagné, Polym.
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