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Abstract

:

We designed and synthesized an asymmetric non-fullerene small molecule acceptor (NF-SMA) IDT-TNIC with an A–D–π–A structure, based on an indacenodithiophene (IDT) central core, with a unidirectional non-fused alkylthio-thiophene (T) π-bridge, and 2-(3-oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-ylidene)malononitrile (NIC) extended terminal groups. IDT-TNIC molecules still maintain a good coplanar structure, which benefits from the non-covalent conformational locks (NCL) between O···S and S···S. The asymmetric structure increases the molecular dipole moment, and the extended terminal group broadens the absorption of the material, resulting in an excellent photovoltaic performance of IDT-TNIC. The photovoltaic device, based on PBDB-T:IDT-TNIC, exhibits an energetic PCE of 11.32% with a high Voc of 0.87 V, high Jsc of 19.85 mA cm−2, and a low energy loss of 0.57 eV. More importantly, IDT-TNICs with asymmetric structures show a superior property compared to symmetric IDT-Ns. The results demonstrate that it is an effectual strategy to enhance the properties of asymmetric A–D–π–A-based NF-SMAs with non-fused NCL π-bridges and extended terminal groups.
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1. Introduction


Recently, the power conversion efficiency (PCE) of organic solar cells (OSCs) based on non-fullerene (NF) acceptors has exceeded 19%, which leaves researchers full of confidence and expectation for its commercial application [1,2,3,4,5]. In the past 3 years, especially since Y6 was reported in 2019 [6], the development rate of OSCs may be comparable to that in the previous 5–10 years [7]. The rate at which the PCE records continue to be broken is largely due to the rapid development of the symmetrical acceptor–donor–acceptor (A–D–A)-type small molecule acceptors (SMAs) [8,9,10,11,12], which usually consists of an electron-donating unit as the central core, two strong electron-withdrawing units as the terminal groups, and alkyl- or aryl- as side chain groups.



As a new material design concept, the asymmetric NF-SMA strategy has emerged quietly in recent years and achieved impressive results [13,14]. When asymmetric groups or factors appear on a central core, terminal groups or side chain groups, asymmetric NF-SMAs are obtained. Compared with symmetrical A–D–A-type NF-SMAs, asymmetric NF-SMAs retain the structural diversity of the materials and the adjustability of optical properties, and additionally exhibit larger dipole moments and stronger intermolecular interactions than homologous symmetric NF-SMAs [15], thus, they can effectively improve the performance of the OSC device.



Indacenodithiophene (IDT) is one of the most studied and applied central core building units for the constructing of NF-SMAs, because it’s unidirectional, extendable, coplanar structure does not affect the coplanarity and π-electron delocalization, and the side chain group can further adjust the solubility and intermolecular stacking of the materials [9,16,17,18,19].



Dipole moments, especially the interfacial dipole moment (donor/acceptor (D/A) interface) and the internal dipole moment of the materials, has a great influence on the charge separation. In 2011, Yu’s group demonstrated that the relatively large internal dipole moment of the polymers can effectively promote the exciton dissociation in the polymer chain [20]. Kim et al. have also shown that sequential fluorination of the polymer backbones increases the dipole moment difference between the ground and excited states [21]. A similar situation has been confirmed in fullerene acceptor [22] and NF-SMAs materials. For example, in 2018, Yang et al. reported a series of asymmetrical NF-SMAs with large dipole moments based on an IDT unit, leading to a higher fill factor (FF) and PCE [23,24]. Various studies have demonstrated that asymmetric SMAs can effectively enhance the properties of materials by extending the IDT backbone on only one side [25,26,27,28,29,30,31,32,33]. Furthermore, other studies have successfully improved material properties through terminal or side chain strategies [14,34,35,36,37,38,39]. However, the long and complicated synthesis hinders the development of unidirectional fused asymmetric SMAs. Multiple studies have shown that a non-fused π-bridge (usually aromatic heterocycles or aromatic heterocycles with side chains) can also expand the conjugate coplanar to broaden the absorption and enhance the intermolecular interaction, which benefits from the non-covalent conformational locks (NCL), that is, the non-covalent bond between O···S, N···S or other atoms [40,41,42,43,44,45].



Recently, our group synthesized an asymmetric A–D–π–A structured SMA with a non-fused NCL π-bridge, namely IDST-4F. Compared with the symmetric ID-4F, the absorption of IDST-4F shows an obvious red shift, the energy level exhibits a slight upshift, whilst the intermolecular interaction also appears enhanced [46], thus, a record PCE was obtained. On the other hand, the intermolecular π–π interaction and the absorption of NF-SMAs can be enhanced by expanding the conjugation area of the terminal group [47,48,49].



Here, we present a strategy that integrates the non-fused NCL π-bridge and extended terminal group to enhance the properties of the NF-SMAs. A new asymmetric NF-SMAs, IDT-TNIC with an indaceno[1,2-b:5,6-b′]dithiophene (IDT) central core, alkylthio-thiophene (T) NCL π-bridge, and 2-(3-oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-ylidene)malononitrile (NIC) terminal groups, was designed and synthesized. PBDB-T with complementary absorption and well-matched energy levels with IDT-TNIC was used as the donor material. The OSCs based on PBDB-T:IDT-TNIC showed an enhanced PCE of 11.32% with an increased open-circuit voltage (Voc) and reduced energy loss (Eloss) compared to the symmetric analogues.




2. Results and Discussion


The chemical structures and synthetic routes of IDT-TNIC are shown in Figure 1 and Scheme S1 (in Supplementary Materials). IDT-TNIC shows an excellent thermal stability with a decomposition temperature of 334 °C (Figure S1a), however, no obvious exothermic or endothermic peaks were observed in differential scanning calorimetry (DSC) tests (Figure S1b). X-ray diffraction (XRD) tests show that IDT-TNIC have a weak (100) diffraction peak at 2θ = 4.9° and an indistinct (010) diffraction peak at 2θ = 24.9° (Figure S1c). In grazing incidence wide-angle X-ray scattering (GIWAXS) measurements, IDT-TNIC exhibits a relatively clear (100) diffraction peak along the in-plane (IP) and out-of-plane (OOP) direction (that is, qxy and qz, respectively) at 0.31 Å−1 with a d-spacing of 20.26 Å (which is arising from the alkyl chain packing), and an obvious (010) π–π stacking peak at qz = 1.78 Å−1 was also observed with a d-spacing of 3.53 Å. This indicates that an IDT-TNIC solid film has a preferred face-on arrangement with the substrate (Figure 1d,e). In addition, IDT-TNIC shows an electron mobility (μe) of 2.36 × 10−4 cm2 V−1 s−1 that is higher than IDT-N shows using the space-charge-limited-current (SCLC) method (Figure S8 and Table S7). Theoretical calculations results (Figure S2) demonstrate that the π-bridge and the NIC group are almost in a planar configuration, which is formed by the O—S NCL, while the dihedral angle between the IDT and TNIC is about 14.7°. The overall coplanarity of IDT-TNIC is slightly worse than that of IDT-N. IDT-TNIC exhibits a slight upshift in the highest occupied molecular orbital (HOMO) energy level (EHOMO) and the lowest unoccupied molecular orbital (LUMO) energy level (ELUMO) compared to IDT-N, and the results are consistent with the experimental results that we will discuss next. The calculated dipole moment (μ) is 4.30 Debye (Table S1 and Figure S2).



As shown in Figure 1b, IDT-TNIC in chlorobenzene (CB) solution shows a maximum absorption peak at 727 nm, the IDT-TNIC solid film exhibits a redshift and wider absorption compared to its CB solution, the absorption edge (λedge) of IDT-TNIC film was located at 862 nm, and the calculated optical bandgap (Egopt) was 1.44 eV. Moreover, PBDB-T shows a complementary absorption with IDT-TNIC at 300–650 nm, thus, PBDB-T:IDT-TNIC blend film (with a weight ratio of 1:1) shows a wider spectral response from 300 nm to 900 nm. According to the empirical equation [50], the EHOMO and ELUMO were –5.53 and –3.92 eV, respectively (as shown by the electrochemical cyclic voltammetry (CV) results in Figure 1c), leading to an EHOMO-LUMO gaps offset of 1.61 eV. Compared with symmetric IDT-Ns, IDT-TNICs with asymmetric structures exhibit wider absorption and upshifts in frontier orbital energy [51]. The details of the optical and electrochemical comparison parameters of IDT-TNIC and IDT-N are summarized in Table S1 in Supplementary Materials.



The photovoltaic performance of IDT-TNIC was investigated using OSC devices with ITO/PEDOT:PSS/PBDB-T:IDT-TNIC/PFN-Br/Al (100 nm) structures. The device optimization process and the corresponding data are listed in Figures S3–S7 and Tables S1–S6. The device performance was optimized by D/A weight ratios, different additives (1,8-Diiodooctane (DIO), N-Methylpyrrolidone, 1-Phenylnaphthalene and 1-Chloronaphthalene (CN)), additive content (0.25%, 0.50%, 0.75% and 1.00%), and then by thermal annealing (TA) temperature (120 °C, 140 °C, 150 °C and 160 °C) and TA time (5 min, 10 min, 15 min, 20 min and 30 min). The PBDB-T:IDT-TNIC-based OSCs achieved an energetic performance of 11.32% with a high Voc of 0.87 V, high Jsc of 19.85 mA cm−2 and an FF of 65.9%, when D:A of 1:1, CN as additive (0.75%, v/v), and TA treatment at 150 °C for 5 min, while the as-cast device shows a PCE of 10.19% (Figure 2 and Table 1). Significantly, the device exhibits a relatively small energy loss (Eloss) of 0.57 eV, according to the empirical formula Eloss = Eg−eVoc, which is smaller than the common values of 0.6–1.0 eV for OSCs. More importantly, the overall performance (especially the Voc and Jsc) of OSCs based on asymmetric IDT-TNICs with an NCL π-bridge is better than that of symmetric IDT-N-based devices, as reported in the literature [51]. The enhanced performance of IDT-TNIC is due to the extended coplanar skeleton of the NCL, thus, resulting in a wider absorption spectrum, an upshift in frontier orbital energy, and a stronger intermolecular interaction. Both the devices show broad photo response in the range of 300–850 nm, an EQE value greater than 60% in the range of 400–800 nm, with a maximum EQE value of 70.7% at 768 nm.



The dependence of Jph vs Veff can be used to estimate the exciton dissociation efficiency and the charge collection efficiency. Herein, photocurrent density and saturation current are defined as Jph and Jsat, respectively [52]. PBDB-T:IDT-TNIC-based optimal devices show a Jph/Jsat value of 81.1% in short-circuit and 81.5% for maximum power output conditions (Figure 3a). The recombination loss is smaller than the device as-cast, indicating that the charge transfer is more efficient in optimal devices, thus generating a higher Jsc and FF. Furthermore, the slope of Voc vs ln(Plight) and Jph∝(Plight)S were adopted to evaluate the charge recombination mechanism. As shown in Figure 3b, the optimal OSCs exhibit a slightly higher S value of 0.974 than as-cast OSCs (0.947), indicating a suppressed bimolecular recombination in optimal OSCs with additive and TA treatment. Moreover, a slope of 0.99 kBT/q was obtained in optimal OSCs, while 0.91 kBT/q for as-cast OSCs, demonstrating that the trap density and trap-assisted recombination can be effectively suppressed in optimal OSCs.



The SCLC method was adopted to measure μe and hole mobility (μh) of the pure film and the blend film, to reveal the reason for the high-efficiency of IDT-TNIC-based OSCs (Figure S8 and Table S7). Asymmetric IDT-TNICs show a μe value of 2.36 × 10−4 cm−2 V−1 s−1, while the symmetric analogues of IDT-N show a slightly lower μe value of 1.09 × 10−4 cm−2 V−1 s−1. When IDT-TNIC blend with PBDB-T, the PBDB-T:IDT-TNIC film shows a more balanced μh/μe value (1.14) than PBDB-T:IDT-N film (1.59), which is beneficial to obtain a higher Jsc and lower Eloss.



PL quenching efficiencies (ΦPL) can be used to express the quality of charge transport and exciton dissociation. PBDB-T:IDT-TNIC blend film shows a ΦPL values of 96.3% and 91.5% at λex of 575 nm and 714 nm under optimal conditions, respectively, while the as-cast film shows a slightly lower ΦPL values of 95.5% and 91.3%, respectively (Figure 4). The high ΦPL values indicate a high-efficient charge transfer between PBDB-T and IDT-TNIC. The results are consistent with the high Jsc of the devices.



The active layer morphology directly determines the quality of the device to a great extent. As shown in Figure 5, both as-cast and the optimal film of PBDB-T:IDT-TNIC show a homogeneous surface with a root mean square (RMS) roughness of 1.25 and 1.63 nm, respectively. The transmission electron microscopy (TEM) characterization also demonstrated the active layer possesses an interpenetrating nanofiber structure and suitable phase separation morphology. The good miscibility benefits from the small interaction parameters between PBDB-T and IDT-TNIC (as shown in Figure S8). The results are consistent with the device performance characterization.



Contact angle (CA) measurements were carried out to further study the miscibility and surface tension (γ) of donor and acceptor (as shown in Figure S9). We also estimated the interaction parameters (χ) between PBDB-T and IDT-TNIC, as the interaction is relevant for phase separation and active layer morphology (the data are summarized in Table S8). The γ values of PBDB-T and IDT-TNIC were 34.33 and 43.66 mN m−1, respectively. The χ value between PBDB-T and IDT-TNIC was 0.56 according to Flory−Huggins model of χ = (     γ D      −      γ A     )2 [53,54]. The smaller χ value indicates good miscibility between PBDB-T and IDT-TNIC [55,56], which is consistent with the results of the AFM and TEM.



GIWAXS was adopted to further reveal the crystallinity and molecular orientation of PBDB-T:IDT-TNIC blend film. As shown in Figure 6, distinct and very sharp (100) diffraction peaks appear in IP and OOP directions at 0.30 Å−1 with a d-spacing of 20.93 Å. Compared with IDT-TNIC pure film, the diffraction peak of PBDB-T:IDT-TNIC blend film at qz = 1.77 Å−1 with a d-spacing of 3.55 Å becomes more prominent, indicating an increased ratio of face-on oriented molecules in the blend film. Furthermore, the blend film shows a larger coherence length (CL) of 141.3 Å in the IP direction and 21.74 Å in the OOP direction, according to the Scherrer equation Dhkl = 2πK/∆qhkl (K is the Scherrer constant, generally = 0.9) [57], the data are summarized in Table S9. The larger CL value from Gaussian fitting (an example is shown in Figure S10) indicates that PBDB-T:IDT-TNIC blend film has a highly ordered molecular arrangement, which is conducive to charge transport.




3. Materials and Methods







	(1)

	
Synthesis of compound IDT-TNIC









Compound IDT-Th-CHO (0.25 mmol, 297 mg) and NIC (0.75 mmol, 183 mg) were added to a dry two-necked round bottom flask, and then 30 mL CHCl3 and 0.5 mL pyridine were added by syringe. The mixture solution was heated to reflux 24 h under argon protection. After cooling to room temperature, the mixture was precipitated into 100 mL methanol, and the solid crude products were collected after suction filtration. The crude product was then purified by column chromatography on silica gel using petroleum ether/CHCl3 (v/v = 1/1) as the eluent to give a dark, solid product IDT-TNIC (253 mg, 62%). 1H NMR (400 MHz, CDCl3) δ (ppm): 9.17 (d, J = 3.1 Hz, 2H), 8.95 (s, 1H), 8.80 (s, 1H), 8.36 (d, J = 10.6 Hz, 2H), 8.20–7.90 (m, 5H), 7.78–7.59 (m, 8H), 7.59–7.49 (m, 1H), 7.24–7.08 (m, 15H), 2.97 (d, J = 6.1 Hz, 2H), 2.60 (dd, J = 15.2, 7.2 Hz, 8H), 1.72–1.57 (m, 12H), 1.43–1.18 (m, 29H), 0.98–0.78 (m, 18H). MALDI-TOF MS calculated for C110H104N4O2S4, m/z = 1641.7076; found [M+H]+, 1642.0135. Elemental analyses for CHNS, Found: C, 79.47; H, 6.39; N, 3.47; S, 8.01%; thus the molecular formula C110H104N4O2S4 required C, 80.45; H, 6.38; N, 3.41; S, 7.81%.




	(2)

	
Device fabrication method









The OSC devices were fabricated with the structure of ITO/PEDOT:PSS/PBDB-T:IDT-TNIC/PFN-Br/Al(100 nm). The ITO-coated glass substrate was cleaned with deionized water, acetone, and isopropanol, respectively. Subsequently, the pre-cleaned ITO-coated glass substrate was treated by UV-ozone for 20 min. Then, the PEDOT:PSS were spin-coated onto the ITO-coated glass surface at a spinning rate of 3000 rpm for 30 s, dried at 150 °C for 15 min, then transferred into a nitrogen glove box containing less than 5 ppm oxygen and moisture. The active layer was deposited onto the PEDOT:PSS layer by spin-coating a chlorobenzene solution of PBDB-T:IDT-TNIC with a blend concentration of 25 mg mL−1. Then the solution of PFN-Br, which was dissolved in methanol with concentration of 0.5 mg mL−1, was spin-coated onto the surface of the active layer-coated ITO with 3000 rpm for 30 s. Finally, 100 nm Al were sequentially evaporated on the active layer in the vacuum chamber under a pressure of ca. 4 × 10−4 Pa.




4. Conclusions


A new asymmetric NF-SMA IDT-TNIC, with an A–D–π–A structure, was designed and synthesized. Compared with symmetric IDT-Ns, IDT-TNICs show wide absorption, upshifts in energy levels, enhanced intermolecular interactions, and increased dipole moments, thus, leading to an excellent photovoltaic performance. When PBDB-T was used as the donor material, the OSCs based on PBDB-T:IDT-TNIC blend film exhibits an energetic PCE of 11.32% with a high Voc of 0.87 V, high Jsc of 19.85 mA cm−2, and a lower energy loss of 0.57 eV. The property of asymmetric IDT-TNIC is better than that of symmetric analogues of IDT-N. The results demonstrate that it is an effectual strategy to enhance the properties of asymmetric A–D–π–A-based NF-SMAs with non-fused NCL π-bridges and extended terminal groups.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms231710079/s1. References [51,53,54,58,59] are cited in the supplementary materials.





Author Contributions


K.W. supervised the research, wrote the paper. Q.G. synthesized the material. Z.N. analyzed the data and discussion. H.W. fabricated and measured the devices. J.G. analyzed the data. J.Z. carried out experiments and advised on theoretical analyses of GIWAXS. L.Y. carried out experiments on elemental analysis and NMR. X.G. supervised the device experiments. M.Z. conceived the idea and supervised the research. All authors contributed to discussion, writing and revision. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (NSFC) (No. 51773142 and 51973146), the Jiangsu Provincial Natural Science Foundation (Grant No. BK20190099), Collaborative Innovation Center of Suzhou Nano Science & Technology, the Priority Academic Program Deelopment of Jiangsu Higher Education Institutions, Program for Science & Technology Innovation Talents in Universities of Henan Province (20HASTIT030), the Training Plan of Young Backbone Teachers in Colleges and Universities of Henan Province (2019GGJS141), Key Scientific Research Projects of Higher Education Institutions of Henan Province (20B150032), Science and Technology Guidance Program of China Textile Industry Federation (2019008), Scientific Research Project of Zhongyuan University of Technology (K2019YY001).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cui, Y.; Xu, Y.; Yao, H.; Bi, P.; Hong, L.; Zhang, J.; Zu, Y.; Zhang, T.; Qin, J.; Ren, J.; et al. Single-junction organic photovoltaic cell with 19% efficiency. Adv. Mater. 2021, 33, 2102420. [Google Scholar] [CrossRef]

	



Wang, J.; Zheng, Z.; Zu, Y.; Wang, Y.; Liu, X.; Zhang, S.; Zhang, M.; Hou, J. A tandem organic photovoltaic cell with 19.6% efficiency enabled by light distribution control. Adv. Mater. 2021, 33, 2102787. [Google Scholar] [CrossRef]

	



Chong, K.; Xu, X.; Meng, H.; Xue, J.; Yu, L.; Ma, W.; Peng, Q. Realizing 19.05% efficiency polymer solar cells by progressively improving charge extraction and suppressing charge recombination. Adv. Mater. 2022, 34, 2109516. [Google Scholar] [CrossRef]

	



Sun, R.; Wu, Y.; Yang, X.; Gao, Y.; Chen, Z.; Li, K.; Qiao, J.; Wang, T.; Guo, J.; Liu, C.; et al. Single-junction organic solar cells with 19.17% efficiency enabled by introducing one asymmetric guest acceptor. Adv. Mater. 2022, 34, 2110147. [Google Scholar] [CrossRef]

	



Zhu, L.; Zhang, M.; Xu, J.; Li, C.; Yan, J.; Zhou, G.; Zhong, W.; Hao, T.; Song, J.; Xue, X.; et al. Single-junction organic solar cells with over 19% efficiency enabled by a refined double-fibril network morphology. Nat. Mater. 2022, 21, 656–663. [Google Scholar] [CrossRef]

	



Yuan, J.; Zhang, Y.; Zhou, L.; Zhang, G.; Yip, H.L.; Lau, T.K.; Lu, X.; Zhu, C.; Peng, H.; Johnson, P.A.; et al. Single-junction organic solar cell with over 15% efficiency using fused-ring acceptor with electron-deficient core. Joule 2019, 3, 1140–1151. [Google Scholar] [CrossRef]

	



Wadsworth, A.; Hamid, Z.; Kosco, J.; Gasparini, N.; McCulloch, I. The bulk heterojunction in organic photovoltaic photodetector and photocatalytic applications. Adv. Mater. 2020, 32, 2001763. [Google Scholar] [CrossRef]

	



Hou, J.; Inganäs, O.; Friend, R.H.; Gao, F. Organic solar cells based on non-fullerene acceptors. Nat. Mater. 2018, 17, 119–128. [Google Scholar] [CrossRef]

	



Yan, C.; Barlow, S.; Wang, Z.; Yan, H.; Jen, A.K.-Y.; Marder, S.R.; Zhan, X. Non-fullerene acceptors for organic solar cells. Nat. Rev. Mater. 2018, 3, 18003. [Google Scholar] [CrossRef]

	



Wei, Q.; Liu, W.; Leclerc, M.; Yuan, J.; Chen, H.; Zou, Y. A-DA’D-A non-fullerene acceptors for high-performance organic solar cells. Sci. China Chem. 2020, 63, 1352–1366. [Google Scholar] [CrossRef]

	



Kan, B.; Kan, Y.; Zuo, L.; Shi, X.; Gao, K. Recent progress on all-small molecule organic solar cells using small-molecule nonfullerene acceptors. InfoMat 2021, 3, 175–200. [Google Scholar] [CrossRef]

	



Zhang, G.; Zhao, J.; Chow, P.C.Y.; Jiang, K.; Zhang, J.; Zhu, Z.; Zhang, J.; Huang, F.; Yan, H. Nonfullerene Acceptor Molecules for Bulk Heterojunction Organic Solar Cells. Chem. Rev. 2018, 118, 3447–3507. [Google Scholar] [CrossRef]

	



Li, C.; Song, J.; Cai, Y.; Han, G.; Zheng, W.; Yi, Y.; Ryu, H.S.; Woo, H.Y.; Sun, Y. Heteroatom substitution-induced asymmetric A–D–A type non-fullerene acceptor for efficient organic solar cells. J. Energy Chem. 2020, 40, 144–150. [Google Scholar] [CrossRef]

	



Ma, X.; Zeng, A.; Gao, J.; Hu, Z.; Xu, C.; Son, J.H.; Jeong, S.Y.; Zhang, C.; Li, M.; Wang, K.; et al. Approaching 18% efficiency of ternary organic photovoltaics with wide bandgap polymer donor and well compatible Y6:Y6-1O as acceptor. Nat. Sci. Rev. 2021, 8, nwaa305. [Google Scholar] [CrossRef]

	



Li, C.; Fu, H.; Xia, T.; Sun, Y. Asymmetric nonfullerene small molecule acceptors for organic solar cells. Adv. Energy Mater. 2019, 9, 1900999. [Google Scholar] [CrossRef]

	



Li, Y.; Zhong, L.; Wu, F.-P.; Yuan, Y.; Bin, H.-J.; Jiang, Z.-Q.; Zhang, Z.; Zhang, Z.-G.; Li, Y.; Liao, L.-S. Non-fullerene polymer solar cells based on a selenophene-containing fused-ring acceptor with photovoltaic performance of 8.6%. Energy Environ. Sci. 2016, 9, 3429–3435. [Google Scholar] [CrossRef]

	



Jia, B.; Zhan, X. Fused-ring electron acceptors in China. Sci. China Chem. 2020, 63, 1179–1181. [Google Scholar] [CrossRef]

	



Chan, S.-H.; Chen, C.-P.; Chao, T.-C.; Ting, C.; Lin, C.-S.; Ko, B.-T. Synthesis characterization and photovoltaic properties of novel semiconducting polymers with thiophene−phenylene−thiophene (TPT) as coplanar units. Macromolecules 2008, 41, 5519–5526. [Google Scholar] [CrossRef]

	



Li, Y.; Yao, K.; Yip, H.-L.; Ding, F.-Z.; Xu, Y.-X.; Li, X.; Chen, Y.; Jen, A.K.-Y. Eleven-membered fused-ring low band-gap polymer with enhanced charge carrier mobility and photovoltaic performance. Adv. Funct. Mater. 2014, 24, 3631–3638. [Google Scholar] [CrossRef]

	



Carsten, B.; Szarko, J.M.; Son, H.J.; Wang, W.; Lu, L.; He, F.; Rolczynski, B.S.; Lou, S.J.; Chen, L.X.; Yu, L. Examining the effect of the dipole moment on charge separation in donor-acceptor polymers for organic photovoltaic applications. J. Am. Chem. Soc. 2011, 133, 20468–20475. [Google Scholar] [CrossRef]

	



Kranthiraja, K.; Kim, S.; Lee, C.; Gunasekar, K.; Sree, V.G.; Gautam, B.; Gundogdu, K.; Jin, S.-H.; Kim, B.J. The impact of sequential fluorination of π-conjugated polymers on charge generation in all-polymer solar cells. Adv. Funct. Mater. 2017, 27, 1701256. [Google Scholar] [CrossRef]

	



Gier, H.D.; Jahani, F.; Broer, R.; Hummelen, J.C.; Havenith, R.W.A. Promising strategy to improve charge separation in organic photovoltaics: Installing permanent dipoles in PCBM analogues. J. Phys. Chem. A 2016, 120, 4664–4671. [Google Scholar] [CrossRef] [PubMed]

	



Gao, W.; Zhang, M.; Liu, T.; Ming, R.; An, Q.; Wu, K.; Xie, D.; Luo, Z.; Zhong, C.; Liu, F.; et al. Asymmetrical ladder-type donor-induced polar small molecule acceptor to promote fill factors approaching 77% for high-performance nonfullerene polymer solar cells. Adv. Mater. 2018, 30, 1800052. [Google Scholar] [CrossRef] [PubMed]

	



Gao, W.; An, Q.; Zhong, C.; Luo, Z.; Ming, R.; Zhang, M.; Zou, Y.; Liu, F.; Zhang, F.; Yang, C. Designing an asymmetrical isomer to promote the LUMO energy level and molecular packing of a non-fullerene acceptor for polymer solar cells with 12.6% efficiency. Chem. Sci. 2018, 9, 8142–8149. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.; Li, C.; Ye, L.; Koh, C.; Cai, Y.; Wei, D.; Woo, H.Y.; Sun, Y. Extension of indacenodithiophene backbone conjugation enables efficient asymmetric A-D-A type non-fullerene acceptors. J. Mater. Chem. A 2018, 6, 18847–18852. [Google Scholar] [CrossRef]

	



Li, C.; Song, J.; Ye, L.; Koh, C.; Weng, K.; Fu, H.; Cai, Y.; Xie, Y.; Wei, D.; Woo, H.Y.; et al. High-performance eight-membered indacenodithiophene-based asymmetric A-D-A type non-fullerene acceptors. Sol. RRL 2018, 3, 1800246. [Google Scholar] [CrossRef]

	



Li, C.; Xia, T.; Song, J.; Fu, H.; Ryu, H.S.; Weng, K.; Ye, L.; Woo, H.Y.; Sun, Y. Asymmetric selenophene-based non-fullerene acceptors for high-performance organic solar cells. J. Mater. Chem. A 2019, 7, 1435–1441. [Google Scholar] [CrossRef]

	



Zhai, W.; Tang, A.; Xiao, B.; Wang, X.; Chen, F.; Zhou, E. A small molecular electron acceptor based on asymmetric hexacyclic core of thieno[1,2-b]indaceno[5,6-b’]thienothiophene for efficient fullerene-free polymer solar cells. Sci. Bull. 2018, 63, 845–852. [Google Scholar] [CrossRef]

	



Jia, B.; Wang, J.; Wu, Y.; Zhang, M.; Jiang, Y.; Tang, Z.; Russell, T.P.; Zhan, X. Enhancing performance of fused-ring electron acceptor by unidirectional extension. J. Am. Chem. Soc. 2019, 141, 19023–19031. [Google Scholar] [CrossRef]

	



Zhu, Q.; Liu, D.; Zhou, L.; Gu, C.; Zhang, K.; Bao, X.; Li, Q.; Yang, R. Length evolution of fused-ring electron acceptors toward optimal blend morphology in polymer solar cells incorporating asymmetric benzodithiophene-based donors. J. Mater. Chem. A 2019, 7, 4823–4828. [Google Scholar] [CrossRef]

	



Tang, W.; Cao, J.; Qu, S.; Yu, J.; Zhang, Z.; Gen, R.; Yang, L.; Wang, H.; Du, F. 13.76% Efficiency nonfullerene solar cells enabled by selenophene integrated dithieno[3,2-b:2′,3′-d]pyrrole asymmetric acceptors. Mater. Chem. Front. 2020, 49, 24–932. [Google Scholar] [CrossRef]

	



Tang, W.; Yang, L.; Song, X.; Yu, J.; Wang, H.; Zhang, Z.; Gen, R.; Cao, J.; Baran, D. Asymmetric nonfullerene acceptors tuning conformation for efficient organic solar cells. J. Mater. Chem. A 2019, 7, 22279–22286. [Google Scholar] [CrossRef]

	



Jiao, C.; Guo, Z.; Sun, B.; Yi, Y.; Meng, L.; Wan, X.; Zhang, M.; Zhang, H.; Li, C.; Chen, Y. An acceptor–donor–acceptor type non-fullerene acceptor with an asymmetric backbone for high performance organic solar cells. J. Mater. Chem. C 2020, 8, 6293–6298. [Google Scholar] [CrossRef]

	



Zhao, Y.; Luo, Z.; Li, G.; Luo, J.; Zhang, Z.; Li, Y.; Yang, C. De novo design of small molecule acceptors via fullerene/non-fullerene hybrids for polymer solar cells. Chem. Commun. 2018, 54, 9801–9804. [Google Scholar] [CrossRef]

	



Li, M.; Zhou, Y.; Zhang, J.; Song, J.; Bo, Z. Tuning the dipole moments of nonfullerene acceptors with an asymmetric terminal strategy for highly efficient organic solar cells. J. Mater. Chem. A 2019, 78, 8889–8896. [Google Scholar] [CrossRef]

	



Sun, Y.; Ye, L.; Xie, Y.; Xiao, Y.; Song, J.; Li, C.; Fu, H.; Weng, K.; Lu, X.; Tan, S. Asymmetric fused-ring electron acceptor with two distinct terminal groups for efficient organic solar cells. J. Mater. Chem. A 2019, 7, 8055–8060. [Google Scholar] [CrossRef]

	



Aldrich, T.J.; Matta, M.; Zhu, W.; Swick, S.M.; Stern, C.L.; Schatz, G.C.; Facchetti, A.; Melkonyan, F.S.; Marks, T.J. Fluorination effects on indacenodithienothiophene acceptor packing and electronic structure end-group redistribution and solar cell photovoltaic response. J. Am. Chem. Soc. 2019, 141, 3274–3287. [Google Scholar] [CrossRef]

	



Feng, S.; Zhang, C.; Liu, Y.; Bi, Z.; Zhang, Z.; Xu, X.; Ma, W.; Bo, Z. Fused-ring acceptors with asymmetric side chains for high-performance thick-film organic solar cells. Adv. Mater. 2017, 29, 1703527. [Google Scholar] [CrossRef]

	



Kan, B.; Chen, X.; Gao, K.; Zhang, M.; Lin, F.; Peng, X.; Liu, F.; Jen, A.K.-Y. Asymmetrical side-chain engineering of small-molecule acceptors enable high-performance nonfullerene organic solar cells. Nano Energy 2020, 67, 104209. [Google Scholar] [CrossRef]

	



Huang, H.; Chen, Z.; Ortiz, R.P.; Newman, C.; Usta, H.; Lou, S.; Youn, J.; Noh, Y.-Y.; Baeg, K.-J.; Chen, L.X.; et al. Combining electron-neutral building blocks with intramolecular “Conformational locks” affords stable high-mobility P- and N-channel polymer semiconductors. J. Am. Chem. Soc. 2012, 134, 10966–10973. [Google Scholar] [CrossRef]

	



Dong, T.; Lv, L.; Feng, L.; Xia, Y.; Deng, W.; Ye, P.; Yang, B.; Ding, S.; Facchetti, A.; Dong, H.; et al. Noncovalent Se···O conformational locks for constructing high-performing optoelectronic conjugated polymers. Adv. Mater. 2017, 29, 1606025. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Qin, L.; Yu, J.; Li, Y.; Wei, Y.; Liu, X.; Lu, X.; Gao, F.; Huang, H. High-performance noncovalently fused-ring electron acceptors for organic solar cells enabled by noncovalent intramolecular interactions and end-group engineering. Angew. Chem. Int. Ed. 2021, 60, 12475–12481. [Google Scholar] [CrossRef] [PubMed]

	



Yu, S.; Chen, Y.; Yang, L.; Ye, P.; Wu, J.; Yu, J.; Zhang, S.; Gao, Y.; Huang, H. Significantly enhancement of photovoltaic performances through introducing S∙∙∙N conformational locks. J. Mater. Chem. A 2017, 5, 21674–21678. [Google Scholar] [CrossRef]

	



Ye, P.; Chen, Y.; Wu, J.; Wu, X.; Xu, Y.; Li, Z.; Hong, S.; Sun, M.; Peng, A.; Huang, H. Combination of noncovalent conformational locks and side chain engineering to tune the crystallinity of nonfullerene acceptors for high-performance P3HT based organic solar cells. Mater. Chem. Front. 2019, 3, 64–69. [Google Scholar] [CrossRef]

	



Wang, K.; Guo, X.; Ye, C.; Wang, Y.; Meng, Y.; Li, X.; Zhang, M. A new small-molecule donor containing non-fused ring π-bridge enables efficient organic solar cells with high open circuit voltage and low acceptor content. ChemPhysChem 2019, 20, 2674–2682. [Google Scholar] [CrossRef]

	



Guo, Q.; Lin, J.; Liu, H.; Dong, X.; Guo, X.; Ye, L.; Ma, Z.; Tang, Z.; Ade, H.; Zhang, M.; et al. Asymmetrically noncovalently fused-ring acceptor for high-efficiency organic solar cells with reduced voltage loss and excellent thermal stability. Nano Energy 2020, 74, 104861. [Google Scholar] [CrossRef]

	



Li, G.; Zhang, X.; Jones, L.O.; Alzola, J.M.; Mukherjee, S.; Feng, L.; Zhu, W.; Stern, C.L.; Huang, W.; Yu, J.; et al. Systematic merging of non-fullerene acceptor π-extension and tetrafluorination strategies affords polymer solar cells with > 16% efficiency. J. Am. Chem. Soc. 2021, 143, 6123–6139. [Google Scholar] [CrossRef]

	



Qin, R.; Wang, D.; Zhou, G.; Yu, Z.P.; Li, S.; Li, Y.; Liu, Z.X.; Zhu, H.; Shi, M.; Lu, X.; et al. Tuning terminal aromatics of electron acceptors to achieve high-efficiency organic solar cells. J. Mater. Chem. A 2019, 7, 27632–27639. [Google Scholar] [CrossRef]

	



Li, S.; Ye, L.; Zhao, W.; Liu, X.; Zhu, J.; Ade, H.; Hou, J. Design of a new small-molecule electron acceptor enables efficient polymer solar cells with high fill factor. Adv. Mater. 2017, 29, 1704051. [Google Scholar] [CrossRef]

	



Sun, Q.; Wang, H.; Yang, C.; Li, Y. Synthesis and electroluminescence of novel copolymers containing crown ether spacers. J. Mater. Chem. 2003, 13, 800–806. [Google Scholar] [CrossRef]

	



Li, R.; Liu, G.; Xiao, M.; Yang, X.; Liu, X.; Wang, Z.; Ying, L.; Huang, F.; Cao, Y. Non-fullerene acceptors based on fused-ring oligomers for efficient polymer solar cells via complementary light-absorption. J. Mater. Chem. A 2017, 5, 23926–23936. [Google Scholar] [CrossRef]

	



Wu, J.-L.; Chen, F.-C.; Hsiao, Y.-S.; Chien, F.C.; Chen, P.; Kuo, C.H.; Huang, M.H.; Hsu, C.S. Surface plasmonic effects of metallic nanoparticles on the performance of polymer bulk heterojunction solar cells. ACS Nano 2011, 5, 959–967. [Google Scholar] [CrossRef] [PubMed]

	



Leman, D.; Kelly, M.A.; Ness, S.; Engmann, S.; Herzing, A.; Snyder, C.; Ro, H.W.; Kline, R.J.; DeLongchamp, D.M.; Richter, L.J. In situ characterization of polymer−fullerene bilayer stability. Macromolecules 2015, 48, 383–392. [Google Scholar] [CrossRef]

	



Xu, X.; Li, Y.; Peng, Q. Recent advances in morphology optimizations towards highly efficient ternary organic solar cells. Nano Sel. 2020, 1, 30–58. [Google Scholar] [CrossRef]

	



Fan, Q.; An, Q.; Lin, Y.; Xia, Y.; Li, Q.; Zhang, M.; Su, W.; Peng, W.; Zhang, C.; Liu, F.; et al. Over 14% efficiency all-polymer solar cells enabled by a low bandgap polymer acceptor with low energy loss and efficient charge separation. Energy Environ. Sci. 2020, 13, 5017–5027. [Google Scholar] [CrossRef]

	



Ma, R.; Liu, T.; Luo, Z.; Gao, K.; Chen, K.; Zhang, G.; Gao, W.; Xiao, Y.; Lau, T.-K.; Fan, Q.; et al. Adding a third component with reduced miscibility and higher LUMO level enables efficient ternary organic solar cells. ACS Energy Lett. 2020, 5, 2711–2720. [Google Scholar] [CrossRef]

	



Smilgies, D.-M. Scherrer grain-size analysis adapted to grazingincidence scattering with area detectors. J. Appl. Cryst. 2009, 42, 1030–1034. [Google Scholar] [CrossRef]

	



Demadrille, R.; Egreve, S.; Kervella, Y.; Verand, S. Organic colourant and uses thereof in photovoltaic cells. U.S. Patent US2014/0290748Al, 2 October 2014. [Google Scholar]

	



Lin, J.; Guo, Q.; Liu, Q.; Lv, J.; Liang, H.; Wang, Y.; Zhu, L.; Liu, F.; Guo, X.; Zhang, M. A noncovalently fused-ring asymmetric electron acceptor enables efficient organic solar cells. Chin. J. Chem. 2021, 39, 2685–2691. [Google Scholar] [CrossRef]








[image: Ijms 23 10079 g001 550] 





Figure 1. (a) Chemical structures of PBDT-T and IDT-TNIC, (b) absorption spectra of IDT-TNIC in solution, solid film and PBDT-T:IDT-TNIC blend films, (c) cyclic voltammogram of IDT-TNIC, (d) the two-dimensional GIWAXS patterns of IDT-TNIC pure film, (e) the corresponding in-plane and out-of-plane profiles under optimal condition. 
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Figure 2. (a) J-V plots of the PBDT-T:IDT-TNIC-based OSCs (1:1, w/w) with 0.75% CN additive, and a TA treatment at 150 °C for 5 min under an illumination of AM 1.5 G, 100 mW cm−2. (b) EQE curves of the corresponding OSCs. 
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Figure 3. (a) Jph-Veff curves; (b) Jsc-Plight fitting lines; and (c) Voc-Plight fitting lines of the PBDB-T: IDT-TNIC-based devices. 
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Figure 4. PL spectra of PBDB-T (a), IDT-TNIC (b) and PBDB-T:IDT-TNIC blend films with excitation wavelengths of 575 nm and 714 nm. 
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Figure 5. The AFM (left- height image, middle-phase image) and TEM (right) images of optimal blend film of PBDB-T:IDT-TNIC with as-cast (a) and CN+TA (b). 
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Figure 6. The two-dimensional GIWAXS patterns of PBDB-T:IDT-TNIC blend film (a) and the corresponding in-plane and out-of-plane profiles (b) under optimal condition. 
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Table 1. Photovoltaic parameters of the PBDT-T: IDT-TNIC-based OSCs (1:1, w/w) with 0.75% CN additive, and a TA treatment at 150 °C for 5 min under an illumination of AM 1.5G, 100 mW cm−2.
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Active Layer

	
Voc

(V)

	
Jsc (mA cm−2)

	
Cal. Jsc a (mA cm−2)

	
FF (%)

	
PCE (PCEavg) b (%)






	
PBDB-T:IDT-TNIC

	
As-cast

	
0.87

	
18.73

	
18.10

	
62.5

	
10.19 (10.00)




	
CN + TA

	
0.87

	
19.85

	
18.86

	
65.9

	
11.32 (11.21)




	
PBDB-T:IDT-N

	
CN + TA

	
0.79

	
15.88

	
--

	
71.9

	
9.0 [51]




	
PBDB-TF:IDT-N

	
DIO + TA

	
0.946

	
16.58

	
16.02

	
78.0

	
12.2 [49]








a Integral Jsc from EQE curves. b The average values were collected from 4 devices.
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