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ABSTRACT: The end-capping group (EG) is the essential electron-withdrawing component of non-fullerene acceptors (NFAs) in bulk heterojunction (BHJ) organic solar cells (OSCs). To systematically probe the impact of two frequent EG functionalization strategies, π-extension and halogenation, in A-DAD-A type NFAs, we synthesized and characterized four such NFAs: BT-BIC, LIC, L4F, and BO-L4F. To assess the relative importance of these strategies, we contrast these NFAs with the baseline acceptors, Y5 and Y6. Up to 16.6% power conversion efficiency (PCE) in binary inverted OSCs with BT-BO-L4F combining π-extension and halogenation was yielded. When these two factors are combined, the effect on optical absorption is cumulative. Single-crystal π-π stacking distances are similar for the EG strategies of π-extension. Increasing the alkyl substituent length from BT-L4F to BT-BO-L4F significantly alters the packing motif and eliminates the EG·- core interactions of BT-L4F. Electronic structure computations reveal some of the largest NFA π-π electronic couplings observed to date, 103.8 meV in BT-L4F and 47.5 meV in BT-BO-L4F. Computed electronic reorganization energies, 132 and 133 meV for BT-L4F and BT-BO-L4F, respectively, are also lower than Y6 (150 meV). BHJ blends shows preferential π-face-on orientation and both fluorination and π-extension increase NFA crystallinity. Femto/nano- second transient absorption spectroscopy (fs/nsTA) and integrated photocurrent device analysis (IPDA) indicate that π-extension modifies the phase separation to enhance film ordering and carrier mobility, while fluorination suppresses unimolecular recombination. This systematic study highlights the synergistic effects of NFA π-extension and fluorination in affording efficient OSCs and provides insights into designing next-generation materials.
1 INTRODUCTION
Efficient solar energy harvesting is one of the most desired targets of future renewable resource development. Organic photovoltaic (OPV) cells utilizing electron-donor + electron-acceptor semiconducting bulk-heterojunction (BHJ) blends as photoactive layers are a promising approach toward this goal. Compared with conventional inorganic solar cells, such as silicon, cadmium telluride, and copper indium gallium selenide, BHJ-OPVs offer a variety of attractions, including the absence of toxic or scarce heavy-metals, low-cost solution processability, mechanical flexibility (amenable to roll-to-roll manufacturing), tunable transparency, and lightweight.1, 2 The rapid recent development of OPVs has now elevated power conversion efficiencies (PCEs) to > 17%, due in large part to new non-fullerene acceptors (NFAs) with intramolecular donor-acceptor (D-A) structures.3-9 These D-A interactions within the NFAs can be constructed by modular synthesis, which mainly includes three elements: aromatic core (D unit), end-capping group (A unit), and alkyl sidechain (Figure 1).
       From these three elements, the design of new acceptor structures, such as the popular ITIC,10, 11 and Y6,12-14 and their derivatives have attracted great attention (Figures 1and 2),15-20 with diverse physiochemical techniques applied to understand their function.21-24 Among the three synthetic aspects of NFAs, the end-capping group (A unit), is thought important in regulating molecular packing, electronic structure, reorganization energetics, and carrier mobility, which are essential performance ingredients in the resulting solar cells.25 In the current end-group (EG) literature, 1,1-dicyanomethylene-3-indanone (IC), is one of the most widely used EGs due to its outstanding electron-withdrawing capacity, molecular planarity, facile chemical modification, and superior solar cell performance.
       To date, most research on IC-based NFA EGs has focused on end group substituent modification, including halogenation26-28 and π-system extension.29-31 Each strategy has been explored individually in A-D-A motif NFAs. Thus, the ITN (3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-benz-(5,6)indanone))-5,5,11,11-tetrakis(4-nonylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]di-thiophene ) and ITzN (3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-benz(6,7)indanone))-5,5,11,11-tetrakis(4-nonylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene) acceptor families are EG-extended from the ITIC core,29 with π-extension increasing electronic delocalization, hence red-shifting the optical absorption, significantly increasing OSC performance metrics. In contrast, EG halogenation is typically implemented to adjust highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energetics, achieve proper donor/acceptor energy offsets, and manipulate the NFA molecular miscibility.27, 32-34 For example, we achieved PCEs near 12 % by fluorinating the IC-EG ITIC core at different levels.27 However, the combined influence of these two strategies on OPV properties in A-DAD-A type NFAs has not been explored to date in high-performing OPV systems. A systematic analysis of the embedded trends and an atomic-level comparison of structures and operating mechanisms of these two strategies should provide much needed guidance for the future development of efficient NFAs and OPVs.
[image: ]
Figure 1. NFA D-A architecture. Top: A-D-A type NFA representative: ITIC; Bottom: A-DAD-A type NFA representative: Y5.

        In this contribution, we systematically investigate the effect of π-extension, fluorination (as an example of halogenation) and their combined effects on A-DAD-A type NFAs, including their impact on photophysical and electronic parameters (Section 2.1), solar cell performance when paired with donor polymers PBDB-T and PBDB-T-2F (Section 2.2), single crystal packing (Section 2.3), and computed MO topologies, reorganization energies, and electronic couplings (Section 2.4), film morphology and carrier mobility (Section 2.5), charge photogeneration and recombination dynamics at ultrafast timescales (Section 2.6), and  in-situ recombination dynamics using impedance spectroscopy (Section 2.7). Here we utilize the skeleton of Y5 as a model non-functionalized A-DAD-A type NFA.
[bookmark: _Hlk51625182]        We show that specific EG functionalizations influence the overall acceptor properties and therefore afford clear differences in the cell performance metrics. Indeed, the differences between cells with optimized and unoptimized EGs can vary dramatically (vide infra). Linear and bent π-extension are introduced to the plain IC EG to offer conjugation-extended EGs: LIC (linear), and BIC (bent), respectively (Figure 2a below). Therefore, two resulting A-DAD-A type NFA frameworks, BT-LIC and BT-BIC, are systematically investigated. The LIC-EG yields red-shifted light absorption and upshifted acceptor LUMOs, thus encouraging further EG optimization in the form of linear π-extension and fluorination, L4F. Among the four resulting acceptors shown in Figure 2a, the NFA combining the two EG modification elements, BT-BO-L4F, delivers the best photovoltaic performance with PCE up to 16.6% in inverted cells with donor polymers PBDB-T and PBDB-T-2F (Figure 2a), among the highest records in the current literature. Precise intermolecular stacking patterns are acquired for all four new NFAs by single crystal X-ray diffraction and compared to reveal systematic trends in intermolecular π-π distances and distinctive stacking features. Unique EG-core and core-core interactions are observed in these new acceptors, arguing that efficient hole/electron transport involves not only the LUMO-dominated EGs, but also the HOMO-rich cores, very different from previous patterns in the ITN29, 35, 36 and Y6 families of semiconductors.13
       Regarding BHJ structure-function mechanistic features, it will be seen that BHJ films fabricated with PBDB-T and PBDB-T-2F and the π-extended acceptors have similar surface roughness and bulk phase separation, while the GIWAXS data show preferential π-face-on orientation in all blends, regardless of the side chain dimensions. Both EG fluorination and π-extension increase the acceptor crystallinity, however the overall BHJ film crystallinity is also heavily influenced by the NFA alkyl chain length. Furthermore, the π-π stacking distance is not the sole factor governing the molecular packing, and intramolecular torsion also plays a role. Note that both ultrafast optical and impedance spectroscopy indicate that NFA π-extension manipulates the phase separation, affording improved film morphology and higher carrier mobility, while the fluorination reduces the rate of monomolecular recombination. Overall, these results clarify the effects of systematic NFA end-group conjugative extension and fluorination on OSC active layer structure-function and provide guidelines for future high-performance solar cell materials design.

2. RESULTS AND DISCUSSION
We begin with the synthesis and characterization of the new acceptor molecules and then blend them with donor polymers PBDB-T and PBDB-T-2F to study the EG impact on the photovoltaics parameters. The fundamental impact of EG π-extension and halogenation and their synergistic interplay are then assessed by multiple characterization techniques, including single-crystal diffraction, space-charge-limited current (SCLC) measurements, two dimensional-grazing incidence wide angle X-ray scattering (2D-GIWAXS), atomic force microscope (AFM), transmission electron microscope (TEM), time-resolved femto/nano-second transient absorption (fsTA and nsTA) and impedance-based integrated photocurrent device analysis (IPDA). All the experimental details are reported in the Supporting Information (SI).
2.1 Acceptor Synthesis and Physical Properties
The chemical structures of the ADADA-type NFAs, Y5, BT-BIC, BT-LIC, Y6, BT-L4F, and BT-BO-L4F are shown in Figure 2a. The synthetic procedures are outlined in the supporting information Schemes S1-S4. 1H,13C, 19F nuclear magnetic resonance (NMR) spectra and mass spectra are also in the supporting information (Figures S1-S12). To fully examine the role of fluorination, the commercially sourced control Y6 molecule was used for comparisons. The thermal properties of all acceptors were investigated first by thermogravimetric analysis (TGA). TGA shows that all new acceptors have thermal decomposition temperatures (5% mass loss) above 330℃ (Figure S18), suggesting excellent thermal stability.
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Figure 2. Systematics of NFA and donor polymer structures and physical properties a. Molecular structures of acceptors: Y5, Y6, BT-LIC (linear π-extended), BT-BIC (bent π-extended), BT-(BO)-L4F (linear π-extended and fluorinated), R1 = 2-ethylhexyl, R2 = n-undecyl, R3 = 2-butyloctyl; donors PBDB-T and PBDB-T-2F. b. Normalized absorption spectra of acceptors in thin film. c. Energetics of all acceptors and donor polymers in this study.


      The optical absorption of the new acceptors was investigated with UV-Vis-NIR spectroscopy. (Figure 2b, Table 1, and Figures S13, S14). All six acceptors have strong, broad absorption in the range of 550-850 nm in chloroform solution. From the molar absorption coefficients (MAC, Figure S13), it can be seen that linear π-extension slightly increases the coefficient in solution (1.14×105 L/[mol cm-1] for BT-LIC vs. 1.09×105 L/[mol cm-1] for Y5), whereas fluorination slightly decreases the coefficient (1.03×105 L/[mol cm-1] for Y6). Interestingly, while the linear π-extended acceptor BT-LIC exhibits a weak, red-shifted absorption, the bent π-extended acceptor BT-BIC features a significantly blue-shift versus the non-extended plain Y5. This shifting tendency of π-extension parallels previous work.29 In contrast, the effects of fluorination on the absorption profile are more straightforward, in that all fluorinated acceptors exhibit red-shifts both in solution and in films compared to their fluorine-free counterparts (i.e., Y6 vs. Y5, BT-LIC vs. BT-(BO)-L4F). Overall, π-extension and fluorination do not change the holistic profile of the absorption spectra markedly. 
       The Δλmax was also calculated (Δλmax = λmax, film - λmax, sol) to elucidate the tendency of π-extension and fluorination for molecular aggregation (Table 1). It shows that the linear π-extension enhances the intermolecular interaction compared with the non-extended Y5 by red-shifting λmax by ≈10 nm (801 nm vs. 789 nm). In contrast, the bent π-extension reduces the extent of interaction, so the BT-BIC λmax is blue-shifted by ≈ 40 nm compared with the BT-LIC (748 nm vs. 789 nm). In contrast, fluorinated but non-extended Y6 shows an unexpected Δλmax of 105 nm, which is ≈16 nm more than that for Y5 (Figure 2b & S13). Therefore, both linear π-extension and fluorination on the EG enhance NFA intermolecular interactions. When these two beneficial factors are combined, new acceptors, BT-L4F and BT-BO-L4F, show larger red-shifts than BT-LIC and Y6, so that the resulting BT-L4F and BT-BO-L4F films possess a λonset of 936 nm and 934 nm, respectively. To the best of our knowledge, this absorption onset corresponds to one of the lowest optical bandgaps of an NFA to date. In contrast, the elongated, branched BT-BO-L4F alkyl chain negligibly reduces the extent of aggregation vs BT-L4F. However, it will be seen that this small difference significantly changes the BT-BO-L4F packing motif and solubility in common solvents, such as chloroform, chlorobenzene, and dichlorobenzene (vide infra). 
      The intensity ratio of the 0-1 peak (λmax, film) to the 0-0 peak (intensity ratio, Table 1) in the film absorption spectrum is a measure of the π-π* transition strength and the intramolecular charge transfer (ICT),37 hence molecular aggregation.30 The linear π-extended BT-LIC shows a slightly larger intensity ratio vs  Y5, however BT-BIC shows diminished relative strength, suggesting that there is a slightly enhanced π-π* transition and a stronger ICT in the films of BT-LIC than those of Y5. This trend agrees with the Δλmax trends discussed above. The intensity ratios in the fluorinated acceptors are clearly higher than in the non-fluorinated acceptors, which further argues that fluorination is key to promoting the molecular stacking and benefits the ICT. Therefore, BT-L4F and BT-BO-L4F are synergistically affected by the linear π-extension and fluorination.

Table 1. Summary of BT-BIC, LIC, L4F, BO-L4F, Y5, and Y6 optical properties.

	Acceptor
	[bookmark: _Hlk53474426]λmax, nm
	λonset, nm
	Δλmax nm
	0-1 Peak, nm
(Ratio to 0-0)
	cEgopt

	
	Solutiona
	Filmb, (1-1peak)
	Solutiona
	Filmb
	
	
	

	BT-BIC
	688
	748
	754
	817
	60
	680 (1.28)
	1.52

	Y5
	700
	789
	759
	884
	89
	698 (1.43)
	1.40

	BT-LIC
	733
	801
	792
	895
	68
	709 (1.47)
	1.38

	Y6
	712
	817
	770
	914
	105
	716 (1.85)
	1.36

	BT-L4F
	762
	838
	822
	936
	76
	743 (1.70)
	1.32

	BT-BO-L4F
	762
	837
	822
	934
	75
	744 (1.82)
	1.32


a Solution absorption was recorded in 0.0050 mg/mL chloroform solution. bFilm absorption was recorded from spin-coated film from 5.0 mg/mL chloroform solution. c optical band gap was calculated by 1240/λonset, film.


The frontier molecular orbital (FMO) energies of the donor polymers and the NFAs were probed in films by cyclic voltammetry with the standard ferrocene/ferrocenium (Fc/Fc+) reference38 (Figure 2c and Figures S15-17), and also calculated by density functional theory (DFT)-level computation (Figure 2c and Figure 5). Note that starting from the Y5, the linear π-extension narrows the HOMO/LUMO gap without downshifting the LUMO. However, the bent π-extension enlarges the BT-BIC bandgap, and this trend is consistent with the results from the onset of the optical absorption spectra and with a previous report on ITN and ITzN acceptor properties.29 In addition to widening the bandgap, the π-extension only marginally elevates the acceptor HOMO and LUMO levels. This reflects the fact that naphthalene-based π-extension EG introduces two more pairs of π-electrons distributed over four sp2-hybridized carbons of the EGs, thereby increasing the EG electron-donating characteristics and reducing the overall acceptor D-A character.
       Note that fluorination lowers the energy levels of the acceptors significantly. The Y5 HOMO/LUMO decrease by 0.08 eV/0.13 eV, respectively, upon fluorination (Y6). The HOMO/LUMO of BT-(BO)-L4F fall by 0.15 eV/0.16 eV, respectively, vs non-fluorinated BT-LIC, demonstrating that π-extension and fluorination function synergistically. The CV-derived band gap trend is in good agreement with the optical band gap trend derived from the film absorption spectra.
2.2 Photovoltaic Characteristics.
[bookmark: _Hlk46019957]To understand the effect of π-extension and EG fluorination on the device performance, we fabricated and optimized inverted OSCs with the architecture, indium tin oxide (ITO)/Zinc Oxide (ZnO)/Donor:NFAs/MoOx/Ag (Table 2, Figure 3, and Tables S2-S7). Considering slightly elevated energy levels of the new acceptors, two donor polymer candidates, PBDB-T39 and PBDB-T-2F, were chosen to optimize and compare the performance of each acceptor. Surprisingly, excellent performance can be realized by both π-extended acceptors (BT-LIC and BT-BO-L4F) without processing additives. In contrast, an additive is usually considered to be essential to manipulate the morphology of typical non-extended A-DAD-A type acceptors.12, 40, 41 This is qualitatively ascribed to the enhanced crystallization characteristics of the naphthalene-based extended EG (vide infra), which is structurally analogous to the highly effective additive’ 1-chloronaphthalene (1-CN). This additive-free feature should provide advantages in large-scale cost-sensitive industrial manufacture. Compared with Y5 based devices, the short-circuit current (JSC) of BT-LIC is increased by 7 %, while VOC and fill factor (FF) remain comparable. Therefore, the efficiency of BT-LIC based OSCs is slightly higher than the devices with Y5 when fabricating without additives. To compare with the Y6 blend, 0.25% 1-CN was added to the PBDB-T:BT-LIC layer, yielding a far rougher film morphology, indicating formation of large crystalline domains in the blend film of the π-extended acceptors. Encouragingly, despite the smaller BT-LIC bandgap, the OPVs exhibit a statistically identical cell open-circuit voltage (VOC) to the Y5 cells when blended with the PBDB-T donor. This result suggests a smaller non-radiative energy loss42, 43 (ΔEloss = Eg – q*VOC, where Eg is the optical bandgap, and q is the unit charge) in the PBDB-T:BT-LIC active layer, arguing that the π-extension strategy enables an enhanced conversion of photon energy to electrical potential.44
        Unlike the linearly extended BT-LIC, the BT-BIC has modest solubility in chloroform resulting in poor cell performance. Other processing solvents, including chlorobenzene and dichlorobenzene, give slightly increased OSC performance, but still below that of the BT-LIC based devices. Thus, viewing the fluorinated donors and acceptors together (Table 2), an impressive average performance of 16.0 % is realized by the additive-free PBDB-T-2F:BT-BO-L4F blend. Similar to the non-fluorinated acceptors mentioned above, the enhanced performance of BT-BO-L4F is mainly ascribed to the broadened absorption spectrum and improved JSC, whereas the VOC of BT-BO-L4F and Y6 are comparable due to the close LUMO energies, suggesting a lower energy loss in BT-BO-L4F. Adding 0.25 % 1-CN to the PBDB-T-2F:Y6 OSCs results in a significant enhancement of JSC in the PBDB-T-2F:Y6 blend, and thus a higher PCE of 14.9 % is achieved. Further adding the Y6 as a ternary component to the BT-BO-L4F does not further increase the PCE. Unlike BT-BO-L4F that achieves a balance between crystallinity and light-harvesting capacity, the shortened sidechain of BT-L4F promotes strong self-aggregation during coating, such that macroscopic coarse features are formed, resulting in poor device performance.
       To confirm the validity of the photovoltaic properties, external quantum efficiencies (EQEs) were also measured (Figures 3c & 3d). PBDB-T-2F: BT-BO-L4F exhibits broad photovoltaic response of over 85 % in the 550-600 nm range. From the response spectra, the PBDB-T-2F: BT-BO-L4F based devices exhibit an impressive integrated JSC of 27.6 mA/cm2, in good agreement with the photovoltaic parameters (less than 3 % mismatch).

[image: ]
Figure 3. Photovoltaic properties. a. J-V plots of optimized OSCs with non-fluorinated acceptors Y5, BT-LIC, and BT-BIC blended with the non-fluorinated donor, PBDB-T. b. J-V plots of optimized OSCs with fluorinated acceptors Y6, BT-L4F, and BT-BO-L4F blended with the fluorinated donor, PBDB-T-2F. c. EQE spectra of Y5, BT-LIC, and BT-BIC blended with PBDB-T. d. EQE spectra of Y6, BT-L4F, and BT-BO-L4F blended with PBDB-T-2F. All plots shown are from devices fabricated without additive.


Table2. Summary of the photovoltaic performance parameters.
	Entry
	Active Layer
	VOC [V]
	JSC [mA/cm2]
	FF [%]
	PCE [%]c,d

	1
	PBDB-T: Y5
	0.86±0.01(0.86)
	22.3±0.3(22.7)
	60.9±0.6(61.2)
	11.7±0.3(11.9)

	2
	PBDB-T: BT-BICa
	0.72±0.01(0.72)
	15.0±0.5(15.3)
	63.5±0.3(63.8)
	6.8±0.3(7.0)

	3
	PBDB-T: BT-LIC
	0.85±0.03(0.86)
	24.1±0.7(24.3)
	61.6±0.5(63.2)
	13.0±0.2(13.2)

	4
	PBDB-T-2F: BT-LIC
	0.84±0.02(0.85)
	23.3±0.5(23.5)
	51.2±0.6(52.0)
	10.3±0.2(10.4)

	5
	PBDB-T-2F: Y6
	0.84±0.01(0.84)
	23.1±0.6(23.2)
	67.3±1.3(71.3)
	13.5±0.2(13.8)

	6
	PBDB-T-2F: Y6b
	0.84±0.01(0.84)
	26.0±0.5(26.3)
	67.4±0.9(68.1)
	14.5±0.4(14.9)

	7
	PBDB-T-2F: BT-L4F
	0.84±0.01(0.84)
	21.2±0.3(21.3)
	51.3±0.5(51.6)
	9.0±0.5(9.3)

	8
	PBDB-T-2F: BT-BO-L4F
	0.83±0.01(0.83)
	27.8±0.4(28.4)
	69.5±0.7(70.3)
	16.0±0.8(16.6)

	9
	PBDB-T: BT-BO-L4F
	0.72±0.02(0.72)
	26.4±0.7(26.9)
	56.8±1.1(57.4)
	11.1±0.2(11.2)


[bookmark: OLE_LINK1][bookmark: OLE_LINK2]a Fabricated using chlorobenzene as processing solvent. b Fabricated with 0.25% 1-CN in chloroform as processing additive. c Photovoltaic data reported as averages taken over 10 separate devices where ± represents one standard deviation of the mean, and the numbers in parenthesis are from the champion cells. d Measured in ambient environment.


2.3 Molecular Packing and Crystallographic Analysis
To understand the molecular interactions at the atomic level, single crystals of Y5, BT-LIC, BT-L4F, and BT-BO-L4F were grown from saturated solutions of halogenated solvents (Tables 3 & S1). Detailed metrical parameters for each structure are listed in Table 3. The Dso indicates the S…O interaction distance between the core and EG.35 The Y6 crystal data are from a previous publication11 where Φ (Table 3) indicates the torsional angle between the molecular core and the EG through the vinyl connection, which describes the planarity of the molecule. Each bracket in Table 3 stands for one configuration of the acceptor molecule, meaning that Y5, Y6 and BT-BO-L4F possess two different configurations each, whereas BT-LIC and BT-L4F only possess a single configuration in the crystal network. The intermolecular electronic coupling strength (J|max|) and the number of coupling neighbors were calculated from the crystal structure (vide infra). Overall, all these acceptors have essentially planar structures enforced by the fully fused core and the S…O conformational locking,45-47 and with slipped face-to-face packing in all cases. This arrangement allows electronic coupling with multiple neighbors (vide infra). In contrast to the ITIC-like NFAs,27, 35 more than one configuration of a given molecule exists for these A-DAD-A type NFAs, which explains the diversity of π-π interactions. The unique crescent-shape of the A-DAD-A skeleton also leads to 3D interpenetrating networks, whereas the traditional ITIC-like NFAs usually have only 2D connections in the crystal.35 This multiple dimensionality of charge transport benefits the charge carrier mobility in the active layer and potentially contributes to the superior OSC performance.48 The S···O interaction distances are roughly the same (≈ 2.6 Å) for all acceptors, however the torsional angle at the vinyl-connection is significantly impacted by the EG. Note that both π-extension and fluorination enlarge the difference in torsion between the two ‘arms’ of the molecule, and the fluorination is more effective in increasing the torsion of one arm (Table 3). This observation complies with the tendency of the number of coupling neighbors of each molecule in the crystal, the acceptors with more contorted ‘arms’ having fewer coupling neighbors due to the steric hindrance.
      The crystal packing pattern is also impacted profoundly by the EG which is necessary for molecular aggregation in NFAs. Viewing from the direction of EG stacking (Figure 4a), all the acceptors form 3D interpenetrating networks organized by EG and core stacking. Interestingly, in the Y5 crystal packing, 1/4 of the end-groups do not overlap with any neighbors due to the crossed orientation of the stacking. Note that the crossing is diminished in Y6 and BT-LIC 4a, suggesting both π-extension and fluorination are beneficial to enhance the EG-EG stacking. The π-extension increases the packing extent in BT-LIC, such that, in addition to the conventional reversed parallel EG stacking (head-to-foot), BT-LIC shows a new head-to-head EG stacking pattern. This is the first time such a stacking pattern has been observed in an NFA and affords a dense BT-LIC packing network, whereas other acceptors show less dense packing networks with typical hollow topologies. The BT-L4F stacking pattern is more like of Y6 and significantly distinct from that of BT-LIC. BT-L4F is also different from Y6 in terms of the extent of the EG-core stacking that is greater than in Y6 (Figure 4a).
Table 3. Crystallographic and π–π interaction parameters and of the indicated acceptors.
[bookmark: _Hlk46050670]
	Molecule
	[bookmark: _Hlk45895716]Dso [Å]
	Φ[o]
	|J|max [meV]
	Number of Neighbors

	Y5
	(2.65, 2.67), (2.67, 2.67)
	(1.5,1.6), (3.9, 3.9)
	63.3
	15

	Y6a
	(2.60, 2.67), (2.65, 2.67)
	(2.2, 5.3), (4.1, 6.7)
	37.9
	5

	BT-LIC
	(2.64, 2.68)
	(0.3, 2.6)
	36.5
	12

	BT-L4F
	(2.65, 2.70)
	(0.15,3.9)
	103.8
	15

	BT-BO-L4F
	(2.60,2.69), (2.65, 2.66)
	(3.4, 7.3), (0.7, 9.3)
	47.5
	4


a Crystal structure of Y6 obtained from our previously reported work.13 Copyright 2020 American Chemical Society.

[image: ]

Figure 4. Molecular stacking and interactions comparison of NFA for the indicated molecules. a. Acceptor single crystal packing viewing from the end-group stacking direction. The EG-unit labeled with red, the core-unit is labeled with grey. b. π-π interlayer distance between acceptor molecular layers. c. Intermolecular stacking pattern, the red, blue, and green of the end-group were used to indicate the spatial positioning of the molecule (top: red, middle: blue, bottom: green).


      Intuitively, it is expected that slight elongation of the alkyl substituent chain would only influence the solvation of BT-BO-L4F, while the crystallographic and electronic structure would remain largely unchanged. However, the alkyl chain length is found to be impactful not only for solubility but also for the film morphology and charge transport properties. Thus, BT-BO-L4F has a completely different NFA stacking motif (Figure 4). Previous work by Zhan, et al.17 showed that fluorination of acceptor alkyl side chains can leads to very different packing networks. Our previous work also showed that elongated alkyl chains can alter network π-π stacking distances by varying the percentage of ‘edge-on’ orientation.35 However, the case reported here is the first NFA example where elongated alkyl chains lead to a completely different packing topology, i.e., a monoclinic cell for BT-L4F and triclinic cell for BT-BO-L4F, instead of simply modifying the π-π stacking distance. 
[bookmark: _Hlk45900043]      The crystallographic π-π interaction distances were also examined for all acceptors (Figure 4b). Starting from baseline Y5 (3.5-3.7 Å), it is found that both π-extension and fluorination reduce the π-π stacking distance, indicating closer molecular packing/aggregation. The Y6 shows ≈3.4 Å π-π distance, while the BT-LIC shows a ≈3.3 Å π-π distance. This result parallels a previous report in the ITN acceptor family.27 However, further introducing the π-extension in the Y6 framework as in BT-L4F and BT-BO-L4F only slightly contracts the π-π distance (Figure 4b) probably because the interplanar distance of ≈3.3 Å approaches the van der Waals limits for π-π stacking.49 The intramolecular torsion in BT-BO-L4F enables a more contorted ‘arm’ in the molecule, which prevents a single acceptor molecule from having too many coupling neighbors50 (Table 3) nearby and possessing too strong coupling strength ,thus improving the solvation of the molecule.
      The tendency for NFA aggregation is also affected by EG π-extension and fluorination. The crystal packing patterns of the acceptors are shown in Figure 4c. Note that benchmark Y5 possesses well-aligned EG-EG, thiophene (Th)-Th, and benzothiadiazole (BT)-BT stacking. In contrast to Y6, the Th-Th, BT-BT interactions are lost, and instead a new Th-EG stacking motif is formed. As for the effects of π-extension, compared with Y5, π-extended BT-LIC only exhibits enhanced EG-EG interactions (head-to-head + head-to-foot), while other types of aggregation are mostly lost. Thus, it was of great interest to determine whether an acceptor combining both π-extension and fluorination can take advantages of both strategies while avoiding any limitations of each. Happily, BT-L4F achieves this goal (Figures 4b & 4c). Thus, BT-L4F possesses all four types of stacking, including EG-EG, Th-Th, EG-Th, and BT-BT. These interactions endow BT-L4F with a strong self-aggregation tendency, which must be counterbalanced energetically by the solvation of the processing solvent. However, when the N-alkyl sidechain is elongated as in BT-BO-L4F, the crystallographic aggregation changes significantly. In the BT-BO-L4F crystal, all BT-L4F aggregation types are preserved except for the EG-Th interaction. Thus, the self-aggregation tendency of BT-L4F is slightly moderated in BT-BO-L4F, affording a better film morphology and an improved cell performance, with PCE as high as 16.6 % in PBDB-T-2F: BT-BO-L4F solar cells.
2.4 Computational Studies
2.4.1 Molecular Orbitals
The frontier molecular orbitals (FMOs; HOMO/LUMO ±1) of BT-BIC, BT-LIC, BT-L4F and BT-BO-L4F are shown in Figure S50 (Y6 in ref. 13). Detailed computation methods are summarized in the Supporting Information. An obvious feature is a complete delocalization of the orbitals across the breadth of the structures, affording an energetic propensity for charge injection. Inspection of the HOMO and HOMO-1 levels reveals no degeneracy, although the LUMO and LUMO+1 levels are separated by only ≈0.2 - 0.3 eV, meaning both unoccupied eigenstates are possible pathways for conduction. Qualitatively, the density on the terminal aryl units is greater for the LUMO than for the HOMO, which gives weight to the hypothesis that the intermolecular interactions between these electron-withdrawing groups are key components for the propagation of charge. Note that the additional alkyl chains in BT-BO-L4F do not significantly alter the charge densities but do destabilize the HOMO and LUMO by 0.03 eV with respect to BT-L4F. This finding is in good agreement with the FMOs estimated from CV (Figure 2c). Note that the orbitals of BT-L4F and BT-BO-L4F lie relatively lower than their non‑fluorinated parent structures BT-BIC, BT-LIC and Y5, although they are on par with those of Y6 (ref. 13). Their FMO gaps do not vary significantly, and range between 1.98 eV (BT-BO-L4F) and 2.08 eV (Y6), as illustrated in Figure S46.
2.4.2 Reorganization, Ionization, and Affinity Energies
Figure 6a shows the internal hole and electron reorganization energies for the four new NFAs as well as Y5 and Y6 for comparison. The hole reorganizations are consistently 0.1 - 0.6 eV higher in energy than the electron reorganizations. Interestingly, those of Y5 (non-fluorinated) and Y6 (fluorinated) are relatively higher by ≈0.25 eV than those of the new BT‑BIC/LIC/L4F/BO-L4F acceptors in this study. The fact that the internal reorganization energies of these BT electron acceptors range between 0.123 - 0.140 eV makes them some of the most attractive NFA candidates discovered to date.
       Computed vertical ionization energies are shown in Figure 5b, revealing ionization energies as high as 7.27 eV, which is excellent for stabilizing hole defects and enhancing environmental stability. The vertical electron affinities of BT‑BIC (2.71 eV) and BT‑LIC (2.85 eV) are comparable to the Y5 (2.78 eV), while those of BT‑L4F (2.99 eV) and BT‑BO‑L4F (2.97 eV) are higher in energy than Y6 (2.83 eV), suggesting an 0.15 eV improvement. It is reported that affinities between 2-4 eV are ideal for electron stability,11 whereas those smaller than 2 eV are easy to reduce and those greater than 4 eV have too strong electron retention, leading to recombination.
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Figure 5. (a) Internal hole and electron reorganization energies (eV) for the indicated NFAs. (b) Vertical ionization energies and vertical electron affinities (eV) for the indicated NFAs; those for Y6 are from ref. 13.
2.4.3 Electronic Coupling
       The measure of the charge transfer between NFAs is conventionally determined by the electronic coupling between a reference molecule and its nearest neighbors in the solid state, such as a single crystal. A reference molecule is identified in the single crystal and assigned a label, such as A, and the others are labelled accordingly, such as B, C…etc. until all near-neighbors are identified. The coupling is computed, normally at the quantum mechanical level, between A and each neighbor as pairs, such as AB, AC…etc., and this provides an understanding of how charge transports through a molecular material, including charge transport anisotropy. Figure 6 shows the nearest neighbors and their respective labels for the BT NFAs; BT-BIC did not form a single crystal, so it is not included. The single crystal of BT-LIC has 14 nearest neighbors, and its fluorinated homologue BT-L4F which has 15. The large number of neighbors is unusual because halogens such as fluorine tend to generate single crystals that are more closely packed than without, such as with non-fluorinated Y5 (11 neighbors) and fluorinated Y6 (4 neighbors). Note, BT-BO-L4F has 4 neighbors. The electron coupling for the four novel acceptors and Y5 are illustrated in Figure 6B, with those of Y6 included from ref. 13. The coupling was calculated using DFT with a freeze and thaw approach to relax the orbitals within a Frozen Density Embedded (FDE) method,51, 52 in the Amsterdam Density Functional (ADF) software package52, see Methods Section (Section 14, SI) for further details. 
     Although all the couplings are included in Figure 6B, only the largest ones are easily seen, so all of them are presented in the Table S9-S14. The most striking feature is that each structure has two significant couplings regardless of the number of nearest neighbors, and upon inspection, this relates to the interfacial interactions of the terminal end groups, rather than core‑core overlap or core‑end overlap between each pair. This correlates with previous studies, including experimental and theoretical analyses across a series of Y6 and ITIC derivatives.36, 53, 54 More specifically, the largest couplings of BT‑LIC are |Jmax| = (34.5 meV and 36.5 meV), which are relatively large compared to those of non-fluorinated ITIC structures |Jmax| ≈ (5.9 meV to 19.2 meV); only ITIC-C9 showed a significant coupling of |Jmax| = 38.8 meV.35 In comparison, Y5, a well-reported high-PCE acceptor,40  has slightly larger couplings, |J| = (53.0 meV and 63.3 meV). The fluorinated BT homologue BT-L4F has two remarkable couplings, |Jmax| = (56.8 meV and 103.8 meV), the latter being one of the largest known for NFAs, to the best of our knowledge, and thus, reflecting near perfect EG alignment. The packing of BT‑BO‑L4F is such that two relatively large couplings are also observed with |J| = (33.0 meV and 47.5 meV), but well below those in BT-L4F due to the longer side-chains of BT‑BO‑L4F reducing the alignment of the EGs. Although BT-L4F would lead to greater exciton delocalization and weaker CT Coulomb interactions at the BHJ interface53, 55, its strong aggregation drive makes it a poor candidate due to large domains and weak interactions with the electrodes. Y6, on the other hand, has even smaller couplings, |J| = (20.9 meV and 37.9 meV), revealing that although fluorination is a leading strategy, it must be combined with other structural and solubility design principles.
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Figure 6. a. Nearest‑neighbor molecules and their alphabetical labels in the single-crystal structures of BT‑LIC, BT‑L4F, BT‑BO‑L4F, and Y5; each one is shown from two directions. b. Electronic-coupling (meV) with respect to nearest neighbors; note that, (1) the structures do not all have the same number of couplings, and (2) the labels are not crystallographically comparable as the molecules are arranged differently in each single crystal. Full coupling details are in Table S12.


2.5 Film Morphology and Charge Transport
To better understand the high-performance device parameters of the BHJ films in terms of film morphology, film crystallinity, charge recombination dynamics, and charge carrier transport characteristics were probed by AFM, TEM, GIWAXS, and charge-selective space-charge-limited current (SCLC) measurements. AFM images (Figures 7a and S19) show that all of the blends are smooth and share similar surface roughness (root-mean-square, Rq ≈ 0.7 nm), except the surface of the Y5 blend film is slightly rougher (Rq ≈ 0.85 nm) than the other blends. This potentially suggests that the superficial features of the active layer are significantly influenced by the donor polymer.56
[bookmark: _Hlk53083174]TEM images (Figures 7a, S21-S25) confirm the overall morphological characteristics suggested by the AFM height images. The blend films were further characterized by 2D-GIWAXS to investigate packing and order. GIWAXS patterns, the corresponding 1D line-cuts, and the d-spacings are summarized in Figures 7a, b, c, S26-S27 and Table S9. The GIWAXS scattering features in all blend data correspond primarily if not exclusively to those of the NFA, implying that some significant fraction of the acceptor is within ordered domains,57-59 whereas the polymers reside in one or more amorphous phases. All the π-extended NFAs exhibit preferential face-on orientation. Similar peak positions and widths are observed in pristine and blend films indicating the acceptors retain crystal-like packing motifs on blending with the polymer. The π-extended and fluorinated acceptors (BT-LIC, BT-L4F, and BT-BO-L4F) have larger lamellar d-spacings and π-π stacking distances, with lamellar stacking (100) peaks at ≈25.3 Å compared to ≈20.9 Å and ≈23.3 Å for Y5 and Y6 respectively. Assuming similar structure factors, the relative crystallinity can be compared from the diffraction strength of integrated pole figures for the three blend samples PBDB-T:BT-LIC, PBDB-T-2F:BT-L4F, and PBDB-T-2F:BT-BO-L4F. The diffraction strength of the BT-L4F blend is considerably greater than that of the BT-LIC or BT-BO-L4F blends. This suggests that BT-L4F has a considerably higher crystallinity which is consistent with what was observed in the single-crystal structure. When the alkyl chain of BT-L4F is elongated, the resulting BT-BO-L4F’s crystallinity is reduced, suggesting that the film is less ordered. The reduced ordering may also explain the improved solubility of BT-BO-L4F.
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Figure 7. BHJ film morphology a. 2D-GIWAXS, AFM height images, and TEM images of the indicated blend films: PBDB-T:BT-LIC, PBDB-T-2F:BT-L4F, and PBDB-T-2F:BT-BO-L4F. b. Pole figures normalized by scattering volume and blend composition for the blend samples calculated from the (100) scattering peak at ≈ 0.25 Å. c. Relative diffraction strengths of the blend films. Uncertainties in relative diffraction strengths are from standard deviation in film thickness and sample length measurements.


    Space-charge-limited current (SCLC) measurements were made on electron-injection-only and hole-injection-only diode devices to estimate the carrier mobilities of the neat and blend films. Fabrication details for electron-only and hole-only devices are described in SI pages S27-S28; data are compiled in Table 4 and Figures S25-26. The neat polymer PBDB-T and PBDB-T-2F films have µh = 1.98±0.48×10-4 cm2V-1s-1 and µh = 3.16±1.09×10-4 cm2V-1s-1, respectively. The neat Y5 and Y6 films have µe = 0.97±0.32×10-4 cm2V-1s-1 and µe = 2.96±0.73×10-4 cm2V-1s-1, respectively. For the BT-LIC, both the µe and µh of the PBDB-T:BT-LIC blend films are greater than for PBDB-T:Y5 blend films. Note also that µe of the PBDB-T-2F:BT-BO-L4F blend films (18.36±4.37×10-4 cm2V-1s-1) is almost 3x greater (6.52±1.48×10-4 cm2V-1s-1) than for the PBDB-T:BT-LIC blend films. This means that in the acceptor combination of π-extension + fluorination strategies, fluorination can be more effective than extension-only in enhancing carrier mobility. As with the neat films, the increase in µh of PBDB-T-2F:BT-BO-L4F vs that of PBDB-T-2F most likely reflects enhanced polymer ordering with BT-BO-L4F as acceptor. Similar to previous reports on ITIC-core NFAs,27, 30 both π-extension and fluorination strategies enhance the hole and electron mobility of the present blend films. Surprisingly, compared with PBDB-T-2F:Y6 films where µh = 9.47×10-4 cm2V-1s-1, π-extended NFA PBDB-T-2F:BT-BO-L4F enables a far larger blend hole mobility,18.36×10-4 cm2V-1s-1. This observation is consistent with the fsTA and IPDA results and potentially contributes to the lower bimolecular recombination in PBDB-T-2F:BT-BO-L4F active layers (vide infra), since this blend has an order of magnitude lower bimolecular recombination rate than PBDB-T-2F:Y6. We suggest that since the donor phase is the main hole transfer channel upon exciton dissociation,61 the slower bimolecular recombination (BR) rate and the higher hole mobility of BT-BO-L4F likely reflects lower BT-BO-L4F crystallinity and a suitable donor-domain size in the blend film.

Table 4. SCLC mobility of the indicated neat and blend films.
	Film
	µha
	µea
	µh/µe

	PBDB-T
	3.98±0.48
	\
	\

	PBDB-T-2F
	8.16±1.09
	\
	\

	Y5
	\
	0.97±0.32
	\

	BT-LIC
	\
	1.40±0.35
	\

	Y6
	\
	2.96±0.73
	\

	BT-BO-L4F
	\
	6.34±1.17
	\

	PBDB-T:Y5
	6.52±1.48
	1.84±0.64
	3.5

	PBDB-T:BT-LIC
	8.07±2.65
	4.06±0.39
	2.0

	PBDB-T-2F:Y6
	9.47±1.23
	6.59±0.47
	1.4

	PBDB-T-2F:BT-BO-L4F
	18.36±4.37
	8.42±2.68
	2.2


a The scale unit of charge carrier mobility: (×10-4cm2V-1s-1). Data are reported as averages taken over 10 separate devices, where ± represents one standard deviation of the mean.
2.6 Femto/Nanosecond Transient Absorption Spectroscopy
[bookmark: _Hlk65588111][bookmark: _Hlk65587233]Femtosecond transient absorption spectroscopy (fsTA) and nanosecond transient absorption spectroscopy (nsTA) were utilized to investigate charge photogeneration and recombination to further understand differences in device performance in these materials. Spin-coated films of the BHJ blends (SI Section S13) were selectively photoexcited at 760 nm, minimizing electron transfer processes due to negligible absorption of the polymer donor materials at that wavelength, and thus permitting kinetic analysis exclusively involving hole transfer. A global analysis was applied to each dataset according to a sequential kinetic model accounting for singlet-singlet-annihilation and bimolecular recombination (BR) of free carriers (FCs) as described in the SI. Ultrafast hole transfer from the acceptor material to the donor polymer is observed within 300 fs (the instrument limit) for each blend (Figures S30-S49 & Table S9) following the established trend in many recently reported high-efficiency OSC materials,31 and reaffirming the ability of BHJ blends incorporating A-DAD-A type NFAs to efficiently generate bound excitons following light absorption (Figure 8). Power dependence studies confirm that ultrafast hole transfer occurs to some degree independent of the laser fluence (Figures S46). At a low laser fluence, the kinetics at the polymer GSB (630 nm) experience a slower growth, with the GSB maximizing between 10-100 ps (Figure. S47), consistent with other reports of high-performing NFAs.60,61 Slower hole transfer dynamics are apparent in Y6 when compared to the newly synthesized acceptors (Figure S47), indicating some favorability for hole transfer in these blends, likely owing to the lower hole reorganization energies induced by extended conjugation in the end groups. Furthermore, nsTA experiments demonstrate long-lived bleach features past ~100 ns, indicating the presence of free carriers even at long times (Figure S48). The polymer ground-state bleach is accompanied by excited state absorption near 980 nm that is likely associated with the acceptor anion, which indicates the presence of free carriers (Figures S32,S34,S36,S38,and S40). Recombination of the free carriers is reflected in the polymer GSB in nsTA experiments, in which the decay of the polymer GSB is complete by ~70 ns in blends of BT-BO-L4F, while there is a third, slow decay component of ~400 ns for PBDB-T-2F:Y6 blends (Figure 8b). Impedance photocurrent device analysis (vide infra) performed on Y6 cells vs. BT-BO-L4F cells indicates that the superior performance of BT-BO-L4F is the result of improved μeff despite an apparent larger kBR based on the scaling of the competition factor θ (vide infra.). These results are consistent with those on previously studied Y6 cells in which higher FF and PCE result from increases in μeff although fsTA experiments indicate an increase in BR (we note that the measured BR rate is at open circuit conditions).8 The difference in performance between BT-L4F and BT-BO-L4F can be attributed to BT-BO-L4F maintaining more FCs at long times, as indicated by the polymer GSB (Figure 8c). This would suggest that while all acceptors are capable of generating FCs with lifetimes sufficiently long enough to be collected as charges, BT-L4F and BT-BO-L4F experience accelerated recombination times owing to their increased mobilities in these experiments, which under device operating conditions translates into increased charge collection and higher PCE. 
[bookmark: _Hlk65587332]Similarly, the polymer GSB is ~90% depleted by 30-40 ns in both PBDB-T-centric blends, though PBDB-T:Y5 demonstrates a slower third decay component of 1.1 μs (Figure 8a). In contrast to the PBDB-T-2F donor systems, the measured µh and µe values are generally similar in the case of PBDB-T:Y5 versus PBDB-T:BT-LIC. Here the differences in measured BR rates are likely attributable to a slight increase in domain size in PBDB-T:Y5 that may diminish charge transport and facilitate trapping of free charge carriers. Thus, the differences in µh/µe and morphology are consistent with the superior performance of PBDB-T-2F:BT-BO-L4F devices and reinforce the synergy of π-extension and fluorination as effective tools for OSC device improvements. 
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Figure 8. FC decay dynamics and single wavelength fits monitored at the polymer GSB (630 nm) in the nsTA experiments for (a). PBDB-T:Y5 and PBDB-T:BT-LIC and (b). PBDB-T-2F:Y6 and PBDB-T-2F:BT-BO-L4F. Data are inverted for clarity. (c). Bimolecular component from the evolution-associated spectra of the fsTA of PBDB-T-2F:BT-L4F and PBDB-T-2F:BT-BO-L4F.


2.7 Integrated Photocurrent Device Analysis
The performance of NFA-based solar cells is ultimately limited by extrinsic loss mechanisms such as BR that need to be quantified under operating conditions. As discussed previously, ultrafast excited carrier relaxation processes provide important insight into the basic characteristics of blends if the relative charge transfer and recombination time constants can be clearly differentiated vs control samples. However, slower processes such as charge trapping, tortuosity, and space charge effects may dominate the ultimate PCE values. We investigated the effects of NFA π-extension and fluorination in these OSCs using IPDA,62, 63 (see SI Section 15 for measurement details). Briefly, IPDA quantifies both the bimolecular recombination rate (kbr) and charge extraction rate (kext) as a function of bias voltage and illumination intensity. The ratio kbr/kext is captured by a figure of merit, competition factor (θ), that is found to scale with FF for a wide range of BHJ photovoltaic systems. The competition factor is calculated via eq. 1:
(1)
where, L is the thickness of the BHJ active layer, G is photogeneration rate, and Vint is the internal voltage at maximum power. The effective charge generation rates are calculated by plotting (Jpc = J – Jdark) as a function of effective voltage (Veff = VOC − Vapp) that is obtained from the applied voltage (Vapp) with respect to open-circuit voltage (VOC). Carrier density n(V) is then calculated numerically by integrating bias-dependent chemical capacitance (Cμ = Ctot – Cd, where Ctot is total capacitance and Cd is depletion capacitance) in a self-consistent manner. Cd is measured in the dark at a large negative bias (−2 V) using an AC amplitude of 100 mV at 1 kHz.64, 65 Thus, all device parameters are acquired in-situ at the maximum power point (Vmp), such as the recombination and extraction rates and carrier mobility as a function of carrier density (nmp) and illumination intensity.
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Figure 9. (a) Photocurrent density (Jpc) vs effective voltage (Veff) for a PBDB-T-2F:Y5 solar cell at different illumination intensities, shown as fractions of 1 Sun. Solid lines are linear fits in the log-log plot to determine the reverse bias saturating regime for self-consistent calculation of carrier density. (b) Chemical capacitance (Cμ) vs applied voltage (Vapp) for the same PBDB-T-2F:Y5 cell and illumination intensities. Ctot is total capacitance and Cd is depletion capacitance. (c) Plot of Jpc vs Veff for a PBDB-T-2F:Y6 solar cell at different illumination intensities. (d) Plot of Cμ vs Vapp for the same PBDB-T-2F:Y6 cell. (e) Plot of Jpc vs Veff for a PBDB-T-2F:BT-BO-L4F solar cell at different illumination intensities. (f) Plot of Cμ vs Vapp for the same PBDB-T:BT-BO-L4F cell.


       For IPDA analysis, three BHJs, PBDB-T:Y5, PBDB-T-2F:Y6, and PBDB-T-2F:BT-BO-L4F were selected. Comparing PBDB-T:Y5 and PBDB-T-2F:Y6 cells is expected to reveal the effect of EG fluorination on carrier dynamics and device performance, while comparing Y6 and BT-BO-L4F is expected to elucidate the role of π-extension in carrier dynamics. Figure 9 shows the photocurrents and chemical capacitances obtained from the three kinds of BHJs under varying bias and illumination conditions. Overall cell PCE values fall by ≈ 2 % during extended light exposure (30 min) during IPDA measurement, however the relative differences in performance metrics, especially, FF, are still representative of the data in Table 2 (JSC of BT-BO-L4F and VOC of Y6 fall more than the other parameters). Figures 9b, d, f show a slightly narrower peak and a smaller Cμ value at Vapp = –1 V in the Cμ vs Vapp plot for PBDB-T-2F:BT-BO-L4F as compared to the PBDB-T:Y5 and PBDB-T-2F:Y6 cells. This observation suggests a relatively smaller density of trap states near the band edge of BT-BO-L4F that can be qualitatively correlated with a higher FF. Ideally, only BR is expected to occur at open circuit conditions, but charge trap states facilitate monomolecular recombination that causes additional PCE loss at Vmp. [image: ] Figure 10. (a) Plot of open-circuit voltage (VOC) vs illumination intensity (I) for three different blends. Solid lines show fits for VOC ~A.log(P), where A ≈ 89 meV, 59 meV, and 36 meV for PBDB-T:Y5, PBDB-T-2F:Y6, and PBDB-T-2F:BT-BO-L4F cells, respectively. Note the legend label shown in (a) are also applied to four plotting in this figure.  (b) Plot of effective carrier mobility (μeff) vs carrier density (nmp) at maximum power efficiency point for 3 PBDB-T-2F:Y5 cells, 5 PBDB-T-2F:Y6 cells, and 3 PBDB-T-2F:BT-BO-L4F cells at different illumination intensities. The blueline shows an inverse correlation between μeff and nmp. (c) Plot of bimolecular recombination coefficient (kbr) vs nmp for the three kinds of blends. The blue line shows an inverse correlation between kbr and nmp. (d) Plot of fill factor (FF) vs competition factor (θ), extracted from the recombination rate: charge extraction rate ratio for the 3 kinds of blends.

The relative contribution of monomolecular recombination can be probed by measuring the intensity (I) dependence of VOC, as reported in our recent study of the effects of π-extension and fluorination in ITIC-based NFAs.36 In the plot of VOC versus ln(I), bimolecular recombination and monomolecular recombination would result in slopes of kBT/e and 2kBT/e, respectively (kBT/e = 25 mV at room temperature).66-68 Note that PBDB-T-2F:BT-BO-L4F shows smaller values of the VOC vs ln(I) slope (≈ 36 meV) than both baseline PBDB-T:Y5 (≈ 89 meV) and fluorinated PBDB-T-2F:Y6 (≈ 59 meV), as shown in Figure 10a. In general, larger values of the slope can be attributed to additional non-ideal effects (space charge and other nonlinear effects)70 but relative values are qualitatively consistent with the FF values in Table 2. 

      Finally, we discuss IPDA-derived recombination and extraction efficiencies for three PBDB-T-2F:BT-BO-L4F cells, three PBDB-T:Y5 cells, and five PBDB-T-2F:Y6 cells (Figures 10b, c, d). First, PBDB-T-2F:BT-BO-L4F shows higher values of effective mobility at the operating point of Vmp compared to both PBDB-T:Y5 and PBDB-T-2F:Y6 blends (Figure 10b). In IPDA, μeff is calculated by assuming equal mobilities for electrons and holes, and thus the effects of relative mobility imbalance are not directly captured. Note, the differences in μeff values extracted from IPDA under illumination and SCLC measurement in dark are expected.8, 10, 30 Interestingly, PBDB-T-2F:BT-BO-L4F also shows higher bimolecular recombination coefficients (kbr) than fluorinated PBDB-T-2F:Y6 and baseline PBDB-T:Y5 cells (Figure 2c). Furthermore, both PBDB-T-2F:BT-BO-L4F and PBDB-T-2F:Y6 show an inverse relationship between μeff and kbr and carrier density (nmp) between individual cells whereas, PBDB-T:Y5 shows no correlation of μeff and kbr with nmp (Figures 10b, c). Incidentally, the increase in both μeff and kbr after NFA fluorination and π-extension are similar to the effect of thermal annealing on Y6 bulk heterojunctions, suggesting similar benefits in improving morphology in PBDB-T-2F:BT-BO-L4F that minimize monomolecular recombination (Figure 10) and enhance charge extraction.13 The relative competition of kbr and μeff are captured in the plot of FF versus θ for three kinds of samples in Figure 10d. PBDB-T-2F:BT-BO-L4F cells show a larger FF and smaller θ compared to Y6 cells, and all data lie along the same inverse relation line. In contrast to the above results, the Y5 data show a smaller FF for smaller θ, following a downward shifted inverse trend line. Thus, the higher PCE and FF of PBDB-T-2F:BT-BO-L4F can be explained by an overall more efficient charge extraction process since θ scales as ~kbr/(μeff)2 (i.e., a larger role of increased μeff in the FF), as was observed in annealed Y6 cells.8 The combination of fluorination and π-extension may reduce the density of trap states (Figures 10b, c, d) plausibly contributing to this effect. 

Note that some PBDB-T-2F:Y6 cells are significantly degraded in FF to as low as ≈ 50 % but still follow the same inverse trend. From a device physics perspective, this result argues that the degradation process simply acerbates the same factors in all PBDB-T-2F:Y6 cells, such as morphology and long-range order, that are accentuated in PBDB-T-2F:BT-BO-L4F cells. Qualitatively different factors dominate PBDB-T:Y5 cells, and most notably, decreased JSC contributes to lower PCE. Indeed, the PBDB-T:Y5 HOMO and LUMO lie above those of fluorinated PBDB-T-2F:Y6 by 0.08 eV and 0.13 eV, respectively. This results in a much smaller offset between Y5 and donor energy levels vs PBDB-T-2F:Y6 and the donor heterojunction. Smaller offsets make the validity of type-II heterojunction more sensitive to local energetic disorder and result in a larger density of recombination sites, in agreement with the increased monomolecular recombination (Figure 10a) and increased Langevin pre-factor (Figure S51). Thus, IPDA provides unique insight into the qualitatively different effects of NFA π-extension and fluorination that are not fully resolved in the current literature. It indicates, along with other data reported here, that fluorination brings the energy levels to more favorable positions resulting in decreased monomolecular recombination while π-extension enhances NFA morphology, resulting in higher mobility and more efficient extraction of separated charges. A synergy of both factors therefore underlies the overall superior performance of the PBDB-T-2F:BT-BO-L4F cells.

3. CONCLUSIONS
A detailed comparative experimental and theoretical study of the synergistic effects of EG π-extension and fluorination in a series of new OSC NFAs was carried out. Both the linear π-extension and fluorination on the EG red-shift the optical absorption of the acceptors and provide broader absorption profiles. Unique molecular and packing features are revealed from single crystal diffraction, indicating that both the end-group and alkyl side chain are essential in determining the intermolecular interactions. Besides the previously reported naphthyl EG-EG stacking in ITIC-like acceptors, a unique EG-core stacking and core-core stacking is identified in the new acceptors, suggesting the efficient hole/electron transport involves not only the LUMO-dominated EG, but also the HOMO-rich core molecular core.  From the theoretical analysis, both the π-extension and fluorination lower the reorganization energies and should facilitate the fast exciton dissociation. In addition, the π-extension is effective in enhancing intermolecular electronic coupling due to the larger p-overlaps between the extended EGs. While large intermolecular couplings are not a sufficient condition for more efficient charge transport, all else being equal increased couplings lead to higher mobilities due to higher bandwidth for transport to occur.69 Note that fluorination has only minor impact on the coupling strength. The largest electronic coupling |J| = 103.8 meV is observed in BT-L4F, whereas the photovoltaic measurements indicate that tightly bound structures that led to its high coupling can result in reduced solubility and BHJ processing, hence poor cell performance.   However, when the alkyl substituent chains of BT-L4F are elongated, the synergy of the two strategies delivers a high PCE of 16.6% in additive-free PBDB-T-2F:BT-BO-L4F inverted OSCs, among the highest values in the OPV literature.
       The π-extension and fluorination both increase the BHJ blend film hole and electron mobilities extracted by both the SCLC and IPDA method. Compared with the hole mobility, the end group sensitivity of the electron mobility is more pronounced and leads to a more balanced µh/µe ratio in PBDB-T-2F:BT-BO-L4F (2.18 vs. 3.54 for Y5). Regarding film morphology, all blend films containing π-extended acceptors have preferential π-face-on orientation by GIWAXS. The polar angle and relative diffraction strength confirm the high crystallinity of PBDB-T-2F:BT-L4F. Finally, the TA and IPD analysis suggest that the main effect of π-extension is to enhance the film morphology, and slower exciton recombination is found in the π-extended PBDB-T-2F:BT-BO-L4F blend by fsTA. The IPDA further indicates that the π-extension enhances charge transfer and reduces the mono/di-molecular exciton recombination. The fluorination effect instead lowers acceptor FMOs, decreasing the D-A energy offset and lowering the energy loss. Taken all together, the results presented here provide a systematic assessment of the two most adopted NFA EG functionalization strategies: π-extension and fluorination. The observations and conclusions should be relevant to other types of halogenation (chlorination, bromination) and π-extension (other heterocycle-based extension) strategies and opens a new route to combined strategies for future NFA and high-efficiency organic solar cell development.
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