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ABSTRACT: A small photon energy loss (Eloss) is one of the requisites for achieving near-infrared 
(NIR) small-molecule organic solar cells (SM-OSCs). Herein, we present two novel pyrrolopyrrole 
aza-BODIPY (PPAB)-based panchromatic chromophores, TT-2PPAB and DFBT-2PPAB, with an 
acceptor-donor-acceptor configuration for photovoltaic studies. Among them, in combination with 
[6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) acceptor, TT-2PPAB exhibits a moderate 
power conversion efficiency (PCE) of 3.11% due to an Eloss of 0.48 eV, which is smaller than the 
empirical limit of 0.6 eV. Based on the electrochemistry and theoretical calculations, we revealed 
that the efficient photovoltaic performance of the TT-2PPAB-based device can be ascribed to the 
sufficiently deep LUMO level of TT-2PPAB for charge transfer to PC71BM. 

1. Introduction 

The advantageous characteristics of organic solar cells (OSCs), such as light weight, flexibility, 
solution processability, and low cost, make them a promising renewable energy source [1,2]. The 
development of small-molecule OSCs (SM-OSCs) has drawn increasing attention over the past 
decades because of their well-defined structures and high reproducibility of device performances 
compared with polymer solar cells (PSCs) [3–7]. Although a large number of conjugated small 
molecules have been developed for OSCs, the photovoltaic performance of SM-OSCs is constrained 
by their comparatively narrow ranges of light absorption in the visible region, in other words, large 
band gaps (Eg), due to the small p-conjugated systems [8,9]. Therefore, much effort has been 
devoted to creating panchromatic chromophores by extension of the p-conjugated systems and 
introduction of the donor (D)–acceptor (A) interactions. The photon energy loss (Eloss) defined by 
Eg - eVoc, where e and Voc denote the elementary charge and open-circuit voltage, respectively, is 
another critical factor to give an impact on the photovoltaic performance of SM-OSCs [10,11]. 
Compared with the Eloss values of perovskite solar cells (ca. 0.5 eV) and inorganic solar cells (0.3–
0.6 eV), those of conventional SM-OSCs typically range from 0.6 to 1.0 eV [12]. The relatively 
larger Eloss becomes a drawback of panchromatic SM-OSCs especially when the absorption reaches 
the near-infrared (NIR) region. Although there have been reports on highly efficient PSCs with Eloss 
values less than 0.6 eV [10], to the best of our knowledge, SM-OSCs with such a small Eloss have 
been rather occasionally reported [13,14]. 

Recently, we have developed novel aza-BODIPY-based chromophores called pyrrolopyrrole 
aza-BODIPYs (PPABs), which exhibit far-red/NIR absorption and fluorescence with high quantum 



yields because of their extended dimeric aza-BODIPY structures [15–18]. Owing to their 
exceptionally prominent optical properties, PPABs have been functionalized for bioimaging, sensors, 
and therapeutics to achieve various applications such as aggregation-induced emission enhancement 
(AIEE) [19,20], two-photon absorption (TPA) [21], photoacoustic imaging [22], cancer therapy [23], 
amine detection [20,24–29], and electrogenerated chemiluminescence (ECL) [30]. 

With the far-red/NIR PPAB chromophores in hand, a photovoltaic performance of SM-OSCs 
fabricated using PPABs and [6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) as p- and n-type 
materials was investigated in our previous study. However, due to their narrow absorption, the power 
conversion efficiency (PCE) was unexpectedly low [17]. A bithienyl-linked PPAB dimer was then 
synthesized to broaden the absorption. Despite the panchromatic absorption across the visible 
(vis)/NIR regions, the dimer exhibited a rather poor PCE of 0.74% due to the low solubility [31]. 
To improve the light absorption as well as the OSC device performance, D–A architectures using 
PPAB and cyclopentadithiophene (CPDT) as acceptor and donor units were examined (Chart 1) 
[32]. PPAB-CPDT triad (CPDT-2PPAB) and copolymer thus fabricated exhibited moderately high 
PCE up to 3.88% and 2.27%, respectively, despite their NIR absorption reaching over 1000 nm. The 
fact that the Eloss for CPDT-2PPAB (0.54 eV) and the PPAB-CPDT copolymer (0.53 eV) was lower 
than the empirical lower limit of 0.6 eV indicates their high compatibility with PC71BM owing to 
the sufficiently deep LUMO levels for charge transfer [32,33]. Meanwhile, there is still room for 
improving the Voc by changing the donor units, which dominantly determine the HOMO energy 
levels of the triad and copolymer. As illustrated in Chart 1, we designed two novel PPAB-based A–
D–A triads with thieno[3,2-b]thiophene (TT-2PPAB) and 3,3-difluoro-2,2-bithiophene (DFBT-
2PPAB) as a donor unit for SM-OSCs with a small Eloss and high Voc. TT-2PPAB in combination 
with PC71BM exhibited a moderate PCE of 3.11% with a significantly small Eloss value of 0.48 eV 
and a high Voc value of 0.75 V, while DFBT-2PPAB-based SM-OSC showed a relatively low PCE 
of 1.35% due to the poor solubility of DFBT-2PPAB. 

 

Chart 1. PPAB-based triads, CPDT-2PPAB in the previous work and TT-2PPAB and DFBT-2PPAB in this work. 

2. Experimental 

2.1 Instrumentation and measurements	

Electronic absorption spectra were recorded on a JASCO V-770 spectrophotometer. 
Fluorescence spectra were recorded on a SPEX Fluorolog-3-NIR spectrometer (HORIBA) with a 



NIR-PMT R5509 photomultiplier tube (Hamamatsu). Absolute fluorescence quantum yields were 
measured using a Hamamatsu Photonics C9920-03G calibrated integrating sphere system. 1H and 
19F NMR spectra were recorded on a JEOL JNM-ECX500 spectrometer (operating at 495.132 MHz 
for 1H and 465.889 MHz for 19F) using a residual solvent as an internal reference for 1H (d = 5.32 
ppm for CD2Cl2 and d = 7.26 ppm for CDCl3) and trifluoroacetic acid as an external reference for 
19F (d = –76.55 ppm). High-resolution mass spectrometry was performed on a JEOL LMS-HX-110 
spectrometer (FAB mode with 3-nitrobenzyl alcohol (NBA) as the matrix). Cyclic voltammograms 
and differential pulse voltammograms were recorded on a CH Instrument Model 620B (ALS) under 
an argon atmosphere in dichloromethane solution with 0.1 M tetra-n-butylammonium 
hexafluorophosphate (nBu4N·PF6) as a supporting electrolyte. Measurements were made with a 
glassy carbon electrode, an Ag/AgCl reference electrode, and a Pt-wire counter electrode. The 
concentration of the solution was fixed at 0.5 mM, and the sweep rates were set to 100 mV s–1. The 
ferrocenium/ferrocene (Fc+/Fc) couple was used as an internal standard. Thin-layer chromatography 
(TLC) was carried out on aluminum sheets coated with silica gel 60 F254 (MERCK). Preparative 
separations were performed using silica gel column chromatography (KANTO Silica Gel 60 N, 
spherical, neutral, 40–50 µm). All reagents and solvents used for reactions were of commercial 
reagent grade and were used without further purification unless noted otherwise. All solvents used 
in optical measurements were of commercial spectroscopic grade. 

2.2	OSCs fabrication and evaluation	

Prepatterned ITO-coated glass substrates were ultrasonic cleaned sequentially in detergent 
solution (15 min), deionized water (10 min × 2), and acetone (10 min), kept in isopropyl alcohol 
overnight, and then subjected to UV/ozone treatment for 30 min. A thin layer (~30 nm) of ZnO was 
prepared by spin-coating (at 5000 rpm for 30 s) a precursor solution of zinc acetate (1.00 g) and 
ethanolamine (0.28 g) in 2-methoxyethanol (10 mL) through a 0.45 μm polyethylene membrane 
filter, followed by baking at 200 °C for 10 min under air. The photoactive layer was then deposited 
by spin-coating from a chloroform solution containing a donor (5 mg mL–1 or 7 mg mL–1) and 
PC71BM (10 mg mL−1 or 7 mg mL−1) after passing through a 0.45 μm poly(tetrafluoroethylene) 
membrane filter. The thickness of the photoactive layer was ca. 39−121 nm, measured with a 
profilometer. The thin films were then loaded into an E-200 vacuum evaporation system (ALS 
Technology). Finally, 10-nm-thick MoO3 and 100-nm-thick Ag layers were sequentially vacuum-
deposited on top of the photoactive layer under a high vacuum (<5.0 × 10−4 Pa) through a shadow 
mask, defining an active area of 0.04 cm2 for each device. The current density–voltage (J–V) 
characteristics and EQE spectra of the fabricated OSCs were measured with a computer-controlled 
Keithley 2400 source measure unit in the air, under simulated AM 1.5G solar illumination at 100 
mW cm–2 (1 sun) conditions, using a Xe lamp-based SRO-25GD solar simulator and IPCE 
measurement system (Bunko Keiki). The light intensity was calibrated using a certified silicon 
photovoltaic reference cell. 

2.3	Computational methods	

The Gaussian16 [34] software package was used to carry out DFT and TDDFT calculations 
using the CAM-B3LYP functional with the 6-31G(d) basis set. Structural optimizations were 
performed on model compounds, in which alkoxy substituents were replaced with methoxy groups 
for simplicity.  



2.4 Synthesis of TT-2PPAB and DFBT-2PPAB 

The synthesis of three precursors, PPAB-Br [31], TT-2SnMe3 [35], and DFBT-2SnMe3 [36] 
(Scheme S1), and the Stille cross coupling reactions [37] were performed according to the literature 
procedures. 

TT-2PPAB: PPAB-Br (88.5 mg, 0.08 mmol), TT-2SnMe3 (18.7 mg, 0.04 mmol), and 
Pd(PPh3)4 (4.6 mg, 0.1 eq) were dissolved in dry toluene (6 mL). After degassing three times by 
freeze–pump–thaw cycles, the mixture was stirred for 16 h at 120 °C. Then, the solvent was removed 
in a vacuo. The crude product was dissolved in dichloromethane, and the mixture was filtered to 
remove the deactivated palladium reagent. The crude residue was purified by gel permeation 
chromatography (Bio-Beads® S-X1; eluent: CH2Cl2), silica gel column chromatography (eluent: 
hexane/ethyl acetate = 1:3 (v/v)), and recrystallized from CHCl3 and hexane to give TT-2PPAB (58 
mg, 66%) as a dark solid. HR-MS (FAB): m/z [M]+ calcd for C118H156B4F8N12O4S6, 2193.0923; 
found, 2193.0941. 1H NMR (495 MHz, CD2Cl2, 298 K): d 9.96 (d, J = 4.0 Hz, 2H), 9.41 (d, J = 3.5 
Hz, 2H), 7.99 (d, J = 6.5 Hz, 2H), 7.94 (d, J = 6.0 Hz, 2H), 7.77 (d, J = 5.0 Hz, 2H), 7.60 (s, 2H), 
7.44 (d, J = 4.0 Hz, 2H), 7.38–7.30 (m, 6H), 7.19–7.12 (m, 4H), 4.07–4.05 (t, J = 5.0 Hz, 8H), 2.12–
2.04 (m, 8H), 1.60–1.55 (m, 16H), 1.38–1.18 (m, 80H), 0.87–0.79 (m, 24H). 19F NMR (466 MHz, 
CD2Cl2, 298 K): d –127.66 (4F), –129.16 (4F). UV/vis/NIR (CHCl3): lmax nm (e mol–1dm3cm–1): 
309 (51000), 410 (56000), 482 (46000), 581 (43000), 777(106000). m.p.: 268 ºC. 

DFBT-2PPAB: DFBT-2PPAB was synthesized in the same manner to TT-2PPAB. PPAB-
Br (28.8 mg, 0.026 mmol), DFBT-2SnMe3 (7.0 mg, 0.013 mmol), and Pd(PPh3)4 (1.5 mg, 0.1 eq) 
were used as the starting materials. The reaction mixture was purified by gel permeation 
chromatography (Bio-Beads® S-X1; eluent: CH2Cl2). The crude product was dissolved in CHCl3 

and filtered. Because the impurities (PPAB dimer (purple fraction)) could be dissolved in CHCl3, 

DFBT-2PPAB was collected as a dark solid. After repeating this step several times, DFBT-2PPAB 
was obtained in a pure form as a dark solid (20 mg, 69%). HR-MS (FAB): m/z [M]+ calcd for 
C120H156B4F10N12O4S6, 2255.0923; found, 2255.0909. 1H NMR (495 MHz, CD2Cl2, 298 K): d 9.87 
(d, J = 3.5 Hz, 2H), 9.37 (d, J = 3.0 Hz, 2H), 7.98 (d, J = 6.0 Hz, 2H), 7.93 (d, J = 7.5 Hz, 2H), 7.77 
(d, J = 5.0 Hz, 2H), 7.41–7.31 (m, 8H), 7.23–7.13 (m, 6H), 4.07–4.05 (t, J = 5.5 Hz, 8H), 2.10–2.04 
(m, 8H), 1.58–1.52 (m, 16H), 1.39–1.19 (m, 80H), 0.87–0.80 (m, 24H). 19F NMR (466 MHz, 
CD2Cl2, 298 K): d –123.18 (2F), –127.56 (4F), –128.93 (4F). UV/vis/NIR (CHCl3): lmax nm (e mol–

1dm3cm–1): 309 (51000), 410 (56000), 482 (46000), 571 (39000), 752 (110000). m.p.: 248 ºC. 

 
Scheme 1. Synthesis of TT-2PPAB and DFBT-2PPAB. 



3. Results and discussion 

3.1 Optical properties 

The UV/vis/NIR absorption spectra of TT-2PPAB and DFBT-2PPAB in chloroform and the 
thin film state are shown in Fig. 1, and the detailed data is summarized in Table 1. Both TT-2PPAB 
and DFBT-2PPAB exhibit absorption from 300 nm to 850 nm with an absorption maxima at 777 
and 752 nm, respectively. Due to the formation of π-stacked aggregates, their absorption maxima in 
the film state show red-shifts by 965 and 1090 cm–1 from those in solutions. Considering the smaller 
red-shift of 258 cm–1 for CPDT-2PPAB with bulky 2-ethylhexyl groups on the CPDT moiety in our 
previous study [32], the absorption spectra and degrees of aggregation of PPAB-based triads can be 
controlled by the donor units. The molar absorption coefficients were calculated to be 1.06 × 105 
M–1cm–1 and 1.10 × 105 M–1cm–1for TT-2PPAB and DFBT-2PPAB in chloroform solution, 
respectively. The large molar absorption coefficients can help OSC devices to collect solar photons 
more efficiently, resulting in high Jsc values. The optical band gaps of TT-2PPAB and DFBT-
2PPAB were estimated from the onset of the film absorption to be 1.35 and 1.38 eV, respectively. 
The fluorescence of TT-2PPAB and DFBT-2PPAB was nearly quenched (FF = ~0.03), exhibiting 
single emission bands at 826 and 798 nm (Fig. 2). 

 
Fig. 1. UV/vis/NIR absorption spectra of TT-2PPAB (teal green), and DFBT-2PPAB (pink) in (a) chloroform and (b) thin film 

state.  

 
Fig. 2. UV/vis/NIR absorption (solid line) and fluorescence (dashed line) spectra of (a) TT-2PPAB and (b) DFBT-2PPAB in 

chloroform. 

3.2 Electrochemical properties 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were 



performed to estimate the redox properties using 0.5 mM sample solutions in dichloromethane 
containing 0.1 M tetra-n-butylammonium hexafluorophosphate as a supporting electrolyte (Fig. 3). 
Table 1 summarizes the redox potentials and the experimental HOMO and LUMO energy levels 
determined from the onset of the first oxidation and reduction waves. Similar reduction potentials 
of TT-2PPAB (–1.14 and –1.69 V vs. Fc+/Fc) and DFBT-2PPAB (–1.13 and –1.69 V) indicate the 
PPAB-centered reductions. Meanwhile, the first oxidation potentials of TT-2PPAB and DFBT-
2PPAB are slightly changed because of the different donor units (0.21 V for TT-2PPAB, 0.17 V for 
DFBT-2PPAB). The estimated HOMO energy levels of TT-2PPAB and DFBT-2PPAB at –4.97 
and –4.95 eV, respectively, are deeper than that of CPDT-2PPAB at –4.89 eV [32]. This can benefit 
in enhancing the open-circuit voltage (Voc) values. Estimated electrochemical band gaps are 
matched well with the trends observed in the optical band gaps.  

 
Fig. 3. CV and DPV of TT-2PPAB (top) and DFBT-2PPAB (bottom) (0.5 mM) in CH2Cl2 containing 0.1 M nBu4N·PF6 as a 

supporting electrolyte (scan rate: 100 mV s–1 for CV; pulse amplitude: 0.05 V, pulse width: 0.2 s for DPV). 

Table 1. Summary of optical and electrochemical properties of TT-2PPAB and DFBT-2PPAB. 

Compd. 𝐸!"
#/%a 

[V] 
𝐸&'(
#/%a 
[V] 

EHOMO
b 

[eV] 

ELUMO
c 

[eV] 

Eg
d  

[eV] 

lmax  

[nm] 

Eg
opt e 

[eV] 
      

in CH2Cl2 in film 
 

TT-

2PPAB 

0.21 –1.14 –4.97 –3.74 1.23 777 840 1.35 

DFBT-

2PPAB 

0.17 –1.13 –4.95 –3.71 1.24 752 819 1.38 

CPDT-

2PPABf 

0.10 –1.19 –4.89 –3.68 1.21 827 845 1.30 

a Determined by CV (conditions: 0.5 mM CH2Cl2 solutions containing 0.1 M nBu4N·PF6 as a supporting electrolyte at a scan rate 



of 100 mV s–1). Potentials are given relative to the ferrocenium/ferrocene (Fc+/Fc) couple. b EHOMO = – (𝐸!"#$%!&  + 4.8) [eV]. c ELUMO 

= – (𝐸!"#$%'$(  + 4.8) [eV]. d Eg = ELUMO – EHOMO [eV]. e Estimated from film absorption spectra. f Data from ref. 32. 

3.3 Theoretical calculations 

To give an insight into the impact of the donor units on the HOMO energy levels and the band 
gaps, DFT and TDDFT calculations on the model structures (TT-2PPAB-c, and DFBT-2PPAB-c), 
in which alkoxy substituents are replaced with methoxy groups for simplicity, were performed at 
the CAM-B3LYP/6-31G(d) level (Figs. 4 and S15, and Table S1). The LUMO energy levels are 
almost similar because the LUMO is mainly localized on the PPAB moiety, whereas the HOMO of 
DFBT-2PPAB-c lies deeper compared with TT-2PPAB because of the electron-withdrawing 
fluorine substituent in the structure of DFBT. Despite the slight overestimation, the calculation 
results reproduce the trend of the HOMO energy levels estimated based on the electrochemical 
redox potentials. The theoretical absorption spectra of TT-2PPAB and DFBT-2PPAB are also 
consistent with the red-shift of the absorption from DFBT-2PPAB to TT-2PPAB (Table S1). 

 
Fig. 4. Frontier molecular orbital diagram of TT-2PPAB and DFBT-2PPAB (CAM-B3LYP/6-31G(d)). 

3.4 Photovoltaic properties 

Owing to the shallower LUMO energy levels of TT-2PPAB and DFBT-2PPAB (-3.71 and 
-3.74 eV) than that of PC71BM (-4.3 eV), the potential application of TT-2PPAB and DFBT-
2PPAB as p-type OSC materials was examined. Bulk heterojunction-OSCs were fabricated with an 
inverted device structure of ITO/ZnO (30 nm)/TT-2PPAB–DFBT-2PPAB:PC71BM (39−121 
nm)/MoO3 (10 nm)/Ag (100 nm) (Fig. 5). The potential device conditions were optimized by 
controlling triads/PC71BM ratio, amount of additive, and active-layer thickness. As a solvent, 
chloroform was selected because devices fabricated using chloroform exhibited better performances 
compared with those prepared using chlorobenzene (Fig. S16 and Table S3). The optimal 
triad/PC71BM ratio was 1:1 or 1:2 for TT-2PPAB (Fig. S17 and Table S4) and 1:1 for DFBT-2PPAB 
(Fig. S23 and Table S10). The device performance was significantly improved using DIO as an 



additive (Figs. S18 and S24 and Tables S5 and S11). The optimal volume ratio of DIO was 0.5% 
both for TT-2PPAB (Figs. S19 and S20 and Tables S6 and S7) and DFBT-2PPAB (Fig. S25 and 
Table S12). Finally, the thickness was optimized to 82 nm for TT-2PPAB (Figs. S21 and S22 and 
Tables S8 and S9) and 42 nm for DFBT-2PPAB (Fig. S26 and Table S13). 

 
Fig. 5. An inverted device structure of BHJ-OSCs based on TT-2PPAB:PC71BM and DFBT-2PPAB:PC71BM and the 

corresponding energy diagram. 

Table 2 lists the J-V characteristics of the optimized devices. The J-V curves and EQE spectra 
of the TT-2PPAB/DFBT-2PPAB:PC71BM devices are illustrated in Fig. 6. The TT-
2PPAB:PC71BM devices achieved a moderately high PCE of 3.11% with Jsc of 8.43 mA cm–2, Voc 
of 0.75 V, and FF of 0.49. As expected, the Voc was improved compared with that of the CPDT-
2PPAB:PC71BM devices (0.67 V) in our previous study owing to the lower-lying HOMO energy 
level of TT-2PPAB. However, due to the smaller Jsc value than CPDT-2PPAB (11.7 mA cm–2), the 
PCE became slightly lower. In contrast to the overall high photovoltaic performance of the TT-
2PPAB:PC71BM devices, the poor solubility of DFBT-2PPAB in chloroform hampered the 
fabrication of appropriately thick active layers, and the device performance significantly 
deteriorated. The photoresponse of the DFBT-2PPAB:PC71BM devices in the NIR region was lower 
than that in the visible region probably due to the smaller amount of DFBT-2PPAB in the active 
layer than that expected from the sample concentration. As a consequence, the DFBT-2PPAB-based 
device only gained an inferior PCE of 1.35%. 

The EQE spectra of the optimized TT-2PPAB:PC71BM-based device exhibited reasonable 
photoresponse in the NIR region (Fig. 6b). The Eloss of the TT-2PPAB:PC71BM-based device is 0.48 
eV, which is much smaller than the empirical lower limit of 0.6 eV. Considering that the Eloss of the 
CPDT-2PPAB:PC71BM-based device in our previous study was similarly low (0.54 eV), PPAB-
based triads are highly compatible with PC71BM acceptor. Overall, these results indicate that the 
PPAB-based SM-OSCs are highly promising in the NIR photovoltaics. 
  



Table 2. Device characteristics of TT-2PPAB, DFBT-2PPAB, and CPDT-2PPAB:PC71BM BHJ-OSCs. 

Blend ratio 
Solvent and 

additivea 

Thickness 

[nm] 

Jsc 

[mA cm-2] 

Voc 

[V] 
FF 

PCE 

[%] 

Eloss
b 

[eV] 

TT-

2PPAB:PC71BM 

(1:2) 

CF:DIO 

(99.5:0.5 vol%) 
82 8.43 0.75 0.49 3.11 0.48 

DFBT-

2PPAB:PC71BM 

(1:1) 

CF:DIO 

(99.5:0.5 vol%) 
42 3.68 0.69 0.53 1.35 0.55 

CPDT-

2PPAB:PC71BMc 

(1:2) 

CF:DIO 

(99.5:0.5 vol%) 

 

90 11.7 0.67 0.50 3.88 0.54 

a CF: chloroform, DIO: 1,8-diiodooctane, b Eloss = Eg – eVoc, c Data from ref. 32. 

 
Fig. 6. (a) J–V curves and (b) EQE spectra of TT-2PPAB, DFBT-2PPAB, and CPDT-2PPAB:PC71BM BHJ-OSCs. 

4. Conclusions 

In summary, two new PPAB-based A–D–A triads were successfully synthesized, and the donor 
effect on their absorption spectra and energy levels was investigated. While the LUMOs were 
dominated by the PPAB as an acceptor unit, the energy levels of HOMOs were significantly 
stabilized by the donor units. The moderately high PCE of 3.11% with a large Voc of 0.75 V was 
achieved for the TT-2PPAB:PC71BM device owing to the low-lying HOMO of TT-2PPAB and 
small Eloss. Although the DFBT-2PPAB:PC71BM device exhibited a high Voc of 0.69 V, a small Jsc 

of 3.68 mA cm-2 and low NIR photoresponse caused by the poor solubility deteriorated the overall 
performance. These results demonstrated that Voc can further be improved by modifying the donor 
units. PPAB-based A–D–A triads in combination with fullerene-based acceptors are highly potential 
NIR SM-OSC materials because of the high Voc and small Eloss. Further investigation to achieve 
higher OSC performance is intensively investigated in our laboratory and will be reported in due 
course. 
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