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Sample preparations.

To prepare the neat film samples, the acceptor molecules were dissolved in a mixed solvent 

(chloroform:chlorobenzene = 0.93:0.07, v/v) at 40 °C with a concentration of ~15 mg/mL, which 

was stirred for 20 min to make sure the solid was fully dissolved. Then the neat films were prepared 

by spin-coating (1400 rpm) from the obtained solutions in a N2-filled glove box for 30 s. For the 

blend films, a mixture of PBDB-T and acceptor molecules (PBDB-T:acceptor = 1:1, w/w) were 

dissolved in chlorobenzene at 100 °C and stirred for 20 min to make sure the solid was fully 

dissolved. The concentration of PBDB-T was set as ~4 mg/mL. The blend films were prepared by 

spin-coating (1400 rpm) from the mixture solutions in a N2-filled glove box for 30 s, and then 

annealed at 150 ℃ for 5 min.

Spectroscopic measurements.

For all the samples, steady-state absorption spectra were recorded with an Agilent Technologies 

Cary 60 UV−Vis spectrophotometer. For femtosecond transient absorption measurements, a 

Yb:KGW laser (1030 nm, 54 kHz, Light Conversion) is split into two fundamental light beams. 

One of the light beams is transferred to the optical parametric amplifier (Orpheus, Light 

Conversion) to generate a high-intensity pulse of a specific wavelength as the pump beam. At the 

same time, the other is focused on a 5 mm sapphire to generate low-intensity continuum light, 

employed as the probe beam. The pump and probe beams spatially were set at the magic angle 

(54.7°) and spatially overlapped at the sample. The time delays between pump and probe beams 

were achieved using a delay stage monitor, and the transmitted probe light is collected using a 

charge-coupled device. The pump fluence was kept at ca.2 μJ/cm2, unless indicated otherwise. For 

the film samples, the transient absorption experiment was done six times on several spots of the 

film for each sample, of which the average was taken. Upon completion, no sample degradation 

was detected. Global analysis of the time-resolved spectroscopic data was performed using the 

Glotaran program.1

Computer simulations.

MD simulations were performed using the NAMD program (version 3.0b3).2 Force field 

parameters of L4 and L5 were generated by the CGenFF program (interface: version 1.0.0; force 

field: version 3.0.1)3,4 and additional improper dihedral restraints were added to re-enforce 
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planarity of the molecules. 200 molecules of L4 and L5 molecules were randomly placed in an 

cubic simulation box at low density (~0.1 g/cm3) using the PACKMOL package (version 18.169).5 

Periodic boundary conditions were assumed and the integration time step was set at 0.5 fs. A 30 

ns of NPT-MD was performed at 650 K and 1 atm, then the systems were cooled at 1 atm from 

650 K to 300 K at a rate of 10 K/ns followed by another 30 ns of NPT-MD at 300 K and 1 atm.6 

Representative dimers of L4 or L5 selected from the last 10 ns of the MD simulations were further 

subjected to DFT and TDDFT calculation, using the ORCA package (version 5.0.4)7 DFT 

geometry optimizations were performed with the r2SCAN-3c composite method8 implemented in 

ORCA, and TDDFT calculations were performed the cam-B3LYP9/def-SVP levels based on the 

DFT-optimized geometries. In these calculations a dielectric constant ε=3.5 in CPCM implicit 

solvent model was used to represent the effects of surrounding NFA molecules,10 and the long 

alkyl and alkoxy sidechains were reduced to methyl and methoxy groups, respectively, for 

simplicity. Hole and electron analysis of the excited states were performed using the Multiwfn 

program (version 3.8).11 Visualization of the results were carried out with the aid of the VMD 

programs (version 1.9.4a53).12 

Fabrication and characterization of the solar cells.

Pre-patterned ITO-coated glass substrates were cleaned with detergent and ultrasonicated in 

deionized water, acetone and isopropanol for 20 min each and subsequently dried in an oven 

overnight. Device was fabricated with conventional device structure of 

ITO/2PACz/Acceptor/PNDIT-F3N/Ag. Ethanol solution of 2PACz (Purchased from Tokyo 

Chemical Industry) was spin-cast onto the ITO surface at 6000 rpm for 30 s (the thickness is about 

8 nm), and baked at 60 °C for 1 min in air. Dissolve the acceptor in solution 

(chloroform:chlorobenzene = 0.93:0.07) at 40 ° C and stir for 20 min to make sure the solid was 

fully dissolved. The concentration of acceptors was set as 15 mg/mL. The active layers were spin-

coated from chloroform solutions in a N2-filled glove box. After the layers were fully dried, the 

methanol solution of PNDIT-F3N (0.5 mg mL-1) was spin-cast on the BHJ layer at 2000 rpm. 

Finally, a 100 nm Ag layer was thermally deposited at a vacuum pressure below 10-7 Torr. 

Photovoltaic cells were fabricated on the substrate with an effective area of 0.04 cm2. The J–V 

curves of photocurrents were recorded in glove box at ~25 C using an instrument from Enli 

Technology Ltd., Taiwan (SS-F53A) under AM 1.5G illumination (AAA class solar simulator, 

with an intensity of 100 mW cm-2 calibrated with a standard single crystal Si photovoltaic cell). 
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Fig. S1 Chemical structure of PBDB-T and Y6, as indicated.

Fig. S2 UV-visible absorption spectra of PBDB-T/Ln blend films (PBDB-T:Ln = 1:1, w/w).
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Fig. S3 TA spectra of the CHCl3 solutions of L4 (a, pumped at 700 nm) and L5 (b, pumped at 760 

nm) in a concentration of ca. 0.02 mg/mL, recorded at selected time delays.

Table S1 Parameters from the global fits of the TA data of the L5 blend film at selected 
wavelengths representing important spectral features with 800-nm excitation.

λprobe (nm) A1 τ1 (ps) A2 τ2 (ps) A3 τ3 (ps) Offset

630 0.06 1.6 0.07 13.6 −0.02 291 −0.14

820 −0.22 1.6 −0.22 13.6 −0.02 291 −0.02

930 0.15 1.6 0.11 13.6 0.03 291 0.06

Table S2 Parameters from the global fits of the TA data of the L5 blend film at selected 
wavelengths representing important spectral features with 550-nm excitation.

λprobe (nm) A1 τ1 (ps) A2 τ2 (ps) A3 τ3 (ps) offset

630 nm −0.51 0.2 0.02 12.0 −0.04 548 −0.37

820 nm 0.33 0.2 −0.24 12.0 −0.01 548 −0.06

930 nm −0.18 0.2 0.15 12.0 0.06 548 0.13
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Fig. S4 TA spectra of the pure PBDB-T film measured at selected time delays, with 500-nm 

excitation.

Table S3 Parameters from the global fits of the TA data of the L4 neat film at selected wavelengths 
representing important spectral features with 800-nm excitation.

λprobe (nm) A1 τ1 (ps) A2 τ2 (ps) A3 τ3 (ps)

765 nm −0.09 2.3 −0.09 30.1 −0.10 126

830 nm 0.12 2.3 0.16 30.1 0.15 126

930 nm −0.05 2.3 −0.02 30.1 0.09 126

Table S4. Parameters from the global fits of the TA data of the L5 neat film at selected 
wavelengths representing important spectral features with 800-nm excitation.

λprobe (nm) A1 τ1 (ps) A2 τ2 (ps) A3 τ3 (ps)

820 nm −0.16 0.6 −0.16 12.7 −0.26 127

930 nm 0.06 0.6 0.16 12.7 0.15 127
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Fig. S5 TA spectra (a) and kinetics (b) of the neat L5 film measured at selected time delays with 

800-nm excitation.

Table S5. Photovoltaic performance of neat L4- and L5-based devices. 

Devices Voc (V) Jsc (mA cm-2) FF (%) PCE (%)

L4 0.73 0.009 40.66 0.003 (0.002a)

L5 0.84 0.032 41.76 0.011 (0.008a)
aAveraged data are calculated over 5 independent devices.
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Fig. S6 Hole–electron analysis of the lowest excited states of L5 dimers in different stacking 

configurations. Red and blue regions denote the hole and electron distributions, respectively 

(isovalue = 0.0003). The centroid distances between the hole and electron (D index)11 are also 

indicated.
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