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ABSTRACT: Appropriate design of donor—acceptor (D-A) conjugated
polymers is important for enhancing their physical, optical, and
electrochemical properties. The rapid development of D-A conjugated o
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polymers based on fullerene and nonfullerene derivatives in the past Asymmetric structure . e
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decade has led to an improvement in the performance of polymer solar /ﬁ,o Sraey o0l i)
cells (PSCs). In this study, we designed and synthesized two donor 285 e ',[(m',,mw‘u,;;
polymers based on the DTfIBT acceptor unit, with matching optical 200 4 o
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absorption range and energy levels with fullerene (PC,BM) and BDT nJQ“cL« B e

nonfullerene acceptors (ITIC and IDIC), by introducing asymmetric
structural isomers of donor units. We demonstrated that materials design
by structural modification dramatically affects the physical, optical, and
electrochemical properties as well as the crystallinity and photovoltaic il =
performance of the polymers. The results provide valuable insights into

materials design for efficient PSCs.
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1. INTRODUCTION

Polymer solar cells (PSCs) based on donor—acceptor (D-A)
conjugated polymers are regarded as next-generation solar cells,
owing to their low cost, mechanical flexibility, and suitability for
use as lightweight energy sources. In addition, the ease of
solution processability and abundance of raw materials make
them attractive in many applications such as packaging,
clothing, semitransparent windows, and portable electronics." ™"
Single-junction PSCs have recently been reported to exhibit
power conversion efficiencies (PCEs) of over 11 and 14% when
fullerene and nonfullerene derivatives are used as acceptors,
respectively, owing to the rapid development of D-A conjugated
donor polymers.”~'? Various molecular design strategies for D-
A conjugated donor polymers have been used to tailor the
molecular orbital energy levels and optical-absorption compen-
sation ranges of specific materials to easily modulate the
properties of the polymers."' ™" In recent decades, synthetic
methodologies for obtaining donor polymers, such as new
building blocks,"*" m-conjugated spacers,'” > and side-chain
engineering,”> " have been demonstrated to be very successful
for optimizing the optoelectronic properties of polymers.

The development of new building blocks provides new
standards and perspectives regarding the optical and electro-
chemical properties of donor polymers and is a noteworthy
methodology. However, sometimes, an unexpected increase in
the synthetic complexity of materials makes them incompatible
with the PSC design requirement of low cost. It is therefore
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more reasonable to select donor polymers with good D-A

building blocks to optimize materials using m-conjugated
. . L 6,26,29,30

spacers or side-chain engineering. However, most of

these methods are ineffective because the materials are designed

and synthesized from raw polymer materials by trial and

Researchers are currently focusing on designing materials by
considering the optical and electrochemical properties in terms
of target acceptors as well as other properties such as
crystallinity and miscibility.”>™*® A typical example of this
type of materials design is regio-regularity control in a D-A
building block.*” A common regio-regular (RR) technique to
obtain structurally uniform backbones in D-A conjugated
polymers is to select two symmetric monomer units in the
polymerization reaction. This approach can prevent structural
imprecision simply by removing the possibility of regio-
irregularity.”* Hence, homogeneous donor polymers with
regio-regularity have higher crystallinity and charge-carrier
mobility, owing to their ordered nanostructures, and exhibit
high miscibility with amorphous fullerene acceptors; this results
in high-performance PSCs.”***

In contrast, to realize high-performance PSCs based on
nonfullerene derivatives with a coplanar and crystalline
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Chart 1. DFT Calculations of BDT, TbT(5), and TbT(6) Moieties Using Gaussian 09
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structure, a design method that can control the crystallinity of
the donor polymers is needed.””*° Intuitively, we know that
regio-random (RA) polymerization using asymmetric mono-
mer units is effective for reducing the high crystallinity of donor
polymers with an RR structure. However, this approach is not
usually selected because of the preconception that efficient D-A
donor polymers have RR structures and can be obtained only
from donor units with symmetric structures.””**

In this study, we designed and synthesized two asymmetric
donor units, S-thiophene-benzothiophene [TbT(S)] and 6-
thiophene-benzothiophene [TbT(6)]. The units are structural
isomers and are produced via structural modification of
benzodithiophene (BDT),!#!9171972123,263% 4 excellent RR
symmetric donor unit, to effectively regulate the RA parts of the
polymers. Density functional theory (DFT) calculations of
BDT, TbT(S), and TbT(6) moieties were performed using
Gaussian 09 before material synthesis, as summarized in Chart
1.

The dipole moment of the symmetric structure, BDT, was 0;
the twisting angles in the asymmetric molecular structure were
28.5° and 29° for TbT(S) and TbT(6), respectively, and the
dipole moments were calculated to be 0.4743 and 0.4525,
respectively. Both moieties can be expected to have higher net
dipole moments than BDT when introduced into the polymer,
thus improving the short-circuit current density (J,.).>>***
The change in charge transport pathways due to modification of
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BDT to TbT(S) and TbT(6) caused extreme differences in
energy levels.”**' Only the highest occupied molecular orbital
(HOMO) level of BDT was shifted downward by 0.157 €V in
TbT(S); on the other hand, in TbT(6), both HOMO and the
lowest unoccupied molecular orbital (LUMO) levels were
shifted downward by 0.076 and 0.121 eV, respectively. The
polymer with TbT(S) can be expected to have a larger band
gap, and thus a higher open-circuit voltage (V,.), than the
polymer with TbT(6).***"*

To study the effects of this structural modification, dithienyl
difluoro-benzothiadiazole (DTABT) substituted with an alkyl
side chain, was selected as the symmetric acceptor unit in
polymerization. When DTHBT is combined with various
nonalkyl-substituted donor units such as thiophene and
bithiophene, the polymers promote interchain interdigitation
between alkyl chains.**~3%3°

The RA polymers composed of DTIBT as the symmetric
acceptor unit and TbT units as asymmetric donor units were
structural isomers with the same conjugated D-A polymer
backbone; that is, the only difference was the donor unit.
However, their physical, optical, and electrochemical proper-
ties, as well as their crystallinity (orientation on the substrate),
varied dramatically. The RA polymerization approach, which
regulates the RA parts of the polymer backbone, makes it
possible to achieve high device efficiency and high miscibility
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Table 1. Physical and Thermal Properties of Polymers

polymer yield (%) M,” (kDa)
P[DTHBT-TbT(5)]-20D 65.0 25.0
P[DTHBT-TbT(6)]-20D 85.0 289

M," (kDa) PDI* T," (°C) T, (°C)
35.2 1.41 400
44.5 1.54 432 267

“Determined by GPC in chloroform using polystyrene standards. PDI: polydispersity index. bTemperature resulting in 5% weight loss based on

initial weight. “Temperature at which polymer melts.
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Figure 1. Calculated ESP of (a) P[DTABT-TbT(5)]-20D and (b) P[DTHBT-TbT(6)]-20D at n = 2. Curvature, dipole moment, and dihedral
angles of (c) P[DTHBT-TbT(5)]-20D and (d) P[DTABT-TbT(6)]-20D at n = 2.

with the target acceptors by developing the asymmetric donor
units TbT(S) and TbT(6).

Although the specific structure—property relationship for the
development of RA D-A donor polymers has not yet been
established, modification of the structural geometry of the
polymer backbone can produce D-A combinations much more
efficiently, along with material optimization such as the
molecular weight and side-chain engineering. Thus, this study
can provide insights into the use of a small number of donor
units with asymmetric structures based on fullerene or
nonfullerene acceptors to develop high-performance polymers.

2. EXPERIMENTAL SECTION

2.1. Polymerization. Scheme 1 outlines the synthetic routes of the
polymers. Detailed synthetic procedures and characterization results
for the monomers [Sn-TbT(S), Sn-TbT(6), and M1] and polymers
{P[DTHBT-TbT(S5)]-20D and P[DTABT-TbT(6)]-20D} are pre-
sented in the Supporting Information (see Figures S1 to S12).

2.1.1. P[DTffBT-TbT(5)]-20D. M1 (105.6 mg, 0.1 mmol), Sn-
TbT(S) (0.0995 mmol), and Pd(PPh;), (8.0 mg) were successively
added to a 0.5—2.0 mL microwave vial under air. The vial was capped
and subjected to vacuum for 20 min. It was refilled with nitrogen gas,
and then, anhydrous toluene (2.0 mL) was added to the mixture. The
reactor was degassed and refilled with nitrogen twice. The polymer-
ization mixture was stirred and stepwise-heated at 100 °C (10 min),
140 °C (10 min), and 160 °C (2 h) in a microwave system. The
polymer was end-capped by the addition of 2-bromothiophene (0.03 g,
0.177 mmol), and the mixture was further heated at 140 °C (20 min).
Then, 2-tributylstannyl thiophene (0.017 g, 0.047 mmol) was added,
and the mixture was heated at 140 °C (20 min). The reaction mixture
was cooled to room temperature, poured into methanol (300 mL) and
37% HCl (10 mL), and further purified by successive Soxhlet
extractions using methanol, acetone, hexane, ethyl acetate, and
chloroform for 24 h each. The chloroform fraction of P[DTBT-
TbT(5)]-20D was reprecipitated in methanol, filtered, and dried
under vacaum. P[DTABT-TbT(6)]-20D was synthesized by follow-
ing the same procedure.

P[DTABT-TbT(5)]-20D (violet solid, yield: 65%): "H NMR (400
MHz, CDCl,, 8): 7.72—7.31 (br, 6H), 7.20-6.79 (br, 2H), 2.62—2.55
(br, 4H), 1.89—1.80 (br, 2H), 1.47—0.62 (br, 76H). Anal. calcd. found
(%) for C4Ho,F,N,Ss: C, 71.30; H, 8.34; F, 3.42; N, 2.52; S, 14.42;
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elemental analysis (EA), found (%): C, 70.65; H, 8.61; N, 2.77; S,
15.97.

P[DTBT-TbT(6)]-20D (dark green solid, yield: 85%): '"H NMR
(400 MHz, CDCl,, §): 8.10—7.31 (br, 6H), 7.20-6.95 (br, 2H),
3.64—3.53 (br, 4H), 2.04—2.00 (br, 2H), 1.47—0.70 (br, 76H). Anal.
caled. found (%) for C4Ho,F,N,Ss: C, 71.30; H, 8.34; F, 3.42; N, 2.52;
S, 14.42; elemental analysis (EA), found (%): C, 70.98; H, 8.49; N,
2.59; S, 15.63.

3. RESULTS AND DISCUSSION

3.1. Materials Design and Physical Properties. The
designed D-A conjugated polymers P[DTBT-TbT(5)]-20D
and P[DTABT-TbT(6)]-20D were synthesized using 2-
octyldodecyl-substituted DTfIBT as the symmetric acceptor
unit and structural isomers of TbT [TbT(5) and TbT(6)] as
the asymmetric donor units. Two polymers have the same
polymer backbone and differ only in the S- or 6-position of the
structural isomer TbT units. However, a close examination
reveals that two polymers have distinct structural complexity in
the RA polymerization behavior.”**%***%%” As shown in Figure
S13, the dihedral angles between thiophene and benzothio-
phene in the TbT(S) and TbT(6) units were calculated; both
structures showed the minimized total energy at 30° and 150°,
indicating that they have two stable structures.*” Therefore, as
shown in Figures S14 and S15, the TbT units in the D-A
polymer backbone are preferentially the A- or B-type. If we
extend this concept to a repeating unit, where n = 4, both
polymers have six model molecules, that is, six possible
conformations and curvatures, excluding overlapped conforma-
tions (A/A/A/A, A/A/B/B, A/B/A/B, A/B/A/A, B/B/A/B,
and B/B/B/B).46 When TbT(6) is introduced, all of the
curvatures of P[DTABT-TbT(6)]-20D are consistent with a
linear backbone, which has low structural complexity, whereas
for TbT(S), the curvatures of P[DTHABT-TbT(S)]-20D
indicate relatively high structural complexity because they
have curved backbones with different forms.”**%*"*® There-
fore, the alkyl side chains of P[DTfBT-TbT(6)]-20D are
aligned by alkyl side-chain interdigitation, and the polymer is
very likely to have high crystallinity.’”**** In contrast,
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P[DTABT-TbT(5)]-20D is likely to be amorphous or have
relatively low crystallinity because the alkyl side-chain arrange-
ments are randomly distributed.”****"~*

The molecular weights of the polymers were determined by
gel permeation chromatography (GPC) using chloroform as
the eluent at room temperature. The results are shown in Table
1. Both polymers have relatively high number-average
molecular weights (M, > 25 kDa).>”*" A reasonable molecular
weight can reportedly contribute to enhancement of the
photovoltaic properties of polymers by altering the aggregation
behavior.”>’

Table 1 also shows the thermal properties of these polymers,
which were analyzed by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). As shown in Figure
S16, both polymers had good thermal stability over than 400 °C
(5% weight-loss temperature, Ty). However, the T; of
P[DTABT-TbT(5)]-20D was relatively low, and its thermal
stability was lower than that of P[DTfIBT-TbT(6)]-20D. The
reason is that P[DTABT-TbT(5)]-20D is thermodynamically
unstable, owing to its lower rigidity and molecular weight.** As
shown in Figure S17, P[DTfIBT-TbT(5)]-20D showed no
peak, whereas P[DTIBT-TbT(6)]-20D showed a clear
endothermic peak at 267 °C. The results indicate that
P[DTHBT-TbT(5)]-20D and P[DTHBT-TbT(6)]-20D are
amorphous and crystalline, respectively.

3.2. Computing Simulation. To investigate the 7-electron
systems and curvature of the polymers, computer simulation
was performed using the Gaussian 09 program. To more
accurately compare the conformational changes of the
polymers, the curvature at n = 2 was calculated. In addition,
the calculation time was shortened by simplifying the alkyl side
chains in the polymer backbones to methyl groups. Figure 1a,b
shows the calculated electrostatic surface potential (ESP) of
P[DTHBT-TbT(5)]-20D and P[DTABT-TbT(6)]-20D at n
= 2; Figure Ic,d shows the curvature, dipole moments, and
dihedral angles of the polymers at n = 2.

As shown in Figure 1a,b, both D-A polymers exhibit electron-
donating behavior along the backbone, owing mainly to a
positive continuous electrostatic potential of the push—pull
type.”™>> In particular, for P[DTABT-TbT(5)]-20D, which
has a relatively curved curvature and a dense intramolecular
electric field within the repeating units, a larger dipole moment
can be expected compared to P[DTfIBT-TbT(6)]-20D, which
has a linear curvature.>”***® As shown in Figure 1c,d, the
calculated dipole moment of P[DTfBT-TbT(S)]-20D for n =
2 is 3.41, which is 0.93 higher than that of P[DTABT-TbT(6)]-
20D. The calculated dihedral angles between 3-alkyl-
substituted thiophene and benzothiophene (6,), benzothio-
phene and thiophene (6,), and thiophene and 3-alkyl-
substituted thiophene (6,) are shown in Table 2. In particular,
the curvature of the polymers is different because the direction
of 6, differs significantly. P[DTABT-TbT(S5)]-20D has a

Table 2. Calculated Dihedral Angles and Dipole Moments of
Polymers (n = 2)

dipole moment

0," 0,°
©) 6"y ©

polymer (n = 2) (D)
P[DTABT-TbT(S)]-20D 21.0 26.4 14.9 3.41
P[DTABT-TbT(6)]-20D 17.8 —24.1 19.7 2.48

“Dihedral angle between 3-alkyl-substituted-thiophene and benzo-
thiophene. bDihedral angle between benzothiophene and thiophene.
“Dihedral angle between thiophene and 3-alkyl-substituted thiophene.
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curved curvature because 6, 8,, and 6; are tilted in the positive
direction, whereas P[DTABT-TbT(6)]-20D shows a linear
curvature because 6, is tilted in the negative direction.

3.3. DFT Calculations. To further understand the influence
of the structural difference between the polymers, optimal
molecular geometries with the LUMO and HOMO levels at n =
2, as well as the extended conjugated curvatures of the polymers
at n = 4, were obtained by DFT calculations using Gaussian 09.
To reduce the computation time, the alkyl side chain was
simplified to a methyl group. As shown in Figure 2a,b, the
electron clouds of both polymers are delocalized along the
entire dimer backbone, that is, in both DTABT and TbT units,
in the HOMO, whereas in the LUMO, the electron clouds of
both polymers are localized in the DTIBT unit, which has
relatively strong electron-withdrawing characteristics.”*”**> In
other words, these states provide further evidence of the
formation of a well-defined D-A structure and intermolecular
charge transfer behavior in the polymer.”**®*> The calculated
HOMO and LUMO energy levels and band gaps of the
polymers are summarized in Table 3. The band gap of
P[DTABT-TbT(5)]-20D is 0.122 eV larger than that of
P[DTABT-TbT(6)]-20D. In addition, the LUMO levels of the
polymers are similar, but the HOMO level of P[DTHBT-
TbT(5)]-20D (—5.008 eV) is 0.11 eV lower than that of
P[DTABT-TbT(6)]-20D (—4.898 eV). P[DTABT-TbT(S)]-
20D can be expected to have a higher V. than P[DTHBT-
TbT(6)]-20D when mixed with target acceptors.*"*>***7 As
shown in Figure 2c, the curvature of the polymers at n = 4 is
consistent with the prediction from the materials design and
previous calculation data at n = 2. These results show that the
molecular packing properties of P[DTABT-TbT(S5)]-20D and
P[DTABT-TbT(6)]-20D will be very different.

3.4. Optical and Electrochemical Properties. The
optical properties of the polymers were investigated in both
chloroform and thin films, as displayed in Figure 3. Figure 3a
shows the molar absorption coefficients of the polymers
measured in 107> M chloroform solutions. Figure 3b shows
the UV—vis absorption spectra of the polymers in chloroform
solutions and thin films, and Figure 3c shows the UV—vis
absorption spectra of the polymers, ITIC, IDIC, and PC,BM
in chloroform thin films. All the polymers exhibit two
absorption bands: the first is located near 400 nm and can be
assigned to intrinsic absorption of the TbT units (Figure S18)
and localized 7—7z* transitions; the second, broader band in the
long-wavelength region (beyond 500 nm) corresponds to
intramolecular charge transfer (ICT) between DTfIBT and
TbT units.”>*>*>***° However, the maximized absorption
wavelength regions of the polymers were different. Specifically,
P[DTHBT-TbT(5)]-20D showed a maximized absorption
wavelength in the short-wavelength range, whereas P-
[DTABT-TbT(6)]-20D showed a maximized absorption
wavelength in the long-wavelength range. This is because the
two polymers, which were synthesized through structural
modulation, have different curvatures, resulting in a difference
in intermolecular aggregation,””**?>33%4147,45.0 grom Figure
3a and the Beer—Lambert equation (A = ebc, where A is the
absorbance, € is the molar absorption coeflicient of the dye, b is
the length of the light path, and c is the concentration of the dye
in solution), the ¢ values of the polymers were calculated using
the molecular weight of the repeating unit. All the molar
absorption coeflicients of the polymers are an average of
measurements taken in four different 10 M chloroform
solutions. For P[DTABT-TbT(5)]-20D, the & values were
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Figure 2. Optimal molecular geometries and curvature of P[DTIBT-TbT(5)]-20D and P[DTABT-TbT(6)] from DFT calculation: (a) LUMO and

(b) HOMO at n = 2 and (c) extended conjugated curvature at n = 4.

Table 3. Results of DFT Calculation of Polymers (n = 2)

polymer (n = 2) HOMO (eV) LUMO (eV)  E, (eV)
P[DTHBT-TbT(5)]-20D —5.008 —2.844 2.164
P[DTHBT-TbT(6)]-20D —4.898 —2.856 2.042

41,480 and 32,048 M~' cm™! at 4, values of 385 and 530 nm,
respectively, whereas for P[DTHBT-TbT(6)]-20D, the ¢
values were 28,761, 38,331, and 36,893 M™' ecm™ at A,
values of 435, 600, and 652 nm, respectively. Both polymers had
reasonable molar absorption coefficient values of approximately
30,000 M™! cm™! at the maximized wavelength; thus, high
harvesting of 3photons and short-circuit current density (J,.) can
be expected. 43845555960 g shown in Figure 3b, the main
absorption peaks of the polymers showed red shift and broader
absorption in the thin-film state than in the solution state. In
particular, P[DTABT-TbT(5)]-20D was red-shifted by 40 nm
more than P[DTABT-TbT(6)]-20D. The reason is that the
intermolecular distance of P[DTABT-TbT(S)]-20D, which
has a curved curvature, is longer than that of P[DTHBT-
TbT(6)]-20D, which has a linear curvature, in the solution
state; in addition, the ICT effect is stronger, owing to high
stacking and aggregation in the thin-film state.”**>** Figure 3¢
shows the normalized UV—vis spectra of chloroform thin films
of the donor polymers and acceptors used in this study. The
optical band gaps of P[DTABT-TbT(5)]-20D, P[DTHBT-
TbT(6)]-20D, ITIC, IDIC, and PC,,BM are 1.83, 1.72, 1.60,
1.55, and 1.90 eV, respectively, and both polymers showed a

complementary optical-absorption relationship with the full-
erene (PC,,BM, with broad absorption at 300 to 650 nm) and
nonfullerene acceptors (ITIC and IDIC, with long-wavelength
absorption at 600 to 800 nm).****°! Detailed results are given
in Table 4.

To investigate the effects of electrochemical properties on the
frontier energy levels of the polymers, cyclic voltammetry (CV)
analysis was performed; the results are shown in Figure S19a.
The HOMO and LUMO energy levels of the polymers were
determined from the onset oxidation potential (E,°™) and E,
— Epomo according to the electrochemical equation Eygyo =
—4.8 — (E,™™ — E}/3ferrocene) and are listed in Table 4. The
HOMO energy level of P[DTABT-TbT(5)]-20D is —5.55 €V,
which is 0.20 eV lower than that of P[DTffBT-TbT(6)]-20D
(=535 eV). The reason is that the polymer backbone
incorporating the TbT(S) unit has a relatively curved structure
compared to that containing the TbT(6) unit, resulting in a
large tilt in the molecular structure, which affects the orbital—
orbital overlap environment.”**¥***7450 Thig is consistent
with the results of DFT calculations. The relatively deep-lying
HOMO level of P[DTABT-TbT(5)]-20D can contribute to
the improved V,. when it is mixed with target acceptors.*>***
For a clear comparison, the energy level diagrams of the
polymers, ITIC, IDIC, and PC,BM in inverted PSCs are
summarized in Figure S19b.

3.5. Photovoltaic Performance. The photovoltaic per-
formance was investigated using an inverted device config-
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Figure 3. UV—vis absorption spectra of the polymers: (a) molar absorption coefficients in dilute chloroform solutions, (b) UV—vis absorption
spectra in chloroform solutions and thin films, and (c) UV—vis absorption spectra of the polymers, ITIC, IDIC, and PC,;BM in chloroform thin

films.
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Table 4. Optical and Electrochemical Properties of Polymers

UV—visible absorption

cyclic voltammetry

chloroformsolution, molarabsorptioncoeflicient film, A
polymer Amax (nm) (& M~ em™) at Ay, (nm) (am)" EP(eV)  Eq™(V)  Eyomo'(eV)  Eiumo'(eV)
P[DTABT-TbT(5)]-20D 385, 530 41,480 (385), 32,048 (530) 389, 572 1.83 1.20 -5.55 —-372
P[DTABT-TbT(6)]-20D 435, 600, 652 28,761 (435), 38,331 (600), 431, 592, 1.72 1.00 -5.35 -3.63
36,893 (649) 650
“Calculated from the intersection of the tangent on the low-energy edge of the absorption spectrum with the baseline. B rono = —[Bonear (Vs Ag/

AgCl) — E, ,(Fc/Fc* vs Ag/AgCl)] — 4.8eV, where E, ,(Fc/Fc* vs Ag/AgCl) = 0.45 eV (measured data); Eyymo = E; — Enomo-

—a— P[DTHBT-TbT(5):PC,,BM / |
(a) —e— P[DTHBT-TbT(S)ITIC
0 L —A— P[DTHBT-TbT(5):DIC /
—w— P[DTHBT-TbT(6):PC, BM
— —<— P[DTHBT-TbT(6):ITIC
3 —»— P[DTHBT-TbT(6):IDIC
< -5 4
E
2
2
8 N0y
F=
S ety
=3 15 ~_.,—0——&—‘
o F-v-v-v-¥
| A—h—h—A—d
-20 T T T T
-0.2 0.0 0.2 04 0.6 08

Voltage (V)

(b) 70 4
60 4
50 4
;\? 40 -
)
w 30 A ‘l
—a— P[DTHBT-TbT(5):PC, BM \
20 4 —e— P[DTHBT-TbT(5)ITIC
—A— P[DTHBT-TbT(5):IDIC
104 —v— P[DTHBT-TbT(6):PC, BM
—<— P[DTHBT-TbT(6):TIC
o »— P[DTHBT-TbT(6):DIC
T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Figure 4. (a) J-V and (b) EQE curves of optimized polymer blends for inverted PSCs.

Table 5. Photovoltaic Performance of Optimized Polymer Blends for Inverted PSCs

optimized conditions V,. (V)
P[DTBT-TbT(5)]-20D:PC,,BM = 1:1.5 0.899 (0.879 + 0.02)
P[DTHBT-TbT(5)]-20DITIC = 1:1 0.985 (0.965 + 0.02)
P[DTBT-TbT(5)]-20D:IDIC = 1:1 0.899 (0.859 + 0.04)
P[DTABT-TbT(6)]-20D:PC,,BM = 1:1.5 0.737 (0.717 + 0.02)
P[DTHBT-TbT(6)]-20D:ITIC = 1:1 0.899 (0.899)
P[DTHBT-TbT(6)]-20D:IDIC = 1:1 0.778 (0.757 + 0.02)

Joc (mA cm™2) FF (%) PCE,,,./PCE,..* (%)
10.1 (9.9 + 0.12) 48.8 (48.3 + 0.51) 44° (42 +021)
14.2 (13.9 + 0.32) 48.7 (48.5 + 0.20) 6.8° (6.5 + 0.30)
17.5 (17.0 £ 0.50) 53.7 (53.3 + 0.43) 8.5 (7.8 + 0.74)
15.2 (15.1 + 0.11) 67.7 (67.5 + 0.24) 7.6% (7.4 + 0.20)
13.0 (12.9 + 0.13) 59.2 (58.9 + 0.29) 6.9° (6.8 £ 0.11)
12.9 (12.6 + 0.32) 68.2 (67.5 + 0.69) 6.8° (64 + 0.42)

“Average PCEs are calculated from device parameters of 10 independent cells. bThickness at 80 nm. “Thickness at 90 nm. “Thickness at 200 nm.

“Thickness at 100 nm.

uration, that is, ITO/ZnO/polymer:(PC,,BM, ITIC, IDIC)/
MoO,;/Ag. The current density—voltage (J—V) and external
quantum efficiency (EQE) curves of the optimized polymer
blends are shown in Figure 4ab, and the photovoltaic
performance is presented in Table 5. PC;BM, ITIC, and
IDIC were used as representative electron acceptors to evaluate
the photovoltaic performance of P[DTABT-TbT(5)]-20D and
P[DTABT-TbT(6)]-20D in both systems.®"”*> Chlorobenzene
(CB) with 1,8-diiodooctane (DIO) as an additive was chosen as
the solvent for spin coating of the polymer blend films. It is well
known that DIO induces proper phase separation and good
mixing between polymer donors and fullerene and nonfullerene
acceptors and thus improves the performance of PSCs.****¢"
To optimize the photovoltaic performance of the polymers with
various target acceptors, the blend ratios of donors and
acceptors, concentration of the active layer solutions, and
DIO content were controlled. As shown in Figure 4a and Table
S, P[DTABT-TbT(5)]-20D and P[DTHBT-TbT(6)]-20D
showed the maximum PCE for different target acceptors and
optimized conditions. Fullerene-based polymer blends of
P[DTABT-TbT(5)]-20D achieved a PCE of 4.4% at 80 nm,
with a V. 0f 0.899 V, J.. of 10.1 mA cm™2, and fill factor (FF) of

48.8%, whereas the blend of P[DTBT-TbT(6)]-20D had a
PCE of 7.6% at 200 nm, with a V. of 0.737 V, J,. of 15.2 mA
cm™2, and FF of 67.7%. All the active layer solutions
(polymer:PC,;BM = 1:1.5) were prepared in CB with 3.0 vol
% DIO. The total concentrations were 37.5 mg mL™". All the
PSC results were acquired without any post-treatment. V. was
0.16 V higher for P[DTABT-TbT(5)]-20D than for P-
[DTABT-TbT(6)-20D, owing to the offset in HOMO and
LUMO energy levels between the polymers and PC,,BM.*> On
the other hand, J,. was more than 5.0 mA cm™ higher for
P[DTHBT-TbT(6)]-20D, owing to its lower band gap, which
produced an extended light-absorbing region at long wave-
lengths; that is, the intensity of the photo response in the EQE
curves was also higher. In fact, the fullerene-based photovoltaic
properties depended on the optical properties of the polymer; a
photoreaction in the long wavelength range was necessary,
owing to the limited absorption region of PC;;BM (less than
600 nm).>'**"***> The FF of P[DTABT-TbT(6)]-20D was
also approximately 19% higher than that of P[DT#BT-
TbT(5)]-20D; the FF is closely related to the inter/
intramolecular effects of the active layer.***" This is discussed
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Figure 5. XRD profiles of pristine polymers and blend films: (a) out-of-plane and (b) in-plane modes for P[DTABT-TbT(5)]-20D; (c) out-of-plane

and (d) in-plane modes for P[DTAABT-TbT(6)]-20D.

in subsequent sections on morphology and charge-carrier
transport.

In contrast, for the nonfullerene-based polymer blends,
P[DTABT-TbT(5)]-20D exhibited better performance than
P[DTHBT-TbT(6)]-20D. Note that all the active layer
solutions (polymer:ITIC or IDIC = 1:1) were prepared in
CB with 0.5 vol % DIO. The active layer solutions of the
polymer with IDIC blends were preheated on a hot plate at 90
°C for 30 min, owing to IDIC’s low solubility in CB at room
temperature. The total concentration was 20.0 mg mL™". The
nonfullerene-based photoactive layers were spin-coated,
followed by thermal annealing (TA) at 110 °C for 10 min.
The P[DTABT-TbT(5)]-20D:ITIC blend had a PCE of 6.8%
at 90 nm, with a V,,_ of 0.985 V, J.. of 14.2 mA cm™2, and FF of
48.7%, whereas the P[DTBT-TbT(5)]-20D:IDIC blend had
a PCE of 8.5% at 90 nm, with a V. of 0.899 V, ] of 17.5 mA
cm™% and FF of 53.7%. Further, the P[DTABT-TbT(6)]-
20D:ITIC blend had a PCE of 6.9% at 100 nm, with a V_ of
0.899 V, J.. of 13.0 mA cm?, and FF of 59.2%, whereas the
P[DTABT-TbT(6)]-20D:IDIC blend had a PCE of 6.8% at
100 nm, with a V,_ of 0.778 V, J,. of 12.9 mA cm™2, and FF of
68.2%. Blends of both polymers with ITIC and IDIC were
optimizable; P[DTABT-TbT(S)]-20D showed the best PCE
in combination with IDIC, which has relatively high
crystallinity, whereas P[DTfIBT-TbT(6)]-20D had the best
PCE in combination with the low-crystalline ITIC.”™% In
particular, P[DTABT-TbT(5)]-20D, with a deep-lying
HOMO energy level, had an excellent V. of approximately

9245

1.0 V when it was blended with ITIC. Under the optimized
conditions with ITIC and IDIC, the V_ values of both polymers
were higher than 0.90 V, which is consistent with the difference
between the HOMO energy levels of the polymers measured by
CV and the LUMO energy levels of the nonfullerene
acceptors.62 Jo« was much higher for P[DTABT-TbT(S)]-
20D than for P[DTIBT-TbT(6)]-20D because P[DTHBT-
TbT(5)]-20D has a relatively larger band gap, which enhances
the optical absorption compensation. The lower band gap of
P[DTBT-TbT(6)]-20D leads to energy loss due to the
overlap in the optical absorption ranges of the nonfullerene
acceptors in the long-wavelength region compared to fullerene
acceptors.éz’“’65 Owing to various factors such as the
crystallinity, morphology, and charge-carrier transport charac-
teristics, the FFs of the devices with both polymers were
approximately 50%, which is significantly lower than the
literature.”>> This will be explained in detail via atomic force
microscopy (AFM) and space-charge-limited current (SCLC)
measurement results for the fullerene-based device.

The corresponding EQE curves of the devices under optimal
conditions are shown in Figure 4b. All the devices exhibited
broad response ranges for the donor polymer and target
acceptors. In P[DTABT-TbT(S5)]-20D, a high J,. with an EQE
of more than 70% in the low-energy region (600—800 nm)
contributed to the improved efficiency when the IDIC acceptor
was introduced. In P[DTABT-TbT(6)]-20D, on the other
hand, a high J,. with an EQE of 65% (or higher) in all energy

regions contributed to the improved efficiency when the
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Table 6. Stacking Properties for Pristine Polymers and Blend Films in Out-of-Plane Mode

film 26 (°)/dyo (A) 26 (°)/dygy (A) 26 (°)/dsgo (A) 26 (°)/dyoo (A) 26 (°)/doyo (A)
P[DTHBT-TbT(5)]-20D 4.20/21.04 24.49/3.64
P[DTﬂBT-TbT(S)]-ZOD:PC71BM 4.22/20.94 24.54/3.63
P[DTﬁBT—TbT(S)]—ZOD:IDIC 4.05/21.82 24.78/3.59
P[DTﬂBT-TbT(é)]—ZOD 4.38/20.17 8.71/10.15 13.00/6.81 17.43/5.09 24.78/3.59
P[DTABT-TbT(6)]-20D:PC,,BM 4.33/20.41 8.74/10.10 13.10/6.76 24.81/3.59
P[DTABT-TbT(6)]-20D:ITIC 4.33/20.41 8.70/10.16 13.00/6.81 24.87/3.58

(@) (b) . RMS: 0.98 nm
* - NS N
. (nﬂ‘& "1\4' A
(c) (d)

Figure 6. Images of 2D and three-dimensional (3D) topography of polymer blends: (a) P[DTABT-TbT(S)]-20D:PC,,BM, (b) P[DTHBT-
TbT(5)]-20D:IDIC, (c) P[DTABT-THT(6)]-20D:PC,,BM, and (d) P[DTABT-TbT(6)]-20D:ITIC.

PC,BM acceptor was introduced. These results are quite
consistent with the J—V characteristics of the devices.

3.6. Microstructural Ordering and Morphological
Characterization. The crystallinity and molecular orienta-
tions of the polymers and polymer blends with the best
performance were studied by X-ray diffraction (XRD). The out-
of-plane and in-plane XRD patterns of the pristine polymers
and polymer blends are shown in Figure S and Figure S20. As
shown in Figure Sa, in the out-of-plane direction, pristine
P[DTABT-TbT(5)]-20D and the blended films show only two
peaks, (100) and (010), which are related to lamellar packing
and 77— stacking. In the in-plane direction, the (010) peak of
the pristine polymer and polymer blends disappeared, as shown
in Figure Sb, indicating that the polymer has a predominantly
face-on structure. The polymers retained their face-on
orientation in blends with fullerene and nonfullerene accept-
ors.”¥°%* In addition, the 7—x stacking than the blend with
PC,BM, giving the former better photovoltaic character-
istics.”” In contrast, in pristine P[DTHBT-TbT(6)]-20D, four
higher-order lamellar packing peaks were clearly detected,
corresponding to the (100), (200), (300), and (400) planes, as
shown in Figure 5c. In addition, as shown in Figure 5d, in the
in-plane direction, the (200), (300), and (400) peaks disappear,
and the (010) peak is more pronounced. Overall, this indicates
that the polymer has a predominantly edge-on structure, and its
relatively high crystallinity with amorphous PC,;BM results in
higher miscibility and better long-range regular packing
characteristics than with ITIC.>*®° As a result, P[DTBT-
TbT(6)]-20D show better photovoltaic characteristics than
PC,,BM.° Two polymers show opposite orientations on the
substrate, owing to the difference in the structural isomer donor
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units TbT(5) and TbT(6). This is in agreement with the
previously predicted change in the polymer and photovoltaic
properties resulting from the curvature. The lamellar and 7—7
stacking distances (dygo and do;o) of the pristine polymers and
polymer blends were calculated using the value of 26 in the
Bragg’s law equation (1 = 2d sin 6; Cu, A = 1.541871 A; d:
distance), and their values are summarized in Table 6. To
examine the two-dimensional (2D) diffraction peaks of the
XRD results in out-of-plane and in-plane modes, we measured
the 2D grazing incidence wide-angle X-ray scattering (2D-
GIWAXS) for each polymer with the best performance, as
shown in Figure S21. The P[DTABT-TbT(5)]-20D:IDIC and
P[DTABT-TbT(6)]-20D:PC,;BM films showed different
molecular stacking behavior and crystallization orientations.
This result indicates that P[DTABT-TbT(5)]-20D:IDIC has a
predominantly face-on structure, whereas P[DTIBT-TbT(6)]-
20D:PC,; BM has a predominantly edge-on structure. The
polymer blends exhibited high miscibility and crystallinity with
each acceptor.

Tapping-mode AFM and transmission electron microscopy
(TEM) were also performed to investigate the phase-separated
morphologies and nanostructures of the polymer blends with
fullerene and nonfullerene acceptors in the optimized PSCs.
The results are shown in Figure 6 and Figure S22. The light and
dark domains in the AFM and TEM images correspond to
aggregation of the polymers and target acceptors, respec-
tively.”*®” The root-mean-square (RMS) values correlates well
with observed trend in the PCEs above. The value for
P[DTABT-TbT(5)]-20D:PC,,BM was much lower than 1.0
nm; charge dissociation and electron movement between the
polymer and PC, BM are ineflicient, resulting in a decrease in
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Figure 7. SCLC curves of polymer blends: (a) hole and (b) electron mobility.
Table 7. Hole and Electron Mobility of Polymer Blends
optimized conditions uy, (em®> V1s7h) u, (cm?> v1sh) m
P[DTABT-TbT(5)]-20D:PC,,;BM = 1:1.5 1.05 x 107° 1.07 x 107* 10.20
P[DTABT-TbT(5)]-20D:IDIC = 1:1 8.13 x 107° 434 x 107 5.34
P[DTABT-TbT(6)]-20D:PC,,BM = 1:1.5 8.56 X 107° 2.56 x 107 2.99
P[DTABT-TbT(6)]-20D:ITIC =1:1 492 x 107° 2.53 x 107 5.14

the FF.*®°® On the other hand, P[DTHBT-TbT(6)]-
20D:PC, BM had efficient charge-carrier transport with an
appropriate RMS value, resulting in a relatively high FE.**®!
The difference in morphology between P[DTABT-TbT(S)]-
20D:PC;BM and P[DTHABT-TbT(6)]-20D:PC,BM is re-
lated mainly to the difference in their crystalline natures,
induced by the incorporation of isomer TbT units, as shown in
Figure 6a,c. As shown in Figure 6b,d, all the P[DTHBT-
TbT(5)]-20D:IDIC and P[DTHBT-THT(6)]-20D:ITIC films
exhibited interpenetrating features with a bicontinuous network
of donor polymers and nonfullerene acceptors. Both polymer
phases had an appropriate RMS value of approximately 1.0 nm,
allowing efficient charge separation between the donor and
nonfullerene acceptor interfaces.””®> However, both film
morphologies showed macrophases in which the donor
polymers or nonfullerene acceptors formed large aggregates.”
As a result, the probability of recombination after charge
generation at the donor and acceptor interfaces is high.®®

As shown in Figure S22, phase separation of the polymer
blends can be clearly observed in TEM images. The four blend
films exhibited different networks. First, P[DTABT-TbT(S)]-
20D:PC, BM showed macrophase separation and nanostruc-
tures with poor polymer aggregation (the bright regions).
Charge transfer between the donor and acceptor is difficult, so
the FF and PCE are low. However, P[DTABT-TbT(S)]-
20D:IDIC showed improved nanophase separation with a
better bicontinuous interpenetrating network, which facilitates
charge transfer and results in the excellent FF, ], and PCE. In
contrast, P[DTABT-TbT(6)]-20D:ITIC showed excessive
aggregation and their domain sizes of more than 30 nm,
which caused charge-carrier recombination. Finally, P[DTBT-
TbT(6)]-20D:PC,;BM showed nanophase separation with
continuously connected nanodomain networks. Thus, it had the
highest FF among the polymer blends.

3.7. Charge-Carrier Transport Properties. The charge-
carrier mobility was measured to investigate balanced charge
transport across the best devices using the SCLC method, as
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illustrated in Figure 7. The structure of electron-only devices
was ITO/ZnO/polymer:(PC,,BM, IDIC, ITIC)/Al, whereas
that of hole-only devices was ITO/PEDOT:PSS/polymer:
(PC,,BM, IDIC, ITIC)/MoO;/Ag. The Mott—Gurney space-
charge limited current formula 1 was used to calculate the
mobilities, with the results being shown in Table 7. Here, u
stands for the charge-carrier mobility, &, and &, represent the
dielectric constant of free space and the permittivity of the
active layer, respectively, and V and L represent the applied
voltage and thickness of the semiconductor layer, respectively.

7= Clgnes, (v /1) 0

All the polymers blended with the target acceptors showed
relatively high hole and electron mobilities around an order of
magnitude of 107°—107* cm® V™' s7". In particular, P[DTfBT-
TbT(5)]-20D:IDIC exhibited a higher char§e-carrier mobi-
lities than P[DTABT-TbT(5)]-20D:PC.,BM.%* The reason is
that P[DTABT-TbT(S5)]-20D has low crystallinity and thus
has high miscibility and improved 77— stacking characteristics
when combined with IDIC.°*®* In contrast, the highly
crystalline P[DTABT-TbT(6)]-20D exhibited higher charge-
carrier mobilities when blended with PC,BM than when
blended with ITIC, owing to the higher miscibility and regular
long-range packing characteristics.”> The balance ratios of the
charge-carrier mobilities for P[DTABT-TbT(S)]-
20D:PC,,BM, P[DTBT-TbT(5)]-20D:IDIC, and P-
[DTABT-TbT(6)]-20D:ITIC were 1020, 5.34, and 5.14,
respectively, which correspond to FF values of 48.8, 53.7, and
59.2%, respectively, as measured using the J—V characteristics
of the PSC devices. On the other hand, P[DTABT-TbT(6)]-
20D:PC,;BM showed the highest balance ratio (2.99), which
is closest to 1, and the highest FF (67.07%).°>°® This trend
agrees with the film morphology results discussed above.

3.8. Miscibility Analysis. To thoroughly compare the
miscibilities of the donor and acceptor components, the surface
tension (y) between the polymer donor and acceptors was
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Table 8. Contact Angles of Water and Glycerol and Surface Tension for Active Layer Materials

surface Opater ()
P[DTHBT-TbT(S)]-20D 108.5
P[DTABT-TbT(6)]-20D 109.4
PC,,BM 85.4
ITIC 94.6
IDIC 93.1

Ogy () y (mN m™) X
94.3 22.88 4.334%/1.085%/1.430°
91.8 25.09 3.445%/0.666°/0.941¢
71.3 47.13
83.1 33.93
81.4 35.75

“ya is the surface tension of PC,;BM. by, is the surface tension of ITIC. , is the surface tension of IDIC.

investigated. The ¥ values could be calculated according to the
Wu model from the contact angles of two solvents (water and
glycerol) on the neat films.”” From the contact angle data in
Figure S23 and Table 8, the water and glycerol contact angles of
the polymers showed different trends. From these data and the
corresponding y values, we estimated the blend miscibility by
Flory—Huggins interaction parameter (y) based on the surface
tension data using formula 27°

x= (1 = Jn) 2)

As a result, the calculated y values of P[DTABT-TbT(S)]-
20D blended with PC,,BM, ITIC, and IDIC are 4.334, 1.085,
and 1.430, respectively, which implies that P[DTffBT-
TbT(5)]-20D:IDIC has relatively balanced miscibility, owing
to the moderate surface tension between the donor and
acceptor. In addition, IDIC showed stronger phase separation
than ITIC due to harmony with miscibility and crystallinity.”'
Next, the y values of P[DTfIBT-TbT(6)]-20D blended with
PC,;BM, ITIC, and IDIC are 3.445, 0.666, and 0.941,
respectively. Here, P[DTfiBT-TbT(6)]-20D:PC,;BM has
high miscibility, owing to the high crystalline nature of the
polymer, which leads to high interfacial tension with
amorphous acceptors.”> Efficient PSCs were realized using
P[DTHBT-TbT(5)]-20D:IDIC and P[DTHBT-TbT(6)]-
20D:PC,;BM, which had balanced and high miscibility,
respectively. The results are also consistent with the XRD,
GIWAXS, AFM, and TEM results above.

4. CONCLUSIONS

In conclusion, we designed and synthesized two polymers based
on the DTfIBT acceptor unit by structural modification of the
symmetric BDT unit in the D-A conjugated polymer backbone.
The structural isomers of two polymers, P[DTABT-TbT(S)]-
20D and P[DTABT-TbT(6)]-20D, were effectively regulated
when two asymmetric donor units, TbT(S) and TbT(6), were
introduced into their polymer backbones, resulting in RA
polymerization and differences in structural complexity. Thus,
two polymers, P[DTABT-TbT(5)]-20D and P[DTHBT-
TbT(6)]-20D, showed a curved curvature and linear curvature,
respectively. We demonstrated that materials design by
structural modification dramatically affects the physical, optical,
and electrochemical properties, and even the crystallinity and
photovoltaic performance, of the polymers. In particular, the
polymers exhibited large differences in the optical band gap,
HOMO energy level, and crystallinity. P[DTABT-TbT(S)]-
20D (Eg, Eyomo, orientation: 1.83 eV, —35.55 eV, face-on,
respectively) had a larger band gap and a deeper-lying HOMO
energy level than P[DTABT-TbT(6)]-20D (E, Epomo,
orientation: 1.72 eV, —5.35 eV, edge-on, respectively) and
showed a face-on structure with enhanced 7—r stacking as the
crystallinity of the polymer decreases. Thus, efficiencies up to
8.5 and 7.6% were achieved for P[DTABT-TbT(S)]-
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20D:IDIC and P[DTHBT-TbT(6)]-20D:PC,BM PSCs,
respectively, owing to high miscibility and crystallinity. This
work provides important scientific insights into the design of
conjugated molecules for efficient organic electronics.
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