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Experimental Section

The chemical structures of ITIC and PBDB-T (Poly[[4,8-bis[5-(2-ethylhexyl)-
2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]-2,5-thiophenediyl[ 5,7-bis(2-
ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c']dithiophene-1,3-diyl]]) are shown in
Figure S1. The sample films for the TA measurement were prepared by drop-casting a
chloroform solution of ITIC, PBDB-T and their blend (1:1 by wt.) onto a CaF, substrate
with the thickness of ~200 nm. The film was set in an IR cell filled with 20 torr N, during
the measurement. Steady-state absorption spectra in visible-NIR and MIR region were
measured by using a UV-vis spectrometer (Jasco, V-670) and a Fourier transform
infrared (FT-IR) spectrometer (Bruker, Vertex 80), respectively. The obtained steady-
state absorption spectra are shown in Figure S2.

The TA measurements were carried out by the pump-probe method with a
Ti:sapphire regenerative amplifier (Spectra Physics, Solstice. 90 fs duration, 1 kHz
repetition rate) and optical parametric amplifiers (OPAs; Spectra Physics, TOPAS
Prime). The sample was photoexcited by a pulse from the OPA with the fluence of
2.6 W cm? (pulse energy 25nJ) unless otherwise noted. For visible and NIR
measurement, a super-continuum probe was generated by focusing a 1250 nm OPA signal
into a 5 mm-thick BaF, plate. After the sample, the probe was dispersed with a
polychromator and detected with a CMOS (UNISOKU, PK100-CX) and InGaAs
(UNISOKU, NIR-PDA256) photodiode array for measurement in the VIS and NIR
regions, respectively. For MIR measurement, the probe pulse was generated by the
difference frequency generation between the signal and idler from the OPA in an AgGaS,
crystal. The probe pulse transmitted through the sample was dispersed with a
polychromator and was detected with a 128-channel linear MCT array detector (Infrared
Systems Development, FPAS-0144). To obtain broadband MIR TA spectra, we
performed the measurement in four wavelength ranges and then merged these results. In
order to clarify the changes in the CN vibrations, the spectrum in Figure 4 was obtained
by applying a linear baseline correction over the range of 2088 cm™ to 2289 cm™, which
is wide enough to observe these changes. The global analysis was performed by using the
GLOTARAN software.!

Time-resolved EPR (TREPR) spectra were measured using a Bruker EMX X-band
continuous wave (CW) EPR spectrometer without magnetic field modulation at 80 K.
Continuum optical parametric oscillators (OPO) systems (Surelite OPO Plus) pumped
with a third harmonics (355 nm) of a Nd:YAG laser (Continuum, Surelite I-10, 5 ns) was
used for the laser irradiations of 710 nm pulses. A laser de-polarizer (SIGMA KOKI,
DEQ 1N) was placed between the laser exit and the microwave cavity. Temperature was
controlled by a cryostat system (Oxford, ESR900) by using liquid nitrogen as the cryogen.
The samples for TREPR was prepared as follows: ITIC (>98.5%, Sigma-Aldrich), PBDB-
T (>99.0%, Sigma-Aldrich), 1,8-diiodooctane (DIO) (>95.0%, TOKYO CHMICAL
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INDUSTRY) and chlorobenzene (>99.0%, FUIJIFILM Wako Pure Chemical
Corporation) were used as received without further purification. ITIC (4 mg), PBDB-T
(4 mg), and DIO (2 pL) were dissolved in chlorobenzene (400 pL) and stirred for half
day in a glovebox. The bulk-heterojunction (BHJ) thin films were fabricated by the spin-
coating of the solutions on thin cover glasses with 1 cm? using a spin coater (Mikasa MS-
A100). The films were then wrapped in pharmaceutical wrapping paper and processed
manually to produce a number of cut films of approximately 0.5 mm?, which were placed
in EPR sample tubes. The films were then degassed using a vacuum line under a vacuum
pressure of 10 Pa to remove solvent and oxygen from the film. After evaporation,
nitrogen gas was introduced into the EPR tube; the sample tube was sealed before the

TREPR measurement.
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S1 Chemical structures of ITIC and PBDB-T

R = %’\(\/\

Figure S1 Chemical structures of ITIC and PBDB-T.

S2 Steady state absorption of PBDB-T, ITIC, and their blend film

The steady-state visible-NIR absorption spectra of the PBDB-T, ITIC, and their
blend film are shown in Figure S2. The peak of the absorption by PBDB-T and ITIC films
exists around 580 nm and 710 nm, respectively, which we adopted as their excitation
wavelengths. The FT-IR spectra are shown in Figure S4. The absorption peaks around
2900 cm™! are due to C-H stretching modes. For ITIC and blend film, a sharp peak also

exist around 2218 cm!. This is ascribed to the vibration of CN groups.
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Figure S2 (a) Steady-state UV-VIS-NIR absorption spectra of the ITIC, PBDB-T and PBDB-T:ITIC films.
(b) Steady-state FT-IR spectra of the ITIC, PBDB-T and PBDB-T:ITIC films.
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S3 Pump fluence dependence of the transient absorption of ITIC film
To examine the observed MIR-TA in more detail, we investigated the fluence

dependence of the transient absorption for the ITIC film. The TA signal intensities at 970
nm, 3100 cm!, and 1800 cm! averaged over the 0-0.2 ps time range exhibit an almost
linear dependence on the excitation fluence (Figure S3a-c). These intensities, when
averaged at 100~150 ps, also increased almost linearly up to 3 pJ, but flattened out beyond
3 W (Figure S3d-f). These results suggest that the observed MIR-TA signal is triggered
by the one-photon absorption process of the ITIC rather than being influenced by thermal

effects up to 3 pJ, and that second-order recombination processes proceed beyond 3 pJ.
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Figure S3 Pump fluence dependence of the transient absorption averaged over 0—0.2 ps and 100-150 ps
at 970 nm (a, d), 3100 cm™' (b, ), and 1800 cm™'(c, f), respectively. Arrows indicate the fluence used in this
work (2.6 uJ/cm?). Error bars show the standard deviation of the transient absorption in the time range where

the average is taken. Lines are guides to the eye.
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S4 Time profile of the transient absorption at 930 nm and 1800 cm™! for neat ITIC
film and PBDB-T:ITIC blend films.

(6)1800 cm”
© 1800 e ® ITIC:PBDB-T
Q 01 -
C C
© © o
2 g
o O 84
172} 172
Q o 74
E E
. . 64
£ £ ITIc
z ITIC:PBDB-T 2 51
A, =710 nm
00 v' 4-
T T T T T T T T T T T T T T T T T T T
2 0 2 4 6 &8 10 0 100 200 300 400 500
Time / ps Time / ps

Figure S4 (a) Time profile of the transient absorption at 930 nm and 1800 cm™' for PBDB-T:ITIC blend
film. (b) Time profiles of the transient absorption at 1800 cm-' for neat ITIC film and PBDB-T:ITIC blend film.
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SS Transient absorption of PBDB-T film

The visible-NIR TA spectra of the PBDB-T film excited by 580 nm pulses are
shown in Figure S5a. A broad positive absorption was observed around 1100 nm, which
is originated from the transition of the excited S; state to higher states by probe light
absorption. The negative absorption around 640 nm is assigned to the ground state bleach
of Sy. In the MIR region, another broad absorption peak appeared around 3100 cm’!
(~3200 nm, 0.38 eV) as shown in Figure S5b. This peak indicates the existence of excited
states with lower binding energy than the S; state corresponding to the peak around
1100 nm (~1.1 V). The time profiles of the TA at 3100 cm™' is compared with those at
640 nm and 1100 nm in Figure S5c. All the TA profiles decayed with similar rate, and
almost completely disappeared at 900-1000 ps after excitation (Figure S5b). This result
suggests that the excited states observed in the visible-NIR region and that in the MIR
region decayed with similar time-constant. PBDB-T was also excited by a 710 nm laser
pulse with the same laser fluence (Figure S5d). The transient IR absorption intensity was
much smaller than that induced by the 580 nm excitation, but the spectral shape was
almost identical. The decay of the intensity at 3100 cm™" was also identical when excited
by both 580 nm and 710 nm.
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S6 Time-resolved EPR measurements of PBDB-T:ITIC blend film

The polaron species formed by photoexcitation of PBDB-T:ITIC blend film was
examined by EPR measurements (Figures S6 and S7, Table S1). The emission/absorption
(E/A) spin polarization around 343.8 mT corresponds PBDB-T*, while the broad E/A
component including the shoulder peak around 343 mT originates from ITIC " in the spin-
correlated radical pair (SCRP).3 From the red line, the spectrum is explained as a
separated polaron pair coupled by the spin-spin dipolar coupling constant (D =-0.26 mT)
with J = -0.064 mT as the spin-spin exchange coupling generated by the interfacial
charge-separation from the singlet exciton in the ITIC domain of the blend film. The
distance between PBDB-T** and ITIC is estimated to be 2.2 nm which is comparable to
our reported separation distance (2.1 nm) of the oriented CS states in a PBDB-T:NFA
blend system employing a non-fused acceptor molecule.* For the neat ITIC film (Figure
S8), only a trace of small triplet ITIC signal was observed and the polaron species was
not obvious after 300 ns. This discrepancy with the results of fs-TRIR would be ascribed
to the difference in the time-resolution of these measurements (hundreds of ns and fs,
respectively) where most of charge carriers are recombined at 300 ns since the charge

separation efficiency in the neat ITIC is lower than that of the blend film.

v 0.3 us

T T T | T T
341 342 343 344 345 346
Magnetic Field / mT
Figure S6. Time-resolved EPR spectrum of the blend film of PBDB-T:ITIC (1 : 1 weight ratio) observed at
80 K after the laser excitation of 710 nm. Detection time is 300 ns after the laser flash. The microwave
frequency is 9634.639 MHz. The red line shows simulated spectrum by the spin-correlated radical pair

(SCRP) model® composed of PBDB-T* and ITIC— with a singlet precursor.



Table S1. TREPR parameters of the photoinduced CS states of PBDB-T:ITIC blend film.2
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g-tensor g-tensor Dipolar Dipolar angles from the | Exchange
(principal (principal coupling g-principal axes in ITIC- | coupling 9
values in | values in | constant 9 :

PBDB-T*)® | ITIC+)9

g.=2.0021 gz=2.0020 D=-0.26 Gy=60 ( £ 10) degrees J=-0.064
2,=2.0028 gy=2.0034 | (£0.05)mT | ¢;=40(%*10)degrees | (£0.01)mT
2:=2.0033 gx=2.0046

3 See ref.? for the computation method of the EPR spectrum calculation using the SCRP
model.

' Tsotropic hyperfine couplings by two equivalent protons (a;,, = 0.05 mT) were also
considered. Conformation of g-tensor principal axis system are represented by the Euler
rotation matrix with x-convention by using « = -20, = 60 and y= 50 degrees with respect
to the principal axis system in the g-tensor of ITIC™.

9 Anisotropic hyperfine couplings by two equivalent protons (Ax = -0.125 mT, Ay = -
0.426 mT, Az = -0.320 mT) and (4x = -0.071 mT, 4y = 0.232 mT, 4, = 0.187 mT) were
considered, as shown by the circles in Figure S7. Anisotropic nitrogen hyperfine couplings
by four equivalent nuclei (Anx = 0 mT, Ayy = 0 mT, Anz = 0.12 mT) were also considered.
The EPR parameters of the g-factor and the hyperfine couplings were estimated by the ORCA
5.0.2 program package for the radical anion. Before this, optimized geometry was obtained
by using Gaussian 16 at B3LYP/6- 31G(d,p) level of theory. The other minor hyperfine
couplings were treated to be included in the Lorentzian linewidth (1/7, = 1.7 x 107 s71).

9 Longitudinal spin relaxation times (75;= 3 us and 7, = 3.6 us) are set to be long enough

caused by the modulations in the exchange interaction and in the dipolar interaction.
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Figure S7. EPR parameters of the g-factor and the hyperfine couplings estimated by the ORCA 5.0.2

program package for the ITIC radical anion. The optimized geometry was obtained by using Gaussian 16 at

B3LYP/6- 31G(d,p) level of theory. The minor proton hyperfine parameters are not considered in the present

computation of the SCRP model.

Optimized structure of ITIC radical anion represented by Cartesian coordinates (X, Y,
Z) of the atoms obtained by using B3LYP/6- 31G(d,p) level of theory.
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2.86126205
4.65009087
3.19184687
-1.52892075
2.58583014
-2.58569436
-0.71262809
-2.51853488
-2.86101160
-3.67346800
-3.19156703
-4.64991638
3.33981759
-3.33975097
4.01694730
4.03406081
5.05980480
3.53092564
-4.52888617
-5.02310648
-3.92016245
-5.31436926
-4.01728684
-4.01342163
-5.06683822
-3.54532883
4.52891127
5.03214040
3.91856184
5.30740365

-0.18961897
-0.11388805
-0.22030045
-0.07615956
-0.06501397
-0.06519204
-0.22101771
-0.15170525
-0.18964609
-0.13017697
-0.22030974
-0.11410568
0.00176503
0.00145750
5.04533034
5.14769596
5.05393284
5.93305753
-4.79206047
-4.83608534
-5.69611476
-4.82971999
5.04495352
5.15859966
5.04325424
5.93128859
-4.79217675
-4.83084323
-5.69619663
-4.83501966
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Figure S8. Time-resolved EPR spectrum of the neat film of ITIC observed at 80 K after the laser excitation
of 710 nm, showing triplet exciton 3ITIC*. Detection time is 300 ns after the laser flash. The red line is
calculated triplet EPR spectrum by using the dipolar coupling constants of D = 46.5 mT and E = 14.0 mT

with the anisotropic population ratio in the intersystem crossing of (Py, Py, P;) = (0.45, 0.55, 0).
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S7 Theoretical calculation on the vibrational frequency of the CN group

Density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed to understand the origin of the frequency shift of the CN
group observed in the experiment. The calculations were performed at the B3LYP-D3/6-
31+G(d) level using Gaussian 16.° To evaluate the localization effect of an electron / hole
around the CN group, the calculations were performed for ITIC monomer (where the long
alkyl chains were replaced with methyl group) as well as the acceptor part of ITIC capped
with methyl group (Figure S9). The vibrational frequency of the CN group was evaluated
for the anion and cation as well as Sy and S; of this molecular structure. The calculation
results are shown in Table S2. The results show that the vibrational frequency of the CN
group is red-shifted (blue-shifted) when the density of electron around the CN group
increased (decreased). It is also found that the IR intensities of cations are smaller than
those of S; and anion, which could be the reason that the frequencies corresponding to

the cation have not been observed in the experiment.

Figure S9. Calculated acceptor part of ITIC.

Table S2 Vibrational frequency (in cm~"') of the CN group obtained by the experiment and DFT calculation.

Calculated IR intensities (in km/mol) are also shown in parentheses.

Molecule So N Anion Cation
Experiment ITIC 2220 2205 2175 -
Calculation ITIC 2322 2303 2296 2330
(492) (17363) (7843) (167)
acceptor 2331 2297 2261 2372
(57) (278) (332) (68)
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S8 Theoretical calculation on the photophysical properties of ITIC monomer and 4-
type dimers

DFT and TDDFT calculations were performed to investigate the photophysical
properties of ITIC monomer and four types of dimers (Figure S10). Geometry
optimizations were performed in the ground states at the B3LYP-D3/6-31G(d) level.
Then the photophysical properties were investigated with the PCM-tuned ©B97X-D
functional® and 6-31G(d) basis set. The calculated absorption spectra are shown in Figure
6. The absorption energies, oscillator strengths, and the electric dipole moment changes
are summarized in Table 1. The hole-electron analysis was also performed using
Multiwfn program’ (Figure S11). It is found that the hole and electron are evenly
delocalized over the J-type dimer whereas the hole and electron are localized in one

monomer in the V2 and V2’-type dimers.

(a) Jtype - (b)Vitype -,
- T

N (L

Deg e )g %f@‘ff‘%{r\%* AN
B ,{'/\Kg /P:‘/‘ %— = %{ e e, “/\//: 7}:\(/—(: v b ;%

|

Figure S10. Structures of the four types of the ITIC dimers for the theoretical calculation. (a) J-type,

(b) V1-type, (c) V2-type, and (d) V2'-type
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(c) V2'-dimer
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Figure S11. Electron and hole distributions on the excitations of (a) J-dimer, (b) V2-dimer,

and (c) V2’ dimer of ITIC.
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S9 Theoretical analysis of the stacking structures in the ITIC film

To investigate the stacking structures in the ITIC film, molecular dynamics (MD)
simulations were performed using the AMBER program package.® The general AMBER
force field (GAFF) was used. According to the previous study,’ several steps of NPT-MD
simulations were conducted to obtain the film state of ITIC. First, 512 ITIC molecules
with full side chains were placed at equal intervals with random orientations in a cubic
box with periodic boundary conditions. Next, a 30 ns of NPT-MD simulation was
performed at 650 K and 1 atm. Then, the temperature was cooled from 650 K to 300 K at
1 atm in a 100-ns MD simulation. Finally, a 30 ns of NPT-MD simulation was performed
at | atm and 300 K. The Langevin thermostat and Berendsen barostat were used to control
the temperature and pressure. The final structures of 10 independent MD simulations were
used for analysis. The calculated radial distribution between acceptor sites of ITIC is
shown in Figure S12(a). The peak at ~4 A indicates the acceptor-acceptor (A-A) stacking,
which is consistent with the previous studies. *!° The distribution of donor-donor (D-D)
distance in the A-A stacking dimer is found to be broad, from ~5 A to ~28 A (Figure
S12(b)). The peak at ~20 A corresponds to the J-type dimer whereas the shoulder at ~8 A
corresponds to the V2-type dimer. This result indicates that main dimer structures in the
ITIC film is J-type, but that the V2-type structures are also present to some extent. A
cluster analysis was also performed as the previous study.!! Here, the ITIC molecule was
described as 13 beads: 1 for the donor site, 6 for the donor-acceptor bridge site, 6 for the
acceptor site. Based on the distances between beads of stacking dimers, the principal
component analysis (PCA) was performed (Figure S12(c)). It is found that the principal
components 1 and 2 approximately correspond to the angle between the two molecules
and the position of the interaction, respectively. Then, the data was divided into five
clusters by Ward’s method (Figure S12(d)). The cluster analysis also showed that the J-
type dimer (cluster 0) is dominant whereas the V1- and V2-type dimers (cluster 1-3) are

considerably present in the ITIC film.
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Figure S12. Results of the molecular dynamics simulation of the ITIC film. (a) The radial

distribution function between acceptor-acceptor sites. (b) The distribution of donor-donor distance

in the acceptor-acceptor stacking dimer. (c) The principal component analysis obtained from

cluster analysis. (d) Schematic illustrations of typical dimer structures corresponding to 5 clusters.

The green and orange circles represent the donor and acceptor sites, respectively.
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