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Charge and spin delocalisation in photoinduced
polarons of polymer donors and non-fullerene
acceptors for organic photovoltaics – a multi-
frequency pulse EPR study

Jack M. S. Palmer, Oliver Christie and Claudia E. Tait *

Organic photovoltaics rely on efficient charge separation and transport, processes facilitated by charge

delocalisation across the p-conjugated backbone of donor and acceptor molecules. By probing the

interactions between the unpaired electron spin associated with photoinduced charged states and

magnetic nuclei in their molecular environment, electron paramagnetic resonance (EPR) spectroscopy

enables precise experimental quantification of spin and charge delocalisation. We first characterise the

EPR spectral signatures of the positive and negative polarons on polymer donors and non-fullerene

acceptors in the PBDB-T:ITIC and PM6:Y6 blends, as well as the corresponding fullerene-based blends

PBDB-T:PC61BM and PM6:PC61BM, by multi-frequency EPR spectroscopy. Reliable separation of

overlapping donor and acceptor signatures is enabled by EDNMR-induced EPR spectroscopy exploiting

unique nuclear hyperfine couplings in the non-fullerene acceptors ITIC and Y6. Then, by combining the

measurement of electron–nuclear hyperfine couplings by ENDOR with DFT modelling and a regularised

least-squares fitting approach, we quantify the extent of spin and charge delocalisation. The

experimental results reveal intramolecular delocalisation of the positive polarons on the PBDB-T and

PM6 donors across approximately 6 nm. Delocalisation of the negative polarons, on the other hand,

depends on the nature of the acceptor: for ITIC, the electron spin is found to be localised on a single

molecule, whereas for Y6, contributions from spins localised on a single molecule, as well as spins

delocalised over two adjacent molecules in different p–p stacked configurations, are required to explain

the experimental ENDOR and HYSCORE data. Validation of computational predictions by experimental

results is shown to be crucial for the accurate estimation of charge delocalisation, and therefore conclu-

sions on its relevance in determining device efficiency in organic photovoltaics.

1 Introduction

Organic electronics exploit the high degree of synthetic tune-
ability of organic molecules and polymers for the design of
materials tailored to applications ranging from light-emitting
diodes and field-effect transistors to photodiodes and photo-
voltaic cells. In the field of organic photovoltaics, research
efforts are focused on the design of matched pairs of organic
donor polymers and small molecule acceptors enabling effi-
cient light absorption, charge separation and charge transport.
Significant advances over the last decade focused on the design
of acceptor molecules, replacing fullerenes with acceptors
based on fused-ring structures with alternating electron-
donating and electron-accepting moieties. These non-
fullerene acceptors have now led to power conversion

efficiencies of around 20% for research cells1–4 and to com-
mercial applications in building-integrated photovoltaics and
solar-powered consumer electronics.5 Despite this remarkable
progress, an in-depth understanding of fundamental processes
at the basis of energy conversion and of correlations between
molecular (and supramolecular) structure and device perfor-
mance is still missing, with non-fullerene acceptor blends
challenging previously established theories on the photovoltaic
mechanism.6–8

State-of-the-art organic photovoltaics are based on an inter-
mixed blend of a donor polymer and a small molecule acceptor,
forming a so-called bulk heterojunction. Light absorption leads
to the formation of a singlet exciton, followed by charge
transfer at the donor:acceptor interface and separation of the
hole and electron into free charge carriers in the donor and
acceptor domains, respectively. These charges can be extracted
at the electrodes to generate electricity. A complete under-
standing of the photovoltaic mechanism crucially relies on
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information on the local electronic and molecular structure of
the states involved in the photovoltaic energy conversion.
Charge delocalisation, in particular, has been suggested as a
crucial factor determining efficient charge separation and
charge transport based on several theoretical studies,9–15 but
direct experimental evidence correlating increased delocalisa-
tion with improved performance remains limited. By exploiting
selective detection of the electron spin associated with the
charge on the donor and acceptor, electron paramagnetic
resonance (EPR) can provide valuable insights into the different
charged states involved in the photovoltaic mechanism – from
the charge-transfer state at the donor:acceptor interface to the
separated charges.16–18 Characterisation of hyperfine couplings
between the electron spin and nuclear spins in its molecular
environment provides a way to measure the spatial distribution
of the electron spin density, allowing experimental quantifica-
tion of the extent of spin and charge delocalisation and valida-
tion of quantum chemical approaches used for its estimation.
Experimental EPR studies of spin delocalisation in materials for
organic electronics, including photovoltaics, have so far focused
on investigating delocalisation along the conjugated backbone
of organic semiconducting donor polymers,19–25 however, delo-
calisation across multiple acceptor molecules is now being
proposed as one of the reasons for the exceptional performance
of the most promising non-fullerene acceptors.26–28

In this work, we use pulse EPR spectroscopy across X-, Q-,
and W-band frequencies to characterise photogenerated
charged states (polarons) on donor and acceptor molecules in
two photovoltaic blends based on non-fullerene acceptors,
PBDB-T:ITIC and PM6:Y6 (Fig. 1), and the two corresponding
blends based on fullerene acceptors, PBDB-T:PC61BM and
PM6:PC61BM. ITIC was the first non-fullerene acceptor achiev-
ing a comparable performance to fullerene acceptors, which
were previously almost exclusively used.29 This inspired further
research into non-fullerene acceptors, with Y6 and related
Y-series acceptors now serving as key components in the
currently best-performing blends.30

We first identify the EPR spectral signatures of the photo-
generated charged states on PBDB-T, PM6, ITIC and Y6 (Fig. 1).
In contrast to photovoltaic blends based on the fullerene
PC61BM acceptor, where distinct differences in g-values allow
clear separation of contributions from polarons on donor and
acceptor molecules,20,21,23,31 in the case of non-fullerene accep-
tors, the similarities in molecular building blocks, and there-
fore similar g-values for donors and acceptors, lead to extensive
spectral overlap. To disentangle these overlapping contribu-
tions, we exploit the presence of 14N nuclear spins on the ITIC
and Y6 acceptor molecules, but not on the donor polymers, to
extract the acceptor EPR spectrum through ELDOR-detected
NMR (EDNMR) experiments performed as a function of mag-
netic field, following the approach previously described by Van
Landeghem et al.31,32

We then probe the extent of charge delocalisation in donor
and acceptor polarons through a combination of EPR hyperfine
spectroscopy and density functional theory (DFT) calculations.
The electron–nuclear hyperfine couplings are directly related to

the spin density distribution, and therefore allow experimental
quantification of spin delocalisation.19–25 DFT, though com-
monly used to estimate charge delocalisation in extended
p-conjugated systems, such as donors and acceptors for organic
photovoltaics, tends to overestimate delocalisation due to self-
interaction errors.33 This has prompted the development of range-
separated hybrid functionals, designed to more accurately model
long-range interactions, which are now widely used for computa-
tional modelling of organic semiconductors.34–39 We compare the
hyperfine couplings predicted by DFT for a range of molecular
models and both standard and range-separated hybrid func-
tionals with experimental orientation-selective 1H and 19F Elec-
tron Nuclear DOuble Resonance (ENDOR) spectra recorded for
both donor and acceptor molecules and 14N HYperfine Sublevel
CORrElation (HYSCORE) spectra recorded for ITIC�� and Y6��.
This allows us to validate computational models and correlate
hyperfine couplings with spin density distributions, mapping out
the extent of spin and charge delocalisation for PBDB-T�+, PM6�+,
ITIC�� and Y6��. In order to account for the intrinsic hetero-
geneity of donor:acceptor blends, which leads to a distribution of
spin delocalisation lengths not reflected in a single DFT-
optimised geometry, we employ a regularised least-squares
approach guided by the results of DFT calculations, as introduced
by Pribitzer et al.40 This combined experimental and theoretical
approach reveals delocalisation across approximately 6 nm (three
repeat units) on the p-conjugated backbone of the donor polymer
for PBDB-T�+ and PM6�+, while the extent of delocalisation varies
for polarons on the acceptors: in ITIC, the electron spin is
localised on a single molecule; in Y6, both electron spins localised
on single molecules and spins delocalised across p–p stacked

Fig. 1 Molecular structures of the investigated donor (PBDB-T and PM6)
and acceptor (PC61BM, ITIC, Y6) molecules. The orientations of the
principal g-axes with respect to the molecular structures are also shown
(see SI Section S9 for details).
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dimers are present. Our findings offer detailed insights into the
local electronic structure of polarons, enabling further investiga-
tions of the role of delocalisation in determining charge separa-
tion and charge transport efficiencies, ultimately affecting the
power conversion efficiency of a given donor:acceptor blend.

2 Results and discussion
2.1 EPR spectra of donor and acceptor polarons

The EPR spectral signatures of positive polarons on the donor
polymers PBDB-T and PM6 and of negative polarons on the
non-fullerene acceptors ITIC and Y6 are first identified based
on EPR experiments performed across multiple frequencies,
providing initial information on electronic structure through
the characteristic g-values.

2.1.1 Multi-frequency EPR characterisation. The EPR spec-
tra recorded for the photoinduced charged states in the donor:-
acceptor blends PBDB-T:PC61BM, PBDB-T:ITIC, PM6:PC61BM
and PM6:Y6 at X-, Q- and W-band under steady-state illumina-
tion are shown in Fig. 2.

The fullerene-containing blends clearly show two contribu-
tions already at X-band, which are fully separated at higher
frequencies. The high-field signal is assigned to the negatively-
charged polaron on the PC61BM molecule based on exten-
sive literature on the characterisation of PC61BM��.20,41–44

The low-field contribution is therefore assigned to the

positively-charged polaron on the donor molecules, PBDB-T�+

and PM6�+, respectively. The shape of the PC61BM�� contribu-
tion is consistent across the PBDB-T:PC61BM and PM6:PC61BM
blends and reflects an axial g-anisotropy with gx E gy 4 gz and
significant gz-strain, as evident in particular from the Q- and W-
band measurements. The shape of the PBDB-T�+ and PM6�+

spectra changes considerably with microwave frequency, sug-
gesting that at X-band the lineshape is mostly determined by
unresolved electron–nuclear hyperfine couplings between the
electron spin and the large number of protons on the polymer
backbone, while at higher frequencies the spectra are domi-
nated by the g-anisotropy characteristic of a near-axial system
with gx 4 gy, gz.

The clear separation of the donor and acceptor spectral
signatures for PBDB-T:PC61BM and PM6:PC61BM at Q- and W-
band allows straightforward determination of the g-values by
global fitting of the spectra recorded at the three microwave
frequencies to ensure an accurate and consistent set of EPR
parameters for the donor and acceptor polarons (Fig. 2). Addi-
tionally, the PC61BM�� contribution in both blends was fit
using the same set of parameters. The extracted g-values are
listed in Table 1, where the principal g-value pointing along the
out-of-plane direction of the aromatic p-system is denoted as gz,
and gy and gx are ordered based on magnitude. The experimen-
tally observed line broadening is due to a combination of
unresolved hyperfine couplings and distributions of g-values
arising from variations in the molecular environment, which

Fig. 2 Light-induced echo-detected X-, Q- and W-band EPR spectra recorded at 20 K for the PBDB-T:PC61BM, PBDB-T:ITIC, PM6:PC61BM and PM6:Y6
blends under steady-state illumination. The experimental spectra shown were obtained after subtraction of a spectrum recorded prior to illumination
(see Section S5 in the SI) and are compared to simulations with the parameters listed in Table 1 (dashed black lines). The individual contributions of
polarons on the donor and acceptor molecules are shown as shaded light/dark blue and red/orange areas, respectively, and the field positions
corresponding to the principal g-values are indicated. Further experimental details are described in Section S2.1 in the SI.
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were accounted for by an isotropic convolutional broadening
with a Gaussian of indicated peak-to-peak linewidth and aniso-
tropic g-strain as implemented in EasySpin,45 respectively. The
substantial broadening of the gz feature in the EPR spectrum of
PC61BM�� and, to a lesser extent, of the gx feature in the spectra
of the polarons on the donor polymers, PBDB-T�+ and PM6�+

(particularly prominent at W-band, see Fig. 2, right panel)
indicates the presence of a distribution of g-values. A common
gz- or gx-strain was therefore included in the fitting of the
spectra across all microwave frequencies, whereas strains along
the remaining two principal g-axes were accounted for within
the convolutional broadening, and fit individually for each
microwave frequency.

Integration of the separated spectral contributions of donor
and acceptor reveal small deviations from a 1 : 1 ratio expected
based on formation of a pair of oppositely charged states
following each photoinduced charge separation event, with a
slight excess of the donor polymer contribution (footnote to
Table 1). This has been observed in other donor:acceptor
blends previously.31,46 Differences in relaxation times have
been explored as a possible origin, however differences in
phase memory time are too small to significantly impact echo
signal intensities and effects of different T1 were excluded
through careful selection of the measurement conditions.
Therefore, the differing signal intensities of donor and acceptor
signals are attributed to differences in decay rates and mechan-
isms for the two types of polarons.

For the donor:acceptor blends based on the non-fullerene
acceptors ITIC and Y6, the contributions of the positive and
negative polarons are not spectrally resolved even at W-band. At
X-band, the EPR spectra for both blends consist of a single peak
with broad low-intensity wings extending, in particular,
towards lower fields. At Q- and W-band, the spectral shape
evolves to reveal a shoulder on the low-field side of the
spectrum. Knowledge of the donor polaron signature from
the analysis of the fullerene-containing blends suggests the
contribution of the acceptor polaron extends to lower magnetic
fields, but with considerable spectral overlap. Assuming a

similar molecular environment of the donor polymer in the
different blends, an initial estimate of the acceptor EPR spectra
is possible, however, precise determination of the principal
g-values from this data alone is challenging. To accurately
characterise the ITIC�� and Y6�� spectral contributions, more
sophisticated pulse EPR experiments aimed at separating the
signals of the donor and acceptor polarons are required. We
adopt a similar approach to Van Landeghem et al.,31,32 who
successfully disentangled the contributions of ITIC�� in PBDB-
T:ITIC and 2,4-diCN-Ph-DTTzTz�� in MDMO-PPV:2,4-diCN-Ph-
DTTzTz by leveraging the presence of unique electron–nuclear
hyperfine couplings in one of the components.

2.1.2 Disentangling spectral contributions by EDNMR. The
presence of 14N nuclei in ITIC and Y6, but not PBDB-T and
PM6, allows extraction of the acceptor contributions to the EPR
spectra of the PBDB-T:ITIC and PM6:Y6 blends by ELDOR-
detected NMR-induced EPR spectroscopy.31 ELDOR-detected
NMR probes the transitions of nuclei coupled to the electron
spin, and can be used to encode information on the presence of
coupled nuclei into the EPR spectral dimension.

In a typical ELDOR-detected NMR experiment, a high-
turning angle (HTA) pulse is used to selectively excite ‘forbid-
den’ electron–nuclear transitions, while monitoring the spin
polarisation across an ‘allowed’ electron spin transition with a
two-pulse echo sequence (Fig. S1).48,49 When the HTA pulse is
on-resonance, spin polarisation is transferred from the electron
to the nuclear transition, resulting in a reduction in echo
intensity. Detection of the echo intensity as a function of the
offset between the frequencies of the HTA pulse and the
observer sequence (Dn = nHTA � nobs) yields a nuclear frequency
spectrum. Additionally, saturation of the allowed EPR transi-
tion by the HTA pulse at Dn = 0 leads to a central blind spot.48,49

Fig. 3 displays the W-band ELDOR-detected NMR spectra for
PBDB-T:ITIC and PM6:Y6, measured as a function of magnetic
field. The right panels display the EDNMR spectra extracted
at a single field position, which are characterised by the
strong central blind spot and by smaller peaks centred at
Dn E �10 MHz, corresponding to the 14N Larmor frequency

Table 1 Simulation parameters for the light-induced echo-detected EPR spectra for PBDB-T�+, PM6�+, PC61BM��, ITIC�� and Y6�� obtained through
global fitting of the experimental X-, Q- and W-band echo-detected EPR spectra and the W-band EDNMR-induced EPR spectra for PBDB-T:ITIC and
PM6:Y6. The magnetic field was calibrated using an N@C60 g-standard47 (see Section S2 in the SI)

Material g-valuesa gi-straina linewidthsb (mT)

gx gy gz X Q W

PBDB-T�+ c 2.0033 2.0023 2.0020 0.0009 (x) 0.26 0.32 0.74
PBDB-T�+ d 0.23 0.29 0.63
PM6�+ c 2.0033 2.0022 2.0019 0.0008 (x) 0.22 0.24 0.48
PM6�+ d 0.23 0.22 0.46
PC61BM�� 2.0002 2.0001 1.9990 0.0019 (z) 0.10 0.16 0.32
ITIC�� e 2.0039 2.0031 2.0021 0.0013 (x) 0.0007 (y) 0.19 0.41 0.58
Y6�� e 2.0038 2.0031 2.0021 0.0013 (x) 0.0004 (y) 0.22 0.63 0.90

The relative donor : acceptor weights used in the simulations are 1 : 0.86 (PBDB-T : PC61BM), 1 : 0.92 (PM6 : PC61BM), 1 : 1.09 (PBDB-T : ITIC) and
1 : 1.07 (PM6 : Y6).
a Estimated uncertainties of �0.0001 for g-values and g-strains. b FWHM for convolutional Gaussian broadening, uncertainties of �0.02 mT.
c Obtained for the blends with PC61BM. d Obtained for the blends with the non-fullerene acceptors ITIC and Y6. e Hyperfine couplings included
for X-band simulations, taken from DFT calculations (nuclei with maximum coupling Z10 MHz, four 1H nuclei for ITIC�� and two 1H and two 19F
nuclei for Y6��).

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

4:
46

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03276h


25652 |  Phys. Chem. Chem. Phys., 2025, 27, 25648–25662 This journal is © the Owner Societies 2025

at the selected field position. In theory, EDNMR spectra of
nuclei weakly coupled to the electron spin exhibit signals
centred at the nuclear Larmor frequency and split by the
electron–nuclear hyperfine interaction, and by the nuclear
quadrupole interaction in the case of I Z 1 nuclei such as
14N.48 The observation of a single peak at �10 MHz without
resolved splitting and a full-width half maximum of ca. 4.5 MHz
for ITIC�� and ca. 4.0 MHz for Y6�� indicates the presence of a
distribution of relatively small hyperfine couplings for the four
equivalent 14N nuclei in ITIC31 and the three groups of equiva-
lent 14N nuclei in Y6.

The 14N signal in the EDNMR spectra for both PBDB-T:ITIC
and PM6:Y6 extends over most of the magnetic field range of
the corresponding EPR spectrum without change in spectral
shape, indicating the absence of orientation-selection effects.
This enables the use of an EDNMR-induced EPR experiment
performed with a fixed microwave frequency offset Dn for the
extraction of the spectral signature of ITIC�� and Y6��, since
the signal intensity of the 14N peak is proportional to the
contribution of the nitrogen-nuclei containing species.31 The
spectra displayed in the top panels of Fig. 3 are obtained as
the difference of EPR signals recorded with an off-resonant
(Dn = 20 MHz) and a resonant (Dn = 10 MHz) HTA pulse. A
similar separation of donor and acceptor contributions can also
be achieved by exploiting differences in T1 relaxation times in
relaxation-filtered EPR experiments (SI Section S6).50,51

Comparison of the extracted acceptor spectral signatures
and the simulations of the donor polymer contributions,
obtained from the analysis of the EPR spectra of the
fullerene-based blends, with the echo-detected EPR spectra of
PBDB-T:ITIC and PM6:Y6 reveal extensive overlap of the donor
and acceptor signatures across most of the donor spectrum,
with the acceptor contribution extending further to lower
magnetic fields (Fig. 3, top panels). The g-values of ITIC��

and Y6�� obtained from simulations of the EDNMR-induced
EPR spectra are reported in Table 1 and reflect orthorhombic
symmetry. The g-values extracted for ITIC�� are in agreement
with literature values,31 and the g-values determined for Y6��

are very similar to ITIC��, as expected based on the similarities
in molecular structure and predictions from DFT calculations.

Knowledge of the g-values of ITIC�� and Y6�� now allows
simulation of the X-, Q- and W-band EPR spectra obtained for
the PBDB-T:ITIC and PM6:Y6 blends, as shown in Fig. 2.
Accurate simulation of the Q- and W-band acceptor EPR spectra
required gx- and gy-strain in addition to convolutional broad-
ening accounting for unresolved hyperfine couplings in the
acceptor molecules. The PBDB-T�+ and PM6�+ contributions
to the donor:non-fullerene acceptor blends can be simulated
with the same g-values and gx-strain as for the fullerene
acceptor blends and with only minor changes in line broad-
ening, suggesting a similar molecular environment of the
donor molecules in both types of blends. The broad wings
observed in the X-band EPR spectra cannot be reproduced by
considering g-anisotropy and isotropic line broadening alone,
but require the inclusion of hyperfine couplings. Simulations
were therefore performed based on information on hyperfine
couplings and principal axis orientations obtained from DFT
calculations, validated by ENDOR experiments below. For
ITIC��, the simulations shown in Fig. 2 include coupling to
two protons on the vinyl linkers and two protons on the outer
edges of the central indacenodithienothiophene (IDTT) unit
(largest hyperfine couplings of �16 MHz and �10 MHz for
Hvinyl and HIDTT,o, respectively) and, for Y6��, to the two
protons on the vinyl linkers and two fluorines on the terminal
1,1-dicyanomethylene-3-indanone (INCN) groups (largest
hyperfine couplings of �15 MHz and �16 MHz for Hvinyl and
FINCN).

Fig. 3 W-band ELDOR-detected NMR spectra of PBDB-T:ITIC and
PM6:Y6 recorded as a function of magnetic field and microwave frequency
offset (Dn = nHTA � nobs) at 20 K. The central region including the
contribution from the central blind spot is masked to highlight the
contributions centred at the 14N Larmor frequency. The right panel shows
the EDNMR spectrum at a fixed magnetic field (3353.3 mT), while the top
panel shows the EPR spectrum measured as the difference between
experiments with off- (20 MHz) and on-resonant (10 MHz E n14N) HTA
pulses as well as the corresponding simulation with the parameters
reported in Table 1 (dashed black lines). The simulations of the donor
and acceptor contributions as well as of the full EPR spectrum are also
shown as shaded areas.
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2.1.3 g-Values of polarons on donors and acceptors. The g-
values determined by simulation provide initial information on
the electronic structure of the polarons, if analysed in combi-
nation with the results of DFT calculations. The orientations of
the principal g-axes with respect to the molecular structures are
shown in Fig. 1 (see also Section S9 in the SI). The similarities
in the molecular building blocks of the donor polymers, PBDB-T
and PM6, and the non-fullerene acceptors, ITIC and Y6, explain
the similarities in g-values and therefore the extensive spectral
overlap. In all cases, the smallest g-value, gz, is associated with
the out-of-plane axis, in agreement with the expectation that the
out-of-plane g-value in aromatic hydrocarbons shows the least
deviation from the free electron g-value.52,53 The g-anisotropy in
organic semiconducting molecules including sulfur-containing
thiophene units is attributed to spin–orbit interactions involving
sulfur and shows the largest deviations from ge in the plane of
the molecule.54,55 For organic molecules with spin density
localised on a sulfur atom, g-values in the range from 2.014 to
2.020 have been reported.56 Therefore, the much smaller devia-
tions from ge observed here for PBDB-T�+ and PM6�+ (gy E
2.0022, gx E 2.0033), suggest extensive spin delocalisation and
the absence of significant spin density on the sulfur atoms, in
agreement with DFT predictions (Fig. S8). Since PBDB-T and
PM6 have identical molecular backbones and differ only by
replacement of two protons on the thiophene side chains with
fluorines, the g-values do not differ significantly within the
uncertainty. The larger deviations from ge and the increased
orthorhombic g-anisotropy observed for ITIC�� and Y6�� (gx E
2.0038–2.0039) can be attributed to increased localisation of spin
density on the sulfur atoms of the backbone (Fig. S8).

The g-anisotropy and distinct g-values in PC61BM�� have
previously been investigated extensively and are mostly deter-
mined by the presence of near-degenerate orbitals.43,44 The
spin density in PC61BM�� is distributed in a belt around
the fullerene cage perpendicular to the side chain (Fig. S8),
with the smallest g-value, gz = 1.9990, in the plane of maximum
spin density, and the two near-identical gx and gy values along
the axis of the phenyl-butyric acid methyl ester side chain and
along the second in-plane axis. The significant gz-strain has
been explained in terms of variation of mainly the gz-value due
to deformation of the fullerene cage in low-energy breathing
vibrational modes.44

2.2 Spin delocalisation probed by ENDOR

The assignment of the EPR spectral signatures for the donor
and acceptor molecules now allows us to investigate spin
delocalisation on the polymer donors PBDB-T and PM6 and
the non-fullerene acceptors ITIC and Y6 using 1H Davies
ENDOR measurements combined with DFT calculations.

Davies ENDOR detects changes in spin polarisation across
an EPR transition following excitation of nuclear transitions
with a radiofrequency pulse.57 Detection of the intensity of an
inverted echo as a function of radiofrequency (Fig. S1) yields
high-resolution nuclear frequency spectra, where the contribu-
tion of each coupled nucleus results in peaks centred at the
nuclear Larmor frequency and split by the electron–nuclear

hyperfine coupling. Comparison of the experimental ENDOR
data with simulations based on DFT calculations provides
information on the spin density distribution in the molecule
and therefore on the extent of spin and charge delocalisation.

2.2.1 Davies ENDOR on donors and acceptors. In the first
instance, we recorded Davies ENDOR spectra at W-band at a
series of field positions across the donor EPR spectrum for the
PBDB-T:PC61BM and PM6:PC61BM blends (Fig. 4, left). Due to
the limited excitation bandwidth of pulses compared to the
width of the W-band EPR spectra, at each field position, a
subset of molecules with a specific orientation with respect to
the static magnetic field vector is excited, allowing determina-
tion of the electron–nuclear hyperfine coupling along this
direction. These orientation selection effects provide more
detailed information on the hyperfine interactions and on the
relative orientation of the corresponding principal axes with
respect to the g-frame.

The clear separation of the EPR spectra of PBDB-T�+ or
PM6�+ and PC61BM�� at W-band allows characterisation of
the 1H hyperfine interactions in the donor polymers. The 1H
ENDOR spectra of PBDB-T�+ cover a range of about 5 MHz and
are relatively featureless except for two shoulders centred
around the 1H Larmor frequency (n1H E 142.7 MHz, Fig. 4).
A small degree of orientation selectivity is evident from the
distance between maxima of the shoulders decreasing from
about 1.8 MHz on the high-field side of the EPR spectrum
(gz, gy) to about 1.1 MHz at lower magnetic fields (gx). The
ENDOR spectra for PM6�+, differing from PBDB-T�+ only by the
presence of a fluorine nucleus on the thiophene side chains of
the benzodithiophene unit, exhibit very similar shapes, and
only a slightly decreased overall width (see Fig. S4 in the SI),
indicating a similar extent of spin delocalisation in the two
donor polymers. The Davies ENDOR spectra recorded for PM6�+

show hints of signals at the fluorine Larmor frequency (ca.
8.4 MHz lower than n1H), which can be observed more clearly by
exploiting the higher sensitivity for small hyperfine couplings
of Mims ENDOR (Fig. S6 in the SI). Only narrow 19F ENDOR
peaks with a width o0.5 MHz were detected, indicating weak
long-range couplings and therefore the absence of significant
spin density on the thiophene side chains.

ENDOR spectra recorded at the field position corresponding
to PC61BM�� only show a narrow peak (full-width half max-
imum of ca. 0.5 MHz, Fig. 4, grey) attributed to very weakly
coupled protons on the side chain and in the surrounding
molecular environment, as expected for a spin density distribu-
tion localised almost exclusively on the fullerene cage
(Fig. S12).43,44

The 1H Davies ENDOR spectra recorded for the blends with
the non-fullerene acceptors ITIC and Y6 exhibit clear differ-
ences (Fig. 4, right). For PBDB-T:ITIC and PM6:Y6, the signifi-
cant spectral overlap of the donor and acceptor EPR signatures
leads to overlapping contributions of both donor and acceptor
polarons to the ENDOR spectra at most field positions. The
ENDOR spectra recorded at the high-field end of the EPR
spectra, where contributions of the donor polaron are domi-
nant, are almost identical to the ENDOR spectra recorded for
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the corresponding blends with the PC61BM acceptor (see Fig. S5
in the SI), confirming the absence of significant changes in spin
delocalisation for donor polarons in different blends. Clear
differences can be observed in the ENDOR spectra for lower
magnetic field positions and are attributed to the polarons on
the non-fullerene acceptors. At the lowest field positions, the
contributions of the non-fullerene acceptors are almost exclu-
sively selected. For both PBDB-T:ITIC and PM6:Y6, the acceptor
ENDOR spectra are characterised by broader features, starting
to cover a range of at least 20 MHz for PBDB-T:ITIC and 18 MHz
for PM6:Y6. The shape of the spectra close to the Larmor
frequency also starts to change, with a sharp peak centred at
the Larmor frequency for both acceptors. Additionally, for
ITIC��, pronounced peaks spaced apart by ca. 3 MHz clearly
contribute to the spectra at the three lowest field positions. For
Y6, on the other hand, the spectra at the lowest field positions
consist of less pronounced shoulders centred around the 1H
Larmor frequency, with a gradual decrease in intensity towards
the edges of the ENDOR spectrum. Additionally, for the PM6:Y6
blend, broad contributions to the ENDOR spectra centred
around the fluorine Larmor frequency (n19F E 134.3 MHz, ca.
8.4 MHz lower than n1H) are also detected and assigned to the
fluorine nuclei of the Y6 backbone.

The significantly increased width of the 1H ENDOR spectra
of ITIC�� and Y6�� compared to PBDB-T�+ and PM6�+ indicates
the presence of relatively strongly coupled protons for the

acceptor polarons, while the hyperfine couplings of protons on
the polymer donors do not exceed 5 MHz, indicating more
extensive spin delocalisation. The relatively featureless ENDOR
lineshapes prevent clear determination of individual proton hyper-
fine couplings without further simulations, and are indicative of
contributions of protons across a range of coupling strengths.

2.2.2 Simulation of ENDOR spectra based on DFT results.
In order to gain further insights into the electron spin density
distribution in the investigated donor and acceptor molecules,
the experimental ENDOR results were compared to simulations
based on hyperfine couplings predicted by DFT calculations.

Spin delocalisation for polarons on the donor polymers. A
series of molecular models with increasing chain lengths were
constructed for the polymer donors PBDB-T and PM6 and the
spin density distributions and 1H hyperfine couplings were
calculated using two different functionals: the hybrid PBE0 func-
tional and the range-separated hybrid oB97X-D4 functional with
tuned range-separation parameter o (see Section S3 in the SI for
details). While the PBE0 functional predicts complete delocalisa-
tion of the electron spin across the full backbone for all of the
considered models (n = 1–4), the oB97X-D4 functional consis-
tently predicts localisation of the electron spin mainly on one
electron-donating 2-alkylthiophene-substituted benzodithiophene
(BDT) and the two adjacent electron-accepting bis(thiophenyl)-
benzodithiophenedione (BDD) units for models with two or more
repeat units (Fig. S9 and S10 in the SI).

Fig. 4 W-band 1H Davies ENDOR spectra for the fullerene-based donor:acceptor blends PBDB-T:PC61BM and PM6:PC61BM (left) and for the
donor:non-fullerene acceptor blends PBDB-T:ITIC and PM6:Y6 (right) recorded at different magnetic field positions at a temperature of 20 K (see
section S2.4 in the SI for additional experimental details). The bottom panels show ENDOR spectra recorded at different magnetic field positions, overlaid
on the top to highlight field-dependent differences and offset below to more clearly visualise the individual spectral shapes. The top panels show the field
positions with respect to the experimental W-band EPR spectra and the simulations of the donor and acceptor contributions.
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Fig. 5 compares the ENDOR spectra recorded for PBDB-T�+

and PM6�+ at the field position corresponding to the spectral
maximum with simulations based on PBE0/EPRII-predicted
hyperfine couplings for models with spin densities delocalised
over two to four repeat units. The simulations only include
contributions from protons on the polymer backbone (HBDT

and Hthio in Fig. 5) and on the thiophene side groups, since the
contributions of weakly coupled protons on the alkyl side
chains are mostly suppressed by the central blind spot.58–60

The overall width of the ENDOR spectrum is determined by the
largest hyperfine couplings, and therefore a measure of the
extent of spin delocalisation. Since hyperfine couplings are
directly proportional to the spin density, increased delocalisa-
tion of the electron spin would lead to decreased hyperfine
couplings and therefore ENDOR spectra with reduced overall
width. The largest coupling predicted for spin delocalisation
over two repeat units exceeds the largest coupling measured
experimentally, whereas delocalisation over four repeat units
would lead to a narrower ENDOR spectrum than observed
experimentally. The overall shape and width of simulated
spectra for models of intermediate length is in reasonable
agreement with experiment, with the best match for
PBDB-T2.5A and PM63, respectively. Simulations of the full set
of ENDOR spectra recorded across the EPR spectrum for these
models reveal similar orientation selection effects as observed
experimentally, with a narrowing of the spectrum towards lower
fields (gx), confirming accurate modelling of the hyperfine
anisotropies and principal g-axis orientations by DFT
(Fig. S13). Remaining discrepancies between experiment and

simulations based on DFT predictions are likely due to dis-
tributions in hyperfine couplings expected based on the intrin-
sic heterogeneity of molecular environments in bulk-
heterojunction blends, which is not reflected in a single DFT-
optimised structure and will be addressed below.

In contrast to the results of DFT calculations with the PBE0
functional, predictions based on the range-separated oB97X-D4
functional widely used to model organic semiconductors34,38,39

fail to match the experimental results in this instance, predict-
ing more localised spin density distributions that results in
ENDOR spectra with different widths and lineshapes compared
to those observed experimentally (Fig. S14 and S15 in the SI).

Spin delocalisation for polarons on non-fullerene acceptors.
The ENDOR spectra of the acceptor molecules ITIC and Y6
contain information on the spatial distribution of the electron
spin in the photoinduced negative polarons and are compared
to simulations based on DFT-predicted hyperfine couplings in
Fig. 6.

DFT calculations performed for a radical anion on the ITIC
molecule predict complete delocalisation across the conjugated
backbone, independent of functional used, and the corres-
ponding largest hyperfine couplings for the protons on the
vinyl linker and on the outer edges of the central indaceno-
dithienothiophene (IDTT) unit (Hvinyl and HIDTT,o in Fig. 6, [�6,
�13.4, �18] MHz and [�4, �8.4, �10.8] MHz, respectively)
agree reasonably well with the width of the broad wings in the
experimental 1H ENDOR spectrum. Contributions of the
remaining more weakly coupled protons on the central inda-
cene and on the terminal 1,1-dicyanomethylene-3-indanone

Fig. 5 Comparison of the experimental W-band 1H ENDOR spectra recorded for PBDB-T�+ and PM6�+ at the field position corresponding to the
maximum of the EPR spectrum (gy, gz) with simulations based on hyperfine couplings predicted by DFT for models of increasing chain length (number of
repeat units = 2, 2.5, 3 and 4) at the PBE0/EPRII level (see Section S3 in the SI for details and Fig. S14 and S15 for a comparison including additional models
and results for both the PBE0 and oB97X-D4 functional). The corresponding molecular structures and spin density distributions are also shown, as well as
the orientation of the hyperfine tensors with respect to the molecular structure and g-frame for a selected model.
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(INCN) groups (HIDTT,i and HINCN, �4 to 1 MHz) give rise to the
pronounced narrower shoulders in the centre of the ENDOR
spectrum. The DFT-predicted dependence of the ENDOR spec-
tra on the field position is in qualitative agreement with
experiment (Fig. S16 in the SI), however, while DFT predicts
clearly resolved contributions for each of the more strongly

coupled protons in the wings of the ENDOR spectrum, the
experimental spectra suggest the presence of a distribution of
couplings, implying some degree of heterogeneity. Possibilities
are contributions of spins either localised on part of the ITIC
molecule or delocalised over two molecules in crystalline regions
of the blend, for example across ITIC dimers with p–p stacked
terminal groups identified in the crystal structure of the pristine
material.61 DFT calculations performed on an ITIC dimer mod-
elled based on the crystal structure predict delocalisation over
both molecules with increased spin density in the regions of
overlap (Fig. 6). While the largest 1H hyperfine couplings in the
region of terminal–terminal interaction of two adjacent ITIC
molecules are of similar magnitude to the ones in the isolated
molecule, the additional delocalisation leads to the increased
contribution of smaller couplings and therefore an ENDOR
spectrum dominated by peaks at ca. �0.5 MHz and shoulders
at �3 MHz (Fig. 6 and Fig. S16 in the SI). This simulated
spectrum clearly deviates from the experimental ENDOR spec-
trum (Fig. 6), where the pronounced shoulders extending up to
�8 MHz imply dominant contribution of spins localised on a
single ITIC molecule. The distribution of hyperfine couplings
required to fully explain the experimental data is therefore likely
due to the influence of the molecular environment on the nature
of the spin density distribution within single ITIC molecules.

In the case of a radical anion on the Y6 molecule, DFT again
predicts complete delocalisation of the spin density (Fig. 6). In
this case, only three types of protons are expected to contribute
to the ENDOR spectrum: two strongly coupled protons on the
vinyl linkers (Hvinyl in Fig. 6, [�6, �13.5, �18.8] MHz) and two
groups of two protons on the terminal INCN groups (HINCN,
[�1.4, �3.1, �3.6] MHz and [0.1, 0.4, 0.9] MHz), in addition to
two types of fluorine nuclei on the terminal INCN groups
(FINCN, [�1.4, �3.5, 20.5] MHz and [�0.4, 0.9, �5.9] MHz).
Since both ITIC and Y6 contain terminal INCN acceptor groups,
the types of protons contributing to the Y6 ENDOR spectra are a
subset of the protons determining the appearance of the ITIC
ENDOR spectra, with similar hyperfine coupling strengths
predicted by DFT. This is at odds with the broad and relatively
featureless 1H ENDOR spectra observed experimentally for Y6,
and, while the largest predicted 1H couplings match the width
of the wings and the smaller couplings reproduce the two
narrower central shoulders, the experimental data suggests
the presence of additional intermediate couplings between ca.
4 MHz and 10 MHz, which are absent in the simulation. Since
morphological and spectroscopic studies of Y6 in pristine and
blend films have demonstrated increased conformational rigidity
and uniformity compared to other non-fullerene acceptors,26,62

the presence of a large distribution of hyperfine couplings implied
by the experimental ENDOR spectra is unlikely to be due to
structural heterogeneity of the Y6 molecule alone. In order to
explain the presence in the experimental spectrum of a range of
intermediate hyperfine couplings, of smaller magnitude com-
pared to the Hvinyl couplings predicted for an isolated Y6 mole-
cule, contributions with either asymmetric delocalisation over a
single Y6 molecule or with delocalisation extending beyond a
single Y6 molecule may be considered. In the first case, a spin

Fig. 6 Comparison of the experimental W-band ENDOR spectra
recorded for the PBDB-T:ITIC and PM6:Y6 blends at the field position
corresponding to the maximum of the EPR spectrum of ITIC�� and Y6��

(gy) with simulations based on hyperfine couplings predicted by DFT at the
PBE0/EPRII level for a single ITIC or Y6 molecule and for different types of
dimers extracted from the ITIC61 and Y626 crystal structures. The con-
tribution of the donor 1H ENDOR spectrum at the selected field position is
shown as a blue shaded area and the simulations of the acceptor
contribution are shown as red/orange shaded areas. For Y6, simulations
of the 19F contributions to the ENDOR spectrum are also shown in green.
The overall simulations, including the donor contribution, are displayed as
dashed lines. The molecular structures and spin density distributions
corresponding to the different models are also shown, as well as the
orientation of the hyperfine tensors with respect to the molecular struc-
ture and g-frame for the isolated molecules.
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partially localised on one half of the molecule would lead to both
a larger hyperfine coupling for one of the vinyl linker protons and
a smaller hyperfine coupling for the other one. While this could
account for contributions at intermediate coupling strengths,
the experimental data does not contain any clear evidence for
the presence of the accompanying more strongly coupled
protons. Spin delocalisation extending across a pair of Y6 mole-
cules, on the other hand, would lead to an overall reduction of all
hyperfine couplings, by an extent determined by the degree of
delocalisation.

Experimental and theoretical studies of molecular packing
of Y6 have revealed an extended regular 3D network with
increased p–p interactions for this non-fullerene acceptor,
which is maintained even in blends, and has been proposed
to determine the increased efficiency of Y6-based organic
photovoltaics by improved charge separation and charge trans-
port due to increased charge delocalisation.26–28,63 Analysis of
the Y6 crystal structure and molecular dynamics calculations
have identified three types of p–p stacking motifs: pairs with
overlapping terminal groups, Y62,TT, pairs where the terminal
group of one molecule overlaps with the core of the other,
Y62,CT–CT, and pairs with more extensive overlap of both core
and terminal groups, Y62,CC–TT (see Fig. 6 and Fig. S11 in the
SI).26,27 The spin density distributions and ENDOR spectra
calculated for these three types of Y6 pairs are shown in
Fig. 6. DFT predicts spin density distributions spanning both
molecules in the dimer, but localised mainly on the overlap-
ping parts of the molecules, therefore the largest predicted
hyperfine couplings are only slightly reduced compared to the
monomer. However, asymmetric delocalisation across the two
molecules of the pair leads to a larger spread towards smaller
hyperfine couplings (Fig. 6 and Fig. S17 in the SI). A detailed
comparison of the experimental results with simulations based
on DFT predictions for the different models suggests the
presence of spins localised on a single Y6 molecule as well as
spins delocalised across different types of Y6 pairs, with con-
tributions from Y62,TT and Y62,CC–TT required to account for the
presence of both strong and intermediate hyperfine couplings
across the full range of probed field positions (Fig. S17). The
absence of distinct features in the experimental ENDOR spectra
is again an indication for the presence of a distribution of
hyperfine couplings due to different local spin environments in
individual Y6 molecules and p–p stacked pairs influencing the
extent of spin delocalisation. While an independent experi-
mental characterisation of the spin density distribution in
isolated Y6 molecules could further support this interpretation,
such measurements were prevented so far by the strong pro-
pensity of this acceptor molecule to aggregate under the con-
ditions required for ENDOR spectroscopy.63–65 To validate our
conclusion, we have instead extended our modelling approach
to reduce reliance on the results of DFT calculations in inter-
preting the ENDOR data and additionally characterised the 14N
hyperfine couplings using HYSCORE spectroscopy, as dis-
cussed in the following sections.

2.2.3 Modelling distributions by regularised fitting. In
order to fully explain the experimental ENDOR data for positive

and negative polarons in organic semiconducting materials,
the complex structural and electronic heterogeneity at the
molecular level, leading to varying extents of spin delocalisa-
tion and therefore distributions of hyperfine couplings, needs
to be taken into account in the analysis. We employ a regu-
larised least-squares fitting approach, introduced by Pribitzer
et al. for the analysis of ENDOR data of systems with several
nuclei and distributions of hyperfine couplings,40 that exploits
prior knowledge on the hyperfine interactions derived from
quantum chemical modelling to guide fitting of the experi-
mental results.

The ENDOR data is analysed in terms of a multidimensional
probability distribution over the parameters determining the
hyperfine interaction: the isotropic hyperfine coupling aiso, the
axial dipolar hyperfine coupling T, the rhombicity of the dipolar
hyperfine interaction Z and, in order to model orientation
selection effects, the three Euler angles defining the orientation
of the principal hyperfine axes with respect to the g-frame. The
probability distribution over this set of hyperfine parameters
for the spin system under investigation is obtained by combin-
ing least-squares fitting with a penalty term determined by the
deviation between the best-fit distribution and a Bayesian prior
distribution derived from DFT calculations, weighted by a
regularisation parameter l (see Section 4.3 in the SI for details).
The prior probability distribution was constructed based on the
DFT results for the different model systems of the donor
polymers and acceptor molecules introduced above (Fig. S19
in the SI). Significant broadening was included to account for
the uncertainty of the DFT predictions and additional struc-
tural variability.

The results of simultaneous fits of the full set of field-
dependent ENDOR spectra for PBDB-T�+, PM6�+, ITIC�� and
Y6�� are shown in Fig. 7, along with projections of the final
probability distributions along aiso and T, compared to DFT
predictions for individual protons. An excellent fit of the
experimental ENDOR spectra is obtained for probability dis-
tributions that are mostly centred around the DFT predictions
for the considered molecular models, but include relatively
broad distributions of hyperfine couplings around these indi-
vidual solutions. In all cases, a clear correlation between the
isotropic hyperfine coupling aiso, determined by the spin den-
sity on the nucleus, and the strength of the anisotropic hyper-
fine coupling T, determined by the distribution of spin density
on the molecular structure surrounding the nucleus, is main-
tained, as expected for protons directly bonded to an aromatic
carbon in a p-conjugated system.53,66

In the case of the polarons on the donor polymers, PBDB-T�+

and PM6�+, the obtained probability distributions encompass
predictions of models where the electron spin is delocalised
mostly over three (6 nm) and up to four (8 nm) repeat units,
with almost negligible contributions for delocalisation over two
repeat units. In contrast to DFT models for a single static model
structure, this distribution of polarons characterised by differ-
ent extents of spin delocalisation is able to fully account for the
experimental observations, including the observed orientation-
selection effects. The relatively broad distribution of hyperfine
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parameters is likely determined by differences in local chain
conformations and the surrounding molecular environment, in
agreement with previous findings for other organic semicon-
ducting polymers.25

For the non-fullerene acceptor ITIC, the probability distribu-
tion determined by regularised least-squares fitting shows that
the broad shoulders extending from �2.5 MHz to �10 MHz can
be explained by distributions of hyperfine couplings centred
around aiso = �13 MHz, T = 4 MHz and aiso = �8 MHz,
T = 2.5 MHz, both slightly larger than DFT predictions for the
protons on the vinyl linker and the outer edges of the IDTT
core, respectively. This may suggest a slight redistribution of
spin density compared to DFT predictions, either towards the
core or towards one of the end groups, the latter resulting in an
asymmetric delocalisation with increased spin density on one
half of the molecule. Including the ITIC dimer with p–p stacked
terminal groups in the prior for the regularised least-squares
fitting does not significantly impact the resulting probability
distribution (see Fig. S21 in the SI). There is, therefore, no
evidence to suggest significant contributions from spins delo-
calised over pairs of ITIC molecules.

In the case of the non-fullerene acceptor Y6, on the other
hand, comparison of the experimental ENDOR results with DFT

predictions already suggested the likely contribution from
spins delocalised over more than a single molecule. The broad
shoulders in the ENDOR spectra, extending from �3 MHz to
�9 MHz can only be due to strongly coupled protons on the
vinyl linker (highlighted in orange in Fig. 6). Regularised least-
squares fitting of the ENDOR data with a penalty term con-
sidering a prior based on DFT results for a single Y6 molecule
results in a hyperfine distribution deviating significantly from
DFT predictions, in particular extending towards decreased
coupling strengths (Fig. S21 in the SI). A much closer agree-
ment between the fitted probability distribution and the prior
is obtained after inclusion of the three pair models constructed
based on the crystal structure, Y62,TT, Y62,CT–CT and Y62,CC–TT

(Fig. 7). The more extensive, and partly asymmetric, delocalisa-
tion across the two molecules of the pair leads to decreased
hyperfine couplings of the vinyl linker protons (Fig. S19), which
are required in addition to contributions from spins localised
on single Y6 molecules to explain the broad, extended
shoulders in the ENDOR spectrum. By considering both single
molecules and different p–p stacked dimers, an excellent
agreement between DFT predictions and the hyperfine distri-
bution determined for the region of strong isotropic and
dipolar coupling is obtained (Fig. 7).

Fig. 7 Comparison of the experimental W-band ENDOR spectra recorded for the PBDB-T:PC61BM, PBDB-T:ITIC, PM6:PC61BM and PM6:Y6 blends with
simulations resulting from regularised least-squares fitting with a penalty term based on the agreement of the probability distribution P(aiso,T,Z,[a,b,g])
with a prior constructed based on DFT calculations (see Section S4.3 and Fig. S19 in the SI for details). The ENDOR contributions of the donor and
acceptor polarons are shown as shaded areas and the overall simulation is displayed as a dashed black line. In the bottom panels, a projection of the final
probability distribution onto the aiso, T space is compared to the results of DFT calculations for individual models (colour-coded dots represent different
types of protons, and regions included in the prior for the protons with the largest hyperfine couplings are highlighted). The prior was based on polymer
models with n = 1–4 repeat units for PBDB-T and PM6, on a single molecule for ITIC and on the single molecule as well as three pair configurations for Y6.
For additional details, see sections S4.3 and S12 in the SI.
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Our results contribute to increasing experimental evidence
for the ability of charge to delocalise across multiple Y6
molecules in donor:acceptor blends, following the identifi-
cation of Y62,TT dimers by solid-state NMR67 on PM6:Y6 blends,
of J-aggregates (Y62,CT–CT) in UV-vis spectra of blend films63 and
evidence of exciton delocalisation in different Y6 derivatives.68

By mapping out the spin density distributions based on elec-
tron–nuclear hyperfine couplings, ENDOR directly probes delo-
calisation in the photoinduced charged states. The ENDOR
spectra clearly suggest contributions not only of spins localised
on a single Y6 molecule, but also spins delocalised over two
adjacent Y6 molecules in different possible configurations,
including Y62,TT, Y62,CT–CT and Y62,CC–TT. The significant over-
lap of the corresponding ENDOR spectra prevents reliable
identification of contributions from individual Y6 pair models
or determination of relative weights. However, the high prob-
ability of relatively strong hyperfine couplings in the aiso =�8 to
�14 MHz, T = 2 to 4 MHz region indicates that, in most cases,
even in Y6 pairs, the charge is not completely evenly delocalised
over both molecules. Nevertheless, the ability for the charge to
delocalise across different Y6 molecules, in contrast to observa-
tions for ITIC that suggest localisation of the charge on a single
molecule, can explain the high charge separation and charge
transport efficiencies determined for organic photovoltaic
blends based on Y-series acceptors.

The analysis of the ENDOR data of polarons on donor and
acceptor molecules for organic photovoltaics by regularised
least-squares fitting provides a general means to account for
the heterogeneity of molecular environments in donor:acceptor
blends. While the results should not be over-interpreted, the
probability distributions across the hyperfine parameter space
provide insights beyond those available from comparison of
experimental ENDOR spectra with simulations for single static
DFT models, yet still benefit from the connection between spin
density distributions predicted by DFT and experimentally
observed hyperfine couplings.

2.3 HYSCORE on non-fullerene acceptors

For the negative polarons on the non-fullerene acceptors ITIC and
Y6, analysis of the 14N hyperfine couplings can provide further
evidence for the conclusions drawn from the analysis of the 1H
ENDOR data. While the W-band ELDOR-detected NMR spectra
only showed broad unresolved peaks, which are challenging to
interpret in terms of the strength of hyperfine couplings due to
the additional contribution of the nuclear quadrupole interaction
for this I = 1 nucleus, HYSCORE experiments offer increased
resolution by correlating nuclear frequencies in different electron
spin manifolds in a two-dimensional experiment, allowing easier
determination of both nuclear quadrupole and hyperfine inter-
action parameters from the observed correlation patterns.

The results of Q-band HYSCORE experiments for
PBDB-T:ITIC and PM6:Y6 are shown in Fig. 8. Due to the large
excitation bandwidth of the pulses used for the HYSCORE
experiment, orientation selection effects are negligible for
experiments performed at the maximum of the ITIC�� or
Y6�� EPR signal. The HYSCORE spectra for the two blends

show strong similarities, as expected given ITIC and Y6 share
the same nitrogen-containing INCN terminal groups. The main
signals are confined to the (+, +) quadrant of the HYSCORE
spectrum, indicating the 14N hyperfine interactions are in the

weak coupling limit at Q-band (|A| o 2 n14N, n14N = 3.7 MHz). For
an I = 1 nucleus such as 14N, each electron spin sublevel is split
into three nuclear sublevels connected by three nuclear transi-
tions (two single-quantum DmI = �1 transitions, and one
double-quantum DmI = �2 transition). The HYSCORE experi-
ment correlates the nuclear transition frequencies across the
two electron spin manifolds, providing information on the
electron–nuclear hyperfine and nuclear quadrupole interaction
causing the sublevel splitting. In the spectra shown in Fig. 8,
features around 2.1 MHz correspond to correlations between
single quantum transitions, those around 5.7 MHz to single-
double quantum correlations, and the ridges perpendicular to
the diagonal at around 8 MHz are assigned to the double

Fig. 8 Experimental Q-band 14N HYSCORE spectra (top) for the PBDB-
T:ITIC and PM6:Y6 blends recorded at a field position corresponding to the
maximum of the ITIC�� and Y6�� EPR spectrum and corresponding simula-
tions (bottom) based on 14N hyperfine couplings predicted by DFT calculations
for a negative charge on an isolated ITIC molecule and a dimer of Y6
molecules with overlapping terminal groups (Y62,TT). Only the (+, +) quadrant
is shown, as no significant contributions were observed in the (�, +) quadrant.
The molecular structures and calculated 14N hyperfine tensors are shown at
the bottom of the figure. Simulations for the other Y6 models are shown in Fig.
S23 in the SI and additional experimental details can be found in Section S2.5.
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quantum transitions (dq,dq). Signals due to 13C hyperfine
couplings centred at the corresponding Larmor frequency

(n13C = 13 MHz, I ¼ 1
2
) are also visible. The most precise

information on the 14N hyperfine couplings can be extracted
from the extent of the double quantum ridges, highlighted in
Fig. 8, and suggests larger couplings for ITIC compared to Y6.

The simulation of the HYSCORE spectrum based on the
hyperfine couplings predicted by DFT for the single ITIC
molecule reproduces the main features observed in the experi-
mental spectrum well, including the approximate width of the
double quantum ridges. This suggests the spin density distri-
bution predicted by DFT is reflective of the negative ITIC��

polaron in the blend film. In agreement with the ENDOR
results, the experimental HYSCORE data shows increased
broadening of all features indicating a distribution of nuclear
quadrupole and hyperfine parameters centred around the
values predicted by DFT.

In the case of Y6, which, in addition to the nitrogen nuclei on
the terminal INCN groups, also contains nitrogens on the central
core, larger deviations between simulation and experiment are
observed for the DFT model of the single Y6 molecule (Fig. S23).
The extent of the double-quantum ridge observed experimentally
is reduced compared to that observed for ITIC and that predicted
for spin density distributed across a single Y6 molecule, indicat-
ing a reduction in hyperfine coupling strength and therefore
suggesting contributions with increased spin delocalisation. The
best agreement with experiment is obtained for the Y6 dimer
model with overlapping terminal groups (Y62,TT), where the
more extensive delocalisation across both molecules leads to a
reduction of the largest 14N hyperfine couplings and therefore a
reduced width of the double-quantum feature (Fig. 8). The
HYSCORE simulations for the remaining Y6 models mainly
differ in the extent of the double-quantum ridge, which is still
always centred around 2n14N and therefore overlaps at the centre
(see Fig. S23 in the SI). A linear combination of contributions
from the single Y6 molecule as well as the different pair config-
urations, with an increased weight for Y62,TT, provide a good
agreement with the experimental spectrum. This further con-
firms the conclusions drawn based on the ENDOR results,
suggesting the presence of Y6 polarons characterised by different
extents of delocalisation across one or two molecules.

3 Conclusions

In this study, we have used a series of pulse EPR techniques for
the selective detection and in-depth characterisation of photo-
induced charged states in the donor:non-fullerene acceptor
bulk heterojunction blends PBDB-T:ITIC and PM6:Y6, as well
as the corresponding fullerene-based blends PBDB-T:PC61BM
and PM6:PC61BM. The electron spin provides a sensitive probe
for the local molecular and electronic structure of positive and
negative polarons involved in photovoltaic energy conversion.

Initially, we have presented a full characterisation of the EPR
spectra and principal g-values of PBDB-T�+, PM6�+, ITIC�� and
Y6��, exploiting EDNMR-induced EPR31 for the accurate

determination of the ITIC and Y6 spectra based on the hyper-
fine couplings to 14N nuclei present on the non-fullerene
acceptors but absent on the donor polymers. While the W-
and Q-band EPR spectra of the non-fullerene acceptors are
dominated by the g-anisotropy, significant hyperfine couplings
in ITIC�� and Y6�� contribute to the EPR lineshape at X-band.
The accurate identification of the donor and acceptor spectral
signatures across all three frequency bands is essential for
studies of charge-transfer states by transient EPR17,21,69,70 and
of spin-dependent charge transport and recombination pro-
cesses by optically or electrically detected magnetic
resonance.71–73

The measurement of electron–nuclear hyperfine couplings
to 1H and 19F by W-band Davies ENDOR and to 14N by Q-band
HYSCORE, combined with DFT modelling and regularised least-
squares fitting, has then allowed us to quantify the extent of spin
and charge delocalisation. For the positive polarons on the donor
polymers PBDB-T and PM6, we have identified a distribution of
slightly different extents of intramolecular delocalisation along the
p-conjugated polymer backbone with the highest probability for
charge delocalisation across about three repeat units (ca. 6 nm).
Our experimental ENDOR results have allowed us to validate
different DFT approaches for the estimation of polaron delocalisa-
tion in donor polymers, concluding that, in the case PBDB-T�+ and
PM6�+, the range-separated hybrid oB97X-D4 functional under-
estimates the extent of spin delocalisation, whereas a close agree-
ment with experiment is obtained for calculations with the
standard hybrid PBE0 functional on truncated polymer models.

The ENDOR and HYSCORE results for the negative polarons
on the non-fullerene acceptors ITIC and Y6 have revealed domi-
nant contributions from spins localised on a single molecule for
ITIC��, whereas a broader distribution of hyperfine couplings for
Y6�� indicates additional contributions from spins partially delo-
calised over two p–p stacked Y6 molecules, in agreement with
different dimer configurations previously identified in pristine
films and bulk heterojunction blends.26,27,63,67 The measurement
of hyperfine interactions provides direct evidence of intermole-
cular charge delocalisation for photoinduced polarons on Y6, with
the electron spin density extending over one to two molecules and
localising predominantly in regions of overlap of the conjugated
backbones in the case of Y6 pairs. The complex morphology of Y6
in the solid state and in blends thus results in a distribution of
local polaron environments, motivating future studies to further
disentangle the interplay between local morphology, density of
states and the extent of charge delocalisation. Since charge
delocalisation is believed to play an essential role in promoting
efficient charge separation and charge transport, additional
experimental information on the charge distribution in photo-
induced polarons can support multiscale modelling aimed at
unravelling the mechanistic details at the basis of photovoltaic
energy conversion.
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