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Device optimization

Optimization details and corresponding performance parameters of the PBDB-T:ITIC-based 
OSCs under AM 1.5G illumination (100 mW cm−2). Solar cell preparation was tested with and 
without the additive di-iodooctane (DIO).

Figure S1 J-V-curves of PBDB-T:ITIC solar cells with and w/o additive DIO in dark and under 
illumination: inverted with 0.5% DIO (green), inverted w/o DIO (red), conventional with 0.5% DIO (blue), 
conventional w/o DIO (black).
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structure (n=) VOC [mV] FF [%] JSC [mA cm-2] PCE [%]
inverted, 0.5%DIO 10 890 (884) 54.0 (50.0) 13.2 (12.8) 6.3 (5.6±0.4)
inverted, w/o DIO 16 868 (868) 53.0 (52.4) 16.4 (15.3) 7.5 (7.0±0.3)
aged inverted, w/o DIO 11 895 (894) 54.0 (53.6) 17.4 (16.5) 8.5 (8.0±0.3)
conventional, w/o DIO 5 918 (918) 66.0 (65.0) 16.2 (14.7) 9.8 (8.9±0.9)
conventional, 0.5% DIO 10 905 (907) 65.8 (64.6) 16.5 (15.1) 9.8 (8.8±0.7)

Table S1. Photovoltaic properties for conventional and inverted PBDB-T:ITIC solar cells with or w/o DIO. 
Best device values and averaged values for n=5-16 devices in parenthesis.

 AL thickness [nm] (n=) VOC [mV] FF [%] JSC [mA cm-2] PCE [%]
115 6 918 (916) 62.7(60.7) 16.8 (15.3) 9.6 (8.5±0.9)
100 5 918 (919) 66.2 (65.5) 16.2 (14.7) 9.8 (8.9±0.9)
90 8 918 (916) 67.8 (66.5) 12.6 (11.9) 7.9 (7.3±0.6)

Table S2. Photovoltaic properties of conventional PBDB-T:ITIC solar cells w/o DIO and with different 
active layer (AL) thickness. Best device values and averaged values for n=5-8 devices in parenthesis.

Annealing temp. [°C] (n=) VOC [mV] FF [%] JSC [mA cm-2] PCE [%]
70, 30 min 16 868 (868) 53.0 (52.4) 16.4 (15.3) 7.5 (7.0±0.3)
100, 10 min 8 875 (868) 58.1 (53.8) 12.6 (12.0) 6.4 (5.6±0.5)

Table S3. Photovoltaic properties of inverted PBDB-T:ITIC solar cells w/o DIO, but with 10 or 30 minutes 
of thermal annealing at different temperatures. Averaged values for n=8 or 16 devices in parenthesis.
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Electroluminescence – EL

Figure S2. Normalized EL spectra of pure PBDB-T (yellow), pure ITIC (blue) and a fully processed solar 
cell measured as OLED under current injection (red).
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Temperature Dependent VOC

Figure S3. Inverted OSC VOC temperature dependence (black dots) and linear fit (red line) with error band 
(black dashed lines) 

Marcus Theory for Charge Transfer State Absorption and Emission

In the framework of Marcus theory, the spectral line shape of the charge transfer (CT) state 
absorption cross section  times photon energy E is described by:𝜎(𝐸)

,
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where k is Boltzmann’s constant and T is the absolute temperature. ECT denotes the free-energy 
difference between ground state and CTS and λ is the reorganization energy, associated with the 
CT absorption process1,2. 

The counterpart is the CT emission rate If (E) per unit energy E: 

.
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Both  and  are not dependent on E and are proportional to the square of the electronic coupling 
𝑓𝐼𝑓 𝑓𝜎

matrix element. The left-hand side of Equations (1) and (2) are called the reduced absorption and 
emission spectrum respectively and exhibit a mirror image relationship. 
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Singlet and Triplet states DFT modelling 

The gas-phase ground-state equilibrium geometry of the donor PBDB-T tetramer and of ITIC were 
optimized using Density Functional Theory at the range-separated hybrid (RSH) functional level 
of theory, using the ωB97X-D functional and the 6-31G(d,p) basis set for all the atomic species3. 
In order to speed up the calculations, the alkyl chains in the investigated molecules were replaced 
with methyl groups. The ITIC structure was taken from the crystallographic data in Ref.4. 
Excitation energies, oscillator strengths and absorption spectra of the two systems were then 
investigated by time-dependent DFT (TD-DFT) calculations within the Tamm-Dancoff 
approximation (TDA) 5 and employing a polarizable continuum model (PCM) 6 with a dielectric 
constant of ε = 4.5 in order to take the electronic polarization and the solid-state environment into 
account. For such calculations, we used the LC-ωhPBE 7 functional in order to resort to a screened 
RSH (SRSH) functional8,9. In this approach, ω (the exchange range-separation parameter) was 
optimally tuned in vacuum and set at 0.1010 Bohr-1 for the donor and 0.0970 Bohr-1 for the NFA, 
according to the “gap-tuning” procedure10,11. Then, solid-state effects were introduced combining 

the SRSH functional with PCM and following the relationship , where  controls 
1
𝜀= 𝛼+ 𝛽 𝛼+ 𝛽

the Hartree-Fock exchange amount at the long-range domain while α quantifies the Hartree-Fock 
exchange amount at short-range. In our calculations, α was set at 0.2 and, by consequence, β at 
0.022. Ground-state optimizations and excitation energies were obtained using the Gaussian16 
code12. Figure S4 shows the calculated absorption spectra for a pure PBDB-T tetramer and for 
ITIC.
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Figure S4: TDA-DFT absorption spectra of the donor PBDB-T tetramer (orange) and ITIC (blue). These 
spectra were obtained with SRSH LC-ωhPBE functional. By mimicking the impact of the solid-state 
environment, the calculations were carried out within PCM and a dielectric constant ε = 4.5 was set.

In order to corroborate PLDMR results, spin properties, including zero-field splitting (ZFS) 
parameters, were calculated at the DFT level of theory on an isolated ITIC molecule in a triplet 
ground-state with the ωB97X-D3 functional and the Def2-TZVP basis set for all the elements13. 
We also took advantage of the RIJCOSX approximation along with the Def2/J and Def2-TZVP/C 
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auxiliary basis set, as implemented in the ORCA 4.2.1 software14. In this work, we focused only 
on the calculation of the direct dipolar spin-spin (SS) contribution to the ZFS tensor; the 
components of the D tensor were evaluated using the unrestricted natural orbitals (UNO) obtained 
from the unrestricted Kohn-Sham orbitals, as suggested in Refs. 15,16. Spin properties are strictly 
related to the geometries and even small variations of the structural parameters could affect the 
computed values. For such reason, the ITIC X-ray crystal structure was used for the ZFS 
calculation, which yielded a DSS of 0.024 cm-1 or 25.7 mT and an average spin-up – spin-down 
distance of 1.4-1.5 Å. As regards the intermolecular delocalized triplet exciton, for this state, we 
performed an OT-SRSH TDA-DFT/PCM calculation for an ITIC dimer. The dimer was taken 
directly from the crystallographic data reported in literature4 and only the hydrogen atoms were 
optimized at the DFT ωB97X-D/6-31G(d,p) level of theory. Moreover, we were also able to 
estimate the e-h capture radius of 4.5Å, which can be taken as a proxy for the spin-up – spin-down 
distance. Since the magnetic dipole-dipole interaction should scale as r-3, we estimated the D ZFS 
parameter on the ITIC dimer to be ~1 mT. These findings are in line with the results from the 
EasySpin calculations (vide infra).

Modeling of Triplets in Pure Materials by EasySpin

The magnetic resonance spectrum of a triplet can be calculated on the basis of the eigenvalues and 
eigenvectors obtained from the diagonalization of the spin Hamiltonian that includes the 
anisotropic Zeeman term and the electron dipolar term, also called zero-field splitting (ZFS) term:

𝐻= 𝑔𝜇𝐵𝐵𝑆+ 𝑆𝐷𝑆

where  is the g-tensor related to Zeeman interaction, D is the dipolar interaction tensor, B is the 𝑔
magnetic field vector, S is the spin operator, and µB is the Bohr magneton17,18. The eigenvalues X, 
Y and Z of the D tensor are commonly expressed in terms of the ZFS parameters D and E that are 
defined as D = -3/2Z and E = 1/2(Y-X). The D parameter is related to the average interaction 
between the two unpaired spins, and therefore contains information about the mean distance of the 
two and thus the triplet state delocalization. The E parameter describes the off-axial interaction 
strength for systems with symmetry lower than axial. In general, there are two allowed transitions 
between the three triplet sublevels (Δms = ±1) that correspond to two peaks of the magnetic 
resonance spectrum. Both, the Zeeman and the dipolar terms in the spin Hamiltonian, however, 
depend on the relative orientation between the molecules and the magnetic field B and therefore, 
in a disordered material like an organic film, the resulting spectrum is the sum of contributions 
from all randomly-oriented molecules. This is commonly referred to as a powder pattern.

The PLDMR spectra of PBDB-T and ITIC thin films are shown in Figure S5. Both contain a broad 
spectral feature that can be assigned to localized molecular triplet excitons together with a narrow 
peak in the center that stems from CT TE and exciton-charge interaction. This contribution is cut 
and neglected for PBDB-T. The EasySpin19 spectral simulation of the PLDMR spectrum of PBDB-
T is obtained using the following ZFS parameters: D = 52.0 mT and E = 5.6 mT. The spectral 
simulation of the ITIC spectrum includes two sets of parameters. The first triplet, corresponding 
to the broader signal, has the following ZFS parameters: D = 45.5 mT and an E = 15.0 mT. The 
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narrow peak of the ITIC spectrum contains two contributions: a very narrow peak that, like for 
PBDB-T, is neglected and a less narrow peak that we assign to a delocalized triplet exciton. The 
simulation of this ITIC triplet state provides D = 0.8 mT and E = 0. We attribute these two triplets 
to a strongly localized molecular triplet exciton (broad spectrum with strong dipolar interaction) 
and more delocalized TE state with some CT character (narrow spectrum with weak dipolar 
interaction). Two TE states with slightly different energy and different delocalization are predicted 
by theory and detected here with magnetic resonance. 

Figure S5.  PLDMR spectra for PBDB-T (yellow) and ITIC (blue) triplet excitons together with 
spectral simulations. While the spectrum of PBDB-T and the narrow spectral feature of ITIC can 
be fitted quite accurately, the sign of the broad spectral features of ITIC cannot be reproduced. The 
peaks, shoulders and turning points are accurately determined, which is sufficient to extract TE 
parameters D and E. The sign and intensity of a PLDMR spectrum can however be dependent on 
orientation dependent rate constants and are not easily reproducible by simulation.
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