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Abstract: Organic photovoltaics (OPVs) based on non-fullerene acceptors are now approaching
commercially viable efficiencies. One key to their success is efficient charge separation with low
potential loss at the donor-acceptor heterojunction. Due to the lack of spectroscopic probes, open
questions remain about the mechanisms of charge separation. Here we study charge separation of
a model system comprised of the donor, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5",7’-bis(2-ethylhexyl)benzo[1°,2’-



c:4’,5’-c’|dithiophene-4,8-dione) (PBDB-T), and the non-fullerene acceptor, 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-

d’]-s-indaceno[1,2-b:5,6-b’|dithiophene (ITIC), using multidimensional spectroscopy spanning
the visible to the mid-infrared. We find that bound polaron pairs (BPPs) generated within ITIC
domains play a dominant role in efficient hole transfer, transitioning to delocalized polarons within
100 fs. The weak electron-hole binding within the BPPs and the resulting polaron delocalization
are key factors for efficient charge separation at nearly zero driving force. Our work provides

useful insight into how to further improve the power conversion efficiency in OPVs.
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Organic photovoltaics (OPVs) comprising donor-acceptor blended heterojunctions (HJ) have
attracted great attention owing to rapid improvements in their power conversion efficiency that
now exceed 17% '7. Photoexcitation of organic material in the blend generates a tightly bound
exciton. Following exciton diffusion to a nearby HJ, charge separation via electron transfer from
the donor to the acceptor, or hole transfer from acceptor to donor, is achieved. Efficient charge
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separation is often accompanied by a significant energy loss®. Recently, it has been found that
near-unity charge separation efficiency can also be realized in low energy-loss junctions where the
offset between the highest occupied molecular orbitals (HOMO) or lowest unoccupied MO
(LUMO) is close to zero! % %13, The junctions are often comprised of conjugated polymers with
electron-withdrawing groups and electron-donating groups (termed donor-acceptor (D-A)
conjugated polymers), and non-fullerene acceptors (NFAs) that contain an electron-donating
group with symmetrically disposed electron withdrawing groups terminating each end % 1+16, A
low energy offset, which often leads to a trade-off between current and voltage due to the reduction
of the charge separation yield, does not appear to be a detriment in NFA-based OPVs. Thus a

mechanistic understanding of the charge separation process in NFA-based D-A blends is essential.

While a number of mechanisms have been proposed to explain ultrafast charge separation via
electron transfer with a large energy offset (i.e., > 0.4 €V)!% 17?7 hole transfer in the NFA-based
OPVs remains poorly understood. It is remarkable that near-unity and ultrafast charge separation

can be achieved with a nearly zero energy offset at the HJs in NFA-based OPVs!% 28

. Recently,
several studies!® 234 have sought to explain efficient charge separation in these systems. By
estimating the electron-hole separation distance using the Stark shift, Tamai, et al.’*> showed that
excitons can rapidly dissociate into the delocalized charge transfer states in blends comprising
perylene diimide (PDI) dimer acceptors. Niu et al. reported that charge separation is mediated by

weakly bound excitons in an NFA-based blend.?-¢ Recently, Wang et al.?’

reported that an intra-
moiety intermediate state in the acceptor domain acts as the only precursor for charge separation
via hole transfer in organic donor-NFA blends, where hole transfer is much slower than the

formation of the intermediate state. Whether this intermediate state is an excimer, or a bound

polaron pair (BPP) remains to be determined.? 3% 37-3



To elucidate the charge separation mechanism and identify the nature of the intermediate states,
we applied a combination of two-dimensional electronic spectroscopy (2DES) and two-
dimensional electronic-vibrational spectroscopy (2DEV, or 2D visible-mid-IR spectroscopy)*® 4!
to study an archetypal blend comprised of the donor, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)-benzol1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3-di-2-thienyl-5°,7’-bis(2-
ethylhexyl)benzo[1°,2°-c:4°,5’-c’]dithiophene-4,8-dione)] (PBDB-T), and the acceptor 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2’°,3’-d’]-s-indaceno|[ 1,2-b:5,6-b’]dithiophene (ITIC) (Figure la and Figure Sla).
The OPV device made of this blend exhibits a decent power conversion efficiency of >11% and
excellent thermal stability" #2. In 2D spectroscopy, a sequence of two pump pulses prepare an
excited-state population, the evolution of which is monitored as a function of waiting time 7 by a
probe pulse. The 2D spectrum is a frequency-frequency map that correlates ultrafast dynamics of
photoexcited and photoproduct states and reveals the photoexcited dynamics by its spectral
evolution. 40 41-43-45 2D spectroscopy is closely related to transient absorption (or pump-probe)
spectroscopy but provides an additional dimension, resolving ultrafast dynamics with respect to
the excitation frequency. Here we used a multispectral combination of 2DES to probe hole transfer,
and 2DEV to reveal electron transfer and the formation of charge separation intermediates.*" 43
The complementary information obtained reveals both the nature of the intermediate state and the

charge separation mechanism, providing insight for the design of improved OPV materials.
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Figure 1: 2DES spectra of the PBDB-T/ITIC blend reveals the hole transfer pathway. a) Molecular
structures of PBDB-T and ITIC, along with charge density distributions of the lowest singlet state
calculated by TD-DFT. The electron and the hole density distributions are purple and yellow,
respectively. Nitrile groups (CN) are circled in blue. b) Absorption spectra of neat PBDB-T film,
neat ITIC film and the PBDB-T/ITIC blend. The lines in the plot indicate two lowest vibronic
transitions (0-0 and 0-1) of PBDB-T (black) and ITIC (red). c) 2DES absorptive spectrum of the
PBDB-T/ITIC blend at 20 fs under excitation from wavelengths of 600-720 nm and probed from
540 to 660 nm. The absorption spectra are shown at the top and to the right of the 2DES spectrum.
The vertical and horizontal dashed lines in the 2DES spectrum and the lines in the absorption
spectra indicate peak positions. Contour intervals: 10% of the maximum amplitude. d) Time
response (square: the experimental data; line: the exponential fits) of the cross peak revealing the
hole transfer dynamics. The corresponding peak position is illustrated with a red square box in (c).

Figure 1b shows absorption spectra of neat PBDB-T film, neat ITIC film and their blend. The 0-0

and 0-1 vibronic transitions of PBDB-T (or ITIC) are peaked at 627 nm and 583 nm (or 707 nm



and 643 nm), respectively. The absorption spectrum of the blend is a linear combination of two
neat films. To investigate charge separation via hole transfer, we performed 2DES using separate
pump and probe pulses with spectra (Figure S1b) covering the absorption of ITIC and PBDB-T,
respectively. The experimental details can be found in Section S1 of the Supporting Information
(SI). The pulse energies of the pump beams were kept low enough to avoid second-order kinetic
processes as shown in Figure S2-S4. Figure 1c¢ depicts the 2DES spectrum of the blend at 20 fs,
exhibiting a pattern of diagonal and cross peaks (Aex, Adet) that correspond to the 0-0 and 0-1
vibronic transitions of ITIC and PBDB-T. The 2DES data are presented as Al/l because the
experiments were performed in the BOXCARS geometry where the signal is generated in a distinct
phase-matched direction from the pump and probe pulses and is interfered with a local oscillator
to optimize the signal-to-noise ratio*. This is in contrast to transient absorption spectroscopy and
2D spectroscopy in the pump-probe geometry where the probe pulse copropagates with the signal
and acts as the local oscillator, making AT/T appropriate. While there is a scaling factor between
AI/T and AT/T, Al/I carries the same information and can be viewed as AT/T in the current work.
The cross peaks at (Aex, Adet) = (643 nm, 583 nm) and (Aex, Adet) = (707 nm, 627 nm) stem from the
ground-state bleaching (GSB) of the PBDB-T under photoexcitation of ITIC, and thus reveal the
hole transfer dynamics. Due to the spectral overlap of PBDB-T and ITIC from 600 to 680 nm, and
low signal at 707 nm, we examine dynamics at cross peak locations where there is better spectral
separation between donor and acceptor (Aex, Adet) = (690 nm, 583 nm), as shown in Figure 1d. The
exponential fit of the time response shows a peak rise time corresponding to hole transfer of 90 +

20 fs.

Hole transfer can occur either via direct dissociation of a localized exciton at the donor-acceptor

HJ, or via an intermediate state (i.e. an excimer or a BPP). Previously, we have studied charge



separation via efficient exciton dissociation using time-resolved photoluminescence’®. Here we
use 2DEV to determine if and how an intermediate state contributes to hole transfer. In this
experiment, we excite the 640 to 720 nm region, spanning the SO—=S1 transition and vibronic
shoulders of ITIC and probe the 2130 to 2270 cm! region covering the symmetric nitrile (CN)
stretching mode of ITIC. As shown in Figure 2a, the 2DEV spectrum of the neat ITIC film

averaged from 50 to 150 fs after photoexcitation exhibits a vibrational peak at 2219 cm’!

corresponding
a neat ITIC film b ITIC Solution

E | _ £

T =50-150 f / L T=1000fs| — 1
G 2260 T,=50-150fs ATIT > 2260 | T=1000 s AT
g 0 g 0
£ 2200t J 5 2220}
c ()
(O] >
. -
= 2180} c 2180}
S .0
= B
: ﬁ A
6 2140 B N N 7 _1 8 2140 C 1 1 1 1 1
© 60 680 720 640 680 720

Excitation wavelength (nm) Excitation wavelength (nm)

C Blend d

-__-______—__-“-—..__
R | — :
£ — ¥  .ITICexp — ITICfit

T =50-150 P op
= 2260 | > AT/T 0 ) .Blendexp — Blendfit , o 5 a0
b } O —_— “: o0 l*’n B ?
Fe! : T
£ 9920 < | e g, B, ot
= = | @ :
@ = p 707 nm 2250 cm™!
2 =
g <
= 2180}
c
©
8 -1 -
8 2140 t

640 680 720

Excitation wavelength (nm)

Figure 2 2DEV spectra probe charge separation via electron transfer in the PBDB-T/ITIC blend.
a) 2DEV spectrum of a neat ITIC film averaged from 7' = 50 to 150 fs. b) 2DEV spectrum of the



ITIC in chlorobenzene solution at 7 = 1000 fs. ¢) 2DEV spectrum of the PBDB-T/ITIC blend
averaged from 7'= 50 to 150 fs. d) Time responses of the broadband PA with Zex =707 nm and vaer
= 2250 cm! in the neat ITIC film (black squares) and the blend (red squares). Solid lines show
exponential fits to the data. Contour levels: -1:0.1:0 of the maximum amplitude.

to the CN stretching mode of the ITIC. The dominance of excited state absorption (ESA) of the
CN vibrational peak over GSB suggests that charge transfer occurs within neat ITIC film, giving
rise to the ITIC anion. This is rationalized by the fact that the extinction coefficient of the CN
stretching mode of the ITIC anion is about 1000 times stronger than that of its neutral counterpart
(Figure S5). On top of the CN peak is a broad, photoinduced absorption (PA) band which arises
and decays with the CN vibrational peak. Previous studies have shown that the broadband PA in
the mid-IR can be attributed to excited states with charge transfer character such as delocalized
polarons*’*°, BPPs>°, and excimers®'. In our case, the assignment to an excimer can be ruled out
by the observation of the CN peak from the ITIC anion. We find that the broadband PA decays
biexponentially with time constants of 2.2+0.8 ps (52%) and 3148 ps (48%). The short lifetime of
the PA is consistent with it arising from BPPs rather than long-lived polarons which typically have
lifetimes of ns>2. Furthermore, we find that the broadband PA is not observed in the 2DEV of the
ITIC solution as shown in Figure 2b, suggesting that the bound polaron pairs are intermolecular
species. We note that the CN peak in solution appears at a lower frequency than the neat ITIC film.
This observation can be rationalized by the charge delocalization in the film in accordance with
previous studies®> 4. A similar combination of CN vibrational peak and broadband PA are also
observed in the 2DEV spectrum of the blend in Figure 2c. Unlike the neat ITIC film, only a small
fraction (28%) of the PA in the blend decays with a time constant of 2746 ps (Figure 2d), whereas
the balance remains for nanoseconds. The long-lived PA provides evidence for the formation of
the charge separated states or polarons. The absence of the fast decay component suggests that

dissociation of the BPPs, i.e. hole transfer, occurs efficiently at the HJ, outcompeting the



recombination at ITIC domains. The 2.2 ps component, which is absent in the blend, may be
attributed to the second-order reaction such as the annihilation between the BPPs, or between the
BPP and the exciton, or Auger recombination, in accordance with previous studies>> %6, Efficient
charge separation in the blend significantly reduces the density of the BPPs and the excitons and

thus prevent such loss processes.

Figures 3a and 3b display 2DEV spectra of the PBDB-T film and PBDB-T/ITIC blend,
respectively, in the range of excitation wavelengths where PBDB-T is predominantly photoexcited
(540 to 600 nm). In both cases, we observe broadband PA. The broadband PA in the neat PBDB-
T film can be assigned to bound polaron pairs in accordance with previous studies®®>’, whereas in
the blend, it can stem from either bound polaron pairs or delocalized polarons. In the blend, a
vibrational peak at 2219 cm™! appears which we attribute to the CN stretch of the ITIC nitrile end
groups that appears due to electron transfer from PBDB-T. Therefore, we use the amplitude of the
CN peak to estimate the electron transfer rate. To do this, we first extract the slice 2DEV spectrum
at each excitation wavelength, which is fit to a function comprised of a third-order polynomial for
the PA, and a Gaussian function for the CN peak (Figure 3¢). Then the amplitude change in the
CN peak is fit to an exponential. We find that the CN peak rises, i.e. electron transfers, with a time

constant of 80+20 fs (Figure 3c).

The time response of the broadband PA is fit by a triexponential function with time constants
of 5.8+1.5 ps (36%), 38 = 13 ps (42%) and > 1 ns (22%). The small bump at time origin is attributed
to the scattering and/or the coherent artifact since the mid-IR pulse duration is about 90 fs3% .
Thus this portion is not taken into account during the fit. The long-lived PA has also been observed
upon excitation of ITIC aggregates and in other organic donor-acceptor blends*® 4° and can be

assigned to the delocalized polarons generated via electron transfer. Two fast decaying



components of PA are also observed in the neat PBDB-T film?7: 3% 57- %0 with time constants of 9 +
3 ps (46%) and 50 = 9 ps (54%) (Figure 3d). The similarity between the PA decay behavior in the
neat PBDB-T film and PBDB-T domains of the blend, and the relatively small nanosecond decay
component in the films suggests that the bound polaron pair in neat PBDB-T domain may not
efficiently transition to charge separated states at the HJ as they do in NFA domains, but rather

play only a minor role in charge separation.
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Figure 3 2DEV probes electron transfer and charge separation in the PBDB-T/ITIC blend. a)
2DEV spectrum of neat PBDB-T film averaged from 7 = 50 to 150 fs. b) 2DEV spectrum of the
blend film averaged from 7 = 50 to 150 fs. ¢) Time response of the vibrational peak from the CN
stretching mode (black squares) upon Jex = 583 nm and its exponential fit (black line). The inset
shows the fit of the transient spectrum using a sum of a Gaussian function (for the vibrational peak)
and a polynomial (for the polaron absorption). d) Time responses of the broadband photoinduced
absorption with Aex = 583 nm and vier = 2250 cm! in neat PBDB-T film (black squares) and the
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blend (red squares). The exponential fits are shown by the solid lines. Contour levels: -1:0.1:0 of
the maximum amplitude.

Our experiments reveal sub-100 fs electron transfer and hole transfer in the PBDB-T/ITIC blend.
We find that an intermediate state with strong charge transfer character in the ITIC domains acts
as a precursor for the efficient hole transfer process, while such an intermediate may play a
relatively minor role in the electron transfer pathway. The strong charge transfer character of the
intermediate is evident by the observation of the CN vibrational peak from the ITIC anion, which
is consistent with previous studies by Miller, et al.>* ¢ Furthermore, the 2DEV spectra of neat
ITIC film and the blend exhibit broadband PA immediately following photoexcitation. This
broadband PA cannot be attributed to Frenkel excitons since they often absorb in visible or near-
IR, The 2DEV spectrum of ITIC in solution does not exhibit such a broadband PA in the mid-IR
either, which confirms that this feature is not from ESA of the single ITIC molecule. In contrast,
previous studies have shown that broadband PA in the mid-IR can be attributed to excited states
with charge transfer character such as delocalized polarons*’*°, BPPs*, and excimers’!. In our
case, the assignment to an excimer can be ruled out by the observation of the CN peak from the
ITIC anion. The short lifetime of the PA (2.2+0.8 ps and 3148 ps) in neat ITIC film indicates that
the broadband PA is more likely to be from a BPP than long-lived polarons (typically with a
lifetime of ns). The absence of the fast decay of PA in the blend suggests that these BPPs efficiently
transition to the charge separated state in the blend. Considering the discussion above, we conclude
that BPPs are generated in ITIC domains and contribute to the hole transfer pathway. We note that
the relative strengths of the CN peak and the broadband PA shown in Figures 2 and 3 are different
in the neat films and blends due to the different relative populations and oscillator strengths of the

contributing species.
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Coulomb attraction in BPPs is much weaker than that in Frenkel excitons
significantly enhance the charge separation rate at the HJ with small energy offset. The loosely
bound polaron pair or charge transfer state has also been observed in fullerene films®* ® while its
contribution to charge separation has not been fully explored. This is probably due to the energy
offset between organic donor and fullerene that is often large enough to overcome the Coulomb
attraction even without the assistance of the BPP. However, this effect may not be neglected in
the NFA-based OPVs due to the small energy offset and can be utilized to further reduce the energy
loss during charge separation. Furthermore, as inferred from the broadband PA signal of ITIC
aggregates and the blend in Fig. 2, BPPs and polarons in the blend are delocalized, which could
further reduce the Coulomb attraction and potentially increase the charge separation rate. TD-DFT
calculations also showed that the CN peak of the ITIC anion is red shifted by a 20 cm™! as compared
to in neutral and cationic ITIC. Such a peak shift is absent in our experiments. However, previous
studies have shown that the peak shift can be significantly reduced when the charge is
delocalized??. Thus the absence of observed peak shift may be a result of the delocalization of the
negative charge in the ITIC film. We have previously suggested that the rapid formation of the
delocalized negative charges in the ITIC film may be facilitated by the strong charge-transfer
character and weak electron-hole binding energy in the excited state of an isolated ITIC
molecule®®. Thus we conclude that both the weak Coulomb attraction in the BPP and its

delocalization may play important roles in efficient hole transfer at small energy offset.

In summary, multispectral 2D spectroscopy with visible and mid-IR probes has provided insight
into the charge separation mechanism in an archetypal NFA blend heterojunction (PBDB-T/ITIC).
Rapid hole transfer from ITIC to PBDB-T and electron transfer from PBDB-T to ITIC have been

revealed by 2DES and 2DEV, respectively. Detailed analysis of 2DEV spectra show that BPPs in
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the ITIC domain are key precursors for charge separation via hole transfer and are efficiently
converted to delocalized polarons at the heterojunction on the time scale of ~ 100 fs. However,
BPPs in the PBDB-T domain quickly relax to the ground state and thus localized excitons act as
the dominant precursor for charge separation via electron transfer. The fast charge separation at
small HOMO offset is facilitated by both the weak Coulomb attraction in the BPPs and the
delocalization of polarons. Our findings highlight the importance of the synergistic effect of BPPs
and delocalization, providing an important strategy for optimizing the charge separation efficiency

in organic donor-acceptor blend heterojunctions with a low potential offset.
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