Readily Accessible Benzo[d]thiazole Polymers for Nonfullerene Solar Cells with >16% Efficiency and Potential Pitfalls
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[bookmark: _Hlk30591934][bookmark: _Hlk30592453]ABSTRACT. Here we report facile, high-yield synthetic access to the difluoro BTA building block, 4,7-bis(5-bromo-4-(2-hexyl-decyl)-thiophen-2-yl)-5,6-difluoro-2-(pentadecan-7-yl)-benzo[d]thiazole (BTAT-2f) for use in Donor (D)-Acceptor 1(A1)-D-Acceptor 2(A2) polymers [D = bithiophene, A1 = BTA-2f, A2 = benzothiadiazole (BT) derivative] for organic solar cells (OSCs) . Fine tuning of polymer optical and electronic properties is achieved by incrementally varying the A2 fluorination level. Bulk-heterojunction (BHJ) PBTATBT-4f:Y6 solar cells deliver a noteworthy power conversion (PCE) efficiency of 16.08 % (Voc =0.81 V, Jsc =27.25 mAcm-2, FF =72.70 %) without processing additives. In contrast, PBTATBT-2f:Y6 exhibits an irregular morphology and low PCE, ascribable to co-crystal formation-induced recombination, which is unprecedented for non-fullerene (NFA) OSCs. This result should be of guiding significance for future NFA design.
TOC GRAPHICS[image: ]

Developing new organic solar cell (OSC) materials has attracted intense interest in the last decades,1 reflecting the promise of lower cost, solution processing, light weight, mechanical flexibility, and nontoxic/abundant elemental composition. Among these materials, importance of non-fullerene acceptors (NFAs)2 has advanced greatly in the past five years,3 enabling power conversion efficiencies (PCEs) as high as 18.2 %.4 Noteworthy here is the Y6 NFA of Zhou5 (Figure 1) having substantial near-IR absorption. However, of the known Y6-based single-junction OSCs with PCEs >15 % the vast majority of donor polymers contain a 4,8-di(thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene (BDT)-type building block (Figure 1),5-6  while few BDT-free donor polymers have delivered significant performance7 (Figure S1). 
Benzo[d]thiazole (BTA) is a bicyclic heterocycle found in multiple natural products8 and pharmaceuticals such as Riluzole,9 Phortress,10 and Tiaramide.11 Surprisingly, BTA and the fluorinated derivative 5,6-difluorobenzo[d]thiazole (BTA-2f), have rarely been incorporated in semiconductors for organic electronics.12 Here we report two new mid-gap BTA-2f-based donor polymers of structure, Donor (D)-Acceptor 1(A1)-D-Acceptor 2 (A2) where D = bithiophene, A1 = BTA-2f, A2 = difluorobenzothiadiazole (BT-2f) derivatives, and their implementation in OSCs with the acceptor Y6 (Figure 1). The strongly electron-withdrawing A2 BT-2f acceptor is used to complement the weak electron-withdrawing capacity of BTA,12c to enhance the intramolecular charge transfer and broaden the optical cross-section.13 Morphological, charge transport, and photovoltaic characterization of these new polymers and blends proves particularly informative. Thus, PBTATBT-4f:Y6 exhibits optimal optical absorption and energy level matching with Y6, affording PCE = 16.08 % -- by far the highest to date for a non-BDT polymer-based, additive-free single-junction OSC. In marked contrast, seemingly similar PBTATBT-2f:Y6 delivers a PCE of only 2.6 % due to a heretofore unrecognized and deleterious NFA BHJ co-crystallization tendency.


Figure 1. Chemical structures of (a) the non-fullerene Y6 acceptor, (b)-(d) representative BDT-based donors, and (e) BTA donor fragment employed here.

Polymer synthetic details (Figures 2a, 2c, S3) are provided in Supporting Information. The single-crystal structure of monomer M1 (Figure 2b), containing the BTAT-2f core framework, is shown in Figure 2a. It features a planar core (maximum torsion ≈ 6°) which, in combination with the known planar BT-thiophene and BT-2f-bithiophene fragments,14 should ensure planar donor polymer backbone. Furthermore, the M1 structure reveals the presence of F···S (2.678 Å) and N···S (2.777 Å) interactions below the van der Waals radii sums, consistent with planarization via  noncovalent conformational locking.15 Furthermore, the short - cofacial stacking distances of ~ 3.49 Å (Figure S3) imply strong intermolecular interactions. 




[bookmark: _Hlk36029308]Figure 2. (a) Synthesis of BTAT-2f-2Br and (b) single-crystal structure of model monomer M1, (c) Polymer syntheses. 
[bookmark: _Hlk36029435][bookmark: _Hlk36029570]       The new BTA-2f-based polymers were characterized by nuclear magnetic resonance (NMR), elemental analysis (EA), gel permeation chromatography (GPC), UV-vis spectroscopy (UV-vis), cyclic voltammetry (CV), and ultraviolet photoelectron spectroscopy (UPS); relevant data are  summarized in Tables S2 and S3; the CV and UPS data are in good agreement. Polymer number average molecular masses (Mn) and dispersities (Ð) obtained by GPC are 20.1 kg/mol (2.01) for PBTATBT-2f, and 20.3 kg/mol (2.05) for PBTATBT-4f, respectively. The UV-vis spectra of PBTATBT-2f and PBTATBT-4f are similar (Figure 3a) with λmax = 652 nm, PBTATBT-2f; 651 nm, PBTATBT-4f; red-shifted by ≈ (30 to 50) nm vs those of the high-performance BDT-based polymers (vide supra). The optical bandgaps, calculated using Eopt g= 1240/λonset eV, where λonset is the absorption onset, are 1.69 eV and 1.73 eV for PBTATBT-2f and PBTATBT-4f, respectively. Comparing the solution/film Uv-vis absorption spectra of the two polymers (Figures 3a and Figure S4) reveals that PBTATBT-4f is significantly more aggregated as evidenced by the high-energy shoulder evident in the film spectra (Figure 3a).16 The absorption coefficient of PBTATBT-4f films is 7.1 × 104 cm-1 which is slightly greater  than that of  PBTATBT-2f films (5.7 × 104 cm-1). Polymer energy levels were estimated by CV (Figure S4, Table S2). The highest occupied MO (EHOMO) and lowest unoccupied MO (ELUMO) of PBTATBT-2f and PBTATBT-4f, (−5.45/−3.76) eV and (–5.55/–3.82) eV, respectively, match those of Y6, EHOMO/ELUMO = (–5.68/–4.06) eV well (Figure 3b). Additionally, polymer thermal properties were characterized by DSC (Figure S6). The melting (Tm) and crystallization
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[bookmark: _Hlk36029686]Figure 3. (a) Optical absorption spectra of polymer and Y6 thin films. (b) Polymer and Y6 energy level diagram. (c) Representative J–V curves of inverted OSCs, under AM 1.5G (100 mW cm−2) illumination. (d) EQE spectra of the OSCs. i Device area = 2 mm2.
[bookmark: _Hlk36029581]temperatures (Tc) of PBTATBT-4f (294 / 283 oC) are significantly greater than those of PBTATBT-2f (244 / 236 oC) (Table S1), implicating greater PBTATBT-4f lattice cohesion owing to more extensive intramolecular F···S interactions.
[bookmark: _Hlk36029764]       Photovoltaic response was investigated in inverted ITO/ZnO/active layer/MoO3/Ag BHJ-OSCs. Cell performance was optimized by varying, among other factors, donor/acceptor (D/A) weight ratio, film thickness, and thermal annealing conditions (details in SI, Tables S3-S9). After optimization, the active layers were spun-cast from CHCl3 solutions with a donor/acceptor weight ratio = 1:1.5, then annealed at 130°C for10 min. Table 1 summarizes performance parameters including open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and PCE. Figure 3c shows current density–voltage (J–V) plots for PBTATBT-2f:Y6 and PBTATBT-4f:Y6 optimized OSCs under AM 1.5 G illumination (100 mW cm-2). PBTATBT-4f:Y6 cells with device 
Table 1. Photovoltaic parameters (AM1.5G) for optimized solar cells employing the indicated blends. Uncertainties ( values) were obtained from standard deviation of 10 champion devices.
	Active layer
	μh/μe 
(10-4× cm2 V-1 s-1)
	Voc
(V)
	Jsc
(mA cm-2)
	FF
(%)
	PCE[a]
(%)

	PBTATBT-4f : Y6[b]
	1.97 (1.96±9.27x10-9)/
1.28 (1.16±1.06x10-6)
	0.81
(0.80±4.61×10-4)
	26.92
(26.88±0.017)
	72.30
(71.38±0.29)
	15.72
(15.42±0.028)

	PBTATBT-4f :Y6[c]
	-
	0.81 (0.81±2.62×10-6)
	27.25 (27.05±0.094)
	72.70 (71.49±0.54)
	16.08 (15.67±0.068)

	PBTATBT-2f : Y6[b]
	1.02 (0.96±4.23 x10-7)/
0.55 (0.44±5.97 x10-7)
	0.90
(0.89±5.21×10-4)
	10.07
(9.76±0.14)
	28.90
(28.92±0.19)
	2.61
(2.51±0.014)


 [a]Average of 10 champion devices. [b]Device area = 6 mm2. [c] Device area = 2 mm2
areas = 6 mm2 achieve a high average PCE of 15.72% with Voc = 0.81 V, Jsc = 26.92 mA cm-2, and FF = 72.30 %. A PCE > 16 %   is achieved with Voc = 0.81 V, Jsc = 27.25 mA cm-2, and FF =72.7 % using a 2 mm2 device area, owing to greater active layer microstructural regularity. Furthermore, PBTATBT-4f:Y6 blends based on three PBTATBT-4f batches (17.3±5.97 kg/mol) afford very similar PCEs (Table S9).
In marked contrast, despite exhaustive optimization efforts summarized in Table S8, the best PBTATBT -2f:Y6 blends exhibit a far lower PCE of 2.61 % with Voc = 0.90 V, Jsc = 10.07 mA cm-2, and FF = 28.90 %, inferring that the low Jsc and FF reflect some unexpected sub-optimal morphology. Interestingly, despite the higher-lying PBTATBT-2f HOMO, the Y6 blends exhibit a larger Voc and lower Eloss (0.49 eV) than those of PBTATBT-4f. This unusual but not unprecedented17 phenomenon is discussed below in the GIWAXS analysis below. To confirm the photovoltaic data, external quantum efficiencies (EQEs) were recorded (Figure 3d). PBTATBT-4f:Y6 exhibits broad photovoltaic response from (300 to 950) nm with a maximum EQE of 85 %. From the EQE spectra, the PBTATBT-4f:Y6 based devices exhibit a high Jsc = 26.12 mA cm-2, in good agreement with the J-V data.
    These results are also consistent with Jsc vs light intensity (Plight) plots of the optimized OSCs. Thus, Jsc follows a power-law dependence on Plight, described as Jsc ∝ Plight (Figure S8). The exponential factor (S) for the PBTATBT-4f:Y6 cells is 0.91, greater than for the PBTATBT-2f:Y6 devices, 0.87, indicating that bimolecular recombination is considerably suppressed in the former and free charge carrier collection more efficient than in the latter. Space charge limited current (SCLC) measurements used BHJ layer diode architectures (see SI). Hole and electron mobilities, μh and μe, were estimated using ITO/MoO3/active layer/MoO3/Ag (hole-only), and ITO/ZnO/active layer/LiF/Ag (electron-only) devices, respectively (Table 1, Figure S9). The PBTATBT- 4f:Y6 blend μh of 1.97 × 10-4 cm2 V-1 s-1 surpasses that of the PBTATBT-2f:Y6 blend, 1.02 × 10-4 cm2 V-1 s-1, while the μe values, 1.28 × 10-4 cm2 V-1 s-1 for PBTATBT-4f:Y6 and 5.52 × 10-5 cm2 V-1 s-1 for PBTATBT-2f:Y6, are lower than the corresponding μh. The  more balanced PBTATBT-4f:Y6 blend hole and electron mobilities (μh/μe = 1.54) should disfavor charge recombination, thereby increasing Jsc and FF.18
  The relative charge recombination and extraction rates were further quantified by integrated photocurrent device analysis (IPDA).19  Here photocurrent density is measured at biases  from Voc to –2 V, yielding the depletion capacitance (Cd) under varying illumination intensities (Figures 4a and S10a). Then the chemical capacitance (Cμ = Ctotal – Cd) is measured via impedance spectroscopy and the bias- and intensity-dependent carrier density obtained self-consistently by integrating the Cμ–V curves (Figures 4b and S10b).20 Thus, we analyze the relative contributions from the bimolecular recombination (kbr) and charge extraction rates (kex) through a competition factor (θ ≈  kbr/kex) for the PBTATBT-4f:Y6 and PBTATBT-2f:Y6 OSCs(Figure 4c).19, 21 The dramatically different FFs suggest very different bimolecular recombination processes. In addition
[image: ]
Figure 4. (a) Photocurrent density (Jpc) versus effective voltage (Veff = VOC – Vapp) for PBTATBT-4f:Y6 cells at different illumination intensities. (b) Chemical capacitance (Cμ) vs applied voltage (Vapp) for the same cell. The legend for (b) is given in (a). Corresponding plots for PBTATBT-2f:Y6 cells are provided in Figure S9. (c) Comparison of FF vs competition factor (θ) for PBTATBT-4f:Y6 and PBTATBT-2f:Y6 cells.  
to this factor, the unbalanced transport related space charge effects and field-dependent charge generation also will affect the FF.22 Indeed, most fullerene OSCs follow a universal correlation between FF and θ (FF) in the (72 to 75) % range, corresponding to θ in the 10-4 – 102 range, regardless of materials system, cell geometry, contacts, and measurement protocol.21 Although a similar analysis does not exist for NFA blends, it is reassuring that high-performance PBTATBT-4f:Y6 OSCs have FF ≈ 70% and θ ≈ 0.4, within the range of fullerene OSCs (Figure 4c), suggesting validity of similar drift-diffusion models. However, for PBTATBT-2f:Y6 OSCs  FF ≈ 25 %  and θ ≈ (0.75 to 2.0) fall well outside the range computed by varying device parameters such as active layer thickness, carrier mobility, bandgap, recombination, and generation rates (see ref 21 for ranges). The deviation here suggests breakdown of the p-n heterojunction drift-diffusion model.20c 
[bookmark: _Hlk34745895]     Polymer/blend film molecular orientation and crystallinity were next investigated by grazing-incidence wide-angle X-ray scattering (GIWAXS). Figures S12-S14 reveal that both neat polymer films exhibit several out-of-plane (OoP)  diffraction orders, and these peaks correspond to lamellar stacking with a d-spacing of  20.9 Å-1 (q  0.3 Å-1). Strong π-π stacking (010) diffraction peaks in the OoP direction for PBTATBT-4f and in the in-plane (IP) direction for PBTATBT-2f are also observed. The PBTATBT-4f and PBTATBT-2f (010) peaks are located at q  1.7 Å-1 (d  3.7 Å). For neat Y6, lamellar stacking peaks in the IP direction and a π-π stacking (010) peak in the OoP direction indicate pronounced π-face-on ordering with respect to the substrate. The two strongest IP lamellar peaks for neat Y6 correspond to d-spacings of  23 Å (q  0.27 Å-1) and 15 Å (q  0.42 Å-1) and likely arise from lamellar stacking and backbone ordering.5 The PBTATBT-4f:Y6 blend GIWAXS (Figure 5a) exhibits the same features as  the neat polymers and neat Y6, i.e., a strong OoP (010) feature potentially attributable to π-face-on Y6. 
      In marked contrast, the PBTATBT-2F:Y6 blend GIWAXS (Figure 5b) exhibits a completely different peak arrangement vs neat PBTATBT-2F and Y6 films, indicating new blend crystal packing motifs are present, that are not present in the neat materials. The blend pattern most closely resembles that of neat Y6 films, but with the two IP peaks shifted to lower q-values, corresponding to lattice spacings of ≈ 31.4 Å (q ≈ 0.2 Å -1) and 17.4 Å (q ≈ 0.36 Å -1); the OoP peak is also shifted to smaller q. Overall these changes suggest an expanded unit cell. Two possibilities for the new packing motif are 1) a metastable Y6 polymorph with a different unit cell23 or 2) a polymer-Y6 co-crystal with an expanded Y6 lattice. Although published GIWAXS data for Y6 are limited, there is no evidence of polymorphism. Further, no polymorph is observed in the PBTATBT-4f:Y6 blend or Y6 neat films, which are processed identically (Figure S16). Thus, it is more likely that the new packing motif arises from formation of a bimolecular co-crystal that includes both the Y6
[image: ]
Figure 5. (a) 2D-GIWAXS patterns and false-colored TEM image of polymer:Y6 optimized blend films. (b) 1D profiles of in-plane line-cuts from 2D-GIWAXS patterns. (c) Relative average phase purities from R-SoXS. Error bars in (c) are purity uncertainties calculated from R-SoXS data acquired at photon energies in the range (283 to 283.8) eV.
molecule and PBTATBT-2f, and thus has an expanded lattice. Co-crystals have been observed occasionally in polymer:fullerene blends,24 but this is the first such observation of bimolecular co-crystal formation in NFA blends. Co-crystal formation in PBTATBT-2f:Y6 can explain the p-n heterojunction drift-diffusion model breakdown seen in the IPDA since isolated heterojunction domains, where p-domains/n-domains are not necessarily interconnected, would disrupt global fields at local level.  Note, in co-crystal blends, Voc is not necessarily limited by standard loss mechanisms (e.g., large densities of trap states) and thus, the  larger PBTATBT-2f:Y6 Voc may arise from additional built-in fields between co-crystals, different energies of charge-transfer states and their hybridization with local excitons.25 VOC losses from charge transfer state radiative, and non-radiation recombination could be quantified using the specialized technique of correlated electroluminescence/EQE measurements; however, breakdown of standard single-junction drift-diffusion model in PBTATBT-2f:Y6 suggests potential inapplicability of these analytical models.25a, 25b, 26 
   Despite the differences in crystal packing motifs, we compared the relative diffraction strengths of the PBTATBT-2f:Y6 and PBTATBT-4f:Y6 blends from pole figures (Figure, S15). Due to overlapping polymer and Y6 contributions, we integrated over a broad q-range (0.15 to 0.6 Å-1). The PBTATBT-2f:Y6 blend has ≈ 20 % higher diffraction strength than  the PBTATBT-4f:Y6 blend. If the packing motifs are similar, this result suggests that the PBTATBT-2f:Y6 blend relative crystallinity is higher, but given the different packing motif, this result inconclusive.
      To further investigate the phase separation in these blends the relative average composition variation (phase purities) of the PBTATBT-4f:Y6 and PBTATBT-2f:Y6 films were measured using resonant soft X-ray scattering (R-SoXS). R-SoXS profiles for blend samples acquired at an energy that maximizes compositional contrast (283.5 eV) are shown in Figure S16. The scattering profiles for both samples have a distinct peak corresponding to the size distributions present in the systems. The median size scales are found to be ~58 nm and ~71 nm for PBTATBT-4f:Y6 and PBTATBT-2f:Y6, respectively. The relative average phase purities were obtained from the integrated scattering intensity (ISI) of the scattering profiles,  (see SI). The PBTATBT-4f:Y6 film is found to have higher average phase purity over the measured size scales versus the PBTATBT-2f:Y6 film (Figure 5c). The lower PBTATBT-2f:Y6 phase purity is consistent with co-crystal formation because the presence of a phase incorporating both molecules would lower the phase purity by this measurement. In principle, the phase purity could be reduced to zero if a co-crystal were the only phase present; our non-zero phase purity measurement suggests that, if there is a co-crystal, there is one or more additional phases present – perhaps amorphous phases, as the GIWAXS does not indicate any pure component unit cell present. The higher phase purity, reduced π-π stacking distances, and the absence of intercalated Y6 crystals are all consistently correlated with superior OSC metrics, and together these morphological traits reasonably explain the superior performance of PBTATBT-4f:Y6 OSCs. Further, if a bimolecular co-crystal is present in the PBTATBT-2f:Y6 blend, it is likely responsible for the substantial recombination losses.
 Finally, TEM measurements (Figure 5a-inserts) are consistent with the RSoXS results. The pristine PBTATBT-4f:Y6 blend film exhibits ordered phase separation and a heterogeneous, fibrous microstructure, while the PBTATBT-2f:Y6 blend has a homogeneous film morphology, possibly dominated by bimolecular co-crystals, and no remarkable features. After thermal annealing, the domain size of PBTATBT-4f:Y6 blend films significantly decreases, which should favor charge dissociation at D/A interfaces, hence higher Jsc and FF.27
  In summary, we report excellent OSC performance for the readily accessible donor polymer PBTATBT-4f blended with the Y6 acceptor, achieving PCEs > 16 %. Detailed blend microstructural and photophysical analyses support the favorable alignment of PBTATBT-4f and Y6 properties, indicating that BTA-2f is a promising unit for creating new OSC materials. Finally, we report the first evidence for bimolecular co-crystallization in NFA OSCs which implies major consequences for materials performance, as also rationalized by impedance spectroscopic data. This work provides clear evidence that co-crystal formation can occur also for blends employing NFAs,  which is not obvious considering the very different symmetries vs. fullerenes, and ways these molecules crystallize.  This should be guidance for developing new generations of OSC materials.
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