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RESEARCH ARTICLE

Anion Localization on Termini of a Non-Fullerene Acceptor
Aids Charge Transport

Junjun Guo, Martin V. Appleby, Kui Ding, Tong Shan, James Shipp, Igor V. Sazanovich,

Dimitri Chekulaev, Zhuoran Qiao, Ricardo J. Ferndndez-Terdn, Rachel Crespo Otero,

Nicola Gasparini, Hongliang Zhong, Julia A. Weinstein, and Tracey M. Clarke*

Non-fullerene acceptors have revolutionised organic photovoltaics. However,
greater fundamental understanding is needed of the crucial relationships
between molecular structure and photophysical mechanisms. Herein, a com-
bination of spectroscopic, morphology, and device characterization techniques
are used to explore these relationships for a high-performing non-fullerene
acceptor, anti-PDFC. It focuses on transient absorption spectroscopy across
multiple timescales and ultrafast time-resolved vibrational spectroscopy to
acquire the “holy grail” of simultaneous structural and dynamic information for
anti-PDFC and its blend with the well-known conjugated polymer PM6. Most
significantly, it is observed that the singlet exciton of anti-PDFC is localised

on the perylene diimide central core of the molecule, but the radical anion is
primarily localised on the fluorinated indene malonitrile terminal units (which
are common to many state-of-the-art non-fullerene acceptors, including the Y6
family). This electron transfer from the central core to the termini of an adjacent
molecule is facilitated by a close interaction between the termini and the central
core, as evidenced by single crystal diffraction data and excited state calcula-
tions. Finally, the very efficient charge extraction measured for PM6:anti-PDFC

1. Introduction

The past few years have seen the advent
of novel, high-efficiency non-fullerene ac-
ceptors (NFAs) for organic photovoltaics
(OPV). Due to this, the OPV field is cur-
rently enjoying a renaissance, with power
conversion efficiencies now approach-
ing 20%.[1*1 NFAs possess several char-
acteristics that enable the current high
performances observed.[**] One critical
aspect of NFAs is that they possess
high absorptivities, in contrast to tra-
ditional fullerenes. This enables both
donor and acceptor to effectively con-
tribute to charge photogeneration by hole
transfer from the acceptor, in addition
to the standard electron transfer from
the donor. Furthermore, several blends
based on NFAs have been reported to un-
dergo efficient charge photogeneration

photovoltaic devices may be correlated with this anion localization, enabling
effective charge transport channels and thus enhancing device performance.

with a minimal energetic offset for ei-
ther electron or hole transfer.*® This
ability, which enables reduced voltage
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Figure 1. a) Molecular structures of anti-PDFC and PM6, b) the HOMO and LUMO energy levels of PM6 and anti-PDFC, as determined from their cyclic
voltammograms and the relationship LUMO = HOMO + S;, where the S, energy is estimated from the intersection point of normalised absorbance
and emission spectra. c) Normalised steady-state absorption and photoluminescence spectra of pristine anti-PDFC film and chloroform solution, pristine
PM6 film, and the PM6:anti-PDFC film (1:1.1). Solid lines denote absorption spectra, dashed lines denote photoluminescence spectra. d) Single crystal
x-ray structure of anti-PDFC (excluding the hydrogens and alkyl chains), showing the stacking of the terminal and PDI groups to form a diamond motif.

losses, has been attributed to factors such as low reorganisa-
tion energies and large quadrupole moments. However, we lack
information at the molecular level how non-fullerene accep-
tors can offer such high device performances and a more fun-
damental understanding is required to understand structure-
function relationships in these materials. Most of the highest-
performing NFAs, such as Y6, possess a similar A’-D-A-D-
A’ architecture, where the acceptor (A) and donor (D) moi-
eties induce an alternating charge density “checkerboard pat-
tern”, which is enhanced due to the aggregation properties of
NFAs.?l Furthermore, fluorinated indene malonitrile (2FIC) ter-
minal units have become ubiquitous in most recent NFA high-
performers, including Y6. These have been reported to en-
hance intermolecular interactions,%) form conformational locks
to enhance crystallinity,['!) and push absorption further into the
near-Infrared.'>14

To examine NFA processes at the molecular level, we require
the “holy grail” of simultaneous structural and dynamic infor-
mation of excited states on timescales relevant to OPV pho-
tophysical processes. Ultrafast time-resolved vibrational spec-
troscopy combines ultrafast dynamics information with high
structural sensitivity. Small changes in geometry of hundredths
of angstroms are detectable.'>] However, owing to the com-
plexities of such experiments, the application of ultrafast vibra-
tional spectroscopy to OPV systems is relatively limited to date.
Despite this, numerous important advances in understanding
have been achieved using such techniques. For example, Pen-
sack et al. used time-resolved infrared spectroscopy to demon-

Adv. Energy Mater. 2025, 2404926 2404926 (2 0f11)

strate that excess vibrational energy after electron transfer fa-
cilitates electrons escaping their Coulombic potentials on ultra-
fast time scales.!'® Falke et al. showed that coherent vibronic
coupling between electronic and nuclear degrees of freedom
helps induce both charge delocalization and transfer.['”] Fem-
tosecond stimulated Raman spectroscopy has been used to ob-
serve that charge separation out-competes exciton localization!'8]
and shows how disorder affects vibrational coupling.[*) Such
studies are excellent demonstrations of the power of ultrafast
vibrational spectroscopy to provide extensive insight into OPV
mechanisms.

Here we investigate the non-fullerene acceptor, anti-PDFC
(Figure 1a). It possesses the A’-D-A-D-A’ architecture common
to many NFAs, with a perylene diimide (PDI) moiety flank fused
with two indacenodithiophene units as the electron-donating
moieties and two fluorinated indene malononitrile (2FIC) groups
as the electron-withdrawing terminals. When blended with the
high-performing polymer PM6 (poly[[4,8-bis[5-(2-ethylhexyl)-
4-fluoro-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]-2,5-thiophenediyl]), OPV device
efficiencies of 12.6% with very high fill factors (FF) of up to 81%
have been reported,!?’) and up to 15.7% in ternary devices.?!]
Herein, we use a combination of steady-state spectroscopy, spec-
troelectrochemistry, transient absorption spectroscopy (TAS)
on multiple timescales, and ultrafast time-resolved infrared
spectroscopy (TRIR) to delve into the photophysics of such a
high fill factor system. Importantly, we also use it as a model
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ASUADIT SUOWWO)) dAnear) a[qearidde ayy Aq pauIsA0S aIe sa[onIe Y asn Jo sa[n1 10j KIeIqry duluQ K3[IA UO (SUOTIPUOD-PUB-SULI)/WO0d KI[1m " ATeiqrjaur[uo//:sdny) suonipuoy) pue suLd [ 3y 23S *[Sz02/10/02] uo Kreiqry auruQ A[IM 1891 AQ 9Z6+0T0T Wuae/Z00 [ 01 /10p/wod Kaim- Kreiqrjaurjuo//:sdny woiy papeojumod 0 ‘089¥191



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

system to make critical links between photophysics and molecu-
lar structure. The TRIR has revealed that while the NFA singlet
exciton is localised on the central core of the molecule, the
radical anion is primarily localised on the 2FIC termini. This
shift in excited state localization is facilitated by a close interac-
tion between the PDI core and a 2FIC terminus in an adjacent
molecule.

2. Results and Discussion

2.1. Steady-State Absorption and PL Spectroscopy

The normalized steady-state absorption spectra of the pristine
polymer PM6, pristine anti-PDFC, and annealed blend PM6:anti-
PDFC in films are displayed in Figure 1c. The absorption spec-
trum of the pristine anti-PDFC film is red-shifted compared to
solution (in chloroform) and shows a narrow maximum at 685
nm; the small width of the peak is consistent with a relatively
ordered morphology. Conversely, the pristine PM6 film shows
equivalent intensity vibronic peaks at 615 nm and 575 nm, indi-
cating a less crystalline structure. Blending the two components
together induces a red-shift of the most intense anti-PDFC band
from 684 nm to 695 nm, again suggesting an enhancement in or-
der of the NFA component.?223] These changes are reflected even
more strongly in the photoluminescence spectra. The PL of the
anti-PDFC solution is essentially a single band, which alters to
show a pronounced vibronic structure in the pristine film that is
suggestive of a more rigorously ordered structure. The PL of the
blend, however, is clearly more reminiscent of the NFA than the
polymer; furthermore, the greater intensity ratio of the 0-0/0-1
vibronic peaks in the blend compared to the pristine anti-PDFC
may suggest the presence of J-aggregation.[?*]

2.2. Morphology Characterization

The morphology of the films was investigated via atomic force
microscopy (AFM, Figure S1, Supporting Information) and graz-
ing incidence X-ray diffraction (GIXRD, Figure S2, Supporting
Information). The pristine PM6 film shows a needle-like struc-
ture with root-mean-square surface roughness Rq = 1.1 nm, sug-
gesting a smooth surface. Pristine anti-PDFC NFA shows a much
rougher surface, with Rq = 7.4 nm, but the annealed PM6:anti-
PDFC film shows an intermediate Rq of 2.9 nm, which suggests
some degree of miscibility between PM6 and anti-PDFC. How-
ever, the GIXRD suggests that the crystallinity of the anti-PDFC
is minimally impacted by the presence of the PM6. The PM6 is
clearly amorphous due to the lack of a 7—r stacking peak in the
GIXRD. The z-r stacking peak of anti-PDFC at ~17 nm™! re-
veals identical #—r d-spacing in both pristine anti-PDFC and the
blend (0.37 nm). Furthermore, the size (coherence length) of the
anti-PDFC crystallites, calculated using the broadness of the z—
7 stacking peak, also exhibits minimal changes from pristine to
blend, increasing slightly from 7.1 + 0.1 nm to 7.5 + 0.1 nm.
The single crystal X-ray structure of anti-PDFC has been previ-
ously published?!! and shows a 3D reticular packing motifin a di-
amond configuration, where both sets of orthogonal alkyl chains
enable a highly ordered lamellar packing structure. Furthermore,
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the C,,-like symmetry of the anti-PDFC backbone facilitates a
long-range helical structure across the lamellar planes.[*2°! Im-
portantly, the crystal structure reveals an alternating z-stacking
structure of the terminal units and the PDI core, as illustrated in
Figure 1d and Figure S3 (Supporting Information), where the dis-
tance between the PDI plane and the centre of the terminal group
is 3.42 A. Although the molecular planes are not parallel, this
small distance (noting that the estimated van der Waals radius
of carbon is 1.7 A?”)) implies a strong interaction. These close
interactions between the electron-deficient moieties have been
observed in single crystal X-ray structures of multiple other non-
fullerene acceptors, including those that share the same 2FIC ter-
minal group as anti-PDFC. ITIC[!?l and IDTBRI[?®] derivatives typ-
ically show a close overlap between the terminal groups while Y6
shows more complex interactions, with overlaps between both
cores and end groups.[?>2% In all cases, the close proximity of
the electron-deficient moieties has been shown to lead to elec-
tronic coupling and thus may assist electron transport. As such,
itis probable that the similarly close interaction between electron-
deficient moieties in anti-PDFC has the same effect.

2.3. Transient Absorption Spectroscopy and
Spectroelectrochemistry

A series of control samples (solutions and pristine films) were
studied to ascertain electronic absorption peak positions for rel-
evant excited states, such as charge carriers and triplet states; the
results of these experiments are shown and discussed in the sup-
porting information, Figures S4-S6 (Supporting Information).
Having established the control spectra for expected excited states,
the spectroscopic behaviour of the PM6:anti-PDFC film can now
be assessed. Two excitation wavelengths were employed: 520 nm
mainly excites the PM6 (although 520 nm corresponds to a min-
imum in the anti-PDFC absorption, some anti-PDFC absorption
is still present at this wavelength) and 665 nm selectively ex-
cites the anti-PDFC. The us-TA spectra are shown in Figure 2a,
with both excitation wavelengths presenting three TA bands at
<700 nm (peak position obscured by the ground state bleach),
900 nm, and a rising tail to beyond 1600 nm. It is immediately ap-
parent that both the PM6 cation and anti-PDFC anion are present
in the PM6:anti-PDFC blend spectra, given the close resemblance
to the relevant control spectra. Also shown is a TA spectrum of
PM6:PC60BM, revealing an absence of the rising tail to beyond
1600 nm. This observation helps verify that the >1600 nm band
in the PM6:anti-PDFC blend must be attributed to the anti-PDFC
anion rather than the PM6 cation. While the band at 900 nm is
clearly the polymer cation, both donor and acceptor charge carri-
ers have intensity below 700 nm and thus we can only assign the
<700 nm band to charge carriers and cannot establish their iden-
tity. No evidence of triplet state formation or oxygen sensitivity
of the blend’s decay dynamics is observed (Figure S7, Support-
ing Information). It is also observed that the decay dynamics of
the charge carriers (Figure S8, Supporting Information), are very
rapid, with more than 90% of the charge carriers decaying prior
to 3 ps.

When corrected for the number of photons absorbed (Figure
S9, Supporting Information), we can assess relative polaron pop-
ulations. For the 900 nm polymer polaron exciting at 520 nm,

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) ps-TA spectra measured at 1 ps, normalised to 1 at the 900 nm polaron, for the PM6:anti-PDFC blend film exciting at both PM6 (520 nm)
and anti-PDFC (665 nm), and compared to film control spectra of PM6:PC60BM, pristine PM6, and the SEC spectra. Excitation densities used were
in the range 12-15 u) cm~2. b) Ultrafast transient absorption spectral colour map and c) raw spectra over time for the annealed PM6:anti-PDFC film.
d) Ultrafast TAS kinetics extracted from global analysis, comparing the pristine materials (dashed lines) with the PM6:anti-PDFC blend film (solid lines).
An excitation wavelength of 520 nm and 30 ) cm~2 was used for the data shown in (b)—(d).

the PM6:anti-PDFC blend has ~#40% more charge carriers than
PM6:PC60BM and ~65% more charges than the pristine PM6
film. We can examine this further by looking at the population of
the PM6 polaron with selective anti-PDFC excitation at 665 nm
for the PM6:anti-PDFC blend. It can be observed that the 900
nm PMG6 polaron population is a factor of 2.5 time greater with
primarily PM6 excitation compared to selective anti-PDFC exci-
tation. Interestingly, the kinetics of this 900 nm PM6 polaron in
the PM6:anti-PDFC blend is similar to that in the pristine PM6
film. The kinetics can be fitted to a power law (AOD « t™*) with
an a of 0.8-1, attributed to fast, trap-free bimolecular recombina-
tion (Figure S8, Supporting Information). Furthermore, the de-
cay dynamics are largely energy-independent. These results sug-
gest the charge carrier recombination is likely dominated by that
occurring within pure polymer domains.*! This is consistent
with the polaron populations observed, where there appears to
be an additive effect: the TA amplitude of the 900 nm polaron
in the PM6:anti-PDFC blend for selective anti-PDFC excitation
combined with that of pristine PM6 is approximately equal to
that seen for PM6:anti-PDFC blend with polymer excitation. The

Adv. Energy Mater. 2025, 2404926 2404926 (4 of 11)

implication of this observation is that the total polymer polaron
population in the blend results from both intrinsic charge photo-
generation in the polymer and also hole transfer from the NFA.I%)

2.4. Ultrafast Transient Absorption Spectroscopy

Ultrafast TAS is employed to understand the charge generation
and recombination processes in PM6:anti-PDFC in more detail,
with the main results shown in Figure 2b—d. Pristine PM6 ultra-
fast TA data has been previously published several times,[32-34]
but it is included here for completeness as an important con-
trol (Figure S10, Supporting Information). To that end, and us-
ing global analysis to extract individual spectral components and
their accompanying kinetics (global analysis data is presented
in Figure S11, Supporting Information), the pristine film PM6
singlet exciton occurs at 1150 nm. After the singlet exciton de-
cays, the remaining TA signal resembles the PM6 positive po-
laron observed in both the ps-TAS and spectroelectrochemistry.
On these ultrafast timescales, this remaining TA signal has been

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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previously assigned to bound polaron pairs, consistent with our
results.3>36]

The pristine anti-PDFC film (Figure S10, Supporting Informa-
tion) shows a broad singlet exciton at £900 nm with vibronic
structure, including a strong shoulder at 1050 nm. Although
weak, a residual signal above 1400 nm exists on the early ns
timescales that matches the anti-PDFC anion from spectroelec-
trochemistry and ps-TAS. Global analysis, using the singlet exci-
ton (at 200 fs) as a reference (Figure S12, Supporting Informa-
tion), reveals that the singlet exciton has a strongly excitation-
dependent behaviour with decay time constants of 3 and 43 ps
at the lowest fluence. However, the anti-PDFC anion TA signal is
too weak at the lowest fluence to extract meaningful kinetics and
thus its behaviour is assessed using an intermediate fluence of
30 uJ cm~2 (Figure 2d; Figure S11, Supporting Information). Un-
der these conditions, the anti-PDFC anion shows a rise over time
with a time constant of 7 = 0.7 ps and a maximum population
occurring at ~10 ps. The 0.7 ps rise time constant of the anion
matches one of the time components of the anti-PDFC singlet
exciton decay using this fluence (z = 0.8 ps). As such, this an-
ion formation will be a significant contribution to the deviation
of the singlet exciton decay from first order. The remaining 9.3
ps time component of the anti-PDFC singlet exciton is therefore
likely to be attributed to relaxation back to the ground state. Note
that the 0.8 ps time constant of the anti-PDFC singlet decay, at-
tributed to charge carrier formation, composes a significant pro-
portion of the overall decay (62%), suggesting that intrinsic pho-
togeneration is relatively efficient in anti-PDFC. This is consis-
tent with the observation that anti-PDFC anions are still visible
on ps timescales.

Now that we have assessed the pristine film controls of
both components, we can consider the PM6:anti-PDFC blend
(Figure 2b—d, Supporting Information). An excitation wavelength
of 520 nm was chosen to minimise anti-PDFC absorption. De-
spite this, the raw data shows at the earliest time contributions
from both PM6 and anti-PDFC singlet excitons, including the
characteristic feature at 1050 nm possessed only by the anti-
PDFC singlet (Figure 2b). Over longer (nanosecond) timescales,
the TA data shows evidence of the presence of charge carri-
ers: PM6 polarons most clearly (at 900 nm), however there is
likely contribution from anti-PDFC anions, which absorb at sim-
ilar wavelengths. No signatures corresponding to PM6 or anti-
PDEFC triplet states were observed in either the raw data or the
results from global analysis (see the triplet state control spectra
in Figures S4c and S6a, Supporting Information). It should be
noted that a variety of references were trialled for the global anal-
ysis (pristine donor singlet exciton, pristine acceptor singlet exci-
ton, and both pristine singlet excitons), and the key conclusions
remained the same.

The ps-TAS global analysis reveals a delayed decay of the anti-
PDFC singlet exciton in the blend, which becomes substantially
longer-lived (z = 11 ps and 800 ps) compared to the singlet ex-
citon in pristine anti-PDFC (r = 3 ps and 43 ps, Figure 2d). In
contrast, the PM6 singlet exciton lifetime in the blend (z = 0.3,
2 ps) has decreased compared to the pristine PM6 film. Consid-
ering that it is already known that higher charge densities are
achieved in the blend compared to the pristine samples (this is ev-
ident in both ps- and ps-TAS), evidence of the initially photogen-
erated singlet exciton being quenched by electron/hole transfer is
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expected.l’’-3% The fact that this is not observed for the anti-PDFC
singlet may suggest rapid singlet exciton transfer from PM6 to
anti-PDFC, noting that the PM6 S, state lies at 1.92 eV while
that of anti-PDFC is at 1.77 eV (estimated from the intersection
of normalised steady-state absorption and PL spectra). Singlet
energy transfer has been commonly observed in polymer/NFA
blends.’#*%l Furthermore, an equilibrium may exist between the
singlets and charge transfer (CT) states such that the lifetime of
the lower energy anti-PDFC singlet in the blend is prolonged, as
has been observed in other NFA blends.[®741]

Interestingly, the kinetics of the charge carriers in the blend
mirrors those in the pristine anti-PDFC: a rise in population to
reach a maximum at ~10 ps, followed by a slow decay (Figure 2d).
However, the rise time of the charge carriers in the blend (1.1
ps) is slower than in pristine anti-PDFC(0.7 ps). This observa-
tion is consistent with ultrafast singlet energy transfer taking
place prior to charge generation, inducing a small delay to the
growth of the charge carrier population. The similarity of the de-
cay kinetics of the anion component between pristine anti-PDFC
and the blend suggests that the anions are sequestered in the
anti-PDFC domains and decay there alongside those intrinsically
photogenerated.

Kinetic modelling!*?! has been applied to the ultrafast TA data
of the PM6:anti-PDFC data to acquire more insight. The details
can be found in the supporting information (Figures S13 and
S14; Table S1, Supporting Information). A good fit with mini-
mal residuals has been achieved for a kinetic model involving an
exciton/CT state equilibrium and singlet energy transfer. Note
that the presence of both these mechanisms is feasible given the
low energetic offsets between both HOMOS and LUMOs of PM6
and anti-PDFC, implying that the S, energies and CT state en-
ergy will be similar, with the S; energy of anti-PDFC (1.77 eV)
slightly lower than PM6 (1.92 eV). From the kinetic model analy-
sis, branching ratios between competitive processes can be as-
sessed. Considering the PM6 singlet exciton, formation of CT
states and energy transfer to anti-PDFC effectively outcompete
return to the ground state, with only 2% of PM6 excitons follow-
ing the latter pathway. This observation is consistent with the PL
of the blend showing solely anti-PDFC features. Although the
energy transfer is fast (with a time constant of 0.53 ps), charge
carrier formation is even faster (r = 0.29 ps), with 63% of PM6
singlet excitons directly generating charge carriers. It is possible
that the similarity between the S, energies of PM6 and anti-PDFC
inhibit energy transfer since less of a driving force is present.

2.5. Time-Resolved Infrared Spectroscopy

Now that we have a clearer picture of the photophysics occur-
ring in both the pristine materials and the blends, we turn
to ultrafast infrared spectroscopy to gain more detailed struc-
tural information regarding these processes. To facilitate the
analysis of such a complex system, the infrared spectrum for
the ground state of anti-PDFC was calculated using density
functional theory and compared to the experimental IR spec-
trum (Figures S15,S16a, Supporting Information). Of particu-
lar interest are marker modes: vibrational modes that are rela-
tively isolated in terms of wavenumber (to minimise overlap be-
tween modes) and represent specific parts of the molecule. For
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anti-PDFC, these markers include the C=N stretch (2218 cm™!
in the ground state), far from any other vibrational modes, and
the C=0 stretches above 1600 cm™!. In the case of anti-PDFC, the
1662 cm™! peak is assigned to the C=0 stretches on the perylene-
diimide (PDI) core, while the 1701 cm™' band has a dominant
contribution from the 2FIC termini C=0 stretch, although the
PDI C=O0 stretch also contributes.

The TRIR spectra contain a very large, broad background due
to an underlying signal from the electronic absorption. To extract
the vibrational data only, we performed a standard baselining pro-
cedure, which involved fitting a polynomial function to the back-
ground and subtracting that function. The linearity of the TRIR
signal was assessed as a function of power/fluence. A power of 1
mW (corresponding to a fluence of 1.1 mJ cm~2) was chosen for
the kinetic analysis as the best compromise between remaining
in the linear regime and signal-to-noise considerations. As such,
while the raw data is shown at 5 mW to maximise the visibility
of the transient features in Figure 3, the baselined spectra and
kinetics are shown at the lower power of 1 mW in Figure 4. More
raw data, baselined data, and the fluence dependence are shown
in Figures S17-S19 (Supporting Information).

The TRIR spectra for pristine anti-PDFC (Figures 3a and 4a;
Figure S18, Supporting Information) are dominated by two very
large ground state bleaches (GSBs) at 1420 and 1543 cm™!. Both
are related to the C=C bond linking the 2FIC terminal units to the
rest of the molecule. Other clear GSBs are those at 1602 cm™! (as-
signed to the 2FIC’s fluorinated benzene stretch), the CN stretch
at 2221 cm™!, and the CO stretch at 1662 cm™!. The 1662 cm™!
mode is accompanied by a broad excited state absorption (ESA)
in the 1620-1660 cm™ region. Indeed, according to literature re-
ports of other TRIR studies of PDI-based compounds, this is the
region we expect to see the PDI singlet state (and anion).[*>=0]

We can assess the decay kinetics of these vibrational features
(decay time constants shown in Table 1), but it should be noted
that the often-overlapping nature of broad GSBs and ESAs can
influence the observed kinetics. In Figure 4b, the decay kinetics
of the pristine anti-PDFC’s PDI core C=0 stretch ESA at 1648
cm™!, the terminal 2FIC’s C=N stretch bleach, and the 1602 cm™
bleach (also relating to the 2FIC termini) are compared. It can
immediately be observed that the ESA decay kinetics of the 1648
cm™! mode related to the central PDI core of the anti-PDFC are
quite different compared to those of the termini modes. In partic-
ular, the central PDI core C=0 stretch (1648 cm™) decays rapidly,
with lifetime components of 0.8 and 14 ps, and there is very little
ESA remaining on the nanosecond timescales. In contrast, the
termini vibrational modes have longer lifetime components of 2
and 25 ps. Indeed, it can be observed that the rapid decay kinetics
of the 1648 cm~! PDI C=0 stretch ESA match very well with the
extracted singlet state decay kinetics from the TAS global anal-
ysis, despite the difference in fluence. Note that the kinetics at
1628 cm™! (within the broad 1620-1660 cm™! ESA region) were
also checked to minimise contamination from the GSB, but have
very similar lifetime components of 1 and 12 ps (Figure S20, Sup-
porting Information; Table 1). The implication of the matching
TAS and PDI C=O0 stretch decay kinetics is that the singlet ex-
citon is localised on the PDI core of anti-PDFC. This is entirely
consistent with TD-DFT calculations performed for anti-PDFC,
for which the S, state shows a localization of electron density on
the PDI core (Figure S21, Supporting Information).
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Figure 3. The raw TRIR spectra for a) pristine anti-PDFC and b) PM6:anti-
PDFC films. Note that the sharp feature at 1355 cm™' is an artifact. This

data was measured using 520 nm and 5 mW excitation, using a higher
excitation energy here to demonstrate the transient features.

The two pristine anti-PDFC vibrational modes relating to the
terminal 2FIC units (2221 cm™! and 1602 cm™?, Figure 4b) show
a greater signal amplitude on nanosecond timescales compared
to the anti-PDFC’s PDI core C=0 stretch ESA at 1648 cm™. It
is known from global analysis of the ps-TAS that charge carri-
ers are observed in pristine anti-PDFC, and that no contribution
from triplet states was detected. The larger TRIR signal ampli-
tude on longer timescales for the terminal 2FIC modes therefore
suggests that the anion is mostly localised on these terminal 2FIC
units.

The localization of the anion on the 2FIC terminal units in
pristine anti-PDFC is a significant finding, and thus it is impor-
tant to assess whether the same occurs in the blend (Figure 4c,d).
TRIR of a two-component blend system is even more com-
plex than the pristine acceptor, owing to the spectral congestion
that arises from overlap of the PM6 and anti-PDFC GSB/ESA
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Figure 4. The baselined TRIR spectra, zoomed into the main area of interest, and kinetics (extracted from the baselined spectra) at relevant wavenumbers
for a,b) pristine anti-PDFC and c,d) PM6:anti-PDFC films. All data were measured using 520 nm and 1 mW excitation.

vibrational features (the steady state IR spectra for both PM6 and
anti-PDFC are included in Figures 3b and 4c). The 1648 cm™!
ESA of the blend’s anti-PDFC PDI core possesses slower kinetics
compared to the pristine anti-PDFC, with lifetime components
of 1.5 and 100 ps for the blend versus 0.8 and 14 ps for the pris-
tine anti-PDFC. The ESA at 1628 cm™!—further removed from the

bleaches—shows very similar behaviour to 1648 cm™, consistent
with them being part of the same broad ESA feature. This ev-
idence for a longer-lived anti-PDFC singlet exciton in the blend
was also observed in the TAS data, and is consistent with a singlet
energy transfer process from the PM6 to the anti-PDFC. Further-
more, there is little evidence of a long-lived component in the

Table 1. Wavenumber of selected TRIR GSBs and ESAs, their assignments, and decay time constants.

Wavenumber [cm™'] Type Material Mode Time constants, [ps]
Pristine Blend
1526 ESA Anti-PDFC 2FIC terminal C=C 2,20 3
1543 GSB Anti-PDFC 2FIC terminal C=C 2,28 155
1602 GSB Anti-PDFC 2FIC benzene 2,25 170
1628 ESA Anti-PDFC C=0 on PDI core 1,12 2, 100
1648 ESA Anti-PDFC C=0 on PDI core 0.8, 14 1.5, 100
1690 ESA Anti-PDFC C=0 on 2FIC termini 9 110, 1000
2221 GSB Anti-PDFC C=N on 2FIC termini 2,25 120
1347 ESA PM6 Thiophene-BDT Sl 90,910
1582 GSB PM6 Asymmetric thiophene Sl 90, 850

2 Overlaps PM6 GSB; b Denotes stretch exponential fit; 9 Very weak.
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1648 cm~! and 1628 cm™! kinetics (certainly compared to other
vibrational modes we assess) and thus are likely to correspond to
the PDFC singlet exciton once again. As such, it appears that the
anti-PDFC singlet exciton remains localised on the PDI core in
the blend.

In the same C=0 region (Figure 4c), a much stronger, long-
lived ESA at 1690 cm™ is observed for the second anti-PDFC
CO stretch (GSB at 1700 cm™) of the blend, which was much
less apparent in the pristine anti-PDFC. Note that no PM6 vi-
brational modes occur above 1650 cm™! (Figure S22, Supporting
Information). Although the DFT calculations suggest this 1700
cm~! mode contains a contribution from the PDI C=0 stretches
in anti-PDFC, most of the vibrational motion relates to the ter-
minal 2FIC C=0 stretches. Furthermore, while a weak GSB has
been previously reported in PDI in this spectral region, no ESA
accompanied it.*>#¢] This observation helps support the assign-
ment of the 1690 cm~! ESA in PM6:anti-PDFC to a terminal 2FIC
C=0 stretch. The long-lived nature of this ESA (lifetime compo-
nents of 110 and 1000 ps) indicates it is likely to be assigned to
the anti-PDFC radical anion. Furthermore, the observation of a
greater intensity of this ESA relative to the pristine film reflects
the greater charge carrier populations present in the blend and
is thus also consistent with the anion assignment. These points
provide evidence that even in the blend, the anion is localised on
the terminal 2FIC units.

Other marker modes for the anti-PDFC termini include the
1602 cm™! GSB (fluorinated benzene stretch), 1543 cm™' GSB
(C=C stretch linker to termini), and 2221 cm~! CN stretch GSB.
Note that these have been specifically chosen because of the lack
of PM6 steady-state IR features at these frequencies (Figures 3b
and 4c). In all three cases, long-lived TRIR signals with very
similar stretched exponential kinetics are observed (Figure 4d;
Figure S20, Supporting Information). Stretched exponential ki-
netics (AOD « ¢™) are often observed in organic photovoltaic
systems and are usually a signature of a dispersive environ-
ment such that multiple lifetimes are present.[*’] That being the
case, the simplest approximation for the lifetime in the case of
stretched exponential kinetics is an evaluation of the time it takes
for the signal amplitude to fall to half of its initial value, t, ,. The
t;, values determined here for the marker modes of the anti-
PDFC termini are ~15 ps. Interestingly, however, a closer exam-
ination of the kinetics shows that these three anti-PDFC termini
GSBs in the blend show an immediate, albeit slow, decay, while
the previously discussed ESA at 1690 cm™! (C=0 stretch on 2FIC
termini) shows a delayed decay (lifetime components 110 and
1000 ps). This may be because the GSBs have some contribution
from Fano anti-resonance,[*®! in which the vibrational transition
couples to the underlying electronic absorption. As such, these
GSB kinetics may have both singlet exciton and polaron charac-
ter. Nevertheless, the longer-lived nature of these 2FIC termini
modes in the blend still provide additional evidence for the local-
ization of the anti-PDFC anion on the termini.

As further confirmation of the localization of the anti-PDFC
singlet exciton on the PDI core and the anion on the termini,
we applied the same kinetic model as was employed to analyse
the ultrafast TAS. The TRIR kinetic model analysis of the blend
is shown in Figure S23 (Supporting Information). First, the ki-
netic analysis detects very little population of PM6 excitons, and
this is consistent with both the ultrafast decay pathways (energy
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Figure 5. The 3D network of anti-PDFC molecules, established from the
single crystal X-ray structure data (side view and top view), showing the
localization sites of the singlet exciton (blue) and radical anion (green).
This demonstrates the facile electron transfer between the sites and verti-
cal transport channels.

transfer and charge carrier formation) and the above analysis of
the raw data. Second, the extracted TRIR component assigned to
the anti-PDFC singlet exciton (as known from the application of
the same model to the TAS data) shows decay kinetics virtually
identical to the 1648 cm™! vibrational mode localised on the PDI
core. The long-lived tail from 10-100 ps seen in both raw and ex-
tracted data sets is thus due to the presence of the equilibrium
between CT states and anti-PDFC singlet excitons. It also further
verifies the localization of the anti-PDFC singlet exciton on the
PDI core. Finally, the long-lived extracted components from the
kinetic model-the CT and charge separated states—show kinet-
ics consistent with the representative 1690 cm~! mode localised
on the anti-PDFC termini. Both data sets show a growth in am-
plitude until a maximum population is reached at ~10 ps, with
the long-lived nature of the 1690 cm~! termini mode correlated
primarily with the charge-separated state.

In summary of the TRIR data, it has been observed that, for
both pristine and blend films, the anti-PDFC singlet exciton
is primarily localised on the PDI central core, while the anion
is primarily localised on the 2FIC termini, as demonstrated in
Figure 5. The crystal structure of pristine anti-PDFC (Figure 1d)
has revealed an alternating stacking structure of the termi-
nal units and the PDI core, implying a strong interaction. It
is therefore likely that this interaction enables the transfer of
the excited electron from the PDI to the 2FIC termini on the
adjacent molecule, promoting charge separation and transfer
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(Figure 5). We have investigated this interaction further by cal-
culating the electronically excited states of a molecular dimer ex-
tracted from the single crystal data, as compared to a monomer,
using the Tamm-Dancoff approximation!*! to time-dependent
density functional theory and the SVP basis set. These results are
presented in Figures S24-S26 and Tables S2 and S3 (Supporting
Information). Evidence of strong coupling in the dimer is present
as an appreciable 0.11 eV red-shift of the lowest energy electronic
transition (compared to the monomer). Furthermore, the singlet
state splitting S,-S; gap in the dimer is 0.08 eV, suggesting elec-
tronic coupling on the order of 40 meV ([S,-S,]/2). Finally, the
lowest energy electronic transition in the dimer has strong CT
character, with its concomitant low oscillator strength. The cal-
culation shows that the excited electron transitions from the PDI
core to the terminal group (Figure S26, Supporting Information),
as was also evident in the TRIR data. The difference in Mulliken
densities indicates a transfer of 0.90 electrons: a highly efficient
charge transfer process.

2.6. Photovoltaic Device Characterization

The observation of anion localization on the 2FIC terminal units
of the anti-PDFC NFA is highly significant, and we now turn to
the device characteristics to explore the ramifications on charge
carrier transport (Figure S27, Supporting Information). To in-
vestigate the photovoltaic performance of the PM6:anti-PDFC
blend system with different active layer thickness, organic pho-
tovoltaic devices were fabricated under a controlled N, environ-
ment using inverted architecture (glass/ITO/ZnO/active layer/
MoO,/Ag). The detailed fabrication procedure can be found in
the experimental section. Current density-voltage (J-V) curves un-
der AM1.5G illumination (Figure S27a, Supporting Information)
show that a high fill factor of 73% is present, with efficiency of
14.8%. The devices showed maximum external quantum efficien-
cies over 80% with an integrated current of 19 mA cm~2 (Figure
S28, Supporting Information). The J-V behaviour under differ-
ent light intensities is discussed in the supporting information
(Figures S29 and S30, Supporting Information).

High fill factors, especially with thick active layers, are usually
associated with non-Langevin bimolecular recombination and
long-lived charge carriers. However, this is clearly not the case
for PM6:anti-PDFC, for which the TAS shows little evidence of bi-
molecular recombination and relatively few charges still exist on
us timescales. Indeed, given the rapid geminate recombination
observed, it is remarkable that device efficiencies of over 14% and
fill factor values of over 70% are measured, noting that fill factors
of over 80% have been previously reported® for the PM6:anti-
PDEFC blend. This likely has origins in efficient charge transport.

To probe charge carrier extraction of PM6:anti-PFDC devices,
we carried out transient photocurrent measurements (Figure
S27b, Supporting Information). A very fast extraction time of 1.5
us is observed, substantially faster than other “benchmark sys-
tems” like P3HT:PCBM, % and similar to state-of-the-art systems
such as PM6:Y6.5%°2] The extremely rapid extraction of charge
carriers in PM6:anti-PDFC agrees with the very high fill factor ob-
served. Since the TAS experiments showed relatively rapid charge
carrier recombination, this implies that charge extraction com-
petes very effectively with the recombination in these devices,
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enabling the high fill factor.®3] Furthermore, because the per-
pendicular alkyl chains of anti-PDFC impose a rigid 3D reticu-
lar structure that facilitates aligned stacking of the termini and
the PDI units,[?!] this will create an effective charge transport
channel® for the termini-localised anions, facilitating the rapid
charge extraction observed. Indeed, given that the 2FIC termi-
nal unit is very common amongst high-performing NFAS, and
noting that in-depth morphology studies of many similar 2FIC-
terminated NFAs show z—z stacking between the termini,[5>5¢!
this anion localization and resultant effective electron transport
is likely present in other NFA-based OPV systems as a significant
contributor to the high device performances observed.

3. Conclusion

A high-performing non-fullerene acceptor, anti-PDFC, has been
investigated in both pristine films and in blends with PM6. A
variety of spectroscopic and morphology characterization tech-
niques have been employed to investigate the links between ex-
cited state dynamics and molecular structure. Both steady state
spectroscopy and morphology reveal that the crystallinity of the
NFA in the pristine film is maintained in the blend. A com-
bination of spectroelectrochemistry and microsecond transient
absorption spectroscopy provided control spectra of pertinent
excited states: the polymer cation, anti-PDFC anion, and both
triplet states. These were used to analyse ps-TAS data, which
demonstrated several important factors: very fast charge carrier
recombination, extension of the anti-PDFC singlet lifetime (via
an exciton-CT state equilibrium and singlet energy transfer), and
a close similarity of the charge carrier recombination in both pris-
tine NFA and blend films, attributed to recombination within the
pristine domains dominating. Most significantly, analysis of ul-
trafast time-resolved infrared spectroscopy data of both the pris-
tine anti-PDFC and the PM6:anti-PDFC blend showed that the
anti-PDFC singlet is localised on the PDI core but the radical an-
ion is correlated much more strongly with vibrational modes lo-
calised on the 2FIC termini. This shift is correlated with a close
interaction between the termini and the PDI core, facilitating the
electron transfer. Furthermore, the very rapid charge extraction
measured for PM6:anti-PDFC photovoltaic devices may also be
correlated with the anion localization enabling effective charge
transport channels. Given the prevalence of the 2FIC terminal
group in the highest-performing non-fullerene acceptors to date,
such as the Y6 family, this observation may offer a unique insight
into why such materials perform so well in organic photovoltaics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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