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1. Experimental Section 

Materials, Synthesis and Characterization. The trimer structures were synthesized according to 

the synthetic route described in Chart 1. All of the chemicals were purchased from Aldrich. All 

reagents purchased commercially were used without further purification except for toluene and 

tetrahydrofuran (THF), which were dried over sodium/benzophenone. 1H NMR and 13C NMR spectra 

were recorded on a Bruker DRX–500 spectrometer with tetramethylsilane as an internal reference. 

High Resolution MALDI–TOF spectra were recorded on Bruker Solarix 9.4T. Compounds β and βC 

were synthesized according to the procedures developed in our lab.1  

Synthesis of Compound β. To a round–bottom flask equipped with a condenser, 1 (311 mg, 0.37 

mmol), 2 (170 mg, 0.41 mmol), Pd2(dba)3 (34 mg, 0.04 mmol), and P(o-MePh)3 (45 mg, 0.14 mmol) 

were added. The system was evacuated and refilled with N2 three times, then charged with toluene 

(50 mL). The reaction mixture was refluxed under N2 for 8 h. Then, compound 3 (102 mg, 0.11 

mmol), Pd2(dba)3 (8.5 mg, 0.01 mmol), and P(o-MePh)3 (12 mg, 0.04 mmol) were added. The 

reaction mixture was refluxed under N2 for another 8 h. After cooling to room temperature, the 

reaction mixture was concentrated under reduced pressure. The residue was purified by column 

chromatography with hexane and CH2Cl2 (1:1, v/v) as the eluent. Compound β was obtained as a red 

solid (292 mg, 25.4% yield). 1H NMR (CDCl3): δ 8.87 (m, 4H), 8.70-8.65 (m, 8H), 8.35 (s, 4H), 8.23 

(m, 4H), 7.77 (s, 2H), 7.68 (s. 2H) 5.19 (m, 6H), 3.14 (s, 4H), 3.02 (s, 4H), 2.25 (m, 12H), 1.84 (m, 

16H), 1.23 (m, 130H), 0.83 (m, 48H), 0.74 (m, 12H). 13C NMR (CDCl3): δ 144.4, 144.1, 139.6, 139.5, 

137.9, 137.6, 134.2, 133.9, 133.9, 133.6, 130.1, 130.0, 129.9, 129.2, 129.1, 128.4, 128.1, 127.5, 123.7, 

123.0, 122.6, 122.0, 54.7, 40.3, 38.4, 32.4, 31.8, 31.7, 29.3, 29.2, 28.9, 28.8, 27.0, 26.9, 23.0, 22.6, 

22.6, 14.1, 14.1, 14.1, 14.0, 11.2, 11.1. MALDI-TOF: calcd. for [C202H256N6O12S3], 3085.9, found, 

3085.018. 

Synthesis of Compound βC. A solution of FeCl3 (800 mg, 4.9 mmol) in 2 mL nitromethane was added 

dropwise to a stirred solution of compound β (170 mg, 0.55 mmol) in 10 mL CH2Cl2. The reaction 

was stirred with Ar. After stirring for 10 h at room temperature, 1 mL methanol was added to the 

solution. The solvent was evaporated under reduced pressure, and the crude product was filtered with 

silica gel with a large amount of CHCl3 to yield the solid product (158 mg, 93%).1H NMR (C2D2Cl4, 

ppm, 353 K): δ 10.54 (d, 2H), 10.39 (d, 2H), 9.99 (s, 2H), 9.93 (s, 2H), 9.35 (m, 4H), 9.08 (m, 4H), 

5.48-5.21 (m, 6H), 4.13 (Br, 8H), 2.31-1.98 (br, 28H), 1.37-1.20 (m, 130H), 0.85-0.79 (m, 60H). 13C 

NMR cannot be measured due to the aggregation issue. MALDI-TOF: calcd. for [C202H248N6O12S3], 

3077.8, found, 3077.9. 

 

Steady−State Measurements. All of the measurements were performed at room temperature. 

Concentrations ranging from 1.6×10−6 to 1.6×10−4 M were used for the spectroscopic investigations. 

Absorption spectra were measured using an Agilent 8432 UV−visible absorption spectrophotometer. 

The emission spectrum measurements were performed with a Fluoromax−2 spectrofluorimeter. The 

fluorescence quantum yields of the samples were calculated using a known procedure2,3 and 

Rhodamine B in ethanol (ϕF = 0.68)4 was used as the standard.  

 

Two−Photon Excited Fluorescence Measurements. Two−photon excited fluorescence 

measurements were performed using a Kapteyn Murnane (KM) mode−locked Ti:Sapphire laser 

tunable from 700 to 900 nm, and delivering 110 fs output pulses at a repetition rate of 80 MHz as 

described previously.1,5,6 Emission scans were performed either at 820 or 875 nm excitation while 

scanning the emission in the 400−850 nm range, but the exact emission detection wavelength during 

the power dependence scan was selected by the emission wavelength that produced the highest 

number of counts. Input power from the laser was varied using a variable neutral density filter. 

Two−photon power−dependent fluorescence intensity was utilized to determine the two−photon 
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absorption cross section using the comparative method. Rhodamine B in ethanol was used as the 

standard (cross section 120 GM at 820 nm and 30 GM at 875 nm).7 

 

Femtosecond Transient Absorption. An amplified laser (Spectra Physics Spitfire) with pulse 

duration of ~100 fs, repetition rate of 1 kHz, and power of 1 W was directed at a beam splitter to 

generate the pump (85%) and the probe beams (15%). The pump beam (~66 mJ per pulse) was 

generated from the second harmonic of the amplifier’s output (~405 nm) using a BBO crystal in an 

optical parametric amplifier (Spectra Physics OPA-800CF) and was focused onto the sample cell (l 

= 2 mm) preceded by an optical chopper. The probe beam was passed through a computer−controlled 

delay line and focused onto a 2 mm sapphire plate to generate the white light continuum (Ultrafast 

Systems Inc.).8,9 The white light was focused onto the sample and overlapped with the pump beam. 

The absorption difference (ΔA) of the signal was collected by a CCD detector (Ocean Optics). Data 

acquisition was performed with the software Helios by Ultrafast Systems Inc. The IRF was measured 

by the Raman scattering of water at 466 nm and is found to be 110 fs. Data analysis was performed 

with Surface Xplorer Pro and Glotaran softwares. All the experiments were performed in dilute 

solutions, at concentrations below 1104 M. 

 

Nanosecond Transient Absorption. The spectral properties and the lifetimes of long lived transient 

species were probed by transient absorption with nanosecond time resolution measurements.10 These 

experiments were performed in dilute deaerated solutions, where photodegradation was checked by 

recording UV−vis absorption spectra before and after each experiment. All the experiments were 

performed in dilute solutions, at concentrations below 7105 M. An LP980 (Edinburgh) spectrometer 

system, with a monochromator and PMT for signal detection (PMT−LP), was coupled with a Spectra 

Physics QuantaRay Nd:YAG nanosecond pulsed laser and a GWU Optical Parametric Oscillator 

(OPO) tunable for the excitation source. Flash lamps excite the ND:YAG rod in the laser head 

containing a polarizer, pockel cell, and ¼ wave plate, producing Q-switched 1064 nm light. Two-

stage harmonic generation then produces high energy 355 nm light used to pump the OPO. The OPO 

produces excitation source from 206 nm to 2600 nm employing second harmonic generation and 

sum-frequency mixing nonlinear processes. For this investigation, 415 nm, 441 nm and 510 nm 

excitation wavelengths were used to pump the samples and a pulsed xenon lamp white light 

continuum was used to probe the absorption properties of the produced excited states. Relative 

actinometry measurement,11,12 using an optically matched solution of Tetracene (φT = 0.62 and εT = 

31200 M−1 cm−1 at λT of 465 nm)13 in chlorobenzene as reference, was used to compute the product 

of the triplet yield and triplet−triplet extinction coefficient (φT·εT) of the samples. The same OD was 

maintained at 441 nm excitation λ for both reference and sample, hence generating equal 

concentration of singlets in both solutions. Then knowing that: [𝑠𝑖𝑛𝑔𝑙𝑒𝑡] = [𝑡𝑟𝑖𝑝𝑙𝑒𝑡] 𝜙𝑇⁄  and using 

Beer-Lambert’s law: [𝑡𝑟𝑖𝑝𝑙𝑒𝑡] = ∆𝐴 𝑙 ∙ 𝜀𝑇⁄  for both the sample and the reference, the product: φT·εT 

of the sample can be computed. To compute the triplet yield (φT), triplet–triplet absorption 

coefficients (εT) were determined by triplet energy transfer measurements14–16 to and from Tetracene 

in cyclohexane. Tetracene (ET = 1.27 eV) was employed as a triplet energy donor for β, but as an 

acceptor for βC, giving a qualitative hint about their triplet energies i.e. ET < 1.27 eV for β, but ET > 

1.27 eV for βC. For computing εT successfully, in the donor + acceptor mixture, at the donor λT there 

has to be a decrease in the triplet lifetime (i.e. higher decay rate) in comparison to its lifetime with 

only the donor in solution. Also, at the acceptor λT, a triplet concentration rise has to be observed. 

These observations thus confirm triplet energy transfer from a donor to an acceptor. Using the decay 

rate of the donor only (kD) and the acceptor (kA) alongside the rate of energy transfer (kET), the ΔAA 

and ΔAD, the εT of donor or acceptor can be evaluated knowing the εT of the other.  

 

Two–Color Transmission Measurements of Triplet Yield. Femtosecond two-color transmission 

measurements were carried out using a tunable Mai Tai laser system (Spectra Physics) giving 130 fs 
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pulses with a repetition rate of 80 MHz, tunable from 700 – 900 nm.17 The light with wavelength of 

850 nm plays the role of probe beam, and second harmonic generated (425 nm) light using a BBO 

crystal was used as the pump beam. To obtain the transmission profile, the excited state absorption 

at 850 nm was investigated with pump irradiation at 425 nm.  The selected wavelength region is 

reasonable since there is negligible steady-state absorption at 850 nm for the investigated samples. A 

variable neutral density filter is placed to modulate the excitation power. The position of focusing 

lens is adjusted to place the focusing point on the sample. Blank chloroform solvent gives a reference 

line. A calibrated photodiode was used to measure the pump power. The transmitted power has been 

measured with a wide aperture power meter which is free of any thermal lensing effect. 
 

Time−Resolved Fluorescence Measurements. Time−correlated single photon counting (TCSPC) 

technique, which has been described previously,9 was used to study the long decay component of the 

investigated samples. The laser used for the TCSPC measurements was a home-built mode−locked 

Ti−sapphire laser with cavity dumper with repetition rate below 700 kHz. The output beam from the 

KM laser was at 800 nm wavelength, with a pulse duration of ca. 30 fs. The output beam was 

frequency−doubled using a nonlinear barium borate crystal to obtain a 400 nm beam. A polarizer was 

used to vary the power of the 400 nm beam that excites the sample. Focus on the sample cell (quartz 

cuvette, 0.4 cm path length) was ensured using a lens of focal length 11.5 cm. Collection of 

fluorescence was carried out in a direction perpendicular to the incident beam into a monochromator, 

and the output from the monochromator was coupled to a photomultiplier tube, which converted the 

photons into counts. 

The femtosecond−resolved fluorescence experiments were performed using an ultrafast 

fluorescence Up−Conversion setup that had previously been described.8,18–20 Mode−locked 

Ti−Sapphire femtosecond laser (Spectra Physics Tsunami) was used to generate 80 fs pulses at 800 

nm wavelength with a repetition rate of 82 MHz. This mode−locked laser was pumped by a 532 nm 

continuous light output from another laser (Spectra Physics Millennia), which has a gain medium of 

neodymium−doped yttrium vanadate (Nd:YVO4). A 400 nm excitation pulse was generated by a 

second harmonic β−barium borate crystal, and the residual 800 nm beam was made to pass through 

a computer−controlled motorized optical delay line. The polarization of the excitation beam was 

controlled by a Berek compensator. The power of the excitation beam varied between 33 to 36 mW. 

The fluorescence emitted by the sample was up−converted by a nonlinear crystal of β−barium borate 

by using the residual 800 nm beam, which had been delayed by the optical delay line with a gate step 

of 6.25 fs. By this procedure, the fluorescence can be measured temporally. The monochromator is 

used to select the wavelength of the up−converted beam of interest, and the selected beam is detected 

by a photomultiplier tube (R152P, Hamamatsu, Hamamatsu City, Japan). The photomultiplier tube 

converts the detected beam into photon counts, which can be read from a computer. Coumarin 30 

was used for calibrating the set up. The instrument response function (IRF) has been determined from 

the Raman signal of water to have a width of 110 fs. Lifetimes of fluorescence decay were obtained 

by fitting the fluorescence decay profile to the most accurate fit. Mono and multi−exponential decay 

functions convoluted with IRF in MATLAB and Origin 8 were necessary for the data analysis.  

 

Quantum Chemical Simulations. Theoretical investigation has been performed on molecular 

structures where the long alkyl chains are replaced by short chains (octyl and hexyl groups [C6H13, 

C8H17] attached to the PDI moieties and the BDT linker are replaced by hydrogen atoms and methyl 

groups, respectively) to save computational time without significant effect on the electronic 

properties. The ground state geometry of each compound was obtained by density functional theory 

(DFT). The B3LYP functional and the 6−31G* basis sets have been employed. Excited state 

simulations using time−dependent DFT (TD-DFT) were performed. The same functional and basis 

sets used in the ground state calculations, were employed for the geometry optimization of the first 

singlet excited state (S1) and the first triplet excited state (T1) in the gas phase.  The geometries of S1 
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were obtained with TD-DFT simulations. T1 geometries could be obtained via two approaches: an 

unrestricted triplet calculation, and TD-DFT targeting a triplet state. In this study, TD-DFT triplet 

geometry optimization was conducted for consistency with the S1 geometries. Single−point energy 

calculations to evaluate the electronic property were performed using the system−dependent, 

nonempirically tuned version of long−range corrected functional ωB97X−D21,22 which is known to 

significantly improve the charge delocalization problem in conventional DFT functionals and 

6−31G* basis sets. The ω value is tuned to minimize the square sum of the difference between HOMO 

energy (𝜀HOMO) and ionization potential (IP), and LUMO energy (𝜀LUMO) and electron affinity (EA), 

(𝜀HOMO+𝐼𝑃)2+(𝜀LUMO+𝐸𝐴)2. The ω value is significantly affected by the environment,23 and inclusion 

of the solvent (chloroform) dielectric field induces a reduced ω value. The optimal ω values of β and 

βC are 0.004 and 0.003, respectively. The medium effect was included using polarizable continuum 

model with the dielectric constant of 4.31 for chloroform. Characters of excitations were described 

with natural transition orbitals (NTOs). The driving force of singlet fission — the energy difference 

between E(S1) and 2×E(T1), ΔES-2×T — was estimated with the same computational details mentioned 

above. S1 and T1 energies should be calculated at the optimized states since the vibrational relaxation 

is much faster than SF process. Recently, Krylov et al. pointed out the importance of 1(TT) energy in 

predicting feasibility of SF and relevant kinetics.24 Restricted active space with double spin-flip 

(RAS-2SF) has successfully provided the energetics of SF-relevant states in a number of studies.25–

32 While the RAS-2SF approach works well for dichromophoric systems, β and βC trimeric 

compounds require one additional spin-flip to locate all available multiexcitonic states distributed 

over three chromophores. In this study, we employed a high spin restricted open Hartree-Fock septet 

reference state. The orbital space of interest was divided into three parts: RAS1, RAS2 and RAS3. 

Two subspaces, RAS1 and RAS3, correspond to fully occupied, and virtual spaces, respectively. Six 

singly occupied orbitals were considered in the RAS2 active space. Core inactive occupied orbitals 

and 1200 virtual orbitals were kept frozen to enable RAS-3SF calculation for such large 

chromophores. The localized frontier orbitals were obtained using RAS-3SF method via Pipek-

Mezey localization scheme with Q-Chem 4.0.33 Energies of multiexciton state were estimated at the 

S1 geometries obtained by the TD-DFT calculation described above. Details on the procedure of 

intersystem crossing calculations are provided in Supporting Information. All the quantum chemical 

simulations were conducted using Q−Chem 5.0. 

 

Device fabrication and characterization. Polymer PTB7−Th was obtained from 1−Material. 

Chlorobenzene and 1,8−diiodooctane for active layer solution preparation were obtained from Sigma-

Aldrich. For ZnO preparation using sol−gel approach, we used Zn(CH3COO)2∙2H2O, 2-

methoxyethanol and 2-aminoethanol, all purchased from Sigma−Aldrich. Chloroform and 

cyclohexane from Sigma−Aldrich were used as solvents for the spectral and photophysical 

characterization. All chemicals were used as obtained from the manufacturer without further 

purification. Devices were fabricated in inverted configuration consisting of ITO/ZnO/active 

layer/MoO3/Ag. ITO substrates, obtained from Thin Film Devices Inc., were ultrasonicated in 

chloroform, acetone and isopropanol for 15 min and then treated with UV−ozone for 30 min. Sol−gel 

solution of ZnO precursor, prepared following procedures described elsewhere, was added dropwise 

onto ITO substrates through PTFE syringe filter and spin coated at 4000 rpm for 40 seconds. 

Immediately after spin coating, substrates were annealed at 2000C for 30 minutes in air. Active layer 

components were dissolved in chlorobenzene overnight at 700C and solution at room temperature 

was spin coated onto the substrates in a glovebox. Films were immediately transferred to a vacuum 

chamber and MoO3 (8 nm) and Ag (80 nm) were thermally evaporated under the pressure lower than 

2 ∙ 10−6 Torr. 

J−V curves of the devices were measured with Keithley 2420 source meter unit. Devices were tested 

under 1 sun conditions (AM1.5G, 100 mW/cm2) using xenon lamp (Oriel 69920) intensity of which 
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was calibrated with a standard NREL certified Si cell (Newport, 91150V). Masks with a well−defined 

area of 3.14 mm2 were used to define an active area of the device. 

 

 

2. Steady–State and Two–Photon Absorption Measurements 
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Figure S1. Concentration effect on the absorption spectra of the Trimers in chloroform.  
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Figure S2. Power dependence of the two−photon excited emission (left) and two−photon emission spectra 

(right) for the Trimers in chloroform upon 820 nm excitation. 

 

 

Table S1. Change in atomic charge from S0 to S1 on the subunits of compound β and βC.a 

 β βC 

 A D A D A A D A D A 

Absorptionb −0.07 +0.50 ̶ 0.66 +0.27 −0.03 −0.19 +0.32 ̶ 0.25 +0.32 −0.19 

Emissionc +0.07 +0.64 ̶ 0.74 +0.03 0.00 −0.79 +0.61 +0.10 +0.08 −0.01 

aMulliken charge is given in e−; bCalculated at S0 geometry; cCalculated at S1 geometry 
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3. Femtosecond Transient Absorption (fsTA) 

 

Table S2. Lifetimes (τ) obtained by global fitting of the femtosecond Transient Absorption data in chloroform. 
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Figure S3. A) Time−resolved spectra and kinetics (inset) obtained by femtosecond TA for the Trimers in 

chloroform. B) Species Associated Spectra and lifetimes obtained by global fitting the TA data. C) Population 

dynamics of the excited singlet and triplet states. 

 

4. Triplet Yield Calculation from fsTA 

Triplet yield was evaluated from the temporal dynamics of the lowest excited singlet and triplet state 

populations, as obtained through analysis of the femtosecond transient absorption data, according to a 

procedure already described in the literature, and here detailed for the trimer samples.34,35 

βC Trimer 

Global Fitting of the femtosecond transient absorption data was carried out using the Glotaran software which 

provided us with the Species Associated Spectra of the four exponential components (assignments and 

lifetimes described in Table S2) and their temporal composition (Figure S4). 
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Figure S4. Species Associated Spectra (left) and composition in time (right) of the four exponential 

components resulting from global fitting of the femtosecond transient absorption data of βC in chloroform. 

To obtain the spectral shapes of the excited singlet and triplet states the transient spectra at time delays of 129 

and 1413 ps were selected, respectively (Figure S5). In fact, at these time delays abundances of the singlet and 

triplet transients were at the maximum in the femtosecond transient absorption data (Figure S4). 
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Figure S5. Transient absorption spectra at 129 and 1413 ps delay from excitation recorded for βC in 

chloroform. 

The spectra of the lowest singlet and triplet excited states must be related through the GSB they share in 

common. The ground state absorption spectrum was scaled and subtracted from the 129/1413 ps transient 

spectra in order to remove the GSB contribution. The ground state absorption spectrum was normalized to the 

transient absorption spectrum at the peak of the ground state bleaching, and then subtracted. The normalization 

was the method employed to determine the “right” amount of ground state absorption to subtract each time. 

The resulting spectra only show the S1/T1 ESA relative to a known amount of GSB (Figure S6). 
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Figure S6. Transient (black) and steady state (red) absorption spectra used to reconstruct the absorption spectra 

of the excited singlet (blue, left) and triplet (green, right) states. 

The S1 and T spectra are then normalized to the GSB they share, resulting in two spectra that are quantitatively 

related (Figure S7). 
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Figure S7. Excited state absorption spectra, normalized to GSB, used to correct composition profile in Figure 

S4 and to obtain population dynamics in Figure S8. 

The quantitatively related spectra of S1 and T were used to correct the composition profiles previously shown. 

The temporal composition of the components resulting from the global fitting reported in Figure S4 is indeed 

related to the differential absorbance measured during the ultrafast absorption experiments. Therefore, 
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according to the Lambert−Beer law, it is dependent on both the absorption ability and the concentration of S1 

and T. From the quantitatively related S1 and T spectra reported in Figure S7, it is clear that the ratio between 

the triplet excited state absorption at its peak (0.0454 at 540 nm) and the singlet excited state absorption at its 

peak (0.0292 at 460 nm) is 
𝜀𝑇

𝜀𝑆
= 1.55. By scaling the S1 and T temporal compositions in Figure S11 for this 

factor (multiplying the singlet profile by 1.55), the correct concentration profiles were obtained: 
𝑐𝑆

𝑐𝑇
=

∆𝐴𝑆

∆𝐴𝑇
×

𝜀𝑇

𝜀𝑆
. From the population profiles normalized at the singlet population peak (Figure S8), a triplet quantum yield 

higher than 46% was estimated for βC. 
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Figure S8. Population dynamics of the excited singlet and triplet states for βC in chloroform. 

 

Note: For βC, from the fs transient data we estimate a triplet yield somehow higher than that accurately 

measured by the ns sensitization experiments. However, all the methods agree in giving a triplet yield lower 

than 100 % for the βC compound, clearly suggesting a triplet production via conventional ISC. 

 

 

 

 

β Trimer 

A similar procedure was employed to evaluate the triplet yield for β. Global Fitting revealed the presence of 

four exponential components whose Species Associated Spectra and composition in time are shown below in 

Figure S9. 
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Figure S9. Species Associated Spectra (left) and composition in time (right) of the four exponential 

components resulting from global fitting of the femtosecond transient absorption data of β in chloroform. 

Looking at the singlet and triplet composition profiles, transient spectra at time delays of 29 and 1165 ps were 

selected to obtain spectral shapes associated to the excited singlet and triplet state, respectively (Figure S10). 
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Figure S10. Transient absorption spectra at 29 and 1165 ps delay from excitation recorded for β in chloroform. 

The ground state absorption spectrum was scaled and subtracted from the 29/1165 ps transient spectra in order 

to remove the GSB contribution (Figure S11). In this case the same amount of GSB was subtracted from both 

spectra because no clear negative band is exhibited by the transient spectrum at long delays. This is due to 

spectral overlap between the ground state and the triplet excited state absorption.  
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Figure S11. Transient (black) and steady state (red) absorption spectra used to reconstruct the absorption 

spectra of the excited singlet (blue, left) and triplet (green, right) states. 

The resulting spectra, which only show S1/T ESA signals peaked at very different wavelengths, are 

quantitatively related (Figure S12). 
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Figure S12. Excited state absorption spectra used to correct composition profile in Figure S9 and to obtain 

population dynamics in Figure S13. 

These spectra were used to correct the composition profiles shown in Figure S9, after a smoothing procedure 

applied to be more accurate in determining differential absorbance typical of singlet and triplet states. The 

ratio between the triplet excited state absorption at its peak (0.0125 at 510 nm) and the singlet excited state 

absorption at its peak (0.0219 at 740 nm) is 0.571. The temporal population profiles for these excited states 

were thus obtained, by scaling the composition profiles in Figure S9 using this factor (multiplying the singlet 

profile by 0.571). Population dynamics normalized at the singlet peak (Figure S13) demonstrates the formation 

of 1.89 triplets per initially excited singlet. A triplet quantum yield of 189% was estimated for β. 
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Figure S13. Population dynamics of the excited singlet and triplet states for β in chloroform. 
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5. Nanosecond Transient Absorption (nsTA) 
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Figure S14. Time−resolved spectra obtained by nanosecond TA measurements for the Trimers in 

air-equilibrated chloroform upon 500 nm (for ) and 600 nm (for C) laser excitations.  
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Figure S15. Kinetics of triplet species in air-equilibrated (gray) vs. deaerated (black) chloroform. 
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6. Triplet Sensitization Experiments by nsTA 
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Figure S16. Transient absorption spectra of Tetracene in cyclohexane upon laser excitation at 441 nm. 
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Figure S17. Transient absorption sensitization spectra of the Trimer compounds and Tetracene in cyclohexane, 

showing the triplet species decay of the donor and the rise of the acceptor (inset). 
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Figure S18. Triplet absorption spectrum of  from direct excitation and from sensitization by using Tetracene 

(left) and tetraphenyl-Porphine (right) as triplet donor. 
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Triplet extinction coefficient of β was obtained by triplet energy transfer from Tetracene donor (ET = 1.27 eV) 

to the β triplet energy acceptor (ET << 1.27 eV). For βC, its triplet extinction coefficient was obtained by 

energy transfer to the Tetracene acceptor from βC acting as a triplet energy donor (ET > 1.27 eV).  

Here, the employed procedures for the two trimer compounds are reported. 

 

 

1) Determination of the triplet extinction coefficient of β in cyclohexane (CH) at 520 nm by energy 

transfer from Tetracene (λexc = 441 nm)12,14–16 
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Figure S19. Kinetics recorded during nanosecond transient absorption measurements of Tetracene (donor) in 

cyclohexane upon laser excitation at 441 nm. 
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Figure S20. Kinetics recorded during nanosecond transient absorption measurements of β sensitized by 

Tetracene (quenched donor at 465 nm and sensitized acceptor at 520 nm) in cyclohexane upon laser excitation 

at 441 nm. 

 

𝜀𝐴 = 𝜀𝐷 ×
∆𝐴𝑚𝑎𝑥,𝐴

∆𝐴𝑚𝑎𝑥,𝐷
×

1

𝑓𝐷 × 𝑝𝐸𝑇 × 𝑤
 

𝜀𝐴 = 31200 𝑀−1𝑐𝑚−1 ×
0.0043

0.254
×

1

0.8514 × 0.5773 × 0.6446
= 1667 𝑀−1𝑐𝑚−1 

 

Where: 
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𝑓𝐷 =
𝐴𝐷

𝐴𝐷+𝐴
× (

1−10−𝐴𝐷+𝐴

1−10−𝐴𝐷
) = 0.8514  is the fraction of light absorbed by the donor 

𝑝𝐸𝑇 =
𝑘𝐷

′ −𝑘𝐷

𝑘𝐷
′ = 0.5773 is the energy transfer probability 

𝑤 = 𝑒𝑥𝑝 [−
ln (

𝑘𝐷
′

𝑘𝐴
)

𝑘𝐷
′

𝑘𝐴
−1

] = 0.6446 is a factor accounting for the quenched donor and acceptor lifetimes 

 

And where,  

𝜀𝐴 = triplet-triplet extinction coefficient of the acceptor (UNKNOWN) 

𝜀𝐷 = triplet-triplet extinction coefficient of the donor/sensitizer (KNOWN) 

∆𝐴𝑚𝑎𝑥,𝐴 = maximum absorbance change of the Acceptor in the “Donor + Acceptor” mixture 

∆𝐴𝑚𝑎𝑥,𝐷 = maximum absorbance change of the Donor/sensitizer alone 

𝑓𝐷 = fraction of light absorbed by the Donor/sensitizer in the “Donor + Acceptor” mixture w.r.t. the Donor 

alone 

𝑘𝐷
′  = rise rate constant of the Acceptor in the “Sensitizer + Acceptor” mixture (should be similar to the 

quenched Sensitizer decay rate constant) 

𝑘𝐷 = decay rate constant of the Donor ONLY 

𝑘𝐴 = decay rate constant of the Acceptor in the “Donor + Acceptor” mixture 

 

Note: In estimating 𝑘𝐷
′ , ideally (in the absence of any spectral overlap) the decay rate constant of the quenched 

Donor (at 465 nm) should match the rise rate constant of the Acceptor (at 520 nm).15 This was not the case 

here for the β compound as there is an overlap of its triplet spectrum and that of the tetracene Donor such that 

at 465 nm both the Donor and the Acceptor contribute to the decay rate constant (see Figures 4 and S15). For 

this reason, we decided to set 𝑘𝐷
′  as the rise rate constant of the Acceptor because at 520 nm only the β 

compound triplet shows an absorption. 

 

To calculate the Triplet quantum yield.  

Relative Actinometry approach was used.11 This was done using the computed triplet extinction coefficient 

from the energy transfer measurement. Tetracene, with its known 𝜀𝑇  and 𝜙𝑇 , was used as a reference 

compound (ref.). In order to obtain the 𝛥𝐴 of both sample and reference, the ground state absorption (i.e. OD) 

of both sample and reference has to be the same at the excitation wavelength (441 nm). 

[𝜙𝑇𝜀𝑇]𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽)

[𝜙𝑇𝜀𝑇]𝑟𝑒𝑓.
=  

[𝛥𝐴]𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽)

[𝛥𝐴]𝑟𝑒𝑓.
  

 

[𝜙𝑇𝜀𝑇]𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽) =  [𝜙𝑇𝜀𝑇]𝑟𝑒𝑓. 
[𝛥𝐴]𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽)

[𝛥𝐴]𝑟𝑒𝑓.
=  (0.62 ∙ 31200𝑀−1𝑐𝑚−1) 

0.0527

0.366
= 2785 𝑀−1𝑐𝑚−1 

 

Where,  

𝜀𝑇 𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽) = triplet-triplet extinction coefficient of the β sample (computed using energy transfer meas.) 

𝜙𝑇 𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽) = triplet quantum yield of the sample β 

[𝛥𝐴]𝑠𝑎𝑚𝑝𝑙𝑒 (𝛽) = change in absorption of the sample β (whose OD is similar to that of the reference at λexcitation) 

[𝛥𝐴]𝑟𝑒𝑓 = change in absorption of the reference compd. (whose OD is similar to that of the sample at λexcitation) 
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Table S3. Summary of the parameters recorded for the two triplet energy transfer measurements performed 

for β in CH to ensure reproducibility. Tetracene used as a triplet energy donor. 

Parameters Measurement 1 Measurement 2 

𝜺𝑫(𝑫𝒐𝒏𝒐𝒓) 31200 𝑀−1𝑐𝑚−1 

(Tetracene) 

31200 𝑀−1𝑐𝑚−1 

(Tetracene) 

∆𝑨𝑨 0.0043 0.005 

∆𝑨𝑫 0.254 0.170 

𝒇𝑫 0.8514 0.746 

𝒌𝑫 0.273 μs-1 0.175 μs-1 

𝒌𝑫
′ =  𝒌𝑫 + 𝒌𝑬𝑻[𝑨] 0.647 μs-1 1.919 μs-1 

𝒌𝑨 0.149 μs-1 0.109 μs-1 

𝜺𝑨 =  𝜺𝑻 𝒔𝒂𝒎𝒑𝒍𝒆 (𝜷) 1667 𝑀−1𝑐𝑚−1 1607 𝑀−1𝑐𝑚−1 

[𝜺𝑻 ∙ 𝝓𝑻]𝒔𝒂𝒎𝒑𝒍𝒆 (𝜷) 

(Rel. Actinom. meas.) 

2785 𝑀−1𝑐𝑚−1 2785 𝑀−1𝑐𝑚−1 

𝝓𝑻 𝒔𝒂𝒎𝒑𝒍𝒆 (𝜷) 1.67 1.73 

Taking an average of these two measurements, the triplet yield was evaluated to be: ~ 1.70 

 

 

 

2) Determination of the triplet extinction coefficient of βC in cyclohexane (CH) at 540 nm by energy 

transfer to Tetracene (λexc=510 nm) 
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Figure S21. Kinetics recorded during nanosecond transient absorption measurements of βC (donor) in 

cyclohexane upon laser excitation at 510 nm. It should be noted that the difference in the lifetime of βC in 

comparison to that reported in Table 2 of the main paper is due to the different solvent employed here and to 

the different nitrogen purging conditions (time, flow rate, ...). 
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Figure S22. Kinetics recorded during nanosecond transient absorption measurements of Tetracene sensitized 

by βC (quenched donor at 540 nm and sensitized acceptor at 465 nm) in cyclohexane upon laser excitation at 

510 nm. The difference in the lifetime of Tetracene in comparison to that reported in Figure S15 is due to the 

non-consistent nitrogen purging conditions (time, flow rate, ...). 

 

𝜀𝐷 = 𝜀𝐴 ×
∆𝐴𝑚𝑎𝑥,𝐷

∆𝐴𝑚𝑎𝑥,𝐴
× 𝑓𝐷 × 𝑝𝐸𝑇 × 𝑤 = 31200 𝑀−1𝑐𝑚−1 ×

0.0814

0.0183
× 0.9985 × 0.5594 × 0.4652

= 36061 𝑀−1𝑐𝑚−1 

Where: 

𝑓𝐷 =
𝐴𝐷

𝐴𝐷+𝐴
× (

1−10−𝐴𝐷+𝐴

1−10−𝐴𝐷
) = 0.9985  is the fraction of light absorbed by the donor 

𝑝𝐸𝑇 =
𝑘𝐷

′ −𝑘𝐷

𝑘𝐷
′ = 0.5594 is the energy transfer probability 

𝑤 = 𝑒𝑥𝑝 [−
ln (

𝑘𝐷
′

𝑘𝐴
)

𝑘𝐷
′

𝑘𝐴
−1

] = 0.4652 is a factor accounting for the quenched donor and acceptor lifetimes 

 

Note: Here, in estimating 𝑘𝐷
′ , the decay rate constant of the quenched Donor (at 540 nm) matches the rise rate 

constant of the Acceptor (at 465 nm). This is because there is no overlap of the triplet absorption spectrum of 

the βC compound and that of the tetracene Acceptor (see Figures 3 and S6), unlike in the case of the β 

compound. 

 
[𝜙𝑇𝜀𝑇]𝑠𝑎𝑚𝑝𝑙𝑒 (𝜷𝑪)

[𝜙𝑇𝜀𝑇]𝑟𝑒𝑓.
=  

[𝛥𝐴]𝑠𝑎𝑚𝑝𝑙𝑒(𝜷𝑪)

[𝛥𝐴]𝑟𝑒𝑓.
  

[𝜙𝑇𝜀𝑇]𝑠𝑎𝑚𝑝𝑙𝑒 (𝜷𝑪) =  [𝜙𝑇𝜀𝑇]𝑟𝑒𝑓. 
[𝛥𝐴]𝑠𝑎𝑚𝑝𝑙𝑒 (𝜷𝑪)

[𝛥𝐴]𝑟𝑒𝑓.
=   (0.62 ∙ 31200𝑀−1𝑐𝑚−1) 

0.125

0.324
= 7460𝑀−1𝑐𝑚−1 
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Table S4. Summary of the parameters recorded for the two triplet energy transfer measurements performed 

for βC in CH to ensure reproducibility. Tetracene used as a triplet energy acceptor in this case. 

Parameters Measurement 1 Measurement 2 

𝜺𝑨 (𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓) 31200 𝑀−1𝑐𝑚−1 

(Tetracene) 

31200 𝑀−1𝑐𝑚−1 

(Tetracene) 

∆𝑨𝑫 0.0814 0.086 

∆𝑨𝑨 0.0183 0.012 

𝒇𝑫 0.9985 1 

𝒌𝑫 0.4470 μs-1 0.2476 μs-1 

𝒌𝑫
′ =  𝒌𝑫 + 𝒌𝑬𝑻[𝑨] 1.0145 μs-1 0.7158 μs-1 

𝒌𝑨 0.6074 μs-1 0.4063 μs-1 

𝜺𝑫 =  𝜺𝑻  𝒔𝒂𝒎𝒑𝒍𝒆 (𝜷𝑪) 36061 𝑀−1𝑐𝑚−1 69545 𝑀−1𝑐𝑚−1 

[𝜺𝑻 ∙ 𝝓𝑻]𝒔𝒂𝒎𝒑𝒍𝒆 (𝜷𝑪) 

(Rel. Actinom. meas.) 

7460 𝑀−1𝑐𝑚−1 7460 𝑀−1𝑐𝑚−1 

𝝓𝑻 𝒔𝒂𝒎𝒑𝒍𝒆 (𝜷𝑪) 0.21 0.11 

Taking an average of these two measurements, the triplet yield was evaluated to be: ~ 0.16 

 

 

 

7. Two–Color Transmission Measurement of Triplet Species to compute Triplet 

Yield 
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Figure S23. Time resolved absorption spectra recorded in the region between 770 and 870 nm via nanosecond 

transient absorption for  (left) and C (right) in chloroform upon 510 nm laser excitation. 
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Figure S24. Kinetics recorded at 510 nm (left) and 850 nm (right) for  in chloroform via nanosecond transient 

absorption upon 510 nm laser excitation. 
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Figure S25. Kinetics recorded at 540 nm (left) and 850 nm (right) for C in chloroform via nanosecond 

transient absorption upon 510 nm laser excitation. 

 

Using the laser parameters and the 850nm probe beam attenuation caused by the 425nm pump, one can 

estimate the singlet to triplet conversion efficiency in the trimers. Following information outlines the 

calculation of singlet-triplet conversion efficiency from experimental data. The triplet extinction coefficient 

for the trimers at 850 nm was evaluated via nanosecond transient absorption measurements (see Figures S22, 

S23 and S24). Triplet extinction coefficients at 850 nm of 280 M-1 cm-1 for β and of 9100 M-1 cm-1 for βC were 

used in the quantitative analysis of the two-color transmission measurements. 

 

Twisted Trimer β in chloroform 

Number of singlet excitations have been created by ultrashort 425nm laser pulse  

 Average laser power at 425 nm = 4.25 mW (probe power at 850 nm ≤1.20 mW, beam attenuation 

29.7%)  

 Energy per pump pulse = 0.00425/(8×107) = 0.053 nJ/pulse 

 Pulse duration = 130 fs = 1.3 ×10-13 s  
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 Laser beam divergence (full angle) : ≤ 1 𝑚rad (Mai-Tai specs) = 10-3 rad 

 Focus of the focusing lens = 0.3 cm 

Waist diameter of focal beam = 0.3 × 10-3 cm (30 μm) 

Focal waist area =πD2/4 = 0.707×10-7 cm2  

Excitation volume = 0.707×10-7 cm2 ×1cm=0.707×10-7 cm3  

 Energy density for 425nm pump pulse = 0.053×10-9/(0.707×10-5) 

 

≈ 7.50×10-6 J/cm
2 

 

Energy of a photon at 425 nm = 4.7 × 10-19 J/photon  

 

Singlet excitations number density:  

The number of absorbed photons at 425nm: Optical density of the sample at 425nm = 0.116  

Iin-Iout = Iin(1-10
-0.116

) = Iin(1-0.76) = 0.23*Iin  

Iin=0.053×10-9/(4.7×10-19)=1.1×108phot/pulse 
 

That is 0.23×1.1×108 = 0.259×108 photons have been absorbed per pulse.  

The same number of molecules in the excited singlet state has been created in the excitation volume 

(v = 0.707×10-5cm3) 

Excited singlet number density: nS* = 0.259×108/(0.707×10-5) = 3.66×1012 molecules/cm3 
 
 

Triplet excitation number density: 

850nm - probe beam attenuation observed under pump of 4.25 mW is 29.7 %  

No focal mismatch is suggested in this version of calculations. 

In order to create this attenuation for the matching part of the probe beam the concentration of the 

triplet states responsible for attenuation can be obtained:  

Iout/Iin = 1 - 0.297 = 0.703 = 10-εlMT, (ε-extinction coefficient for triplet-triplet absorption, l – cell length, 

MT - triplet states concentration) or  

-εlMT=log (0.703) = -0.153  

MT=0.153/(1×280)=0.546×10-3 M where 280 M-1cm-1 is the molar 
 

extinction coefficient for triplet-triplet absorption 

This molar concentration corresponds to the triplet population density  

nTE = NA×MT/1000= 3.29×1017 triplets/cm3  

Full number of triplet in the excitation volume v is 

NTT = nTE×v = 3.29×1017 ×0.707×10-7 = 2.32×1010 molecules in the triplet state in the excitation 

volume  

Each pulse creates NS
*
 
= 0.259×108 molecules in the singlet state  

The number of triplet states created by each pulse is:  

NTP= α×0.259×108 molecules in the triplet state in the excitation volume. 

Now the triplet state accumulation at relatively high pulse repetition rate should be taken into account:  

NTaccum = NTP×τT×8×107; where τT is triplet state lifetime (~6μs), 8×107 - laser pulse repetition rate  

NTaccum = 0.259×108×α×6×10-6×8×107=1.24×1010×α:  

 α = (2.32×1010 /1.24×1010) = 1.87 or 187% 

 

 

Planar Trimer βC in chloroform 

Number of singlet excitations have been created by ultrashort 425nm laser pulse  

 Average laser power at 425 nm = 4.25 mW (probe power at 850 nm ≤1.20 mW, beam attenuation 

36.6%)  

 Energy per pump pulse=0.00425/(8×107) = 0.053 nJ/pulse 

 Pulse duration = 130 fs = 1.3 ×10-13 s  

 Laser beam divergence (full angle) : ≤ 1 𝑚rad (Mai-Tai specs) = 10-3 rad 

 Focus of the focusing lens = 0.3 cm 

Waist diameter of focal beam = 3 × 10-3 cm (30 μm) 

Focal waist area = πD2/4 = 0.707×10-7 cm2  
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Excitation volume =0.707×10-7 cm2 ×1cm = 0.707×10-7 cm3  

 Energy density for 425nm pump pulse = 0.053×10-9/(0.707×10-5) 

 

≈ 7.50×10-6 J/cm
2 

 

Energy of a photon at 425 nm = 4.7 × 10-19 J/photon  

 

Singlet excitations number density:  

The number of absorbed photons at 425nm: Optical density of the sample at 425nm = 0.885  

Iin-Iout = Iin(1-10
-0.885

) = Iin(1-0.13)=0.87×Iin  

Iin=0.053×10-9/(4.7×10-19)=1.1×108phot/pulse 
 

That is 0.980×108 photons have been absorbed per pulse.  

The same number of molecules in the excited singlet state has been created in the excitation volume 

(v = 0.707×10-5cm3) 

Excited singlet number density: nS* = 0.980×108/(0.707×10-5) = 13.9×1012 molecules/cm3 
 
 

Triplet excitation number density: 

850nm - probe beam attenuation observed under pump of 4.25 mW is 36.6 %  

No focal mismatch is suggested in this version of calculations. 

In order to create this attenuation for the matching part of the probe beam the concentration of the 

triplet states responsible for attenuation can be obtained:  

Iout/Iin = 0.654 = 10-εlMT, (ε-extinction coefficient for triplet-triplet absorption, l – cell length, MT - 

triplet states concentration) or  

-εlMT = log(0.654)=-0.184  

MT=0.184/(1×9100)=0.202×10-4 M where 9100 M-1cm-1 is the molar 
 

extinction coefficient for triplet-triplet absorption 

This molar concentration corresponds to the triplet population density  

nTE = NA×MT/1000= 1.22×1016 triplets/cm3  

Full number of triplet in the excitation volume v is 

NTT = nTE×v = 1.22×1016 ×0.707×10-7 = 8.61×108 molecules in the triplet state in the excitation 

volume  

Each pulse creates NS
*
 
= 0.980×108 molecules in the singlet state  

The number of triplet states created by each pulse is:  

NTP= α×0.980×108 molecules in the triplet state in the excitation volume. 

Now the triplet state accumulation at relatively high pulse repetition rate should be taken into account:  

NTaccum = NTP×τT×8×107; where τT is triplet state lifetime (~40μs), 8×107 - laser pulse repetition rate  

NTaccum = 0.980×108×α×40×10-6×8×107=3.14×1011×α:  

 α = (8.61×108 /3.14×1011) = 0.0027 or 0.27% 

 
It has to be noted that for the case of the βC compound, the estimated triplet yield value is not accurate because 

of the observed phosphorescence interference at 850 nm. 
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8. Fluorescence Up-Conversion (FUC) 
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Figure S26. Fluorescence decay kinetics recorded for compounds β and βC in chloroform by femtosecond 

resolved FUC, together with their poly-exponential fittings (black). 

 

 

Table S5. Lifetimes (τ) and pre−exponential factors (A) obtained by fitting the FUC kinetics. 

Compound AFUC,1 τFUC,1 / ps AFUC,2 τFUC,2 / ps AFUC,3 τFUC,3 / ps 

β 0.60 1.0 0.46 6.0 − −b 

βC −0.20a 0.20a 0.11 110 0.90 1000c 

assignment  Solv. / ICT  VC / SR  S1 
a Rise time obtained from fitting of the fluorescence kinetics acquired on a 3 ps time window (see Figure S22 left). b The fact that the 

third component (τ3 in Table S4) is not revealed is likely due to acquisition at 670 nm, in the blue part of the emission spectrum, where 

time resolved red shift of the emission spectra accompanying relaxation is primarily detected. Acquisition at the emission maximum 

was indeed prevented by the extremely red shifted fluorescence of β. c Corresponds to the lifetime obtained with the single photon 

counting measurements (1.33 ns) with the latter being a better evaluation for the decay time of this long living component. 
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Figure S27. Fluorescence kinetics for β at 670 nm (left) and βC at 613 nm (right) in chloroform; best fit to a 

bi−exponential function is also shown. 
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9. Quantum Chemical Simulations 

 
Details about intersystem crossing rate calculations 

The first excited triplet state (T1) geometry of the compound β and βC was obtained with time−dependent 

density functional theory (TDDFT). The same functional and basis sets (B3LYP and 6−31G*) used to locate 

the ground state geometry were employed for the geometry optimization. Single−point energy was refined 

using the system−dependent, nonempirically tuned version of long−range corrected functional ωB97X−D with 

the optimal ω values. (You can find the optimal ω values in the main text.) The medium effect was included 

using polarizable continuum model with the dielectric constant of 4.31 for chloroform. The first excited singlet 

(S1) geometry was used to calculate the spin–orbit coupling. All the quantum chemical simulations were 

conducted using Q–Chem 5.0.  

The rate constant of intersystem crossing (ISC) was estimated via Fermi’s Golden rule.36,37 

𝑘ISC =
2𝜋

ℏ
𝜌FC|〈S1|𝐻𝑆𝑂|T1〉|2 

Where, 〈S1|𝐻𝑆𝑂|T1〉  is the spin−orbit coupling element between S1 and T1, ρFC denotes the 

Franck−Condon−weighted density of states, and ℏ is the reduced Planck constant of 6.582×10−16 eVs. ρFC is 

evaluated with Marcus−Levich−Jortner 

theory.38,39<sup>39,40</sup><sup>39,40</sup><sup>11,12</sup><sup>11,12</sup><sup>7,8</sup><sup>

7,8</sup> 

𝜌FC =
1

√4𝜋𝜆M𝑘B𝑇
∑ exp(−𝑆)

𝑆𝑛

𝑛!
exp [−

(Δ𝐸ST + 𝑛ℏ𝜔eff + 𝜆M)2

4𝜋𝜆M𝑘B𝑇
]

∞

𝑛=0

 

Where, λM is the Marcus reorganization energy associated with the intermolecular and intramolecular 

low−frequency vibrations, kB is for Boltzmann constant of 8.6173×10−5 eV/K, T is the temperature (in this 

study, 298.15 K), ℏωeff represents the effective energy of a mode representing the nonclassical high−frequency 

intramolecular vibrations, and ΔEST is the adiabatic energy difference between S1 and T1. Huang−Rhys factor 

associated with these modes are given as S.  

One recent computational study on thermally activated delayed fluorescence (TADF) mechanism discussed 

the rate of reverse ISC within the same framework used in this work.41 The researchers from the same group 

computed the contribution of nonclassical intramolecular vibrations, and estimated the Marcus reorganization 

energy due to low−frequency intramolecular vibrations and the medium−induced relaxation effects. In 

addition, they assumed the Huang−Rhys factors can be neglected without significant changes to the results for 

large molecules.39,42 

The numerical values of each property to predict the rate of ISC are given in Table S6. 

 

Table S6. Properties used to predict the rate of ISC. 

 β βC 

𝜆 (eV) 0.244 0.424 

Spin–orbit coupling (cm−1) 2.704 0.257 

ΔEST (eV) −0.704 −0.595 

Rate of ISC (s−1) 8.44×105 1.35×107 
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β       βC 

Figure S28. Ground state (S0) optimized geometry computed for the trimers (color scheme; Hydrogen—white, 

carbon—black, nitrogen—blue, oxygen—red, sulfur—yellow). 

 

        
β       βC 

Figure S29. Excited state (T1) optimized geometry computed for the trimers. 

 

 

 



S27 
 

  
 

eV β βC 

Geometry/ 

Electronic state 

S0 S1 T1 S0 S1 T1 

S0 0.00 0.20 0.25 0.00 0.11 0.17 

S1 1.65 1.50 1.49 2.04 2.00 2.08 

T1 1.20 1.00 0.80 1.83 1.55 1.41 

 

Figure S30. Singlet fission energetics for β (left) and βC (right); energies are given in eV. 
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Figure S31. Natural transition orbitals for the S1 geometry (S1→S0 transition) of compounds β and βC 

(isodensity=0.05. Color scheme; Hydrogen—white, carbon—black, nitrogen—blue, oxygen—red, sulfur—

yellow). 
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Figure S32. Natural transition orbitals for the T1 geometry (S0→T1 transition) for the trimers. 

 

 

   
β       βC 

 

Figure S33.  Spin density of quintet state structure for the trimers (isodensity = 0.05. Color scheme; 

Hydrogen—white, carbon—black, nitrogen—blue, oxygen—red, sulfur—yellow). 

 

 

 
 

Figure S34. Frontier orbitals considered in RAS-SF calculations for β compound. 
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Figure S35. Frontier orbitals considered in RAS-SF calculations for βC compound. 
 

 

 

Table S7. Energy levels estimated by 3SF-RAS based on the S1 geometries of each chromophore 

(S: Singlet, T: Triplet, Q: Quintet, ME: Multiexciton. Energies are given in eV). 

β βC 

State Energy State Energy 

S0 0.000 S0 0.000 

T1 1.960 T1 2.371 

T2 1.962 T2 2.371 

T3 1.967 T3 2.591 

S1 3.452 S1 3.683 

S2 3.568 S2 4.100 

S3 3.586 S3 4.106 

S4, ME (1TT) 3.940 T4 4.187 

T4 3.942 T5 4.335 

S5, ME (1TT) 3.946 T6 4.340 

Q1 3.946 S4 4.596 

T5 3.948 S5 4.604 

Q2 3.952 T7 4.721 

S6, ME (1TT) 3.955 T8 4.732 

T6 3.955 T9 4.785 

Q3 3.955 Q1 4.785 

  S6, ME (1TT)  4.785 

  S7 4.812 

  S8, ME (1TT) 4.916 

  T10 4.917 

  S9, ME (1TT) 4.919 

  T11 4.925 

  S10 4.962 

  Q2 4.982 

  Q3 4.982 
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Figure S36. SF relevant energetics for β and βC Trimers showing interaction energies.  
It should be noted that the LE (S1) and T1 energies are overestimated in SF-RAS calculations relative to TD-DFT calculations. 

 

ME1, S4 

 
ME2, S5 
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Figure S37. Natural Orbitals for the Multiexcitonic States of the β trimer together with their occupation 

numbers. 
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S31 
 

 

Figure S38. Natural Orbitals for the Multiexcitonic States of the βC trimer together with their occupation 

numbers. 
 

 

Table S8. Relevant thermodynamic quantities (eV) for  and C at 298 K computed following Krylov et al.  

  C 

𝐸𝑠𝑡𝑡 = 2 × 𝐸(𝑇1) − 𝐸(𝑆1)  –0.20 +0.59 

𝐸𝑏 = 𝐸(5𝑇𝑇) − 𝐸(1𝑇𝑇)  +0.006 +0.066 

𝐻1 = 𝐸𝑠𝑡𝑡 − 𝐸𝑏 –0.206 +0.524 

𝐻2 = 𝐸𝑠𝑡𝑡 –0.20 +0.59 

𝑇𝑆1 = 𝑘𝐵𝑇 ln1 +0.028 0 

𝑇𝑆2 = 𝑘𝐵𝑇 ln2 +0.028 0 

𝐺1 = 𝐸𝑠𝑡𝑡 − 𝐸𝑏 − 𝑇𝑆1 –0.234 +0.524 

𝐺2 = 𝐸𝑠𝑡𝑡 − 𝑇𝑆2 –0.228 +0.59 

∆𝑯𝑻𝑶𝑻 = ∆𝑯𝟏 + ∆𝑯𝟐 = 𝑬𝒔𝒕𝒕 –0.20 +0.59 

𝑻∆𝑺𝑻𝑶𝑻 = 𝑻∆𝑺𝟏 + 𝑻∆𝑺𝟐 +0.028 0 

∆𝑮𝑻𝑶𝑻 = ∆𝑮𝟏 + ∆𝑮𝟐 –0.228 +0.59 

1 is the first step of singlet fission (from state 0, S1, to state 1, 1TT); 2 is the second step of triplet separation (from state 

1, 1TT, to state 2, T1); for , 1=2=3, all the three double triplets are energetically close and accessible; for C, 1=2=1, 

only one double triplet state is energetically accessible; 1=1–0 and 2=2–1 where  is H, S or G; kBT=0.026 eV 

at 298 K. 
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10. 1H and 13C NMR of the compounds 
 

 

Figure S39. 1H NMR of compound β 
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Figure S40. 13C NMR of compound β 

 

 

 
Figure S41. 1H NMR of compound βC 
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