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Supporting Experiments
Synthesis of 6-bromo-N,N-dimethyl-2-naphthamide (1): A solution of 6-bromo-2-naphthoic acid (5.0 g, 19.91 mmol) in dichloromethane (40 mL) was prepared and stirred at ambient temperature. Oxalyl chloride (2.80 mL, 31.86 mmol) was added carefully, followed by a catalytic trace of DMF, and the mixture was allowed to stir for 2 h. The reaction was then cooled to 0 °C, after which dimethylamine (25 mL) was introduced dropwise. Stirring was continued overnight at room temperature. The reaction was quenched with water, and the organic layer was separated with dichloromethane, washed successively with 1 M HCl, saturated NaHCO3, and brine. The combined organic extracts were dried over MgSO4, filtered, and concentrated under reduced pressure. Purification of the residue by flash chromatography on silica gel furnished compound 1 in 84 % yield (4.60 g) as a colourless oil that crystallises to a white solid upon refrigeration. 1H NMR (400 MHz, CDCl3, δ): 8.02 (s, 1H), 7.88 (s, 1H), 7.77 (dd, J= 8.0 Hz, 2H), 7.61 (dd, J= 8.0 Hz, 2H), 3.16 (s, 3H), 3.03 (s, 3H).
Synthesis of N,N-dimethyl-2-naphthamide-6-boronic acid pinacol ester (2): Combine compound 1 (3.0 g, 10.79 mmol), Pd(dppf)Cl2.DCM (0.14 g, 0.53 mmol), bis(pinacolato)diboron (4.10 g, 16.17 mmol) and potassium acetate (3.17 g, 32.35 mmol) in 100 mL of 1,4-dioxane. Stir the mixture under argon at 100 °C for 24 h. After it cools to room temperature, extract with ethyl acetate and wash the organic phase successively with water and brine. Dry over anhydrous MgSO4, filter, and remove the solvent under reduced pressure. Purify the residue by silica-gel column chromatography (ethyl acetate : hexane) to obtain compound 2 as a white solid (3.20 g, 91 % yield). 1H NMR (400 MHz, CDCl3, δ): 8.37 (s, 1H), 7.88 (m, 4H), 7.51 (d, J= 7.8 Hz, 1H), 3.16 (s, 3H), 3.02 (s, 3H), 1.39 (s, 12H).
[bookmark: _Hlk207732115]Synthesis of PDIN-NAP: PDIN-Br2 (0.20 g, 0.27 mmol), naphthalene-2-boronic acid (0.14 g, 0.84 mmol), potassium carbonate (0.77 g, 5.56 mmol) and Pd(pph3)4 (0.016 g, 0.013 mmol) was dissolved in 24 mL/12 mL/6 mL toluene/ethanol/water. Then, the mixture reaction was stirred at 100 °C for 24 h under the argon atmosphere. After cooling down to room temperature, the crude mixture was extracted with chloroform, washed with water, brine. Next, solvents were evaporated under reduced pressure after the combined organic layer was dried with anhydrous MgSO4. The residue was purified by column chromatography on silica gel (chloroform : triethylamine : methanol) to obtain PDIN-NAP as the red solid (0.19 g, 82%). 1H NMR (400 MHz, CDCl3, δ): 8.74 (s, 2H), 7.92 (m, 14H), 7.61 (m, 4H), 4.25 (m, 4H), 2.45 (m, 4H), 2.26 (s, 12H), 1.93 (m, 4H). 13C NMR (151 MHz, CDCl3, δ): 163.33, 140.84, 139.40, 135.59, 134.60, 133.01, 132.39, 130.38, 129.70, 129.39, 129.10, 128.44, 128.27, 127.94, 127.47, 127.15, 126.96, 126.71, 122.28, 121.83, 57.20, 45.33, 38.96, 26.04. HRMS (MALDI-TOF): calcd for C54H44N4O4, 812.97. Found: 813.24. 
Synthesis of H75-DMA: Synthesized according to a similar procedure to PDIN-NAP by utilizing PDIN-Br2 (0.10 g, 0.14 mmol), 2 (0.14 g, 0.42 mmol), potassium carbonate (0.38 g, 2.78 mmol) and Pd(pph3)4 (0.008 g, 0.006 mmol) and toluene/ethanol/water (18 mL/9 mL/4.5 mL). H75-DMA as dark red solid (0.11 g, 85% yield). 1H NMR (400 MHz, CDCl3, δ): 8.75 (s, 2H), 7.99 (m, 14H), 7.63 (m, 2H), 4.24 (m, 4H), 3.22 (d, 12H), 2.44 (m, 4H), 2.26 (s, 12H), 1.92 (m, 4H). 13C NMR (151 MHz, CDCl3, δ): 171.21, 163.29, 140.52, 135.50, 134.95, 134.53, 132.47, 132.30, 130.46, 130.20, 129.50, 129.12, 128.69, 128.11, 127.60, 127.57, 126.76, 125.60, 122.42, 121.98, 57.18, 45.35, 39.79, 38.98, 35.50, 26.08. HRMS (MALDI-TOF): calcd for C60H54N6O6, 954.41. Found: 955.54.
Supplementary Figures and Tables
Table S1 Optical and electrochemical properties of PDIN, PDIN-NAP, and H75-DMA
[image: ]
[a] Data collected both from the samples dissolved in methanol and from their corresponding thin films cast onto glass substrates. [b] Obtained from the onset wavelength of the UV–vis absorption spectra of the thin films. [c]  HOMO and LUMO energies were derived from the initial oxidation and reduction potentials using EHOMO = −(Eoxonset − EFconset + 4.8) eV, ELUMO = −(Eredonset − EFconset + 4.8 ) eV; the electrochemical bandgap EgCV was then calculated as EHOMO – ELUMO.




Table S2 The work function and the injection barriers for hole of ETLs 
[image: ]

Table S3 The electron mobility and conductivity of ETLs 
[image: ]

Table S4 Normalized photovoltaic parameters (%) of devices based on PDIN, PDINN, PDIN-NAP, and H75-DMA as the ETL on D18-Cl:N3 under ambient environment stability (40-60% RH, 25 ℃, unencapsulated) 
[image: 形状

AI 生成的内容可能不正确。]
[a] the average PCE values are obtained from at least 8 cells.
[image: ]Table S5 Summary of XPS fitting parameters for the C 1s and N 1s spectra of fresh and aged ETL films
Table S6 The exciton dissociation probability and charge collection probability values of fresh and aged devices with PDIN, PDINN, PDIN-NAP, and H75-DMA ETLs 
[image: ]

Table S7 The TPV and TPC lifetime values of fresh and aged devices with PDIN, PDINN, PDIN-NAP, and H75-DMA ETLs.  
[image: ]
[a] the average values are obtained from 3 cells.




Table S8 Normalized photovoltaic parameters of devices based on PDIN, PDIN-NAP, and H75-DMA as the ETL on D18-Cl:N3 under bending cycles
[image: 图片包含 文本

AI 生成的内容可能不正确。]
[a] the average PCE values are obtained from at least 6 cells.

Table S9 Surface-energy components calculated from three-liquid contact-angle measurements using the Owens–Wendt method

[image: 形状
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Table S10 Summary of PCE, AVT and LUE values for comparative literature data in Fig. 6h
[image: ]

[image: ]
Fig. S1 The synthetic route of PDIN-NAP and H75-DMA
[image: A graph showing a molecule
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Fig. S2 1H NMR spectrum of 6-bromo-N,N-dimethyl-2-naphthamide  

[image: A graph of a chemical structure
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Fig. S3 1H NMR spectrum of N,N-dimethyl-2-naphthamide-6-boronic acid pinacol ester

[image: A graph of a molecule
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Fig. S4 1H NMR spectrum of PDIN-NAP

[image: A graph of a molecule
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Fig. S5 1H NMR spectrum of H75-DMA 
[image: A graph of a graph
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Fig. S6 MALDI-TOF mass spectrometry of PDIN-NAP

[image: A graph of a graph of a number of objects
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Fig. S7 MALDI-TOF mass spectrometry of H75-DMA 
[image: A collage of several images of molecules
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Fig. S8 The B3LYP/6-31G levels optimize geometries. Electrostatic potential (ESP) distribution and dipole moment for PDIN (a), PDIN-NAP (b), and H75-DMA (c). The front and side views of (d, g) PDIN, (e, h) PDIN-NAP, and (f, i) H75-DMA


[image: A comparison of a graph
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Fig. S9 Normalized UV–vis absorption spectra of PDIN, PDIN-NAP, and H75-DMA in methanol solution and film states
[image: A collage of different colored lines
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Fig. S10 Schematic diagram of energy level and the cyclic voltammetry of PDIN, PDIN-NAP, and H75-DMA


[image: ]
Fig. S11 UPS spectra of without and with PDIN, PDIN-NAP, and H75-DMA ETL-deposited on Ag electrode 
[image: A graph of a graph of a number of numbers
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Fig. S12 Electron spin resonance spectra of PDIN, PDIN-NAP, and H75-DMA in solid 

[image: A graph of a voltage
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Fig. S13 SCLC plots of electron only devices with the configuration of ITO/ZnO/ETL/Ag
[image: A graph of a voltage
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Fig. S14 The J-V curve of devices with configuration of ITO/ETL/Ag

[image: ]
Fig. S15 The AFM height images of  without and with PDIN, PDIN-NAP, and H75-DMA ETL-deposited on active layer (AL) films

[image: A diagram of a black box with red tubes
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Fig. S16 Illustration of the morphology transition from the highly crystalline, edge-on orientation of PDIN to the amorphous-like orientation, low-crystallinity texture achieved with H75-DMA
[image: A black background with a black border
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Fig. S17 Chemical structures of the ETL, HTL and active layer materials used in this work


[image: ]
Fig. S18 a) Light intensity (Ilight) dependence of  VOC and JSC plots of the optimized device with PDIN, PDIN-Naph and H75-NB as ETLs based on D18-Cl:N3 system. Note: VOC versus Ilight can be described by the equation of VOC ∝ n (kT/q) ln(Ilight), where k, T, and q denote the Boltzmann constant, Kelvin temperature, and elementary charge, respectively. b) JSC versus Ilight can be described by the equation of JSC ∝ Iαlight, where α should be equal to 1 if the bimolecular recombination of the device is negligible
[image: 图片包含 水, 灯光, 大, 停止
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Fig. S19  a The J-V curves of the optimized devices based on PM6:L8-BO with H75-DMA ETLs under illumination of AM 1.5 G, 100 mW cm−2. b The EQE spectra and integrated current densities of the representative devices
[image: A group of graphs showing different colors
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Fig. S20 The normalized stability test a VOC , b FF, and c JSC of the unencapsulated devices with PDIN, PDINN, PDIN-NAP and H75-DMA under 40-60% RH environment at 25 °C.
[image: 图表, 折线图, 直方图
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Fig. S21 Normalized PCE evolution of unencapsulated OSCs employing different ETLs under continuous 1 sun illumination at 55 °C and 40–60% RH.
[image: ]Fig. S22 Dark thermal aging stability of OSCs under N2 at 85 °C. 
[image: A screenshot of a computer screen
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Fig. S23 LBO values for C-H bonds, C-C bonds, and C-N bonds of PDIN, PDINN, PDIN-NAP, and H75-DMA 
[image: A screen shot of a computer
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[image: A screenshot of a graph

AI-generated content may be incorrect.]Fig. S24 a Schematic diagram of the C–H/N-H bonds in the ETLs (secondary amine: PDINN, tertiary amine: PDIN, PDIN-NAP, and 75-DMA)  for calculating LBO values. b Laplacian bond order values for the hydrogen abstraction of amine side-chains

Fig. S25 Laplacian bond order values for C-H/C-C/C-N of PDIN after protonation by acid

[image: ]
Fig. S26 Laplacian bond order values for C-C/C-H belong to the PDI backbone
[image: A collage of a graph
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Fig. S27 The 1H NMR spectra of fresh PDIN, PDINN, PDIN-NAP, and H75-DMA solutions in methanol-d4, as well as those aged under ambient conditions (before and after one week (168 hours) at 25 °C and 40-60% relative humidity)

[image: A group of graphs showing different colors
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[image: A collage of graphs

AI-generated content may be incorrect.]Fig. S28 The ESR signals of OH• (DMPO–•OH) for fresh and aged samples under ambient conditions over 168 hours of PDIN, PDINN, PDIN-NAP, and H75-DMA in water

Fig. S29 The FT-IR spectra from fresh and aged PDIN, PDINN, PDIN-NAP, and H75-DMA thin films
[image: A diagram of a molecule
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Fig. S30 a Reactive Oxygen-Species (ROS) generation pathways in organic semiconductors. b Acid-assisted methanol solubility of PDI-based interlayers. c Protonation- and ROS-Driven Degradation Routes of PDIN and PDINN

[image: A group of graphs of different colors
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Fig. S31 The Nyquist plot from fresh and aged PDIN, PDINN, PDIN-NAP, and H75-DMA thin films
[image: A collage of images of a test

AI-generated content may be incorrect.]Fig. S32 Optical microscope images of active layer (AL)/PDIN, AL/PDIN-NAP, and AL/H75-DMA films obtained during pseudo-free-standing tensile testing

[image: A graph of different colored rectangular shapes
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Fig. S33 Toughness of PDIN, PDIN-NAP and H75-DMA on active layer
[image: A blue and red dotted line
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Fig. S34 Crack-onset strain identification for PDIN, PDIN-NAP, and H75-DMA on the active layer
[image: A collage of graphs and diagrams
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Fig. S35 Cohesive fracture energy (Gc) of PDIN, PDIN-NAP and H75-DMA on active layer
[image: A graph of a graph of a graph
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Fig. S36 The EQE spectra and integrated current densities of the best flexible devices utilizing PDIN, PDIN-NAP, and H75-DMA ETLs.
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Fig. S37 PCE, FF, VOC, and JSC histograms of the flexible devices utilizing PDIN, PDIN-NAP, and H75-DMA ETLs.
[image: A graph of different colored bars
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Fig. S38 a Schematic of Ag thin-film nucleation and growth on ETL surfaces, illustrating layer-by-layer (Frank–van der Merwe), island (Volmer–Weber), and layer-plus-island (Stranski–Krastanov) modes. b Sheet resistance of 20 nm Ag films deposited on the ETLs

[image: ]
Fig. S39 Contact-angle images of three probe liquids for surface-energy analysis. From top to bottom: deionized water (DI), ethylene glycol (EG), and diiodomethane (DIM) droplets on ITO/HTL/BHJ/PDIN, ITO/HTL/BHJ/PDIN-NAP, and ITO/HTL/BHJ/H75-DMA substrates

[image: A diagram of different shapes and colors
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Fig. S40 Indicative market prices: Ag vs Cu and the J-V curves of the optimized devices utilizing a Cu electrode with PDIN, PDIN-NAP, and H75-DMA ETLs in the D18-Cl:N3 system under AM 1.5 G illumination at 100 mW cm−2

[image: ]
Fig. S41 1H NMR integrated profiles of fresh and aged PDIN in methanol–d4  


[image: ]
Fig. S42 1H NMR integrated profiles of fresh and aged PDINN in methanol–d4

[image: A graph of a graph of a person
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Fig. S43 1H NMR integrated profiles of fresh and aged PDIN-NAP in methanol–d4


[image: A screenshot of a graph
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Fig. S44 1H NMR integrated profiles of fresh and aged H75-DMA in methanol–d4  
[image: ]

Fig. S45 13C NMR spectrum of PDIN-NAP
[image: ]
Fig. S46 13C NMR spectrum of H75-DMA
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Work function W The injection barriers for hole £F, (= ¢F)
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Ag 482
Ag (PDIN) 437 3.15
Ag (PDIN-NAP) 3.84 333
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Electron mobility Conductivity
ETLs
(cm?V-ist) (Sm?)
PDIN 1.49 x 10 0.92 x 10+
PDIN-NAP 238 x 10+ 1.06 x 10
H75-DMA 2.72 x 10+ 1.17 x 10
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Standard

Standard

Standard

Standard

Time ETLs Voc ®  deviatim  PCE®  deviation FF®  deviation Jsc® deviation
value (Voc) value (PCE) value (FF) value (Jso)
PDIN 99.30 0.61 92.85 6.62 91.65 6.35 101.24 0.43
PDINN 93.56 0.74 80.90 0.74 86.77 0.30 99.66 0.86
24h PDIN-NAP  101.05 0.25 99.26 2.09 99.31 3.53 98.90 0.82
H75-DMA 100.76 .33 100.74 0.85 99.76 1.19 100.22 1.09
PDIN 98.11 0.96 87.21 7.45 88.04 6.59 100.26 0.55
PDINN 88.13 1.52 75.06 2.04 85.67 1.06 99.40 1.29
48h PDIN-NAP 101.03 0.53 96.47 321 93.94 5.13 101.65 0.66
H75-DMA 100.53 0.32 100.28 1.13 99.50 0.84 100.26 0.40
PDIN 89.72 0.84 78.99 3.54 87.69 1.12 100.42 1.19
PDINN 72.06 0.93 62.66 7.46 87.13 8.96 99.66 0.64
168h PDIN-NAP  100.61 0.30 95.63 0.85 94.80 0.84 100.26 1.05
H75-DMA 101.17 0.22 99.71 0.49 98.41 1.01 100.15 0.68
PDIN 77.82 5.16 56.51 4.85 75.53 4.56 95.93 1.37
PDINN 62.59 2.64 3491 3.09 59.57 3.17 93.50 237
384h PDIN-NAP 87.48 2.55 66.37 393 78.34 4.50 96.88 0.82
H75-DMA 90.21 1.00 75.54 241 85.86 5.62 97.58 0.84
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ETLs Condition Peak assignment BE (eV) FWHM Area Lineshape ~ Background R.S.F

C 1s (CC/CH) 284.73 13 19785.04  GL(30) Shirley 1.0

C 1s (NC=0) 287.73 128 2905.69 GL(30) Shirley 1.0

Fresh C1s(C-N) 285.81 143 8717.08 GL(30) Shirley 1.0

N 1s (N-C(3)) 400.26 1.82 6258.55 GL(30) Shirley 18

PDINN N1s (N-HN-C=0)  402.73 1.64 1375.38 GL(30) Shirley 18
C 1s (CC/CH) 284.69 1.32 1848655  GL(30) Shirley 1.0

C 1s (NC=0) 287.86 118 2492.56 GL(30) Shirley 1.0

Aged C 15 (C-N) 285.83 1.71 7477.67 GL(30) Shirley 1.0

N 1s (N-C(3)) 400.03 171 454843 GL(30) Shirley 18

N1s (N-H/N-C=0) 4022 143 798.76 GL(30) Shirley 18

C 1s (CC/CH) 284.74 13 2279576 GL(30) Shirley 1.0

C 1s (NC=0) 287.81 113 3358.87 GL(30) Shirley 1.0

Fresh C1s(C-N) 285.45 2.04 6717.74 GL(30) Shirley 1.0

N 1s (N-C(3)) 399.87 16 837.23 GL(30) Shirley 18

DI N1s N-H/N-C=0)  402.03 1.08 90.17 GL(30) Shirley 18
C 1s (CC/CH) 284.75 121 18058.74  GL(30) Shirley 1.0

C 1s (NC=0) 287.85 1.16 3674.83 GL(30) Shirley 1.0

Aged C 15 (C-N) 285.44 1.99 7349.66 GL(30) Shirley 1.0

N 1s (N-C(3)) 400.02 142 1246.38 GL(30) Shirley 18

N1s NH/N-C=0)  402.13 128 61.03 GL(30) Shirley 18

C 1s (CC/CH) 284.78 124 2649954 GL(30) Shirley 1.0

C 1s (NC=0) 288.04 0.96 1324.02 GL(30) Shirley 1.0

Fresh C1s(C-N) 286.04 132 2648.05 GL(30) Shirley 1.0

N 1s (N-C(3)) 400.11 1.89 3398.86 GL(30) Shirley 18

PDINNAP N1s (N“H/N-C=0) 40228 0.94 263.36 GL(30) Shirley 18
C 1s (CC/CH) 284.77 12 2277836 GL(30) Shirley 1.0

C 1s (NC=0) 288.07 1.04 1661.19 GL(30) Shirley 1.0

Aged C 15 (C-N) 285.67 1.69 3876.1 GL(30) Shirley 1.0

N 1s (N-C(3)) 399.94 1.49 4966.95 GL(30) Shirley 18

N1s (N-H/N-C=0) 40222 0.88 314.15 GL(30) Shirley 18

C 1s (CC/CH) 284.76 121 2176237 GL(30) Shirley 1.0

C 1s (NC=0) 287.91 1.34 2792.4 GL(30) Shirley 1.0

Fresh C1s(C-N) 285.77 1.47 6515.58 GL(30) Shirley 1.0

N 1s (N-C(3)) 400.03 1.58 4601.49 GL(30) Shirley 18

S DMA N1s (N-H/N-C=0)  402.11 115 42423 GL(30) Shirley 18
C 1s (CC/CH) 284.74 117 2194506  GL(30) Shirley 1.0

C 1s (NC=0) 287.89 1.02 2457.01 GL(30) Shirley 1.0

Aged C 15 (C-N) 285.69 1.61 5733.01 GL(30) Shirley 1.0

N 1s (N-C(3)) 400.09 1.36 4286.77 GL(30) Shirley 18

N1s N-HN-C=0) 4019 1.39 328.77 GL(30) Shirley 18





image6.png
ETLs Exciton dissociation probability (%)  Charge collection probability (%)
Fresh 97.07 86.99
PDIN
Aged 97.07 78.02
Fresh 96.81 87.18
PDINN
Aged 83.29 59.86
Fresh 97.58 88.31
PDIN-NAP
Aged 96.04 88.70
Fresh 98.12 97.67
H75-DMA
Aged 97.67 89.86
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TPV lifetime [

TPC lifetime [

ETLs
(ps) (ps)
Fresh 9.93 + 0.14 0.35 + 0.02
PDIN
Aged 431 + 0.06 0.51 + 0.01
Fresh 8.74 + 0.47 0.37 + 0.02
PDINN
Aged 1.74 = 0.27 0.61 *+ 0.06
Fresh 10.97 + 0.51 0.30 =+ 0.003
PDIN-NAP
Aged 741 + 032 0.47 + 0.02
Fresh 13.13 + 045 0.28 + 0.003
H75-DMA
Aged 11.82 + 0.04 0.36 + 0.02
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Bending Standard Standard Standard Standard
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