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Efficient delocalization of photo-generated excitons is a key to improving the
charge-separation efficiencies in state-of-the-art organic photovoltaic (OPV)
absorber. While the delocalization in non-fullerene acceptors has been widely
studied, we expand the scope by studying the properties of the conjugated
polymer donor D18 on both the material and device levels. Combining optical
spectroscopy, X-ray diffraction, and simulation, we show that D18 exhibits
stronger Ti—Tt interactions and interchain packing compared to classic donor
polymers, as well as higher external photoluminescence quantum efficiency
(-26%). Using picosecond transient absorption spectroscopy and streak cam-
era photoluminescence measurements, we show that the initial D18 excitons
form delocalized intermediates, which decay radiatively with high efficiency in
neat films. In single-component OPV cells based on D18, these intermediate
excitations can be harvested with an internal quantum efficiency >30%, while
in blends with acceptor Y6 they provide a pathway to free charge generation
that partially bypasses performance-limiting charge-transfer states at the
D18:Y6 interface. Our study demonstrates that donor polymers can be further
optimized using similar design strategies that have been successful for non-
fullerene acceptors, opening the door to even higher OPV efficiencies.

Organic photovoltaics (OPVs) differ from inorganic photovoltaics in
that the primary photo-excitations in OPVs are typically excitons
with binding energies exceeding k,T". This excitonic character
stems from their low dielectric constants as compared to inorganic
semiconductors such as silicon or perovskites®. As such, efficient
OPVs usually consist of a donor-acceptor blend, wherein the ener-
getic separation between their frontier molecular orbitals provides a
driving force to overcome the Coulomb binding energy of the
exciton (£)*, along with entropic factors®”. In the general picture

(Supplementary Fig. 1), photo-excitations initially consist of singlet
local excitons ('LE) on the donor that then diffuse to an interface
with the acceptor (or vice versa), whereupon they dissociate into
free charges (FC) with interfacial charge-transfer (CT) excitons as
intermediates. The recombination of FC occurs also via interfacial
CTs, with an electron on the acceptor and a hole on the donor.
During recombination, these CT excitons presumably re-form in
a 3:1 ratio of spin-triplet (3CT) and spin-singlet (!CT) states via
spin-statistical non-geminate recombination®. The low radiative

A full list of affiliations appears at the end of the paper.

e-mail: franclin@cityu.edu.hk; dginger@uw.edu; alexjen@cityu.edu.hk

Nature Communications | (2025)16:3176


http://orcid.org/0000-0003-1007-1315
http://orcid.org/0000-0003-1007-1315
http://orcid.org/0000-0003-1007-1315
http://orcid.org/0000-0003-1007-1315
http://orcid.org/0000-0003-1007-1315
http://orcid.org/0000-0002-1917-5674
http://orcid.org/0000-0002-1917-5674
http://orcid.org/0000-0002-1917-5674
http://orcid.org/0000-0002-1917-5674
http://orcid.org/0000-0002-1917-5674
http://orcid.org/0000-0003-3163-405X
http://orcid.org/0000-0003-3163-405X
http://orcid.org/0000-0003-3163-405X
http://orcid.org/0000-0003-3163-405X
http://orcid.org/0000-0003-3163-405X
http://orcid.org/0000-0002-4651-9145
http://orcid.org/0000-0002-4651-9145
http://orcid.org/0000-0002-4651-9145
http://orcid.org/0000-0002-4651-9145
http://orcid.org/0000-0002-4651-9145
http://orcid.org/0000-0002-8984-0051
http://orcid.org/0000-0002-8984-0051
http://orcid.org/0000-0002-8984-0051
http://orcid.org/0000-0002-8984-0051
http://orcid.org/0000-0002-8984-0051
http://orcid.org/0000-0003-2687-0293
http://orcid.org/0000-0003-2687-0293
http://orcid.org/0000-0003-2687-0293
http://orcid.org/0000-0003-2687-0293
http://orcid.org/0000-0003-2687-0293
http://orcid.org/0000-0002-5750-9751
http://orcid.org/0000-0002-5750-9751
http://orcid.org/0000-0002-5750-9751
http://orcid.org/0000-0002-5750-9751
http://orcid.org/0000-0002-5750-9751
http://orcid.org/0000-0002-9759-5447
http://orcid.org/0000-0002-9759-5447
http://orcid.org/0000-0002-9759-5447
http://orcid.org/0000-0002-9759-5447
http://orcid.org/0000-0002-9759-5447
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://orcid.org/0000-0002-9219-7749
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58352-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58352-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58352-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58352-x&domain=pdf
mailto:franclin@cityu.edu.hk
mailto:dginger@uw.edu
mailto:alexjen@cityu.edu.hk
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58352-x

efficiency of such recombination leads to voltage and current loss,
ultimately limiting OPV efficiency® ™.

Given that CT states are critical to both charge separation and
recombination, many strategies for improving OPV efficiency center
around manipulating them. Examples include improving radiative
efficiency in CT states via CT-LE hybridization", improving CT state
order?, and controlling CT state concentration altogether". Addi-
tionally, it has been widely reported that charge carrier delocalization
associated with intimate packing in PCBM", and later non-fullerene
acceptors (NFAs)'*™™, leads to ultrafast ionization of CT states. Fur-
thermore, solid-state interactions in neat NFAs and other small mole-
cules may facilitate the formation of highly delocalized excitons”*°*,
with improved radiative efficiency'®*. These delocalized excitons have
been proposed to supplant the formation of interfacial donor-
acceptor CT states. Nonetheless, the relationship between delocaliza-
tion and radiative efficiency in donors, and their role in affecting the
final OPV performance, have been less studied.

In this work, we observe the photoluminescence associated with
delocalized excitons in the neat films of conjugated polymer D18, a
high-performance donor for state-of-the-art OPVs. This photo-
luminescence stems from the solid-state packing of D18, where
strongly interacting annulated benzothiadiazoles strengthen inter-
chain m-communication and facilitate exciton delocalization. We
investigate the link between exciton delocalization and performance in
OPV cells adopting different donors and show that photon-to-current
conversion (i.e., internal/external quantum efficiency (IQE/EQE)) ben-
efits from a stronger delocalization character. Specifically, exciton
delocalization in the D18 component of OPV blends offers a distinct
pathway to generate free carriers (FC), which bypasses the formation
of interfacial CT states during electron transfer to realize a power
conversion efficiency (PCE) of over 19%. Our study provides a frame-
work for understanding how intimate intermolecular interactions help
overcome the local excitonic character in organics to facilitate FC
generation, thus improving OPV efficiency. Engineering delocalization
in organic semiconductors will maximize their exciton dissociation
efficiency and minimize terminal back recombination, important steps
towards the further development of OPVs.

Results

Photoluminescence from a delocalizing polymer

The donor polymer D18 has been widely adopted in state-of-the-art
high-performance OPVs to show very efficient photon-to-current
conversion (i.e., high short-circuit current density (/s0))* %, despite
its infamous processibility challenges due to limited solubility and high
viscosity*®. From this observation, we began to consider the relation-
ship between chemical structure, aggregation, and charge separation
in OPV blends based on D18 and other well-known donor polymers
such as P3HT and PM6 (Fig. 1a). P3HT is a homopolymer of 3-hex-
ylthiophene, whereas PM6 and D18 are alternating push-pull copoly-
mers with identical electron-donating (D; BDT) but different electron-
withdrawing (A; BDD/DTBT for PM6/D18) moieties. These structures
directly result in different push-pull strengths that shift the polymer
frontier molecular orbital energetics (Supplementary Fig. 2). More-
over, the heteroatoms with different electronegativities in these moi-
eties help establish versatile non-covalent interactions that modulate
the communications between polymer chains, which may impact
exciton delocalization.

We use computation to evaluate the strength of the inter-
molecular interactions that contribute to exciton delocalization
(Supplementary Note 1, Supplementary Tables 1-3, and Supplemen-
tary Figs. 3 and 4). The stronger interactions between BDT, BDD, and
DTBT moieties in PM6 and D18 help establish intimate t-interactions
between polymer chains??°, significantly lowering the electron-hole
overlap in PM6 and D18 relative to P3HT. We find that D18 has the
lowest electron-hole overlap of all, most likely because the interactive

DTBT unit is free of alkyl chains, reducing the amount of steric hin-
drance that would otherwise impede communication between poly-
mer m-backbones. These results echo with previous findings that D18
films show high crystallinity with improved long-range order®. Such
close packing facilitates through-space conjugation between D18
chains, promoting exciton delocalization to partition excited-state
energy.

Next, we explore experimental evidence supporting the forma-
tion of m-interacting aggregates by using steady-state absorption and
photoluminescence (PL) spectroscopy (Fig. 1b, and Supplementary
Fig. 5). The absorption of the P3HT film shows a low-energy 0-0
vibronic shoulder (-600 nm), while PM6 and D18 both show more
intense 0-0 peaks (611/580 nm for PM6/D18) than 0-1 peaks (575/
545nm for PM6/D18). This difference in peak ratios implies that the
microstructure in PMé6 and D18 films is more ordered than that of
P3HT?*2, Regarding the emission spectra, D18 shows the narrowest
steady-state photoluminescence peak and smallest Stokes shift com-
pared to P3HT and PM6, which is again consistent with improved order
in D18 films. We next measure the photoluminescence quantum yield
(PLQY), where we strikingly find D18 to be much more luminescent
(PLQY =26%) than P3HT and PM6 (both PLQY <10%). The PLQY of D18
is the highest so far among polymer donors used for high-efficiency
OPVs*, especially given that luminescence can be quenched in D-A
copolymers having strong intramolecular CT character*. We also
explore the potential of D18 as an emitter and achieve an electro-
luminescence EQE of 1.23% in a light-emitting diode (Supplemen-
tary Fig. 6).

To better understand the correlation between the extent of
aggregation and luminescent properties, we perform temperature-
dependent steady-state photoluminescence measurements of D18 in
diluted solution (Fig. 1e). We observe a gradual blue-shift of the D18 PL
spectrum as the temperature is increased, consistent with the dis-
aggregation of D18 at elevated temperatures. The lower-energy peak
(695 nm) from D18 aggregates in solution matches the feature in the
thin-film photoluminescence spectrum, where the higher-energy peak
(575 nm) associated with fully disaggregated D18 chains is absent.
This analysis helps explain that the D18 thin-film photoluminescence is
associated with the aggregation of D18 in the condensed phase, and
the aggregation of D18 is strong enough to be maintained even at low
concentrations in a solvating environment. In contrast, the char-
acteristic peak in the PM6 thin-film photoluminescence profile
(755 nm) is hardly maintained when in diluted solution even at room
temperature, while those of P3HT are fully eliminated in solution
(Fig. 1c, d). We further utilize small-angle X-ray scattering measure-
ments on a D18 solution to confirm the existence of semicrystalline
fiber aggregates with strong interchain interactions in solution, which
is consistent with the high crystallinity of solution-processed thin films
(Supplementary Note 2, and Supplementary Fig. 7). Together, these
experiments indicate that D18 is unique in supporting unusually low
levels of non-radiative recombination in an unusually ordered donor
polymer.

Interplay between aggregation and exciton delocalization

We investigate the photophysics of the neat D18 films with transient
absorption (TA) and photoluminescence spectroscopy (Fig. 2, and
Supplementary Figs. 8-13) to elucidate the link between aggregation
and excited states in D18. Upon excitation, we observe a bleach at
590 nm and photoinduced absorption (PIA) at 1170 nm, which we
attribute to the ground-state bleach (GSBp,s) and local exciton ('LEp;g)
of D18, respectively (Fig. 2a)”. The 'LEp;s feature decays with fast
biexponential kinetics with a fast (2.3 ps) and slower (55ps) decay
constant (Fig. 2b). Concurrent with the decay of 'LEp,s, we observe new
PIA features grow in at 650 nm and 800 nm on a similar timescale
(2.7 ps) as the fast 'LEp,s decay. The 650 nm and 800 nm features have
similar kinetics, suggesting they come from the same excited state.
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Fig. 1| The chemical structures and optical properties of P3HT, PM6, and D18.
a Chemical structures of polymers. b Normalized thin-film absorption (solid
curves) and emission (dashed curves, excited at 365 nm) profiles. The values of the
Stokes shift (defined by the spectral shift between the absorption and emission
maxima), the full width at half maximum (FWHM) of the emission peak, and the
PLQY are included. c-e Normalized temperature-dependent photoluminescence
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profiles (solid lines, excited at 365 nm) of (c) P3HT, (d) PM6, and (e) D18 solutions
(10 pg/mL in 0-DCB) in the range up to 145 °C. The thin-film emission profiles (dash
lines) are included for comparison. The inset figures in (e) show images of the
emission from the D18 thin films (room temperature) and heated solutions (at

80 °C and 130 °C, respectively).

Notably, the 650 nm feature shape is a close match with the first
derivative of the ground-state absorption of D18 (Supplementary
Fig. 10), as the electric field between separating charges can lead to
derivative-like modulation of the ground-state absorption via the Stark
effect”. We also find that the 650 nm and 800 nm features match
closely with the D18 hole polaron as determined by hole doping
experiments (Supplementary Fig. 11).

Given these similarities, the similarity between the 650 nm and
800 nm features and the D18 hole polaron could be evidence for free
charges or a delocalized singlet exciton (see Supplementary Note 3 for
a discussion of nomenclature). These two types of excited states are
difficult to distinguish, because a hole wavefunction in 'Dp;g may be
sufficiently separated from that of the electron, such that its spectrum

resembles that of a fully dissociated hole polaron®. We further note
that the decay of the 650 nm and 800 nm TA features can be fit to a
single exponential, which has a fluence-independent lifetime at low
fluence (Supplementary Fig. 12). This behavior is more consistent with
bound states than free polarons, which tend to give higher-order
kinetics. We therefore attribute the EA signal in neat D18 films to a
delocalized singlet exciton (*Dp;g). We suggest the delocalization of
this state is facilitated by the interactive DTBT unit, which can
strengthen interchain communication between D18 backbones in
aggregates. We further support this view via measurements in solu-
tion, where we show that the electroabsorption feature diminishes in
intensity after disaggregation at higher temperatures (Supplemen-
tary Fig. 13).
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Fig. 2 | Transient optical characterization of neat D18. a Selected TA spectra
at different times from a neat D18 sample with key features indicated (GSBp;g =
ground-state bleach, 'LEp;g = D18 local exciton, 'Dp;s = delocalized exciton,

EApss = electroabsorption peak). b Normalized transient absorption decays of the

D18 local exciton (*LEps, 1170 nm) and electroabsorption (EAp;g, 650 nm) features
overlaid with the PL decay as acquired from the streak camera of the same film. The
D18 film was excited at 550 nm with a fluence of 2 pJ/cm? in all cases.

Given that better delocalization of excitons should increase the
exciton diffusion length (Le)*®, we compared L., for D18, P3HT, and
PM6 using the exciton-exciton annihilation method”~*°. Using this
methodology, we estimate D18 to have an L, of 16 nm, significantly
longer than in P3HT (-8 nm) and PMé6 (-7 nm). We propose that the
larger L., in D18 is due to better delocalization across more molecules
due to denser packing in aggregates. This delocalizing character in D18
distinguishes it from many other strongly aggregating conjugated
polymers such as PffBT4T-20D, where bulky aliphatic substituents
affect interchain interactions (Supplementary Note 4, Supplementary
Figs. 14-17)**2,

Next, we consider the neat photoluminescence decay kinetics of
D18. Importantly, the photoluminescence lifetime of aggregates in the
D18 film (i.e., at ~695 nm, Supplementary Fig. 18) from streak camera
measurements more closely follows the decay of the 'Dp,s (and EAp;g)
states from TA measurements than the decay of promptly formed
'LEp;g (Fig. 2b). The match between the 'Dp;s and PL decay provides
strong evidence for the formation of a luminescent delocalized exciton
in D18 aggregates as the dominant luminescent species in neat D18
films, likely because the strong m-stacking between D18 chains facil-
itates exciton delocalization. Given the high luminescence nature of
D18, we propose there is a connection between the high PLQY and
efficient exciton delocalization in D18. This result would echo recent
reports on near-infrared organometallic emitters, where increasing the
extent of exciton delocalization through intimate molecular packing in
the condensed phase improves the PLQY?, as well as reports that
attribute the high PLQY in Y6 to limited exciton-vibration coupling
(and thus reduced non-radiative recombination) arising from deloca-
lized excitons',

Higher PCE due to enhanced photon-to-current conversion

We fabricate OPV cells using neat P3HT, PM6, and D18 as the active
layer to evaluate how the extent of delocalization can be associated
with photon-to-current conversion efficiency (Fig. 3, and Supplemen-
tary Table 4). We introduce a fullerene-derived self-assembled mono-
layer, C60-G4PA, to modify the work function of ITO substrate for
better electron extraction (Supplementary Note 5, and Supplementary
Figs. 19-23). Interestingly, we achieve a PCE of 2.00 + 0.05% from neat
D18 cells with average IQE >25% across the photoresponse (peak IQE
30.4%, 540 nm). The PM6 cells show a lower average IQE (peak IQE
24.1%, 565nm), but similar overall PCE (1.88+0.17%) due to their
broader absorption, while P3HT cells only show both a lower peak IQE
0f 20.4% (450 nm) and lower total PCE of 0.56 + 0.08%. The higher IQE/
EQE responses from D18 cells indicate more efficient photocurrent
generation than in those based on P3HT and PMé6 (Supplementary

Fig. 21). The trend in the IQE/EQE data is in qualitative agreement with
the exciton diffusion lengths extracted in each case, which increase in
the order P3HT (-8 nm) <PM6 (-7 nm) <D18 (-16 nm).

Given the prevalence of CT state formation in bilayer
architectures***, we compared CT state formation in the single-
component cells (ITO/C60-G4PA/D18/Mo0Os/Ag) and binary cells (ITO/
C60-G4PA/D18:PCBM bulk heterojunction/MoOs/Ag) with electro-
luminescence (EL) characterization. In the binary cells, we observe
an EL peak at 1.36 eV (Fig. 3¢), consistent with the formation of a CT
state with sub-bandgap energy. In the single-component cells, we see a
small contribution from a state at similar energy (-1.33 eV), which we
attribute to the formation of some CT states at the C60-G4PA/D18
interface. However, the predominant EL feature here is at higher
energy (-1.8eV) and matches the EL spectrum of aggregated D18
films, which we have already established comes from the 'Dp;g state.
Therefore, this experiment suggests that while CT states may
be formed at the C60-G4PA/D18 interface in our single-component
cells, the 'Dp;s state provides an alternative charge generation path-
way, bypassing the losses of the CT state. We corroborate this
hypothesis via TA measurements on ITO/C60-G4PA/D18 samples,
where the kinetics and spectral features are broadly consistent with
neat D18 samples (Supplementary Note 6, and Supplementary
Figs. 24-26).

Next, we introduce Y6 as the acceptor to fabricate binary OPV
cells (Supplementary Table 5). The resulting D18:Y6 (PCE=17.56 +
0.29%) and PM6:Y6 (PCE =16.08 + 0.31%) cells show comparable Vs
and fill factors (FFs), but a higher Js¢c of 27.70 + 0.56 mA/cm?* from
D18:Y6 compared to that of PM6:Y6 (25.47 + 0.31 mA/cm?). Meanwhile,
P3HT:Y6 cells have a much lower PCE (1.90 +0.11%) with low V¢
(0.335+0.007V), Jsc (12.70 +0.56 mA/cm?) and FF (44.64 +0.76%).
These photovoltaic parameters are consistent with literature
reports* . The trend of Vs generally matches with the ionization
potential offsets between different polymers and Y6 (Supplementary
Fig. 2)*®. However, there is a clear increase in Jsc in the order P3HT <
PM6 < D18 despite these OPV composites having similar bandgaps. We
also measure IQE spectra (Fig. 3e), where the peak response corre-
sponding to polymer absorption (400-600 nm) grows in the sequence
of P3HT:Y6 (IQEsy=45.0%), PM6:Y6 (IQEsso=95.8%), DI8:Y6
(IQEs»0 =98.5%), showing the most efficient photon-to-current con-
version in the D18:Y6 cells. Furthermore, we improve the photovoltaic
performance of D18-based cells to 19.2% by employing a ternary blend
consisting of two Yé6-derived acceptors, TO9TBO-F and Y6-O (Supple-
mentary Figs. 27 and 28). One DI18:T9TBO-F:Y6-O ternary cell was
certified through asymptotic scans at a PCE of 17.7% representing the
quasi-steady-state cell performance (Supplementary Fig. 29).
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Fig. 3 | The photovoltaic characteristics of OPV cells. a The /-V profiles of OPV
cells with neat polymer active layers, and b the corresponding IQE spectra. ¢ The
electroluminescence profiles of OPV cells having an active layer of neat D18 and
D18:PCBM, as well as that from a D18 light-emitting diode. d The J-V profiles of
champion P3HT:Y6, PM6:Y6, and D18:Y6 binary OPV cells. The inset table shows the

performance of champion devices. e The EQE (solid curve) and IQE (dash curve)
spectra, and the surface reflectance (R, dot curve) as a function of wavelength for
P3HT:Y6, PM6:Y6, and D18:Y6 OPV cells. The values and corresponding wave-
lengths of peak EQE (and IQE in the brackets) in the corresponding donor absorp-
tion region are included.

Delocalization in donor affects carrier generation pathways
We next explore the charge-separation mechanism in the D18:Y6 blend
using TA measurements (Fig. 4). We provide detailed characterization
of D18:Y6 pumped at wavelengths that selectively excite Y6 in Sup-
plementary Figs. 30-32 and Supplementary Note 7. Here, we focus on
D18:Y6 pumped at 550 nm for preferential D18 excitation.
Immediately upon photoexciting at 550 nm (~0.1 ps), we observe
the LEp;s, GSBpis, EApis, and Y6 local exciton (‘LEye) states at
~1200 nm, ~595 nm, ~630 nm, and ~900 nm respectively (Fig. 4a, b). We
also note that the initial signal from 'LEp;s is significantly quenched in
the D18:Y6 blend compared to neat D18 (Supplementary Fig. 33), and
EApis (associated with Dpyg) is fully formed, consistent with rapid
(<0.2 ps) transfer from 'LEp;s to 'Dpig. Importantly, the EAp;g signal
exists at ~-0.1ps, before the maxima in GSBy¢ and A'ye are reached
(-1ps), suggesting that charge separation begins in the D18 moiety
prior to electron transfer to Y6. Given that there is no rise in the EAp;g
feature after ~1ps, and that the decay of EAp;g in this time range is
intensity dependent (Supplementary Fig. 34), we infer that separated
charges have been formed within -1 ps, and attribute the remaining
EAp;s decay to non-geminate recombination of charges fully separated
across the D18:Y6 interface. All of this evidence points to the direct
electron transfer from the 'Dp;g state to energetically downhill free
charge (FCps:ye) states. Delocalized states have been reported to
exhibit faster charge transfer in several previous reports'>'¢*%°,
Given the significance of energy transfer from donor to accep-
tor in some OPV systems®*?, we also consider, but rule out, a
dominant role for energy transfer in D18:Y6 charge generation
kinetics. In a Forster resonance energy transfer event, a (virtual)

photon would be emitted by a D18 exciton and re-absorbed in the Y6
moiety of the blend. As such, in this case, the TA dynamics should
slow to match those in which Y6 is preferentially excited (Supple-
mentary Fig. 31). However, we find that FC is formed more quickly
(-1 ps) following direct photoexcitation of D18 than direct photo-
excitation of Y6 (-4 ps). We therefore conclude that electron trans-
fer to Y6 is the primary charge generation process in D18:Y6 blends
after excitation of D18. We note that energy transfer may provide a
secondary charge generation pathway, which would benefit from
the very high PLQY of D18

Finally, putting all of these observations together, we propose a
model for electron transfer in D18:Y6 films based on our TA results
(Supplementary Fig. 1, and Fig. 4c). Exciting D18 produces 'Dps either
from direct excitation or ultrafast transfer from 'LEp;s (1 and 2). 'Dpg
then generate free charges FCpis.ys (3; ~1ps), partially bypassing the
formation of interfacial 'CTps:ve. In the case of both Y6 and D18
excitation, FCp;s:y¢ can undergo detrimental back transfer to So via
1CTD18:Y6 and 3TY6 (relaxed from 3CTD18:Y6) (4*7)

To test this model, we evaluate the electron- and hole-transfer
efficiencies (ng7/nur) derived from TA measurements and compare
them with the device IQE (Fig. 3e) in the case of D18- and Yé-selective
excitation. By applying our model for the electron-transfer channel, we
obtain ngr=99.5%, which is a good match for the IQEsso (=97.3%). We
propose that this high IQE is due to the slow intrinsic recombination in
D18, and fast (-1 ps), direct transfer of free carriers from D18 to Y6,
mostly bypassing the formation of an interfacial 'CTp;s.v¢ State. The
slight deviation between ngr and IQEsso may then be due to the for-
mation of a small amount of 'CTp;s:v¢ OF >CTpis:ve States. For hole
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Fig. 4 | TA characterization of a D18:Y6 blend after selective excitation of D18.
a Proposed charge-separation model in aggregated systems with stronger delo-
calization character: (1) photoexcitation and 'LE generation; (2) transfer from the
ILE to 'D; (3) transfer from 'D to FC (bypassing interfacial CT states); (4) equilibrium
between back transfer to 'CT and >CT and re-ionization to FC; (5) recombination to
the °T state; (6 and 7) recombination to So from >T and 'CT. b TA spectra of a D18:Y6
blend after selective D18 excitation (550 nm; 2 pJ/cm?) with the notable features
indicated (GSBp,s/GSBye: ground-state bleach of D18 or Y6; 'LEp,s/'LEys: singlet
local exciton of D18 or Y6; EA: electroabsorption peak, A"ys: Y6 anion).

¢ Normalized TA traces of the same D18:Y6 film under the same excitation condi-
tions probed at 595, 650, 860, and 1170 nm for the GSBp,s, EA, GSBys, and 'LEp;s
features, respectively.

transfer following excitation of Y6, we obtain r;,7=92.7%, which is an
excellent match for the IQE;sq (=92.5%). This lower IQE at 750 nm is
mostly due to the slower hole injection rate (ty7~4 ps), and relatively
fast LEye decay (1,55 ps). As outlined in Supplementary Note 8, we
find evidence for CTps.v¢ formation after Yé-selective excitation,
contrary to previous reports on similar systems*. We note that using

the time constant associated with the initial formation of GSBps (i.e.,
CTpis:ve formation; 7gs5-0.4 ps), rather than the generation of EA (i.e.,
FC formation; 7r~4ps), over-estimates the hole-transfer yield
(nur=99.3%), which is consistent with the active role of the CTpys.ys
intermediate states in the hole-transfer mechanism.

In Supplementary Figs. 35-39, we summarize the TA character-
ization of charge separation in P3HT:Y6 and PM6:Y6 blends, which we
now compare to the case of D18:Y6. We find that P3HT:Y6 is prone to
forming 'CTpapur.ve States, while PM6:Y6 and D18:Y6 rapidly form free
carriers. We propose that the weak interactions in homopolymer
donors such as P3HT lead to the formation of strongly bound excitons
(Ep=0.42eV)*. On the other hand, strong m-interactions between
polymer chains in aggregated donor polymers such as D18 and PM6
provide the delocalization necessary to reduce the £, (=0.13 eV for
both)*® and facilitate ultrafast electron transfer and separation. These
observations help explain the improved IQE and Jsc in OPVs based on
D18 and PMé6 compared to P3HT (Fig. 3d, e). We further study the
recombination kinetics in PM6:Y6 and D18:Y6 blends, where we iden-
tify the terminal back recombination in the blend can be reduced when
adopting a donor with a stronger delocalization character (Supple-
mentary Note 8).

Discussion

We studied a series of well-known OPV donor polymers: P3HT, PM6,
and D18. We first simulated how interchain interactions among dif-
ferent m-moieties in the polymer induce aggregation which alters the
extent of excited-state delocalization. Particularly, intimate interchain
interactions established between D and A moieties facilitate the
through-space delocalization of excitons. We then experimentally
revealed the formation of delocalized excitons in strongly m-
interacting D18, which dominate the photoluminescence. We found
that FC generation in OPV cells adopting a neat D18 or blend absorber
largely bypasses the formation of interfacial CT states, which is facili-
tated by the rapid formation of the luminescent delocalized state in
highly ordered D18. This kinetic model, consistent with both the the-
oretical calculations and ultrafast photophysics, also quantitatively
reproduces the measured IQEs of the devices. These findings not only
help explain how a PCE 0f19.2% is possible for single-junction OPVs but
also provide insight into how a strongly delocalized and highly lumi-
nescent donor can effectively circumvent the formation of
performance-limiting CT states. Designing intimately interacting
donor materials with pronounced delocalization character and radia-
tive efficiency could thus be a strategy to maximize the exciton dis-
sociation efficiency while minimizing the terminal back
recombination, pushing OPVs forward closer to the Shockley-
Queisser limit.

Methods
Materials
D18, T9TBO-F, and Y6-O were synthesized according to literature*>>>*,
PM6 (Lot no.: YM216A), PffBT4T-20D (Lot no.: PIAO9A), and Y6 was
purchased from Solarmer. P3HT (Lot no.: SX9182B) was purchased from
1-Material. Unless mentioned otherwise, all solvents and starting mate-
rials were purchased from Sigma-Aldrich, Acros, TCI, and J&K Scientific
and used without further purification. The chloroform adduct of
tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba)s-CHCl;) catalyst
was prepared according to literature®. The tri(o-tolyl)phosphine (P(o-
tol)3) ligand was recrystallized twice from absolute ethanol before use.
The abbreviations and full names of chemical structures:

0-DCB: 1,2-dichlorobenzene.

BDT: 2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzol1,2-b:
4,5-b’]dithiophene).

BDD: bis(2-ethylhexyl)benzol[1’,2’-c:4’,5'-c'ldithiophene-4,8-dione.

DTBT: dithieno[3",2:3,4;2”,3":5,6]benzol[1,2-c][1,2,5]thiadiazole.

P3HT: poly(3-hexylthiophene-2,5-diyl.
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PMé6:  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)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)].

D18:  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzol[1,2-b:4,5-b’ldithiophene)) -alt-5,5’-(5,8-bis(4-(2-butyloctyl)thio-
phen-2-yl)dithieno[3’,2":3,4;2”,3"":5,6]benzol[1,2-c][1,2,5] thiadiazole)].

PffBT4T-20D: poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-
alt-(3,3””-di(2-octyldodecyl)-2,2,5,2”,5”,2""-quaterthiophen-5,5
-diyl)]

C60-G4PA: 2-(2-(2-(2-(4-(1’,5-dihydro-1-methyl-2’H-[5,6]full-
ereno-C60-/,-[1,9-clpyrrol-2’-yl) phenoxy)ethoxy)ethoxy)ethoxy)
ethyl-1-phosphonic acid.

Yé: 2,2’-((2Z,2'7)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-
dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2”,3":4",5 ]thieno[2’,3":4,5]pyr-
rolo[3,2-g]lthieno[2’,3":4,5]thieno[3,2-b]indole-2,10-diyl) bis(methany-
lylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile.

T9TBO-F: 2,2’-((2Z,2'Z)-((12,13-bis(2-butyloctyl)-3,9-dinonyl-12,13-
dihydro-[1,2,5]thiadiazolo [3,4-e]thieno[2”,3":4’,5 ]thieno[2’,3":4,5]pyr-
rolo[3,2-glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-diyl)bis(methany-
lylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile.

Y6-O: 2,2'-((2Z,2'7)-((12,13-bis(2-butyloctyl)-3,9-didodecyloxyl-
12,13-dihydro-[1,2,5] thiadiazolo[3,4-e]thieno[2”,3":4’,5 ]thieno[2’,3":4,5]
pyrrolo[3,2-g]thieno[2’,3":4,5]thieno[3,2-b] indole-2,10-diyl)bis(methany-
lylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile.

Polymerization of D18

In an oven-dried Schlenk tube was added 2,6-bis(trimethytin)-4,8-
bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b’ldithio-
phene (0.1mmol), 5,8-bis(5-bromo-4-(2-butyloctyl)thiophen-2-yl)
dithieno[3’,2:3,4;2”,3":5,6]benzo[1,2-c][1,2,5]thiadiazole ~ (0.1 mmol),
Pd,(dba);-CHCl; (3 mol%) and P(o-tol); (6 mol%). The Schlenk tube was
then transferred into an Ny-filled glovebox and 12mL dry toluene
was added to fully dissolve the precursors. After carefully sealing
the Schlenk tube, the reaction mixture was heated to reflux for 4 h
and then precipitated into cold methanol. The crude was collected
by filtration and loaded into a Soxhlet thimble which was then
successively extracted with methanol, acetone, THF, chloroform,
and chlorobenzene. The chlorobenzene fraction was collected (81 mg,
yield: 60%).

Gel permeation chromatography

The number-average molecular weight (M,) and polydispersity (D)
of P3HT, PM6, and D18 were determined by an Agilent 1260 Infinity II
High-Temperature Gel Permeation Chromatography System cali-
brated with polystyrene standards, using o-DCB as the mobile phase
eluted at 130 °C. P3HT: M,,=51.9kDa, D =2.60; PM6: M,=40.3 kDa,
D =4.06; D18: M,,=68.5kDa, P=2.17.

Optical properties characterizations

The UV-vis-NIR absorption spectra of polymer or blend spin-cast
on quartz substrates were recorded on a Shimadzu 1700 UV-Vis
Spectrometer. The thicknesses of the films are 55+2nm for
neat polymer films, and 105+3nm for blends as measured
from a Bruker Dektak XT stylus profilometer. The photo-
luminescence (PL) spectra and the corresponding PL quantum
yield (PLQY) of thin-film samples spin-cast on quartz substrates
were recorded with a QE-Pro Spectrometer equipped with an inte-
grating sphere using a 365nm laser as the excitation source.
Temperature-dependent PL spectra of the polymer sample in
solution (10 pg/mL in o-DCB) were recorded with an FLS920
Spectrometer (Edinburgh Instruments) with an integrated heating
module.

Photovoltaic cells fabrication

Pre-patterned ITO-coated glass with a sheet resistance of ~15 Q/sq was
cleaned by sonication sequentially in detergent, DI water, acetone, and
isopropanol, each for 30 min. The substrates were then dried under
80 °C overnight in an oven, and treated with plasma for 30 min before
usage. The OPV cells adopting neat donor polymer (P3HT, PM6, and
D18) were fabricated based on an inverted (n-i-p) architecture of ITO/
C60-G4PA/polymer/MoQO5/Ag. A solution of C60-G4PA and an n-dopant,
Bis-C60 (9.3:1 w/w, total concentration 1.5 mg/mL)*, dissolved in a
mixed solvent of 2-isopropanol/chlorobenzene (1:4 v/v) with 8% chlor-
onaphthalene as an additive, was deposited onto ITO substrate through
spin-coating at 2300 r.p.m. in a nitrogen-filled glovebox. The substrate
was then annealed at 120 °C and then rinsed with a mixed solvent of 2-
isopropanol/chlorobenzene (1:4 v/v) to remove extra SAM molecules.
The donor polymer was then spin-cast on top, and the thickness of the
polymer layer was optimized according to cell performances (P3HT:
~25 nm; PM6: ~40 nm; D18: ~40 nm). P3HT was dissolved in chloroform at
a concentration of 6 mg/mL and stirred for 1h prior to usage. PM6 was
dissolved in chloroform at a concentration of 6 mg/mL and stirred for at
least 2 h prior to usage. D18 was dissolved in chlorobenzene/carbon
disulfide (3:2 v/v) at a concentration of 4.5 mg/mL and stirred for at least
2 h prior to usage to ensure the materials were fully dissolved. For OPV
cells adopting a D18:PC,;BM active layer, the devices were fabricated in
an inverted (n-i-p) configuration of ITO/C60-G4PA/D18:PC;,BM/M0oO5/
Ag. D18 and PC;;BM (1:1.6 w/w) were dissolved in chlorobenzene/carbon
disulfide (3:2 v/v) at a total concentration of 9.36 mg/mL and stirred for
at least 2 h prior to spin-casting (2800 r.p.m.) to ensure the materials are
fully dissolved. After the deposition of the active layer, the MoO; (-6 nm)
and Ag (-100nm) top electrodes were thermally evaporated at
5x107Pa through a shadow mask, which was used to define the
dimension of the device area as a rectangle of 2.8 x 2.3 mm?.

The OPV cells adopting a donor:acceptor blend were fabricated
based on a conventional (p-i-n) architecture of ITO/PEDOT:PSS/
polymer:Y6/PNDIT-F3N/Ag. PEDOT:PSS (Heraeus CLEVIOS™ P VP Al
4083) was spin-cast at 4500 r.p.m., and then annealed at 120 °C for
15min in dry air. The deposition of active layers was optimized
according to the best fabrication conditions. For D18 and Y6 (1:1.6 w/w)
were dissolved in chloroform at a total concentration of 15.6 mg/mL,
and stirred for 1 h at 60 °C. The warm solution was then spin-cast onto
the substrate at 2500 r.p.m. for 40 s. For the mixture of PM6 and Y6
(1:11.2 w/w) was dissolved in chloroform/2-chloronaphthalene
(200:1 v/v) at a total concentration of 15.4 mg/mL at 50 °C and stirred
for atleast 2 h prior to usage to ensure the materials are fully dissolved.
After cooling down, the solution was then spin-cast onto the substrate
at 2500 r.p.m. for 40s, following annealing at 100 °C for 5 min. For
P3HT and Y6 (1:1 w/w) were dissolved in tetrahydrofuran at a total
concentration of 14 mg/mL, and stirred for 1h at room temperature.
Then, the solution was spin-cast onto the substrate at 2500 r.p.m. for
40 s. A thin layer of PNDIT-F3N (0.5-1 mg/mL in methanol) was then
coated on top of the active layer. Finally, a layer of Ag (-220 nm) as the
top electrode was thermally evaporated at 5 x 10~° Pa at a rate between
2.5 and 5A s through a shadow mask, which was used to define the
dimension of the device area as a rectangle of 2.8 x 2.3 mm?>.

Photovoltaic cells characterizations

The current density-voltage characteristics were recorded using a
Keithley 2400 Source Meter Unit and measured under AML.S5G
(100 mW/cm?) irradiation using an EnliTech SS-F5 solar simulator in an
No-filled glovebox with the environmental temperature maintained at
~25 °C. The light intensity was calibrated using a standard silicon solar
cell (with a KG-2 filter) from NREL to bring spectral mismatch to unity.
The active area of the cells was defined by a non-reflective metal mask
with an aperture area of 4 mm?, which is aligned with the rectangular
device area. EQE spectra were collected using an Enlitech QE-S EQE
system equipped with a standard Si diode.
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Quasi-steady-state photovoltaic performance measurement
The certification of the D18:T9TBO-F:Y6-O ternary cell (Newport Cali-
bration Cert. # 2502) was performed at an accredited laboratory (MKS
Instruments/Newport PV Lab, Bozeman, MT, USA) through a 10-point
I-V sweep configuration, wherein the bias voltage (or current for Vpc
determination) is held constant until the measured current (or voltage
for V() is determined to be fluctuating within 0.07% level. The result
is intended to represent the quasi-steady-state performance of the
device. The duration of the 10-point /-V measurement is
approximately 7 min.

Molecular dynamics (MD) calculation
MD force field parameter optimization. The MD simulation was
performed using Gromacs 2021 package”. To construct appropriate
polymer force field parameters, the following steps were undertaken:
(a) DFT Optimization: We started by optimizing the geometries of
the D18/PM6/P3HT polymer 3-mer using Gaussian 16 at the
PBEO-D3B)/def2SVP level.
(b) Initial Topology Generation: The optimized 3-mer topology file
was generated using ztop with the command:

ztop.py-g"3mer.log’-re

This step includes three sub-steps:
(1) Initial force field generation based on GAFF2 using AmberTools.
(2) Calculation of RESP2 charges for all atoms using Multiwfn[60].
(3) Replacement of force field parameters (equilibrium bond
lengths and angles) with those from the DFT-optimized
structure.
(c) Fragmentation and Reassembly: After generating the 3-mer
topology file, we fragmented it into smaller segments. The
fragmentation was performed using the following command:

ztop.py-f "D; p=3mer.top; x =3mer gro; site=D12:11-22,
D11:8 — 21;resname=DON" — savelib

This command will generate a fragment named “D”

D12:11-22 specifies the site name and atom indices for the
bond to be cut.

Various segments such as alkyl chains (R), donor (D), and
acceptor (A) were obtained.

These fragments were then reassembled into a hexamer
using ztop using the following command:

ztop.py — loadlib-bHR[ADRR]5TR-opoly.top, poly.pdb
(d)

Dihedral Potential Fitting: Dihedral potentials were fitted using
ztop with the command:

ztop.py-pPPI.top-xPPl gro-d8-15

PPI is the segment containing the dihedral angle of interest.
8-15 specifies the bond indices for the dihedral.
This fitting process includes:
(1) Generation of Gaussian input files with various dihedral angles.
(2) Energy calculations for these structures.
(3) Least-squares fitting to obtain the corresponding dihedral
parameters.
(e) Parameter Transfer to Polymer Topology: The obtained dihedral
parameters were transferred to the polymer topology file using:

ztop.py-f'S; p= PPl .top;x = PPl gro"-ppoly.top-xpoly.pdb-ts":
m=1-2,7-9,15-19,29,38—-39;a=7-9,15-16,19; p=d"

m = specifies the matching atom indices.
a=specifies the atom indices for parameter transfer.

p =d indicates the transfer of dihedral parameters.

This comprehensive approach ensured that the force field para-
meters used in our MD simulations were accurately derived from high-
level quantum chemical calculations, providing reliable and robust
simulations of the polymer dynamics.

MD system construction and simulation

The simulated polymer films were constructed using the following
procedure. First, 30 x D18 6-mers or 30 x PM6 6-mers or 30 x P3HT 30-
mers were randomly placed into a rectangle box with edge lengths of
20 x20 %20 nm using packmol*®, The NPT run was performed for
20 ns with 5 annealing cycles between 500 K and 300 K. During the
annealing, isotropic Berendsen barostat was used. Finally, the pro-
duction NPT run was performed at 300K for 10 ns to obtain the tra-
jectories. All MD simulations were employed with a velocity-Verlet
integrator at 2.0 fs time step with LINCS algorithm to constrain bonds
with hydrogen. The temperature was controlled with a V-rescale
thermostat. The pressure was controlled using Berendsen barostat.
Three independent simulations were performed for each system. The
analysis was performed on the frames extracted from the 10 ns pro-
duction run with a 200 ps interval.

Close-contact number analysis

The close-contact number is defined by the average number of close-
contact atoms in a specific molecular moiety over another. Homo-
polymer (P3HT) is divided into 1 (m-bridge), and R (alkyl chain) moi-
eties. Copolymers (PM6 and D18) are divided into D (electron-donating
moiety), A (electron-accepting moiety), T (m-bridge), and R (alkyl
chain) moieties. Heavy atoms (non-hydrogen atoms) within a distance
of 3.5 A to each other are defined as “close contacts” for all moieties.
The statistics of neighboring moieties was then summed over all the
150 frames from three trajectories followed by classification according
to the correlating moieties. The analysis was performed using MDA-
nalysis package®.

Density functional theory (DFT) calculation

The interchain interactions and corresponding exciton distribution
were simulated via stacking two polymer segments with various con-
figurations: m-bridge from one polymer segment onto m-bridge from
another for P3HT (n = 6), and D or A moiety from one polymer segment
onto D or A moiety from another for PM6 and D18 (n =1). All optimi-
zations were done at PBEQ/def2SVP level with Grimme’s D3BJ empirical
dispersion correction®®. Then the adiabatic excited states were calcu-
lated at the same level as TDDFT. PCM solvation models were used
with diphenylether as a solvent in all the calculations to simulate the
dielectric environment of a solid. All the calculations are performed
using the Gaussian 16 program®. The electron-hole distribution ana-
lysis was performed using the Multiwfn program®,

Organic light-emitting diode fabrication and characterizations

The devices were fabricated in an architecture of ITO/PEDOT:PSS/D18/
B3PYMPMY/LiF/Al. The patterned ITO-coated glasses were ultra-
sonically cleaned in detergent solution, deionized water, acetone,
isopropyl alcohol, and ethanol, each for 20 min, respectively, and then
dried under compressed N, flow. The substrates were further cleaned
with Plasma cleaner (Harrick, PDC-002-HP) for 5min before use. A
hole-transporting layer (HTL) was prepared by spin-coating PED-
OT:PSS (Heraeus CLEVIOS™ P VP Al 4083) at 4000 r.p.m. for 40s, and
annealed at 150 °C for 15 min in ambient air. After cooling to room
temperature, the substrates were transferred into an Ny-filled glove-
box. For the emitting layer, 30 pL precursor solution (6 mg/mL D18 in
chlorobenzene heated at 80 °C, stirred for 2 h before use) was spin-
coated on top of HTL at 2000 r.p.m. for 40 s. Finally, a 50-nm-thick
layer of BAPYMPM, a 2-nm-thick layer of LiF, and a 60-nm-thick layer of
Al were deposited using a thermal evaporation system under a vacuum
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of <1.0 x 10~*Pa. The active area was 3 mm? (2 mm x 1.5 mm), which was
defined by the overlapping area of ITO and Al electrodes. All devices
were measured in an N-filled glovebox, using a Keithley 2400 Source
Meter and a QE-Pro Spectrometer.

Transient absorption spectroscopy

Samples used in TA experiments were prepared using the protocol
identical to photovoltaic cell fabrication and were epoxy-sealed in N,
glovebox. The pump pulse was generated via Coherent Inc./Light
Source OPerA optical parametric amplifier from a fraction of the out-
put (800 nm, 50fs, 1kHz) of a Coherent Libra Ti:Sapphire amplifier.
The other fraction of the amplifier output was focused onto CaF, or
sapphire crystals to generate the supercontinuum probe pulse. The
probe beam was spectrally aligned with the pump on the sample. The
sample was excited with either a 550 nm or 750 nm laser pulse, where
an appropriate band pass filter was used to obtain a narrow laser
profile centered at the excitation wavelength of choice. The laser beam
profile was measured at the sample position using a Thorlabs CCD
camera beam profiler (BCI06N-VIS) to ensure the irradiation had a
Gaussian profile and to calculate the irradiation area. The pump exci-
tation fluence per pulse was calculated based on average power mea-
sured with the Coherent FieldMater laser power meter, the beam
diameter obtained from the Thorlabs beam profiler software (-0.7 mm,
1/€? cut-off), and pulse frequency (1 kHz). Signals were detected using a
CMOS and InGaAs fiber optics-coupled photodiode array spectro-
meter. The pump-probe delay of up to 2 ns was set using a mechanical
translational stage. Data was taken in random order of pump-probe
delay to avoid the influence of laser power fluctuation during the scan
and was collected using HELIOS software (Ultrafast). The instrumental
response function (IRF) of the TA set-up was measured using a thin
glass substrate. We chose a low fluence of 2 pJ/cm? (2 mW/cm?), first to
ensure that we were below the limit of non-linear photophysics such as
two-photon absorption, as well as exciton-exciton and exciton-charge
annihilation (Supplementary Fig. 9). Second, using this fluence allowed
us to probe excited-state dynamics in a limit that is more relevant to
the working conditions of a typical OPV cell (10" excitations/cm).

Time-resolved photoluminescence

Time-resolved PL spectra were collected using a Hamamatsu streak
camera with a synchroscan unit. The same samples used in the TA
measurement were irradiated with an 810 nm pulse pumped at 1kHz
from a Coherent Inc./Light Source OPerA optical parametric amplifier.
The excitation density was matched to the TA measurement. The IRF of
the tr-PL set-up was measured with a sanded-glass sample in the same
optical geometry as the sample measurements.

Small-angle X-ray scattering (SAXS) measurements

SAXS experiments were performed at the 16-ID beamline of the
National Synchrotron Light Source Il at Brookhaven National Labora-
tory to probe the Q ranges of 0.006 <Q <3 A™ using multiple Pilatus
detectors®®. The samples were measured using a 1.5 mm diameter
quartz capillary. Before solution scattering measurements were per-
formed, both empty cells and blank solvents were measured for proper
background subtraction. For each measurement, 10-20 repeated
measurements were taken on various parts of the sample using X-ray
energy at 13.5 keV with a 1s exposure time to avoid beam damage. The
scattering profiles were then obtained by averaging the repeated
measurements and subtracting the empty cell and blank solvent con-
tributions using a Python package py4xs in Jupyter Notebooks®*. The
model fitting of the scattering profile was performed using the Guinier-
Porod model in the SasView program.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated and/or analyzed during the current study are
available from the corresponding authors upon request.
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